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Abstract

For biocatalysis-based processesto be scalable, one has to fulfill at least three requirements: (1) industrially acceptable throughput (volume ef-
ficiency); (2) prevention of product inhibition; (3) product separation by partition without recourse to chromatography; and in the case of kinetic
resolution, the off-enantiomer needs to be recycled. In the chemoenzymatic synthBi8-tér{-butoxycarbonyl-5,5-dimethyl-1,3-thiazoli-
dine-4-carboxylic acid (BocDMTAL] featuring a&Klebsiella oxytoca hydrolase, the thermal stability of the enzyme helps to attain an industri-
ally feasible concentration of the substrate, methbyt6,5-dimethyl-1,3-thiazoline-4-carboxylafe, at 60°C: [(£)-6b] = 3.0M (575 g/L).

In the (§-selective hydrolysis ofx)-3-butyryloxyquinuclidinium butyratd2 with an Aspergillus melleus protease, Ca(OH)serves as so
effective a scavenger of butyric acid as to prevent it from impeding the catalytic activity of the protease. This allows the enzymatic hy-
drolysis to proceed at {f)-12] = 2.0M (571 g/L); on extractive separation from the left-ov)-8-quinuclidinyl butyratella, which is
converted toR)-3-quinuclidinol2 via methanolysis, the digestef){2 can be racemized over Raney Co under hydrogen for another round

of the enzymatic resolution. In the synthesigraihs-1-(1,3-dihydroxypropan-2-yl)-4-propylcyclohexaBgcis-4-propylcyclohexanol4 is
prepared byGalactomyces geotrichum-mediated equatorial hydride delivery to 4-propylcyclohexantiiewhile the microbial reduction

fails to go to completion, the unconsumed ketdBecan be removed via bisulfite adduct formation or by simple distillation after malonate
homologation.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction chiral, racemic carboxylic acid in a practical assemblage
of (R)-3-tert-butoxycarbonyl-5,5-dimethyl-1,3-thiazolidine-
Back in the 1980s when molecular catalysis was still in 4-carboxylic acid (BocDMTA)1 (Fig. 1) [11]; (2) an
its infancy, microbial catalysis helped synthetic chemists Aspergillus melleus protease-mediated kinetic resolu-
build stereogenic centers more than nfw3]. However, tion of chiral, racemic alcohol in a scalable prepara-
things have changed dramatically over the past two decadegion of (R)-3-quinuclidinol 2 (Fig. 2) [12]; (3) Galac-
as synthetic chemists have succeeded in competing with hy-tomyces geotrichum-mediated cis-selective reduction of
drolytic enzymes in non-aqueous meffla6]to say nothing 4-propylcyclohexanond13] in a scalable synthesis of
of Noyori's triumph over baker's yea$§f—9]. trans-1-(1,3-dihydroxypropan-2-yl)-4-propylcyclohexar3e
Will biocatalysis bow out in the new millennium then? (Scheme &
The purpose of this article is to disprove such negative To adapt biocatalysis, whether it employs isolated en-
notion against biocatalysis by discussing three case studieszymes or whole cells, for industrial production, its through-
on its application from an industrial viewpoifitO]: (1) a put needs to be increased to an industrially viable level and
Klebsiella oxytoca hydrolase-mediated kinetic resolution of hence substrate concentration should be maximized while
biocatalyst loadings are kept to a minimum. Under those
constrained conditions, biocatalysis is sometimes plagued
*Tel.: +81 78 992 3164; fax:-81 78 992 1050. with product inhibition, a phenomenon that is often over-
E-mail address: masaya.ikunaka@nagase.co.jp (M. Ikunaka). looked in the laboratory where heavy loads of biocatalysts
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of methyl ()-5,5-dimethyl-1,3-thiazolidine-4-carboxylate

SX,COZH 6b by enzymatic enantioselective hydrolysis was explored
N (Scheme 1[11].
‘CO,t-Bu OH ’/s/ Commercially available &)-penicillamine 5 was con-
N{ verted into racemic methyl est&b according to known
(R)-BocDMTA 1 . O/Q\(NH O /N procedures consisting di,S-acetal formation followed by
_ o \\b acid-catalyzed esterificatio®¢heme 1[11,17] Forty-three
>‘ircozH different hydrolase preparations (lipases, proteases and
HS KNI-764 (JE-2147) 4 esterases) were tested for thg)-6elective hydrolysis of
NH2 (£)-6b and aKlebsiella oxytoca hydrolase was identi-
(R)-L-Penicillamine 5 fied as the chiral discriminator of choice: whet){6b

