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The physical and mechanical properties of a polymeric material
are critically dependent on many factors, one of which is
stereochemistry. Polymers that have stereocenters in the repeat
unit can exhibit two structures of maximum order, isotactic and
syndiotactic.1 Sequential stereocenters of isotactic polymers are
of the same relative stereochemistry, whereas those of syndiotactic
polymers are of the opposite relative configuration. Due to their
stereoregularity, isotactic and syndiotactic polymers are typically
crystalline, an important feature for many applications. Isotactic
polymers are fairly common; notable examples include isotactic
polyolefins as well as virtually all natural polymers. In contrast,
syndiotactic polymers are less common due to their inherently
more complex alternating stereochemistry. Since syndiotactic
polymers often have properties that are similar to, or in some
cases better than, their isotactic counterparts,2 we have initiated
a study aimed at the development of new strategies for syn-
diospecific polymerization. Herein we report the synthesis of
syndiotactic poly(lactic acid).

There are currently three main strategies for the synthesis of
syndiotactic polymers. The first is the condensation or solid-phase
polymerization of an A-B type monomer of the appropriate ster-
eochemistry; this approach is used to produce syndiotactic poly-
peptides.3 A second route to syndiotactic polymers is via a chain-
end control mechanism, where the last stereocenter of the growing
polymer controls the stereochemical outcome of the monomer
addition process.4 Despite many examples of this type, the strategy
often suffers from a lack of generality as well as inferior stereo-
control.5 A third and more recent strategy involves the application
of Cs-symmetric catalysts, where regularly alternating monomer
insertion at enantiotopic coordination sites forms syndiotactic
polymers via a site-control mechanism.6 Although only applied
successfully to polyolefins, this route can yield syndiotactic
polymers with an impressive degree of stereochemical integrity.

The subject of this report is a new method for constructing
syndiotactic polymers, which consists of the stereoselective ring-
opening polymerization of a cyclic monomer that contains two
stereocenters.7 To investigate this strategy we studied the polym-
erization of lactide, which is the cyclic dimer of lactic acid.

Lactide polymers are biodegradable and have many potential
medical, agricultural and packaging applications.8-10 A range of
metal alkoxide initiators has been reported to polymerize the
monomer with retention of configuration.11 For example, the
polymerization of optically active (R,R)-lactide yields isotactic
poly(lactic acid) (PLA), whereas polymerization of the racemate
yields atactic PLA. Notably absent from the range of available
microstructures is syndiotactic PLA. Therefore, we began to
search for initiators capable of the syndiospecific ring-opening
polymerization ofmeso-lactide12 (1) (Scheme 1).13

In theory,1 can be polymerized to syndiotactic PLA by both
chain-end and enantiomorphic site-control mechanisms. Since the
chain-end control of stereochemistry in metal alkoxide initiated
lactide polymerizations is typically poor,14-16 we chose to study
initiators capable of a site-control mechanism. The accepted
mechanism of lactide ring-opening is cleavage of a oxygen-acyl
bond by the metal alkoxide. Since1 contains two enantiotopic
O-acyl bonds (A, B), a chiral metal alkoxide will exhibit a kinetic
preference for reaction at one of the sites; a large preference will
produce the syndiotactic polymer. Spassky and co-workers have
reported a chiral aluminum methoxide complex that exhibits an
unprecedented selectivity in the kinetic resolution polymerization
of racemic lactide.17 This work prompted us to study the synthesis
and application of structurally related aluminum (3) and yttrium
(4) metal alkoxides for the polymerization of1 (Scheme 2).

Reaction of (-)-2 and the appropriate metal trialkoxide in
toluene and subsequent evaporation of solvent in vacuo yields3
and4 as solids.18 To date, we have been unsuccessful at obtaining
an X-ray structure of3. However4 was determined to be an
alkoxy-bridged dimer in the solid state, with the ligand adopting
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a cis-â geometry and∆ chirality. Therefore, the illustrated
structure of3 must be considered putative until further studies
have been completed.

Compound4 was initially examined for the polymerization of
1; in 14 h at 70°C, the reaction proceeded to 97% conversion
([1] ) 0.2 M in toluene, [1]/[4] ) 100). Inspection of the polymer
microstructure by1H NMR revealed that4 affords no stereocontrol
in the polymerization of1, as atactic PLA is formed. We next
investigated the activity of complex3; under the same reaction
conditions, a 94% conversion was reached in 40 h. Gel-permeation
chromatography (THF, versus polystyrene standards) revealed a
Mn of 12 030 (theoreticalMn ) 13 540) and a molecular weight
distribution of 1.05. This narrow polydispersity and the linear
correlation betweenMn and percent conversion (see Supporting
Information) are indicative of a living polymerization as well as
a single type of reaction site.

The most notable feature of the reaction using3 is that the
polymer formed is highly syndiotactic. Figure 1 shows the methine
resonances of the homonuclear decoupled1H NMR spectrum of
poly(1) formed using 3. The peaks were assigned to the
appropriate tetrads in accordance with the shifts reported by
Munson and Thakur.19 The largerrr tetrad peak is evidence for
a highly syndiotactic polymer. The presence of the smallrmr
tetrad peak impurity necessitates the presence ofrrm, mrm, and
mrr tetrads as well, assuming an enantiomorphic site-control
mechanism.20 These peaks exhibit near chemical shift equivalence
with the rrr tetrad19 and due to their small size cannot be seen.
Further evidence for a high level of syndiotacticity are the solitary
shifts in the13C NMR at δ 169.2, 69.3, and 16.3 ppm (CDCl3,
75 MHz). At the current time, we cannot explain the high
stereoselectivity of3 relative to that of4 in this polymerization.

This reaction is unusual, since an achiral monomer is converted
to an achiral polymer and a chiral catalyst is required for
syndiotacticity. Due to the achirality of the polymer, it is not
possible at the current time to establish whether ring-opening

occurs at site A or B. However an enantiotopic selectivity of 96%
can be calculated from the intensity of thermr peak, assuming
an enantiomorphic site-control mechanism.21 Due to the high
degree of stereoregularity, syndiotactic PLA is crystalline; fol-
lowing annealing at 95°C for 60 min, the polymer formed at 50
°C exhibits aTg at 34.1°C, and aTm at 152°C.

In summary, we report the first synthesis of highly syndiotactic
poly(lactic acid), synthesized by the stereoselective ring-opening
polymerization of meso-lactide. This strategy of selectively
opening a cyclic monomer that contains two or more stereocenters
holds promise as a new method for preparing polymers of precise
tacticity. Further studies are underway to synthesize poly(lactic
acid)s, as well as other polymers, with novel microstructures.
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Scheme 2

Figure 1. Homonuclear decoupled1H spectrum of the methine region
of poly(1) prepared with3 (500 MHz, CDCl3).
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