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www.rsc.org/ The ionic nucleophilic character of ammonium betaine catalysts allows for controlling the ROP of L-LA

for DP as high as 750 with very narrow dispersity values (< 1.18). Compared to ionic nucleophilic and
hydrogen-bonding based catalysts for ROP, meta-betaine combines the positive aspects of both
processes in terms of kinetics and selectivity. The versatility of ammonium betaines was evidenced by
varying the nature of the initiating alcohol and monomer used.

Introduction compromise between kinetics and control is prinbipdue to
. o . . . . the nature of the active center obtained by stnomgjeophilic
Organic catalysis is becoming an increasingly inger (~ionic) interactions or hydrogen cooperative boiiisheme

segment of organic chemistry and. offers' a number . This concept has been nicely demonstrated lirieteet al
advantages over metal-based and bioorganic methdke. who compared both kinetics and control for theitectROP

metal complexes and enzymgs, small organ.|c moledmd.we using free nucleophilic 1,8-diazabicyclo[5.4.0lundkene
been demopstj;at.ed to .be eff|0|en.t catalyst fOIO\AHI’ChEI:nIC?J (DBU) and its benzoic acid (BA) conjugated SaWhile the
transformations including the ring-opening polymerlzatlonnucleophilic mechanism promoted by DBU is very fasd

(ROP) of lactones and cyclic carbonaftés. uncontrolled (conv. ~ 99% in 30 second,/M, = by = 1.6),
the use of the DBU/BA salt implies a cooperativaditmgen

(a) /\0/\ bonding system lowering the whole propagating atgtiv
RO ot \)Lo - Fast (conv.~ 99% in 24 hours) and improving the ovecalhtrol of
et 071)\ - Transesterification 1 the reaction®,, < 1.08).
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Scheme 2. Ammonium betaine acting as ionic nucleophilic and hydrogen bonding

Scheme 1. Kinetics and control characteristics of a lactide ring-opening process talvst
catalyst.

obtained from (a) an ionic mechanism [Cat represents the catalyst] and (b) a
cooperative hydrogen bonding mechanism [X = O or NJ.

Ammonium betaines have been applied here as biamadt
Organocatalytic methods for ROP provide a complaargn organic bases capable of recognizing nucleophilgh taoth

approach to those mediated by metal and enzymesnms of ionic and hydrogen bond interactioh’s.Since ammonium
rate and selectivit§.Governed by either a “supramolecular” obetaines have both an ammonium group and an adgayioup
a “superbase” system, nucleophilic metal-free R@pears to in the same molecule, they can react with pronydidic

inherently imply a compromise between selectivityd a reagents (Nu-H) by hydrogen bonding betweed+f Nu-H

kinetics: highly selective processes lower the gainkinetics and O@-) of the betaines and by ionic interaction betwéwn
while highly active systems lower the general cointThe ammonium group N(+) and NoK).
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Table 1. Molecular characterizations of poly(L-lde), polyg-caprolactone) and polycarbonates prepared byajragng polymerizations catalyzed by
ammonium betaines.

Entry  BE type monomer initiator solvent (1;'2:]?) Moo C(f))/:)\f (gi\;lr;:gl) '\(/Ig”liilc; bu?
1 m-BE L-LA / CHCl; 1 / 0 / 0 -
2 m-BE L-LA 1-PyOH CHC} 1 50 99 7,400 12,300 1.04
3 m-BE L-LA 1-PyOH CHC} 3 100 99 14,500 20,000 1.04
4 m-BE L-LA 1-PyOH CHC} 24 250 98 35,500 43,300 1.06
5 m-BE L-LA 1-PyOH CHC} 168 750 93 100,000 97,000 1.18
6 m-BE L-LA 1-PyOH THF 1 50 74 5,600 6,400 1.06
7 0-BE L-LA 1-PyOH CHC} 18 50 87 6,500 10,400 1.04
8 p-BE L-LA 1-PyOH CHC} 6 50 89 6,600 11,500 1.04
9 m-BE L-LA PEO-OH CHCJ{ 3 100 99 19,300 26,800 1.04
10 m-BE L-LA 1,4-butanediol CHGI 3 100 99 14,300 19,100 1.17
11 m-BE T™MC 1-PyOH CHd 24 100 97 10,100 12,800 1.04
12 m-BE T™C 1-PyOH CHCJ 192 500 99 50,500 48,000 1.47
13 m-BE TMC-Bn 1-PyOH CHGl 24 100 98 24,800 13,800 1.10
14 m-BE TMC-Bn 1-PyOH CHO 190 500 99 124,000 44,000 1.11
15 m-BE e-CL 1-PyOH CHC} 144 50 5 500 600 1.22
16 m-BE e-CL 1-PyOH CHC} 1104 50 100 5,900 26,000 1.49

Conditions: Monomer as L-LA, TMC, TMC-Bn &fCL 1.8 M in CHC} or THF ([I]o/[BE]o = 1).* Conversions, experimental molar masses and digpers
values obtained by SEC analyses in C{E5 standards, 1 ml/min, T = 30°C.

