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Abstract—Polylactides and their copolymers are key biodegradable polymers used widely in bio-
medical, pharmaceutical and ecological applications. The development of synthetic pathways and
catalyst/initiator systems to produce pre-designed polylactides, as well as the fundamental under-
standing of the polymerization reactions, has continuously been an important topic. Here, we will
address the recent advances in the ring-opening polymerization of lactides, with an emphasis on the
highly versatile in situ generated initiator systems and single-site stereoselective initiators. The in
situ generated initiators including in situ formed yttrium, calcium and zinc alkoxides all have been
shown to bring about a rapid and living polymerization of lactides under mild conditions, which facil-
itated the preparation of a variety of advanced lactide-based biomaterials. For example, well-defined
di- and tri-block copolymers consisting of hydrophilic poly(ethylene glycol) blocks and hydrophobic
polyester blocks, which form novel biodegradable polymersomes or biodegradable thermosensitive
hydrogels, have been prepared. In the past few years, significant progress has also been made in
the area of stereoselective polymerization of lactides. This new generation of initiators has enabled
the production of polylactide materials with novel microstructures and/or properties, such as hetero-
tactic ( RRSSRRSSRRSS ) polylactide, crystalline syndiotactic ( RSRSRSRSRSRS ) polylactide
and isotactic stereoblock ( RnSnRnSn ) polylactide, exhibiting a high melting temperature. The
recently developed polymerizations using in situ generated initiators and stereoselective polymeriza-
tions have no doubt opened a brand-new avenue for the design and exploration of polylactides and
their copolymers.
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INTRODUCTION

Polylactides (PLAs), featuring biodegradability, biocompatibility and non-toxicity,
are particularly useful for temporary medical devices, e.g. drug-delivery systems,
resorbable sutures, medical implants and scaffolds for tissue engineering [1–3]. For
example, in tissue engineering polylactides and copolymers of lactide and glycolide
have appeared as one of the few ideal matrices [4]. These (co)polyesters can
readily be processed into open, porous, three-dimensional scaffolds using different
processing techniques, have sufficient mechanical strength to maintain the shape of
the scaffold, thereby guiding tissue growth, are completely resorbable leaving only
the newly formed natural tissue and do not induce a tissue response in the host.
The surface of these polymeric scaffolds could be modified to provide optimal cell–
scaffold interactions. Furthermore, these polymers could also be manufactured to
provide controlled release of hormones and/or growth factors.

PLAs are a first family of polymers made entirely from annually renewable re-
sources such as corn and sugar beets, are fully compostable and have performances
comparable to conventional petro-chemical based polyolefins [5]. They have, there-
fore, also attracted much attention as sustainable environmentally friendly plastics
used, e.g. as packaging materials, agricultural films and fibers [3, 5].

The PLA polymers can be prepared by direct polycondensation of lactic acid
(Scheme 1a). However, the equilibrium nature of condensation reactions combined
with the difficulties in removing trace amount of water during the late stage of

Scheme 1. Synthetic pathways to lactide polymers.
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polymerization in general results in PLAs with a low molecular mass and thereby
an insufficient strength for practical use. Recently, Mitsui Toatsu Chemicals
invented an azeotropic distillation process for efficient dehydration, which enables
the production of PLAs with molecular masses ranging from 100 up to 300
kDa employing direct polycondensation (Scheme 1b) [6, 7]. Nevertheless, this
polymerization process suffers several drawbacks, among which are a need for a
considerable amount of catalyst to achieve an acceptable polymerization rate, a
need for a relatively large reactor as a result of low volume efficiency and a need for
evaporation and recovery of the high boiling organic solvent.

In contrast, the ring-opening polymerization (ROP) of lactide (LA) in the pres-
ence of a catalyst and/or initiator has proven more versatile and efficient in produc-
ing PLA polymers (Scheme 1c) [8]. Stannous octoate has been the most often used
catalyst because of its good solubility in the melt of LA monomers, high catalytic
activity, low levels of racemization, as well as US FDA approval as a food additive.
For example, the major PLA supplier Cargill-Dow LLC produces PLA high poly-
mer using a stannous-octoate-catalyzed LA polymerization in the melt. The most
probable polymerization mechanism involves tin(II) alkoxide growing species, pre-
sumably formed from stannous octoate and hydroxyl-containing impurities such as
trace amounts of alcohol and water in the polymerization mixture [9, 10]. Fre-
quently, hydroxyl-containing molecules, such as l-hexanol and l-octanol, are in-
troduced on purpose to control the molecular weight as well as to accelerate the
polymerization reaction. More recently, zinc lactate, which showed catalytic char-
acteristics similar to stannous octoate, has been proposed as a less toxic catalyst
substitute for PLA production [11, 12]. It should be noted, however, that for both
stannous octoate and zinc lactate, high temperatures and long polymerization times
are needed and significant transesterification reactions will take place. This has ren-
dered these catalysts ideal for the preparation of random-type (usually amorphous)
lactide copolymers such as poly(lactide-co-glycolide) and poly(ε-caprolactone-co-
lactide), but made them less suitable for building advanced materials for instance
functional polylactides and block copolymers of low polydispersities (Mw/Mn).

