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Abstract

An efficient route to the pharmaceutically importanf,@)-11-oxo-5,6,7,8,9,10-hexahydro-6,9-methanobenzocyclooctene intermediate has

been demonstrated via kinetic resolution of 11-o0x0-5,6,7,8,9,10-hexahydro-6,9-methanobenzocyclooctene using a commercially aveilable ketor
ductase. Biocatalytics KRED 101 has been shown to selectively reduceR/®S)(@nantiomer leaving behind the desired,@) enantiomer.
This novel reaction is the first demonstration of a high yielding (44% versus 50% maximum theoretical yield) highly stereoselective (>99% ee)
resolution of a bicyclic ketone, via enzymatic reduction using a commercially available ketoreductase, where the stereochemistry of the substrai
is determined by a bridged ring system. Several challenges were overcome, including enhancing the selectivity of the enzyme by controlling
temperature and increasing substrate solubility by employing a combination of cyclodextrin and organic co-solvent in the aqueous reaction syster
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction commercially available lipase that yieldes){aproxen with
>99% ee. Lipases have also been used for the kinetic resolu-
The reaction discussed is the followirfgogheme L tion of cyclohexenones by enantioselective acetylation of the

The preparation of optically pure compounds is of particu-racemic starting materigd]. A few examples exist in which a
lar importance to the pharmaceutical industry. Biocatalysts havketoreductase was used to reduce a prochiral carbonyl group to
been routinely used to create optically pure molecules that haven optically enhanced alcohf#] for the kinetic resolution of
been difficult to synthesize using conventional organic chema racemic substrate. Most of these examples employed whole
istry. When the asymmetric synthesis of a desired chiral comeell enzyme preparations, such as the kinetic resolutiop- of
pound is not feasible, enzymatic resolution of a racemic startinggeto esterg46] and a-hydroxy-«-substitutedd-keto esterq7]
material is often employed to afford the target molecule. Onéy baker’s yeast reduction to their diol counterparts. Addition-
of the most common examples of enzymatic resolution is estaally, access to enantiomerically pure bicyclic ketones such as
hydrolysis using an esterase or lipg4¢ The preparation of the Wieland—Miescher ketone has also been obtained by kinetic
enantiomerically pure substitut@eketo esters has been demon- resolution using yeast-mediated reduct[8h A drawback of
strated by pig liver esterase catalyzed hydrolysis of their racemiwhole cell catalysts is that the preparation may contain multiple
precursorg?2]. Steenkamp and Bradi] have demonstrated enzymes that act on both enantiomers of a substrate, leading to
the enantiomeric resolution oR(S)-naproxen esters using a decreased stereospecifici89]. For example, Hioki et a[10]
observed that several enzymes participated in their baker’s yeast
reduction and kinetic resolution akf)-4-methyl-Hajos—Parrish

- ketone.
* Corresponding authors. Tel.: +1 732 594 3459; fax: +1 732 594 6703. While few examples of kinetic resolution of racemic ketones
E-mail addresses: matthewtruppo@merck.com (M.D. Truppo), . P . ) . .
jefirey. moore@merck.com (J.C. Moore). by enzymatic reduction using a commercially available alcohol
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OH  enzyme sulfoxide (DMSO), dimethylformamide (DMF), methyl ethyl
@O — = OH ketone, methanol, acetonitrile, ethanol, hexanes, glucose, potas-
sium phosphate, beta W7 M1.8 cyclodextrin (purchased from
reduced (6R,9S)-keto phenol Wacker).

—+

OH 2.3. Experimental setup
o

Small scale reactions (0.15-1.59) were run at 10-100 mL
(68,9R)-keto phenol scale in temperature controlled reactors equipped with over-
Scheme 1. Enzymatic kinetic resolution of racemic keto-phenol by selectivdiead mechanical stirring. Temperature control was variable and
reduction of the ketone. could be adjusted to operating temperatures between 5 and

75°C. Large scale reactions (1 kg) were carried out in a 100L
dehydrogenases/ketoreductases ¢xidt even fewer examples  Buychireactor with pH control, temperature control and overhead
exist in which the substrate’s chirality is determined by a carbofinechanical stirring.
bridge across a bicyclic ring system. Horse liver alcohol dehy- A typical reaction mixture consisted of 200 mM potassium
drogenase has been used to selectively resolved cage-shaggfbsphate buffer at pH 7.0 with 10% v/v DMSO. The component
moleculeq12-14]Jand some bicyclic bridged ketonf5], but  concentrations in the reaction mixture were 10 g/L keto-phenol
with poor to moderate selectivity. substrate, 0.2 g/L KRED 101, 0.1g/L NADP, 0.15g/L GDH,
(65,9R)-11-0x0-5,6,7,8,9,10-hexahydro-6,9- 90 g/L glucose, and 70 g/L cyclodextrin.

