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Controlled Cationic Polymerization of Lactide
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ABSTRACT: The combination of trifluoromethanesulfonic acid (as a catalyst) and a protic reagent (such
as water, 2-propanol, or 1-pentanol as an initiator) efficiently initiates the cationic polymerization of
lactide in dichloromethane solution at room temperature. Polylactides (PLAs) with molar masses up to
20 000 were obtained via an activated-monomer mechanism. "H NMR spectroscopy and electrospray-
ionization mass spectrometry of PLA oligomers demonstrated the quantitative incorporation of the protic
initiator in the polymer chains and showed that transesterification reactions did not occur to a significant
extent. The controlled character of the polymerization was indicated by the linear relationships of the
number-average molar mass vs monomer conversion and monomer-to-initiator ratio. Kinetic measure-
ments revealed a first-order dependence on monomer concentration. Moreover, no noticeable epimerization
of the stereogenic carbon atom was observed in these polymerization conditions, as deduced from 'H
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NMR analysis of a poly(L-lactide) sample.

Introduction

Because of their biodegradability, biocompatibility,
and ready availability from inexpensive renewable
resources, polylactides (PLAs) are attracting growing
interest as environmentally friendly substitutes for
petrochemical-based polymers. Accordingly, these syn-
thetic polyesters have given rise to a broad range of
practical applications in packaging, surgery (tissue and
bone repairing and engineering), and pharmacology
(controlled release of active ingredients).! PLAs are
usually prepared by ring-opening polymerization (ROP)
of lactide via a coordination—insertion mechanism
involving a metal complex.2 The numerous well-defined
complexes investigated over the past 15 years toward
lactide polymerization have contributed significantly to
a better understanding of the factors that govern the
polymerization, and spectacular improvements have
thereby been achieved in terms of catalytic activity as
well as polymerization control. Taking into account the
biomedical interest of PLAs, special interest has been
devoted to initiators containing biocompatible metals,
particularly Li,? Mg,* Ca,? Fe,® Zn,?»*7 and lanthanides.8
Moreover, Hedrick et al. recently reported the first
metal-free systems for the living polymerization of
lactide, using nucleophilic organocompounds (namely
4-aminopyridines, phosphines, and N-heterocyclic car-
benes) in association with an alcohol as an initiator.?~11

Comparatively, the acid-catalyzed ROP of lactide has
been much less developed. Kricheldorf et al. demon-
strated the feasibility of this cationic route in the late
1980s, but the polymerization was far from living even
in the optimum conditions.'? So far, controlled cationic
polymerizations have only been achieved for d-valero-
and e-caprolactones, using HCI or an organic acid as a
catalyst.!® Here we report that cationic polymerization
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of lactide can be efficiently achieved in solution at room
temperature combining trifluoromethanesulfonic acid
(HOTY) and a protic reagent. Special attention has been
paid to demonstrate the controlled character of this
alternative metal-free polymerization.

Experimental Section

Materials. All reactions were performed under an inert
atmosphere of argon, using standard Schlenk techniques.
Solvents were dried and distilled prior to use: toluene
(>99.9%) over sodium, pentane (>99%) over calcium dihydride,
and dichloromethane (>99.95%) over phosphorus pentoxide.
L-Lactide (99.5%) and DL-lactide (99.5%) (PURAC) were puri-
fied by recrystallization in toluene and stored under argon.
Trifluoromethanesulfonic acid (99%, Aldrich) was used as
received and stored under argon. 1-Pentanol (99+%) and
2-propanol (99+%) were dried over sodium and distilled before
use.

Characterizations. 'H NMR measurements were used to
determine the monomer conversion and the chain end groups.
Spectra were recorded in CDCl; on Bruker AC 200 MHz and
Avance 400 and 500 MHz spectrometers at room temperature,
and 'H chemical shifts are reported in ppm relative to MesSi
as an external standard. Monomer conversion was determined
from the relative intensities of the methyl signals for the
monomer (doublet at 6 1.61 ppm) and polymer (multiplet at 6
1.58 ppm).