In the past two decades, a range of metal alkoxides, including alkali metal alkox-
ides [13], aluminum alkoxides [14], yttrium and lanthanide alkoxides [15], has
been studied for the polymerization of lactides, motivated by a need for an effi-
cient catalyst/initiator system to produce lactide-based materials with controlled
parameters. The polymerization in general proceeds via nucleophilic attack of
the alkoxide ligand to the carbonyl carbon followed by acyl-oxygen cleavage of
the monomer, where the newly formed metal alkoxides continue to grow polymer
chains (Scheme 2). The metal alkoxides, however, have a ubiquitous propensity to
form aggregates. For example, yttrium isopropoxide and aluminum isopropoxide,
both widely investigated for lactide polymerizations, exist as a pentanuclear com-
plex with a formula of Y5(µ-O)(OiPr)13 [16] and a mixture of trimer ((Al(OiPr)3)3)

and tetramer ((Al(OiPr)3)4) [17, 18], respectively. This aggregation behavior has
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Scheme 2. General scheme for metal alkoxide (M-OR) initiated lactide polymerization.

Scheme 3. LA stereoisomers. rac-LA is a 1 : 1 mixture of L-LA and D-LA.

resulted in a slow polymerization, a low initiating efficiency and/or complex poly-
merization kinetics.

A very unique property of PLA polymers is their main-chain chirality. The
physical, mechanical as well as degradation properties of PLAs are intimately
dependent on the chain stereochemistry [19, 20]. Isotactic poly(L-LA) and poly(D-
LA), highly crystalline materials with a melting temperature (Tm) of 170◦C, exhibit
excellent mechanical properties and degrade rather slowly. By contrast, atactic
PLAs are amorphous and subject to a comparatively fast degradation. Another
interesting aspect of PLAs is that poly(L-LA) and poly(D-LA) enantiomeric chains
readily co-crystallize in solution and in the melt to form a stereocomplex with a
high melting temperature of 230◦C [21] and enhanced tensile properties [22]. It was
shown that even the stereo-diblock copolymer of L-LA and D-LA has a rather high
melting point of 205◦C [23]. It is, therefore, essential to control the stereochemical
structure of PLA homopolymers and copolymers.

LA monomer, having two stereocenters, exists as three different stereoisomers:
L-, D- and meso-LA (Scheme 3). It should be noted that using a non-selective cat-
alyst, as often was the case, the polymerization of both rac-LA and meso-LA gives
an atactic PLA. The stereochemistry of PLA chains can in principle be controlled
by the feeding ratio of stereoisomers and/or stereoselection during PLA chain prop-
agation. PLA is one of the few polymers in which the microstructure can easily
be modified by polymerizing a controlled mixture of stereoisomers to afford high
molecular weight amorphous or crystalline materials to meet specific applications.
For example, PLA 70/30 (L-LA/rac-LA = 70 : 30), which is amorphous but with
mechanical properties close to isotactic poly(L-LA), has currently been produced
for several orthopedic implants [24–26]. On the other hand, stereoselection re-
quires the use of specific catalysts and represents a challenging approach to control
the stereochemical structure of PLAs [27].
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Over the past few years, we have explored a range of in situ generated metal alkox-
ides based on soluble yttrium, calcium and zinc precursors. These in situ formed
initiators, as a contrast to isolated metal alkoxides, induced an extremely fast liv-
ing polymerization of lactides at room temperature. The resulting polylactides and
copolymers have controlled molecular weight, low polydispersity and tailored end-
groups and macromolecular architectures. Single-site metal alkoxide initiators with
a general formula of Ln-M-OR where Ln is a bulky inert ligand stand for the other
current strategy to gain good control over polymerization of lactides [28]. Of par-
ticular interest is that some of these single-site initiators were capable of effect-
ing a stereoselective polymerization of lactides, in which polylactides of novel mi-
crostructures and properties have been prepared. These highly versatile in situ gen-
erated initiators and single-site stereoselective polymerization initiators represent
the most exciting developments and have not been reviewed before. In this paper,
we will describe state-of-the-art in situ polymerization and stereoselective polymer-
ization of lactides. The preparative significance of these novel polymerizations will
also be discussed.

HIGHLY EFFICIENT IN SITU GENERATED INITIATOR SYSTEMS

Yttrium alkoxides, formed in situ from sterically crowded tri(2,6-di-tert-butyl-
phenoxy) yttrium and a less bulky alcohol (Scheme 4a), are the first reported in
situ generated initiators that exhibit unprecedentedly high reactivity in initiating
living ring-opening polymerization of LAs [29, 30]. The polymerization of L-LA
in CH2Cl2 at room temperature was complete within a few minutes and furnished
polymers of a low polydispersity (Mw/Mn < 1.25) and an expected Mn. This
reaction was significantly faster than that of commercial yttrium isopropoxide
cluster initiated L-LA polymerization where a period of 5 days was required in order
to reach high monomer conversion under similar conditions. It should be noted that
tri(2,6-di-t-butylphenoxy) yttrium, itself, was sluggish towards LA polymerization.
The added alcohol molecule will determine the end-group functionalities, chain
structure and molecular weight. The polymerization proceeded after instantaneous
initiation and kinetic studies revealed a first-order polymerization in both monomer
and initiator. In this study, in situ UV spectroscopy was established as a useful
technique to follow the fast propagation of L-LA [30]. A comparative NMR
study revealed that the species formed from Y(OAr′)3 and HOiPr is different from
Y5(µ-O)(OiPr)13. Lately, yttrium and neodymium alkoxides were also in situ
generated by alcoholysis of yttrium and neodymium tris[bis(trimethylsilyl)amide],
respectively. Both were reported highly active in the ring-opening polymerization of
ε-caprolactone to give poly(ε-caprolactone)s with well-controlled molecular weight
and low polydispersity [31, 32].