methanobenzocyclooctene (S(6R) keto-phenol”) has been  The keto-phenol substrate was dissolved in DMSO and added
shown to be animportantintermediate in the preparation of phakp a solution containing the buffer, cyclodextrin, and glucose at
maceutically active substanciis$,17] Until recently, racemic  45°C to rapidly solubilize the substrate. The GDH, KRED 101
11-0x0-5,6,7,8,9,10-hexahydro-6,9-methanobenzocyclooctengnd NADP were then added to the reaction mixture. Next, the
(“keto-phenol”) [18] has been employed as an intermediate reaction temperature was adjusted rapidly down téQ@here
with the final compound being resolved chromatographicallyit was held for 20 h and then assayed for conversion and desired
later in the synthesis, as no efficient route t8,9&) keto-phenol  (65,9r) keto-phenol product ee.
had been determine6]. This work details the enzymatic ~ Because the subsequent step in the synthesis of the final
reduction and kinetic resolution of racemic keto-phenoldrug product was selective for the keto-phenol and residual
(Scheme Yalong with the challenges of optimizing the reaction gicohol could easily be rejected in downstream purification
system conditions, including enhancing the solubility of thesteps, the desired keto-phenol and alcohol mixture was isolated
keto-phenol substrate using cyclodextrin. The solubility oftogether. The keto-phenol and alcohol were initially partitioned
the substrate in the aqueous hydrolytic reaction system wafto methyl ethyl ketone and the extract was washed with DI
extremely poor (<0.5g/L). Cyclodextrins have been shown tqyater. The washed extract was concentrated, solvent switched
serve as carrier molecules for poorly water-soluble compoundg methanol, and the keto-phenol and alcohol were then crystal-
by forming a water-soluble inclusion complex, with the |ized from the solution using water as an anti-solvent. The >99%

hydrophobic substrate molecule contained in an apolar cavitge keto-phenol was isolated with 84% isolation yield.
within the cyclodextrin ring structurfl9,20]. Various groups

have used cyclodextrins to successfully enhance the solubility 4. Analysis
of their substrates >5-folf21,22]

The concentrations of reactants and products were deter-

2. Experimental mined by reverse phase HPLC using a FluoroSep-RP Phenyl/HS
(5cmx 4.6 mm, 5um) column at 40C and a detection wave-
2.1. Whole cells and isolated enzymes length of 230 nm. The mobile phase consisted of 30% acetoni-
trile and 70% water.
Ourin house whole cell yeast culture library containing00 The ee of the keto-phenol was determined by normal phase

organisms was screened along with a ketoreductase scregdPLC using a ChiralPak AD (25 cm 4.6 mm, 1Qum) column

ing kit purchased from Biocatalytics. The kit included isolatedat 25°C and a detection wavelength of 230 nm. The mobile phase
enzymes KRED 101-KRED 108. Allenzymes (KRED 101-108consisted of 10% ethanol and 90% hexanes.

and GDH) and cofactor were purchased through Biocatalytics,

Inc. (Pasedena, CA). 3. Results and discussion
2.2. Chemicals 3.1. Catalyst screen

Racemic keto-phenol substrate was made in house accord- Our in house whole cell yeast culture library containing
ing to the procedure outlined by Belanger et[aB]. Unless  ~400 organisms along with eight commercially available iso-
otherwise noted, all chemicals used were certified as andated ketoreductase enzymes were screened in a reaction system
lytical research grade and purchased from Sigma: dimethyleomprised of potassium phosphate buffer at pH 7.0 with 2 g/L
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keto-phenol charged in 5% v/iv DMSO at room temperature.
The commercially available isolated enzyme KRED 101 proved
to be the most selective catalyst, producing the desir& @K
keto-phenol product with 98% ee at 60% conversibir23).
Twenty-two whole cell cultures resolved the compound with
some selectivity. The best whole cell catalyst identified was a
strain fromCandida rhagii that showed poorer selectivity than
the isolated enzyme, with 90% ee of(8R) keto-phenol at 65%
conversion £ = 8).

reduction rate (g/L-h)

7 ¢

S = N W s 1O N ®O O
1

3.2. Substrate solubility and effect of cyclodextrin 0 0.05 0.1 015 0.2 0.25
KRED 101 conc. (g/L)
Keto-phenol substrate solubility in the aqueous reaction