The number-average and weight-average molar masses (M,
and My, respectively) and polydispersity indexes (M/M,) of
the PLA samples were determined by size exclusion chroma-
tography (SEC) at 35 °C with a Waters 712 WISP high-speed
liquid chromatograph equipped with a R410 refractometer
detector. Tetrahydrofuran (THF) was used as the eluent, and
the flow rate was set up at 1.0 mL/min. A SHODEX precolumn
(polystyrene AT806M/S M,, = 50 000 000 g/mol) and two
STYRAGEL columns (HR1, 100—5000 g/mol, and HR 4E, 50—
100 000 g/mol) were used. Calibrations were performed using
polystyrene standards (400—100 000 g/mol). For end-capped
oligomers prepared with 2-propanol and 1-pentanol initiators,
the molar masses M, deduced from SEC analyses were in good
agreement with those deduced from 'H NMR spectroscopy (by
the relative integration of the signals for the lactate units and
chain ends).

Electrospray-ionization mass spectra (ESI-MS) were per-
formed on a Perkin-Elmer Sciex API-365 spectrometer operat-
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Table 1. Polymerization of pDL-Lactide (LA) with the CF3SOsH/ROH System?®

run ROH [LA]o/[ROH] time (min) conv®(%) Myn) ¢ M4 MM, 4
1 H.0 10 180 >96 1458 1760 1.48
2 H20 27.8 360 >96 4020 5460 1.33
3 H0 125 480 >96 18060 16360 1.18
4 i-PrOH 10 150 >96 1500 1660 1.25
5 i-PrOH 20 180 >96 2940 3060 1.35
6 i-PrOH 50 600 >96 7260 7790 1.37
7 i-PrOH 76.5 720 >96 11076 11300 1.15
8 i-PrOH 100 1680 >96 14460 14790 1.47
9 i-PrOH 75¢ 720 >96 10860 9120 1.26

10 n-PentOH 10 150 >96 1528 1660 1.13
11 n-PentOH 15 300 >96 2248 2300 1.14

@ Polymerizations of 1 M solutions of DL-lactide in CH3Clz were carried out at 25 °C with an initiator-to-catalyst ratio of 1. ® Obtained
from 'H NMR spectroscopy. ¢ Calculated from the molar mass of lactide (144 g/mol) x [LA]¢/[ROH] plus the molar mass of the initiator
(ROH). ¢ Number-average molar mass (M,) and polydispersity index (My/M,) obtained from size exclusion chromatography (in

tetrahydrofuran, THF) using polystyrene standards. ¢ L-Lactide.
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ing in positive ion mode. Samples were dissolved in acetoni-
trile, doped with traces of ammonium hydroxide, and infused
with a syringe pump at 5 mL/min.

General Polymerization Procedure. Lactide (LA) (6.04
g, 42 mmol, 20 equiv) was dissolved in dichloromethane (41.6
mL, [LA] = 1 M). The initiator, 2-propanol (0.16 mL, 2.1 mmol,
1 equiv), and the catalyst, trifluoromethanesulfonic acid (0.18
mL, 2.1 mmol, 1 equiv), were successively added. The reaction
mixture was stirred at 25 °C for 3 h (until the complete
consumption of lactide monitored by 'H NMR spectroscopy).
The mixture was then treated with basic alumina in order to
eliminate the catalyst and concentrated under vacuum. The
polymer was precipitated with excess pentane and dried under
vacuum. Conversion: >96%; yield: 70%. 'H NMR (CDCls, 300
MHz): ¢ 5.20—4.95 (m, 44 H, OCHCH;3; and CH(CHjs)s), 4.33
(q,J = 6.8 Hz, 1 H, HOCHCHy3), 3.63 (s br, 1 H, HOCHCHy3),
1.60—1.40 (m, 130 H, OCHCH3s), 1.24 and 1. 22 (two d, J =
6.0 and 6.5 Hz, 6 H, CH(CH3)2). DPxur = 21. SEC (THF): M,
= 1660, M,/M, = 1.25.

Procedure for Kinetic Studies. Polymerization was car-
ried out at 25 °C in CDCl; solution (85 mL) with a lactide
concentration of 1 M (12.00 g, 83.3 mmol of DL-lactide), and a
lactide/2-propanol/trifluoromethanesulfonic acid molar ratio of
40/1/1 (0.16 mL, 2.1 mmol of 2-propanol and 0.18 mL, 2.1 mmol
of trifluoromethanesulfonic acid). Aliquots (0.5 mL) were taken
at different times during the polymerization and filtered over
basic Al;Os. Lactide conversion was determined by 'H NMR
spectroscopy (400 MHz). After evaporation of CDCls under
vacuum, the PLA samples were analyzed by SEC in THF
solution.

