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ABSTRACT: A chemoenzymatic route from racemic R-methyl-â-propiolactone (MPL) to optically active
(R)-poly(R-methyl-â-propiolactone), (R)-PMPL, was demonstrated which involved lipase catalyzed resolu-
tion of MPL enantiomers in organic media and subsequent chemical polymerization. From a comparative
study of different enzymes and organic media, catalysis by the lipase PS-30 from Pseudomonas fluorescens
suspended in diethyl ether was found to be most suitable for MPL enantioselective alcoholysis reactions.
MPL having up to 93% (R) content was thus obtained, mixed in various proportions with racemic MPL,
and polymerized using CH3COOK/dibenzo-18-crown-6. From a plot of specific rotation vs % enantiopurity,
it was estimated that the [R]25D for 100% (R)-PMPL is -38.4° (c 0.8 g/dL, CHCl3). 13C NMR analysis
(62.9 MHz) provided information on triad sequence distributions from observation of methine carbons,
while the methyl and carbonyl carbons were sensitive to diad sequences. The polymerization of 50%
(R)-MPL followed Bernoulli random chain propagation statistics. In contrast, polymerizations of 74%
and 93% (R)-MPL deviated from the Bernoulli model. Further analysis showed that these latter
polymerizations fit the enantiomorphic-site model. Thus, isoregulating characteristics of the CH3COOK/
dibenzo-18-crown-6 catalyst for enantioenriched MPL polymerizations were demonstrated. By increasing
the % (R)-content in the monomer feed to 93%, a product was obtained which, by DSC, had Tm and ∆Hf

values of 131 °C and 22.0 cal/g, respectively. Furthermore, WAXS analysis carried out on a melt-annealed
90% (R)-PMPL sample showed that the polymer was highly crystalline (approximately 73%). FTIR
analysis was used to identify vibrational bands at 997, 1010, 1059, 1185, 1249, and 1334 cm-1 which
were crystalline-sensitive, while the band at 1465 cm-1 was crystalline-insensitive.

Introduction
Poly(R-methyl-â-propiolactone), PMPL, is intriguing

since it is closely related in structure to microbial poly-
(3-hydroxybutyrate), PHB, and poly(lactide), PLA.

Poly((R)-3-hydroxybutyrate) and related microbial poly-
esters have proved of great interest as candidates for
bioerodable medical implants and as materials which
are mineralized by microorganisms upon exposure to
various ecosystems (biodegradable polymers).1 PLA and
related copolyesters are being used and continue to be
studied as bioerodable plastics for medical applica-
tions.2,3 Furthermore, PLA copolyesters have recently
gained considerable attention as biodegradable poly-
mers for environmental technologies.4,5 Thus, it ap-
pears interesting to explore the potential utility of
PMPL for applications where PHB and PLA have shown
promise. However, it became apparent to us based on
literature reviews that research was needed for the
preparation of PMPL having high enantiopurity.

Several optically active poly(R-substituted â-propio-
lactones) have been prepared via ring-opening polym-
erization of enantioenriched lactone monomers. Ex-
amples include poly(R-phenyl-â-propiolactone),6 poly(R-
ethyl-R-phenyl-â-propiolactone),7,8 and poly(R-methyl-
R-ethyl-â-propiolactone).9 These reports share the
common feature that the chiral monomers were via
tedious multistep synthetic schemes. The resolution of
lactone precursor enantiomers involved the formation
of diastereomeric salts and multiple recrystallizations.
For PMPL, monomers enriched in either (R)- or (S)-R-
methyl-â-propiolactone, MPL, were synthesized from
the chiral precursors (R)- and (S)-methyl 3-hydroxy-2-
methylpropionate by reaction with hydrobromic acid to
form the corresponding 3-bromo derivatives and sub-
sequent ring closure under basic conditions.10 Difficul-
ties were encountered such as low optically active MPL
yields (∼13% from methyl 3-hydroxy-2-methylpropi-
onate) and loss in enantiopurity relative to the starting
chiral synthon (see the Results and Discussion section,
below).10

Commercially available enzymes have proven to be
powerful tools for the resolution of racemic mixtures to
obtain products in high enantiopurity.11 Lipases such
as porcine pancreatic lipase (PPL), pig liver esterase
(PLE), horse liver esterase (HLE), Pseudomonas fluo-
rescens lipase PS-30, and the lipase from Candida
cylindracea (CC) have been widely used for the resolu-
tion of racemic alcohols and carboxylic acids by cata-
lyzing enantioselective esterification/transesterification
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reactions. Successful examples of γ,δ,ε-lactone resolu-
tions in aqueous media by using PLE, PPL, and HLE
lipases have been reported.12-14 The use of enzymes in
organic media have shown promising substrate conver-
sion efficiency and high enantioselectivity and offer
advantages relative to reactions in aqueous media such
as catalyst recyclability, increased enzyme thermal
stability, solubility of a wide range of substrate types
in the reaction media, and no requirement for pH
adjustment as the reaction proceeds.15,16 Lipases in
organic media have been used successfully for the
preparation of enantioenriched γ-butyrolactones, ω-lac-
tones, and δ-lactones by lactonization of racemic γ-hy-
droxy esters, ω-hydroxy esters, and δ-hydroxy esters,
respectively.17-19

In this work, a model study was carried out to
determine the utility of enzyme catalysis in organic
media for the resolution of substituted â-propiolactones
enantiomers. The resulting enantioenriched lactones
could then be polymerized via chemical methods to form
substituted poly-â-esters having the desired stereo-
chemical configuration. This would be a chemoenzy-
matic strategy that has proved useful in other systems
such as for the preparation of polyvinyls with sugar
pendant groups.20 For this study, we chose the lactone
MPL and lipases PPL, PS-30, and CC. The effect of the
PS-30-organic solvent pair used on the rate of MPL
reactivity and enantioselectivity was determined. Using
enantioenriched MPL prepared by enzymatic resolution,
PMPL stereoisomers were prepared. 13C nuclear mag-
netic resonance (NMR) was used to study the repeat
unit sequence of polymers on diad and triad levels. The
effect of PMPL enantiopurity on solid-state thermal
transitions, percent crystallinity, and vibrational bands
was studied by differential scanning calorimetry (DSC),
wide angle X-ray scattering (WAXS), and Fourier trans-
form infrared spectroscopy (FTIR). Also, the relation-
ship between polymer enantiopurity and the specific
rotation was investigated.