More recently, a calcium-based initiating system, generated in situ from bis(tetra-
hydrofuran)calcium bis[bis(trimethylsilyl)amide] (Ca[N(SiMe3)2]2(THF)2) and an
adequate alcohol (Scheme 4b), was developed for the efficient polymerization of
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Scheme 4. In situ generation of yttrium alkoxides and calcium alkoxides.

lactides [33–35]. Ca[N(SiMe3)2]2(THF)2 was one of the few structurally well-
characterized and easily prepared organocalcium compounds that can readily be
dissolved in many common organic solvents such as THF and toluene. The so-
lution polymerization of L-LA in THF using mild conditions was living, yielding
PLAs of tailored macromolecular architectures and controlled molecular weights
(Fig. 1). Both NMR and DSC analyses revealed the absence of racemization
during L-LA polymerizations. The absence of an induction period suggested
that both the alcoholysis of Ca[N(SiMe3)2]2(THF)2 and the subsequent initiation
of L-LA polymerization are extremely fast. Polymerizations conducted at high
2-propanol/Ca[N(SiMe3)2]2(THF)2 ratios (e.g. 16 : 1) showed that all 2-propanol
has initiated a chain polymerization of L-LA, indicating that the active species (coor-
dinated alkoxides and/or growing polymer ends) transfer rapidly and reversibly with
the dormant species (free alcohol molecules and/or hydroxyl-capped polymers).
In addition, Ca[N(SiMe3)2]2(THF)2 was also useful for surface-initiated ROP of
lactides or lactones from patterned hydroxyl group functionalized self-assembled
monolayers (SAMs) or hydroxyl group functionalized monolayer-protected gold
nanoparticles [36].

The ring-opening polymerization of D,L-3-methyl-glycolide (MG) in the pres-
ence of poly(ethylene glycol) (PEG) and Ca[N(SiMe3)2]2(THF)2 provided PMG-
PEG-PMG triblock copolymers with alternating lactyl/glycolyl sequences of con-
trolled molecular weight, low polydispersity index and uniform chain structure
(Scheme 5) [37]. The site-specific cleavage of MG monomers is most probably
due to the other site being more sterically hindered. A solubility test showed that
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Figure 1. Poly( L-LA) molecular weight and polydispersity index (PDI) versus monomer conversion.
[M]0/[2-PrOH]0/[Ca]0 = 150 : 2 : 1, room temperature, THF, [M]0 = 0.8 mol/l.

Scheme 5. Synthesis of PMG-PEG-PMG triblock copolymers by ROP of D,L-3-methyl glycolide
(MG) using poly(ethylene glycol)/Ca[N(SiMe3)2]2(THF)2.

at relatively low temperatures (approx. 10◦C) these low-molecular-weight copoly-
mers form clear solutions in water up to high concentrations (50 wt%). Depending
on molecular mass ratios of PMG and PEG blocks, a sol–gel transition (Fig. 2)
or an increase in viscosity without gel formation was observed upon increasing the
temperature of the aqueous solutions. These biodegradable thermosensitive hydro-
gels are interesting for many biomedical applications, e.g. as drug and cell carriers
and as tissue-engineering matrices [38, 39].

In a further development, a single-site calcium catalyst containing chelating tmhd
(H-tmhd = 2,2,6,6-tetramethylheptane-3,5-dione) ligands, [(THF)Ca(tmhd)]2[µ-
N(SiMe3)2](µ-tmhd), was synthesized (Scheme 6) [40, 41]. The polymeriza-
tions promoted by single-site catalysts are expected to have the advantage of
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Figure 2. Phase diagram of PMG-PEG-PMG 1400-1450-1400 triblock copolymer in aqueous
solution. (+) Cloud point, (2) sol–gel transition temperature, (E) macrophase separation.

controlled kinetics and no gelation when using di- or multi-hydroxyl molecules.
[(THF)Ca(tmhd)]2[µ-N(SiMe3)2](µ-tmhd) exhibited a high catalytic activity and
induced fast polymerization of L-LA in THF at room temperature, yielding PLAs
with a high polydispersity and a higher molecular weight than calculated assum-
ing that every catalyst molecule produces one polymer chain. On the contrary, in
the presence of one equivalent of 2-propanol with respect to [(THF)Ca(tmhd)]2[µ-
N(SiMe3)2](µ-tmhd), L-LA was polymerized more rapidly up to high monomer
conversions and the obtained PLAs had a low polydispersity, molecular weights
as expected and evident end-groups, in accordance with the living nature of the
active species [41]. In this way, also structurally defined poly(ε-caprolactone-
b-L-lactide) block copolymers can be obtained by sequential polymerization. In
order to compare the polymerization activity between in situ generated alkoxide
compound and the isolated analogue, [(THF)Ca(tmhd)]2[µ-N(SiMe3)2](µ-tmhd)
was reacted in THF with isopropanol [40]. The recrystallization from toluene,
however, gave the homoleptic dimutation product [Ca(tmhd)2]3 and a mixture of
alkoxide-rich complexes of yet unknown composition. On the other hand, the
structure of [(THF)Ca(tmhd)]2[µ-N(SiMe3)2](µ-tmhd) was maintained upon al-
coholysis with a sterically more demanding alcohol such as 1-phenylethanol and
a compound with a formula [(THF)Ca(tmhd)]2[µ-OCH(Me)Ph](µ-tmhd) was iso-
lated (Scheme 6). Comparative kinetic experiments revealed that the polymeriza-
tion of lactide in the presence of either initiating system, [(THF)Ca(tmhd)]2[µ-
N(SiMe3)2](µ-tmhd)/2-propanol or [(THF)Ca(tmhd)]2[µ-OCH(Me)Ph](µ-tmhd),
was first-order in monomer up to high conversions. [(THF)Ca(tmhd)]2[µ-OCH
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Scheme 6. Synthesis of [(THF)Ca(tmhd)]2[µ-N(SiMe3)2](µ-tmhd) and [(THF)Ca(tmhd)]2[µ-
OCH(Me)Ph](µ-tmhd).