Results and Discussion

Various Bronsted acids have been investigated as
catalysts for DL-lactide polymerization in the presence
of a protic reagent (ROH) as an initiator. HOTf is the
only catalyst active in dichloromethane at room tem-
perature,!4 the complete polymerization of 10 equiv of
lactide requiring 150—180 min with 1 equiv of water,
2-propanol, or 1-pentanol (Scheme 1, Table 1). Notably,
the monomer conversion reached only 23% after 120 min
in the absence of a protic initiator, and the combinations
of 2-propanol with weaker acids such as HCL.Et2O or
CF3COgH are completely inactive after 120 min under
the same conditions. Therefore, lactide is far less
reactive toward cationic polymerization than d-valero-
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Figure 1. 'H NMR spectrum (CDCl;, 500 MHz) of a polylactide sample obtained by polymerization of DL-lactide (LA) with i-PrOH
as initiator (CH2Cly, 25 °C, [LAly/[i-PrOH]y/[CF3SO3H], 20/1/1, [LA], = 1 M).



Macromolecules, Vol. 38, No. 24, 2005

100 1 lzitvs

1107.5

B03.5
1235,

o 1044.5

b)

905.5

1193 5

761.5

o

1378.6

Controlled Cationic Polymerization of Lactide 9995

H«(O\(c‘iloj\ + M

Mass = 83 + 72n (Na) and 99 + 72n (K)

n Mass (Na) Mass (K)

8 659 675
N 10 803 819
| 12 947 963
14 1091 1107
16 1235 1251
18 1379 1395
20 1524 1540

1668

1684

H’(O\ngpH + M

—_——
1 72 17

Mass = 36 + 72n (NH,4) and 41 + 72n (Na)

13325
1

l J 1950.¢
R

n Mass (NH;) Mass (Na)

10 756 761
12 900 905
14 1044 1049
16 1188 1193
18 1332 1337
14re.s 20 1476 1481

1620 1625

1621.0

1765.0

2183.¢ 2341.0

1504 2000

Figure 2. Electrospray-ionization mass spectra (region m/z 400—2200) of polylactide oligomers prepared by polymerization of
DL-lactide (LA) with (a) 2-propanol (CHxCly, 25 °C, [LAly/[i-PrOH]¢/[CF3SO3H], 10/1/1, [LA]o = 1 M) and (b) water (CH:Cly, 25 °C,

[LA]o/[H20]o/[CF3SOsH]o 10/1/1, [LA], = 1 M).

lactone and e-caprolactone, which are both efficiently
polymerized with HCI at room temperature.!?
Characterization of the PLAs. Spectroscopic analy-
ses revealed the quantitative incorporation of the protic
initiator in the PLAs prepared with the HOTf/ROH
combination. Figure 1 shows the 'H NMR spectrum of
a PLA resulting from the polymerization of 20 equiv of
lactide with 2-propanol as the initiator. The multiplet
at 1.60—1.40 ppm is typically associated with the methyl
(b +Db") protons of the lactate units. The related methine
protons (a and a') appear as two distinct signals: a
multiplet at 5.20—5.05 ppm (a') and a quartet at higher
field (4.34 ppm) for the terminal methine (a) that bears
a free hydroxyl group instead of an ester moiety. In
addition, three signals were observed for the chain ends.
The broad signal at 3.6 ppm (e) is associated with the
O-terminal hydroxyl moiety. The multiplet at 5.03 ppm
is attributed to the methine (c) of the isopropyl group,
and two doublets at 1.24—1.20 ppm are observed for the
corresponding methyl groups (d) that are diastereotopic

