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Abstract. Enzymatic asymmetrization of a prochiral diester baving 4 bonds between the ester group and prochiral center is the
cornerstone of a short and efficient synthesis of an LTD4 antagonist. The enzymatic hydrolysis occurs in a heterogeneous slurry,
but a kinetic analysis shows that the reaction takes place in solution. Product inhibition of the enzyme is severe, requiring that a
substantial amount of enzyme be used relative to substrate. To more efficiently use the expensive enzyme, it was immobilized
on several supports, the most effective of which was XAD 7 with crosslinked enzyme.

Leukotrienes are naturally occurring molecules in humans and animals that are derived from
metabolism of arachidonic acid. No beneficial role of leukotrienes has been discovered, yet they have been
implicated in mediating several diseases, such as asthma, inflammatory bowel disease, and psoriasis.! Two
approaches to diminish the undesirable effects of leukotrienes have been to inhibit the production of
leukotrienes by blocking the enzymatic pathway (usually the 5-lipoxygenase enzyme) or by blocking the
action of leukotrienes via competitive receptor antagonists. Two compounds, developed in the laboratories
of Merck Frosst Canada, that block the leukotriene D4 (LTD4) receptor have been shown to be clinically
effective in controlling asthma. The first compound developed, MK-0571,2 is a racemate while the more
recent compound is the (R)-enantiomer (MK-0679, verlukast).3 To support extensive safety assessment
studies in animals and large scale clinical trials in humans, a practical synthesis is required, meaning one that
is safe, environmentally sound, efficient, and economical. In this paper we describe (1) the practical
synthesis of verlukast (MK-0679) using an enzymatic asymmetrization of a prochiral diester as the key step,
(2) the kinetics of the enzymatic transformation, and (3) enzyme immobilization techniques to recycle the
enzyme.
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L hesis of 7 1

Since a reasonable synthesis of the racemic compound MK-0571 was available,4 the most
straightforward approach to the synthesis of the enantiomers would be through a classical resolution.
However, due to the similarity of the two thioalkyl side chains, attempts to resolve MK-0571 by methods
such as crystallization of diasteromeric salts or chromatographic separation of diastereomeric derivatives,
proved difficult. To circumvent these problems, the medicinal chemists at Merck-Frosst prepared and
separated diastereomeric dithioacetals early in the synthetic sequence, and then converted each of the
individual diastereomers to the enantiomers of MK-0571. The synthesis is shown below in Scheme 1.5

SCHEME |

o lE oo ol

l 1) HaNNHa/ Pyr / CHp»CHCO, SIPhA-Bu

cozn

%S’\,cozm

1) CDI / Mo NH
2) LoH

MK-0679
This novel synthesis hinges on two key unexpected transformations: (1) the formation of the mixed
dithioacetals in 74% yield, with minimal formation of the two symmetrical dithioacetals; and (2) the in situ
cleavage of the thioester (hydrazine in pyridine) and trapping of the resulting thiolate anion with the silyl
acrylate with no racemization occurring. This synthesis not only provided samples of each enantiomer for
testing, but also provided a crystalline intermediate (the mixed (S,R)-dithioacetal diastereomer) suitable for x-
ray crystallography, establishing the stereochemistry of each enantiomer prepared.

With the decision to develop the (R)-enantiomer as a drug candidate, a more practical synthesis was
required. The increased availability and demonstrated usefuliness of enzymes in recent years prompted us to
explore their use in the present case. To take full advantage of the capabilities of the enzyme, we wished to
use it to asymmetrize a prochiral center, where the theoretical yield of the desired enantiomer would be 100%,
rather than use it in the more conventional way of resolving enantiomers, wherein 50% yields of each
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enantiomer are the maximum yields. Consequently, the chiral hydrolysis of the prochiral diester 1 became the
pivotal transformation (Scheme II).
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There is little literature precedent for the enantioselective hydrolysis of esters when the chiral or
prochiral center is remote from the ester being hydrolyzed.6 Therefore, it was remarkable to find enzymes
that could readily hydrolyze the diester shown in Scheme II, wherein the ester is 4 bonds remote from the
prochiral center, with >98% ee. Both the lipase from Pseudomonas species and from Chromobacterium
viscosum gave high yielding hydrolyses with high ee on the methyl esters, while the lipase from Candida
cyclindracea gave an 86% ee on the activated ester, R = CH2CONEt,7 In all cases, some hydrolysis to the
diacid occurred. With the lipase from Pseudomonas species8 the extent of over hydrolysis was only 2-3%,
and it was shown that the minor half ester hydrolyzed faster than the major one (k4 > k3, Scheme II),
producing an increase in ee through a kinetic resolution.