(90 mM) was treated with the hydrolag®.1% (w/v)} in

Fig. 1. Structures off)-BocDMTA 1, KNI-764 4, and R)-L-penicillamine an unbuffered aqueous medium at°Z5for 24 h, R)-6a

> 1k was produced in 99.7% ee with > 500 [18] at 41.6%
N conversion as monitored by chiral HPLC [Sumichiral
o Z L@ OA-5000 (Sumika); 2 mM solution of CuSn H,O/MeCN
O @' o (85:15)].
N , The Klebsiella oxytoca hydrolase[19,20] which was
;Naj Talsaclidine 7 -CS') originally developed for production ofSf-a-arylpropionic
My agonist Revatropate 8 acid via enantioselective hydrolysis of its methyl ester in a
(R)-3-Quinuclidinol 2 Cognition enhancer M3 antagonist racemic form[14,21,22] shows some intriguing properties
Bronehodiator worth mentioning from a viewpoint of its industrial appli-
Fig. 2. Structures ofR)-3-quinuclidinol 2, talsaclidine7 [23] and revat- cation: It shares little, if any, homology of the amino acid
ropates [24]. sequence with any known lipases, proteases, or esterases.

The hydrolase is now available in quantity since its gene has
can be used under dilute conditiofis]. Moreover, even been cloned and overexpressed successfully in engineered
if such product inhibition could be overcome somehow or E. coli cells to achieve 600 times higher productivity than
other, biocatalysis would remain difficult to scale up with- in the originalKlebsiella oxytoca strain [20]. The hydro-
out a practical method to isolate a desired proddet]. lase can function at temperatures as high asC7@vhile
Lastly, when biocatalysis is applied to kinetic resolution, an its producerKlebsiella oxytoca, cannot survive such high
off-enantiomer should be recovered and then racemized totemperatures; and it was such thermal stability that helped
gain >50% of atom efficiency with respect to the racemic develop scalable processes to accd§sBocDMTA 1 as
substratg14]. discussed belojd 1].

Thus, in the three case studies that follow, foci will be  With the hydrolase acting orH)-6b in the desired stere-
placed on tactics that have been designed: (1) to maximizeochemical sense and excellent selectivity, an attempt was
throughput (volume efficiency); (2) to rescue biocatalysis made to increase the concentration #f)-6b beyond 1 M,
from product inhibition; (3) to enable practical product sep- thereby to make the enzymatic process scalable and industri-
aration; (4) to racemize an off-enantiomer for its reuse in ally viable: When the enzymatic hydrolysis was conducted
the case of kinetic resolution. at 40°C, the concentration off)-6b could be increased up

to 1 M with no deleterious effect on its enantioselectivity or

conversion rate. However, with further increase in the sub-

2. Chemoenzymatic preparation of (R)-BocDMTA 1. a strate concentrations over 1 M, the reaction mixture turned
thermally stable hydrolase helps attain industrially too viscous to be stirred even at 4D. Thus, we chose to
viable throughput take advantage of the thermally stable nature of the enzyme:

when heated to 60C, a 3M aqueous mixture ofH)-6b

(R)-BocDMTA 1, a key building block for a potent HIV ~ was found to be well stirred andR)-6a was generated in
protease inhibitor, KNI-7644, might be prepared from 98% ee at 35% conversion with the use of the enzyme at a
(R)-L-penicillamineb without difficulty once R)-BocDMTA 0.3% (w/v) concentration.
1 could be recognized as a plain derivative Bf-6 (Fig. 1) Ultimately, a 3M (575 g/L) aqueous mixture of}-6b,
[15]. However, in contrast to naturab)¢p-penicillamine5 prepared in quantity fromdf)-penicillamine5, was treated
that is prescribed as an antidote to heavy metals, unnaturawith the Klebsiella oxytoca hydrolase (3g/L) at 60C for
less available R)-L-penicillamine5 is notorious for caus- 26 h until the enzymatic hydrolysis reached 34% conver-
ing optic atrophy that sometimes leads to blindngEsgj. sion (Scheme L The spent mixture was basified and ex-
Therefore, to have a practical access R)-BocDMTA 1, tracted witht-butyl methyl ether (MTBE) to recover the
another method should be developed that could dispensdeft-over (§-esteréb in 50% ee [Chiralpak AD (Daicel);
with (R)-L-penicillamine5, and as such, kinetic resolution n-hexanefPrOH/EbNH (75:25:0.3)].
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hydrolase (3 g/L) sx\wCOzMe
[(+)-6b] = 3.0 M (575 g/L) \_NH
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2.pH 115
(48% aq NaOH)
3. Extraction with MTBE

