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Abstract:

4-Propylcyclohexanone 10a (69 g/L) is reduced by the catalysis
of Galactomyces geotrichudCM 6359 usingi-PrOH (4.0 equiv)
as an auxiliary substrate for recycling externally supplemented
NAD™ (0.001 equiv) in 40 mM potassium phosphate buffer (pH
7.5) for 20 h to provide a mixture of cis-4-propylcyclohexanol
3a [cigtrans (99:0.5); 74%] and unconsumed 10a (22%).
Practically pure 3a can be isolated in 69% yield after removing
the entailed ketone 10a via bisulfite adduct formation. In the
meantime, the crude reduction product [3a/10a (74:22)], without
further purification, can be elaborated into trans-2-(4-propyl-
cyclohexyl)-1,3-propanediol 1a, a compound deemed versatile
in liquid-crystals development, in 30% overall yield from 10a
in four steps.

Introduction

Recent material research has witnessads-2-(4-alkyl-
cyclohexyl)-1,3-propanedial exhibiting liquid crystalline
properties in themselvéand serving as immediate precur-
sors totrans-1,3-dioxane-based liquid crystas(Figure 1).
However, starting withtrans-4-alkylcyclohexanol5, the
hitherto reported synthesis tins-1,4-disubstituted cyclo-
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Figure 1. Structures of trans-2-(4-alkylcyclohexyl)-1,3-pro-

hexanel (Scheme 1) would end up suffering practical issues, panediol 1, its derived liquid-crystal 2, cis-4-alkylcyclohexanol
which are tactically interrelated with each other as outlined 3, and cis-4-alkylcyclohexyl mesylate 4.

below.

(1) Preparation ofrans-4-alkylcyclohexanob: While no
specific method to prepar® has been recorded in the
literature dealing with the synthesis b{Scheme 1};?Eliel's

protocol should be applicable to setting up the hydroxy group
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with an equatorial orientation in reducing 4-alkylcyclohex-
anonelO to 5, wherein mixed hydride [AIGILIAIH 4 (3.6:
1)] was used to advantage, coupled with equilibration
betweertrans-4-alkylcyclohexanob and itscis-isomer3 in
favor of the former. Reportedly, this classical method was
so effective that 4ert-butylcyclohexanon&0d was reduced
to trans-4-tert-butylcyclohexanolsd in 99.3% yield, with
3d (Figure 1) andlOd* contaminating it only 0.3% and 0.4%,
respectively. However, such high stereoselectivity notwith-
standing, use of pyrophoric reducing agents such as LjAIH
might detract from the industrial viability of this ingenious
preparative method.

(2) Homologation with double stereochemical inversion:
To install thetrans-oriented 1,3-propanediol appendage onto

(3) Eliel, E. L.; Martin, R. J. L.; Nasipuri, DOrganic Synthesediley &
Sons: New York, 1973; Collect. Vol. V, pp 173.78.
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Scheme 1. Existing route to
trans-2-(4-alkylcyclohexyl)-1,3-propanediol 1 from
trans-4-alkylcyclohexanol 5
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the cyclohexane framewoik the hydroxy group inrans

4-alkylcyclohexanob was supposed to undergo bromination
(5 — 6) and nucleophilic substitution with malonate ester
(6 — 7/8) each with stereochemical inversion (Scheme 1).

When5 was treated neat with PBibromination was reported
to proceed uneventfully, givingis-1-alkyl-4-bromocyclo-

hexane6, and the yields reported in the literature were as

follows: 63,2 88% yield;6b,5292% yield;6c¢,°° 55% yield®
However, bromidé proved to be so liable tg-elimination

that nucleophilic substitution with sodiomalonate [NaCH-

(CO:R?),] producedBain a mediocre yield of 43% with the
elimination product, 4-propylcyclohexe®a, being gener-
ated in 46% vyield, as shown by literature precedént.

(3) Metal-hydride reduction of diest&¥8 to 1,3-diol 1:

For the reduction of diesté¥8 to 1,3-diol1, use of LiAIH,*
and NaAIH(OCH,CH,OMe)?*>was reported in the litera-
ture; diethyl trans-(4-propylcyclohexyl)malonate8a was
reduced tdrans2-(4-propylcyclohexyl)-1,3-propanedith
with NaAlH,(OCH,CH,OMe), in 45% vyield?¢ while no
specific yield was described for the LiAlHnediated reduc-
tion of 7a (Scheme 13} In addition to such mediocre yield,

both the pyrophoric nature and the relatively high cost of

(4) Part of this work was discussed briefly in the keynote lecture entitled
“Biocatalysis from the Perspective of an Industrial Practitioner: Let a
Biocatalysis Do a Job That No Chemocatalyst Can” given by M.l. at
Symposium C (Material Design in Catalysis) in the 2nd International
Conference on Materials for Advanced Technologies (ICMAT), Singapore,

(5) (a) Obikawa, T.; lkukawa, S.; Nakayama, J. (Seiko Epson Corporation).

December 712, 2003.

Jpn. Kokai Tokkyo Koho 9425216, 1994. (b) Obikawa, T.; Ikukawa, S.
(Seiko Epson Corporation). Jpn. Kokai Tokkyo Koho 91-141274, 1991.

