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hypothesis that merostabilization of the biradicaloid in- 
termediate predisposes these salts to utilize this mecha- 
nism rather than the concerted one. 
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(*)-cis-3-tert-Butyl-1,2-epoxycyclohexane is converted by rabbit liver microsomal epoxide hydrolase exclusively 
into the diaxial diol. The lS,2R,3S enantiomer reacts at a much faster rate to yield the 1R,2R,3S diol, which 
is isolated at least 96% optically pure in the first stages of the reaction, up to almost 50% conversion. (*)- 
trans-3-tert-Butyl-l,2-epoxycyclohexane is a poorer substrate than the cis isomer: only the 1S,2R,3R epoxide 
undergoes slow enzymatic hydrolysis to produce exclusively optically pure lR,2R,3R diol, the product of diequatorial 
opening, in contrast with the acid-catalyzed hydrolysis of the same epoxide that yields both the diequatorial 
and the diaxial diols. The absolute configurations of the diols and epoxides were established by chiroptical methods 
on appropriate derivatives. The enantiomeric excesses in the diols were determined with chiral shift reagents. 
The present results confirm previous hypotheses on the topology of the hydrolase active site, involving a large 
hydrophobic pocket situated in such a way as to accommodate bulky substituents to the right of the oxirane 
ring in the ES complex. They also are consistent with and supplement previous evidence on a general-base catalysis 
in the enzymatic reaction mechanism. 

The microsomal epoxide hydrolase (EC 3.3.2.3) is an 
important enzyme involved in both the detoxification2i3 
and the further metabolic activation4is of epoxides and 
arene oxides arising by oxidation of olefinic and aromatic 
substrates by the cytochrome P-450 containing mono- 
oxygenases. In spite of its low substrate specificity, the 
hydrolase exhibits a remarkable regioselectivitFl0 and in 
several cases appears to be able to discriminate between 
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Jerina, D. M. In 'Advances in Pharmacology and Therapeutics"; Cohen, 
Y., Ed.; Pergamon Press: Oxford, 1978; Vol. 9, pp 41-52. 
(5) Jerina, D. M.; Yagi, H.; Thakker, D. R.; Karle, J. M.; Mah, H. D.; 

Boyd, D. R.; Gadaginamath, G.; Wood, A. W.; Buening, M.; Chang, R. L.; 
Levin, W.; Conney, A. H. In 'Advances in Pharmacology and 
Therapeutics"; Cohen, Y., Ed.; Pergamon Press: Oxford, 1978; Vol. 9, pp 
58-62. _ _  ._ 

(6) Jerina, D. M.; Daly, J. W.; Witkop, B.; Zaltmann-Niremberg, P.; 

(7) Jerina, D. M.; Ziffer, H.; Daly, J. W. J. Am. Chem. SOC. 1970,92, 
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Commun. 1978,82,310. 

substrate enantiomers.'l-13 The latter feature is exceed- 
ingly important in view of the well-known influence of 
stereochemical factors on biological activity. In particular, 
marked effects of absolute and relative configuration on 
the mutagenic and carcinogenic activity of stereoisomeric 
epoxides, dihydrodiols, and diol epoxides formed in the 
metabolism of polycyclic aromatic hydrocarbons have been 
reported.14 

Substituted epoxycyclohexane rings are present in a 
variety of naturally occurring or metabolically formed 
products and represent suitable models on which the 
stereoselectivity of the epoxide hydrolase can be simply 
investigated by virtue of the rather advanced under- 
standing of steric, electronic, and conformational factors 
involved in their ring-opening reactions15 and of the facility 
of conformational and configurational determinations with 
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Biophys. 1978, 187, 290. 

