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An efficient desymmetrization afis-1,3-cyclohexanediol to 83R)-3-(acetoxy)-1-cyclohexanol RS-
2a) was performed vi&ZCandida antarcticdipase B (CALB)-catalyzed transesterification, in high yield
(up to 93%) and excellent enantioselectivity (ee’s up 89.5%). R,R-Diacetate (R,R-3a) was obtained

in a DYKAT process at room temperature fron5(3R)-3-acetoxy-1-cyclohexanol R 9-24a), in a high
trangdcisratio (91:9) and in excellent enantioselectivity-099%. Metal- and enzyme-catalyzed dynamic
transformation otis/trans1,3-cyclohexanediol using PS-C gave a high diastereoselectivitysfdiacetate
(cis/trans= 97:3). The (R,39)-3-acetoxy-1-cyclohexanok(it(R,9-2a) was obtained froncis-diacetate
by CALB-catalyzed hydrolysis in an excellent yield (97%) and selectivitP4% ee). By deuterium
labeling it was shown that intramolecular acyl migration does not occur in the transformat@s of
monoacetate to theis-diacetate.

Introduction anediols have been developed; however, they suffer from
moderate yields and low selectivityA few examples of
desymmetrization o€is-1,3-cyclohexanediol using enzymatic
resolution have previously been reporfeéd.

The racemicacis/trans mixture of 1,3-cyclohexanediol is an
inexpensive and readily available chemical. An efficient enzy-

Enantiomerically enriched 1,3-cycloalkanediols are precursors
for various building blocks in asymmetric synthekisnd
recently, the interest of 1,3-cyclohexanediol derivatives as
substructures in the pharmaceutical area has incrédgethods
for diastereo- and enantioselective synthesis of 1,3-cyclohex-

(3) (a) Horowitz, A.; Rajbenbach, L. hem. Commun. (Londot67,
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matic resolution of this mixture and analogous racemic cyclic
1,3-diols, possibly as a dynamic process involving epimerization,
would provide a useful method for the synthesis of enantio-
merically enriched 1,3-cycloalkanediols. We have recently
developed methods for dynamic kinetic resolution (DKR) and
dynamic kinetic asymmetric transformations (DYKAT) of

alcohols and diols, respectively, by combining a ruthenium

catalyst (for racemization/epimerization) and an enzyme catalyst

(for resolution)? Previous studies on DYKAT of acyclic 1,3-
diols have shown that the reaction suffers from moderate
diastereoselectivity due to formation wiesediacetate,and it
was shown that this was caused by an intramolecular acyl
migration in thesyn1,3-diol monoacetate’§.® This may also
be a problem in the cyclic 1,3-diols.

Theoretically, in an efficient enzymatic kinetic asymmetric
transformation (KAT) of racemicis/trans-1,3-cycloalkanediols,
by an R)-selective lipase, the products should & 3-diol,
(R,R-diacetate, and R,§-monoacetate. However, if intra-
molecular acyl migration occurs in thR (§-monoacetatec{s-
diol monoacetate), all monoacetate would be converteR,§-(
diacetaterfies, since the releasd@alcohol would be rapidly
enzymatically acylated. Also, a nonselective acylation (according
to Kazlauskas’ rulg of the (§-alcohol in the R,.S-monoacetate
would lead to R,9-diacetate 1fies9. In a dynamic kinetic
asymmetric transformation (DYKAT) of 1,3-cyclohexanediols,
the products formed could therefore be a mixture RfR-
diacetate andR,9-diacetate.

By favoring or disfavoring the formation of th&(S-diacetate
in the dynamic process with combined ruthenium and enzyme
catalysis it should be possible to make either Rg¢diacetate
or the R,R-diacetate, respectively, in high selectivity. Thus, if
ko' <k in the DYKAT of 1,3-cyclohexanediol (Scheme 1) and
if epimerization is fast no diacetatR §-3awould be produced.
This could occur if enzymaticS-acylation is slow and if a
possible acyl migration inR,9-2a is shut down. In this case,
the reaction would be shifted toward thHg R-diacetate R,R-
3a); epimerization of the monoacetat®,§-2a followed by
enzymatic acylation of the monoacetaf R-2a would give
diacetate R,R-3a (Scheme 1).

On the other hand, ity > k; the reaction would be shifted
toward themesediacetate (R,9-3a) provided that epimerization
is fast (Scheme 1). Under these conditionsgisitrans diol
mixture 1 could in principle be transformed into pur,9-
diacetate [R,9-34). Thus, it should be possible to prepare either
chiral (R,R-diacetate [R,R-3a) or achiralmesediacetate R,9-
3a), depending on the reaction conditions. Under dynamic

(4) (a) Mattson, A.; Orrenius, C.; Oehrner, N.; Unelius, C. R.; Hult, K.;
Norin, T. Acta ChemScand 1996 50, 918. (b) Garel, L.; Gelo-Pujic, M;
Schlama, T. WO 2005040394, 2005.

(5) For an example of nonenzymatic desymmetrizatiormafsel,3-
cyclohexanediol, see: Kawabata, T.; Stragies, R.; Fukaya, T.; Nagaoka,
Y.; Schedel H.; Fuji, K.Tetrahedron Lett2003 44, 1545.

(6) (@) Panies, O.; Bakvall, J.-E.Trends Biotechnol2004 22, 130-

135. (b) Panies, O.; Bakvall, J.-E.Chem. Re. 2003 103 3247-3261.
(c) Pamies, O.; Bakvall, J.-E.Curr. Opin. Biotechnol2003 14, 407—
413.