Scheme 7. Controlled synthesis of PLA-PEG diblock copolymers using monomethoxy
PEG/Zn(N(SiMe3)2)2 in CH2Cl2 at room temperature.

(Me)Ph](µ-tmhd) displayed a pronounced induction period before the polymeriza-
tion was taking place, whereas the in situ initiating system [(THF)Ca(tmhd)]2[µ-
N(SiMe3)2](µ-tmhd)/2-propanol initiated an immediate polymerization of lac-
tide with a much higher polymerization rate as compared to isolated compound
[(THF)Ca(tmhd)]2[µ-OCH(Me)Ph](µ-tmhd) [41]. It is evident therefore that the in
situ initiating systems have superior polymerization kinetics.

Very recently, zinc bis[bis(trimethylsilyl)amide], similar to Ca[N(SiMe3)2]2

(THF)2, was also found to promote a fast controlled polymerization of lac-
tides at room temperature in the presence of monomethoxy poly(ethylene gly-
col) (Scheme 7) [42, 43]. The resulting poly(rac-lactide)-b-poly(ethylene glycol)
diblock copolymers had prescribed molecular weights with low polydispersities.
Most interestingly, these diblock copolymers gave rise to polymeric vesicles, also
referred to as polymersomes, by introducing an organic solution of the copoly-
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mer into an aqueous medium. By using different combinations of organic sol-
vent and aqueous phase, the size of the polymersomes could be varied in a broad
range from 50 nm up to 80 µm with narrow size distributions [42, 43]. These
polymersomes are expected to be biodegradable and biocompatible. These novel
biodegradable polymersomes have many potential applications for example in drug
delivery systems, bioreactors and artificial cells. The catalyst used in this study,
zinc bis[bis(trimethylsilyl)amide], is interesting due to its high activity, commercial
availability and low toxicity of zinc residues.

These in situ initiating systems are remarkably active and versatile. PLA ho-
mopolymers and block copolymers with advanced architectures and functionalities
can readily be prepared by taking advantage of the living polymerization character
and the structure of the starting alcohol molecules.

SINGLE-SITE STEREOSELECTIVE POLYMERIZATION INITIATORS

Stereoselective polymerization of lactides via a chain-end control mechanism

A series of aluminum alkoxides based on achiral Schiff’s base ligands has been
explored for rac-LA polymerization (Scheme 8) [44–50]. The polymerization of
rac-LA using 1 in toluene at 70◦C showed a living character up to 60% conversion
(Mw/Mn = 1.10–1.20), above which significant transesterification reactions took

Scheme 8. Aluminum alkoxides based on achiral Schiff’s base ligands for the stereoselective
polymerization of rac-LA. ki and ks represent rates of isotactic and syndiotactic enchainment,
respectively.
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Scheme 9. Diiminate zinc alkoxide for heterotactic polymerization of rac-LA.

place [45, 46]. Most interestingly, the isolated polymers were crystalline. A 13C-
NMR spectroscopic analysis revealed long isotactic sequences of the obtained PLAs
and a reactivity ratio (rates of homo/cross propagation, ki/ks) of 2.8. The preference
for the isotactic enchainment was explained by a chain-end propagation mechanism.
The modified versions, initiator 2 [48] and 3 [49], were capable of polymerizing
rac-LA in CH2Cl2 at ambient temperature, yielding PLAs of low polydispersity
(Mw/Mn � 1.10 and 1.20 for 2 and 3, respectively) and controlled Mn up to
high conversions. An improved electrophilicity of the aluminum center in 2 due
to the presence of electron withdrawing groups and an increased polarisability of
the Al-OMe bond in 3 were proposed to account for the higher reactivity. The
substitution of the methoxide by an isopropoxide group (initiator 4 and 5) also led
to an enhanced polymerization rate, although the polymerization was not controlled
because of early occurring transesterifications [50]. More recently, achiral Schiff’s
base aluminum alkoxides in situ formed from ligand 6, Et3Al and benzyl alcohol
were reported to display a preference for the formation of isotactic sequences for
rac-LA polymerization in toluene at 70◦C (Scheme 8) [51]. It is interesting to note
that the catalytic reactivity of catalyst with a trimethylene backbone (x = 3) was
much higher than that with an ethylene backbone (x = 2) and larger R1 in the
aromatic rings in general effected a higher isotacticity. The introduction of Ph-
substituents into the aromatic rings enhanced both the polymerization rate as well
as the selectivity. In contrast, the t-butyl substituents slowed the polymerization rate
but gave the best selectivity.

Coates and co-workers have discovered that a diiminate ligated zinc complex,
7, brought about the solution polymerization of rac-LA in a fast and living
manner at a temperature ranging from 0 to 25◦C, to yield a highly heterotactic
( RRSSRRSSRRSS ) PLA (Scheme 9) [52, 53]. Despite the chain stereoregularity,
the polymer was amorphous with a Tg of 49◦C. On the contrary, the magnesium
analogue displayed no stereoselectivity under similar polymerization conditions.

