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Abstract:  Chiral aluminum isopropoxides based on enantiopure or racemic cyclohexylsalen ligand (Jacobsen
ligand) have been prepared and employed for stereoelective/stereoselective ring-opening polymerization
of lactide in toluene at 70 °C. The kinetics, selectivity of the catalysts, and microstructure of the obtained
polylactides, using different combinations of lactide enantiomers and catalysts, were determined. In all
cases, polylactides of controlled molecular weight, low polydispersity, and defined end groups were obtained.
The polymerizations are first-order in both monomer(s) and catalyst. (R, R)-CyclohexylsalenAlOPr [(R,R)-
1] polymerizes L-lactide significantly faster than p-lactide with a rate constant ratio k/k, of ~14. The
polymerization of rac-lactide using (R,R)-1 yields crystalline polymers, for which a selectivity factor of ~5.5
could be calculated up to 50% conversion based on the optical purity of the isolated polymers. The
polymerization of a L-lactide/p-lactide (molar ratio: 80/20) mixture by (R,R)-1 furnishes an isotactic—atactic
block copolylactide, which is highly crystalline with a 7, = ~155 °C. Polymerization of rac-lactide applying
rac-cyclohexylsalenAlOPr [rac-1] yields isotactic stereoblock polylactides with a high T, = ~185 °C and a
high degree of crystallinity.

Introduction Scheme 1. Lactide Stereoisomers. rac-LA Is a 1:1 Mixture of
L-LA and b-LA
Polylactide (PLA), a polymer derived from lactic acid,isone | 5 o o ,O o .0
of the most important synthetic biodegradable polymers inves- S); :fs Rj; :/I/\R a; :/[/ s
tigated for a wide range of biomedical and pharmaceutical oo o0 o7 0"

applications such as controlled drug delivery, resorbable sutures,
medical implants, and scaffolds for tissue engineetih@n L-LA D-LA

the basis of annually renewable resources, PLAs are alsogppjjied. Such conditions induce side reactions such as trans-
promising degradable substitutes for petrochemical-based poly-gsterification and racemization, which hampers the control over
olefins*# Ring-opening polymerization of lactide (LA), the the polymerization process. The scientific interest in well-
cyclic dimer of lactic acid, represents the most effective and gefined macromolecular architectures including telechelic-,
versatile m(_ethod to prepare PLAS Moreover, Iactide_exists block-, graft-, and star-shaped polymers has initiated major
as three different stereoisomers (Scheme 1), which opensiesearch efforts toward initiators that do vyield well-defined
pathways to prepare amorphous to semicrystalline materials with o |yjactones and polylactides. Initiators such as aluminum
a wide range of physical, mechanical, and degradation proper-|oxides? yttrium and lanthanide alkoxidé8and recently iron
ties. Ring-opening polymerization of lactides is catalyzed by 5ikoxided! have been shown to give a controlled and living
the addition o_f organometallic_compounds such as stannousslymerization of LAs via a so-called coordinatiemsertion
octoaté and zinc lactateand high temperatures have to be  mechanism. Especially calcium-based initiating systems gener-
ated in situ by exchange of bis(trimethylsilyl)amide ligands with
alcohols have shown to induce a fast living and highly controlled
solution polymerization of lactide at room temperatifé
However, all above catalysts do not bias toward the different

meso-LA
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Scheme 2. Ligand Precursors Explored for Stereoselective Ring-opening

Polymerization of Lactides
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lactide stereoisomers. This implies that isotactic polylactides
can be prepared only by the ring-opening polymerization of
optically pureL-LA or p-LA, whereasrac-LA (a 1:1 mixture
of L-LA and b-LA) or meseLA will give an atactic polymer.

S

N=

OH HO

Vv

(Feijen)

[Il, which are achiral, induce stereoselectivity most probably
via a chain-end control mechanism. Spassky et al showed that
the aluminum complex df imposes a moderate preference for
isotactic addition irrac-LA polymerization18-2° Nomura and

The physical and mechanical as well as degradation propertiesco-workers used a different approach, in-situ generation of the

of PLAs are intimately dependent on the chain stereochemis-
try.1415For instance, isotactic polyLA) is a highly crystalline
material with aTn of 170 °C.1516 |t has excellent mechanical
properties and degrades rather slowly. Atactic palg{LA) is
amorphous and subject to a comparatively fast degradation.
Therefore, it is of utmost importance to control chain stereo-
chemistry for PLA homopolymers as well as their copolymers.
Two different strategies, chain-end control and enantiomorphic
site control of the catalyst, have been exploited® Scheme 2
presents known organic ligands that in combination with an
appropriate metal center are capable of effecting stereoelectivity/
stereoselectivity in lactide polymerization. Ligandsll, and

(14) Reeve, M. S.; McCarthy, S. P.; Downey, M. J.; Gross, RMacromol-
ecules1994 27, 825-831.
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initiating species from triethylaluminunii, and an alcohol, and
polylactides of notably high isotacticity can be obtained from
rac-LA.2% Coates and co-workers discovered thatikaiminate
(1) zinc alkoxide enables the preparation of mostly heterotactic
(-RRSSRRSBPLA from rac-LA.2124