Aq layer
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B 2. Recrystallization
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1. (Boc),0, Me,CHOH
2. Recrystallization
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(R)-6a (97% ee)

(+)-6b

46% overall yield
from fresh (+)-6b

SX,COZH
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N, 24% overall yield
CO,t-Bu from fresh (£)-6b

(R)-BocDMTA 1 (99.4% ee)

Scheme 1. Scalable chemoenzymatic preparatioReBOCDMTA 1 using a thermally stabl&lebsiella oxytoca hydrolase[11].

For (R)-acid 6a digested in 97% eeH = 145), its iso- veloped by adapting a protease-mediated enantioselective
lation was attempted but to no avail due to its amphoteric hydrolysis for industrially viable processgi?].
water-soluble nature. Hence, to the basic aqueous phase To verify that the completed processes were worth ex-
dissolving R)-acid 6a was addedi-PrOH followed by ploring, prior tactics adopted to acce$®-@ would rather
(BockO to form carbamate on the spot. Finally, extrac- be discussed in a comparative fashion. Reportedly, reso-
tion with AcOEt followed by single recrystallization from lution of (£)-2 via diastereomeric salt formation was at-
n-heptane—AcOEt affordedR{-BocDMTA 1 in 24% overall tempted two-fold so far: one was to prepare a diastereomeric
yield from (£)-6b, the enantiomeric purity oR)-1 being de- salt of (R)-2 with (§-camphorsulfonic acid in a solution of
termined to be 99.4% ee by chiral HPLC analysis [Chiralcel i-PrOH/aceton25]; and the other was to combihebenzyl
OD (Daicel);n-hexangtPrOH (98:2)] of its derived methyl  (%)-3-hydroxyquinuclidinium chloride with a semi silver
ester (10%n-hexane solution of M¢éSICHN,, MTBE). salt of dibenzoylp-tartaric acid in watef26]. However,

In the meantime, the left-oveB)-esteicb, whichhad been  each endeavor ended up less amenable to scale-up: the for-
extracted into MTBE, was treated with a catalytic amount of mer method afforded the diastereomeric salt in a marginally
NaOMe in PhMe to regenerate-}-6b in 46% overall yield low overall yield of 6% after two recrystallizatiorf5];
from the virgin ()-6b, thereby replenishing the racemic and the latter method required extra steps such as prepa-
substrate for another round of the enzymatic resolution.  ration of the semi-silver-salt resolving agent from sodium
hydrogen dibenzoyb-tartrate and AgN@, N-benzylation
of (£)-2 prior to the diastereomeric salt formation, and hy-
drogenolytic removal of th&l-benzyl group after the reso-
lution [26].

As regards asymmetric reduction of 3-quinuclidinone
9, its prochirality proved too subtle to be discerned by

Serving as a common pharmacophore of muscarinic re- chiral organometallic catalysts, whether its bridgehead
ceptor ligands, R)-2 has been required to build new drug hitrogen was blocked by a bulky group or not, as indi-
candidates under clinical investigation, such as talsaclidine cated by the mediocre results reported to d&ehéme 2

3. Enzymatic resolution to access (R)-3-quinuclidinol 2:
capturing cleaved carboxylic acid helps restore the
enzymatic activity

7 (M1 agonist; cognition enhancef}3] and revatropat®
(M3 antagonist; bronchodilatof?4] (Fig. 2). To meet such
pharmaceutical need, a scalable approactRje?(was de-

Catalytic hydrogenation of9 over a rhodium com-
plex bearing chiralCy-symmetric diphosphinite dubbed
p-CandyPhos providedRj-2 in 37% ee [27]. When
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Rh(COD)(p-CandyPhos)BF,