due to the presence of a stereogenic center at the
adjacent lactate unit. Notably the chemical shift for (c)
clearly indicates the presence of an ester chain end.
Moreover, the signals (d) and (a) integrated in a ratio
6/1. This demonstrates that all polymer chains had been
initiated by the isopropyl alcohol, and therefore, they
are all capped with the corresponding ester moiety.
Mass spectra analysis of a related i-PrOH-initiated
oligomer corroborated the exclusive incorporation of the
protic reagent in the polymer chains. Indeed, the
spectrum obtained by electrospray-ionization exhibited
only signals corresponding to oligomers of the formula
i-PrO(COCHMeO),H-M* (M = Na, K) (Figure 2a). The
presence of carboxylic chain ends in the HyO-initiated
samples was established in a similar way, the corre-
sponding spectrum exhibiting only signals associated
with oligomers of the formula HO(COCHMeO),H-M* (M
= Na, NHy) (Figure 2b). Notably, the presence of only
even numbers of lactate units in both cases demon-
strated that transesterification reactions did not occur
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Figure 3. (a) Plot of number-average molar mass M, (esti-
mated by size exclusion chromatography SEC) vs DL-lactide
(LA) to initiator ratio (solid line) (CH2Clg, 25 °C, [i-PrOH]y/
[CF3SOsH]o = 1, [LA]o = 1 M). Broken line shows the My
values calculated from the molar mass of lactide (144 g/mol)
x [LAlo/[i-PrOH] plus the molar mass of 2-propanol (60 g/mol).
(b) Plot of M, (estimated by SEC) vs DL-lactide conversion
(estimated by "H NMR spectroscopy) (CDCls, 25 °C, [LA]/[i-
PrOH]y/[CF5SO3H], 40/1/1, [LA]o = 1 M).

to a significant extent under these conditions. Indeed,
such side reactions (intermolecular redistribution and
intramolecular backbiting) could involve any of the ester
functionalities of the polymer chain and would therefore
lead indiscriminately to oligomers with even and odd
numbers of lactate units.

Controlled Character of the Cationic ROP. The
cationic ROP of lactide with the HOT{/ROH system was
evaluated for different monomer-to-initiator ratios (Table
1). PLAs with molar masses up to 20 000 g/mol and
relatively narrow molar mass distributions (My/M, <
1.5) were obtained. The experimental M,, values (deter-
mined by SEC analysis) vary linearly with the monomer-
to-initiator ratio (Figure 3a, correlation coefficient R2
= 0.999) and agree well with those calculated from the
monomer feed. The M, values also vary linearly with
the monomer conversion (Figure 3b, correlation coef-
ficient R2 = 0.986). These linear relationships demon-
strate the controlled character of these cationic poly-
merizations. In contrast, the polymerization was only
poorly controlled when Kricheldorf et al. used methyl
triflate alone, as indicated by the very similar viscosities
(0.15—0.27 dL/g) measured for polymer samples pre-
pared from a span of monomer-to-initiator ratios vary-
ing from 50 to 400 (precise data concerning the molar
masses are not available). This comparison highlights
the critical influence of the protic initiator on the control
of the cationic polymerization.

Furthermore, the living character of the polymeriza-
tion was supported by a second-feed experiment. A PLA
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Figure 4. Superposed size exclusion chromatography (SEC)
traces for the polylactide samples: (a) obtained after the first
feed of DL-lactide (LA) (CH2Cls, 25 °C, [LA]¢/[n-PentOH]/[CF3-
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Figure 5. Semilogarithmic plot of DL-lactide (LA) conversion

(estimated by 'H NMR spectroscopy) vs time in CDCl; at 25
°C ([LAlo = 1 M, [LA]y/[i-PrOH]«/[CF5SOsH], 40/1/1).

with M, = 1660 g/mol and M,/M, = 1.13 was first
prepared by complete polymerization of 10 equiv of DL-
lactide with HOT{/i-PrOH (1/1). Polymerization was
then restarted by subsequent addition of 5 equiv of DL-
lactide to afford a PLA with M, = 2300 g/mol and M./
M, = 1.14 (Figure 4).