Experimental Section

Materials. Porcine pancreatic lipase Type II (PPL), Can-
dida cylindracia lipase Type VII (CC), and p-nitrophenyl
acetate were purchased from Sigma Chemical Co., and
Pseudomonas fluorescens lipase PS-30 was from Amano En-
zyme USA. All the enzymes were used as received. Measure-
ments of esterase activity for these enzymes in organic media
are described below.
The solvents methanol, n-hexane, diethyl ether, 1,4-dioxane,

ethyl acetate, and benzene were purchased from Aldrich
(reagent grade, >99% purity). They were dried by reflux over
CaH2 overnight prior to distillation under argon. The values
for water contents of the dried solvents were determined using
a Karl Fischer automatic titrator as was described elsewhere21
and were found to be 39 ( 5, 55 ( 4, 160 ( 11, 84 ( 4, 57 (
5, and 98 ( 9 ppm for n-hexane, diethyl ether, 1,4-dioxane,
ethyl acetate, benzene, and methanol, respectively. Meth-
acrylic acid was obtained from Aldrich and purified by
fractional distillation (71-72 °C/60 mmHg). Hydrobromic acid
was obtained from Aldrich as a 30 wt % solution in acetic acid
and used as received.
Preparation of rac-r-Methyl-â-propiolactone (MPL).

The method used is a modification of that previously de-
scribed.10 Into 86 g (1.0 mol) of methacrylic acid cooled by an
external ice-water bath and stirred magnetically was added
over a 15-min period 270 g of a cooled 30 wt % hydrobromic
acid in acetic acid solution (1.0 mol of HBr). The ice bath was
then taken away, and the mixture was stirred in the dark at
ambient temperature for 2 days, after which the remaining
HBr was removed by a water pump followed by fractional
distillation of 3-bromo-2-methylpropionic acid (86-87 °C/1.2

mmHg) to give 152 g (91% yield) of 3-bromo-2-methylpropionic
acid: 1H NMR δ 1.34 (d, 3 H), 2.94 (m, 1 H), 3.48 (m, 1 H),
3.58 (m, 1 H), 11.70 (br s, 1 H). To synthesize MPL, 20 g (0.12
mol) of 3-bromo-2-methylpropionic acid was mixed with 20 mL
of distilled water in an ice-bath. With the mixture at a
temperature below 10 °C, saturated sodium bicarbonate solu-
tion was added so that the pH was approximately between
7.4 and 7.8. Chloroform (200 mL) and (C4H9)4NBr (0.386 g, 1
mol %) were then added. The resultant biphasic mixture was
stirred vigorously at approximately 15 °C for 12 h. The CHCl3
phase was then separated, washed 2 times with 50-mL
portions of distilled water, and dried over anhydrous Na2SO4,
and the solvent was removed by rotary evaporation. To avoid
severe losses in yields, the crude product was then immediately
distilled using a short-path distillation head (external oil bath
temperature ∼45 °C, ∼2 mmHg) to give 4.10 g (40% yield) of
a colorless liquid that, based on 1H NMR, appeared to be >95%
pure. Prior to use of the monomer for polymerization reac-
tions, it was fractionally distilled from CaH2 (46 °C/4.5 mmHg)
under argon. The 1H NMR and IR spectra are consistent with
that previously reported.10

Assay of PPL, PS-30, and CC Activity. The enzymes
were assayed using p-nitrophenyl acetate (pNPA) and metha-
nol in 1,4-dioxane. A 1,4-dioxane solution (5 mL) containing
pNPA (1.45 mmol/L) and methanol (2.82 mmol/L) was added
to 10-mL vials containing approximately 17 mg of enzyme. The
assay reactions were carried out for 2 h in an orbital shaker
(200 rpm, 35 °C) and were terminated by removal of the
enzyme by filtration. The concentration of the reaction product
p-nitrophenol (pNP) was determined by UV-vis (GBC UV/vis
916) at the λmax (305 nm) of pPN. Since both pNP and pNPA
contribute to the measured absorbance (A) at 305 nm, the
equation below was used to calculate the concentration of pPN
at this wavelength:22

CpNP ) (A - εpNPAC)/(εpNP - εpNPA) (1)

where CpNP and CpNPA are concentrations (in mol/L) of pNP
and pNPA, respectively, εpNP and εpNPA are the extinction
coefficients of pNP and pNPA, respectively (determined to be
11 000 and 2100 L/(mol‚cm), respectively, at λ ) 305 nm), and
C is equal to CpNP + CpNPA, which is equivalent to the initial
CpNPA concentration. Enzyme activities for PPL, CC, and PS-
30 are defined herein as the nanomoles of pNPA hydrolyzed
in dioxane per unit weight of enzyme per minute (nmole pNP/
(min‚mg)) and have values of 1.2, 1.2, and 3.0, respectively.
Enzymatic Resolution of MPL. All glassware was oven-