(6) More elaborate procedures to prepaig4-tert-butylcyclohexyl bromide

390

6d than treatment dfrans-4-tert-butylcyclohexanoBd with PBr; were also
reported: (a) Treatment &d with PBrs prepared from PBrand Bk in
CH.Cl,: Eliel, E. L.; Haber, R. G 1959 24, 143. (b)
Preparation oftrans-4-tert-butylcyclohexyl p-nitrobenzenesulfonate from
3d and treatment of the former with LiBr and Cagid acetone: Eliel, E.
L.; Martin, R. J. L. 1968 90, 689. (c) Preparation of
trans-4-tert-butylcyclohexyl(pyridine)cobaloxime fromis-tert-butylcyclo-
hexyl tosylate and treatment of the former with, By CH,Cl,: Shinozaki,
H.; Ogawa, H.; Tada, MR 1976 49, 775. (d) Treatment
of 3d with PhsPBr; in MeCN: Kitching, W.; Olszowy, H.; Waugh, J.
Siamaham 1978 43, 898.
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Scheme 2. Reduction of 4-propylcyclohexanone 10a with
Galactomyces geotrichum JCM 6359
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the reagents used would also afflict the practical aspects of
the production ofl.

Thus, as part of our process research and development
program, we explored more industrially viable approaches
to trans2-(4-propylcyclohexyl)-1,3-propanedidla, which
have culminated in scalable construction ai$-4-propyl-
cyclohexanol3a through the microbial equatorial hydride
delivery to its ketone progenitor and have paved a practical
route fortrans1,4-disubstitutedla via cis-4-propylcyclo-
hexyl mesylateta with stereochemical inversion (Figure).

Results and Discussion

Tactics for Process DevelopmenfTo resolve the prob-
lems mentioned above, we chose to adopt the following
tactics in developing new and improved processes to access
trans-2-(4-propylcyclohexyl)-1,3-propanedidla: (1) ster-
eoselective reduction of 4-propylcyclohexandi@ato cis-
4-propylcyclohexanaBa, which was eventually achieved by
the use of biocatalysis (Scheme 2); (2) use ci-4-
propylcyclohexyl mesylatda as an electrophile, instead of
bromide 6a, in the alkylation of dimethyl sodiomalonate
[NaCH(COMe),] (Scheme 3Y;(3) NaBH;-mediated reduc-
tion of diester7ato 1,3-diol 1a (Scheme 3).

Equatorial Hydride Delivery via Microbial Reduction.

For the malonate alkylation to be viable witis-4-propyl-
cyclohexyl mesylatda on scale (Scheme 3), its immediate
precursor,cis-4-propylcyclohexanoBa (Figure 1), should

be secured in quantity. However, the modern arsenal of
synthetic chemistry is still short of industrially viable methods
to build an axial alcohol in the reduction of 4-alkylcyclo-
hexanonelO (Scheme 2).

Indeed, tert-butylcyclohexanonelOd was reported to
undergo equatorial hydride delivery to giveis-4-tert-
butylcyclohexanoBd (Figure 1) with high selectivity when
bulky hydride agents were used, typical examples of which
are as follows: Lifert-Bu(Et,COJAIH, THF, 20 °C,
3d/5d (95:5)8 Li[Me,CH(Me)CHLBH, THF, —78 °C,

(7) Osako, A.; Moriya, N.; Suenaga, H. (Teikoku Chemical Industry Co., Ltd.).
Jpn. Kokai Tokkyo Koho 2002-226431, 2002.
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Scheme 3. Conversion of crude cis-4-propylcyclohexanol
3a into trans-2-(4-propylcyclohexyl)-1,3-propanediol 1a

Table 1. Microbial strains able to reduce
4-propylcyclohexanone 10a tacis-4-propylcyclohexanol 3&P

n-CsHy Galactomyces n-CaHy
geotrichum JCM 5359
+ 10aj
o OH
10a 3a
n-CgH, 1. NaCH(CO,Me),
MsCl, Py DMF
PhMe 2. Distillation
_ + 10a
OMs
4a
n-CgHy n-CgHyz
NaBH,, LiCl
H,O/THF
7—CO,Me \/ \OH
M602C OH
7a la
3d/5d

(>99.5:<0.5)#° Li[2,4-(tert-Bu),CsH3O] (tert-BuCH,O)AlH,
THF/ELO, 25°C, 3d/5d (64:5)8 However, their use should

rather be confined to the laboratory because of their limited

NADH NADPH

(1.0 equiv) (1.0 equiv) nonge

conv cis
(%)Y %)

cis
(%)

cis
(%)

conv
(%)°

conv

microbial strains (%)

