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Abstract

A novel enzymatic resolution of an important alcohol intermediate in the Diltiazem process was developed. The
Ž .enzymatic reaction involved alcoholysis of the alcohol acetate with butanol, thus obtaining the R, R -alcohol and the

Ž .remaining S,S -acetoxy-alcohol in )95% enantiomeric excess. This resolution may serve as the key step in a possible
recycling procedure for the waste streams of the Diltiazem process, which will allow a significant increase in the overall
process yield. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The utilization of enzymes for the prepara-
tion of optically active compounds has greatly

w xincreased over the last two decades 1–7 . In
particular, enzymatic catalysis is performed ei-
ther in aqueous media for hydrolysis reactions
or in organic solvents mainly for esterification

w xand transesterification reactions 8–13 .
Ž . Ž . w ŽDiltiazem, q -cis- 2S,3S -acetoxy-5- 2- di-

. x Žmethylamino -ethyl -2,3-dihydro-2- 4-methoxy-
. Ž . Ž .phenyl -1,5-benzothiazepin-4 5H -one Fig. 1 ,

is one of the most potent calcium channel
w xblockers 14 . The drug was originally devel-

oped by Tanabe Seiyaku and was first launched
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in Japan in 1974. Since then, it has been widely
used in more than 100 countries for treatment of
angina and hypertension.

Diltiazem has two asymmetric carbon atoms
at the C2 and C3 positions. Among the possible

Ž .diastereomers, only the cis- 2S,3S isomer ex-
hibits strong coronary vasodilating activity;
therefore, the stereoselective synthesis of this
stereoisomer has attracted great attention, par-
ticularly in view of the commercial significance

w xof the molecule 15 .
Approaches to optically active Diltiazem usu-

w xally involve either an asymmetric synthesis 16
or a resolution of one of the key intermediates 1

Ž . w xor 2 Fig. 2 17–30 . Enzymatic resolution of 1
w x w x w17–24 and chemical 25,26 or enzymatic 27–

x29 resolution of 2 are the most common ap-
proaches used today. For example, the Tanabe

Ž .process Fig. 2 utilizes classical diastereomeric
w xsalt crystallization for resolving the acid 2 30 .
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Fig. 1. Diltiazem hydrochloride.

The main disadvantage of these resolution
processes is the low theoretical maximum yield

Ž .of the desired S,S -lactam 3 — only 40%, due
to the necessity of discarding both the erythro
wŽ . Ž .x Ž .R,S and S, R isomers of 2 approx. 20%

Ž . Ž .and the R, R -threo isomer of 2 approx. 40% .
Consequently, the aim of this work was to find
a possible route for recycling the waste streams

Ž .of the process containing the discarded R, R -2
isomer, in order to improve the process yield.
The proposed recycling scheme is shown in Fig.
3.

Ž .First, the discarded R, R -2 isomer is closed
to the R, R-lactam 3, according to the process
procedure. Then, racemization of the R, R-
lactam 3 to the R, RqS,S lactam can be per-
formed according to reported literature proce-
dures using an oxidation–reduction system. The
oxidation of the R, R-lactam 3 followed by ba-
sic hydrolysis to obtain a keto-lactam intermedi-

w xate was reported by Yamada et al. 16 using a
DMSOrAc O system containing pyridine. The2

keto-lactam derivative can be chemically re-
duced with NaBH , according to Morimoto et4

Fig. 2. The Tanebe Seiyaku route to Diltiazem.

Fig. 3. Proposed route for recycling waste streams in the Dilti-
azem process.

w xal. 36 giving only cis stereochemistry of the
resulting racemic lactam 3. The racemic lactam
is then submitted to enzymatic kinetic resolu-
tion.

This work describes the resolution step in the
Ž .proposed recycling procedure Fig. 3 . We pre-

sent a novel enzymatic resolution of the racemic
lactam 3, as its acetoxy derivative, by using
lipase-mediated catalysis in organic solvents.