Stereoselective polymerization of lactides via an enantiomorphic site control
mechanism

The enantiopure (R)-binaphthyl Schiff base aluminum complex, (R)-8, was re-
ported to initiate a faster and better-controlled polymerization of rac-LA than the
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Scheme 10. Chiral binaphthyl Schiff’s base aluminum alkoxides for the stereoselective polymeriza-
tion of LAs.

parent achiral initiator 1 in toluene at 70◦C and crystalline PLAs of controlled Mn

and low polydispersity (Mw/Mn = 1.05–1.30) were obtained up to high conver-
sions (Scheme 10) [54]. The optical rotation measurement of the PLAs at different
conversions revealed that (R)-8 has a preference for D-LA over L-LA. The optical
purity of the polymer decreased with conversion because of the incorporation of
L-LA, which was enriched in the monomer pool. The stereoselectivity originates
from the stereogenic environment at the reactive center. Employing a site-control
catalyst, (R)-9, syndiotactic ( RSRSRSRS ) PLA, which was crystalline with a
Tg = 34.1◦C and a Tm = 152◦C, has been prepared for the first time by polymer-
izing meso-LA (Scheme 10) [55]. The polymerization of rac-LA using a racemic
initiator, (rac)-10, gave PLAs of high melting temperatures (Tm = 179–191◦C) as a
result of stereocomplex formation between D-LA and L-LA enantiomeric segments
produced by (R)-10 and (S)-10, respectively [56–58]. Homonuclear decoupled
1H-NMR spectroscopy revealed that the resulting PLA was not a mixture of enan-
tiomerically enriched poly(L-LA) and poly(D-LA), but was an isotactic stereoblock
copolymer of L-LA and D-LA for which a polymer exchange mechanism has been
proposed [58].

Very recently, we discovered that cyclohexylsalen aluminum isopropoxide derived
from Jacobsen ligand initiates a controlled and stereoselective polymerization of
lactides. Jacobsen ligand is a commercial reagent used for many asymmetric
reactions, e.g. asymmetric olefin epoxidation, asymmetric epoxide ring-opening
reactions [59] and hydrolytic kinetic resolution of terminal epoxides [60]. The
cyclohexylsalen aluminum isopropoxides were readily prepared with high yield
by stoichiometric reaction of (R,R)- or (rac)-Jacobsen ligand with aluminum
isopropoxide in toluene at 80◦C (Scheme 11) [61–63]. The polymerizations of
lactides in toluene at 70◦C are living, affording in all cases PLAs with defined
end-groups, prescribed molecular weight and low polydispersity (Mw/Mn = 1.04–
1.09). The comparative polymerization kinetics (Fig. 3) showed that enantiopure
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Scheme 11. Synthesis of cyclohexylsalen aluminum isopropoxides.

Figure 3. First-order kinetic plots for LA polymerizations in toluene at 70◦C with [M]0/[Al]0 = 62
and [M]0 = 0.8 M.

(R,R)-11 polymerizes L-LA significantly faster than D-LA with a rate ratio kL/kD

of about 14, indicating that (R,R)-11 has a marked preference for L-LA over D-
LA. This has been confirmed by the fact that PLAs obtained by polymerizing rac-
LA using (R,R)-11 at incomplete conversions have a pronounced levoratory optical
rotation (Fig. 4) [63]. This is in contrast with binaphthyl Schiff’s base aluminum
alkoxides, in which the enantiopure (R)-initiator has a preference for D-LA. The
equations useful for the determination of the stereoselectivity factor (s = kfast/kslow)

for an asymmetric enantiomer-differentiating polymerization have recently been re-
derived [64]. For example, the stereoselectivity can be calculated based on the
specific rotation of the resulting polymer:

s = krel = ln[1 − c(1 + ee)]/ ln[1 − c(1 − ee)],
where ee represents the enantiomeric excess of the monomer units in the polymer
and c the monomer conversion. A selectivity factor (s = kL/kD) of 5.5 has thus been
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Figure 4. Plots for the enantiomeric excess (ee) of the monomers calculated from the optical purity
of the polymer and monomer conversion (7) as well as the LA units in the recovered polymer (4) as
a function of conversion for rac-LA polymerization initiated with (R,R)-11 ([LA]0/[Al]0 = 62 : 1,
[LA]0 = 0.8 M, toluene, 70◦C).

determined in (R,R)-11 for rac-LA polymerization [63]. 13C-NMR microstructural
analysis (Fig. 5) revealed that PLAs resulting from rac-LA polymerization using
(R,R)-11 have comparably high isotacticity.

The polymerization of L-LA using (rac)-11 has a rate constant slightly higher
than half that of (R,R)-11 for L-LA polymerization (Fig. 3). This is in line
with our expectation, since only half of the (rac)-11 has the (R,R)-configuration
and the other half (S,S)-11 can only slowly polymerize L-LA. (R,R)-11 was also
employed to polymerize a mixture of meso-LA and rac-LA (meso-LA/rac-LA:
83/17). The meso-LA, rac-LA and PLA display distinctive methyl resonances at
δ1.70(d), 1.66 (d) and 1.55 (m), respectively, in the 1H-NMR spectrum. The results
showed that (R,R)-11 also exhibited a preference for meso-LA polymerization over
rac-LA with a relative rate kmeso/krac of 2.8 (diastereoselectivity). During the
ring-opening of meso-LA, a syndiotactic selectivity was observed, which coupled
with diastereoselectivity afforded a crystalline highly syndiotactic PLA at low
conversion [36].

The polymerizaiton was first order in initiator where a kp value of 9.02×10−3

l mol−1 min−1 has been determined for (rac)-11 initiated rac-LA polymerization
in toluene at 70◦C. This value is lower than that of rac-LA polymerization with
Al(OiPr)3 (kp = 0.60 l mol−1 min−1) [65] or achiral Schiff’s base aluminum
methoxide (0.061 l mol−1 min−1) [50] under similar conditions. This is most
probably due to the rather rigid and bulky nature of the cyclohexylsalen ligand in
cyclohexylsalen aluminum isopropoxide. It is worth mentioning herein that (rac)-
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(a)

(b)

Figure 5. The PLA methine carbon resonances in the 13C-NMR spectra (75 MHz, CDCl3). (a) PLA
sample obtained from rac-LA polymerization by (R,R)-11 in toluene at 70◦C with [LA]/[Al] = 62 : 1
and conversion = 87.8%. (b) PLA prepared by polymerizing rac-LA with the non-selective catalyst
Zn(OCH(Me)COOiPr)2.