With half ester of high ee in hand, it was straightforward to convert it to final product by performing
chemistry on one or the other of the arms of the unsymmetrical dithioacetal (Scheme I). To prepare MK-
0679, the ester group of the ester-acid was converted to the amide by reaction with Weinreb's dimethylamine-
trialkylaluminum reagent. To prepare the other enantiomer, the acid group of the ester-acid was activated with
carbonyl diimidazole and converted to the amide with dimethylamine, then the ester group was hydrolyzed.
Thus, although the ester hydrolysis produces only one enantiomer, either enantiomer of the desired final
product can be readily obtained.

IL Kineti . .
In early experiments in which only diester 1 and Amano lipase P30 were stirred in a pH 7 aqueous
buffer, very sluggish hydrolysis occurred, presumably due to the very low solubility of the diester. Adding
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2% of the nonionic surfactant, Triton X-100, increased the hydrolysis rate substantially without denaturing
the lipase. Since the diester solubility was still low in this mixture, it was not certain whether the rate increase
was due to increased solubility or to a wetting of the insoluble substrate such that an interfacial hydrolysis
could take place. Lipases are known to react in vivo at interfaces.9 With 2 % Triton X-100 present in the
reaction mixture, the reaction remains heterogeneous throughout. Initially, the diester is virtually all out of
solution, then as the reaction proceeds, the free acid of the product ester-acid 2 crystallizes, even at pH 6.5 to
7.5, due to the extremely low solubility of the free acid in the aqeuous solution. From a preparative
standpoint, this makes the enzymatic reaction very simple to run: the diester, Triton X-100, and enzyme are
stirred in an ageuous buffer solution for a day at 40°C, then the reaction is cooled to ambient temperature and
the product is isolated simply by filtration. The amount of Triton X-100 was optimized at 1.5 wt %. Less of
it resulted in a more sluggish reaction while more of it increased the solubility of product, thus reducing the
isolated yield.

To determine if the enzymatic hydrolysis was taking place in solution or at an interface, and to further
understand and explore this unusual enzymatic reaction, an investigation of the kinetics of the reaction was
initiated.10 Shown below in Figure 1 is a plot of the disappearance of diester 1 during a typical, preparative
scale, hydrolysis. The reaction profile can roughly be divided into three sections: the first part in which the
initial 10 % reaction occurs rapidly in an inital burst, the middle part in which about 70% of the diester is
consumed with nearly zero-order kinetics, and a final part in which the rate slowly decreases as the reaction
nears completion. Further kinetic experiments and solubility measurements provided an understanding of this
unusual reaction profiie. First of all, the initial rapid reaction followed by a clear cut slowing suggested
product inhibition. This is not unusual behavior for enzymes, as product inhibition in nature is a feed back
mechanism to control enzyme activity. However, proving that inhibition was occurring under the complex,
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in Aqueous 1.5% Triton X-100 Solution at 40°C

Figure 1. Reaction Profile for the Lipase-mediated Hydrolysis of Prochiral Diester 1
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Table I. Product Inhibition in the Lipase-mediated Hydrolysis
of Diester 1 in the Presence of Ester-acid 2

- Lipase concentration  Ester-acid conc. Apparent reactivity
(mg/mL) (hl)
1.33 0 57
0.67 0 29
1.33 1.0 4.4
0.67 2.0 1.7
1.33 2.6 2.8
0.67 2.6 1.5
1.33 4.0 1.9
1.33 6.0 1.1
1.33 10.0 0.55
0.67 10.0 0.29
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heterogeneous conditions would be difficult. Instead, it was found that the reaction could be run under
homogeneous conditions. The solubility of the diester 1 in the 1.5 % aqueous Triton X-100 solution was
determined to be 0.8 mg/ mL, or 1.5 mM, at 40°C. Therefore, kinetic experiments were performed at a
concentration of 1 mM at 40°C, wherein all diester was in solution initially and the reaction remained
homogeneous throughout. Reactions were run with varying amounts of product ester-acid 2 present initiaily,
and, as the data in Table I below indicate, severe product inhibition occurred, with the rate decreasing 10-fold
with a product concentration of 10 mM.