Kinetic Study and Mechanism of the Cationic
ROP. The polymerization of 40 equiv of DL-lactide ([LLA],
=1 M) in the presence of HOTf/i-PrOH ([i-PrOH], =
[HOTflp = 25 mM) was monitored by 'TH NMR in CDCl3
at 25 °C in order to establish the reaction order in
monomer. The plot of In([LA]¢/[LA]) vs time revealed a
linear relationship (Figure 5, correlation coefficient R?
=0.967). The polymerization proceeds with a first-order
dependence on DL-lactide concentration with a kqps of
6.8 x 1073 min ! at room temperature. According to this
value, the HOT{/ROH combination clearly does not
compete with the most active systems reported to date
(kops up to 100—700 min~! for a few metallic com-
plexes*27¢d and N-heterocyclic carbenes’™). However,
trifluoromethanesulfonic acid seems at least as active
as 4-(dimethylamino)pyridine, for which polymerization
proceeds only at 35 °C and requires longer reaction
times.?2

All the observations accumulated regarding the cat-
ionic polymerization of lactide (incorporation of the
protic initiator, controlled character of the polymeriza-
tion, and first-order kinetic dependence on monomer)
support an activated-monomer mechanism.!® This most
probably involves protonation of lactide and its subse-
quent ring opening by nucleophilic addition of either the
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Figure 6. Normal and homonuclear decoupled 'H NMR
spectra (CDCls, 400 MHz) of a sample prepared by polymer-
ization of L-lactide (L-LA) (CHoCls, 25 °C, [L-LA]y/[i-PrOH]o/
[CF3SOsH], 75/1/1, [L-LA], = 1 M).
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initiating protic agent or the growing polymer chain
(Scheme 2). In this regard, the acidic catalyst prefer-
entially and selectively activates the monomer compared
with the polymer chain, as deduced from the limited
extent of undesirable transesterification reactions es-
tablished above. Moreover, the presence of isopropyl
ester chain ends (as deduced from NMR characteriza-
tions) demonstrates that the chain growth proceeds via
acyl cleavage rather than alkyl cleavage (that would
lead to isopropyl ether chain ends).

Finally, the influence of the strong acid (HOTY) on the
monomer stereochemistry was investigated by polymer-
izing L-lactide under the same conditions (Table 1, run
9). According to homonuclear decoupled 'H NMR spec-
troscopy (Figure 6),18 a perfectly isotactic L-PLA has
been obtained indicating that epimerization of the
stereogenic carbon atom did not occur to a noticeable
extent.

Conclusion

The HOTf/ROH system initiates and controls the
cationic polymerization of DL-lactide via an activated-
monomer mechanism. This readily accessible and easily
removed!” acid catalyst affords an alternative metal-
free entry to PLAs of tailored properties. Current efforts
focus on extending the initiator pool in order to elabo-
rate variously capped PLAs!® including block copoly-
mers.1?

Acknowledgment. Thanks are due to the CNRS,
the University Paul Sabatier (France), and Ipsen Phar-

Controlled Cationic Polymerization of Lactide 9997

ma for financial support of this work and to the Agence
Fonds Social Européen for a grant to M.G. S. Richelme-
David, C. Claparols, and E. Leroy are warmly acknowl-
edged for their assistance in MS analyses.

References and Notes

(1) (a) Bogaert, J.-C.; Coszach, P. Macromol. Symp. 2000, 153,
287—303. (b) Vert, M. Macromol. Symp. 2000, 153, 333—342.
(c) Jain, R. A. Biomaterials 2000, 21, 2475—2490. (d) Drum-
right, R. E.; Gruber, P. R.; Henton, D. E. Adv. Mater. 2000,
12,1841—-1846. (e) Kricheldorf, H. R. Chemosphere 2001, 43,
49-54.

(2) For general reviews, see: (a) O’Keefe, B. J.; Hillmyer, M. A.;
Tolman, W. B. J. Chem. Soc., Dalton Trans. 2001, 2215—
2224. (b) Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D.
Chem. Rev. 2004, 104, 6147—6176.

(3) (a) Ko, B.-T.; Lin, C.-C. J. Am. Chem. Soc. 2001, 123, 7973—
79717. (b) Chisholm, M. H.; Lin, C.-C.; Gallucci, J. C.; Ko, B.-
T. Dalton Trans. 2003, 406—412.

(4) (a) Chamberlain, B. M.; Cheng, M.; Moore, D. R.; Ovitt, T.
M.; Lobkovsky, E. B.; Coates, G. W. J. Am. Chem. Soc. 2001,
123, 3229-3238. (b) Chisholm, M. H.; Huffman, J. C,;
Phomphrai, K. J. Chem. Soc., Dalton Trans. 2001, 222—224.
(¢) Chisholm, M. H.; Gallucci, J.; Phomphrai, K. Inorg. Chem.
2002, 41, 2785—2794.