(12) Bellucci, G.; Berti, G.; Ingrosso, G.; Mastrorilli, E. J. Org. Chem. 
1980,45,299. 
(13) Armstrong, R. N.; Levin, W.; Jerina, D. M. J. Biol. Chem. 1980, 

255, 4698. 
(14) Levin, W.; Buening, M. K.; Wood, A. W.; Chang, R. L.; Kedzier- 
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J. Bid. Chem. 1980, 255, 9067. 
(15) For a review, see: Buchanan, J. G.; Sable, H. Z. In 'Selective 
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these compounds. Important information on the topology 
of and geometric constraints in the active site of the ep- 
oxide hydrolase can be gained in this way.12 

In a previous paper12 we examined the influence exerted 
on the stereoselectivity of the enzymatic hydrolysis by the 
presence on the epoxycyclohexane ring of a remote tert- 
butyl group, providing conformational rigidity but unable 
to exert a direct steric effect on the reaction center. For 
the present investigation we chose the enantiomeric cou- 
ples of the diastereoisomeric cis- and trans-3-tert-butyl- 
1,2-epoxycyclohexanes (1 and 3), in which the proximity 
of the bulky anchoring group to the epoxide ring was ex- 
pected to cause a shielding effect on protonation of the 
oxirane oxygen in the cis form and on nucleophilic attack 
a t  C(2) in the trans form. 

Results 
The acid-catalyzed hydration of cis- and trans-3-tert- 

butyl-l,2-epoxycyclohexane (1 and 3) in water was first 
examined, and the previous results16 were confirmed. The 
cis-epoxide 1 was attacked only at C(1) to give the diaxial 
diol 2, whereas a 53:47 mixture of the same diaxial and 
diequatorial diol 4, respectively arising by attack at  C(2) 
and a t  C(l), was obtained from the trans-epoxide 3 
(Scheme I). 

The hydrolysis of (f)-1 and (f)-3 in the presence of 
rabbit liver microsomes in phosphate buffer at  pH 7.4 was 
then examined. In order to ensure a meaningful com- 
parison of the results, most of the incubations were carried 
out under similar conditions, at  substrate concentrations 
certainly far in excess of the presumed Km.17 Incubations 
were stopped at  different times, the products extracted 
into ethyl acetate, and the yields determined by GLC. 
Only the diaxial diol 2 and only the diequatorial diaster- 
eoisomer 4 were respectively found ~9 the products of the 
enzymatic hydrolysis of epoxides 1 and 3, although the 
GLC method could detect less than 1 % of the former in 
a sample of the latter diol and vice versa. The product diol 
and the unreacted epoxide were then seprated and sub- 
jected to measurement of optical rotations. The results 
are shown in Tables I and 11. 

Although both epoxides 1 and 3 appeared to be much 
worse substrates with reaped to the previously investigated 
4-tert-butyl-substituted isomers, probably owing to the 
higher steric crowding around the epoxide ring, the cis 

(16) Freppel, C., Thhe de Doctorat, University of Montrhl, 1971. 
(17) Values of K, ranging between -2  pM and 0.7 mM have been 

reported for largely different substrates (see ref 14 and 18). 

Table I. Conversion of 
(i )-cis-3-tert-Butyl-l,2-epoxycyclohexane (1 ) into 

t-3-tert-Butylcyclohexane-r-l,t-2-diol (2)  
recovd epoxide 1 recovd diol 2 incu- 

bation yield, [CY] 'OD, yield, [CY]~'D, 
time, h % del3 % deg 

1 74 -2.9 11 t 35.8 
2 52 -10.3 27 t 35.0 
4 40 -16.2 40 t 35.0 
6 31 -20.5 60 t 20.9 

110 25 -20.6 53 t 26.5 

Incubation carried out with two-thirds of the standard 
amount (see Experimental Section) of a less active lot of 
microsomes. 

Table 11. Conversion of 
(i )-trans-3-tert-Butyl-l,2-epoxycyclohexane (3 )  into 

c-3-tert-Butylcyclohexane-r-1 ,t-2-diol(4) 
recovd 

epoxide 3 recovd diol 4 
bation yield, [Cy]*'D, yield, [CYlZoD, 
time, h pH % deg % deg 

incu- 

loa 7.4b 54 -1.0 15 t0.8 

20 7.4b 28 -2.2 40 +1.0 
12 9.0' 55 -1.5 27 t0.9 

20 9.0' 36 -2.3 41 t1.2 
30 9.0' 30 -2.1 40 tl.l 

a Incubation carried out with half of the standard 
amount (see Experimental Section) of microsomal prepar- 
ation. Phosphate buffer. Tris-HC1 buffer. 

compound 1 was hydrolyzed much faster than the trans 
one 3, and also when the latter was incubated in a Tris- 
HC1 buffer at  pH 9.0. 