Indubitably, the most important breakthrough was Spassky’s
discovery of stereoelective lactide polymerization, applying
aluminum complexes of a chiral binaphthyl Schiff's balé)(”

At low conversion, the aluminum methoxide complex Bj-(

IV demonstrated a preference fmiLA over L-LA to yield an
optically active essentially isotacti-LA polymer from rac-

LA in toluene at 70°C. The chiral ligand induces enantiomor-
phic site control in the LA ring-opening polymerization. This
site control allows for the first time the synthesis of syndiotactic
PLA from meseLA applying the R)-1V -AIO'Pr catalys#? In

a racemic mixture of-LA and p-LA preferential polymerization
can be achieved using a racemic mixture Bf-(and §-1V -
AIO'Pr, leading to enantiomeric poly{A) and polyp-LA)
blocks that easily form stereocomplex€2325These stereo-
complexes have a much higher melting temperature than
isotactic poly(-LA). Therefore, enantiomorphic site control
catalysts are highly versatile and provide many challenging
synthetic opportunities.

Recently, we have shown that the cyclohexylsalen aluminum
alkoxide, RR)-V-AIOPr andrac-V-AIO'Pr, provide a high
isospecificity and excellent control in both solvent-based and
solvent-free lactide polymerizatidi.The stereoselective po-
lymerization of lactide in the bulk has not been reported before.
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Scheme 3. Synthesis of Cyclohexylsalen-Al-OPr

e "“?*

1) (RR)1

(R,R)- or (rac)- cyclohexylsalen ligand 2) (racy-1

In this paper, the polymerization kinetics and stereoselectivity '

of cyclohexylsalen aluminum alkoxide for lactide polymerization
have been determined. We have also shown that by employing
such a site-control catalyst polylactides with many distinct
microstructures and properties can be readily obtained.

Results and Discussion

Synthesis of (Cyclohexylsalen)Al Complexed.he stoichio-
metric reaction of R R)- or rac-cyclohexylsalen ligand (Jacobsen
ligand) with aluminum isopropoxide in toluene at 8D afforded
(RR)-(cyclohexylsalen)AlPr [(R,R)-1] or rac-(cyclohexyl-
salen)AICGPr [rac-1] as yellowish solids in high yield (Scheme
3). Elemental analysis revealed that species with a molecular
formula of AlCsgHeiN2O3 had been formed. Th&Al NMR
spectrum of RR)-1 using toluenedg/toluene (v/iv: 1/2) dis-
played a single resonance @35.45 (vi, = 954 Hz), in line
with a monomeric five coordinate aluminum centéf? The
IH NMR spectrum (Figure 1) ofR/R)-1 (see for comparison
the free R R)-cyclohexylsalen ligand) showed signals)ed.86
and 3.71 with an integral ratio of 6:1, which are attributed to
the methyl protons and methine proton of the isopropoxide
ligand, respectively. Notably, the isopropoxide methyl protons
appeared as double doublets, indicating that the two methyl
groups are chemically inequivalent. In addition, the protons of
the cyclohexylsalen moiety inR(R)-1 are well resolved into
two different chemical environments. ThReN=CH— protons
display chemical shifts ab 8.36 and 8.15, and the-protons
of the cyclohexane moiety show resonance$ a192 and 3.04.
This spectroscopic inequivalence shows tiRR}-1 andrac-1
adopt a distorted square-pyramidal geométs?. The equal
intensities of the signals a 3.92 and 3.71 confirmed the
formation of the (cyclohexylsalen)Al®r complex.

Ring-Opening Polymerization Mechanism.To elucidate the
ring-opening mechanism,talLA living oligomer was prepared
and analyzed byH NMR spectroscopy. The polymerization of
L-LA with (RR)-1in a 12:1 molar ratio was allowed to proceed
for 1 day in toluene at 70C, and after removal of the solvent
the residue was redissolved in CRCThe'H NMR of the thus
obtained living oligomer (see supporting information) showed
that the protons of the cyclohexylsalen moiety had similar
chemical shifts as observed fdR R)-1, in accordance to our
expectation that the cyclohexylsalen ancillary remains bound
to the aluminum center during the ring opening. The signals of
the Al isopropoxide ligand have completely disappeared. In
combination with homonuclear COSY experiments, a double
doublet centered abd 1.24/1.26 is attributed to the methyl

(27) Zhong, Z. Y.; Dijkstra, P. J.; Feijen, Angew. Chem.nt. Ed. 2002 41,
4510-4513.

(28) Atwood, D. A.; Harvey, M. JChem. Re. 2001, 101, 37-52.

(29) Benn, R.; Rufinska, AAngew. Chem.nt. Ed. Engl.1986 25, 861.