Candida intermedia 46 929 10 91 1 93
NBRC 076F
Schizosaccharomyces 42 99 7 80 3 86
octosporus
JCM 1801
Galactomyces 37 99 7 80 4 85
geotrichum
JCM 1945%
G. geotrichum 26 99 6 89 1 92
JCM 6539
Stenotrophomonas 14 98 5 88 0 g
maltophilia
JCM 1987
Candida albicans 14 98 5 89 1 92
JCM 1542
Flavobacterium 14 929 4 98 1 95
gleumCDC 11 B

aFor the experimental conditions in detail, see Optimization of the Microbial
Reduction in Experimental Sectioh[104] = 13 g/L. ¢ The microbial reduction
was conducted in the absence of either nicotinamide cofatidre 2-h
conversion andis-selectivity were both determined by GLC; for the conditions
in detalil, see Microbial Screening in Experimental Sectfofwailable from NITE
(National Institute of Technology and Evaluation) Biological Resource Center.
f Available from Japan Collection of Microorganisms, RIKEN (The Institute of
Physical and Chemical ResearchiNot detected" Identified in the microbial
library collected at Research and Development Center, Nagase & Co., Ltd.

availability and safety concerns arising from their pyrophoric 0.1 M potassium phosphate buffer (pH 7.0) in the presence

nature®

of both NADH (0.5 equiv) and NADPH (0.5 equiv) at 25

Except for such modified hydride agents, hydrogenation °C for 2 h, GLC analysis (TC-WAX, GL Science) showed

over Rh catalyst in-PrOH or THF in the presence of a small
amount of 37% aqueous HCl at 28C under H at

that 32 strains (10 bacteria and 22 yeasts) met the screening
criteria that were set somewhat arbitrarily as follows: 2-h

atmospheric pressure was also reported to be effective forconversion> 10% with cis-selectivity > 80%.

reducing tert-butylcyclohexanonelOd to cis-4-tert-butyl-
cyclohexanoBd: 3d/5d (99.2:0.5) ini-PrOH; 3d/5d (99.3:

The selected 32 strains were next evaluated for the ability
to reduce 10a at elevated concentrations and for the

0.7) in THF° However, this catalytic hydrogenation method dependence on nicotinamide cofactors, NAGhd NADP'.
should be less scalable due to its acidic conditions, the reasor’Vhen a 13 g/L suspension df0a in 0.1 M potassium
being that plant hydrogenation facilities are not usually glass- Phosphate buffer (pH 7.0) was treated with an aqueous

lined so that they would rust on exposure to acid.
In view of such technical limitations to both hydride

suspension of each the 32 microbial cells in the presence of
either NADH (1.0 equiv) or NADPH (1.0 equiv) for 2 h,

reduction and catalytic hydrogenation, we embarked on Only seven strains (one bacterium and six yeasts) were able

exploring microbial reduction for the possibility of reducing
4-propylcyclohexanon&0Oato cis-4-propylcyclohexanadBa

to achieve the 2-h conversion 10% with cis-selectivity >
80%, both being assessed by GLC under the same conditions

while knowing that there was no such track record for the as mentioned above. As regards the dependence on nico-

microbial reduction (Scheme 2)!?When cultures of 757

tinamide cofactors, the seven strains all showed significant

microbial strains (288 bacteria, 384 yeasts, and 85 fungi) Preference for NAD since each of them exhibited the much

were each treated withOa at a concentration of 4 g/L in

(8) (a) Boireau, G.; Deberly, A.; Toneva, Bynleft1993 585. (b) Krishna-
murthy, S.; Brown, H. C. 1976 98, 3383. (c)
Haubenstock, Hyiniteimiai 1975 40, 926.

(9) For thecis-selective reduction of fZert-butylcyclohexanond0d to 3d via
hydride transfer catalyzed by much less availableJr&te: Eliel, E. L.;
Doyle, T. W.; Hutchins, R. O.; Gilbert, C. BOrganic Synthese®iley &
Sons: New York, 1988; Collect. Vol. VI, pp 21218.

(10) Nishimura, S.; Ishige, M.; Shiota, NGhaall 1977 963.

(11) For the microbial reduction with little, if any, selectivity, see: (a) Okamura,

S.; Miyazawa, M.; Yamaguchi, M.; Kameoka,
2000Q 49, 343. (b) Gar@-Pajm, C. M.; Herrfadez-Gala, R.; Collado, I.
G 003 14, 1229. (c) van Osselaer, T.; Lemig

G: L.; Lepoivre, J. A.; Alderweireldt, F. i 01 930
89, 133.

higher 2-h conversion in the presence of NADH than in the
presence of NADPH as summarized in Table 1.

To reduce the NAD usage to a catalytic level, different
commercially available organic substrates, such as sugars,

(12) For treatises on biocatalytic reduction in general, Sqgj z, K.,
onsEimzyme Catalysis in Organic

Synthesis: A ComprehemsiHandbook2nd ed.; Wiley-VCH: Weinheim,
2002; Vol. Ill, Chapter 15, pp 9911063. (b) Nakamura, K.; Yamanaka,
R.; Matsuda, T.; Harada, 2003 14, 2659. (c)
Hummel, W. New Alcohol Dehydrogenases for the Synthesis of Chiral
Compounds. IlNlew Enzymes for Organic Synthesis: Screening, Supply
and EngineeringScheper, T., Ed.; Springer: Berlin, 1999; pp #4B4.
(d) Carnell, A. J. Stereoinversions Using Microbial Redox-Reactions. In
BiotransformationsFaber, K., Ed.; Springer: Berlin, 2000; pp -582.
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Table 2. Auxiliary substrates to recycle NAD" in the reduction of 4-propylcyclohexanone 10a tacis-4-propylcyclohexanol 3&b

