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ABSTRACT: We report the simultaneous dynamic kinetic resolution (DKR) of a secondary alcohol in combination
with lipase-catalyzed ring-opening polymerization (ROP§-chprolactoned-CL). (R,S)-1-Phenylethanol (PhE)

was used as a model secondary alcohol and incorporated intefoalyfolactone) (PCL) under DKR conditions.

A total of 75% of the PhE was incorporated &-PhE-PCL with over 99% enantio exceg®)(in 23 h. This
methodology could provide a simple one-step approach to prepare enantiopure sustained release polymeric
formulations of chiral species such as drugs or drug precursors bearing a secondary hydroxyl group.

Introduction selectivity of lipases can be also seen in the production of chiral

Nine of the top 10 drugs produced have active ingredients POlymer. When a chiral lactone monomer such as 4-methyl-
that are chiral. Enantiomerically pure compounds are becoming caprolactone (4—MeCL) is used, the enzymatic polymerization
more important, mainly due to the increasing need for such ©f (9-4-MeCL is much faster thanRj-4-MeCL, and hzeﬁnzse
compounds in pharmaceutical and agricultural industry. As a Ch'_ral po_ly(4-MeCL) was synthesized with over 9586
result, asymmetric synthesis is playing an increasingly important Chiral oligomers of 6-methyé-caprolactone were also syn-
role, and there has been spectacular development in thi$-area. thesized by lterative racemization and ring-opening cy%ﬂe;.
Catalytic enantioselectivity can be achieved by either chemo- MOre recently, the lipase-catalyzed dynamic kinetic resolution
catalysis or biocatalysis. Traditionally, this field has been POlymerization from a racemic diol and a dicarboxylic acid
dominated by metal catalysis, but recent work in biocatalysis denvatéve has been utilized for the synthesis of chiral poly-
has become an increasingly attractive alternative to conventionalesrersz', . .
chemical methods. However, resolution of racemic mixtures is _ " this paper, we report the combination of lipase-catalyzed
still the most common way to prepare enantiomerically pure [g-Opening polymerization (ROP) atcaprolactone CL)
compounds on an industrial ScA®o obtain a single enantiomer  Nitiated from a chiral secondary alcohol 1-phenylethanol (PhE)
from such a mixture, one can resolve it either by conventional WhICh is simultaneously resolved via dynamic k|ngt|c resolution
separation techniques or by using an existing difference in IN @ One-pot approach. We demonstrate that a simple one-step
reactivity (kinetic resolution). Enzymes are usually very pro- @PProach (DKR-ROP) allows simultaneous incorporation and
ficient tools to effect this second methodology. Lipase-catalyzed '€Solution of a secondary alcohol onto PCL. This system could
kinetic resolution (KR) of secondary alcohols is very efficient POtentially lead to a new route for enantiopure sustained release
in terms of selectivity but suffers, as do all resolutions, from of drugs incorporating secondary alcohols during the degradation

being limited to a maximum theoretical yield of 509% One of PCL.
of the most important strategies to increase the yield is the in-
situ racemization of the slow-reacting enantiomer by transition
metal catalysts. The combination of enzymatic resolution with  Materials. Novozym-435 (10 wt % Lipase B fronCandida
in-situ racemization of the unreactive enantiomer leads to aﬁntarctlca on %mac:optoroui(éiryllgcgg/e)sln) was puhrchage;j from
dynamic kinetic resolution (DKRJ:1° In this way, all of the Alc()j\:iczzzhyrg(reizg_ovaeercc’::; ?(?rez i deroniter:s purchased from

. . . . . , gen, distilled under
aceic Sartng i Ca e 15 o UArEGIAOn 0 ey s wih e g ey, st
complexes are known to catalyz’e rapid racemization of ;Egﬁgggggg&;wg;ﬁiﬁiﬁs—gg ?rg)rlrl]e,t:n]l?aao_ %?é;fg&;?nggﬁ_
alcohols’~*113In particular, ruthenium complexes have proven rythenium(ll) dimer ([Ru(cymene)@b) was purchased from
to be compatible with lipase-catalysed kinetic resolution, and LancasterN,N,N',N'-Tetramethyl-1,3-propanediamine (TMPDA,
high yields and enantioselectivities have been obtalfied. 99+%) was purchased from Aldrich. Sodium hydrogen carbonate

In addition to kinetic resolution of alcohols, lipase is also Was purchased from Fisher Scientific.