(7) (@) Mattson, A.; @rner, N.; Hult, K.; Norin, T.Tetrahedron:
Asymmetn1993 4, 925. (b) Persson, B. A.; Huerta, F. F.;daall, J.-E.

J. Org. Chem1999 64, 5237. (c) Edin, M.; Bekvall, J.-E.J. Org. Chem.
2003 68, 2216.

(8) A related acyl transfer has been observed in lipase-catalyzed
hydrolysis of diacetates ahesel,3-diols (2-substituted 1,3-propane di-
ols): Liu, K. K.-C.; Nozaki, K.; Wong, C.-HBiocatalysis199Q 3, 169~
177.

(9) Kazlauskas, R. J.; Weissfloch, A. N. E.; Rappaport, A. T.; Cuccia,
L. A. J. Org. Chem1991, 56, 2656-2665.
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SCHEME 1. Reaction Pathway for Formation oftrang/
cis-Diacetates
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conditions, i.e., in the presence of an epimerization catalyst,
there is an additional pathway for the formation of tigg-
diacetate: low selectivity (lovie value) in the first enzymatic
acylation of therans-diol (i.e., k; only slightly larger thark;"")
would give a mixture ofR,R-monoacetate K,R-2a) and §,9-
monoacetate §,3-2a). Subsequent epimerization of the latter
monoacetate followed by enzymatic acylation would lead to the
formation ofcis-(R,9-diacetate R,9-34a).

Results and Discussion

Preparation of Starting Materials. To study the acyl
migration, and theE values for the different steps, puoes-
andtrans-diol were required. A commercially available mixture
of trandcis-1,3-cyclohexanediol was converted to the diben-
zoated? followed by separation with flash chromatography. The
purecis- andtrans-dibenzoates were collected and hydrolyzed,
which afforded thecis- andtrans-diols in high yields (Scheme
2).

Kinetic Resolution and Desymmetrization.Because of the
possibility of forming thecis-(R,9-diacetate [R,9-3a) from
the S,9-diol in the case of low selectivity, it was desirable to
determine theE value for the first acylation step of theans
diol. Screening of several enzymes in different solvEritsthe
kinetic resolution (KR) ofrans-1 showed a very poor selectivity
(E1 = 2) in all cases. The best result was obtained Wi#imdida
antarctica lipase B (CALB) in toluene, which gavg; = 2
(Scheme 3).

However, the second step, i.e., enzymatic resolution of
racemictransmonoacetate, showed a much higher enantio-
selectivity €, = 48) with CALB in toluene. Based on these
results, we conclude that large amountsisfdiacetate RS
34a) are expected to be formed from DYKAT trfangcis-diol
due to low selectivity in the first step of the enzymatic resolution
of transdiol (trans-1).

(10) Kikuchi, Y.; Kato, Y.; Tanaka, Y.; Toi, H.; Aoyama, Y. Am.
Chem. Soc199], 113 1349.

(11) Enzymes investigated were as followaspergillus niger CALB
= Candida antarcticdipase B, CRL= Candida rugosdipase, PS-C, PS-D
= Pseudomonas cepadipase, P~ Pseudomonas fluoresceligase, PPL
= porcine pancreas lipase). Solvents employed were as follows: TBME
tert-butyl methyl ether, toluene, and THF combined with CALB and also
cyclohexane.
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SCHEME 2. Separation oftrans- and cis-1,3-Cyclohexanediol fromTrans/Cis Mixture

HO OH BzClI BzO, 0Bz BzO,, OBz BzO. OBz
> + +
Pyridine, CHCl3

(RR)-3b (S,9)-3b (R,S)-3b

Mixture of cis/trans

L|OH HO, OH BzO. 0Bz LIOH HO. ~OH
U Methanol U Methanol

(R,S)-3b (R.S)1 (+)-trans-3b (+)-trans-1
SCHEME 3. E Values for Enzymatic Acylation of TABLE 2. Racemization of R,S)-2a
trans-1,3-Cyclohexanediol R{CO, R,CO, 0,CR,
HO. WOH g AcO ~OH U U U
toluene, rt (R,S)-2 (R,S)-2 ent-(R,S)-2
E(=2
(+)-trans-1 k (RR)-2a 2a = Me (>99.5% ee)
2b = Et (99% ee)
T time %ee tf
Aco\©~“°H A°°’~O/°H CALB ACO\O«‘OAC entry  conditions solvent  (°C) (h) of2  (h)
+ —_—
toluene, rt 1 (R9-2a+ CALB toluene 25 24 89 95
(RR)-2a (S.5)-2a E;=48 (RR)-3a 2 (R9-2a+ CALB toluene 70 5 21 3.5
3 (R9-2a toluene 70 24 99.5
. . . . . . 4 (R9-2a+ CSA toluene 25 24 95
To obtain information concerning a possible acyl migration, 5  (rRg-2a+CALB TBME 60 5 71 8.25
the enzymatic desymmetrization ofesediol (R,S-1 to cis- 6 (R9-2a+CALB TBME 25 24 83 38
monoacetateR,S)-2awas studied, using different enzymesand 7  (RS-2a+ CALB DIPE 70 5 6 2.25
solvent. The results are given in Table 1. 8 (R9-2a+CALB cyclohexane 70 35 3 13
9 (RS-2b+ CALB toluene 70 5 42 4.5

CALB showed good activity, andRj-monoacetateR,S)-2a
was obtained in high yields and excellent enantioselectivity (98  2Unless otherwise noted, all reactions were performed on a 0.2 mmol
to >99,5% ee) in several solvents (Table 1, entries 1 anti0} scale with 12 mg of CALB Candida antarcticdipase) in 1 mL of solvent

' ; ; ' o with >99.5% ee of theis-diol monoacetate? TBME = tert-butyl methyl
In the Ca.se Oc.andlda ru_gosdlpase (CRL), desymmemzat.lon ether, DIPE= diisopropyl ether®ty, (h) = time at 50% ee, determined
to enantiomerically enrichedS[-monoacetat&a occurred in by GC using a CP-Chirasil-Dex CB column using racemic compounds as
good yield and high enantioselectivity (Table 1, entry 5). This references.