: ig. 2. Effect of catalyst loading on reaction rate. Reaction conditions: 10%
<
buffer was shown to be extremely poor (<0.5 g/L). Reaction rat MSO, 10 g/L keto-phenol, 70 g/L cyclodextrin, 0.5 g/L NADP, 0.15 g/L GDH,

was greatly limited by this poor solubility. Typically, miscible g5/ gucose in 200 mM potassium phosphate buffer at pH 7 an@:35
organic co-solvents can be used to increase substrate solubil-

ity. With 20% DMSO added to the reaction buffer, keto-phenolijon that is available to the enzyme. Although the system is
solubility increased to 5g/L. However, KRED 101 was showngjy soluble, most of the substrate is held tightly in the apo-
to be intolerant of high concentrations (>15%) of organic Co+a; cyclodextrin ring at high cyclodextrin concentrations. This
solvents (MeOH, DMSO, DMF, THF). The rapid deactivation 4ftect has also been observed by ottj2824] Dunnwald et al.

of KRED 101 in the presence of high concentrations of organi,pserved a 50% decrease in enzyme activity in reactions run with
co-solvent led us to examine another approach for increasy cyclodextrin additiv§24]. Based on this data, the cyclodextrin
ing subsftrate solubility. Cyclodextrin molecules are eXtreme_lyconcentration was set at 70 g/L as it provided for complete sol-
soluble in aqueous systems (>2000g/L) and have a chemicglyijity of the keto-phenol substrate (10 g/L) and it offered the

structure that includes a non-polar interior cavity that can formy4yimum rate of reaction. This concentration of cyclodextrin
complexes with hydrophobic molecules. Cyclodextrin beta W7equates to a 1:1 molar ratio of cyclodextrin to substrate.
M1.8 (MW =1310 g/mol) at a concentration of 100 g/L in buffer

was able to solubilize 5g/L keto-phenol. The combination of3 3 gftect of catalyst loading

100 g/L cyclodextrin with 10% DMSO in buffer increased keto-

phenol solubility to 10 g/L with no negative impact on KRED  KRED 101 catalyst loading was varied from 0.02 to 0.2 g/L.

101 stability. Around 0.2 g/L was determined to be the upper limit for eco-
A range of cyclodextrin concentrations was studied fromnomic viability of the process at scale. The reaction rate was

50 to 300 g/L. At concentrations below 70 g/L the keto-phenoldetermined to be linearly proportional to the catalyst loading

substrate was not soluble in the reaction system at 10 g/L. Rea(Fig. 2), demonstrating that the reaction was not in a mass trans-

tions were run at cyclodextrin concentrations ranging from 70 tder limited regime at the enzyme concentrations studied. The

300 g/L. The initial rate of keto-phenol reduction was measured&RED 101 loading was set at 0.2 g/L as this would provide for

for each reaction. The rate of reaction decreased at increathe fastest reaction rate and was economically feasible.

ing concentrations of cyclodextrirrig. 1). This effect can be

explained by the low concentration of free substrate in solu3.4. Effect of NADP cofactor concentration

5- The effect of NADP cofactor concentration was studied to
determine the lowest amount of cofactor that could be used
without cofactor recycling limiting the reaction rate. Reactions
’. were run with NADP concentrations ranging from 0.001 to
1g/L. Samples were taken and the initial rate of reduction was
determined. The reaction rate increased at increasing NADP
concentrations ranging from 0.001to 0.1 g/L, demonstrating that
the reaction was limited by cofactor recycling at NADP concen-
trations <0.1 g/L. No significant increase in reaction rate was
* observed from 0.1 to 1 g/L NADP, therefore 0.1 g/L was chosen
¢ . as the optimal NADP cofactor concentration for this reaction
0 100 200 300 400 system Eig. 3).
cyclodextrin conc. (g/L)

B
1

reduction rate (g/L-h)
[ 2

i ) ) . ) .3.5. Effect of GDH concentration
Fig. 1. Effect of cyclodextrin concentration on reaction rate. Reaction condi- 1 f

tions: 10% DMSO, 10g/L keto-phenol, 0.1g/L KRED 101, 0.5g/L NADP, . . . .
0.15g/L GDH, 90g/L glucose in 200 mM potassium phosphate buffer at pd ~ Reactions were run with GDH concentrations ranging from