capable of catalyzing the formation of polyesters via enzymatic _ General Procedure for the Kinetic Resolution-Enzymatic
ring-opening polymerization (€ROP) of lactones and polycon- Ring-Opening Polymerization (KR-eROP).0.40 g of Novozym-
densation reactiorié2° Various lactones have been polymer- 432 Was weighed into a ﬁo nk:II_ flask, which was hheated and
ized to obtain biodegradable polyesters, and ROP has recentl maintained at 50C overnight while under vacuum. The vacuum

. . . o Ywas released by filling argon into the flask. Then 20 mL of toluene,
been combined with alternative polymerization methods t0 54 mmol ofe-CL. and 1 mmol of RS)-1-phenylethanol were added

synthesize a range of block copolyméts?> High enantio- into the flask by syringes under an argon atmosphere. The reaction
mixture was then heated and stirred at°T@ After certain time
* Corresponding author: e-mail Steve.howd|e@n0ttingham'ac_uk; Tel interValS, 1 mL of the reaction mixture was removed from the flask
+44 115 951 3486; Fax44 115 951 3058. by syringe. The sample was then analyzed by chiral GC and NMR.
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After the conversion of the-CL reached 90%, the reaction was
stopped. The reaction mixture was diluted with 20 mL of toluene
and filtered through a filter paper to remove the enzyme. The
polymer product was precipitated into cold methanol, filtered, and
dried under vacuum.

General Procedure for the Dynamic Kinetic Resolution in
Combination with Enzymatic Ring-Opening Polymerization
(DKR-eROP). 0.025 mmol of [Ru(cymene)glk and 0.40 g of
Novozym-435 were weighed into a 50 mL flask, which was heated
and maintained at 50C overnight while under vacuum. The
vacuum was released by filling argon into the flask. Then 20 mL
of toluene, 54 mmol o&-CL, 1 mmol of R,S-1-phenylethanol,
0.25 mmol ofN,N,N',N'-tetramethyl-1,3-propanediamine (TMPDA), X
and 0.5 mmol of acetophenone were added into the flask by syringes Time (b)
under an argon atmosphere. The reaction mixture was then heatedrigure 1. Conversion of R,9-PhE during KR-ROP and DKR-ROP.
and stirred at 70°C. After certain time intervals, 1 mL of the  (Only negligible conversion oy-PhE was observed in KR-ROP, while
reaction mixture was taken from the flask by syringe. The sample %(s)lgmﬂ[;:ant conversb|or_1 ogijhEh;o leEhE was observed in DKR-
was then analyzed by chiral GC and NMR. After the conversion ) Data were obtained by chiral )
of the e-CL reached 90%, the reaction was stopped. The reaction ) )
mixture was diluted with 20 mL of toluene and passed through an Results and Discussion

alumina column. The polymer product was precipitated into cold ~ The KR-ROP ofe-CL was initially performed to assess the

Conversion of PhE (%)

15 20

methanol, filtered, and dried under vacuum.

Hydrolysis of the PhE-PCL. 0.5 g of polymer, 0.5 g of
Novozym-435, ad 2 g of NaHCGQ; were weighed into a flask. 20
mL of toluene and 10 mL of water were then added. The NaglCO
was used to neutralize the carboxy group produced during hydroly-
sis of PCL. The flask was heated and stirred at®dor 24 h. The

toluene phase was then isolated and dried on a rotating evaporator.

1 mL of CDCk was added to the residue to dissolve the

1-phenylethanol. The solution was subjected to NMR analysis, and

selectivity and kinetics of Novozym-435. The reaction was
carried out in 20 mL of toluene with 54 mmol efCL, 1 mmol

of (RS-PhE, and 0.40 g of Novozym-435 at 7C. Phenyl-
ethanol was used as a chiral initiator for the enzymatic catalyzed
ROP of CL in a 1:54 molar ratio to the monomer. The
conversion of each enantiomer was plotted against the reaction
time (Figure 1) and followed with chiral GC. As expected for
an enzyme-catalyzed reaction, over 90% of tReFhE was

the completion of hydrolysis was confirmed by the depletion of cOnsumed by initiating polymerization of PCL in the first 2 h
the signal at 5.90 ppm and the emergence of the signal at 4.90 (se@f reaction. Under these conditions there was negligible conver-

Supporting Information). The solution was then analyzed by chiral
GC to determine the enantiopurity of 1-phenylethanol produced
by the hydrolysis.