Whereas fairly high optical rotations were measured 
both for the diaxial diol 2 obtained by partial hydrolysis 
of (*)-1 and for the unreacted cis-epoxide, the diequatorial 
diol 4 formed from (f)-3 as well as the recovered trans- 
epoxide exhibited extremely low optical activity, inde- 
pendently of the extent of hydrolysis, pointing possibly to 
a very low enantioselectivity in the hydrolase-promoted 
hydrolysis of (*)-3. 

The optical rotation of 2 obtained by partial hydrolysis 
of &)-l remained nearly unchanged until about half of the 
substrate was used up, while the rotation of the recovered 
cis-epoxide 1 increased steadily. On the other hand, be- 
yond 50% conversion the rotation of 2 decreased, while 
that of recovered 1 reached a maximum constant value. 
These fads strongly pointed to a practically enantiospecific 
reaction in which one enantiomer of 1 underwent enzy- 
matic hydrolysis at  a much higher rate, so that it was 
completely transformed before the other, slow-reacting 
enantiomer was significantly attacked. In this way nearly 
optically pure diaxial diol was expected to be formed 
during the fvst half of the reaction, and the optically pure 
cis-epoxide should be recovered in the second half. 

In order to test this interpretation, we checked the en- 
antiomeric excess (ee) of (+)-2 obtained at  different in- 
cubation times with a chiral lanthanide shift reagent. 
Figure 1 shows the high- and medium-field part of the 
NMR spectra of (*)-2 and of (+)-2 ([a]25D +35.8O) in the 
presence of Eu(facam)> Whereas two tert-butyl singlets 
and four multiplets of equal area, due to the equatorial 
protons a to the hydroxyl groups, were observed for the 
racemic compound, indicating a chiral discrimination be- 
tween the enantiomers of (f)-2, only a tert-butyl and two 
a-proton signals were found for (+)-2 obtained after in- 
cubation times of up to 4 h. This confirmed that the 
dextrorotatory diaxial diol formed in the first half of the 
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Figure 1. tee-Butyl protons signals and the signals of the protons 
a to the hydroxyl groups in the NMR spectra of diol (*)-2 and 
of (+)-2 in CDC13 in the presence of Eu(facam)% 

hydrolysis reaction of (f)-1 actually had an ee certainly 
higher than 96%. 

When the ee of the diequatorial diol 4 obtained from the 
enzymatic hydrolysis of (f)-3 for up to 20 h (both at pH 
7.4 and at pH 9.0) was checked in the same way, the signal8 
for the protons CY to the hydroxyl groups were not clearly 
resolved, but only one tert-butyl signal was observed, al- 
though two singleta of equal area were clearly apparent in 
the spectrum of (f)-4 in the presence of Eu(facam), 
(Figure 2). This showed that, in spite of the very low 
optical rotations observed both in the product diol 4 and 
in the recovered trans-epoxide 3, the former had an ee of 
at least 96%, independent of the incubation time. Fur- 
thermore, the formation of diol 4 stopped after 20 h, the 
extent of hydrolysis of ( f ) -3  not exceeding 50% even after 
a much longer incubation time. All these facta showed that 
also the enzymatic hydrolysis of the tram-epoxide was an 
entirely enantiospecific process: whereas one enantiomer 
of this compound was a substrate, the other one was not 
attacked at an appreciable rate. 

The absolute configurations of the products of the 
partial enzyme hydrolysis of both ( f ) - 1  and ( f ) - 3  were 
determined by chiroptical methods after transformation 
into suitable compounds as shown in Scheme I. All re- 
actions had been previously carried out with the racemic 
compounds. 