2-h conversion (%) in the presence of NA[D.01 equivyd

microbial strains gle sué frug gly" glu fral pgk lac glrm eth ipa®
C. intermediaNBRC 0762 8.4 5.6 3.7 4.4 4.8 5.2 6.8 4.9 4.7 9.8 40.8
S octosporus)CM 180 5.3 5.3 2.8 4.9 5.3 4.8 7.1 4.4 6.0 7.6 455
G. geotrichumICM 19453 5.3 5.2 3 5 5.7 55 6.8 5.0 5.8 7.0 35.5
G. geotrichumJCM 6539 2.0 2.0 1.1 1.9 2.1 2.3 5.6 15 3.0 4.5 52.4
S maltophiliaJCM 1987 0.2 0.8 0.2 0.2 0.4 0.4 0.5 0.2 0.7 1.7 4.3
C. albicansJCM 1542 1.9 1.3 1.0 1.1 1.8 4.1 4.0 1.1 1.3 1.9 9.6
F.gleumCDC 11 b 1.8 0.8 0.7 0.7 1.3 0.8 1.0 1.0 0.9 1.8 6.6

aFor the experimental conditions in detail, see Optimization of the Microbial Reduction in Experimental Seftias).= 15 g/L. ¢ Each auxiliary substrate, 2.0
equiv.4 The 2-h conversion was determined by GLC; for the conditions in detail, see Microbial Screening in Experimental Stticwse.! Sucrosed Fructose.
h Glycine.! Glutamic acidi Formic acid.k 1,3-Propanediol. Lactic acid.™ Glycerol." Ethanol.° 2-Propanol? Available from NITE (National Institute of Technology
and Evaluation) Biological Resource CenteAvailable from Japan Collection of Microorganisms, RIKEN (The Institute of Physical and Chemical Reseltehjified
in the microbial library collected at Research and Development Center, Nagase & Co., Ltd.

amino acids, alcohols, and formic acid, were evaluated for Jable 3. Effect of the increasing amounts ofi-PrOH on the
20-h conversion in the reduction of 4-propylcyclohexanone

the ability to recycle NAD in the microbial reduction in 7. cis-4-propylcyclohexanol 3a by the four yeast
question, whether in direct conjugation with the enzymatic strainsab
reduction of10a or via independent catabolic pathways .

. b . 20-h conversion (%
(Table 2). When the microbial reduction @Da (15 g/L) amounts otirolH (((eqaiv)
was conducted in 0.1 M potassium phosphate buffer (pH

7.0) in the presence of each auxiliary substrate (2.0 equiv) yeast strains 10 2.0 4.0
along with NAD" (0.01 equiv),i-PrOH was identified as G. geotrichum 55.6 70.5 75.4

the best auxiliary substrate (hydride source) helping all seven JCM 6539

microbes attain the highest conversion at 2 h. In particular, G geomcmém 38.6 44.1 32.9

four yeast straingzalactomyces geotrichudCM 6359,G. C. ﬁgégg’ia 46.1 55.4 48.9
geotrichumJCM 1945 Candida intermedi&NBRC 0761, and NBRC 076F

Schizosaccharomyces octospad@v 1801, showed the 2-h S octosporus 39.7 45.0 34.8
conversion to be worth further investigatid®; geotrichum JCM 180

JCM 6359' 52%;G' geOtriChum JCM 1945’ 36%;0 aFor the experimental conditions in detail, see Optimization of the Microbial
intermediaNBRC 0761, 41%;S. octosporusJCM 1801, Reduction in Experimental Sectioh[104 = 60 g/L. < The 20-h conversion in

46% the reduction ofLlOato 3awas determined by GLC; for the conditions in detail,
’ . see Microbial Screening in Experimental SectibAvailable from Japan
The four yeasts were then tested for the reductiohOaf Collection of Microorganisms, RIKEN (The Institute of Physical and Chemical