2. Experimental

2.1. General

HPLC analyses were performed on a
Hewlett-Packard 1050 series instrument
equipped with a Jasco 975 UV detector. 1H
NMR spectra were recorded on a Varian 500
MHz spectrometer in CDCl . The centrifuge3

used was an Eppendorf 5403 equipped with a
swing-bucket rotor. The shaker used for the
enzymatic experiments was Haake SWB 20.

Ž . Ž .Porcine PLAP and bovine BLAP acetone
powders, porcine pancreas lipase and pig liver
esterase were purchased from Sigma. Horse liver
esterase was purchased from Fluka. Candida
rugosa lipase was purchased from Altus. The
Pseudomonas sp. lipase was obtained from
Amano Pharmaceutical. The racemic amino acid
2 was kindly supplied by Teva Pharmaceutical.

Ž .Neutral alumina 90 active neutral was pur-
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chased from Merck. The solvents used for the
enzymatic reactions were of analytical grade.
Unless otherwise stated, materials were ob-
tained from commercial suppliers and were used
without further purification.

2.2. Determination of conÕersion and enan-
( )tiomeric excess ee

The progress of the reaction was followed by
ŽHPLC using a 5 mm Kromasil 5 C8 column 25

.cm=4.6 mm from Phenomenex or ISI. Eluent
Ž .composition: Acetonitrile:H O 50% 0 , 50%2

Ž . Ž . Ž .10 , 100% acetonitrile 20 , 100% 25 , 50%
Ž .30 ; flow rate: 1 mlrmin; detection: 254 nm.
The conversion was calculated from the relative
areas beneath the two peaks, using a response
factor obtained from calibration of the substrate

Ž .and product the factor was found to be ;1 .
The retention times were: R s7.6 min forf

lactam 3 and R s10.8 min for the acetoxyf

lactam 4.
The % ee of the reaction product and sub-

Ž .strate 3 and 4, respectively was determined by
HPLC using a Chiralcel OJ column from Dai-

Ž .cel, 5 mm, 4=250 mm . Eluent composition:
Ethanol:Hexane 70:30, 408C, 0.7 mlrmin, ls
254 nm. The retention times were: R s7.2 minf

Ž . Ž .for R, R -4, R s8.0 min for S,S -4, R s12.3f f
Ž . Ž .min for R, R -3 and R s24.9 min for S,S -3.f

[( ) ( )]2.3. Synthesis of racemic R,R q S,S -acetoxy
lactam 4

We used a direct synthesis of this acetoxy
derivative from the racemic amino acid 2, which
was available to us. The starting material for
this reaction was given to us by Teva Pharma-
ceutical.

In a 250-ml round bottom flask were placed
Ž .10 g of racemic-threo R, RqS,S -amino acid 2

and 54 ml of DMF. After dissolving the starting
material, 3 ml of pyridine was added dropwise
over 20 min and the mixture was magnetically

stirred at r.t. for another 40 min. Then 7 ml of
acetic anhydride was added over a period of 15
min. The stirring was continued overnight at r.t.
The mixture was then transferred to a 500 ml
beaker, and 210 ml of ice water were added. An
off-white solid was obtained and was stirred at
0–58C for 1 h. The solid was filtered and
washed with water. Reslurrying with the mini-
mum amount of methanol, filtering and washing
with cold methanol and ether afforded 7.5 g of

Ž .racemic-acetoxy lactam 4 70% yield , 99.5%
1 Ž .by HPLC, H NMR d 8.11 1 H, s , d 7.68–7.70

Ž . Ž .1 H, m , d 7.40–7.47 3 H, m , d 7.18–7.26
Ž . Ž . Ž2 H, m , d 6.86–6.88 2 H, m , d 5.33 1 H, d,

. Ž .Js7.0 Hz , d 5.16 1 H, d, Js6.5 Hz , d

Ž . Ž . Ž3.81 3 H, s , d 1.92 3 H, s , m.p. non-
. Žcalibrated s 1838C, MS Instrument: VG

Prospec, magnetic section; interphase: plasma
. w xqspray s344 MH , 284.