Preliminary attempts at selective acetylation of the 
diaxial diol 2 at C(1) with acetic anhydride failed because 
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Figure 2. tert-Butyl protons signals in the NMR spectra of diol 
(+4 and of (+)-4 in CDC13 in the presence of Eu(facam)% 

the two hydroxyl groups exhibited not very different re- 
action rates with this reagent. Selective esterification was 
easily accomplished with pivaloyl chloride in pyridine, the 
large tert-butyl group hindering the approach of the bulky 
reactant at the adjacent axial hydroxyl, thus allowing ex- 
clusive attack at the C(l)  hydroxyl group. However, a 
preliminary NMR investigation showed an extensive in- 
cursion of flexible conformations of the six-membered 
ringlg that made the use of this pivaloyloxy derivative for 
application of the octant rule to the determination of ab- 
solute configuration20 unadvisable. 

Selective esterification at C( 1) was also obtained with 
benzoyl chloride, and the resulting monobenzoate 6 was 
shown by NMR to have the expected chair conformation 
with axial hydroxy and benzoyloxy groups. Oxidation of 
6 with Jones reagent21 gave a 6-tert-butyl-substituted 2- 
(benzoy1oxy)cyclohexanone. The NMR spectrum of the 
latter compound, however, was not consistent with the 

(18) Belvedere, G.; Pachecka, J.; Cantoni, L.; Mussini, E.; Salmona, 
M. J. Chromatogr. 1976, 118, 387. Bentley, P.; Oesch, F.; Tsugita, A. 
FEBS Lett. 1976,59, 296. 

(19) Results to be submitted for publication. 
(20) CrabbB, P. ‘Applications de la Dispersion Rotatoire Optique et 

du Dichroisme Circulaire Optique en Chimie Organique”; Gauthier-Vil- 
lam: Paris, 1968. 

(21) Djerawi, C.; Ehgle, R. R.; Bowere, A. J. Org. Chem. 1956,21,1547. 
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expected trans configuration and chair conformation with 
an equatorial tert-butyl and an axial benzoyloxy group 
(~OC), since the proton a to the latter substituent gave a 
three-line pattern (X part of an AF3X sistem) with JAx + 
JBx = 12 Hz, a value definitely too high for one equato- 
rial-equatorial and one equatorial-axial vicinal coupling.22 

1 0  c 1 0  t 

The possibility of an epimerization of 10 to the more 
stable cis isomer 11 during the oxidation of 6 was ruled 
out by preparing the latter compound by selective mono- 
benzoylation of the diequatorial diol 4 followed by oxi- 
dation. The resulting product turned out to be different 
from the oxidation product of 6, its NMR spectrum 
showing for the proton CY to the benzoyloxy group a 
multiplet 20 Hz wide, in agreement with the relative 
configuration shown in 11 and the expected conformation 
with both substituents equatorial. 

The abnormally large width of the signal due to the 
a-proton in 10 was therefore considered as evidence for 
the contribution of a twist conformation of type lot, in 
which the bulky tert-butyl and benzoyloxy groups are both 
in the more favorable, respectively, pseudoequatorial and 
isoclinal p0sitions,2~ and the diedral angles between the 
proton at C(2) and the cis and trans protons at C(3) should 
be respectively ca. 40' and ca. 160°," thus accounting for 
the observed increase in coupling constants. A nonchair 
conformation of this type was found for 20-acetoxy- 
cholestan-3-0ne~~ and was attributed to the 1,3-diaxial 
interaction with the C(lS)-methyl group. In the present 
case the unfavorable axial orientation of the benzoyloxy 
group in 1Oc may increase the inherent tendency expected 
for 2-tert-butylcyclohexanone to adopt nonchair confor- 
mations owing to nonbonded interactions between tert- 
butyl and carbonyl groups,% and this could again introduce 
a complication in the application of the octant rule to 10. 
However, an examination of the octant projections shows 

+ I -  

- - - H  W C ( C H 3 ) 3  - - -  _ _ _ _ _  H +,&(cH,,3 _ - _  
0 0  0 O H  

O N C L  i + ONc.- j + 
I ,  I 

C6H5 ' C6H5 ' 
(2R.6S) - lOC (2R .6S) -10  t 

that a Cotton effect of the same sign is to be expected for 
both 1Oc and lot. In fact, in both conformations the 
tert-butyl group should lie on or near the horizontal nodal 
plane, whereas the benzoyloxy group is placed in the same 
negative octant. The latter is therefore expected to de- 
termine the sign of the Cotton effect, even if in 10t the 
contributions of C(3) and C(5) do not cancel out exactly, 
as in the chair conformation lOc, and the hydrogen at C(2) 
is slightly bent into the upper positive octant. 