(0.05 mol%), H, (3.5 MPa) p-CandyPhos =

EtOH/THF (9:1), 30 °C oH OMe
@;0 overnight @/ MeO.,_~._,OPPh,
(o)
N (85%) N Meo’EP:OPPh2
9 (R)-2 (37% ee) OMe
1. Rh(COD)L*CI (0.1 mol%)
o H, (10 bar), MeOH PPh,
75°C, 19 h P(tB
(H)-Z L* = w ( U)Z
NG O  2.5%Pd/C,H, (14 bar) (58% ee) I
Br 75°C,4h @
Ph Ph 3. Recrystallization
10 from AcOEt
1. Extraction
with PhMe
o Rhodotorula rubura 9
@[/ JCM 3782 (4.7 wet w/w)
H@ ) potassium phosphate 2. Extraction (100% ee, 65%)

Cl buffer (0.1 M, pH 7.0) with CHClg

9+HCI sucrose, 25 °C, 4 d

Scheme 2. Preparation oR)-3-quinuclidinol 2 via asymmetric reduction using chiral rhodium complei&s 28] and microbial cell32].

N-benzhydryl 3-oxoquinuclidinium bromid&0 was sub- in question. According to Lonza’s patent applicati®3],
jected to catalytic hydrogenation over a chiral ferrocenyl cross-linked microcrystals of subtilisin (ChiroCLE¥-BL)
diphosphine-modified rhodium complexR){2 was ob- [34] were reported to catalyz&)selective esterification of
tained in 58% ee after removing tid-benzhydryl group (+)-2 with vinyl butyrate intert-amyl alcohol Echeme B
via palladium-catalyzed hydrogenoly$28]. whereby R)-2, which survived the protease-catalyzed es-

To overcome such difficulty in the enantiotopic face- terification unaffected, was obtained in 96.2% ee and 34%
discrimination with bicyclic ketone9 and derivatives  yield on precipitation from the spent mixture followed by
thereof, microbial reduction was explored in a few labora- single recrystallization. Cross-linked enzyme crystals be-
tories[29—-31]including ourd32]: A homogeneous mixture  ing the cutting-edge of modern enzyme technologsy,
of 3-quinuclidinone hydrogen chlorideHCI {3.2% (w/v)} however, the substrate concentration of 10% (w/v) seems
and a potassium phosphate buffer (KPB) solution (pH 7.0, too low for the enzymatic esterification to attain indus-
0.1 M) was treated with cells dRhodotorula rubra JCM trially acceptable throughput. Another application of sub-
3782 in 4.7 times the weight of the substrate for 4 days, tilisin reported by Muchmore at Bend Research involved
and optically pure R)-2 could be extracted into CHgIin (9-selective hydrolysis of£)-3-butyryloxyquinuclidinium
65% vyield under basic conditions §KOg) after the un- butyrate 12 (Scheme B [35]: When an aqueous solution
consumed keton® had been removed by PhMe-extraction of (+)-12 {11% (w/v)} was treated with subtilisin itself,
(Scheme 2 [32]. Such excellent enantioselectivity and (S)-selective hydrolysis took place leaving tH@-esterlla
facile product isolation notwithstanding, the microbial re- unaffected, which was extracted into ice-chilled hexane se-
duction seems to have a long way to go before its adaptationlectively. Finally, methanolysis followed by crystallization
for industrial production of§)-2 since it suffered from not  provided R)-2 in >95% ee in 41% overall yield.
only the low substrate concentration but also the mediocre Muchmore’s procedures being plagued with the less
yield. practical substrate concentration of 11% (v/i8p], en-

In view of the less than satisfactory track record in prepa- zymatic hydrolysis in aqueous media would provide two
ration of (R)-2 via diastereomeric salt formation and asym- practical advantages over enzymatic esterification in organic
metric reduction as well, attention was directed towards media: (1) a crude enzyme preparation can be used more
hydrolase-mediated kinetic resolution df)¢2 and a litera- conveniently in water, thereby dispensing with protein pu-
ture search uncovered two applications &agillus licheni- rification or immobilization, which often ends up costly and
formis protease called subtilisin to the kinetic resolution laborious; (2) with enzymatic hydrolysis proceeding in wa-
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1. n-PrCO,CH=CH, Fiter cake OH
ChiroCLEC™.-BL R
0,
OH {2% (wiv)}
@f’ EtC(Me),0H, tt, 5.5 h (R)-2
. ' (96.2% ee, 34%)
N 2. Filtration :
(£)-2 3. Concentration ' n-PrCO,
0.77 M 4. Filtration L . \@
[10% (wiv)] Filtrate N
(S)-11a
n-PrC0O,.,,
1. Subtilisin Carlsberg @
5% aq NaHCO3
n-PrCO, o
ﬂ@ 23+2°C,35h (R)-11a
2. Na,COg3, 4 °C |
N 2003, '
n—PrCOze H® 3. Extraction into ! 1M NaOH
ice-chilled n-hexane OH MeOH
(£)-12 EEEEEE -
[11% (w/v)] Aq layer N (R)-2
(9)-2 (> 95% ee, 41%)