2.4. Kinetic measurements of the alcoholysis
reaction with free PLAP catalysis

All the reactions were carried out in a batch
manner in a 25-ml Erlenmeyer flask. The reac-

Ž .tion mixture contained: racemic-4 25 mg , bu-
Ž . Ž .tanolrhexane 2r8 10 ml , PLAP 0.3 g . The

reaction mixture was placed in the shaker at
508C and 130 rpm. Samples were withdrawn
periodically from the reaction mixture and ana-
lyzed by HPLC. Integration of the HPLC chro-
matograms afforded quantitative determination
of the reaction progress. The R value of thef

obtained lactam 3 was compared to an authentic
sample of the lactam, obtained from Teva Phar-
maceutical.

2.5. Kinetic measurements of the alcoholysis
reaction with PLAPralumina catalysis

The procedure as described in the previous
paragraph was used, but the enzyme was mixed
with neutral alumina before addition to the reac-
tion mixture. The ratio of PLAPralumina was
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generally 1r2 or a different ratio as mentioned
in the text.

2.6. Recycling experiments

All the experiments were carried out in a
batch manner in a 100-ml centrifuge tube. The

Ž .reaction mixture contained: racemic-4 50 mg ,
Ž .butanolrhexane 2r8 10 ml , PLAPralumina

0.6 gr1.2 g. The reaction mixture was placed in
the shaker at 508C and 130 rpm for 24 h. After

Ž .each run, 10 ml of solvent BuOHrhex 2r8
Žwas added, the tubes were centrifuged 5000

.rpm, rt, 25 min and the solvent decanted. Two
more washings with 20 ml solvent were con-
ducted and centrifuged under the same condi-
tions. Following this step, a new batch of
racemic-4 and solvents was added to the washed
enzyme and another cycle was conducted.

3. Results and discussion

Three options were considered as possible
routes for the resolution of the lactam 3, and are
shown in Fig. 4.

Initially, the hydrolysis alternative was tested.
Thus, the acetoxy lactam derivative was submit-
ted to the action of several commercial enzyme
preparations and progress of the hydrolysis was

Fig. 4. Alternative routes to the enzymatic resolution of the lactam
intermediate.

Fig. 5. Enzymatic transesterification of racemic acetoxy lactam 4
with butanol in hexane.

followed by HPLC. The hydrolysis was per-
formed in phosphate buffer at neutral pH, with
the addition of 10% of DMF as a co-solvent.
These preliminary screening experiments re-
vealed that only two enzymes — the porcine
and bovine acetone powders — catalyzed the
reaction. Out of these two enzymes, the porcine

Ž .liver acetone powder PLAP was more active
and was therefore further studied. Chiral HPLC
analysis of the reaction mixture showed that the

Ž .PLAP hydrolyzed the R, R -acetoxy lactam 4
Ž .to give mainly the R, R -lactam 3 and the
Ž .remaining enriched S,S -acetoxy lactam 4.

However, the stereoselectivity of the reaction
was not very high — about 85% ee for the

Ž .product R, R -3 at 35–40% conversion. Conse-
quently, it was decided to test the other possible
routes — esterification and transesterification
Ž .or alcoholysis which are performed in organic
solvents and, hence, a significant effect on enan-

w xtioselectivity may be observed 31,32 .
The esterification of the racemic lactam 3

with various acyl donors in organic solvents
was examined. PLAP, which gave the best re-
sults in the hydrolysis reaction, and several
other commercial enzyme preparations were
tested. The acyl donors used were vinyl acetate,
acetic anhydride and butyl acetate. In all cases,
no reaction occurred at all. This route was
therefore abandoned and the third option —

Ž .alcoholysis — was examined Fig. 5 .
Butanol was chosen as the transesterification

agent because it is known to work well in
w xenzymatic reactions 33 . The solvent of choice

was hexane for the same reason. The screening
results for several commercially available en-
zyme preparations in the alcoholysis reaction
are shown in Table 1.
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Table 1
Enzymatic alcoholysis of racemic acetoxy lactam 4 with butanol in hexanea

b cŽ . Ž . Ž .Entry Enzyme Reaction time h % Conversion to R, R -3 % ee of R, R -3