In that situation, the nucleophilic agent is thesagnized and the experimental molar masses (determined by SEGHE®)
controlled by a hydrogen bond-assisted ionic irdoa. It is and the theoretical ones (M), complemented by the linear
worth stressing that quantum-chemical calculatigmide infra) evolution of the semilog plot versus polymerizatione (Table
indicate that, in the betaine-NuH complexes, ther@o full 1, entries 2-5, Figure SI1). Extremely narrow disfig values
proton transfer between Nu-H and the phenolate.s Tiki are obtained for polymerization degrees as highbésk 1.18).
illustrated in Scheme 2 representing the compleiwéen the Furthermore, matrix-assisted laser desorption &iion time-
pronucleophile and the aryloxide stabilized by amnid of-flight (MALDI-ToF) and differential scanning calimetry
interaction supplemented by a hydrogen bond. (DSC) analyses clearly show that very low levels or
In our initial investigation, we usedtransesterification occur, as evidenced by a réamgamnit molar
(trimethylammonio)phenolate betaine (BE) developbg mass of 144.13 Da and a melting enthalpy of 37.R9 J
Sakaf and anticipated that the ionic nucleophilic adyivif BE respectively (Figure SI2). Finally, examination of the
might induce a fast ROP while maintaining a goodta over microstructure of a representative P(L-LA) (entryTable 1)

the process (Scheme 3). by **C NMR spectroscopy reveals a high isotactic polywign
a very low level of stereoregularity (Figure St3).
\)OLS‘ The efficigncy of (pseudo)ionic and hydrogen bpsdiﬁied
o 0 n OT(K catalysts is highly dependent qn the solvent piylaAlthough N
o ROH o~H o o a solvent such as THF highly favors the nucleophili
@rlr— PN —. R/Oﬁ(LOK(O}H mechanisms, the use of CHGtrengthens reactions relying o'
Z | | /—N:‘/T - 0o ’ cooperative hydrogen bonding. Quite interestingbnly a

slightly faster polymerization was observed in Cki&@impared
to that performed in THF (Table 1, entry 6), supimgr the
ionic nucleophilic nature of thexBE and demonstrating the
Results and discussions crucial role of the phenolate as a hydrogen acceptoreover,

Totally inefficient in absence of exogenous alcofibhble 1, up_on addition of 1'_3 mol% ofn-BE in C_ch’ the chemical
entry 1), the organocatalyzed ROP of L-lactide @)lwas first shift of the _(HZOH .|n PyOH goes downfl_eld frorr_l 5.3710 5.45
studied with meta(trimethylammonio)phenolate betainen( ppm while the acidic hydroxyl proton shifts upfielm 1.95

BE) in CHCE (1.8 M) at 21°C using 1-pyrenemethanol (PyOI—H) 1.72 ppm, indicative of a hydroggn_ .bond moduhati
as the initiator and for an initiah-BE-to-PyOH ratio of 1. At a between the catalyst and the alcohol initiator {iFeg Sl4).

monomer-to-initiator ratio of 50 ([L-LAJ[PyOH]y), lactide I\/_Iolecu_lar mechanics (MM) and molecular dynamlcs (MD
was converted quantitatively after 1 hour (Tableettry 2). _smulatlo_ns have then _bee_n performe.d to p_rowdeth&ur
The polymerization exhibited the characteristicaafontrolled insights into the ponr_nenzann mechanism. In pa_mar_, the
and living reaction, as attested by the linearedation between nature of the interactions between the monomer,inthiator

Scheme 3. Polymerization of lactide by ammonium betaines.
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and m-BE was investigated. To simplify the computationdhe initiator and put in close contact with the geg atom ofn-
hydrogen

process, the simplest alcohol, i.e., methanol, been used as BE

to allow bonding.

Figure 1. Representation of the B97D/6-31G(d,p) optimized complexes made of PyOH and betaine isomers (ortho, meta, and para, from left to right).

Three different starting positions have been carsid for the
L-LA monomer: (i) with one carbonyl group pointirtg the
positively-charged trimethylammonium group; (ii) top of the
betaine molecule; and (iii) in close contact witie tcarbon
atom in the para position of the nitrogen atonmeBE (Figure
SI5). After an initial geometry optimization, thosemplexes
have been introduced in a simulation box (30 A 43030 A)
containing chloroform molecules (density = 1.48) &ns-long
MD runs were performed. The calculations
unambiguously: (i) an interaction between the oxygém-BE

shoits counterparts with

31G(d,p)). Interestingly, while the OH bond length PyOH
remains almost constant whatever the isomer (1.00.81 A,
and 1.02 A for complexes involving tleetho, para, andmeta
isomers, respectively), the interaction between phenolate
anion and the proton of PyOH is stronger for timeta
compared to thertho and para isomers, as evidenced by the
reduced distance between these two atoms (1.57rAthi®
complex involving themetaisomer vs. 1.67 A and 1.65 A for
theortho and para compounds,

respectively), see Figure 1. The high selectivitf the

and the hydrogen of the alcohol group of the maeatharpolymerizations thus appears to be intimately lthke the

molecule, as evidenced by the short distance betweem
throughout the dynamics (Figure SI6), (i) no sfieci
interaction between the L-LA monomer and the nidrogtom
of mBE since L-LA appears to move freely around th&aine
molecule during the MD simulations (Figure SI6).nSistently,
FTIR experiments do not show any shift of the casthdoand
of L-LA (1754 cm?) in the presence afrBE, confirming the
lack of specific interactions between the monomed #ghe
catalyst (Figure SI7).