Scheme 3. Preparation oR)-3-quinuclidinol 2 via subtilisin-mediated enantioselective esterificafidd] and hydrolysig35].

ter, usage of organic solvents can be reduced to champion= n-Pr) proved to be the substrate of choice, exhibiting the

the cause of green chemistry. greatestE value along with a balanced conversion rdte:

On the basis of these considerations, the enzymatic hy-= 98 at 44% conversion and 75% ee f&){11a.
drolysis of racemic esters af)-2 was explored for scalable Favoring medium-sized straight-chained esters such as
processes to accesR){2 [12]: When commercially avail-  butyrate 11a, the Aspergillus melleus protease showed

able enzyme$0.1% (w/v)} were tested for theSj-selective an interesting trend in terms of its substrate preference
hydrolysis of ()-3-quinuclidinyl butyratella (0.2 M; pre- (Scheme % For the chain length of the esters, the pro-
pared from £)-2 under the standard conditions) in a KPB tease was tolerant enough to accommodate eight-carbon
solution (0.2 M, pH 7.5) at 25C (Scheme % anAspergillus straight-chained caprylatélc [R = n-C7H35; E = 67 at
melleus protease (XP-488; available from Nagase ChemteX 40% conversion, 94% ee foR)-11c], while acetatellb
Corporation) showed the best mix of enantioselectivity and (R = Me) underwent little hydrolysis (2% conversion after
conversion rate [75% ee foR]-11a, 95% ee for §-2; E 16 h). In contrast, the protease was so susceptible to the
= 98 at 44% conversion after 16 h] as monitored by HPLC «-branching in the ester moiety that it could hydrolyze
analysis [conversion: CAPCELL PAK C-18 (Shiseido), isobutyratelld (R = i-Pr) only reluctantly E = 70 at 28%
MeOH/2.5% aqueous NiH{45:55); ee forR)-11a: Chiralcel conversion, 94% ee folR)-11d].

OD (Daicel),n-hexanetPrOH/CRCO.H (90:10:0.1)][12]. With the ester structure fittest to the protease in hand, ex-
To uncover the fittest substrate for the newly identified pro- perimental effort was made to improve the enzymatic pro-
tease, ester analogs such a3-(1b—d were also prepared cess interms of operational simplicity and volume efficiency
and each of them was subjected to the above-mentioned(Scheme $[12]. To telescope the substrate preparation into
screening conditionsScheme % [A. melleus protease] the enzymatic hydrolysis, Muchmore’s procedB& were

= 0.1% (w/v), a 0.2M KPB solution (pH 7.5), 2%&, 16 h adopted wherebyf)-2 was added neat to butyric anhydride
[12]. Among the substrates testedt)(butyrate 11a (R and the resulting=)-3-butyryloxyquinuclidinium butyrate

OCOR
Hydrolase {0.1% (w/v)} @/
potassium phosphate

N
buffer (0.2 M, pH 7.5)

OCOR  250¢ 16h OH

N N
(+)-11a: R = n-Pr; b: R = Me; (S)-2
c: R=n-C;Hy5;d: R =i-Pr

Scheme 4. $-Selective hydrolysis of esters ot§-3-quinuclidinol 11 [12].
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Ca(OH),  (n-PrcO,),Ca

n-PrCo, n-PfCOZ«@
o N® 20m N
n-PreOz” H™  (571g1) (£)-11a
()12
(n-PrC0O),0 1. Aspergillus melleus e Ca(OH),
protease {1.0% (w/v)}

pH7.5,25°C, 24 h

HO@ (51% conv) \’ (n-PrCOy),Ca

2. Filtration
N 3. pH 9.7 (48% aq NaOH)
(£)-2
Aql
. . ay ,e r ,,,,,,,,,,,,,,,,,,,,,,,,, Extraction
1. H3PO, ' with n-hexane

2. Extraction with n-heptane
3. Extraction with n-BuOH

' n-PrCO;.,,
= &
1S N
(S)-2 N

(89% ee, 40%) (R)-11a

K,COj
H, (5 kg/cm?) MeOH

Raney Co (1.0 w/w)

xylene, 140 °C, 0.5 h
(£)-2 N

(97%)

(R)-2
(96% ee, 42%)

Scheme 5. Preparation oR)-3-quinuclidinol 2 via Aspergillus melleus protease-mediated enantioselective hydrolysis and racemizatio8)-@f dver
Raney Co[12].