dried at about 150 °C overnight and then cooled in a dessicator
(containing Drierite) prior to use. For studies to determine
the effects of solvent and enzyme on monomer conversion and
enantioselectivity, methanol was used as the nucleophile. The
enzymes were transferred in a drybag containing Drierite as
desiccant under an argon purge. Liquids were transferred via
syringe under an argon atmosphere. MPL (300 mg, 3.49
mmol), anhydrous methanol (223 mg, 6.97 mmol), and 3.8 mL
of solvent were added into 8-mL vials which contained 174
mg of enzyme. The reaction vials were capped, magnetically
stirred, and maintained at 35 °C for reaction times as specified
below. The reactions were terminated by removing the
enzymes by filtration using a 0.45-µm Teflon syringe filter,
and MPL conversions were determined by FTIR as described
below. After concentration of solutions by rotoevaporation at
room temperature, the enantioenriched MPL was separated
from the reaction mixtures by column chromatography (column
dimensions of 2.5 cm by 24 cm) using silica gel (purchased from
Aldrich, grade 60, Merck, 230-400 mesh, 60 Å) as the
stationary phase and methylene chloride as the eluent with a
flow rate of ∼2 mL/min and a ratio of ∼200:1 silica gel to
mixture. The major fractions containing MPL eluted at
volumes between 80 and 100 mL. Larger scale resolution of
MPL (20.0g, 0.233 mol) was carried out using the lipase PS-
30, dry diethyl ether as solvent, and dry benzyl alcohol
(Eastman Kodak, 99+% purity, distilled from CaH2) in place
of methanol with the same relative molar ratios of reagents
and similar precautions to avoid water that were described
above. The resolution was carried out in a three-neck 500-
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mL round-bottom flask at 25 °C for 9 days. The workup
involved removal of enzyme by filtration, solvent rotoevapo-
ration at 25 °C, and distillation both in the absence and
presence of CaH2 as described above for racemic MPL. The
product (yield 25%) had a [R]25D +15.3° (c 1.0 g/dL in CHCl3)
which, based on a value of +18.0° for enantiopure (R)-MPL
(see Results and Discussion section, below), indicates a 93%
(R) content.
Polymerization of MPL Monomer of Variable Enan-

tiopurity. The initiator CH3COOK/dibenzo-18-crown-6 (19.0
mg containing 0.0230 mmol of CH3COOK and 0.0464 mmol
of dibenzo-18-crown-6; see below for preparation) was trans-
ferred in a drybag containing Drierite with constant argon
purging into flame-dried 3-mL ampules. The ampules were
then capped, removed from the glovebox, and placed under a
positive argon atmosphere, and MPL (1.00 g, 0.0116 mol) was
added via syringe. Reaction ampules were then mixed thor-
oughly using a vortexer and placed into an oil bath at 60 °C.
The reactions were terminated by dissolving the reaction
contents into CHCl3 (5 mL) and adding the chloroform solution
into methanol (100 mL) to precipitate the polymer which was
separated by vacuum filtration and then dried in a vacuum
oven (50 °C, 0.5 mmHg, 24 h) prior to characterization: 1H
and 13C NMR spectra of the polymer products were consistent
with that expected (see Figures 4-6).
Preparation of Polymerization Initiator CH3COOK/

Dibenzo-18-crown-6. The method used was a modification
of that previously described.23 All transfers of solids were in
a drybag containing Drierite with constant argon purging,
while liquids were transferred via syringe under a positive
argon atmosphere. To a previously silanized and flame-dried
50-mL flask was added dry methanol (50 mL), CH3COOK (19.1
mg, 0.195 mmol), and dibenzo-18-crown-6 (145 mg, 0.402
mmol). The resulting mixture was refluxed for 1 h under
argon, the methanol removed by sparging with dry argon, and
the resulting solid dried using a drying pistol (100 °C, 10
µmHg, 48 h).
Instrumentation Methods. FTIR (Mattson Instruments

Galaxy Series 2020) was used to determine lactone conversions
to their corresponding methyl esters. Calibration curves
(correlation coefficients of higher than 0.993) were obtained
by dilute solution measurements in CCl4 using a series of MPL/
methyl 3-hydroxy-2-methylpropionate mixtures of known com-
position and measuring the ratio of lactone (1845 cm-1) to ester
carbonyl group (1735 cm-1) absorptions in a solution cell (6-
mm path length). For reactions in hexane, 1,4-dioxane, and
diethyl ether, sufficient quantities of the reaction mixtures
(∼20 µg) were added to CCl4 (∼3 mL) so that the transmittance
of the lactone absorption band was ∼30%. When using ethyl
acetate and benzene, solvent absorptions in the regions of
interest interfered so that solvent removal at 25 °C by
rotoevaporation was carried out prior to addition of the lactone/
methyl ester mixture to CCl4.
The enantiomeric excess (ee) of resolved lactones that were

purified by either column chromatography or distillation (see
above) was determined by 1H NMR (see below) and polarim-
etry. For the latter, measurements of optical rotation were
obtained using a Perkin-Elmer 241 polarimeter at 25 °C and
are reported as follows: [R]25D ) specific rotation (c is
concentration in grams per 100 mL of solvent).

1H NMR spectra were recorded on either Bruker WP-270
SY or Bruker AMX-250 spectrometers at 270 and 250 MHz,
respectively. Polymers were analyzed at 4% (w/v) in CDCl3.
Determinations of MPL enantiopurity by 1H NMRwere carried
out using approximately 0.5% (w/v) MPL in CDCl3 and 40 mol
% (relative to MPL) europium(III) tris[3-((heptafluoropropyl)-
hydroxymethylene)-(+)-camphorate] (Eu-(+)-[hfc]3) as the chiral
chemical shift reagent. The relative peak areas of MPL
stereoisomers were measured by peak curve fitting and the
cut/weigh method. 1H NMR chemical shifts in parts per
million (ppm) were recorded using tetramethylsilane (TMS)
as an internal reference at 0.00 ppm. Experimental param-
eters for 1H NMR spectra of polymers were as follows: pulse
width 4.9 µs (30°); relaxation delay 0.50 s; 32K data points;
and 128-256 transients. Experimental parameters for 1H
NMR spectra recorded of monomers with and without Eu-(+)-

[hfc]3 were as follows: pulse width 2 µs; relaxation delay 0.50
s; 16K data points; and 32 transients. 13C NMR spectra were
recorded on a Bruker AMX-250 spectrometer at 62.9 MHz, and
the chemical shifts in ppm were recorded using CDCl3 as the
reference at 77.00 ppm. Experimental parameters for 13C
NMR spectra were as follows: polymer concentration 4% (w/
v); pulse width 6.3 µs; acquisition time 1.6 s; relaxation delay
1 s; 64K data points and 11 000-13 000 transients. In order
to resolve the peaks corresponding to the diad and triad chain
sequences, a line broadening of -0.5 and a Gaussian multi-
plication function of 0.5 were used.
All thermal characterizations were carried out using a Du