(5) (a) Zhong, Z.; Dijkstra, P. J.; Birg, C.; Westerhausen, M.;
Feijen, J. Macromolecules 2001, 34, 3863—3868. (b) Chisholm,
M. H.; Gallucci, J.; Phomphrai, K. Chem. Commun. 2003, 48—
49. (¢) Chisholm, M. H.; Gallucci, J. C.; Phomphrai, K. Inorg.
Chem. 2004, 43, 6717—6725.

(6) (a) O’Keefe, B. J.; Monnier, S. M.; Hillmyer, M. A.; Tolman,
W. B. J. Am. Chem. Soc. 2001, 123, 339—340. (b) Gibson, V.
C.; Marshall, E. L.; Navarro-Llobet, D.; White, A. J. P.;
Williams, D. J. J. Chem. Soc., Dalton Trans. 2002, 4321—
4322. (c) O’Keefe, B. J.; Breyfogle, L. E.; Hillmyer, M. A;
Tolman, W. B. J. Am. Chem. Soc. 2002, 124, 4384—4393. (d)
Wang, X.; Liao, K.; Quan, D.; Wu, Q. Macromolecules 2005,
38, 4611—-46117.

(7) (a) Cheng, M.; Attygalle, A. B.; Lobkovsky, E. B.; Coates, G.
W.dJ. Am. Chem. Soc. 1999, 121, 11583—11584. (b) Chisholm,
M. H.; Gallucci, J. C.; Zhen, H.; Huffman, J. C. Inorg. Chem.
2001, 40, 5051—5054. (¢) Williams, C. K.; Brooks, N. R.;
Hillmyer, M. A.; Tolman, W. B. Chem. Commun. 2002, 2132—
2133. (d) Williams, C. K.; Breyfogle, L. E.; Choi, S. K.; Nam,
W.; Young, V. G.; Hillmyer, M. A.; Tolman, W. B. J. Am.
Chem. Soc. 2003, 125, 11350—11359. (e) Jensen, T. R,
Breyfogle, L. E.; Hillmyer, M. A.; Tolman, W. B. Chem.
Commun. 2004, 2504—2505. (f) Chen, H.-Y.; Huang, B.-H.;
Lin, C.-C. Macromolecules 2005, 38, 5400—5405.

(8) (a) Stevels, W. M.; Ankoné, M. J. K.; Dijkstra, P. J.; Feijen,
J. Macromolecules 1996, 29, 6132—6138. (b) Spassky, N.;
Simic, V.; Montaudo, M. S.; Hubert-Pfalzgraf, L. G. Macro-
mol. Chem. Phys. 2000, 201, 2432—2440. (¢) Chamberlain,
B. M.; Jazdzewski, B. A.; Pink, M.; Hillmyer, M. A.; Tolman,
W. B. Macromolecules 2000, 33, 3970—3977. (d) Dumitrescu,
A.; Martin-Vaca, B.; Gornitzka, H.; Cazaux, J.-B.; Bourissou,
D.; Bertrand, G. Eur. J. Inorg. Chem. 2002, 1948—1951. (e)
Ovitt, T. M.; Coates, G. W. J. Am. Chem. Soc. 2002, 124,
1316—1326. (f) Cai, C. X.; Amgoune, A.; Lehmann, C. W,;
Carpentier, J. C. Chem. Commun. 2004, 330—331. (g) Sanchez-
Barba, L. F.; Hughes, D. L.; Humphrey, S. M.; Bochmann,
M. Organometallics 2005, 24, 3792—3799.