10 brought about a much faster polymerization of rac-LA (1.05 l mol−1 min−1) [58]
than (rac)-11. The higher activity of (rac)-10 as compared to (rac)-11 might be
due to the ability of binaphthyl moiety to delocalize electrons, the absence of bulky
substituents in the aromatic rings in the ortho position, and a long diamino bridge
(four carbons for (rac)-10 vs. two carbons for (rac)-11). It has been shown that the
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replacement of ethylene diamino with trimethylene diamino in achiral Schiff’s base
aluminum alkoxide significantly increases the polymerization rate [51].

The polymerization of a L-lactide/D-lactide (molar ratio 80 : 20) mixture by
enantiopure (R,R)-11 in one pot furnishes an isotactic-atactic block copolylactide,
which was highly crystalline with a Tm of about 155◦C. Polymerization of rac-
lactide applying (rac)-11 yields isotactic stereoblock polylactides with a high Tm

(approx. 185◦C) and a high degree of crystallinity. Tapered stereoblock PLA
with configurations varying from long L-sequences to long D-sequences throughout
the polymer chain, could be prepared by the polymerization of rac-LA employing
(R,R)-11. This stereoselective polymerization might also allow that optically pure
D-LA, an expensive enantiomer, is kinetically separated from commodity rac-LA
by selective polymerization of L-LA with (R,R)-11.

Most interestingly, excellent molar mass control as well as stereochemical control
was implemented even when rac-LA was polymerized in the melt at 130◦C [61, 62].
At a monomer-to-initiator molar ratio of 200, high conversions were obtained within
2 days, providing PLAs of rather low PDI (Mw/Mn = 1.18 for (R,R)-11, 1.37
for (rac)-11). The microstructural analysis showed that both polymers contain
long isotactic sequences. (R,R)-11 furnished an amorphous PLA, whereas (rac)-
11 afforded a hard crystalline material. These results are extraordinary, since no
other catalyst reported thus far is able to impose such a high stereoselection in LA
polymerization in the absence of solvents.

SUMMARY AND PERSPECTIVES

The past decade has witnessed several innovative PLA technologies, which have
largely increased the scope of design and macromolecular engineering of biodegrad-
able polymers. Particularly, the in situ generated initiating systems based on struc-
turally characterized yttrium, calcium and zinc precursors have been shown to bring
about an efficient ring-opening polymerization of lactides under mild conditions,
allowing versatile synthesis of (functional) polylactides and copolymers of prede-
termined molecular weights and many advanced structures. The calcium and zinc
systems are potentially non-toxic, which offer an additional advantage over current
catalysts/initiators that are used for the preparation of polymers for biomedical and
pharmaceutical applications. The stereoselective initiators, on the other hand, have
shown promise in producing polylactides with novel microstructures and properties.
It goes without saying that both polymerizations using in situ generated initiators
and stereoselective polymerizations, as well as their synthetic potentials, warrant
further investigation. Rational catalyst/initiator design especially assisted by, e.g.
molecular modeling and combinatorial methods, may still afford more efficient ini-
tiator systems with improved stereoselectivity.



Synthesis of lactide polymers and copolymers 945

REFERENCES

1. K. E. Uhrich, S. M. Cannizzaro, R. S. Langer and K. M. Shakesheff, Chem. Rev. 99, 3181 (1999).
2. R. P. Lanza, R. Langer and J. Vacanti, Principles of Tissue Engineering. Academic Press, San

Diego, CA (2000).
3. Y. Ikada and H. Tsuji, Macromol. Rapid Commun. 21, 117 (2000).
4. A. Atala and D. J. Mooney, in: Tissue Engineering, A. Atala (Ed.), p. 258. Birkhauser, Boston,

MA (1997).
5. R. E. Drumright, P. R. Gruber and D. E. Henton, Adv. Mater. 12, 1841 (2000).
6. M. Ajioka, K. Enomoto, K. Suzuki and A. Yamaguchi, J. Environ. Polym. Degrad. 3, 225 (1995).
7. M. Ajioka, K. Enomoto, K. Suzuki and A. Yamaguchi, Bull. Chem. Soc. Jpn. 68, 2125 (1995).
8. A. Lofgren, A. C. Albertsson, P. Dubois and R. Jerome, J. Macromol. Sci. Rev. Macromol. Chem.

Phys. C35, 379 (1995).
9. A. Kowalski, A. Duda and S. Penczek, Macromolecules 33, 7359 (2000).

10. H. R. Kricheldorf, I. Kreiser-Saunders and A. Stricker, Macromolecules 33, 702 (2000).
11. G. Schwach, J. Coudane, R. Engel and M. Vert, Polym. Int. 46, 177 (1998).
12. H. R. Kricheldorf and D. O. Damrau, Macromol. Chem. Phys. 198, 1753 (1997).
13. B. T. Ko and C. C. Lin, J. Am. Chem. Soc. 123, 7973 (2001).
14. D. Mecerreyes and R. Jerome, Macromol. Chem. Phys. 200, 2581 (1999).
15. W. M. Stevels, P. J. Dijkstra and J. Feijen, Trends Polym. Sci. 5, 300 (1997).
16. O. Poncelet, W. J. Sartain, L. G. Hubertpfalzgraf, K. Folting and K. G. Caulton, Inorg. Chem.