(9-selective acylation by a lipase is unusual and was also

observed for porcine pancreas lipase (PPL) Aspergillussp. Racemization Studies of MonoacetateR,S)-2a and R,S)-
(Aspergillus), although in the latter cases the reaction was very 2b. To probe the possible involvement of an intramolecular acyl
slow (Table 1, entries 4 and 6Pseudomonas cepacigpase transfer in the formation of thenesediacetate we studied the

PS-C showed good activity, although considerable formation racemization ofRR,9-2a. Intramolecular acyl migration irRS)-

of the diacetate was observed and the selectivity was poor (entry2a would lead toent(R,S)-2a and hence racemization.

2). Also, Pseudomonas fluoresceligase (PF) showed a poor The results presented in Table 2 show that the combination
selectivity, and the reaction was slow (entry 3.) On the basis of of high temperature and enzyme is important for the racemiza-
these results, we decided to study the formatiocistliacetate tion to occur. In the cases where CALB was used at both 25
((RS3a) in the CALB-catalyzed acylation afis-1,3-cyclohex- and 70°C, there was a significant increase in the rate of

andiol R,S1). racemization. At 25C after 24 h, the enantiomeric excess of

TABLE 1. Desymmetrization of R,S)-1 Using Enzymatic Acylationa

Enzyme
HO OH  , CIPhOAG 4 AcO. OH
_—
Solvent, r.t
(RS (R,S)-2a
entry enzyme enzyme (mg) solvent time (h) yiel@%o) diacetate (%) % de
1 CALB 6 toluene 3.5 83 >995R)
2 PS-C 3 toluene 6 67 28 38)
3 PF 3 toluene 6 15 1 5&]
4 PPL 75 toluene 6 <5 70
5 CRL 12 toluene 6 68 8 9
6 Aspergillus 75 toluene 6 <5 43
7 CALB 6 THF 35 85 3 >99.5 R
8 CALB 6 TBME® 35 93 7 >99.5R)
9 CALB 6 DIPE 35 85 3 >995R)
10 CALB 6 cyclohexane 35 21 5 98

aUnless otherwise noted, all reactions were performed on a 0.1 mmol scale, with 0.3 méagbdfmg) in 0.5 mL of solvent at re CALB = Candida
antarcticalipase B, PS-G= Pseudomonas cepaci@ase, PF= Pseudomonas fluoresceliygase, PPL= porcine pancreas lipase, CRt Candida rugosa
lipase, Aspergillus= Aspergillussp. ¢ Determined by!H NMR. 9 Determined by GC using a CP-Chirasil-Dex CB column using racemic compounds as
referencest TBME = tert-butyl methyl ether! DIPE = diisopropyl ether.
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SCHEME 4. Deuterium Labeling To Distinguish between Acyl Migration and Enzymatic Acylation
AcO-Enzyme

HO CD;
A B oXo HO OAc-ds
/_\ /" Path A l J
AcO-Enzyme
d3-AcO. OH ent—(R,S)-za-d3\
R N

OAc AcO. OAc-d;
S

observed not observed
(R,S)-3a-d3(R) (R,S)-3a-d5(S)

(R9-2awas 89%; however, at 7 afte 7 h the enantiomeric  the monoacetatee(1t(R,9-2a) had the configuration opposite
excess had dropped to 21% (Table 2, entry 1 vs 2). In the to that of the startingR)-monoacetate K,9-2), which shows
absence of enzyme no loss of enantioselectivity was observedthat it is the §-monoacetate. This provides conclusive evidence
after 24 h at elevated temperature (Table 2, entry 3). Addition that the diacetate obtained in Scheme 4 has the deuterium in
of 20 mM camphorsulfonic acid (CSA), which is expected to the acetate group in theéR)-position and, hence, that intra-
facilitate acyl migration, resulted in only a slight decrease of molecular acetyl migration does not take placeR5[-2a.

the enantioselectivity frorr 99.5% to 95% ee after 24 h (Table CALB

2, entry 4). The solvent effect in combination with CALB was d3-AcO OAc Ho HO. OAc

then studied, and it was found that the fastest racemization takes RUS aqueon» R\(j/s M

place in cyclohexane, followed by DIPE and toluene (Table 2, phosphate buffer

entries 2, 7, and 8). TBME showed a comparable racemization (R.S)-3a-05(R) oni(R.o-28

rate as that in DIPE and toluene (entries 5 and 6). The

racemization of the corresponding monopropionate was The cis-1,3-diol derivatives can possess two conformations,

slower than racemization @a(Table 2, entry 2 vs 9). Thisled  a diaxial and a diequatorial conformation (Figure 1), of which
us initially to believe that intramolecular acyl migration was the latter is the more stable one. For the parent diol the energy
involved in the formation of theis-diacetate (R S-3a). How- difference may not be so large due to stablilization of the diaxial
ever, the inability of R,S-2a to racemize in toluene in the  form by hydrogen bonds

absence of CALB was puzzling, and an intramolecular trans-  For an intramolecular acyl transfer, the alcohol and acetate
esterification seemed more likely to explain the racemization group must be close to one another, and this requires that the
of (R9-2ain the presence of CALB. To determine the exact alcohol and acetate are axial (Figure 1). In the intermediate for
mechanism for the formation of the diacetate further studies the intramolecular acetyl migration the oxygen substituents will

were required. be diaxial (Figure 2a), and furthermore, the dioxane ring will
Origin of Formation of the cis-Diacetate R,9-3a. With have two carbons of the cyclohexane ring as axial carbons

deuterium labeling of the group icis-diol monoacetateR,S- (Figure 2b). For this reason, the energy of the acetyl migration