(60 g/L) in 0.1 M potassium phosphate buffer (pH 7.0) in o A e o e cinaya! nstite. of Technology and
the presence of NAD (0.01 equiv) and-PrOH (1.0-4.0
equiv). With increasing amounts ofPrOH, the reduction  to completion, removal of acetone was then attempted. When
of 10aproceeded further in the presenceGfgeotrichum the reaction mixture was exposed to reduced pressure (50
JCM 6539 (Table 3); specifically, when 4.0 equivig?rOH mmHg) at 25°C for 20 min at 7 and 18 h after the initiation
was used, the reduction was driven to 75.4% conversion afterof the reactio{[10g = 60 g/L;i-PrOH, 4.0 equiv; NAD,
20 h. In contrast, increase in the amouni-6frfOH caused  0.01 equiv; 0.1 M potassium phosphate buffer, pH 7.0,
no such incremental effect on the conversion of the reduction 25 °C}, the 27-h conversion could be raised by 10%
with the other three yeast strairts, geotrichumJCM 1945, compared to that of 75% which was attained without such
C. intermediaNBRC 0761, andS. octosporusJCM 1801 evacuation operations.
(Table 3); in fact, each yeast showed the 20-h conversionin  To assess the effect of organic solvents on the reduction
the presence of 4 equiv afPrOH less than that in the in question, th&. geotrichumJCM 6359-catalyzed reduction
presence of 2 equiv of-PrOH (Table 3). HenceG. was conducted in the presence of an organic solvent in the
geotrichumJCM 6359 was eventually identified as the same volume oflOa (d 0.907) otherwise under the same
biocatalyst of choice for reducing 4-propylcyclohexan@fa conditions as specified aboy§l0g = 60 g/L;i-PrOH, 4.0
to cis-4-propylcyclohexanoBa equiv; NAD', 0.01 equiv; 0.1 M potassium phosphate buffer,
The G. geotrichumJCM 6359-catalyzed reduction was pH 7.0; 25°C, 20 i} and was analyzed quantitatively for
further explored to gain practical insight into parameters the 20-h conversion. As a result, addition of organic solvents
affecting its industrial viability. Use of-PrOH in amounts  was found not to have any favorable effect on the progress
>4 equiv failed to allow the reduction to proceed beyond of the reaction as demonstrated by decrease in the 20-h
75% conversion, and this unfavorable result seemed to ariseconversion: EtOAc;—32%;n-BuOAc, —15%; PhMe,—20%;
from acetone accumulating in conjugation with the reduction n-hexane,—7%; tert-BuOMe (MTBE), —11%.
of 10ato 3a to such a degree that the responsible oxi-  As regards the NAD usage, further reduction from 0.01
doreductase suffered significant inhibition. To alleviate this to 0.001 equiv was achieved without any deleterious effect
suspected product inhibition and to drive the reduction close on the 20-h conversion. However, when the reduction was
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run in the presence of 1.9 10* equiv of NAD", the 24-h

Last, reduction of diestefato 1,3-diol1lawas explored

conversion suffered 20% decrease compared to that in thefor safe practical procedures: when the purified diegger

presence of 1.x 1073 equiv of NAD". Hence, the proper

amount of NAD" to be used for thes. geotrichumJCM

6359-catalyzed reduction dfoa should be 0.001 equiv.
The G. geotrichumJCM 6359-catalyzed reduction was

was treated with NaBIH(1.8 equiv) and LiCl (1.8 equiv) in
aqueous THF at room temperature for 16ttgns2-(4-

propylcyclohexyl)-1,3-propanedidla was obtained in 60%
yield after single recrystallization fromheptane, the four-

also explored for the optimum pH and temperature, and they step overall yield ofLa being 30% from10a

were determined as follows: the optimum pH,7&1, and
the optimum temperature, 233 °C.
Preparation of Pure cis-4-Propylcyclohexanol 3a.The

Conclusions
In summary, intensive microbial screening did identify

select reaction parameters examined above were adapted fogalactomyces geotrichudCM 6359 as the best biocatalyst

procedures to obtaiois-4-propylcyclohexanoBain a pure
state (Scheme 2)G. geotrichumJCM 6359 was grown in
YM 5.5 medium for 2 days. The culture was centrifuged to

to deliver hydrides in equatorial disposition in reducing
4-propylcyclohexanong0ato cis-4-propylcyclohexanoBa.
While use ofi-PrOH (4.0 equiv) as the auxiliary substrate

harvest the cultivated cells, which were then added to a for recycling externally supplemented NA0.001 equiv)

suspension ot0a (69 g/L) in 40 mM potassium phosphate
buffer (pH 7) containingi-PrOH (2.2 equiv) and NAD
(0.001 equiv). After stirring at 25C for 9 h, the reaction
mixture was supplemented withPrOH (2.2 equiv). When

made theG. geotrichumJCM 6359-catalyzed reduction
catalytic with respect to the nicotinamide cofactor, the
reduction failed to go to completion; however, ketdi@a
remaining unconsumed in 22% posed no serious problem

the reduction reached 77% conversion in 27 h, the mixture since it could be removed in two practical ways: (1)

was extracted with MTBE to provide a mixture 8& (cis-
isomer; 74%)5a (transisomer; 0.4%), and unconsum&@a
(22%) with thecigtrangratio being 99.5:0.5.

To remove the unconsumed ketori®a the crude

formation of insoluble bisulfite adductl or (2) simple
distillation of the malonate-alkylation product arising from
the 74:22 mixture oBaandl10avia mesylation. In particular,

the latter through processes paved a scalable, practical way

reduction product was treated with an aqueous ethanolfor dimethyltrans-(4-propylcyclohexyl)malonat@a, which,

solution of NaHS@to convertl0Oainto its bisulfite adduct
113 that, on formation, precipitated as insoluble solids. The
solids were removed by filtration, and the filtrate was
extracted with PhMe to furnish practically pures-4-
propylcyclohexanoBa [cig/trans (99.6:0.4)] in 69% yield.