1 PLAP 24 23.4 96.9
2 bovine liver acetone powder 24 no reaction –
3 pig liver esterase 96 no reaction –
4 horse liver esterase 96 no reaction –

w x5 Candida rugosa lipase 34 72 14.5 97.3
6 porcine pancreatic lipase 120 no reaction –
7 Pseudomonas sp. lipase 120 no reaction –

a The experimental protocol is described in the Experimental Section. No reaction took place in the absence of the enzyme under the
conditions used.

bReaction progress was monitored by integration of HPLC chromatograms, which enabled quantitative determination of the remaining
acetoxy lactam 4 and the product lactam 3.

c Ž .Determined by HPLC on chiral column Chiralcel OJ, Daicel with a 70:30 mixture of ethanol and hexane.

As can be seen from Table 1, two enzymes
showed positive results, PLAP and the lipase

Žfrom Candida rugosa formerly termed Can-
. 1dida cylindracea . Both enzymes showed the

same stereoselectivity — transesterifying the
Ž . Ž .R, R -acetoxy lactam 4 to give R, R -lactam 3

Ž .and the remaining enriched S,S -4. Neverthe-
less, in contrast to the hydrolysis reaction, the
stereoselectivity of the alcoholysis was very

Ž .high, giving R, R -3 in )95% ee. Since the
activity of the PLAP was higher than the Can-
dida rugosa lipase, further work was conducted
using PLAP only.

The reaction was examined in different mix-
tures of butanolrhexane in order to obtain the
optimal butanol content. The optimum was

Ž .found to be 10–30% of butanol by volume .
The stereoselectivity was not affected by the
butanol content and was always very high.
Therefore, subsequent work was conducted with
20% butanol in hexane.

As the solubility of the substrate and product
was low in the butanolrhexane system, several
alternative solvents were checked. We proposed
that enhanced solubility might increase the reac-
tion rate. Screening of 18 solvents, from non-
polar ones like toluene and hexane to polar
solvents like THF, revealed that the alcoholysis

1 The enzyme was purchased from Altus in a crystallized
ChiroCLEC form.

worked best in the hydrophobic solvents hexane
and cyclohexane, despite the low solubility.
Hence, hexane was chosen for further work.

Although the reaction was highly stereospe-
cific with regard to the optical purity of the

Ž .lactam R, R -3, it was very slow, and after 3
days only 30% conversion was obtained. Fur-
thermore, it was practically impossible to reach

Ž .complete conversion 50% , and thus obtain the
Ž .desired S,S -isomer in high enantiomeric ex-

cess. As a result, the possibility of immobilizing
the enzyme on a solid support in order to in-
crease its activity and stability was considered.
Several immobilization methods were tested in-
cluding physical and covalent attachments. It
was found that by simply mixing the crude
enzyme powder with neutral alumina, a consid-
erable increase in the reaction rate was achieved,
enabling an almost complete conversion within

Ž .24 h Fig. 6 . PLAP was also mixed with silica

Fig. 6. Reaction progress using different ratios of PLAP:alumina.
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Table 2
Comparison of different ratios of PLAP:aluminaa

PLAP:alumina % Conversion to % ee of % ee of % Conversion to % ee of % ee of
b c c b c cŽ . Ž . Ž . Ž . Ž . Ž .ratio R, R -3 24 h R, R -3 24 h S,S -4 24 h R, R -3 72 h R, R -3 72 h S,S -4 72 h

free PLAP 26.3 98.3 39.1 29.8 94.3 43.1
PLAP:alumina 2:1 36.3 98.7 62.1 45.7 97.8 90.8
PLAP:alumina 1:1 41.0 98.5 75.4 48.0 96.2 98.2
PLAP:alumina 1:2 46.3 89.9 92.1 50.3 87.7 99.1

dPLAP:alumina 1:5 20.4 61.7 22.6 – – –
dPLAP:alumina 1:10 29.0 35.1 25.6 – – –

a The experimental protocol is described in the Experimental Section. No reaction took place in the absence of the enzyme under the
conditions used.