12 was subjected directly to the protease-catalyzed hydroly- the reaction medium. As a result, intensive experimentation
sis. When a 1 M aqueous mixture af)-12 was treated with led to identification of Ca(OH)as so effective a scavenger
the protease at a 0.5% (w/v) concentration at@%nd the as to keep the concentration of butyric acid below a harm-
pH of the reaction was adjusted to 7.5 with sodium hydroxide less level; the substrate concentration could be increased
in place of the KPB solution (0.2 M, pH 7.5), the enzymatic successfully to 2M (571 g/L) with the help of Ca(QHh
hydrolysis proceeded to give the left-ové®){esterlla in keeping the pH of the reaction at 7.5.
94% ee at 50% conversion after 24 h uneventfully. However, Inthe event, scalable procedures for the protease-mediated
when molar concentration of the substrate approached 2 Mkinetic resolution of £)-2 were established as follows
with its ratio to the concentration of the proteg8é (w/v)} (Scheme $[12]: (+)-3-Butyryloxyquinuclidinium butyrate
being kept constant at 2:1, which was equivalent to 1 M for 12, obtained by adding=f)-2 neat to butyric anhydride,
[(£)-12] versus 0.5% (w/v) forA. melleus protease], the en-  was dissolved in water to prepare a 2M aqueous solution
zymatic hydrolysis was found to suffer significant decrease of (£)-12. To the homogeneous mixture was added solid
in enantioselectivity and slight retardation; in fact;){12 Ca(OH) to adjust its pH to 7.5 and th&. melleus protease
at concentration of 2.0 M underwent the protease-catalyzed{1 % (w/v)} was added to set off the enzymatic reaction.
hydrolysis giving R)-11ain 78% ee at 45% conversion after Butyric acid being formed with the progress of the hy-
24 h[12]. drolysis was then neutralized with solid Ca(QHd keep
These unfavorable phenomena seems to arise from prodthe pH of the reaction at 7.5, which afforded the left-over
uct inhibition caused by an incredibly high concentration of (R)-esterllain 96% ee at 51% conversion after 2412].
butyric acid, which was introduced to the reaction medium To separate the left-oveR|-ester1la from the digested
as part of racemic substrate-}-12 and then built up with (9-alcohol 2, their difference in hydrophobicity was used
the progress of the enzymatic hydrolysis. Thus, several in- to advantag¢l?2]: After solid precipitates of Ca(OCOR)»
organic bases were tested for the ability to alleviate such were removed by filtration, the filtrate was basified to pH
inhibition by capturing butyric acid and squeezing it from 9.7 and the more lipophilidR)-esterlla was selectively ex-
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tracted inton-hexane. Finally, basic methanolysisyB0z) crystal components represented by the general forrhBila
afforded R)-3-quinuclidinol2 in 96% ee and 42% overall (Scheme $[39,40] Thus, it was envisioned that 1tdans
yield from (&)-2 uneventfully. disubstituted cyclohexan® could, in turn, be assembled

The aqueous layer was acidified with phosphoric acid from cis-4-propylcyclohexanoll4 by a classical malonate
such that all the residual butyric acid was freed and extractedchemistry with stereochemical inversion. To implement
into n-heptane. Extraction with-butanol provided 9-2 in such a synthetic plan, a practical scalable means was re-
89% ee and 40% overall yield fromf-2 after purification quired which could allow 4-propylvyclohexanoi to be
via formation of the hydrochloride sal6f-2-HCI of high reduced tacis-alcohol 14 by equatorial hydride delivery.
crystallinity. However, building an axial alcohol in the reduction