Methods. a. Chiral GC Analysis. Chiral gas chromatography
(GC) was carried out using a Shimadzu GC 2010 with a Supelco
betadex 110 column (30 m 0.25 mm i.d., 0.25m film) and an
FID. Samples were injected using a Shimadzu AOC-20i auto-

sion of the §-PhE, even after 12 h. This suggests that only a
little (9-PhE starts reacting after most of tReenantiomer is
consumed. In this respect, the resolution of a secondary alcohol
with caprolactone as an acylating agent in the presence of
Novozym-435 fulfils the basic requirement for KR, i.e., that
reaction rate of one enantiomer is much larger than that of the
other The experiment confirms very clearly the enantioselec-

sampler. Injection and detection temperatures were set at 180 andjvity of the lipase, where only th&enantiomer was incor-

300°C, respectively. Oven temperature was initially set to 120
(8 min) and then ramped at 3@/min to 180°C and held for 2
min. Helium was used as carrier gas. Acetophenofd;1{
phenylethanol, andgj-1-phenylethanol are eluted from the column
at around 4.5, 6.1, and 6.4 min, respectively (Figure S1).

b. Polymer Characterization. Molecular weight and molecular
weight distribution of polymers were obtained by gel permeation
chromatography (PL-120, Polymer Labs) with an RI detector. The
columns (30 cm PLgel Mixed-C, 2 in series) were eluted by THF
and calibrated with polystyrene standards. All calibration and
analysis were performed at 4C and a flow rate of 1 mL/min.
NMR spectra were recorded in CD@lsing a Bruker DPX 300
MHz spectrometer. All spectra were referenced to GHEI7.26
ppm.

c. Calculation. The conversion ofR)- and §-1-phenylethanol

porated as initiator into the PCL homopolymer and the

S-enantiomer remained unreacted in the mixture. Moreover, this
control reaction showed that no racemization occurred in the
absence of the transition metal system.

As a consequence of kinetic resolution, the major disadvan-
tage of this method is that only a maximum of 50% of the total
amount of phenylethanol is used to initiate the polymerization.
This can be overcome by dynamic kinetic resolution (DKR). A
DKR-ROP reaction was carried out in 20 mL of toluene with
54 mmol ofe-CL, 1 mmol of )] 9-PhE, 200 mg of Novozym-
435, 0.025 mmol of [Ru(cymene)d4, 0.25 mmol ofN,N,N',N'-
tetramethyl-1,3-propanediamine (TMPDA), and 0.5 mmol of
acetophenone at 7. The selected racemization system has
been reported recently as an easy to handle and stable catalytic

was calculated directly from the decrease of the area of each peaksystem, which when combined with a lipase-catalyzed resolution
on the GC trace. During KR-ROP, the yield of 1-phenylethanol provides efficient dynamic kinetic resolution of secondary
was calculated from the decrease of the sum of the peak area ofalcohols3® DKR-ROP demonstrated significant consumption of
(R)- and §-1-phenylethanol. Since acetophenone can be a byprod- (R)-PhE while §)-PhE was simultaneously converted ®)

uct during the racemization, the yield of 1-phenylethanol during phg and incorporated into the PCL (Figure 1). This clearly
DKR-ROP was calculated by the decrease of the sum of the areagemonstrates that the transition metal system was effectively
of the three peaks (acetophenone @R &nd §-1-phenylethanol). racemizing §-PhE to R)-PhE and subsequently initiating the

The enantio exces®&€ was calculated as followsee= (R — S)/ . .
(R + S), where R an?j S represent the area of the GC(: peakg of theformat|on of PCL by lipase-catalyzed ROP. Thus, more alcohol

(R)- and ©-1-phenylethanol, respectively. Conversion-aEL was was (_affecnvely available as initiator fc_)r polymerization.

obtained from the NMR spectrum of an aliquot of the reaction  This strategy represents an exceptional case of DKR: only
mixture (Figure S-3, (bt c)/(b + ¢ + ¢') x 100%). The DP of the R)-1-phenylethanol is enantioselectively acylated by capro-
PCL was calculated by the ratio of the signal intensity at 3.64, lactone at short times, and the resulting end-group primary
4.08, and 5.90 ppm (Figure S3, {bc)/2a). alcohol reacts with a caprolactone monomer unit to yield Pﬁ&
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Figure 2. GPC traces for the PCL homopolymer obtained via KR- 80- DKR-ROP
ROP and DKR-ROP. KR-ROP yielded a slightly higher molecular /D
weight product than that obtained by DKR-ROP. 70+ m|
. . 60+
homopolymer. Additionally, theS)-1-phenylethanol is racem- @
ized in situ by the ruthenium system and convertedRp1- S 504
phenylethanol, which then takes part in the initiation of Z 40- KR-ROP
caprolactone. 2 30
Acetophenone was added to the system to accelerate the E 20
racemization. The rate-accelerating effect of the ketone can be
explained by the faster addition of the ruthenium hydride to 10
the ketone brought about by the higher concentratidime 04 v v v v
model racemization system that we have selected is considerably 0 5 }?me o 15 20