Since similar conclusions hold when consideringdttbho- and

formation of hydrogen bonds while the drop in the
polymerization rates going from tmeetato thepara andortho
isomers is rationalized by a decrease in the stheond the
hydrogen bonds and hence in the reduced ionic ctearaf the
nucleophile.

To demonstrate the versatility of theBE catalyst, a variety of
alcohols was used, such as 1,4-butanediol and gtblyéne
oxide) monomethyl ether (PEO-OH) (M 5,000 g/mol) (Table
1, entries 9 and 10). ROPs were conducted in GldQL.t. for a
targeted DP of 100. Conversions of 99% were obthafeer 3

para-betaine isomers in the simulations, L-LA ROPs welwurs with very lowby (= 1.17). In the case of the PEO-OH

carried out with botho-BE and p-BE to compare the
substitution effect of the phenolate anion on thymerization

kinetics (Table 1, entries 7 and 8). First, we obse thato-BE

is the less active isomer (87% conversion in 18 réou
presumably due to the steric hindrance introducgd the

quaternary ammonium on the phenolate anion. Inraspt
positioning the ammonium group in thpara position of the
betaine restores the phenolate anion accessilblityreduces
the ionic interaction with the initiating alcohadthis isomer
leads to an intermediate kinetic behavior (89% eosion in 6
hours). Such results thus tend to support the itaporole of
the ammonium group on the phenolate anion actitatyard

the hydrogen bonding and ionic nucleophilic actwatof the

propagating alcohol center.

In order to rationalize the different kinetics diet betaine
isomers, complexes made of PyOH and betaine isohmers

been optimized at the density functional theoryelgB97D/6-

This journal is © The Royal Society of Chemistry 2012

initiator, the SEC revealed the formation of a Bl@opolymer
without unreacted macroinitiator (Figure SI8). Th¢ NMR
spectrum (Figure SI9) of the PLLA generated frone t'
symmetrical 1,4-butanediol shows beside signath®imethine
main-chain protonsd(5.0-5.3) those due to the gigroups of
the initiator incorporated into the centre of eddh_A chains

(6 4.15, H) going along with signals of capping lactoyl end-
groups § 4.35, H). The ratio integrations @He) equals 1.93.
This is close enough to 2, and indicates that tAeROP is
expected to proceed from both hydroxyl groups ef ithitiator
leading ultimately to a symmetrical structure.

The ring strain of L-LA clearly provides a drivirigrce for the
ROP and also a kinetic preference for the polyna¢ion over
the transesterification. However, the extraordirsglectivity of
the mBE was also demonstrated for both
trimethylenecarbonate (TMC) and benzylester
trimethylenecarbonate (TMC-Bn) ROPs. The resul@ab(& 1,

J. Name., 2012, 00, 1-3 | 3
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entries 11-14) indicate that the polymerization T#WIC and
TMC-Bn gives no evidence of transesterificatiddy(=< 1.1)
when a DP of 100 is targeted. Higher DPs such &% 50
characterized by an extended polymerization tin&®Q-hours), 4.
imply however a slight increase of thg, as far as TMC ROP

is concerned. As is the case for the hydrogen mondi
mechanisnt! these data suggest that the low dispersity valugs
and exceptional control observed are a consequehcie
selective transesterification of cyclic monomeiatiee to open 6.
chains. BEs are effective catalysts for alcoholivation, at
least sufficiently to promote both polymerizatioos LA and 7.
TMC-based monomers in an acceptable period of tifies
alone is insufficient activation to quickly effetite ROP ofe- 8.
caprolactone &CL) (entries 15-16, Table 1). As for other
organic bases efficient in alcohol activatiéra simultaneous 9.
activation of the CL carbonyl group (by a thiousearogate for
example) would be of help to improve the general
polymerization kinetics. 10.

Conclusions

11.
In summary, ammonium betaines exhibit an exceptiona

selectivity in the ring-opening polymerization oflactide and
cyclic carbonates. Theneta isomer (-BE) induces a more
pronounced ionic nucleophilic activation of thetieing and

propagating alcohol site, allowing for a very rapid
polymerization process while maintaining excellauntrol.

When compared to representative nucleopHifit and

hydrogen-based systertfs:*?° m-BE combines the positive
aspects of both processes in terms of kineticssatettivity.

12.

13.
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