bReaction progress was monitored by integration of HPLC chromatograms, which enabled quantitative determination of the remaining
acetoxy lactam 4 and the product lactam 3.

c Ž .Determined by HPLC on chiral column Chiralcel OJ, Daicel with a 70:30 mixture of ethanol and hexane.
dOnly a quarter of the amount of enzyme was used, therefore the conversion is lower.

giving similar results. This approach had been
w xpreviously used by Shkolnik and Gutman 34 in

a different enzymatic reaction.
As can be seen from Fig. 6 and Table 2,

increasing the ratio of alumina:PLAP signifi-
cantly increased the reaction rate, but also caused
a decrease in enantioselectivity. Thus, in a ratio
of 1:5 PLAP:alumina, the % ee of R, R-3 de-
creased to 62%. Among the values tested, it
seems that a ratio of PLAP:alumina 1:2 is the
best, giving high yield and high enantiomeric

Ž .excess of the desired S,S -4.
In order for the enzymatic reaction to be

economically feasible, the catalyst has to be
recycled. Therefore, the PLAP:alumina 1:2
preparation was further tested in recycling ex-
periments, to check the possibility of reusing

Fig. 7. Comparison of recycling experiment — PLAPralumina
and free PLAP.

the enzyme. Each cycle was run for 24 h, then
the enzyme was centrifuged, washed, and reused
in the next cycle. The results are presented in
Fig. 7.

It can be seen that for PLAPralumina 1:2,
the activity remained nearly constant during
seven alcoholysis cycles. On the other hand, the
conversion to product using free PLAP prepara-
tion decreased to approximately 50% of its ini-
tial value after only three cycles. Thus, the
PLAPralumina system shows a potential for
enzyme recycling. It is assumed that the alu-
mina prevents the enzyme from aggregating,
thus keeping the surface area of the enzyme
very high throughout the reaction, in contrast to
the free PLAP. The observed enhancement of
enzymatic activity and stability, when adsorbed
on alumina, is in accordance with the results of

w xKim and Lee 35 for silica gel as a solid
support, for their enzymatic system.

4. Conclusions

A novel enzymatic resolution of an important
Diltiazem intermediate was accomplished, using
a crude, inexpensive enzyme powder. Of the
three possible resolution routes tested, alcoholy-
sis was the most successful, giving the desired

Ž .product S,S-4 in )95% enantiomeric excess
at approx. 50% conversion. The enzymatic reac-
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tion was conducted at 508C using 20% butanol
in hexane. The activity and stability of the
enzyme was considerably enhanced when it was
pre-mixed with neutral alumina in a ratio of 1:2
enzyme:alumina. This resolution may serve as
the key step in a possible recycling procedure
for the waste streams of the Diltiazem process,
enabling a significant increase in the maximum
yield of the process.

Acknowledgements

We thank Teva Pharmaceutical for supplying
us with the racemic amino acid 2 and the
Ž .S,S -lactam 3. We would also like to thank Dr.
R. Effenberger, Dr. J. van Mil and Dr. A.
Ayalon for very fruitful discussions.

References

w x Ž .1 R.N. Patel, Adv. Appl. Microbiol. 43 1997 91.
w x2 A.L. Gutman, M. Shapira, Adv. Biochem. Eng. Biotech. 52

Ž .1995 87.
w x Ž .3 K. Faber, M. Franssen, TIBTECH 11 1993 461.
w x4 E. Santaniello, P. Ferraboschi, P. Grisenti, A. Manzocchi,

Ž .Chem. Rev. 92 1992 1071.
w x Ž .5 W. Boland, C. Frobl, M. Lorenz, Synthesis 1991 1049.
w x Ž .6 J.B. Jones, Tetrahedron 42 1986 3351.
w x7 G.M. Whitesides, C.-H. Wong, Angew. Chem., Int. Ed. Engl.