slower than other systems, since aftéri2a significant amount ) )
Figure 4. Yield of PhE during KR-ROP and DKR-ROP. Yields

of (9-phenylethanol still remains in the mixture (Figure 1). | ] vl
However, this work clearly shows that our approach is feasible. fteecd 0 & TaXum o S0% I the KRLROP lo reater than 3
In addition, by optimizing the initiator structure and/or racem- the percentage of PhE incorporated in the polymer relative to the initial
ization system, we anticipate the improvements in the rate of amount of RS)-PhE.
conversion for the slower monomer will be realized. The fact
that S-enantiomer is converted tB-enantiomer slowly and  group rather than phenylethanol end group. To quantify the
progressively during the time is considered to be an advantagecomposition of this product, the end group of the polymer
since the amount of initiator fed to the system is controlled. product was analyzed using oxalyl chloride treatment as
This will prevent initiator saturation of the system and will lead described in the literatur@.The amount of PCL homopolymer
to the generation of higher molecular weight PCL homopolymer. with chain-end carboxylic acid groups was determineddy
The PhE-PCL products were also analyzed by GPC which NMR upon the addition of oxalyl chloride to give the percentage
showed that KR-ROP yields higher molecular weightt, (= of water-initiated PCL homopolymer (see Supporting Informa-
16 000 Da, PDIE= 2.15) polymer than that obtained in DKR-  tion for a detailed explanation aAd NMR spectra). The results
ROP M, = 14 200 Da, PDI= 1.94) (relative to polystyrene  of end-group analysis confirm that water-initiated PCL was
standards) (Figure 2). This is due to the higher concentration typically less than 15% for both cases KR-ROP and DKR-ROP.
of initiator that is available in the DKR case. This value is typical for water initiation of PCL in a toluene
The conversion ot-CL and the degree of polymerization system and is also very similar to the analogous reactions using
(DP) of PhE-PCL can be calculated frotll NMR spectra. a bifunctional initiator in supercritical carbon dioxié.
Greater than 90%-CL conversion was achieved in both KR- The rate of polymerization for DKR-ROP was significantly
ROP and DKR-ROP. However, a lower DP of PhE-PCL (ca. slower than that observed for the KR-ROP (Figure 4). This
80) was found in DKR-ROP compared to KR-ROP (ca. 100) suggests that the ruthenium catalyst has a retardation effect over
at the same monomer conversion (Figure 3). This lower DP of the enzymatic polymerization, leading to a slower conversion
PhE-PCL in DKR-ROP can be clearly related to the higher of e-CL. Others have observed such transition metal retardation
concentration of initiating alcohol that is present in the DKR upon lipase-catalyzed reactio#¥s* These authors reported that
case. Thus, more initiator gives rise to a larger number of shorterboth Ni and Cu inhibit or retard the catalytic activity of
polymer chains. This is also evident in the GPC trace (Figure Novozym-435. It seems likely, then, that Ru may have a similar
2) whereby the trace for polymer formed by DKR-ROP has a effect on the activity of the enzyme, and this is reflected in the
much broader tail (to low molecular weight) and hence a higher different reaction rates that we observed (Figure 4).
PDI. We have demonstrated that yields may be raised from a
Water can also act as a competing initiator to form PCL maximum of 50% in the KR-ROP to greater than a 75% yield
homopolymer. Despite exhaustive measures to remove all theusing DKR-ROP. Optimization of this process is currently
water from the system, it is still possible to find a small quantity underway in order to obtain better yields.
of PCL homopolymer initiated by adventitious water present  To determine the enantiopurity of the PhE incorporated in
in the system. This leads to the PCL with a carboxylic acid end the polymer chain, the PhE-PCL was enzymatically hydroly&ﬁ/
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Figure 5. 'H NMR spectra of PhE-PCL obtained in DKR-ROP before
and after hydrolysis. The removal of the PCL from the product after
hydrolysis is confirmed by NMR analysis.

according to the literatur& The polymer was hydrolyzed in
the presence of Novozym-435 and NaH{® toluene/water
(2:1) at 90°C for 24 h. NaHCQ was used to neutralize the
carboxy group during the hydrolysis of PCL. The hydrolysis
was followed by'H NMR, and the completion was confirmed
by the depletion of the signal at 5.90 ppm g(Hand the
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DP of the PCL homopolymer; chiral GC traces for the enantiomers.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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