(30) Munoz-Hernandez, M. A,; Keizer, T. S.; Wei, P. R.; Parkin, S.; Atwood,
D. A. Inorg. Chem.2001, 40, 6782-6787.
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Figure 1. *H NMR spectra (300 MHz, CDG) of (RR)-cyclohexylsalen
ligand (a) and R,R)-(cyclohexylsalen)AlTPr. (b) Arrows indicate signals
arising from the isopropoxide unit.

protons of the formed isopropy! ester end group. Resonances
ato 4.22 (g) and 1.17 (d) correspond to the lactyl unit bound
to the aluminum center, whereas the quartet 4t82 and the
doublet ab 1.39 most probably arise from the penultimate lactyl
unit. These differences in chemical shifts may be due to a
shielding effect of the cyclohexylsalen ligand and/or the dative
bond formation between the-carbonyl oxygen and aluminum
forming a five-membered species (Schemé4)he disappear-
ance of the above lactyl signals after quenching the active
species with acetic acid confirms our hypothesis. Moreover, the
—N=CH— protons gave a singlet &t8.26, theo-cyclohexane
protons revealed a broad resonancedaB.31, and signals
attributable to the living ends vanished. Instead, a quartét at
4.34 characteristic of the methine proton neighboring a hydroxyl
group (—CH(Me)OH) emerged. Resonancesdab.16 (q) and
1.59 (d) belong to the methine and methyl protons of the
polymer main chain. The conversion was determined from the
integrals of signals ai 1.65 (LA) and 1.59 (PLA) and is 92%.
The IH NMR of the purified oligomer (see supporting
information) shows clearly that the PLA oligomer is systemati-
cally end-capped with one isopropyl ester group and one
hydroxyl group. TheM, determined by end-group analysis is
1900, close to the theoretical valiig(theory)= 1650. MALDI-
TOF mass spectrometry (Figure 2) further corroborates the chain
structure and affordedid, = 1800 andM,,/M, = 1.05. Notably,
peaks corresponding to molecular massesof-(1/2) lactide
repeat units (marked with an asterisk in Figure 2) are also
present. This unveils that intermolecular ester-exchange reactions
are occurring to a certain exte¥tHowever, no peak attributable
to transesterification, either intermolecular or intramolecular,
is detected for polymers obtained framc-1 initiated rac-LA

(31) Ko, B. T.; Wang
Polyhedron1998 17, 4257-4264.

(32) Montaudo, G.; Montaudo, M. S.; Puglisi, C.; Samperi, F.; Spassky, N.;
LeBorgne, A.; Wisniewski, MMacromoleculesl996 29, 6461-6465.

, F. C.;Sun, Y. L,; Lin, C. H.; Lin, C. C.; Kuo, C. Y.
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Scheme 4. Hypothetic Structures of the Living Species as Well as the Quenched Species
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Figure 2. MALDI-TOF spectrum ofL-LA oligomer. The signals marked
with an asterisk have values correspondingriot( 1/2) repeating units ] — —
and are due to polymer chains formed from intermolecular transesterifica- 0.0 25 5.0 7.5 100 125 150

tions. The polymer chains are adducted with a sodium ion. )
time (day)

At ; ; ; Figure 3. First-order kinetic plots for lactide polymerizations in toluene
polymerization over a time period of 12 days with a [LA] at 70°C with [M]o/[l] o = 62 and [M} = 0.8 M. Different combinations of

[Al] o = 62/1 under otherwise similar polymerization conditions  ¢ataiysts and lactide enantiomers were used.

(see supporting information). Therefore, it appears that the rather

high catalyst concentration in combination with a prolonged ~ The extent of the stereoselectivity of a chiral catalyst in an
reaction time after high conversion in the preparation of €nantiomorphic site control polymerization of a racemic mono-
oligomers might account for the observed transesterification Mer Mixture may be determined from the enantiomeric excess
reactions. The molecular mass of the polymers increases linearly(€€) of the recovered unreacted monomer. It is difficult,
with monomer conversion while retaining a low polydispersity however, to recover the unreacted lactide monomer quantita-
(see supporting information). All the results are in accordance tively from the polymerization medium. Therefore, in this study
with a living polymerization. the optical activities of polymers formed frorR,R)-1 andrac-

It is evident that during the polymerization the cyclohexyl- LA at different time intervals were measured by polarimetry
salen ancillary chelates the aluminum center in a defined and used for the calculation of the ee of the monomers. All the

geometry, which is believed the origin of the stereoelectivity/ Polymers displayed a pronounced optical rotation, eds?P

stereoselectivity. The initiation is quantitative and the polym- = —90.3 and —22.2” for polylactides obtained at 21.1% and
erization proceeds exclusively through acyl-oxygen cleavage of 87-8% conversion, respectively. The negative values are con-
the monomer. sistent with preferential polymerization ofLA by (RR)-1. The
Polymerization Kinetics. The polymerization kinetics were ~ SPECific rotation of poly(-LA) increases with increasing mo-
studied with [LA]/ [Al] o = 62/1 and [LA} = 0.8 M at 70°C lecular mass and bec_omes constant wivin > 8000. For
using toluene as a solvent. Different combinations of catalysts exarzr;ple, poly(-LA)s with M, = 1800, 5600, and 8600 have
and lactide stereoisomers were used. In all cases, the polym{®lo™ = —142', —148’, and —152, respectively. Therefore,

erization obeyed first-order kinetics in monomer with instan- Mn has to be taken into account when determining the
taneous initiation (Figure 3). The fastest polymerization was €nantiomeric excess (ee) LA in polylactides obtained from

observed for RR)-1 initiated L-LA polymerization having a (RR)-1 andrac-LA. The ee of LA units in the isolated polymer
pseudo-first-order rate constait,, = 0.902 day!. The as well as the calculated ee of the unreacted monomer based
polymerization rate forRR)-1 andp-LA is the lowest Kapp = on the optical purity of polymer and monomer conversion as a
0.067 day?), which is only 1/14 the rate folRR)-1 andL-LA. function of conversion is shown in Figure 4. This profile