Ž .24 1985 617.
w x Ž .8 K. Faber, S. Riva, Synthesis 1992 895.
w x Ž .9 Z.-F. Xie, Tetrahedron: Asymmetry 2 1991 733.

w x Ž .10 A.L. Margolin, CHEMTECH 1991 160.
w x Ž .11 A.M. Klibanov, Acc. Chem. Res. 23 1990 114.

w x Ž .12 J.S. Dordick, Enzyme Microb. Technol. 11 1989 194.
w x13 C.-S. Chen, C.J. Sih, Angew. Chem., Int. Ed. Engl. 28

Ž .1989 695.
w x Ž .14 T. Godfraind, R. Miller, M. Wibo, Pharm. Rev. 38 1986

321.
w x15 M. Villa, C. Pozzoli, Proc. Int. Symp. Chiral USA, Boston,

15–16 May 1995, paper no. 3.
w x16 S. Yamada, Y. Mori, K. Morimatsu, Y. Ishizu, Y. Ozaki, R.

Ž .Yoshioka, T. Nakatani, H. Seko, J. Org. Chem. 61 1996
8586.

w x Ž .17 J.L. Lopez, S.L. Matson, J. Membrane Sci. 125 1997 189.
w x Ž .18 H. Matsumae, T. Shibatani, J. Ferment. Bioeng. 77 1994

152.
w x19 D.R. Dodds, J.L. Lopez, US Patent 5,2274,300, 1993.
w x20 H. Matsumae, M. Furui, T. Shibatani, J. Ferment. Bioeng. 75

Ž .1993 93.
w x Ž .21 J.A. Laffitte, C. Gancet, C. Soccol, Ind. J. Chem. 1993 94.
w x22 J.G.T. Kierkels, W.P.H. Peeters, EP Patent 602740, 1993.
w x Ž .23 A. Gentile, C. Giordano, J. Org. Chem. 57 1992 6635.
w x24 L.A. Hulshof, J.H. Roskam, EP Patent 343714, 1989.
w x25 H. Inoue, M. Konda, T. Hashiyama, H. Otsuka, K. Taka-

hashi, M. Gaino, T. Date, K. Aoe, M. Takeda, S. Murata, H.
Ž .Narita, T. Nagao, J. Med. Chem. 34 1991 675.

w x26 M. Senuma, M. Shibazaki, S. Nishimoto, K. Shibata, K.
Ž .Okamura, T. Date, Chem. Phar. Bull. 37 1989 3204.

w x27 H. Akita, I. Umezawa, H. Matsukura, Chem. Pharm. Bull. 45
Ž .1997 272.

w x28 L.T. Kanerva, O. Sundholm, J. Chem. Soc. Perkin Trans 1
Ž .1993 2407.

w x29 L.T. Kanerva, O. Sundholm, J. Chem. Soc. Perkin Trans 1
Ž .1993 1385.

w x Ž .30 Tanabe Seiyaku, Jpn. Patent JP 59 20,273 1984 .
w x31 T. Sakurai, A.L. Margolin, A.J. Russell, A.M. Klibanov, J.

Ž .Am. Chem. Soc. 110 1988 7236.
w x32 H. Kitaguchi, P.A. Fitzpatrick, J.E. Huber, A.M. Klibanov, J.

Ž .Am. Chem. Soc. 111 1989 3094.
w x33 A.L. Gutman, E. Shkolnik, M. Shapira, Tetrahedron 48

Ž .1992 8775.
w x Ž .34 E. Shkolnik, A.L. Gutman, Bioorg. Med. Cem. 2 1994 567.
w x Ž .35 M.G. Kim, S.B. Lee, J. Mol. Cat. B: Enzymatic 2 1996

127.
w x36 M. Morimoto, H. Kohno, K. Yasuda, T. Date, N. Takamura,

Ž .S. Sugasawa, Heterocycles 30 1990 471.