2ady) it is possible to determine whether tbis-diacetate R,S- intermediate is rather high for the cyclohexane system compared

3ais formed due to intramolecular acyl transfer or via direct to the acyclicsyn1,3-diol systenT® This explains the unfavored
enzymatic acylation as a result of low selectivity (Scheme 4). intramolecular acyl migration in the 1,3-cyclohexanediol system.
Involvment of an intramolecular acyl transfer would gieet
R,S-2a-ds, which would be rapidly enzymatically acylated to Rom

the diacetate with deuterium in th&{position. On the other OR--OR OR
hand, direct acylation would produce the diacetate with the [0---0] [0---0]
deuterium in the R)-position. 27A 49A

The deuterated starting material in Scheme 4 was obtained

from acylation ofcis-1,3-cyclohexanediol witfp-CIPhOAc; FIGURE 1. Conformations of 1,3-cyclohexanediol.

(4a-d3), which afforded R S)-2ads;. The deuterium-labeled

monoacetate R,S)-2a-d; was acylated using CALB ang- W O%I/Me
chlorophenyl acetatel§) to give the diacetate. Analysis of the °><° OH
diacetate showed that the deuterium has remained in the HO Me

R-position (R,S)-2a-d3(R)), and hence, the diacetate has been a b

obtained via direct enzymatic acylation of tt-élcohol as a ] o )
result of low selectivity (mechanism B). The location of the FIGURE 2. Conformation of acyl migration intermediate.
deuterium in the diacetate was determined BY)-gelective
hydrolysis by CALB in watef2 The hydrolysis of the diacetate
obtained using CALB in aqueous phosphate buffer afforded a
nondeuterated monoacetate:(R,3-2a(eq 1). The product was
~96% nondeuterated, and it was confirmed by chiral GC that

DYKAT of 1,3-Cyclohexanediol Using a Variety of Acyl
Donors. Enzymatic acylation of theis-diol (R,S)-1 (vide supra)
showed that theR)-selectivity of the first acylation is high,
and this led to efficient desymmetrization. If a first enzymatic
acylation is allowed before the racemization catalyst is added,
all cis-diol (R,S-1 would be converted toismonoacetateR,S)-

(12) Lipases such as CALB aRselective (according to Kazlauskas’  2a (Scheme 1). Ik, > k;' in Scheme 1 and epimerization is

rule) in the reaction of alcohol derivatives; e.g., see ref 7c. R R
(13) (a) Goodwin, J. C.; Hodge, J. E.; Nelson, E. C.; Warner, KJA. faSt.’ a”. monoacetateR(R) .2aWOU|d. be. converted tﬂR) 3a
Agric. Food Chem1981, 29, 929. (b) Chen, X.; Walthall, D. A.: Brauman, AN in situ desymmetrization of theis-diol before applying the

J. 1.J. Am. Chem. So@004 126, 12614. DYKAT may therefore give mainly theR|R)-diacetate R.S)-

6312 J. Org. Chem.Vol. 71, No. 17, 2006
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FIGURE 3. Dissociation of the precatalyStto form the active species
5a and5b.

TABLE 3. DYKAT of (1 S,3R)-Cyclohexandiol (1}

Ru-cat. 5
CALB
HO. oH Aeyldonor pog 0,CR
(3 equiv.) 2 2
gor:uene h U
at rt then
(RS- 3-4dat70°C  (R.S)-3
D/O\H/R 4a = Me-
4b = Et-
cl 0 4c = Pr-
4 4d = Pentyl-
4e = (CH,),CH-
4f = (CH3),CH,CH-
yield of
time diacetates %
entry acyl donor (h) 3P (%) cistrans eé
1 4a(R=Me-) 72 >95 65:35 97
2 4b(R=Et-) 72 >95 4951 98
3 4c(R=Pr) 96 >95 81:19
4 4d (R = pentyk) 96 >95 87:13
5  4e(R=(CHa).CH-) 72 >95 80:20
6  4f (R=(CHs).CH,CH-) 96 >95 92:8

aUnless otherwise noted, all reactions were performed on a 0.2 mmol

scale using 6.5 mg of CALB, 5 mol % of catalyst 0.6 mmol of acyl
donor @a—f), and 2.5 mg of NgCOz in 1 mL of toluene. The reaction
mixture was stirred at rt fo3 h and 69 or 93 h at 78C. Hydrogen source
2,4-dimethyl-3-pentanol6 (0.5 equiv/hydroxyl group), was added after
24 h.b Determined by*H NMR. ¢ Diastereomeric ratio, determined By
NMR. 4 Enantiomeric excess dfans-diester, determined by GC using a
CP-Chirasil-Dex CB column using racemic compounds as references.