As regards the unwante®)¢(2, it was urgently needed to  of 4-alkylcyclohexanone is a classical issue of stereo-
develop a practical method to recycle it since its racemic pro- chemistry that still remains to be addressed in industry.
genitor &)-2 is too precious a material to waste, the litera- Indeed, to reduce tert-butylcyclohexanone tais-4-tert-
ture synthesis of the racemate requiring as many as five stepbutylcyclohexanol, bulky hydride agents can be used in the
starting from ethyl isonicotinat®5,36]. Its stereogenic cen-  laboratory: Lif-Bu(EtpCOJzAIH in THF at 20°C, cis/trans
ter being located on an isolated secondary carbinol carbon,(95:5) [41]; LiiMe>,CH(Me)CHLBH in THF at —78°C,
(9-2 should be difficult to racemize by means other than cis/trans (>99.5<0.5) [42]; and Li[2,4-¢-Bu)2CgH30](t-
concomitant oxidation and reductif@i’]. Raney alloyswere ~ BUuCH;O)AIH in THF/Et,O at 25°C, cis/trans (64:5) [43].
tested for the racemization, and the most effective recipe However, their use in industry would be restricted due to
was found consisting of Raney cobalt, hydrogen and xy- their limited availability and safety concerns arising from
lene[12]: when a xylene suspension @){2 of 89% ee and  their pyrophoric nature. Apart from such modified hy-

the same weight of Raney cobalt was heated to°TAQn- dride agents, catalytic hydrogenation (1atm,°€% over
der hydrogen at 5 kg/cfrpressure, the racemization wentto  rhodium in the presence of HCI ilPrOH was also reported
completion in half an hour as monitored by GLB-DEX to be effective for thecis-selective reduction of 4ert-
(Sperco), He (200 kPa), 14C] and ()-2 was regenerated  butylcyclohexanone to givecis-4-tert-butylcyclohexanol
in an isolated yield of 97%Scheme h In the meantime,  in a cig/trans ratio of 99.3:0.7[44]. However, hydrogena-

(9-2 was treated with an excess amount of Raney cobalttion under acidic conditions is less amenable to scale-up
at 142°C in the absence of hydrogen as a control experi- because usual plant hydrogenation facilities are not glass-
ment, and 3-quinuclidinon® was found to be generated in lined and as such, tend to rust on exposure to acid. There-
97% conversion after 10 h, which underpinned the oxida- fore, neither chemical reduction of 4-alkylcyclohexanone
tion/reduction mechanism underlying the racemization pro- would help produceis-4-alkylcyclohexanol, such asels-
cess[12]. propylcyclohexanoll4, in quantity.

Actually, the case was the same with microbial reduc-
tion since nais-selective reduction of 4-alkylcyclohexanone
was reported so fget5,46] Despite such a negative track
record, the microbial world seems worth exploring because
of its huge diversity; and this optimistic hypothesis was re-
warded when a properly designed screening program was

trans-1-(1,3-Dihydroxypropan-2-yl)-4-propylcyclohexa-  implemented with patience and diligence as discussed below.
ne3[38] is a common immediate precursor to certain liquid When about 800 microbes were tested for ¢freselective

F
H H, ~0 |[H
H O H H
n o
L .
13

4. Chemoenzymatic synthesis of
trans-1-(1,3-dihydroxypropan-2-yl)-4-propylcyclo-
hexane 3: microbial diversity enables equatorial
hydride delivery

(0]
wOH ®O_ LOMe
= . Na CH

n-Pr ‘Co,Me

15

cis-14

Scheme 6. Structures of liquid crystal componef8s [39,40] and their common synthetic precurs8r[38] and a projected approach ® via
cis-4-propylcyclohexanoll4 [47].
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Galactomyces geotrichum
JCM 6359
potassium phosphate

0o buffer (pH 7.5, 40 mM) ~OH
/g N O + 15
n-Pr n-Pr”

Me,CHOH Me,CO

15

(4.0 equiv)
cis-14 (70%) NaHSO3
NAD* (0.1 mol%) cis/trans (99.6:0.4) EtOH/H0
30 °C,27h (1.6:1)
(77% conv)
OH
OSOgNa
n-Pr
16

Scheme 7Galactomyces geotrichum-mediated reduction of 4-propylcyclohexanotito cis-4-propylcyclohexanoll4 [13].

reduction of 4-propylcyclohexanorib in the presence of  cofactor preferred by each microbe; (3) search for auxiliary
adequate amounts of reduction cofactors such as NADH substrates to recycle the nicotinamide cofactor (0.01 equiv.)
and NADPH, a yeast calleGalactomyces geotrichum was with the select microbes able to redut® (60 g/L) in 20h
identified as the biocatalyst of choice after a three-stage conversion >60% with theis/trans selectivity >4:1in 0.1 M
screening campaign: (1) search for microbes able to reduceKPB (pH 7.0) in the presence of test auxiliary substrates
15 (4 g/L) in the presence of both NADH (0.5equiv.) and (each 2.0 equiv.), such as sugars, alcohe@lamino acids,
NADPH (0.5equiv.) in 0.1 M KPB (pH 7) in 2h conversion «-hydroxy acids, and formic acid.