Pont 2910 differential scanning calorimetry (DSC) equipped
with a TA 2000 data station, using between 5.0 and 8.0 mg of
sample sealed in aluminum pans and a dry nitrogen purge.
The polymer samples were heated at a rate of 10 °C/min from
-80 to 140 °C, rapidly quenched from the melt using liquid
nitrogen, and then analyzed during second heating scans from
-80 to 140 °C. Data reported for the melting temperature
(Tm) and enthalpy of fusion (∆Hf) were taken from the first
heating scans. Where multiple melting transitions were
observed, the reported Tm was the peak melting temperature
of the largest endotherm transition. ∆Hf values were taken
as the cumulative value over the entire melting transition
range. The reported glass transition temperature (Tg) values
were the midpoint values measured during the second heating
scans.
Molecular weights were measured by gel permeation chro-

matography (GPC) using a Waters Model 510 pump, Model
410 refractive index detector, and Model 730 data module with
500-, 103-, 104-, and 105-Å Ultrastyragel columns in series.
Chloroform (HPLC grade) was used as an eluent at a flow rate
of 1.0 mL/min. The sample concentrations and injection
volumes were 0.3% (w/v) and 150 µL, respectively. Polystyrene
standards with a low polydispersity (Polysciences) were used
to generate a calibration curve.
FTIR spectra of 50%, 90%, and 74% (R)-PMPL products

were recorded on a Mattson Instruments Galaxy Series 2020
at room temperature with 32 scans and 4-cm-1 resolution.
Approximately 1 mg of 74% and 1 mg of 90% (R)-PMPL were
placed on a NaCl plate which was then heated (∼140 °C) using
a hot plate to melt the samples. Subsequently, an additional
NaCl plate was compressed on top of the liquefied samples,
and the hot plate was removed. The 74% (R)-PMPL sample
was immediately placed in the FTIR spectrometer, and a
spectrum was recorded (spectral acquisition time of ∼1 min).
A spectrum of this sample was also recorded after annealing
for 20 h at ambient temperature. The 90% (R)-PMPL sample
was annealed at ambient temperature for 1 h prior to FTIR
analysis. For the 50% (R)-PMPL sample, ∼1 mg was com-
pressed between two NaCl plates without thermal treatment,
and the spectrum was recorded.
A wide-angle X-ray scattering (WAXS) diffractogram for 90%

(R)-PMPL was recorded on a Philips vertical diffractometer
with Bragg-Brentano geometry, graphite-diffracted beam
monochrometer, and Cu KR radiation (1.5405 Å). The X-ray
tube was operated at 40 kV and 20 mA. The 90% (R)-PMPL
sample used was compressed between two glass plates while
melting at 140 °C for approximately 2 min. Subsequently, the
liquefied sample was cooled to 100 °C and annealed for 4 h
and 4 days at 100 and 25 °C, respectively. The degree of
crystallinity (øc) value was determined from diffracted inten-
sity data in the 2θ ) 10-35° range according to a method
described by Bloembergen et al.24

Results and Discussion

Resolution of MPL by Using CC, PPL and PS-
30. The lipase CC showed no apparent catalytic activity
(by FTIR; see Experimental Section) for MPL metha-
nolysis in diethyl ether at 35 °C for 48 h. Although
investigations of CC-catalyzed resolutions in other
organic media might have shown improved results, the
results in diethyl ether were not promising, so our
attention was then directed toward the lipase PPL.
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Initial investigations showed that PPL did indeed
catalyze MPL methanolysis. Reactions carried out in
diethyl ether, 1,4-dioxane, and ethyl acetate occurred
at similar rates, reaching from 44% to 50% conversions
in 48-h reaction times. MPL methanolysis occurred
most slowly in benzene (20% in 48 h). When these
reactions were conducted without enzyme addition, no
methyl ester formation was observed (by FTIR) within
a 48-h time period so that the above conversions
resulted from enzyme catalysis. It is noteworthy that
the catalytic activities of PPL and CC were identical (1.2
nmol of pNP/(min‚mg)).
The enantiomeric ratio E is a measure of the enan-

tioselectivity of an enzymatic transformation. E can be
determined by eq 2, below, if it is assumed that A and

B are the fast- and slow-reacting enantiomers, respec-
tively, that compete for the same site of the enzyme,
that conversion of A and B to product is virtually
irreversible, and that there is no product inhibition.25,26
In eq 2, c is the conversion ([Cinitial - Cfinal]/Cinitial, C is
the lactone concentration) of the reaction, ees is the
enantiomeric excess ([CB - CA]/[CA + CB]) of the
unreacted substrate, and Vmax and K are the maximal
reaction rate and Mechaelis constant, respectively.
Monomer conversions were determined by FTIR (see
Experimental Section). The ee values were measured
from 1H NMR spectra recorded in the presence of Eu-
(+)-[hfc]3 (see Experimental Section). Figure 1 shows
the 1H NMR spectra of an enantioenriched 63% (R)-
MPL sample obtained by PPL-catalyzed methanolysis
(22 h, 33% conversion in diethyl ether) which were
recorded without and with the chiral shift reagent Eu-
(+)-[hfc]3. This shift reagent resulted in almost baseline

resolution of (R)- and (S)-MPL methyl proton doublets
(see Figure 1b). The upfield doublet was assigned to
the (R)-MPL antipode based on the optical rotation
measurements described below. It is noteworthy that
in previous work by Hmamouchi and Prud’homme,10 the
chiral shift reagent 2,2,2-trifluoro-1-(9-anthryl)ethanol
was used to measure MPL enantiopurity by 1H NMR
but, unfortunately, poor resolution of the (R) and (S)
antipodes was achieved, leading to considerable uncer-
tainty in the monomer stereochemical purity.
Optical rotations of the enantioenriched MPL prod-

ucts formed by PPL resolution were positive in sign,
regardless of the organic media used. Hmamouchi and
Prud’homme10 reported the preparation of 100% (R)-
MPL ([R0]25D +10.5° [c 1.0 g/dL, CHCl3]) with retention
of configuration from (R)-methyl 3-hydroxy-2-methyl-
propionate. Thus, it was concluded that PPL resolution
resulted in (R)-MPL, where (S)-MPL is the more reac-
tive enantiomer (A).
Using eq 2 and a curve-fit program, values of E were