3a) provided that epimerization is fast. The desymmetrization-
DYKAT sequence was accomplished by allowioig-diol 1,
CALB, ruthenium catalysb, and p-chlorophenylacetate46)

to react at room temperature in toluene f® h and then
increasing the temperature to 7C. At room temperature,
catalysts is inactive, and therefore there will be no epimerization
during the first 3 h. The dimeric ruthenium precatalgsis

JOC Article

Ph_ PN
%Ph
Ph \
Ph Ru~ci
oC co
7
FIGURE 4. Ruthenium catalyst for racemization at 25C.

SCHEME 5. DYKAT of (1 S,3R)-3-(Acetoxy)-1-cyclohexanol
(R,9-2a)

Ru-cat. 7

CALB

Acyl donor

AcO. OH (15 equivA)Aco ~OAc . AcO. OAc

Toluene

.24 h

(R,S)-2a 57% (RR)-3a (R,S)-3a
ee: > 99%

SCHEME 6. DYKAT of (R,S)-2a (k2 > kz)

ACOU\\\OH ACOU\\\OAC

(RR)-2a (RR)-3a

AcO. OH kz' ACOUOAC
168 -

(R.S)-2a (R.S)-3a

ka
—_—

epimerization

(R,9-2a in a hightrandcis ratio and with excellent enantio-
selectivity (Scheme 5). In this cade,is larger thark,', which
makes it possible to prepare enantiomerically puReR¢
diacetate [R,R-3a).

However, ifky’ can be made larger th&p, the formation of
cis-diacetate R S-34)) would be favored overR,R-diacetate
((R,R-3a); i.e., the rate of the enzymati§facylation in the
cismonoacetate R,S-2a)) should be faster then theR)-
acylation of thetransmonoacetateR,R)-2a)). For the purpose
of preparing thecis-diacetate R,S-3a), we started from &is/
trans-cyclohexanediol mixture. The low selectivity of the first
step is of less importance sinc8,§-monoacetate §,3-2a)
can be epimerized and enantiomerically acylated forming the
cis-diacetate R,S-34a)). In initial experiments of DYKAT of
cigtrans-cyclohexanediol, we combined the KAT of the diols,
using an enzyme and thechlorophenylacetate4§), with a

activated by heat and then it is dissociated into the two active rythenium-catalyzed epimerization process via hydrogen transfer

speciesba and5b (Figure 3).
The results from this study (Table 3) show that using larger
R groups on the acyl donor favors the formation of the

employing the dimeric Ru precatalystn toluene at 70°C. It
appears that elevated temperature favors the formatiaisof
diacetate R,S)-3a)) (cf. Table 3). The DYKAT ofcig/trans

(R,9-diesters (except in one case) and not as we expected,cyclohexanediol was additionally studied at room temperature

leading to an increased selective formation oftthes-diacetate.
This may be a result of slow epimerization by the catalyst, in
combination with a decreased ratio kfk, (cf. Scheme 1).
The cis-diacetate is the predominant product, with acyl donor
4f, giving acigdtransratio of 92:8.

Due to the high temperature (7Q) required for racemization
catalyst5, a moderate to low selectivity was obtained in the
DYKAT process (Table 3). Because of the low selectivity
obtained, we decided to study the enzymatic acylatiofR@){
2ain the presence of ruthenium catalystFigure 4). The latter
catalyst was recently found to efficiently racemize alcohols at
room temperaturé

The results from the DYKAT employing CALB andshow
that it is possible to obtain thé&k(R-diacetate (R,R-3a) from

using Ru catalys? and isopropenyl esters (Scheme 6). These
results are summarized in Table 4.

In the first reaction, using CALB as the enzyme, thens/
cisratio of the substrate diol, which is 37:63, was increased to
43:56 for the diacetate. Thé&rans-diacetate RR)-3a was
obtained in 94% ee (Table 4, entry 1). In the above desymme-
trization of cis-diol 1 using PS-C as the enzyme, we had
observed that the first acylation is followed by a fast second
acylation to give thecis-diacetate R S-3a (Table 1, entry 2).

(14) (a) Csjernyik, G.; BogaK.; Béckvall, J.-E.Tetrahedron Let2004
45, 6799. (b) Martn-Matute, B.; Edin, M.; Boga K.; Backvall, J.-E.Angew.
Chem., Int. Ed2004 43, 6535. (c) Marm-Matute, B.; Edin, M.; Boga
K.; Kaynak, F. B.; Bakvall, J.-E.J. Am. Chem. So2005 127, 8817.
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TABLE 4. DYKAT of Cig/Trans Mixture 12

HOOOH

Ru-cat. 5or 7
CALB

Acyl donor
(3 equiv.)
Toluene
rtor 70°C

Fransson et al.

RCOZUOZCR RCOZU\\\OZCR
+

(cisftrans)-1 (R,S)-3 (RR)-3
entry method enzyme Rtcat. T(°C) R group time (h) yield of diaceta®sP (%) dre cigl'trans % ed
1 A CALB 5 70 Me 72 >95 56:43 94
2 A PS-C 5 70 Me 72 >95 97:3 92
3 B CALB 7 25 Me 24 41 33:66 96
4 B CALB 7 25 Pr 24 26 22:78 >98

aUnless otherwise noted, all reactions were performed on a 0.2 mmol scale using 6.5 mg of CALB, 5 mol % of catalyst, and 0.6 mmol of acyl donor in
1 mL of toluene. Method A:p-CIPhOAc4a as acyl donor5 as catalyst, and 2.5 mg of MaO; was stirred at 70C for 72 h. Hydrogen source, 2,4-
dimethyl-3-pentanol®) (0.5 equiv/hydroxyl group), was added after 24 h. Method B: Isopropenyl acetate or butyrate as acy¥ dsnmatalyst, 6 mol %
of KO'Bu (0.5 M in THF), and 10 mg of N&Os was stirred at rt? Determined by'H NMR. ¢ Diastereomeric ratio, determined By NMR. @ Enantiomeric
excess ofrans-diester, determined by GC using a CP-Chirasil-Dex CB column using racemic compounds as reféiemeels.was determind by GC; the

trans-diacetate was not detectable usitityNMR.