An attempt was made to fit the data to a model involving product inhibition as a single equilibrium
with the enzyme, but no good fit was obtained. Instead, a model involving two equilibria was used, and the
data could be adequately fit, although a fairly large range of equilibrium constants could be used with good
fits still being obtained. 10

E+P —EPR
EP; + P /= EP,

Therefore, the initial slowing of the rate in the heterogeneous reaction can be explained by product
inhibition. The reason for the apparent zero-order kinetics during the middle part of the reaction became
apparent from the solubility data acquired during the course of the reaction. As mentioned above, the intial
diester solubility was 1.5 mM. As the reaction proceeded, this solubility increased to 12 mM, and this
increase of diester concentration nearly offsets the inhibitory effect of the product that is being produced
during this period, resulting in a reaction profile that appears zero-order. During the final stages of the
reaction, the solubility of both the diester and the product decrease and this results in a slowing of the rate as
the reaction reaches completion.

The above data suggest that the hydrolysis in the heterogeneous mixture is occurring in the solution
phase, although probably within micelles at the micelle/solution interface. Three additional pieces of data
further support this. (1) The observed heterogeneous hydrolysis rates agreed with those calculated from the
homogeneous rate expression, k = [diester] x [lipase], using reactivities based on the product inhibition
curve. (2) The rates of reaction were independent of the mode of agitation, whether it be mechanical stirring
with a paddle, magnetic stirring with a stir bar, or mixing via use of an ultrasonic probe. (3) The rates of
reaction were independent of the amount of diester initially present, indicating that the rate was controlled only
by the amount of diester dissolved, not by the total amount present in the mixture.

III. Lipase Immobilization

From a practical standpoint, the consequence of the severe lipase inhibition by product is that a
relatively large amount of the expensive enzyme must be used for reasonable rates, productivity, and
throughput. Batch mode operation without enzyme recycle would make the cost of the enzyme prohibitive on
a commercial scale. To address this issue, means of recycling the lipase via immobilization was studied.

The primary ways of immobilization are physical adsorption or covalent bonding of the enzyme to a
solid support, or physical adsorption on a support followed by enzyme crosslinking. Because our solvent
system was an organic-aqueuos mixture, simple physical adsorption on a support was not feasible since
desorption was considerable in this solvent mixture. Therefore, we concentrated our efforts on covalent
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bonding of the enzyme, and to crosslinking adsorbed enzyme on the support. In all cases examined, the
enantioselectivity of the hydrolysis was unaffected by having the lipase immobilized.
Immobilization via Covalent Bonding. Agarose having tethers of varying natures have been widely used for
enzyme immobilization,11 and several of these are available commercially in small quantities. Use of the
hydrophobic agarose gave the best results in the present case. The lipase (Amano PS-800) was immobilized
to 12-aminododecyl agarose with glutaraldehyde. The solvent system used for the hydrolysis reaction was
20% Triton X-100/ 80% 0.1M phosphate buffer at pH 7.5. In this solvent mixture the reaction remained
homogeneous throughout with substrate concentrations up to 0.2 M. In addition, the hydrolysis rate was
about 3-fold faster than that in the heterogeneous conditions, in which only 1.5% Triton X-100 was used.
With the immobilized enyzme, the rate of reaction on the first cycle was 47% as fast as that of the free
enzyme, measured in the same solvent and at the same temperature (40°C). The slower rate of the
immobilized lipase is expected, as access of the substrate to the enzyme is restricted in the immobilized
preparation. Four more cycles were run and the loss of lipase activity per cycle averaged 26%. Some of the
enzyme was leached in the first two cycles, as indicated by enzymatic activity in the filtrate, but none was
observed after that. The loss in acitivity appeared primarily to be due to enzyme denaturation. Given the high
cost of the activated agarose and the limited initial success of this approach, this route was abandoned.
Immobilization via Physical Adsorption and Crosslinking. Amberlite XAD-7 and XAD-8, and Amberchrome
71 are macroporous, neutral polyacrylate resins that have been used extensively for lipase immobilization via
adsorption.12 About 2 wt% lipase (based on dry wt of resin) was adsorbed on XAD-8, then the enzyme was
crosslinked twice using dimethyl diadipimidate.13 Since the other resins have higher surface areas, about 10
wt% lipase (Amano PS 800) was adsorbed on XAD-7 and 15% on Amberchrome 71. The XAD resins
showed similar behavour in the hydrolysis reactions, while the Amberchrome resin gave a slower rate.

