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An imidazole-based organocatalyst designed for bulk polymerization of

lactide isomers: inspiration from Naturew

Olivier Coulembier,*
a
Thomas Josse,

ab
Brieuc Guillerm,

a
Pascal Gerbaux

b
and

Philippe Dubois
a

Received 28th September 2012, Accepted 19th October 2012

DOI: 10.1039/c2cc37061a

The design of an imidazole-based salt by enzyme-mimicking

allowed controlling the ring-opening polymerization of L- and

D-LA monomers in bulk. Kinetic study supports a bifunctional

activation process only slightly different from the one occurring

in Nature.

Since its first report in 1930,1 the in vitro enzymatic catalysis

using lipases has been extensively used for the preparation

of various classes of polyesters. Regardless of its numerous

advantages including a high turnover number and an excellent

reaction control over enantio-, chemo-, regio-, stereo- and

choroselectivities,2 the enzymatic ring-opening polymerization

(eROP) applied to the preparation of poly(lactide)s (PLAs)

still presents some controversies.3 While the eROP of L-, D-

and D,L-LA has been reported to be successful when using

lipase from Pseudomonas fluorescens (lipase PS),4 Candida

antarctica lipase B (CALB)-catalysed eROP has resulted in

no polymer when using L-LA opposite to its D-isomer.5

The design of an enzyme-mimicking compound represents to

date one of the most exciting subjects but also an important

challenging problem in organic chemistry. In the frame of a

general LA polymerization, we have chosen to study serine

protease mimics since their mechanism of action has been

thoroughly studied.6 The active site of a lipase is generally

formed by a catalytic triad consisting of electronically stabilized

histidine, serine and aspartate (Fig. 1). Their active sites gather

an acyl-receiving and -releasing hydroxymethylene group, and a

proton-transfer system in a complexing cavity.6 If the triad is of

importance in the opening step of cyclic monomers, the cavity of

the lipase dictates the rate of reaction and the enantioselectivity.7

One of the notable advances in lipase catalysis was the

discovery that some of them exhibit a high catalytic activity at

temperatures as high as 100 1C.8 For that reason and to

minimize the amount of hazardous substances, L-LA ROPs

have been conducted in bulk. First a structure has been

designed to combine an imidazole and a carboxyl group in a

cooperative arrangement similar to that of the lipase (Chart 1).

The imidazolium salt (1) was first studied and prepared by

simple addition of trifluoroacetic acid to 1 eq. of neat imidazole

initially dissolved in chloroform (see ESIw). Trifluoroacetic acid
was deliberately chosen due to its incapacity to catalyse the

ROP of L-LA even at 150 1C.9

To mimic the catalytic triad, the primary hydroxyl group is

part of the process as the exogenous alcohol (I) is incorporated to

control the targeted degree of polymerization (DPth= [LA]0/[I]0).

Since organocatalysts are generally used in a 5-to-20 molar

excess regarding the initiating alcohol,10 all polymerizations

were performed by using a [(1)]0-to-[I]0 molar ratio of 5.

Table 1 gathers molecular characteristics of P(L-LA)s obtained

Fig. 1 Catalytic triad in a lipase complexing cavity.
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at 140 1C by using benzyl alcohol (DPth = 70) and either

pristine imidazole or (1) as initiator and activator, respectively

(entries 1–4). For the sake of comparison and to evaluate the

impact of all three components of the catalytic triad on the

L-LA ROP, the process has also been carried out without

exogenous alcohol (entries 5–7). Clearly, a total absence of

control characterizes the polymerizations led only using the

imidazole base (entries 5 and 6). Gel permeation chromatography

(GPC) and electrospray ionization-mass spectrometry (ESI)

confirm that the bulk polymerization of L-LA at 140 1C leads to

a mixture of high molar mass linear P(L-LA)s and low molar

mass cyclic structures with unpredictable molecular parameters

(experimental details in ESIw, Fig. S1). Note that the generation

of small cyclic PLA chains was also observed by Kricheldorf

et al. under the same conditions of polymerization.11

In agreement with a strong influence of the hydroxymethylene

group, the presence of the exogenous benzyl alcohol significantly

improves the control over the reaction for which the P(L-LA)

average molar masses depend on the [L-LA]t/[I]0 (with [L-LA]t =

[L-LA]0 � conv.) (entries 1 and 2). By assessing the capacity of

the imidazole–alcohol mixture to polymerize L-LA in bulk

deprived of any acid, it was found that the system is unable to

provide a narrowmolar mass distribution. In contrast when (1) is

used as activator, the catalytic triad formed with the exogenous/

propagating alcohol gives access to P(L-LA)s mirroring the

theoretical targeted molar mass (Fig. S2, ESIw) but also signifi-

cantly reduces the dispersity values (ÐM = Mw/Mn r 1.28).