SCHEME 7. Stereoselective Synthesis oR(9-3a, ent-(R,9-2a, R,9-2a. and R,R)-3a from a RacemicCig/Trans Mixture of
1,3-Cyclohexanediol (1) via Enzyme and Metal-Catalyzed Transformations

HOUOAC

Enzymatic
hydrolysis
Ru-cat 5 (97%) ent-(R,S)-2a
HO OH PS-C AcO OAc >99% ee
O acyl donor U
(95%) 1. LiOH,
aq MeOH Ru-cat 7
! (RS)3a (92%) CALB
>97%cis 2. CALB,

acyl donor

(83%)

This indicates thatk,' is quite large for this enzyme and
presumably larger thak,. Applying PS-C in the dynamic

acyl donor

ACOO\\\OAC

(RR)-3a
> 91% trans
99% ee

ACOUO H

(R S)-2a
> 99% ee

—_—
(57%)

commercially available racemicis/trans mixture of 1,3-
cyclohexanediolX) can be transformed inté&x(9-3a, ent(R,9-

process with ruthenium and enzyme catalysis resulted in 2a, (R,9-2a and R,R-3a (Scheme 7).

diastereoselective formation ofs-diacetate of 97:3 (Table 4,
entry 2). In this way, one can obtain thies-diacetate R S)-3a

in high yield and high diastereoselectivity from a mixture of
trans/cisdiol 1. On the other hand, the use of catalysit room
temperature favored the formation tohns over cis-diacetate.

Experimental Section

General Procedures for Synthesis of Starting Material.cis/
trans-Dibenzoate (3b).The mixture ofdl/mesediols (5.0 g) was

Thus, enzymatic acetylation under dynamic conditions afforded €Sterified with benzoyl chloride (15.1 g) and pyridine (10.3 g) in

a cis:trans ratio of 33:66, wheras a butyrate in the acyl donor

gave acigtransratio of 22:78. In both cases, the enantioselec-
tivity of the trans-diacetate R,R)-3a) was high (96-98% ee).
The increased predominance toans product can be a result
of higher selectivity of the enzyme at lower temperature.

Conclusions

A high diastereoselectivity foris-diacetate ¢istrans = 97:

chloroform (24 mL) at room temperature for 24 h. The reaction
mixture was concentrated in vacuo, and the residue was dissolved
in CH,Cl, (100 mL) and washed wit1 M HCI (50 mL). The
organic phase was further washed with saturated a€8a(2 x

25 mL), H,O (25 mL), and brine (25 mL) and dried (b&0,) and

the solvent was removed in vacuo. Flash chromatography (chlo-
roform) affordedtrans-3b (1.9 g, 14%) anais-3b-dibenzoate (3.9

g, 28%) as pure isomet8Also, a fraction of a mixture ofis- and
trans-dibenzoate (5.8, 42%) was collectetis-Dibenzoate: H

NMR (CDCls) 6 8.04-8.00 (m, 4H), 7.577.50 (m, 2H), 7.42

3) was obtained in the metal- and enzyme-catalyzed transforma-7.36 (m, 4H), 5.16-5.08 (m, 2H), 2.482.43 (m, 1H), 2.141.84

tion of trandcis-diol, under dynamic conditions. We have
managed to obtain th&(R-diacetate [R,R-3a) from (1S 3R)-
3-acetoxy-1-cyclohexanoR§) in a hightrangdcis ratio (91:9)
and in excellent enantioselectivity 8f99%. Desymmetrization

of cis-diol to cismonoacetate was successfully accomplished

in up to >99.5% ee and yields up to 93% for §BR)-3-
(acetoxy)-1-cyclohexanol@) using CALB. The formation of
the mesediacetate was initially believed to be a result of
intramolecular acylmigration. However, by use of deuterium

labeling it was shown that intramolecular acyl migration does

not occur in the transformation @fs-monoacetateR,S)-2ato
cis-diacetate R,S-3a. By combination of these methods, a

6314 J. Org. Chem.Vol. 71, No. 17, 2006

(m, 3H), 1.63-1.46 (m, 4H);*C NMR (CDCk) ¢ 165.8, 132.8,
130.5, 129.6, 128.3, 70.8, 36.7, 30.8, 19réns-Dibenzoate: 'H
NMR (CDCl) 6 8.08-8.04 (m, 4H), 7.59-7.52 (m, 2H), 7.47
7.40 (m, 4H), 5.495.43 (m, 2H), 2.14 (tJ = 5.5, 2H), 2.02-
1.72 (m, 6H);13C NMR (CDCk) 6 165.8, 132.9, 130.5, 129.6,
128.4, 70.6, 35.9, 30.4, 19.4.

cis-1,3-Cyclohexanediol is-1). To a solution of thesis-3b (3.9
g, 12.0 mmol) in methanol (110 mL) at @ was added LiOH
(875 mg, 36.5 mmol). The mixture was stirred at room temperature
overnight. The pH in the solution was adjusted to 4 using 2 M

(15) Fleming, I.; Lawrence, N. J. Chem. Soc., Perkin Trans.1B92
24, 3309.
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HCI (aq), and the methanol was concentrated in vacuo. The resulting p-Chlorophenyl butyrate (4c): isolated as pale yellow oil; yield

water phases were saturated with NaCl (s) and extracted with EtOAc
(4 x 250 mL). The combined organic phases were dried over
NaSQ and concentrated in vacuo, and the residue was purified by
flash chromatography (Ci€l, to EtOAc/acetone 3:1), affording
the cis-diol (1.29 g, 91%) as white crystalg.