Completion of 2-(trans-4-Propylcyclohexyl)-1,3-pro-
panediol 1a. The ultimate target being 2r&ns-4-propyl-
cyclohexyl)-1,3-propanediola, the attempt was made to
carry unpurifiedcis-4-propylcyclohexanaBa, contaminated
with 4-propylcyclohexanondOg into the ensuing steps
leading tola (Scheme 3). When the crude produg&fLOa
(74:22)] arising from th&s. geotrichumJCM 6359-catalyzed
reduction was treated with MsCl in PhMe in the presence
of pyridine at 50°C for 5 h, mesylation proceeded quanti-
tatively with participating 3a. However, the resulting
mesylate 4a could not be separated from the ketone
contaminantlOa without recourse to silica gel chromatog-
raphy. Hence, removal of the entailed ketoh@a was
postponed until the next homologation step.

The crude mesylation productd/10a(74:22)] was then
treated with dimethyl sodiomalonate [NaCH(&\),] in
DMF at 80°C for 5 h, during which nucleophilic substitution

on reduction with NaBH-LiCl, was converted tdrans-2-
(4-propylcyclohexyl)-1,3-propanedithin 30% overall yield
from 4-propylcyclohexanon&0a

Indeed, the past two decades have seen remarkable
progress in catalytic asymmetric reduction as demonstrated
by Noyori's eventual triumpt over Baker's yeast-reduc-
tion.!> However, there still remain process development
issues to be addressed in the industrial setting, which include
equatorial hydride delivery to 4-alkylcyclohexanone affording
cis-4-alkylcyclohexanol, and it was biocatalysis that eventu-
ally succeeded in resolving this classical problem of stereo-
chemistry in a practical manner as illustrated in this contribu-
tion when modern synthetic methodologies had long fdited.

Experimental Section

Melting points were measured on an Electrothermal
1A8104 melting point apparatus and are uncorrected.
NMR spectra were recorded at 400 MHz on a Varian
UNITY-400 spectrometer with tetramethylsilane as an
internal standard in a solution of CDCFT-IR spectra were
recorded on a Nicolet Avatar 360 FT-IR spectrometer. Mass
spectra were recorded with a Hewlett-Packard 5971 series

on mesylatetawent to completion. In the meantime, ketone mass selective detector connected to a Hewlett-Packard 5890
10asurvived the malonate attack unaffected, and it was this series gas chromatograph. Elemental analyses were per-
situation that eventually allowed the homologated product formed on an Elementar vario EL analyzer. Thin-layer
7ato be separated frorfiOa in a practical manner: pure chromatography (TLC) was performed on Merck Kieselgel
malonate homologu&a was obtained as fractions boiling 60 plates (0.25 mm thick, art 1.05715). YM 5.5 medium was
at 125-150°C/7 mmHg in 50% overall yield after simple  prepared by dissolving the following ingredients in tap water
distillation where ketoné.0a was removed completely as
lower-boiling fractions.

(14) (a) Rouhi, A. M.Chem Eng News2001, 79 (July 23), 33. (b) Noyori, R.
. 2002 41, 2008. (c) Kitamura, M.; Tokunaga, M.;
Ohkuma, T.; Noyori, R{Qkgesmath 1993 71, 1.
(15) Seebach, D.; Sutter, M. A.; Weber, R. (Skgasmdai 1985 63, 1.
(16) Zhu, Y.; Chuah, G.; Jaenicke, S.JJ.Chem. Soc., Chem. Comm2003
2734,

(13) Soffer, M. D.; Bellis, M. P.; Gellerson, H. E.; Stewart, R. @rganic
SynthesesWiley & Sons: New York, 1963; Collect. Vol. IV, pp 963
906.

Vol. 8, No. 3, 2004 / Organic Process Research & Development o 393



and adjusting the pH of the mixture to 5.5 with an aqueous
1 M HCI solution: glucose [1% (w/V)], peptone [0.5% (w/

in tap water (80 mL). The cell suspension was added to a
mixture of 10a(4.0 g, 29 mmol)j-PrOH (3.8 g, 63 mmol),

v), Polypepton, Nihon Pharmaceutical Co.], yeast extract NAD* (17.3 mg, 26umol), and 40 mM potassium phosphate

[0.3% (w/v), dried, type S, Nihon Pharmaceutical Co.], and
malt extract [0.3% (w/v), Bacto, Becton Dickinson Co.].
Microbial Screening. Bouillon or YM 5.5 medium (0.6
mL, autoclaved at 121C for 20 min) was dispensed to 96-
deep-well plates (well volume, 2.0 mL), and each medium
was inoculated with a glycerol stock culture (20) of a
microorganism. The cultures were incubated with shaking
(1000 rpm) at 25C for 5 days. To each culture were added
0.1 M potassium phosphate buffer (pH 7.0, 280, neat
10a (Fluka, 2uL, d 0.907, 7.2 nmol), NADH (5.1 mg, 7.2
nmol), and NADPH (6.0 mg, 7.2 nmol). The mixtures were
shaken at 1000 rpm and 2& for 2 h. Each mixture was
extracted with MTBE (1.0 mL), and an aliquot () of
the MTBE solution was analyzed for the progress of the
reduction and theis/transselectivity by GLC: column, TC-
WAX, 0.53 mm® x 30 m, GL Science; injection temper-
ature, 230°C; column temperature, 150C; detection
temperature, 230C; detection, FID; split ratio, 1:100x
2.91 min for10a, 3.40 min for3a (cis-isomer), 3.62 min for
5a (transisomer)!’ reference samples &a and 5a were
prepared by reducin@Oa by the method of Nishimura et
al.*% and by the usual method using LiAIFE respectively.
Optimization of the Microbial Reduction. Starter
cultures were grown in bouillon or YM 5.5 medium (5.0
mL, autoclaved at 122C for 20 min) with shaking (160
rpm) at 30 °C overnight. The same medium (100 mL,
autoclaved at 121C for 20 min) in a 500-mL baffled flask
was inoculated with the starter culture (0.5 mL). The resulting
cultures were grown at 30C with shaking (160 rpm) for
1-3 days, depending on the growth of each microbial strain.
The cells were collected by centrifugation (11§60 30 min)
and suspended inJ@ (50 mL); the aqueous suspensions