As attested by matrix-assisted laser desorption ionization

time-of-flight mass spectrometry (MALDI-ToF) carried out

on P(L-LA) obtained after 2 h (entry 3, Fig. 2), the control of

the reaction is lauded by a good matching of the Mn,MALDI

(B5600 g mol�1) to both theoretical and the corrected experi-

mental GPC values. It is important to note that the relative

abundance, observed in the mass spectrum, does not reveal the

sample composition due to an overestimation of the low mass

ions compared to the high mass ions caused by a huge

difference in the efficiency of the processes involved during

the MALDI-ToF analysis.13 Importantly, Fig. 2 reveals that

the control over the ROP is well evidenced by (i) a 144 u

(atomic mass unit) major separation between successive peaks,

i.e. the molecular weight of the lactide unit, attesting to a low

level of the transesterification process14 and (ii) the fidelity of

the expected benzyl alcohol end-groups. While also visible in

the low molar masses population, controlled polymer chains

are accompanied by transesterified PLAs end-capped by water

and cationized by either sodium or an imidazolium cation.

Quite recently, Hedrick et al. also reported that the addition of

one equivalent of acid to the 1,8-diazabicyclo[5.4.0]undec-7-ene

(DBU) base yields a salt capable of controlled polymerization

of lactide allowing for targeted molecular masses and narrow

dispersities (in the presence of an alcohol initiator).15 Even if

used in solution at rt, their system unfortunately suffers from a

very low kinetics in comparison to the one rendered by the DBU

alone. From our data, the comparison between semilogarithmic

vs. time plots allows concluding that the apparent rate of

polymerization dictated by the triad is only 1.2 slower than the

one obtained without complexing acid (Fig. S3, ESIw).
The exogenous alcohol is necessary in the L-LA ROP activated

by (1) since no conversion into the polymer is observed without it

(entry 7). In comparison to a few organocatalysts,16 nucleophilic

activation of the monomer by the imidazolium salt (1) leading to

a zwitterionic process is then precluded here. To decide in favour

of a bifunctional catalytic mechanism or nucleophilic activation

of the initiating/propagating alcohol, the nature of the imidazole-

based catalyst has been modified (structures 2–5 in Chart 1).

Table 2 gathers their thermal properties.

Since the degradation temperature (Td) of the imidazolium

salt (2) is too close to the reaction temperature, the L-LA ROP

was characterized by a total loss of control (results not shown

here). In contrast, salt (4) is by far too stable and did not yield

any reaction even at 180 1C. Salt (5) revealed a very low activity

(5% of conversion after 2 hours), and the benzimidazolium

salt (3) showed more interesting results, i.e. 16% conversion

after 2 hours (Mn,GPC = 2140 g mol�1; ÐM = 1.31), indicating

the polymerization process. The state-of-the-art instructs us that,

during cationic ROP of lactones carried out in the presence

of an acid catalyst (or simple organic reactions for some),

Table 1 Molecular characteristics of P(L-LA)s obtained at 140 1Ca

Entry Activator
Pol. time
(h)

Conv.
(%)

Mn,th

(g mol�1)
Mn,GPC

c,d

(g mol�1) ÐM
c

1 Imidazole 1 39 4000 3400 1.33
2 Imidazole 2 70 7100 7100 1.78
3 (1) 2 60 6100 6600 1.14
4 (1) 3.7 84 8500 8700 1.28
5b Imidazole 0.3 44 — 11 000 3.14
6b Imidazole 3.3 77 — 18 000 2.18
7b (1) 48 0 — — —

a [L-LA]0/[Activator]0/[BzOH]0 = 70/5/1. b No alcohol used: [L-LA]0/

[Activator]0 = 100/10. c As determined by GPC in THF/NEt3
(2 wt%) in reference to PS standards. d Molar mass obtained after

application of a correction value of 0.58 reported by Duda et al.;12

‘‘Imidazole’’ refers to pristine imidazole.