Hence, it is clear thatR R)-1 has a marked preference for the éSembles the polymerization fc-LA using enantiopureR)-
L-isomer as compared to theisomer. The polymerization of ~ Pinaphthyl Schiff base aluminum methoxides well as the

L-LA using rac-1 has a rate constank, = 0.509 day?) kinetic resolution of organic reagents with a chiral catafyst.
slightly higher than half that ofRR)-1 andL-LA. This is in The sglectivity factor (s_), which is quantified_as the ratio of
line with our expectation since only half of thac-1 has the ~ the relative rates of reaction for the two enantiomers- (ke

(RR)-configuration and the other hal§§)-1 can only slowly 5"\ it 3 - Larrow, 3. F.: Jacobsen, E. At Synth. Catal2001, 343
polymerizeL-LA. 5-26.

11294 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003
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Figure 4. Enantiomeric excess (ee) of LA units in recovered polyradr ( 0.0 - T - — . . . —
and the calculated ee of unreacted LA monomwishased on the optical 0 5 10 15 20 25
purity of the polymer versus conversion fac-LA polymerization initiated 4
with (RR)-1 ([LA] /[Al] o = 62/1, [LA]o = 0.8 M, toluene, 70°C). [Al], x 107 (M)

) ) ] Figure 5. Plot of kepp versus [Alp for the polymerization ofac-LA with
= kastKsiow), IS generally used for evaluation of the efficacy of rac-1in toluene at 70°C using [M} = 0.8 mol/L.

stereoelective/stereoselective catalysts. Assuming a first-order
kinetic dependence on the substratsan be determined by  in lactide polymerization but with preference for enantiomers
eq 1, wherec represents the monomer conversion and ee the of the opposite configurations.
enantiomeric excess ofLA units in the obtained polymer. The polymerization kinetics for an enriched enantiomeric
mixture of lactide, D20L80-LA/L-LA: 20/80), using RR)-1
s=kg=In[1—c(l+ee)lin[l—c(l—ee)] (1) was also examined. The conversionsiefA and p-LA at
different intervals were determined on the basis of the ee of

Nearly constans values of 5.5 are computed up to 50% LA L-LA units in the isolated polymers and the total monomer
conversion to polymer. At higher conversions, the measurementconversion €. The first-order kinetics for-LA and p-LA
of the optical activity of the polymer becomes less accurate and "évealed a remarkably high relative polymerization fato
therefore also the calculation of tisevalues. The stereoselec- — 29 (See supporting information). The polymer obtained at
tivity is intrinsically dictated by the magnitude ®AG* (eq 51.3% conversion consists essentially 6fA units, and almost

2), the difference in activation energies between the transition &/l L-LA has been converted to polilmer at08§.8% conversion,
states for different enantiomers in the selectivity-determining While D-LA is enriched from initial 20% to 95% in the monomer
step of the polymerization. Based ere 5.5, aAAG* = AG, pool. This is in sharp contrast with other catalyst systems, e.g.,

— AG*, = 1.16 kcal/mol could be calculated for the polymer- stannous octoate initiated polymerization of enantiomerically
ization ofrac-LA using (RR)-1 at 70°C. enriched lactides, where the minor component would be depleted

with a higher pseudo rate constant than the major component
due to a preference for syndiotactic enchainnieft. The

— — _ AAGHRT
= kel = Kias{Ksiow = ¢ @ important implication from this result is that when using an
o ) isospecific catalyst likeR,R)-1, it is not essential to start from
The polymerization ofac-LA applying rac-1 revealed &app optically extremely pura-LA or p-LA in order to prepare
= 0.167 day* (Figure 3), which is much lower than farLA isotactic polylactides.
polymerization withrac-1 (kepp = 0.509 day?). The low To determine the kinetic dependence on the catalyst, the
reaction rate found with the systerac-LA and rac-1 could concentration ofac-1 was varied from 5.84 10-3 to 22.8 x

possibly be explained by the interchange of growing chains 10-3 \ under otherwise identical conditiong4g-LA] o = 0.8
between theRR and SS catalyst effectively decreasing the \, toluene, 70°C). In all cases, the polymerization follows first-
reaction rate because the coordination®RRJ-1 and polyb- order kinetics in monomer. The pseudo-first-order rate constant
LA) chain leads to a very low rate of polymerization. In other yersys the concentration ofic-1 is plotted in Figure 5. The
words, the number of active sites for polymerization iS | increases linearly withac-1. Hence, the polymerization of
decreased. In addition it has been shown that for asymmetricac.| A by rac-1 obeys the following kinetic law:
catalysis interaction between enantiomers could exert influences
on the reaction rat& Therefore, it can be imagined that such —d[LAJ/dt = K [LAJ[AI]
interaction will also influence the coordination of monomers
with the catalyst, which may lead to lower reaction rates. A k; value of 9.02x 102 L-mol-min-1is determined for
Furthermore, stereocomplex formation between growing chains rac-1 initiatedrac-LA polymerization in toluene at 76C. This
associated with the catalyst may also hinder the polymerization.value is lower than that afac-LA polymerization with Al(O-