determined.27 The E values for PPL-catalyzed MPL
resolution in diethyl ether, benzene, ethyl acetate, and
1,4-dioxane were 3.93 ( 0.26, 2.98 ( 0.24, 2.99 ( 0.33,
and 2.52 ( 0.06, respectively. Although the results
obtained in diethyl ether were promising, higher E
values were desired. Thus, investigations were initiated
using the lipase PS-30.
The effects of the organic solvent used on MPL

conversion for PS-30-catalyzed MPL methanolysis are
shown in Figure 2. Interestingly, PS-30-catalyzed
conversions after 48 h in diethyl ether and benzene were
55% and 29%, respectively, which is similar to conver-
sions from PPL catalysis (50% and 19%, respectively)
under identical conditions. Since the activity of PS-30
is 2.50 times greater than PPL for the hydrolysis of
pNPA (see Experimental Section), PS-30 does not prove
advantageous relative to PPL for monomer methanoly-
sis. The important difference between PPL- and PS-
30-catalyzed methanolysis of MPL is that the latter
enzyme shows substantially higher enantioselectivity.
This is true regardless of the solvent used (see Table 1
and above). The absolute configuration of the enan-
tioenriched MPL stereoisomer (slower reacting enanti-
omer) in all of the solvents investigated was (R) based
on measurements of optical rotation (see discussion
above). The highest E values for PS-30 MPL resolutions
were obtained when using benzene and diethyl ether
as organic media (18 and 8.1, respectively). Considering
the reaction rates and enantioselectivity, diethyl ether
was chosen herein as the preferred solvent for the
preparation of (R)-enriched MPL. It is noteworthy that

Figure 1. 1H NMR (250-MHz) spectra in chloroform-d of 63%
(R)-MPL recorded: (a) without Eu-(+)-[hfc]3 and (b) with the
addition of 40 mol % Eu-(+)-[hfc]3.

E )
VmaxA/KA

VmaxB/KB
)
ln[(1 - c)(1 - ees)]

ln((1 - c)(1 + ees)]
(2)

Figure 2. Concentration of MPL as a function of reaction time
and organic media for PS-30-catalyzed MPL methanolysis.
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MPL resolution by PS-30 in hexane resulted in the
formation of substantial quantities of oligomer and,
therefore, was not used in this work where the desired
outcome was the formation of enantioenriched lactone
and methyl ester. Oligomer formation in hexane was
similarly observed for resolutions conducted using PPL.
These findings stimulated an investigation of enzyme-
catalyzed MPL stereoelective polymerization which is
described elsewhere.28
For the preparation of enantioenriched MPL for

subsequent polymerization (see below), MPL was re-
solved by alcohololysis with benzyl alcohol using PS-30
in diethyl ether (see Experimental Section). The use
of benzyl alcohol in place of methanol facilitated separa-
tion of unreacted lactone and ester by distillation. In
this way, (R)-enriched MPL having an ee value of 86%
(93% R) was prepared (see Experimental Section).
A plot was constructed of [R]25D (c 1.0 g/dL, CHCl3)

vs % (R) for MPL stereochemical mixtures (% (R)
contents of 50%, 58%, 71%, 74%, and 90%, plot not
shown). Extrapolation of the line generated by linear
regression (correlation coefficient of 0.998) to 100% (R)
gave a value of +18.0°. In previous work by Hmamou-
chi and Prud’homme, the reported [R0]25D for enan-
tiopure (R)-MPL was +10.5° (c 1.0 g/dL in CHCl3).10 The
discrepancy between these values is likely due to an
overestimation of the enantiopurity of MPL samples
synthesized in their work. This overestimation likely
resulted from poor resolution of corresponding enanti-
omer 1H NMR signals, as was discussed above.
Previous research has shown that the polarity of

solvents plays important roles in heterogeneous enzyme-
catalyzed reactions in organic media.29-32 However,
models that satisfactorily explain or allow the prediction
of solvent effects for specific PPL- or PS-30-substrate
pairs are not as yet available. Thus, this paper will not
attempt to provide rationalizations for the solvent
effects observed herein.
Chemical Polymerization of Enzyme-Resolved

MPL and GPC Analyses. Mixtures of 93% (R)-MPL
and rac-MPL were used to prepare PMPL of variable
enantiopurities. The results of the yield, molecular
weight averages, and polydispersity of polymers formed
from 50%, 58%, 71%, 74%, 90%, and 93% (R)-MPL using
CH3COOK/dibenzo-18-crown-6 as initiator are sum-
marized in Table 2. Polymer yields (based on insoluble
product recovered from precipitation into methanol)
ranged from 80% to 95% and Mn values from 9300 to
16 300 g/mol (see Table 2). Furthermore, polydispersi-
ties (Mw/Mn) as low as 1.12 were achieved. Since the
anionic initiated polymerization reaction mechanism for
similar R-substituted â-propiolactone monomers is be-
lieved to occur via cleavage of the alkyl (â-CH2) carbon-
oxygen bond8 which does not involve bond reorganiza-
tions at the asymmetric center, it was expected that

polymerization of optically active MPL occurs with
complete retention of configuration. Thus, PMPL’s
having predominantly (R) repeat unit stereochemical
configurations were formed, and the polymer stereo-
chemical purity is assumed to be equivalent to that of
the monomer feed. It is noteworthy to mention that
GPC traces of PMPL stereoisomers showed unexpected
complexity. Specifically, in addition to GPC peaks used
for molecular weight measurements, the 50%, 58%, 71%,
and 74% (R)-PMPL polymers all showed another peak
at relatively shorter elution volumes that corresponded
to products having molecular weights greater than 1 ×
109 g/mol. The relative area of these apparent high
molecular peaks was between 20% and 40% of the total
eluted peak area. This result may be rationalized by
assuming that certain PMPL chain stereochemistries
are able to form aggregates. Work is currently under-
way in our laboratory to test the validity of this
interesting observation.
Polarimetry. A plot of specific rotation vs % (R) was

constructed using PMPL stereoisomers that were syn-
thesized having % (R) contents of 50%, 58%, 71%, 74%,
90%, and 93%, respectively (see Figure 3). It was found
that a linear relationship exists between PMPL specific
rotation and % (R) contents (correlation coefficient of
0.990) which, by extrapolation, gave a [R]25D (c 0.8 g/dL,
CHCl3) for 100% (R)-PMPL of -38.4°. Thus, the mea-
sured specific rotation appears to simply result from the
additive contribution of chain enantiomeric repeat units.
In other words, the optical rotation of repeat unit
stereoisomers along the chain is not substantially
affected by neighboring repeat units that are a function
of chain enantiopurity. In a previous report,10 a plot of
PMPL [R]25D vs % (S) content was presented which also
showed a linear relationship. However, the value
reported for the [R]25D (concentration not reported, in