(22) Lambert, J. B.; Shurvell, H. F.; Verbit, L.; Cooks, R. G.; Stout, 
G. H. 'Organic Structural Analysis"; Macmillan: New York, 1976. 

(23) Kellie, G. M.; Riddel, G. Top. Stereochem. 1974,8, 225. 
(24) These valuee can be calculated on the basis of the ring torsion 

anglee reported for one of the two poesible twist forma of cyclohexanone: 
Bucourt, R.; Top. Stereochem. 1974,8,159. 

(25) Williamson, K. L.; Johnson, W. S. J. Am. Chem. SOC. 1961,83, 
4623. 

(26) Allinger, N. L.; Blatter, H. M.; Freiberg, L. A.; Karkowsky, F. M. 
J. Am. Chem. SOC. 1966,88, 2999. 
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Figure 3. UV and CD spectra of (-)-trans-2-(benzoyloxy)-6- 
tert-butylcyclohexanone (10) in cyclohexane. 

The UV and CD spectra of (-)-lo ([.I2'D -92.8') ob- 
tained from (+)-2 ([aI2OD +35.0°) are shown in Figure 3. 
A large negative Cotton effect was associated with the n - ?r* transition of the asymmetrically perturbed carbonyl 
group around 300 nm. A negative Cotton effect, a = -33, 
corresponding to a [e] of -2700, has been reported for 
(S)-(-)-2-tert-butylcyclohexanonen and ascribed to the fact 
that the substituent is not exactly in the nodal plane but 
is slightly tilted in a negative octant. The much higher 
negative value found for (-)-lo ([e],, -8400) shows that 
the ester group lies in the other negative octant, pointing 
to a 2R,6S absolute configuration for the levorotatory en- 
antiomer.28 The parent dextrorotatory diaxial diol ob- 
tained by partial enzymatic hydrolysis of (f)-l was 
therefore (lR,2R,3S)-2, and the levorotatory unreacted 
epoxide had the 1R,2S,3R configuration. 

The latter conclusion was further checked by trans- 
forming the recovered epoxide (-)-1 into (+)-9 by ring 
opening with hydrogen bromide followed by oxidation with 
Jones reagent. It had been shown29 that the first step 
occurs with more than 90% inversion at C(1) and that the 
second one does not involve epimeri~ation.~~ The CD 

(27) Djerassi, C.; Hart, P. A.; Warawa, E. J. J .  Am. Chem. SOC. 1964, 
86, 78. 

(28) The application of the simple octant rule in this case could be 
misleading if a r - ** benzoate transition could interact with the car- 
bonyl n - ** maximum to give an exciton-split CD curve. Chiral in- 
teractions of a benzoate with conjugated enonee, esters, and lactones have 
been reported (Koreeda, M.; Harada, N.; Nakanishi, K. J. Am. Chem. 
SOC. 1974,95,266), but they always involve the benzoate intramolecular 
chargetransfer transition at 230 nm, which ie located far from the 300-nm 
carbonyl transition. No Cotton effects have been observed for the 195- 
and the 280-nm benzoate transitions (Harada, N.; Ohashi, Mo.; Naka- 
nishi, K. Zbid. 1968,90,7349. Harada, N.; Nakanishi, K. Zbid. 1968,90, 
7351) which therefore should not interfere with the carbonyl Cotton effect 
of 10. _. --. 

(29) Bellucci, G.; Berti, G.; Ferretti, M.; Ingrosso, G.; Mastrorilli, E. 