The polymers obtained frommac-1 and rac-LA are all
optically inactive, in line with our assumption that the chiral (35) Thakur, K. A. M.: Kean, R. T.; Hall, E. S.; Kolstad, J. J.: Lindgren, T. A.:

compounds$9-1 and R R)-1 have identical stereoselectivity Doscotch, M. g Siepmann, J. 1.; Munson, E.MacromoleculesL997
(36) Tﬁakur, K. A. M.; Kean, R. T.; Hall, E. S.; Kolstad, J. J.; Munson, E. J.

(34) Girard, C.; Kagan, H. BAngew. Chem.Int. Ed. 1998 37, 2923-2959. Macromoleculesl998 31, 1487-1494.
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iii, iis, sii, sis

69.6 69.4 69.2 69.0 68.8 68.6 PPM 69.6 69.4 69.2 69.0 68.8 68.6 Ppm

(a) (b)
Figure 6. Methine carbon resonances in tH€ NMR spectra (75 MHz, CDG) for poly(rac-LA)s. (a) PLA sample obtained fromac-LA polymerization
by (RR)-1 in toluene at 70°C with [LA]/[Al] = 62/1 and conversior 87.8%. (b) Polyfac-LA) prepared by a nonselective catalyst Zn(OCH(Me)COO
Pr).

Pr)s (k, = 0.60 L:mol~1-min~1)%7 or achiral SalenAlOMe (0.061 Table 1. Normalized Tetrad Intensities of PLAs Obtained from
L-mol~Lmin~1)20 under similar conditions, which is most Polymerization of Rac-LA Using (R,R)-1 or rac-1 at Different

. Monomer Conversions@
probably due to the rather rigid and bulky nature of the
cyclohexylsalen ligand imac-1. It is worth mentioning herein

tetrad intensities (normalized)?

that rac-SALBinaphtAIOPr brought about a much faster po- monomer conv, % i fi+is +sii + sis P
lymerization ofrac-LA (1.05 L-mol~1-min~%)?5 thanrac-1. The (R,R-1for rac-LA
higher activity of SALBinaphtAldPr as compared toac-1 géé 8'82% g'gig 0.92
might be due to the ability of binaphthyl moiety to delocalize 50.7 0.106 0.894
electrons, the absence of bulky substituents in the aromatic rings 66.0 0.114 0.886
in the ortho position, and a long diamino bridge (four carbons ;i-i gigé 8-2;2
for SALBinaphtAIOPT vs two carbons fora.c-l).. It ha_ls bgen 878 0.120 0.880
shown that the replacement of ethylene diamino with trimeth-
L e . rac-1 for rac-LA

ylene diamino in SalenAlOBz significantly increases the po- 46.8 0.068 0.932 0.93
lymerization rates 66.7 0.070 0.930 0.92

This overall kinetic law could in principle be extrapolated to ;g-g 8-822 g-gg% 8-33
other combinations of (cyclohexylsalen)ARD catalysts and i i : :
lactide enantiomers such &@R)-1 or rac-1 for L-LA or b-LA a Polymerization was performed in toluene atTwith [LA] o/[Al] o =
polymerization. 62/1.° Tetrad intensities were determined from the methine resonances in

Polymer Microstructures and Thermal Properties. During the*3C NMR spectra (75 MHz, CDG). © P is the probability of forming
' a newi-dyad. The tetrad intensities foac-LA polymerization in terms of

the past decade, particulajC NMR3*42 and homonuclear  p; have been expressed as followii][= [P2 + (1 — P)2 + P2 + (1 —
decoupledH NMR35:36.4243have become powerful tools for  P)3/2, [isi] = [Pi (1 — P) + Pi (1 — P))2/2, [iis] = [sii] = [sig = [P? (1
elucidating the microstructure of polylactides. The methine — P) + P (1 = P)J2.

carbon resonances in tA& NMR spectra can be assigned in
terms of tetrad probabilities. Figure 6 presents a spectrum of
PLA obtained from polymerization afic-LA using (RR)-1 at
87.8% conversion (a) as well as a spectrum for palg{LA)

by a nonselective zinc alkoxide catalyst (b). Cleary,R)-1
favors the formation of isotactic sequences. On the basis o
enantiomorphic site control statistics, PLAs obtained fraw:

LA can exhibit five tetrad sequences, i.é., isi, iis, si, andsis,
wherei denotes isotactic and syndiotactic. The degree of
stereoselectivity may be defined by the param®ewhich is

the probability of forming a newdyad. The relative proportions
of the tetrad sequences are largely dependent oR;tererted
by the catalyst, wherdif] = [P2+ (1 — P)2 + P23 + (1 —
P)3/2, [isi] = [Pi (1 — P) + Pi(1 — P)3/2, [iis] = [sii] =
f[sis] = [PZ1 — P) + Pi(1 — P))?/2.25 Hence, employing the
methine carbon region of tH€C NMR of the isolated polymers,
the extent of stereoselectivity can be determined. However, it
should be noted that the above relationship holds only at low
conversion for R R)-1 initiated polymerization ofac-LA, since
the enantiomeric composition is continuously altered during the
(37) Barakat, |.; Dubois, P.; Jerome, R.; Teyssiel.®olym. Sci. Polym. Chem.  Polymerization process. The tetrad proportions for polymers

1993 31, 505-514. obtained fronrac-LA polymerization initiated with R,R)-1 are
(38) Kricheldorf, H. R.; Boettcher, OMakromol. Chem1993 194, 1653~ . . .