Table 1. Enantioselectivity of the PS-30-Catalyzed MPL
Methanolysis in Different Solventsa

solvent convsn,b % ee,c % Ed

benzene 36 47 18
diethyl ether 55 72 8.1
1,4-dioxane 45 48 6.1
ethyl acetate 49 52 5.5
a 35 °C, [CH3OH]/[MPL] ) 2 (molar ratio), reaction time was

adjusted so that conversion was between 35% and 50%; see
Experimental Section for a detailed description of the reaction
conditions. b Determined by FTIR. c Determined by 1H NMR with
chemical shift reagent Eu-(+)-[hfc]3. d Enantioselectivity calcu-
lated by eq 2.

Table 2. Results on Yield and Molecular Weight of
Synthesized PMPL Stereoisomersa

productb [M]/[I]c yield, % Mn
f Mw/Mn

f

50% (R)-PMPL 500 88d 11 500 1.12
58% (R)-PMPL 550 80e 14 700 1.22
71% (R)-PMPL 1080 91e 16 300 1.24
74% (R)-PMPL 450 90e 10 600 1.25
90% (R)-PMPL 500 86e 12 800 1.36
93% (R)-PMPL 750 95e 9 300 1.59
a 60 °C, 4 days, CH3CO2K/dibenzo-18-crown-6 (1:2) as initiator.

b The % (R) contents given for products are those measured by 1H
NMR analysis of the monomer feed. c [M]/[I] is the molar ratio of
MPL to the CH3CO2K initiator component. d Product precipitated
in methanol and isolated by centrifuge. e Product precipitated in
methanol and isolated by vacuum filtration. f Determined by GPC.

Figure 3. Plot of [R]25D (c 0.8 g/dL, CHCl3) vs % (R) content
for a series of PMPL stereoisomers.
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CHCl3) of 100% (S)-PMPL was +16.2°, which is consid-
erably lower than the value obtained herein.
NMR Analyses of PMPL Stereoisomers. The 1H

NMR spectra at 250 MHz recorded in chloroform-d of
PMPL stereocopolymers were not useful for quantitation
of diad (or higher) sequences but showed additional
complexity (most readily observed for the â-methlyene
protons c) as the polymer enantiopurity decreased (see
Figure 4). The 50%, 74%, and 93% (R)-PMPL samples
were then analyzed at 62.9 MHz in chloroform-d by 13C
NMR. The full spectrum of 50% (R)-PMPL along with
peak assignments is given in Figure 5, while expanded
regions for the carbonyl (C-1), methine (C-2), and methyl
(C-4) carbons are shown in Figure 6. It was found that
C-1, C-2, and C-4 were sensitive to the effects of repeat
unit sequence, while C-3 was not at this field strength.
The diad sequences can be observed for both C-1 and
C-4, while the triad sequences can be observed for C-2.
The assignment of the diad sequences for C-1 and C-4
was carried out by comparing the relative intensities
of the two observed signals where the expectation is that
the isotactic (i) diad signal will increase relative to the
syndiotactic (s) diad signal with an increase in the %
(R) content of PMPL. The triad sequences for C-2 were
assigned based on the following: (1) isotactic (ii) triads
were identified as the upfield signal since it was the
dominant signal for the 93% (R)-PMPL sample; (2)
syndiotactic (ss) triads were assigned based on their
relative peak intensities, which agreed with that cal-
culated by the Bernoulli model for the 50% (R)-PMPL
sample (see discussion below and Table 3); (3) hetero-
tactic (is and si) triads were assigned as was described
in 2 and with the assumption that these triads would

be poorly resolved due to the small effects of ester bond
directionality on differences in is and si chemical
shifts.33 Inspection of Table 3 shows that the 50% (R)-
PMPL diad and triad fraction results obtained experi-
mentally fit the Bernoulli model for ideal random chain
propagation34 (see Table 3 legends a and c). In contrast,
for the 74% and 93% (R)-PMPL samples, it is clear by
comparison of the diad and triad fractions obtained
experimentally and by calculation using the Bernoulli
model that chain propagation is no longer proceeding
by ideal random propagation statistics. In fact, there
appears to be a tendency toward isospecificity based on
the fact that the experimental i diad and ii triad
fractions are substantially greater than those calculated
by the Bernoulli model (see Table 3). In fact, the 93%
(R)-PMPL sample did not show observable peaks due
to s diad and ss and si + is triads (see Figure 6). The
triad data for the 74% and 93% (R)-PMPL were also
evaluated by the enantiomorphic-site model (see Table
3, legends c and d and refs 35-37). Interestingly, using

Figure 4. 1H NMR (250-MHz) spectrum in chloroform-d of
50% (R)-PMPL along with expansions of the â-methylene
proton signal region for 50% and 90% (R)-PMPL.

Figure 5. 13C NMR (62.9-MHz) spectrum in chloroform-d of
50% (R)-PMPL.

Figure 6. Expanded regions of 62.9 MHz 13C NMR spectra
recorded for 50%, 74%, and 93% (R)-PMPL products.