(30) Bellucci, G.; Ingrosso, G.; Maatrorilli, E. Tetrahedron 1978, 34, 
J .  Org. Chem. 1978,43,422. 

387. 
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Figure 4. CD spectrum of (+)-truns-2-bromo-6-tert-butyl- 
cyclohexanone (9) in cyclohexane. 

spectrum of (+)-9 ([a]=D +125.0°) obtained from (-)-l 
([aIaoD - 2 O . 5 O )  showed a large positive Cotton effect (Figure 
4). Since this compound had been shownm to adopt a 
chair conformation with an equatorial tert-butyl group and 
an axial bromine atom, the observed Cotten effect une- 
quivocally indicatedm for the dextrorotatory bromo ketone 
a 2S,6R configuration, thus confirming the assigned 
1R,2S,3R configuration for the starting levorotatory ep- 
oxide. 

Finally, the absolute configuration of the diequatorial 
diol 4 obtained by enzymatic hydrolysis of the tram-ep- 
oxide (f)-3 has been deduced from the split n - ?r* Cotten 
effects of ita dibenzoate 8,  C CY]^*^ -89.6'; Figure 5) .  Ac- 
cording to the dibenzoate chirality d e 3 1  the negative sign 
of the first CD Cotton effect at 237 nm indicated a negative 
chirality or a 1R,2R,3R absolute configuration for (-)-8 and 
therefore for the slightly dextrorotatory parent diol 4. 
Since the enzymatic hydrolysis of (*)-3 occurred with 
inversion a t  C(l), the slightly levorotatory unreacted ep- 
oxide recovered from the half-hydrolysis had the 1R,2S,3S 
configuration. 

Discussion 
As underlined in the introduction, the investigation of 

the substrate reactivity as a function of ita structure and 
configuration is a valid tool to get information about the 
topology of the active site of an enzyme. The approach 
followed in this and the previous  paper^,^^^^^ consisting in 
the contextual determination of the absolute configuration 
and of the ee of both the formed diol and unreacted ep- 
oxide as a function of the progress of the hydrolysis pro- 
moted by the microsomal epoxide hydrolase of enantiom- 
eric couples of diastereoisomeric substrates at  concentra- 
tions far in excess of the presumed K,, has the advantage 
of providing a simple, even if only qualitative or semi- 
q ~ a n t i t a t i v e , ~ ~  estimate of the effect of absolute and rel- 
ative configuration of the epoxide on the hydrolysis rates 
without performing individual rate measurements on en- 

(31) Harada, N.; Nakanishi, K. J. Am. Chem. SOC. 1969, 91, 3989. 

(32) Bellucci. G.: Berti. G.: Catelani. G.: Mastrorilli. E. J.  Ora. Chem. 
Harada, N.; Nakaniahi, K. Acc. Chem. Res. 1972,5, 257. 

. .  . .  . .  
198'1, A, 5148. 

(33) Competitive inhibition between substrate enantiomers can sub- 
stantially affect rate values obtained with racemic substrates (see ref 14 
and 35). 
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Figure 5. CD spectrum of (-)-c-3-tert-butyl-cyclohexane-r-l,t- 
2-diol dibenzoate (8) in ethanol. 

chart I 

1 OH 

OH 

(1 R,2R,3S)-2 

( 3 . 4  M ) f l R , 2 5 . 3 5 ) - 3  

4 

&z+ OH 

(1 5 , 2  5 . 3  S)- 4 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

\ 
I 
I 
I 
I 

i * OH 

( l S , 2 S , 3 R ) - 2  

(3.4 P ) ( l S , 2 R , 3 R ) - 3  

&2 OH 

(1 R,2R,3R)-4 

antiomerically pure substrates, which are often rather 
difficult to obtain. 

The correlation established in this investigation between 
the cis- and tram-3-tert-butyl-1,2-epoxycyclohexanes and 
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their hydrolysis products is shown in Chart I, where the 
h e l i ~ i t i e s ~ ~  of the monoplanar conformations of the six- 
membered rings are also indicated for each stereoisomeric 
epoxide, and the full and dashed arrows denote, respec- 
tively, the faster and slower reacting enantiomer in each 
couple. 