1664. listed in Table 1. The PLAs formed at low conversion have
(39) Kiicheldorf, H. R.; Boeticher, C.; Tonnes, K. Bolymerl992 33, 2817 long isotactic sequences as revealed by the comparatively low
(40) Kasperczyk, J. EMacromolecule1995 28, 3937-3939. . intensity ofisi sequence. Thisi proportion, nevertheless, first
(41) Coudane, J,; UstarizPeyret, C.; Schwach, G.; Vertl.olym. Sci. Polym.  jncreases and then starts to decrease with increasing conversion.

Chem.1997, 35, 1651-1658. o . o

(42) zell, M. T.; Padden, B. E.; Paterick, A. J.; Thakur, K. A. M.; Kean, R. T.;  This is in accordance with a tapered distribution of stereocenters
Hillmyer, M. A.; Munson, E. JMacromolecule2002 35, 7700-7707. ; ; i ; H

(43) Thakur, K. A. M.; Kean, R. T.; Hall, E. S.; Doscotch, M. A.; Munson, E. from p_redomlnantl_y isotactic-lactyl units to predomlnant!y
J. Anal. Chem1997, 69, 4303-4309. isotacticp-lactyl units. Based on the polymer sample obtained
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at 21.1% conversion, B; value as high as 92% is calculated J/g, T = 98.6°C, AH, = —35.2 J/g,Tg = 51.3°C] much like
for (RR)-1initiatedrac-LA polymerization in toluene at 70C. those of isotactic poly¢LA) of similar molecular weight 1,
Thermal analysis revealed that all polymers are crystalline. For = 4600). Polymer samples acquired at high monomer conver-
example, the PLA resulting after 87.8% conversion shows an sion (90.5%) contain more syndiotactic sequences, also readily
Tm = 161.5°C andAH,, = 31.1 J/g in the first heating scan. crystallized . = 121 °C, AH, = —39.3 J/g) after quenching
No recrystallization takes place in the second heating after rapidfrom the melt. The polymer had a rather high melting temper-
cooling from the melt, in accordance with the literatéfré? ature Ty = 155.1°C, AH,, = 40.6 J/g) and a significant degree
Unlike (RR)-1 initiated rac-LA polymerization, the polym- of crystallinity (38.3%). These results are unusual and might
erization of rac-LA using rac-1 affords polymers having be attributed to a distinct microstructure comprising a long
microstructures which are conversion-independent, as revealednostly isotactia-lactyl block (crystalline) and a relatively short
by the3C NMR (Table 1). TheP; values (-93%) are nearly  atactic block (amorphous).
equal to that determined forac-LA and (RR)-1 at low
conversion. These results support the conclusion that the
preferential propagation afLA enantiomer onR R)-1 species In summary, a readily accessible chiral catalyst system that
parallels the preferential propagationsf A on (SS)-1species.  induces highly stereoselective yet controlled ring-opening
A polymer with a lowM, = 4800 displayed a high melting  polymerization of lactide has been reported. A marked prefer-
temperature of 185.8C [AHy, = 41.9 J/g,T. = 96.8°C, AH, ence forL-LA over b-LA isomer was imposed by enantiopure
= —35.4 J/g,T, = 46.8 °C], which is approximately 20C (RR)-1, which contrasts analogouR)tbinaphthyl Schiff's base
higher than that for the poly{LA) homopolymer with avi, = aluminum complex (preference far-LA rather thanL-LA).
9900 [T = 168.4°C, AHp, = 59.2 J/g,T. = 98.1°C, AH, = Polylactides of distinct microstructures and properties could be
—37.3 JIg,Tq = 57.4°C]. At high monomer conversion the obtained. The polymerization afic-LA employing RR)-1
polymer (M, = 7800) showed an analogous thermal behavior, affords crystalline polymers, although they are unable to
except for a relatively higheFy = 54.4°C andT, = 112.4°C. crystallize after quenching from the mefaic-1 to polymerize
The high melting temperatures of these polymers are due torac-LA yields polymers of high melting point~185 °C) and
the formation of stereocomplexes between isotactic blocks of high crystallinity, due to the effective cocrystallization between
opposite configuration®:450n the basis of an enantiomorphic  Poly(L-LA) blocks and polyg-LA) blocks. Interestingly, the

Conclusions and Perspectives

site control mechanismR(R)-1 preferentially polymerizes-LA polymerization ofL.-LA / p-LA (molar ratio: 80/20) using

to produce a predominantly-LA chain, while §5)-1 prefer- (RR)-1 gives an isotactieatactic stereoblock polylactide which
entially polymerizes-LA to produce a predominantlp-LA is highly crystalline withT, = ~155°C.