Table 3. Chain Sequences of Stereocopolymers 50%, 74%,
and 93% (R)-PMPL Determined by 13C NMR

diada,c triadb,c

product i s ii ss is + si Ed,e

50% (R)-PMPL 0.49 0.51 0.24 0.26 0.50
(0.50) (0.50) (0.25) (0.25) (0.50)

74% (R)-PMPL 0.71 0.29 0.54 0.15 0.31 0.97
(0.62) (0.38) (0.42) (0.19) (0.39)

[0.56] [0.15] [0.29]
93% (R)-PMPL 1.00 0.00 1.00 0.00 0.00

(0.87) (0.13) (0.80) (0.07) (0.15)
[1.00] [0.00] [0.00]

a Diad fractions i (isotactic) and s (syndiotactic) were calculated
from the relative areas of the carbonyl 13C NMR signals. b Triad
fractions ii (isotactic), ss (syndiotactic), and is + si (heterotactic)
were calculated from the relative areas of the methine 13C NMR
signals. c Values in parentheses were calculated from the enan-
tiopurities of the monomer feeds using Bernoulli equations (see
ref 34). Values in brackets were calculated using the enantio-
morphic-site model equations (see refs 35-37). d Enantiomorphic-
site model triad test E ) 2ss/(is + si) ) 1 for a polymer perfectly
described by the enantiomorphic-site model. e E value for 93% (R)-
PMPL cannot be calculated due to the absence of the s and is + si
peaks.
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this model, it was found that there was excellent
agreement between calculated and experimental triad
fractions for the 74% (R)-PMPL and 93% (R)-PMPL
samples (see Table 3). The triad test E value for the
93% (R)-PMPL sample was not calculated by the enan-
tiomorphic-site model since the values of the s diad and
ss and is + si triads were below the instrument detection
limit. The enantiomorphic-site model assumes that the
configuration of monomer adding to a chain end is
determined primarily by the configuration of the cata-
lyst and is not directed by the chain end configuration.35
However, previous work has suggested that the catalyst
CH3COOK/dibenzo-18-crown-6 is nonstereoregulating.10
That the CH3COOK/dibenzo-18-crown-6 catalyst ap-
pears to be nonstereoregulating for the racemic MPL
polymerization but is isoregulating for the enantioen-
riched MPL polymerization is interesting. It may be
speculated that the catalyst, when chelated by predomi-
nantly one MPL enantiomeric form, takes on a chiral
microenvironment that leads to isospecific catalysis.
Future work will be carried out to further study this
unexpected result.
Thermal Analysis. The solution-precipitated PMPL

stereoisomers were characterized by DSC (see Experi-
mental Section). The results obtained for Tg, Tm, and
∆Hf are tabulated in Table 4 and the DSC thermograms
for the first and second heating scans are shown in
Figure 7a and 7b, respectively. Tg values measured
from the second heating scans decreased from -24 to
-30 °C with a decrease in the polymer enantiopurity
from 93% to 50% (R). Thus, it appears that higher chain
isotacticity results in increased chain rigidity. The 50%
(R)-PMPL, which approximates a statistically random
copolymer, was amorphous (no observed melting transi-
tion, see Figure 7), consistent with a previous report.10
However, 58% (R)-PMPL has a melting transition with
Tm and ∆Hf values of 42 °C and 3.8 cal/g, respectively
(see Table 4 and Figure 7a). This indicates that
relatively low i diad fractions are required for PMPL
crystallization. By increasing the % (R) content of
PMPL to 93%, the Tm and ∆Hf values increased to 131
°C and 22.0 cal/g, respectively (see Table 4 and Figure
7a). In a previous report by Hmamouchi and
Prud’homme,10 an (S)-PMPL sample which was believed
to be enantiopure had Tm and ∆Hf values of 80 °C and
14.6 cal/g, respectively, which are similar values to those
reported herein for the 74% (R)-PMPL sample. The
relatively higher degree of PMPL crystalline ordering
shown herein relative to that previously reported10 is
believed to be due to the overestimations by those
workers of MPL enantiopurity (see above). The 90%
and 93% (R)-PMPL products crystallized rapidly on
heating during the second scans (see Figure 7b) at

temperatures of 12 and 13 °C, respectively, indicating
that PMPL may have desirable crystallization kinetics.
It is interesting to compare the thermal properties of

PMPL stereocopolymers to those of PHB and PLA
stereocopolymers. In previous studies by Tanahashi
and Doi38 and Kemnitzer et al.,39 PHB ideal random
stereocopolymers have been prepared and analyzed by
DSC. Tanahashi and Doi reported that solution-
precipitated 92% (S)-PHB (Mn 34 000,Mw/Mn ) 1.5) had
Tm and ∆Hf values of 136 °C and 15.4 cal/g, respec-
tively.38 Kemnitzer et al. showed that 67% (R)-PHB (Mn
7000, Mw/Mn ) 1.1) had Tm and ∆Hf values of 50 °C
and 2 cal/g, respectively.39 Inspection of Table 4 shows
that PMPL samples having 90% and 58% (R) contents
most closely approximate the thermal transitions of 92%
(S)- and 67% (R)-PHB. Without additional comparative
data points and knowledge of the PMPL crystal struc-
ture, our conclusions at present are limited to the
following: (1) both PHB and PMPL have considerable
tolerance to stereochemical impurities so that crystal-
lization is possible for these polymer structural isomers

Table 4. DSC Measurements of PMPL Stereoisomersa

product Tg,b °C Tm,c °C ∆Hf,d cal/g

50% (R)-PMPL -30
58% (R)-PMPL -27 42 3.8
71% (R)-PMPL -25 65 10.0
74% (R)-PMPL -26 77 14.7
90% (R)-PMPL -25 130 20.7
93% (R)-PMPL -24 131 22.0
a See Experimental Section for detailed description of the

method used. b The midpoint values measured after rapidly
quenching the sample from the melt and recording the second
heating scan. c Taken from first heating scans of solution precipi-
tated products. The value reported is the peak melting temper-
ature of the largest endotherm transition. d The cumulative value
over the entire melting region.