7 and 35C. 0.05 to 0.5 g/L to determine the minimum amount of GDH that
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Fig. 3. Effect of NADP concentration on reaction rate. Reaction conditions: 1096719- 5- Effect of temperature on reaction rate (note log scale-axis). Reac-
DMSO, 10g/L keto-phenol, 70 g/L cyclodextrin, 0.2 g/L KRED 101, 0.15g/L tion conditions: 10% DMSO, 10g/L keto-phenol, 70 g/L cyclodextrin, 0.2g/L

GDH, 90 g/L glucose in 200 mM potassium phosphate buffer at pH 7 ang35 KRED 101, 0.1 g/L NADP, 0.15 g/L GDH, 90 g/L glucose in 200 mM potassium
phosphate buffer at pH 7.0.

can be used while ensuring that the reaction is not limited by 40-

cofactor recycling rate. The reaction rate improved with increas- *
ing GDH concentration up to 0.15 g/L GDHi@. 4). Noincrease
in reaction rate was observed in reactions run with >0.15g/L _. %07
GDH, so 0.15g/L GDH was chosen as the optimal GDH con- § R
centration. 3 20-
2 *
b3
3.6. Effects of pH and temperature w 10 ¢ .
pH was optimized by running reactions at a range of pH
values from 6 to 8. pH 7.0 was determined to be the optimal pH 0 : . T T .
0 10 20 30 40 50

for this reaction system.

The effect of temperature on reaction rate and enzyme selec-
tivity was studied by running reactions across a range of tempeFig. 6. Effect of temperature on enzyme selectivity. Reaction conditions: 10%
atures from 10 to 45C. The initial reaction rate was observed PMSO, 10g/L keto-phenal, 70g/L cyclodextrin, 0.2g/L. KRED 101, 0.1g/L
to increase Iogarithmically with increasing temperattErig.(S). NADP, 0.15 g/L GDH, 90 g/L glucose in 200 mM potassium phosphate buffer

. . . . atpH?7.0.
Enzyme selectivity was calculated using the following equation: P

temperature (deg C)

be obtained at each temperatufalfle 1. The maximum the-
In[(1 — conversion)(1- e&ubstratd] oretical yield for the kinetic resolution is 50%. Based on this
In[(1 — conversion)(H- e&ubstratd] data, the optimal reaction temperature was determined to be

Selectivity of the enzyme improved at decreasing temper—lo C. Although higher temperatures provided for greater reac-

atures Fig. 6). The enzyme selectivity values were used totIon rates, product yield at T@ was greatly increased over

calculate the yield of >99% ee §®R) keto-phenol that could rurlnmg at elevategl tempera’Fures. Runmn_g the reaction below
10°C would only give a marginal increase in yield at the unac-

ceptable expense of reaction rate.

E(selectivity)=

10 7
~ & 3.7. Effect of cyclodextrin on keto-phenol isolation
j * o *
) . The strategy for isolating high purity keto-phenol and alcohol
£ required that a procedure be developed that rejects the cyclodex-
c L 4
6 44
5 Table 1
=) Yield of >99% ee (6,9R) keto-phenol
B o] ¢
= Temperature°C) >99% ee (8,9R)
0 keto-phenol (% yield)
T T T T 1
0 0.1 0.2 0.3 0.4 0.5 45 26
GDH conc. (g/L) 35 30
. . . . - 25 32
Fig. 4. Effect of GDH concentration on reaction rate. Reaction conditions: 10% 39
DMSO, 10g/L keto-phenol, 70 g/L cyclodextrin, 0.2 g/L KRED 101, 0.1g/L a4

NADP, 90 g/L glucose in 200 mM potassium phosphate buffer at pH 7 an@ 35
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1007 A QD demonstrated, this is the first time that a compound whose stere-
A ochemistry is set by a bridged bicyclic ring system has been

801 resolved in such a fashion with a commercially available enzyme
a in an optimized high yielding and highly stereoselective sys-

60 A . tem. The challenges of poor substrate solubility in aqueous
- m ® reaction systems and the lack of tolerance of KRED 101 for

40+ [ ] high concentrations of organic solvents were overcome through
ﬁ the combined use of cyclodextrin and DMSO to solubilize the
201 4 substrate. Finally, selectivity of the enzyme was improved by

running the reaction at low temperature (1), and the opti-
OO z o ” 25 Py mized process was demonstrated at 1kg scale producing the

time (hours) desired (6,9R) keto-phenol product with >99% ee and 44%
yield (50% maximum theoretical yield for the resolution).
A ee (6S,9R) keto-phenol B % conversion

Fig. 7. Kinetic resolution reaction profile for 1 kg scale reaction. Reaction Condi’References
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