>40% with thecigtrans selectivity >4:1 [GLC: TC-WAX In the event, the optimum conditions for the microbial
(GL Science), He (52 kPa), 15C]; (2) search for microbes  reduction were established as followcheme Y [13]: G.
possessing intrinsically high reducing potential as demon- geotrichum cells that had been grown in a YM medium
strated by the ability to reduds (13 g/L) in 2 h conversion  at 30°C for 2 days were harvested by centrifugation and
>25% with thecis/trans selectivity >4:1 in the presence of they were mixed with a heterogeneous mixture of ketone
either NADH (1.0 equiv.) or NADPH (1.0equiv.) in 0.1M 15 (60g/L), i-PrOH (4.0 equiv.), NAD (0.1 mol%) and a
KPB (pH 7.0) along with identification of the nicotinamide KPB solution (pH 7.5, 40 mM) at 30C. When the reduc-

G. geotrichum JCM 6359
potassium phosphate

O buffer (pH 7.5, 40 mM) «OH
, . + 15
n-Pr Me,CHOH (4.0 equiv) n-Pr-

(inseparable)
NAD* (0.1 mol%)

15 cis-14
30 °C, 27 h (77% conv) (cis/trans > 99:1)
MsCl, Py OMs 1. NaCH(CO,Me),
PhMe DMF
+ 15 —
(quant) e (inseparable) 2. Distillation
17
OH
CO:Me NaBH,, LiCl oH
CO,Me THF, H,0, rt
n-Pr P
3 (60%)
18 (50%)

[bp 125-150 °C/7 mmHg]

Scheme 8. Synthesis ¢fans-1-(1,3-dihydroxypropan-2-yl)-4-propylcyclohexaBd13,47]
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tion reached 77% conversion in 27 h, the mixture was ex- be devised to separate product(s) of an enzymatic reaction.
tracted with MTBE. The MTBE extract was concentrated, When positive answers can be found simultaneously to both
and the residue was treated with an agueous ethanol solutiorgquestions, projected chemoenzymatic processes can then be

of NaHSGQ; to convert unconsumed ketob into bisulfite
adduct16, which was insoluble in organic solvents of low
polarity. Finally, extraction with PhMe provided practically
purecis-4-propylcyclohexanol4 in 70% yield.

On second thought, our ultimate goal was to assemble

trans-1,4-disubstituted cyclohexar3ebut not to preparé4.
Thus, it was examined whether crutds-alcohol14 contam-
inated with unconsumed ketoid& could be carried over to
the ensuing reaction without purificatiocBgheme B[13,47]

The crude productds-14/15 (77:23)] arising from theG.
geotrichum-mediated reduction was treated with MsCI and
Py in PhMe to give mesylater uneventfully in preparation
for installing a carbon appendage via nucleophilic substitu-
tion [13,47] However, mesylaté7 being inseparable from
ketone15 without the help of chromatography, removal of
the entailed ketone was postponed until the next alkylation
step. Mesylatel7 contaminated with keton&5 was then
treated with dimethyl sodiomalonate (3.0 equiv.) in DMF to
givetrans-alkylated producl8 while ketonel5 survived the
malonate attack unaffected. When the crude product mix-
ture was subjected to simple distillation, ketot& could

be removed completely as a lower-boiling fraction to af-
ford purified 18 in 50% overall yield. Finally, diestet8

(bp 125-150C/7 mmHg) thus obtained was reduced with
NaBH, in the presence of LiCl at room temperature to
provide trans-1-(1,3-dihydroxypropan-2-yl)-4-propylcyclo-
hexane3 in a pure crystalline state in 60% yie]3,47]

5. Conclusions and outlook

The most effective way that hydrolases are used in in-
dustry is to let them catalyze hydrolysis in water because
hydrolases are unique in their ability to differentiate be-
tween enantiomers in water while organometallic catalysts
for asymmetric acylation can work only in organic media
[4,5]. Another merit of employing hydrolases in water is to

practice green chemistry by reducing organic solvent usage.

All'in all, hydrolases will continue to find their own niche
in the fine chemicals industry once volume efficiency can be
increased somehow to an industrially viable level and prod-

adapted for industrial production successfill@,14]
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