The enzymatic hydrolysis of both racemic substrates was 
enantiospecific and regiospecific, only one enantiomer 
being practically attacked in the presence of the other and 
the nucleophilic attack occurring only at  C( 1). Whereas 
for (+l this enantiospecificity could be due to a com- 
petitive inhibitiod5 of the (+)-(lS,2R,3S) enantiomer on 
the hydrolysis of the (-)-(lR,2S,3R) one, because the latter 
was also hydrolyzed after the fmt had been consumed, this 
was not the case with the tram-epoxide 3, whose lR,2S,3S 
enantiomer did not seem to be attacked at  all by the ep- 
oxide hydrolase. Apparently, this enantiomer cannot be 
accommodated in the enzyme active site, or its accom- 
modation does not meet the geometric requirements for 
attack by water. 

Previous work on the epoxide hydrolase catalyzed hy- 
drolysis of epoxycyc1ohexanesl2 and 3,4-epoxytetrahydro- 
pyranz had led to the individuation of two factors affecting 
the enantioselectivity of these reactions, the ring helicity 
and the disposition of substituents with respect to the 
oxirane ring. Chairlike transition states deriving from 
antiparallel attack by water on the epoxides having the 
six-membered ring in a monoplanar conformation of 3,4 
M helicity (or in the equivalent 1,2 M conformation in the 
case of 3,4-epoxytetrahydropyran) appeared to be pref- 
erentially stabilized by the enzyme. A higher degree of 
stabilization, resulting in a predominant contribution to 
the observed enantioselectivity, was, however, provided by 
the presence of a lipophilic substituent placed to the right 
of the epoxy oxygen if the substrate in the active site of 
the enzyme is viewed with the oxygen on the topside as 
shown in Chart I. The latter observation suggested a 
corresponding geometry of the active site in which the 
presence of a hydrophobic pocket situated to the right of 
the epoxide ring and able to accommodate the substituent 
should allow the preferential binding of the proper enan- 
tiomer of the substrate in an orientation suitable for the 
nucleophilic attack by water. This conclusion was later 
substantiated by Armstrong et al., who rationalized on the 
basis of the same interpretation the enantioselectivity of 
the microsomal epoxyde hydrolase toward three K-region 
arene oxides.% 

The enantiospecificity observed for the enzymatic hy- 
drolysis of the present substrates is fully consistent with 
the above working hypothesis. In fact, by far the fastest 
reacting stereoisomer is the 1S,2R,3S cis isomer 1, in which 
the six-membered ring has the favorable 3,4 M helicity and 
the 3-substituent is situated to the right of the epoxide 
ring. On the other hand, neither enantiomer of the trans 
isomer 3 meets the above requirements, and only the 
1S.2R,3R one, having the proper disposition of the tert- 
butyl group but the wrong (3,4 P)  helicity of the six- 
membered ring, is hydrolyzed, although at a much reduced 
rate. 

The observed difference in rates of enzymatic hydrolysis 
of 1 and 3 can further be related to the regiospecificity of 
these reactions. Whereas for the cis epoxide 1 the exclusive 
attack at  C(1) is in agreement with the usual high pref- 

(34) Cahn, R. S.; Ingold, C.; Prelog, V. Angew. Chem., Znt. Ed.  Engl. 

(35) Westkaemper, R. B.; Hanzlik, R. P. Arch. Biochem. Biophys. 

(36) Armstrong, R. N.; Kedzierski, B.; Levin, W.; Jerina, D. M. J. Bid. 

1966, 5, 385. See also ref 12, footnote 9. 

1981,208, 195. 