Three solvent systems were used in the hydrolysis reactions of the immobilized enzymes, 0.25 M
potassium phosphate buffer (pH 7.5) saturated t-BuOH, 20% Triton X-100/ 80% 0.1 M phosphate buffer
(pH 7.5), and 50% tetraglyme/ 50% 0.15 M N-methylmorpholine buffer (pH 8). The hydrolysis rates using
the XAD-8 immobilized lipase were fastest in the aq. Triton X-100 solvent, with the tetraglyme and t-BuOH
solvent systems being 3-fold and 15-fold slower, respectively. The aq. Triton X-100 and aq. tetraglyme
solvent systems were used for further work. With both of these solvent systems and the crosslinked lipase
on the XAD-8 resin, the initial rate was about 50% of that of the free enzyme. Ten cycles were run, and in
the aq. Triton X-100 system, the rate loss per cycle was 15% and in the aq. tetraglyme system, the rate loss
was 20% per cycle. In both cases, filtrates from the first two cycles showed some lipase activity, indicating
some leaching occurred, but after the third cycle no leaching was occurring, so loss of lipase activity was due
to denaturation. Given the faster rates in the aqg. 20% Triton X-100 solvent and the greater amounts of
enzyme that could be adsorbed on XAD 7, these are the preferred conditions for greatest productivity.
Immobilization on glutaraldehyde-activated polyacrylate resins by covalent bonding. An alternative to simple
adsorption of the enzyme on the XAD resins is to first polymerize glutaraldehyde on the resin surface, then
covalently bond the lipase to the polymer.14:15 Two preparations were made. In the first, the polymerization
of glutaraldehyde was carried out at pH 10.5 in unbuffered solution for 15 h. The pH dropped to 9 by the
end of the polymerization. Lipase binding was then done at pH 7.5 for 16 h. This material was used in 10
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hydrolysis cycles in 20% aq. Triton X-100. The initial rate was 30% of the free enzyme rate, and the loss per
cycle averaged 12% per cycle. In the second preparation, polymerization was done at pH 10.5 in buffered
solution, then the excess glutaraldehyde was washed out by an overnight slurry in aq. Triton X-100. Then,
the lipase was bound to the resin for 48 h at pH 7.5. This preparation was used in 5 cycles and again lost an
average of 12 % per cycle. The simplicity of this method and the use of inexpensive raw materials makes this
approach attractive for practical lipase immobilization.

Summary of Immobilidation Techniques for Psuedomongas Lipase. To summarize, three techniques were
examined for immobilization of the Pseudomonas lipase. The first problem that had to be addressed was the
solubility of the substrate and product. The diester had virtually no solubility in water, so a large amount of a
cosolvent was required. Several alcohols and polar solvents were examined, but most caused severe lipase
denaturation. The best cosolvent turned out to be the polyether surfactant, Triton X-100, which gave
excellent solubility when used as a 20% solution in water. However, using a surfactant as cosolvent meant
that all enzyme that was not covalently bound to the resin would be rapidly desorbed, limiting the options
available for immobilization. Of the methods investigated, direct covalent bonding to a suitably activated resin
gave poor results, and this combined with the expense and labor involved in preparing the immobilized
enzyme, made this route the least attractive. The method involving physical adsorption followed by enzyme
crosslinking gave improved results and uses the XAD resins that are readily available and relatively
inexpensive. The best results were obtained with XAD 8; however, since this resin has a low surface area,
only 2 wt% enzyme could be adsorbed, which limits the productivity of this system. The method wherein
glutaldehyde is polymerized on XAD 7 resin, followed by lipase immobilization via Shiff base formation,
gave the best results for a practical immobilization that could be used on a large scale. As mentioned above,
the resin is inexpensive and readily available, the glutaraldehyde pretreatment and enzyme immobilization
were simple and straightforward processes, and up to 10 weight percent enzyme could be immobilized on the
resins. Furthermore, this method had enzyme activity losses of only 12 % per cycle, the best of the three
methods examined.