could be freeze-dried for storage if necessary. Microtubes
of 2-mL capacity were each charged with the aqueous cell

suspension (100L) and 0.1 M potassium phosphate buffer
(pH 7.0, 10QuL). To the mixture were added a nicotinamide
cofactor (NADF, NADH, NADP™, or NADPH), an auxiliary
substrate for recycling the nicotinamide cofactor, df

such that each concentration was set to that specified in

experimentation. The mixture was shaken at@5and the
reaction was monitored at appropriate intervals by GLC for
the conversion and thes/trans selectivity according to the
following procedures: From the reaction mixture was taken
an aliquot (2QuL), and it was partitioned with MTBE (200
uL). A portion (1uL) of the MTBE solution was injected to
the gas chromatograph running under the above-mentione
conditions.

cis-4-Propylcyclohexanol 3aGalactomyces geotrichum
JCM 6359 was grown in YM 5.5 medium (80 mL, auto-
claved at 121°C for 20 min) with shaking (160 rpm) at 30
°C for 2 days. The cells o&. geotrichumJCM 6359 were
collected by centrifugation (11360« 30 min) and suspended

(17) For the application of GEMS to determining the ratio Bato 5a, see ref
11la.

(18) Agami, C.; Kazakos, A.; Levisalles, J.; Sevin, Petrahedron198Q 36,
2977.
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buffer (pH 7.5, 50 mL). The mixture was stirred at 26
for 9 h.i-PrOH (3.8 g, 63 mmol) was added, and the stirring
was continued at 23C for 18 h. When the GLC analysis,
the conditions of which are specified above, showed that
the reduction reached 77% conversion, the mixture was
extracted with MTBE (25 mLx 1). The MTBE extract was
washed with HO (10 mL x 1). The agueous washing was
extracted with MTBE (20 mLx 1). The MTBE extracts were
combined, dried (MgS§), and concentrated in vacuo to give
an oily residue (3.87 g), which was analyzed by the GLC
under the above-mentioned conditions for the composition:
104 21.8%;3a(cis-isomer), 73.7%5a (transisomer), 0.4%.
To a portion (1.00 g) of this crude product was added a
homogeneous mixture of NaHZ(..50 g), EtOH (1.60 mL),
and HO (2.65 mL). The mixture was stirred at 26 for 2
h. To the heterogeneous mixture was added PhMe (10 mL)
followed by Celite 545 (0.5 g). The mixture was filtered,
and the filter cake was washed with PhMe (10 mL1).
Layers of the filtrate were separated, and the PhMe layer
was dried (MgS@). The PhMe solution was concentrated
in vacuo to give3a (0.69 g, 68.5%). GLC analysis under
the same conditions as mentioned above gave the following
results: 10a (0.4%), 3a (cisisomer, 99.2%),5a (trans
isomer, 0.2%); IR/max (KBr) 3356, 2926, 2858, 2667, 1713,
1456, 1443, 1371, 1335, 1254, 1144, 1034, 964, 729, 694
cm % *H NMR 6 3.95 (1H, ddd) = ca. 2.8 Hz), 1.69 (2H,
m), 1.47-1.58 (5H, m), 1.271.38 (5H, m), 1.22 (2H, m),
0.89 (3H, t,J = 7.2 Hz); GC-MS (column, Ultra 1, 0.25
mm ® x 25 m, Hewlett-Packard; carrier gas, He, 35 KPa;
injection temperature, 25C; column temperature, 15C;
detection temperature, 28C; 70 eV)n/z 124 (M™ — H,0,
27), 109 (7), 98 (23), 95 (40), 82 (89), 81 (100), 67 (20), 57
(61), 43 (61).

cis-4-Propylcyclohexyl Mesylate 4a.Under an atmo-
sphere of N, neat MsClI (8.40 g, 73.8 mmol) was added
dropwise to a stirred solution of cru@a (74%, contaminated
with 10ain 22%; 10.0 g, approximately 54 mmol for net
3a) and pyridine (8.34 g, 105 mmol) in PhMe (15.0 mL) at
23°C. The mixture was stirred and heated at’&0for 5 h.
When complete consumption 8a was confirmed by TLC
[CHCI;, R 0.27 for3aand 0.57 foda], PhMe (15 mL) and
H,0 (30 mL) were added to the mixture, and the layers were
separated. The PhMe layer was washed with 10% aqueous
HCI solution (30 mLx 1), 10% aqueous NaHGGolution