General Procedure for Desymmetrization of cis-1 Using
Enzymatic Acylation (Table 1).In a typical experimenty-CICeH;-
OAc 4a (51 mg, 0.30 mmol) in toluene (1 mL) was degassed with
argon for 1 min and added to a Schlenk tube containigd (23.2
mg, 0.2 mmol) and CALB (6 mg). The mixture was stirred at room
temperature and monitored by TLC. The mixture was filtered

0.873 g (88%)1H NMR (CDClg) 6 7.33 (dm,J = 8.8, 2H), 7.03
(dm,J = 8.8, 2H), 2.53 (tJ = 7.4, 2H), 1.78 (app. hexted, =
7.4, 2H), 1.04 (tJ = 7.4, 3H);13C NMR (CDCk) 6 171.9, 149.2,
131.0, 129.4, 122.9, 36.1, 18.4, 13.6.

p-Chlorophenyl hexanoate (4d):isolated as pale yellow oil;
yield 0.655 g (58%)*H NMR (CDCl3) 6 7.33 (dm,J = 8.9, 2H),
7.02 (dm,J = 8.9, 2H), 2.54 (tJ = 7.4, 2H), 1.82-1.69 (m, 2H),
1.46-1.30 (m, 4H), 0.980.86 (m, 3H);3C NMR (CDCI3) 6
172.0, 149.2, 131.0, 129.4, 122.9, 34.3, 31.2, 24.5, 22.3, 13.9.

Gereral Procedure for Preparation of Diesters of 1,3-
Cyclohexandiol. To a solution of thecis- or trans-diol 1 (69 mg,

through a silica pad to remove the enzyme, and the silica pad wasp ‘6 mmol) and DMAP (1.4 mg, 0.01 mmol) in dichloromethane (1

washed with BO (3 x 3 mL). The filtrate was collected, the solvent

mL) was added the desired acid chloride (3.0 mmol) dropwise at

was concentrated in vacuo, and the residue was analyzed by GCp °C. The reaction was stirred at room temperature overnight. The

and*H NMR.

(1S,3R)-3-Acetoxy-1-cyclohexanol ,S)-2a) was prepared ac-
cording to the procedure for the desymmetrizationisfl, starting
from p-CICsH,OAc 4a (510 mg, 3.0 mmol)gis-1a (232 mg, 2.0
mmol), and CALB (120 mg) in toluene (6 mL). After filtration,
the silica pad was washed with,Ex (3 x 30 mL), the combined
solvent was concentrated in vacuo, and the residue was purified
by flash chromatography (pentane/EtOAc 1:4 to EtOAR)S)-2a
(263 mg, 83%) was obtained as a colorless eib9% ee): H
NMR (CDCl;) 6 4.79-4.68 (m, 1H), 3.753.66 (m, 1H), 2.27
2.16 (m, 1H), 2.04 (s, 3H), 1.921.72 (m, 3H), 1.441.18 (m,
4H); 13C NMR (CDCk) 6 170.6, 71.2, 68.7, 40.8, 34.5, 30.9, 21.6,
20.1.

General Procedure for Racemization of MonoestersK,S-
2a and R,9-2b. In a typical experiment, the monoester (0.2 mmol)
and CALB (12 mg) in toluene (1 mL) was stirred in a Schlenk
tube under argon atmosphere at 70. The racemization was
monitored by GC. After standard workup, the mixture was filtered
through a silica pad to remove the enzyme, the silica pad was
washed with acetone (2 mL), and the filtrate was analyzed by GC.

(1S,3R)-3-(2,2,2-Trideuterioacetoxy)-1-cyclohexanol §,S)-2a-
d3). p-CICeH4OACc-d3 (4a-ds) (582 mg, 3.3 mmol) in toluene (6.8
mL) was degassed with argon for 1 min and added to a Schlenk
tube containingeis-1 (260 mg, 2.2 mmol) and CALB (135 mg).
The mixture was stirred at room temperature, monitored by NMR,
and stirred for 9 h. The mixture was filtered through a silica pad to
remove the enzyme, the enzyme was washed wit® E8 x 30

mL), the solvent was concentrated in vacuo, and the residue was

purified by flash chromatography (pentane/EtOAc 1:4 to EtOAc)
affording (R,9-2a-d; (153 mg, 43%) as a colorless oit 9% ee):
I1H NMR (CDCl) 6 4.81-4.69 (m, 1H), 3.76-3.64 (m, 1H), 2.27
2.18 (m, 1H), 2.042.00 (m, 0.3H), 1.941.78 (m, 3H), 1.46
1.20 (m, 4H);3C NMR (CDCk) 6 170.4, 70.9, 68.4, 40.6, 34.3,
30.6, 21.1(m) 19.9.

General Procedure for 4-Chlorophenyl Acyl Donors (4).In

solution was evaporated and purified by flash chromatography

(pentane/CHCI,). The yields of the diester were90%.
cis-Diacetatecis-3a:16 'H NMR (CDCl) 6 4.80-4.68 (m, 2H),

2.29-2.19 (m, 1H), 2.02 (s, 6H), 2.601.79 (m, 3H), 1.52-1.18

(m, 4H); 3C NMR (CDCk) ¢ 170.2, 70.5, 37.1, 30.7, 21.2, 20.1.