28, 263 (1989).
17. V. J. Shiner, D. Whittaker and V. P. Fernandez, J. Am. Chem. Soc. 85, 2318 (1963).
18. N. Ropson, P. Dubois, R. Jerome and P. Teyssie, Macromolecules 26, 6378 (1993).
19. M. S. Reeve, S. P. McCarthy, M. J. Downey and R. A. Gross, Macromolecules 27, 825 (1994).
20. J. R. Sarasua, R. E. Prud’homme, M. Wisniewski, A. Le Borgne and N. Spassky, Macromole-

cules 31, 3895 (1998).
21. Y. Ikada, K. Jamshidi, H. Tsuji and S.-H. Hyon, Macromolecules 20, 904 (1987).
22. H. Tsuji and Y. Ikada, Polymer 40, 6699 (1999).
23. N. Yui, P. J. Dijkstra and J. Feijen, Makromol. Chem. 191, 481 (1990).
24. J. M. Toth, M. Wang, J. L. Scifert, G. B. Cornwall, B. T. Estes, H. B. Seim and A. S. Turner,

Orthopedics 25, S1131 (2002).
25. M. J. Kaab, B. A. Rahn, A. Weiler, R. Curtis, S. M. Perren and E. Schneider, Injury Int. J. Care

Inj. 33, 37 (2002).
26. A. Joukainen, H. Pihlajamaki, E. A. Makela, N. Ashammakhi, J. Viljanen, H. Patiala, M. Kel-

lomaki, P. Tormala and P. Rokkanen, J. Biomater. Sci. Polymer Edn 11, 1411 (2000).
27. G. W. Coates, J. Chem. Soc. Dalton Trans., 467 (2002).
28. B. J. O’Keefe, M. A. Hillmyer and W. B. Tolman, J. Chem. Soc. Dalton Trans., 2215 (2001).
29. W. M. Stevels, M. J. K. Ankone, P. J. Dijkstra and J. Feijen, Macromolecules 29, 3332 (1996).
30. W. M. Stevels, M. J. K. Ankone, P. J. Dijkstra and J. Feijen, Macromolecules 29, 6132 (1996).
31. E. Martin, P. Dubois and R. Jerome, Macromolecules 33, 1530 (2000).
32. K. Tortosa, T. Hamaide, C. Boisson and R. Spitz, Macromol. Chem. Phys. 202, 1156 (2001).
33. Z. Y. Zhong, P. J. Dijkstra, C. Birg, M. Westerhausen and J. Feijen, Macromolecules 34, 3863

(2001).
34. Z. Y. Zhong, M. J. K. Ankone, P. J. Dijkstra, C. Birg, M. Westerhausen and J. Feijen, Polym.

Bull. 46, 51 (2001).
35. Z. Y. Zhong, S. Schneiderbauer, P. J. Dijkstra, M. Westerhausen and J. Feijen, J. Polym. Environ.

9, 31 (2001).
36. Z. Y. Zhong, in: Novel Calcium and Aluminum-Based Initiators for the Controlled Ring-Opening

Polymerization of Lactides and Lactones, p. 121. University of Twente, Enschede (2002).

http://www.ingentaconnect.com/content/external-references?article=1566-2543(2001)9L.31[aid=5923500]
http://www.ingentaconnect.com/content/external-references?article=1566-2543(2001)9L.31[aid=5923500]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(2001)34L.3863[aid=5923502]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(2001)34L.3863[aid=5923502]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(2001)202L.1156[aid=5923503]
http://www.ingentaconnect.com/content/external-references?article=0024-9297()33L.1530[aid=5923504]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(1996)29L.6132[aid=5923505]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(1996)29L.3332[aid=5923506]
http://www.ingentaconnect.com/content/external-references?article=0920-5063(2000)11L.1411[aid=5923507]
http://www.ingentaconnect.com/content/external-references?article=0020-1383(2002)33L.37[aid=5923508]
http://www.ingentaconnect.com/content/external-references?article=0020-1383(2002)33L.37[aid=5923508]
http://www.ingentaconnect.com/content/external-references?article=0025-116X(1990)191L.481[aid=5923509]
http://www.ingentaconnect.com/content/external-references?article=0032-3861(1999)40L.6699[aid=5923510]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(1987)20L.904[aid=5923511]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(1998)31L.3895[aid=5923512]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(1998)31L.3895[aid=5923512]
http://www.ingentaconnect.com/content/external-references?article=0024-9297()27L.825[aid=5923513]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(1993)26L.6378[aid=5923514]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(1963)85L.2318[aid=5923515]
http://www.ingentaconnect.com/content/external-references?article=0020-1669(1989)28L.263[aid=5923516]
http://www.ingentaconnect.com/content/external-references?article=0020-1669(1989)28L.263[aid=5923516]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(1999)200L.2581[aid=5923518]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2001)123L.7973[aid=5923519]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(1997)198L.1753[aid=5923520]
http://www.ingentaconnect.com/content/external-references?article=0959-8103(1998)46L.177[aid=5923521]
http://www.ingentaconnect.com/content/external-references?article=0024-9297()33L.702[aid=5923522]
http://www.ingentaconnect.com/content/external-references?article=0024-9297()33L.7359[aid=5923523]
http://www.ingentaconnect.com/content/external-references?article=0009-2673(1995)68L.2125[aid=5923524]
http://www.ingentaconnect.com/content/external-references?article=1022-1336()21L.117[aid=5923526]
http://www.ingentaconnect.com/content/external-references?article=0009-2665()99L.3181[aid=5923527]


946 Z. Zhong et al.

37. Z. Y. Zhong, P. J. Dijkstra, F. J. Jan, Y. M. Kwon, Y. H. Bae and S. W. Kim, Macromol. Chem.
Phys. 203, 1797 (2002).

38. A. S. Hoffman, Artif. Organs 19, 458 (1995).
39. A. S. Hoffman, Adv. Drug Deliv. Rev. 54, 3 (2002).
40. M. Westerhausen, S. Schneiderbauer, A. N. Kneifel, Y. Soltl, P. Mayer, H. Noth, Z. Y. Zhong,