(9) (a) Nederberg, F.; Connor, E. F.; Moller, M.; Glauser, T.;
Hedrick, J. L. Angew. Chem., Int. Ed. 2001, 40, 2712—2715.
(b) Myers, M.; Connor, E. F.; Glauser, T.; Mock, A.; Nyce, G.;
Hedrick, J. L. J. Polym. Sci., Part A: Polym. Chem. 2002,
40, 844—851. (¢) Connor, E. F.; Nyce, G. W.; Myers, M.; Mock,
A.; Hedrick, J. L. J. Am. Chem. Soc. 2002, 124, 914—-915. (d)
Nyce, G. W.; Glauser, T.; Connor, E. F.; Mock, A.; Waymouth,
R. M.; Hedrick, J. L. J. Am. Chem. Soc. 2003, 125, 3046—
3056. (e) Nyce, G. W.; Csihony, S.; Waymouth, R. M.; Hedrick,
J. L. Chem.—Eur. J. 2004, 10, 4073. (f) Sentman, A. C.;
Csihony, S.; Waymouth, R. M.; Hedrick, J. L. JJ. Org. Chem.
2005, 70, 2391—-2393. (g) Csihony, S.; Culkin, D. A.; Sentman,
A. C.; Dove, A. P.; Waymouth, R. M.; Hedrick, J. L. J. Am.
Chem. Soc. 2005, 127, 9079—-9085. (h) Coulembier, O.; Dove,
A. P,; Pratt, R. C.; Sentman, A. C.; Culkin, D. A.; Mespouille,
L.; Dubois, P.; Waymouth, R. M.; Hedrick, J. L. Angew.
Chem., Int. Ed. 2005, 44, 4964—4968.



9998 Bourissou et al.

(10) Nucleophilic catalysts have also been used for the controlled
chain scission of PLA: Nederberg, F.; Connor, E. F.; Glauser,
T.; Hedrick, J. L. Chem. Commun. 2001, 2066—2067.

(11) Promising results have also recently been obtained with
bifunctional organic catalysts containing thiourea and ter-
tiary amino groups: Dove, A. P.; Pratt, R. C.; Lohmeijer, B.
G. G.; Waymouth, R. M.; Hedrick, J. L. J. Am. Chem. Soc.
2005, 127, 13798—13799.

(12) (a) Kricheldorf, H. R.; Dunsing, R. Makromol. Chem. 1986,
187,1611-1625. (b) Kricheldorf, H. R.; Kreiser, I. Makromol.
Chem. 1987, 188, 1861—1873.

(13) (a) Shibasaki, Y.; Sanada, H.; Yokoi, M.; Sanda, F.; Endo, T.
Macromolecules 2000, 33, 4316—4320. (b) Sanda, F.; Sanada,
H.; Shibasaki, Y.; Endo, T. Macromolecules 2002, 33, 680—
683. (c) Lou, X.; Detrembleur, C.; Jérome, R. Macromolecules
2002, 35, 1190—1195.

(14) Among the solvents typically used for lactide polymerization
(dichloromethane, tetrahydrofuran, and toluene), dichlo-
romethane was preferred because lactide is less soluble in
toluene, and HOTY slowly reacts with THF at room temper-
ature.

Macromolecules, Vol. 38, No. 24, 2005

(15) Penczek, S. J. Polym. Sci., Part A: Polym. Chem. 2000, 38,
1919—-1933.

(16) For the 'H NMR stereosequence assignments of PLA, see:
Zell, M. T.; Padden, B. E.; Paterick, A. J.; Thakur, K. A. M.;
Kean, R. T.; Hillmyer, M. A.; Munson, E. J. Macromolecules
2002, 35, 7700—7707 and references therein.

(17) Standard biphasic treatment with aqueous NaHCOs or simple
filtration over a basic alumina pad allowed to completely
removing HOTT after polymerization.

(18) (a) Klok, H.-A.; Hwang, J. J.; Iyer, S. N.; Stupp, S. L
Macromolecules 2002, 35, 746—759. (b) Dong, C.-M.; Qiu, K.-
Y.; Gu, Z.-W.; Feng, X.-D. Macromolecules 2001, 34, 4691—
4696.

(19) (a) Meng, F.; Hiemstra, C.; Engbers, G. H. M.; Feijen, J.
Macromolecules 2003, 36, 3004—3006. (b) Li, S.; Vert, M.
Macromolecules 2003, 36, 8008—8014. (c¢) Choi, H. S.; Ooya,
T.; Sasaki, S.; Yui, N.; Ohya, Y.; Nakai, T.; Ouchi, T.
Macromolecules 2003, 36, 9313—9318.

MAO051646K