General Procedure for Preparation of Racemiais-3-Acetoxy-
1-cyclohexanol €is-2a). To a solution of thecis-diol 1 (58 mg,

0.5 mmol) in THF (5.5 mL) and pyridine (79 mg, 1.0 mmol) at O
°C was added acetyl chloride (41 mg, 0.525 mmol) dropwise over
10 min. The reaction was stirred at°@ for 2 h and at room
temperature for an additional 2 h. The solvent was concentrated in
vacuo, ad 1 M HCI (5.5 mL) and CHCI, (10 mL) were added.
The phases were separated, and the aqueous layer was collected
and extracted with CKCl, (5 x 20 mL). The combined organic
phases were washed with saturated agQ® (10 mL), water (10

mL) and brine (10 mL) and dried over MgQQThe solvent was
concentrated in vacugand the residue was purified by flash
chromatography (CCl, to (CH,Cl,/acetone 2:1) affordingéc)-
cis-2a (31 mg, 39%) as a pale yellow dil:'H NMR (CDCl) ¢
4.79-4.68 (m, 1H), 3.753.66 (m, 1H), 2.272.16 (m, 1H), 2.04

(s, 3H),1.92-1.72 (m, 3H), 1.441.18 (m, 4H);*3C NMR (CDCk)

0 170.6, 71.2, 68.7, 40.8, 34.5, 30.9, 21.6, 20.1.

General Procedure for DYKAT of cis-1. In a typical experi-
ment, p-chlorophenyl ested (0.6 mmol) in toluene (1 mL) was
degassed with argon for 1 min and added to a Schlenk tube
containingcis-1 (23.2 mg, 0.2 mmol), CALB (6.5 mg), and the
ruthenium catalyss (10.8 mg, 5 mol %). The mixture was stirred
at room temperature f@ h and then for 69 or 93 h at 7C. After
24 h, 2,4-dimethyl-3-pentanol was added as a hydrogen source (0.5
equiv/hydroxyl group). The mixture was filtered through a Celite
pad to remove the enzyme. The solid was washed with acetone (3
x 2 mL), solvent was concentrated in vacuo, and the residue was
analyzed by GC anéH NMR.

General Procedure for DYKAT of 1. In a typical experiment,

a typical experiment, the appropriate acid chloride (5.5 mmol) was P-CICeHsOAc 4a (102 mg, 0.6 mmol) in toluene (1 mL) was
added dropwise to a solution of 4-chlorophenol (0.643 g, 5.0 mmol), degassed with argon for 1 min and added to a Schlenk tube
EtN (1.52 g, 15 mmol), and DMAP (12 mg, 0.1 mmol) in @&, contalnlngqls/transl (23.2 mg, 0.2 mmol), enzyme (6:5 mg), and
(10 mL). The reaction mixture was stirred at room temperature the ruthenium catalys (10.8 mg, 5 mol %). The mixture was
overnight. The solution was washed wit M HCI (3 x 8 mL), stirred at 70°C for 24 h, after which time 2,4-dimethyl-3-pentanol
and the combined aqueous phases were reextracted with ether (3Vas added as a hydrogen source (0.5 equiv/hydroxyl group). The
x 8 mL). The combined organic phases were washed with saturategmixture was s_tlrred for additionally 48 h and worked up by filtering
NaCOs (ag, 5 mL) and brine (4 mL) and dried over Mg$The th.rough a Celite pad to remove the enzyme. The sqlld was washed
solvent was concentrated in vacuo, and the crude mixture wasWith acetone (3x 2 mL), solvent was concentrated in vacuo, and
purified on silica (pentane/EtOAc gradient). the residue was analyzed by GC altiNMR.

p-Chlorophenyl propionate (4b): isolated as colorless oil; yield General Procedure for DYKAT of 1 or (R,S)-2a. A solution
0.698 g (76%)H NMR (CDCl;) 6 7.34 (dm,J = 9.1, 2H), 7.03 of KO-t-Bu (0.5 in THF; 48uL, 12 mol %) was added to a 10 mL
(dm,J = 9.1, 2H), 2.59 (q,) = 7.4, 2H), 1.26 (tJ = 7.4, 3H);13C Schlenk tube. The THF was carefully removed under vacuum, and
NMR (CDCL) 6 172.7, 149.2, 131.0, 129.4, 122.9, 27.7, 9.0. the flask was filled with argon. CALB (4 mg), N&0; (8 mg, 0.08
mmol), and Ru catalyst (12.8 mg, 5 mol % for each hydroxyl
group) were added. The Schlenk flask was evacuated and filled
with argon. Toluene (1 mL) was added, the mixture was stirred
for 6 min, andcigtrans-cyclohexanediol (23 mg, 0.2 mmol) was
added quickly. After an additional 4 min, isopropenyl acetate (65

(16) Hirata, T.; Izumi, S.; Aoki, M.; Gotoh, S.; Utsumi, Ghirality 1997,
9, 250.

(17) Fleming, I. M.; Henning, R.; Parker, D. C.; Plaut H. E.; Sanderson,
P. E. J.J. Chem. Soc., Perkin Trans.1B95 4, 317.
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ul, 3 equiv) was added. After being stirred for 24 h at ambient  Supporting Information Available: Experimental procedures
temperature, the reaction mixture was analyzed by GC &hd and characterization data for compoutidns-1, (R,9-2b, (RS-
NMR. 3ad; (R9-2a, 4e—f, cis-3c—g, trans-3a—g, cis-2b, andtrans

) ) ) 2b. Copies of'H NMR and!3C NMR spectra of compoundsis-
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