EXPERIMENTAL

Preparative Enzymatic Hydrolysis. The dimethyl diester 1 (10.32 g, 0.02 mol) was suspended in 300 mL of
0.1 M potassium phosphate buffer (pH 7.5), and 5 mL of Triton X-100 and 300 mg of LPL-80 (previously
renamed as PS-800, Amano Enzyme Co.) were added. The heterogeneous mixture was stirred mechanically
at 40°C for 40 h. The mixture was then cooled to ambient temperature, filtered, and washed with 1 x 50 mL
of buffer solution (pH 7) and 1 x 50 mL of water to provide 9.05 g of ester-acid of 96% purity (86% yield).
Covalent Immobilization of Lipase on Agarose. The 12-aminododecyl agarose resin (Sigma) was washed
with pH 7 buffer and filtered. The wet gel (2.5 g) was suspended in 10 mL of pH 7 buffer, and 2.5 mL of
50% glutaraldehyde was added. The mixture was stirred overnight at 5°C, then filtered and washed
extensively with buffer solution. The gel was resuspended in 10 mL buffer which contained 50 mg of the
PS-800 lipase and stirred overnight at 5°C. The resin was isolated by filtration. No lipase activity was
detected in the filtrate,

Immobilization of Lipase on XAD-8 Followed by Crosslinking. Wet XAD-8 (10 g containing 50% water)
was washed with 0.1 M potassium phosphate buffer and then slurried with 177 mg of PS-800 lipase in 25
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mL of pH 7 phosphate buffer for 24 h at 5°C. The shurry was then filtered to recover the beads. An estimated
95 mg of lipase was adsorbed to the beads based on the UV absorption at 280 nm of the filtrate and the
original solution of lipase. The beads were then resuspended in 20 mL of a pH 7 buffered solution containing
50 mg of dimethyl diadipimidate. The solution pH was adjusted to 7.5 and the mixture was stirred at 5°C for
48 h. The beads were isolated by filtration, and then treated again by the same procedure with more dimethyl
diadipimidate. Based on subsequent hydrolysis reactions, the second crosslinking made no difference to the
performance or stability of the lipase.

Immobilization of Li n Gl hyde-acti XAD- hiff Base Formation. XAD-7 (10.1 gof
resin containing 62% water) was suspended in 10 mL of 0.1 M sodium carbonate at pH 10.6.
Glutaraldehyde (4.35 g of a 50% aq. solution) was added and the mixture was gently shaken for 22 h at
ambient temperature. The suspension was filtered and washed with 3 x 20 mL water. To wash out any
unpolymerized glutaraldehyde, the resin was suspended in 15 mL of 0.1 M phosphate buffer (pH 7.5) and 3
g of Triton X-100 and gently shaken for 2 h at ambient temperature. The suspension was filtered and washed
with 4 x 20 mL water. A portion of the activiated resin (3.5 g wet) was suspended in 15 mL of 0.1 M
phosphate buffer and Amano PS-800 lipase (81 mg) was added. The suspension was shaken for 45 h at
ambient temperatare. The resin was then filtered and washed with 4 x 20 mL buffer solution. After drying
for 2 h by suction filtration, 2.0 g of resin was recovered.

Enymatic Hydrolyses Using Immobilized Lipase. Dimethyl! diester (150 mg) was dissolved in Triton X-100

(2.0 g) and 8 mL of 0.1 phosphate buffer (pH 7.5) and 0.53 g of the immobilized lipase (approx. 20 mg of
lipase on the glutaraldehyde-activated XAD-7) were added. The mixture was mechanically stirred at 40 °C for
8 h (90% complete reaction), then the resin was filtered and the cycle was repeated with fresh diester/solvent.
By cycle 10 the activity of the resin had dropped to 31% of that measured in the first cycle, an average loss of
activity of 12% per cycle. The activity of the enzyme was based on either the initial rate or the time required
to reach one half life.
Reaction Monitoring. The reactions involving free or immobilized enzyme were followed by HPLC analysis.
The extent of diester hydrolysis was determined based on peak integration at 350 nm. A DuPont Zorbax RX
C-8, 25 cm column was used at ambient temperature, with an eluent consisting of 60% acetonitrile and 40%
0.1 % aq. H3PO4. At a flow rate of 1.5 mL/min the retention times were 2.6 min for the diacid, 4.3 min for
the ester-acid 2, and 9.0 min for the dimethyl diester 1.
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