P. J. Dijkstra and J. Feijen, Eur. J. Inorg. Chem., 3432 (2003).
41. Z. Y. Zhong, S. Schneiderbauer, P. J. Dijkstra, W. M. and J. Feijen, Polym. Bull. 51, 175 (2003).
42. F. H. Meng, C. Hiemstra, G. H. M. Engbers and J. Feijen, Macromolecules 36, 3004 (2003).
43. F. H. Meng, in: Artificial Cells Based on Biodegradable Polymersomes, p. 105. University of

Twente, Enschede (2003).
44. A. Leborgne, V. Vincens, M. Jouglard and N. Spassky, Makromol. Chem. Macromol. Symp. 73,

37 (1993).
45. A. Leborgne, M. Wisniewski and N. Spassky, Abstr. Pap. Am. Chem. Soc. 210, 81 (1995).
46. G. Montaudo, M. S. Montaudo, C. Puglisi, F. Samperi, N. Spassky, A. LeBorgne and M. Wis-

niewski, Macromolecules 29, 6461 (1996).
47. M. Wisniewski, A. LeBorgne and N. Spassky, Macromol. Chem. Phys. 198, 1227 (1997).
48. P. A. Cameron, D. Jhurry, V. C. Gibson, A. J. P. White, D. J. Williams and S. Williams,

Macromol. Rapid Commun. 20, 616 (1999).
49. A. Bhaw-Luximon, D. Jhurry and N. Spassky, Polym. Bull. 44, 31 (2000).
50. D. Jhurry, A. Bhaw-Luximon and N. Spassky, Macromol. Symp. 175, 67 (2001).
51. N. Nomura, R. Ishii, M. Akakura and K. Aoi, J. Am. Chem. Soc. 124, 5938 (2002).
52. B. M. Chamberlain, M. Cheng, D. R. Moore, T. M. Ovitt, E. B. Lobkovsky and G. W. Coates,

J. Am. Chem. Soc. 123, 3229 (2001).
53. M. Cheng, A. B. Attygalle, E. B. Lobkovsky and G. W. Coates, J. Am. Chem. Soc. 121, 11583

(1999).
54. N. Spassky, M. Wisniewski, C. Pluta and A. LeBorgne, Macromol. Chem. Phys. 197, 2627

(1996).
55. T. M. Ovitt and G. W. Coates, J. Am. Chem. Soc. 121, 4072 (1999).
56. T. M. Ovitt and G. W. Coates, J. Polym. Sci. Polym. Chem. 38, 4686 (2000).
57. C. P. Radano, G. L. Baker and M. R. Smith, J. Am. Chem. Soc. 122, 1552 (2000).
58. T. M. Ovitt and G. W. Coates, J. Am. Chem. Soc. 124, 1316 (2002).
59. E. N. Jacobsen, Acc. Chem. Res. 33, 421 (2000).
60. M. Tokunaga, J. F. Larrow, F. Kakiuchi and E. N. Jacobsen, Science 277, 936 (1997).
61. Z. Y. Zhong, P. J. Dijkstra and J. Feijen, Angew. Chem. Int. Edn. 41, 4510 (2002).
62. Z. Y. Zhong, P. J. Dijkstra and J. Feijen, Angew. Chem. 114, 4692 (2002).
63. Z. Y. Zhong, P. J. Dijkstra and J. Feijen, J. Am. Chem. Soc. 125, 11291 (2003).
64. Z. Y. Zhong, P. J. Dijkstra and J. Feijen, Macromolecules 36, 8198 (2003).
65. I. Barakat, P. Dubois, R. Jerome and P. Teyssie, J. Polym. Sci. Polym. Chem. 31, 505 (1993).

http://www.ingentaconnect.com/content/external-references?article=0360-6376(1993)31L.505[aid=5923528]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(2003)36L.8198[aid=5923529]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2003)125L.11291[aid=5923530]
http://www.ingentaconnect.com/content/external-references?article=0044-8249(2002)114L.4692[aid=5923531]
http://www.ingentaconnect.com/content/external-references?article=0036-8075()277L.936[aid=5923532]
http://www.ingentaconnect.com/content/external-references?article=0001-4842(2000)33L.421[aid=5923533]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2002)124L.1316[aid=5923534]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2000)122L.1552[aid=5923535]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(1999)121L.4072[aid=5923537]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(1996)197L.2627[aid=5923538]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(1996)197L.2627[aid=5923538]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(1583)121L.1[aid=5923539]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2001)123L.3229[aid=5923540]
http://www.ingentaconnect.com/content/external-references?article=0002-7863(2002)124L.5938[aid=5923541]
http://www.ingentaconnect.com/content/external-references?article=1022-1360(2001)175L.67[aid=5923542]
http://www.ingentaconnect.com/content/external-references?article=1022-1336(1999)20L.616[aid=5923544]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(1997)198L.1227[aid=5923545]
http://www.ingentaconnect.com/content/external-references?article=0024-9297()29L.6461[aid=5923546]
http://www.ingentaconnect.com/content/external-references?article=0024-9297(2003)36L.3004[aid=5923549]
http://www.ingentaconnect.com/content/external-references?article=0169-409X()54L.3[aid=5923551]
http://www.ingentaconnect.com/content/external-references?article=0160-564X()19L.458[aid=5923552]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(2002)203L.1797[aid=5923553]
http://www.ingentaconnect.com/content/external-references?article=1022-1352(2002)203L.1797[aid=5923553]