0(30 mL x 1), HO (30 mL x 1), and saturated aqueous NacCl

solution (30 mLx 1). The PhMe solution was dried (Mg90O
and concentrated in vacuo to give cruda (14.6 g,
contaminated witli0ain 23% as estimated from integration
of H NMR signals): IRvmax (KBr) 2930, 2862, 1446, 1352,
1175, 970, 854, 532 cm; 'H NMR 6 4.95 (1H, m), 3.00
(3H, s), 2.06-2.01 (2H, m), 1.671.50 (4H, m), 1.46-1.10
(7H, m), 0.89 (3H, tJ = 7.2 Hz). This was used in the next
step without further purification.

Dimethyl trans-(4-Propylcyclohexyl)malonate 7aln-
der an atmosphere of,Na methanolic solution of NaOMe



(28%; 41.6 g, 0.22 mol) was added dropwise to a stirred 5.20 g, 49.2 mmol) with stirring over a period of 4 min.
and heated solution of dimethyl malonate (30.0 g, 0.23 mol) The mixture was stirred at 28 for 16 h. When complete

in PhMe (90.0 mL) at 3551 °C over a period of 45 min.
The mixture was stirred and heated at“&Dfor 1.5 h. The
mixture was cooled to 10C. Precipitated solids were
collected by filtration, washed with PhMe (20 md1), dried
in vacuo at 15 mmHg at 28C for 5 h togive dimethyl

consumption oawas confirmed by TLC [AcOEb-hexane
(1:1); R 0.91 for 7a and 0.21 forla], Me,CO (2 mL) was
added to destroy excess NaBHo the mixture was added
MTBE (22 mL) followed by HO (60 mL). The layers were
separated, and the organic layer was washed with 10%

sodiomalonate as a white powder (25.8 g, 73.6%). This wasaqueous HCI solution (50 mk 1), 10% aqueous NaHGO

added in portions to a stirred solution of cruda (77%,
contaminated withlOa in 23%; 14.5 g, approximately 54
mmol for net4a) in DMF (49.0 mL) at 23°C under an
atmosphere of Nl The mixture was stirred with heating at
80 °C for 5 h. When complete consumption d& was
confirmed by TLC [AcOEwm-hexane (1:4)R: 0.38 for4a
and 0.49 for7a], PhMe (50 mL) and KO (100 mL) were

solution (50 mLx 1), H,O (50 mL x 2), and saturated
aqueous NaCl solution (50 mk 1). The organic solution
was dried (MgS@) and concentrated in vacuo to give a solid
residue (5.05 g). This was dissolvednrheptane (23 mL)
with warming to 40°C. The resulting solution was ice-cooled
for 2 h. Precipitated solids were collected by filtration at O
°C and air-dried at 25C overnight to givela as a white

added to the mixture. The layers were separated, and thepowder (3.25 g, 59.4%): mp 99-100 °C; IR vnad{KBTI)

PhMe solution was washed with,8 (50 mL x 1) and
saturated aqueous NacCl solution (50 mL1). The PhMe
solution was dried (MgS£) and concentrated in vacuo to
give an oily residue (14.6 g), which was distilled in vacuo
to give 7a (7.21 g, 50.4% fronll0a) as a colorless oil: bp
125-150°C/7 mmHg; IRvma(KBr) 2955, 2926, 2850, 1757,
1738, 1436, 1342, 1294, 1249, 1215, 1140, 1017¢cA
NMR 6 3.72 (6H, s), 3.16 (1H, d] = 8.8 Hz), 2.45-1.90
(A1H, m), 1.76-1.69 (3H, m), 1.56:1.42 (2H, m), 1.42
1.22 (2H, m), 1.1#1.14 (2H, m), 1.08-0.90 (4H, m), 0.87
(3H,t,J = 7.2 Hz).
trans-2-(4-Propylcyclohexyl)-1,3-propanediol 1aTo a
stirred solution of7a(7.00 g, 27.3 mmol) in THF (56.0 mL)
was added NaBI{(1.86 g, 49.2 mmol) in portions at 2%&.

3340, 2955, 2908, 2845, 1435, 1379, 1026, 970, 669'cm
H NMR ¢ 3.87 (2H, dd,J = 4.0 Hz, 10.4 Hz), 3.81 (2H,
dd,J = 7.6 Hz, 10.4 Hz), 2.05 (2H, br s), 1.79.70 (4H,
m), 1.60-1.52 (1H, m), 1.421.24 (4H, m), 1.19-1.15 (3H,
m), 1.08-0.96 (2H, m), 0.920.80 (4H, m); Anal. Calcd
for C12H240,°0.1 GHy6 (n-heptane): C, 72.51; H, 12.29.
Found: C, 72.5; H, 12.1.
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To the mixture was added an aqueous solution of LiCl (40%; OP049961E

Vol. 8, No. 3, 2004 / Organic Process Research & Development o 395