Fig. 2 P(L-LA) MALDI spectrum recorded after 2 h of polymeriza-

tion (entry 3, Table 1).

Table 2 Thermal properties of imidazole-based salts

Salt Tm
a (1C) Td

b (1C)

(1) 127.2 170
(2) 99.5 142
(3) 176 195
(4) 229.5 264.5
(5) 135.4 —c

a Melting point. b Onset of the degradation signal measured by DSC

from rt to 300 1C. c Not observed in the temperature range.
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the oxygen atom of the catalyst’s carbonyl group mediates the

proton shuffling of the initiating alcohol.17 As demonstrated

by Hedrick et al. such a phenomenon has also been highlighted

in the L-LA ROP catalysed by a DBU–benzoic acid mixture.15

Because salts (1) and (3) present the same trifluoroacetate

anion and lead to totally different results in terms of polymeri-

zation, a ‘‘simple’’ nucleophilic activation of the initiating/

propagating alcohol seems to be excluded here. Hydrogen

bonding plays an important role in tuning the acidity of

(benz)imidazolium salts.18 Since both salts (1) and (3) carry

the same anion, their intrinsic activity is dictated by their

respective pKa values. Benzimidazolium cations are known to

be more acidic than imidazolium cations,19 and they also

suffer from p–p interactions due to their benzene rings.20 In

the case of a bifunctional mechanism such interaction may

play an important role regarding their interaction with the

L-LA monomer. Indeed, as already observed for protonated

DBU,15 (benz)imidazolium cations are believed to function

as L-LA electrophilic activators. The negatively charged

carboxylate is then well positioned to foster a bifunctional

mode of catalysis by interaction with the initiating/propagating

alcohol. Fig. 3 shows the proposed active catalytic complex

for the enchainment of the lactide in the presence of salt (1)

and BzOH.

Despite a slightly higher pKa, the salt (1) cation does not

suffer from any dimerization and is hence more involved in the

electrophilic L-LA activation compared to the salt (3) cation.

This difference may explain the kinetic variation observed

tending then to confirm the bifunctional mechanism.

To provide further support for the controlled nature of this

polymerization, two chain-extension experiments were per-

formed from an initial polymerization using L-LA carried out

at 140 1C for 2 h to give PLLA of Mn,GPC = 6600 g mol�1.

Additional L-LA (1.4 � 10�3 mol, 1 eq.) was added to the

medium at rt and the mixture was allowed to react at 140 1C.

After 2 h, the medium was charged again with 1.4 � 10�3 mol

(1 eq.) of monomer at rt. After 2 h, the final molecular weight

increased to 18 000 g mol�1 with a slight change in the

dispersity (1.49) but a reasonable accord between theoretical

and experimental molar masses (total conv. B51%, Mn,th =

22 000 g mol�1) exhibiting the characteristics of a controlled

system. The well-defined polymerization behavior of the triad

along with the possibility of conducting the ROP of both

L- and D-LA isomers is ideally suited for the preparation

of complex macromolecular architectures. For that purpose,

a monohydroxypoly(ethylene oxide) oligomer, i.e. PEO

(Mw 2000 g mol�1, ÐM 1.09), was used as initiator for the

ROP of the D-LA monomer (DPth = 70, [PEO]0/[(1)]0 = 1/5,

140 1C). After 2 hours, GPC analysis reveals an increase of

molecular weight from 2800 to 8900 g mol�1 (GPC vs. poly-

styrene) and a ÐM of 1.13 (conv. B 52% as determined by
1H NMR, Fig. S4, ESIw). In conclusion Nature inspired us to

produce a stable imidazolium-based catalyst for the controlled

ring-opening polymerization of L- and D-lactide in bulk. This

catalyst was formed through a simple acid–base reaction between

an imidazole base and one equivalent of trifluoroacetic acid.

Experimental results support a bifunctional catalytic mechanism

where both the monomer carbonyl and nucleophilic hydroxyl

groups are activated via hydrogen bonding, which is slightly

different from the one implied in LA eROP.
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