b

a

Figure 7. DSC thermograms recorded for PMPL stereoiso-
mers: (a) first heating scans and (b) second heating scans after
rapid quenching from the melt.
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at low polymer enantiopurities, and (2) PMPL, having
a similar range of melting temperatures to PHB, can
be obtained via the appropriate variation in chain
enantiopurity. In contrast, PLA stereocopolymers have
a much lower tolerance to stereochemical impurities.
For example, [L]-/[D]-lactide and [L]-/meso-lactide ran-
dom stereocopolymers which have only 12% and 10%
[D]-lactic acid repeat units, respectively, do not crystal-
lize.40
X-ray Diffraction Analysis. WAXS data collected

for 90% (R)-PMPL, which was crystallized by annealing
from the melt at 100 °C (see Experimental Section), are
shown in Figure 8. The WAXS pattern shows well-
resolved crystalline reflections superimposed on a low-
intensity amorphous halo. This indicates high levels
of crystallinity and uniformly organized crystals. The
degree of crystallinity, øc, was estimated to be 73% from
diffracted intensity data by dividing the area of the
crystalline peaks by the total area of the crystalline
peaks and amorphous scattering (see Experimental
Section). Thus, it appears that the % crystallinity of
90% (R)-PMPL is high and similar in value to natural
P3HB (60-74%).41 The major diffraction peaks at 2θ
) 14.0, 14.8, 19.0, 23.8, 25.0, 26.6, and 31.6° correspond
to d-spacings of 6.35, 5.94, 4.67, 3.74, 3.56, 3.34, and
2.83 Å, respectively. With the exception of the d spacing
at 6.35 Å, these values are in excellent agreement with
the d spacings previously reported for (S)-enriched
PMPL.10
FTIR Analysis. Crystallinity sensitive IR bands

have been identified for natural PHB and related
copolyesters and used to follow sample crystallization.24
Specifically, significant changes in the absorption bands
at 1279, 1228, and 1185 cm-1 were observed due to
crystallization where the band at 1385 cm-1 was con-
sidered crystalline insensitive. Later, in our laboratory,
it was found that the appearance of a band at 1206 cm-1

with a concurrent decrease in intensity at 1180 cm-1

and an increase in the band intensity at 1103 cm-1 are
spectral features that allow crystalline syndiotactic PHB
to be distinguished from its atactic and isotactic stere-
oisomers.43 Based on the above, work was undertaken
to determine crystalline-sensitive bands for PMPL in
the 700-1600-cm-1 spectral region. FTIR spectra were
recorded of 74% (R)-PMPL after melting at ∼90 °C and
annealing at room temperature for <1 min (broken line)
and 20 h (solid line) (see Figure 9a). Great care was
taken in this work so that the sample placement relative
to the beam was identical so as to not introduce
differences in observed sample concentration as a func-

tion of annealing time. It is expected that annealing
for 20 h relative to 1 min will lead to a sample of higher
crystallinity. The most notable differences that occur
at higher PMPL crystallinity are the development of a
new band at 1334 cm-1, decreased intensity of the 1249-
and 1185-cm-1 bands, a decrease in the band intensity
at 1059 cm-1, and a shift in the absorbance maximum
at 997-1010 cm-1 with a concurrent increase in band
intensity. The vibrational band at 1465 cm-1 appeared
to be crystallinity insensitive (see Figure 9a). It is
interesting to note that crystallization of natural PHB
also resulted in a decreased intensity of the vibrational
band at 1185 cm-1.42 To further verify the spectral
features of crystalline PMPL, FTIR spectra in Figure
9b of 90% (R)-PMPL (solid line) which was melt an-
nealed at 100 °C and amorphous 50% (R)-PMPL (broken
line) are displayed (see Experimental Section for ad-
ditional details on sample preparation). The two spectra
in Figure 9b were normalized to take into account the
differences in sample concentration by using the 1463-
cm-1 crystalline-insensitive band. As anticipated, the
changes in spectral features observed in Figure 9b due
to sample crystallinity were identical to those observed
in Figure 9a except that the differences between spectra
in Figure 9b were greater due to the high crystallinity
of 90% (R)-PMPL (see Figures 7a and 8 and Table 4).

Figure 8. WAXS pattern of 90% (R)-PMPL crystallized by
melt-annealing at 100 °C.

Figure 9. FTIR spectra: (a) 74% (R)-PMPL which was melt
annealed at room temperature for <1 min and 20 h, (b) 90%
(R)-PMPL which was melt-annealed at 100 °C and amorphous
50% (R)-PMPL.
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Based on the above, PMPL crystallization could be
monitored using FTIR by taking a ratio of the bands at
either 1334, 1010, or 1185 cm-1 relative to the crystal-
lization-insensitive band at 1465 cm-1.

Summary of Results
Based on comparative studies with different lipases,

PS-30 was found to be a suitable catalyst to resolve
racemic MPL where the (S) enantiomer reacts more
rapidly with methanol and benzyl alcohol. By this
route, MPL was obtained, having up to 93% (R) content.
MPL polymerization was then carried out using CH3-
COOK/dibenzo-18-crown-6 as the catalyst so that a
chemoenzymatic strategy was employed for the trans-
formation of racemic MPL to high enantiopurity PMPL.
Analysis by 13C NMR showed that the carbonyl, me-
thine, and methyl carbons of PMPL are sensitive to
stereochemical sequences along the chain. While the
polymerization of 50% (R)-MPL followed Bernoulli
random chain propagation statistics, polymerizations of
74% and 93% (R)-MPL deviated from the Bernoulli
model. Further analysis showed that these latter
polymerizations fit the enantiomorphic-site model. While
the origin of these results is not as yet understood,
isoregulating characteristics of the CH3COOK/dibenzo-
18-crown-6 catalyst for enantioenriched MPL polymer-
izations were demonstrated. By increasing the % (R)
content in the monomer feed to 93%, a product was
obtained which, from DSC measurements, had Tm and
∆Hf values of 131 °C and 22.0 cal/g, respectively.
Furthermore, WAXS analysis carried out on a melt-
annealed 90% (R)-PMPL sample showed that the poly-
mer was highly crystalline (approximately 73%). FTIR
analysis identified crystalline-sensitive vibrational bands
which will be useful for monitoring PMPL crystalliza-
tion kinetics.
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