chain, and thereforeL:LLLDLLLLL - and DDDDDLDDDDD- Se- The recent developed stereoselective catalysts offer great
quences are anticipated. Recently, Coates and co-workerspotential in preparing new distinct polymers from conventional
reported that a stereoblock-typeLf-LLbbpDD -) PLA is formed monomers. Through rational catalyst design especially assisted

employing an analogousc-binaphthyl Schiff base aluminum by, e.g., molecular modeling and combinatorial methods, we
alkoxide catalyst to polymerizeac-LA, for which a polymer believe that even more efficient catalyst systems with better
exchange mechanism where growing chains switch betw®en (  stereoselectivity might be developed.

and ©)-species was proposédThe homonuclear decoupled
1H NMR spectra (see supporting information) of the polymers
besides a majdii tetrad, three small resonances assignable to techniques or under nitrogen in a glovebox. Toluene and hexane were
sii, iis, andisi tetrads with nearly identical integrals and an distiled from sodium wire. Aluminum isopropoxide-9.99%-Al,

. : . Strem Chemicals), &, 2R)-(—)-1,2-cyclohexanediaminbkN'-bis(3,5-
almost negligiblesis peak. This result strongly suggests that a di-tert-butyl-salicylidene) [RR)-cyclohexylsalen ligand] and §29)-

Experimental Section

polymer exchange mechanism is operativertoe-1 initiated (1)1 5 cyclohexanediaminiN--bis(3,5-ditertbutylsalicylidene) [§9)-
rac-LA polymerization, yielding PLAs with an isotactic stere-  cyciohexylsalen ligand] (98.0%, Acros Organics) were used without
oblock microstructur& The intensity ofsii, iis, isi, andsis further purification. I-Lactide and-lactide (Purac Biochem b.v., The

tetrads relative taii tetrad does not change with conversion, Netherlands) were purified by recrystallization from toluene. All
indicating a homogeneous distribution of isotactic sequencesglassware for the polymerization was dried in an oven before use.
in the polymer chain. Furthermore, additional signals 5t195 Measurements.’H (300 MHz) and®*C (75 MHz) NMR spectra
and 5.225 were also observed. These two resonances are mogyere recorded on a Varian Inova spectrometer using ¢B@lutions
probably due to the lactyl units placed at both ends, as shownand were referenced to shifts of residual Ci(@ 7.25 for*H NMR
by their systematically decreasing intensities with increasing andd 77.0 for'3C NMR). Matrix assisted laser desorption ionization

g ; time-of-flight (MALDI-TOF) mass spectrometry was performed using
degree of polymerization. The absence of a signal &t208 : .
attributable toiiiss and ssiii hexads further confirms that no 2 0Y39er-DE-RP MALDI-TOF mass spectrometer (Applied Biosys-

e . 46 tems/PerSeptive Biosystems, Inc., Framingham, MA) equipped with
transesterification reactions took platce. delayed extraction. A 337-nm UV nitrogen laser producing 3-ns pulses

A PLA obtained from ap-LA/L-LA mixture (ratio: 20/80) was used and the mass spectra were obtained in the linear and reflectron
and R,R)-1 at 51.3% conversion is composed almost exclusively modes. Samples were prepared by mixing:L®f polylactide solution
of isotacticL-lactyl units, as revealed by the barely discernible with 30 uL of a solution of 1.0 mg/L of 2,5-dihdroxybenzoic acid
isi signals (see supporting information). This polymer is highly (DHBA) or [2-(4-hydroxyphenylazo)benzoic acid] (HABA) in tetrahy-

crystalline with thermal propertiedf, = 156.7°C, AHy, = 43.0 drofuran. One microliter of the solution was loaded on a gold sample
plate, the solvent was removed in warm air, and the sample was

(44) Tsuji, H.; Ikada, Y Macromol. Chem. Phy<.996 197, 3483-3499. transferred to the mass spectrometer for analysis. GPC measurements

(45) Yui, N.; Dijkstra, P. J.; Feijen, Makromol. Chem199Q 191, 481-488. were conducted with a Waters 6000A GPC apparatus equipped with a
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series of standard Waters Styragel HR columns and a H502 viscometersolid was then washed with cold hexane, filtered, and dried in vacuo.
detector (Viscotek Corp.). Polystyrene standards were used for columnYield: 94.3%. Elemental analysis, found (calcd): C 74.28 (74.25), H
calibration and the molecular weights were determined by universal 9.42 (9.43), N 4.50 (4.44), Al 4.13 (4.273H NMR (300 MHz,
calibration. Polymers were dissolved in chloroform (1.0 wt %) and CDCl): 6 8.36 (s, 1 H), 8.15 (s, 1 H), 7.477.50 (dd,J 2.4, 7.5 Hz,
eluted with chloroform at 25°C at a flow rate of 1.5 mL/min. 2 H), 6.98-7.05 (dd,J 3.0, 17.1 Hz, 2 H), 3.92 (tJ 10.5 Hz, 1H),
Differential scanning calorimetry (DSC) was carried out with a Perkin- 3.71 (sepJ 5.7 Hz, 1 H), 3.04 (tJ 10.5 Hz, 1 H), 2.60 (b, 1H), 2.40
Elmer DSC-7 apparatus calibrated with pure indium and gallium. The (b, 1 H), 2.06 (b, 2H), 1.55 (s, 9 H), 1.52 (s, 9 H), 1.47 (m, 4 H), 1.30
sample was heated from50 to 220°C at a rate of 20C/min, kept at (s, 9 H), 1.29 (s, 9 H), 0.86 (dd,5.7, 7.5 Hz, 6 H).

220°C for 2 min, quenched te-50 °C (300°C/min), kept at—50 °C Polymerizations. In a typical experimentrac-1 (0.102 g, 0.162

for 2 min, and then heated to 22C for the second time at a rate of  mmol),rac-LA (1.44 g, 10 mmol), and toluene (12 mL) were introduced
20 °C/min. The maximum of the endothermic peak was taken as the into a dried reaction vessel equipped with a magnetic stirring bar. The
melting temperaturelf,), the maximum of the exothermic peak during  vessel was placed in an oil bath thermostated £(70At certain time

the second heating scan was considered as the crystallization temperintervals, about 1.2-mL aliquots were removed and reaction was
ature {T¢), and the temperature corresponding to l@&lfvas taken as terminated by adding acetic acid. After the solvent was evaporated, a
the glass transition temperaturg), The specific rotationd]p?® was sample was taken for determination of the conversion udthiyMR.
measured at a concentration of 10 mg/mL in CH&tl 25°C on a The remaining residues were redissolved in,CH and the polymer
Perkin-Elmer 241 polarimeter equipped with Na lamp and a light pass was precipitated from an excess of cold methanol. Filtration followed
length of 10 cm. The enantiomeric excess (ee) was calculated basedby drying at 40°C in vacuo yielded a white crystalline polymer.

on ee (%)= 100[o]p?™([0]p?®)o Where (]p%%)o is the specific rotation . . .
of optically pure poly(-LA) with similar My Acknowledgment. This work was financially supported by

(R.R-(Cyclohexylsalen)AIOP [(R.R)-1]. Aluminum isopropoxide The Netherlands Organization for Scientific Research (NWO).

(0.583 g, 2.85 mmol) R,R)-cyclohexylsalen ligand (1.56 g, 2.85 mmol), We thank Dr'_ Ma_rco Te_s_sa” (Department of BIOphySI_CaI
and toluene (15 mL) were introduced into a dried reaction vessel Chemistry, University of Nijmegen, The Netherlands) for kind
equipped with a magnetic stirring bar. After the mixture was stirred assistance on 600-MHH NMR experiments.

for 3 days at 80°C, the solvent and volatiles were removed in vacuo. Supporting Information Available: A table summarizing the
The yellowY§o|I(|jq vgzsg;enE\ivashed ‘l"”th °|°'d_ hefxan(ej, f||te|n(ajd., agd%rgef polymerization results obtained from different combinations of
In vacuo. Yield: 95.6%. Elemental analysis, found (calcd): % catalysts and lactide stereoisomers; a table comparing the

l(\;ﬁ"ZzS():’D%S',Sz égéf’()é '\i i)‘r’ 28 (f;'(i)’lAL;l 3:# 52352 dzlg/IZR 7(3g % propagation rate constants fiarc-LA polymerization initiated

Hz, 2 H), 6.98-7.05 (dd.J 2.7, 17.0 Hz, 2 H), 3.92 (1] 9.6 Hz, 1 H), by various aluminum glkoxi(.ieél,-i NMR spectra Of‘fl.‘A Iivi'ng

3.71 (sep] 5.7 Hz, 1 H), 3.04 (tJ 9.6 Hz, 1 H), 2.60 (b, 1 H), 2.40 oligomer, after quenching with acetic acid and purified oligomer;

(b, 1 H), 2.06 (b, 2 H), 1.55 (s, 9 H), 1.52 (s, 9 H), 1.47 (m, 4 H), .30 MALDI-TOF spectra showing the evolution ®fl, over time;

(s, 9 H), 1.29 (s, 9 H), 0.86 (dd,5.7, 7.5 Hz, 6 H)2’Al NMR (104 kinetics for RR)-1 initiated D20L80 polymerization; DSC

MHz, toluene/ [R]toluene ¢/v: 2/1), Aly(SQy)zin D,O): 6 35.45 (Vi) curves for some PLA samples; homonuclear decoulpiedMR

= 954 Hz). spectra (600 MHz, CDG) of PLAs obtained fromrac-LA
rac-(cyclohexylsalen)AIOPr [rac-1]. Aluminum isopropoxide (0.583  polymerization usingac-1; and the!3C NMR of PLAs resulting

9, 2.85 mmol) rac-cyclohexylsalen ligand (1.56 g, 2.85 mmol), and  from D20L80 using R R)-1. This material is available free of
toluene (15 mL) were introduced into a dried reaction vessel equipped charge via the Internet at http://pubs.acs.org.

with a magnetic stirring bar. After the mixture was stirred for 3 days
at 80°C, the solvent and volatiles were removed in vacuo. The yellow JA0347585
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