Chen. 1981,256, 4726. 
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erence for antiparallel attack in the hydrolysis of epoxy- 
cyclohexane  derivative^,'^ in the case of the trans substrate 
3, opening at  C(1) involves a parallel attack to give a di- 
equatorial diol through a conformationally unfavorable 
boatlike transition state, and this must cause a reduction 
in the rate of enzyme hydrolysis, if nucleophilic attack is 
the rate-limiting step, as usually assumed for nonenzymatic 
ring opening rea~tions.~' An approximatly 201 ratio has 
been found, for instance, between the rates of attack at  
C(1) of epoxides 1 and 3 in the hydrogen chloride addition 
to these  substrate^.^' 

Watabe et al. have recently interpreted38 the higher rate 
of the hydrolysis catalyzed by hepatic microsomes of es- 
tratetraenol16a,l7a-epoxide with respect to the 16j3,17/3 
isomer as the result of a steric hindrance effect of the 
angular 18j3-methyl group of the latter substrate on the 
interaction of the epoxy oxygen with a dissociating hy- 
drogen of the epoxide hydrolase that was considered as the 
crucial requirement for ring opening by water. The present 
results, while not excluding simultaneous acid and base 
catalysis as recently pr0posed,3~ are inconsistent with rate 
determination by proton transfer from the enzyme to the 
epoxy oxygen,39 since it would lead to the wrong prediction 
of a higher hydrolysis rate for the trans- (3) than for the 
cis-epoxide (1). Both the reduced rate and the complete 
C(1) regiospecificity observed in the hydrolysis of 3 are 
rather consistent with a general-base mechanism, in which 
steric effects during nucleophilic attack are expected to 
play a determinant role. 

Diequatorial products in amounts ranging between 50% 
and 70% have been found in acid-catalyzed ring-opening 
reactions of the trans-epoxide 3.294" The observed trend 
in formation of these products as a function of the reagent, 
HBr > HC1> HCOOH and H20, confirms that the steric 
shielding of antiparallel nucleophilic attack at C(2) by the 
bulky substituent is responsible for this unusual steric 
course. The exclusive parallel attack at C( 1) in the enzyme 
hydrolysis, as compared with the about 1:l ratio of attack 
at C(1) and C(2) in the acid-catalyzed hydration, seems 
to indicate a large increase in the steric demand of the 
attacking nucleophile in the former with respect to the 
latter reaction. 

The chemical modification of a histidine residue essen- 
tial for the catalytic activity of epoxide hydrolase41 and the 
observed dependence of the catalytic rate constant for the 
hydration of phenantrene 9,lO-oxide on an ionization with 
an apparent pK, of 6.7 have suggested that an imidazole 
moiety is involved as a general base assisting in the removal 
of a proton from the attacking water molecule at the active 
site.13 The increase in the bulk of water due to hydrogen 
bonding to the general base may be resonsible for the 
suppression of attack at  C(2) of 3, syn to the adjacent 
tert-butyl group, thus determining the C(1) regiospecificity 
and resulting in a consequent reduction in rate of this 
reaction. 

In conclusion, the results of the present investigation 
on the hydrolysis of cis- and trans-3-tert-butyl-1,2-ep- 
oxycyclohexanes fully confirm the previously suggested 
topology for the reaction site of the microsomal epoxide 
hydrolase. The proposed model allows one to rationalize 

(37) Bellucci, G.; Berti, G.; Ingrosso, G.; Vatteroni, A.; Conti, G.; Am- 
brosetti, R. J. Chem. SOC., Perkin Trans. 2 1978, 627. 

(38) Watabe, T.; Ichihara, S.; Sawahata, T. J. Biol. Chem. 1979,254. 
(39) Previous results by Japanese workers with 2,3-epoxy steroids 

(Watabe, T.; Kiyonaga, K.; Akamatsu, K.; Hara, S. Biochem. Biophys. 
Res. Commun. 1971,43,1252) are also in contrast with this assumption. 

(40) Richer, J. C.; Freppel. C. Can. J. Chem. 1970, 48, 145. 
(41) DuBois, G. C.; Apella, E.; Levin, W.; Lu, A. Y. H.; Jerina, D. M. 

J. Biol. Chem. 1978,253,2932. 
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the observed kinetic discrimination between enantiomers 
of substrates having the oxirane ring fused to a six-mem- 
bered ring, as in simple epoxycyclohexane derivatives and 
in epoxides derived from polycyclic aromatic hydrocarbons, 
and appears to be of sufficiently general validity to be used 
successfully for predictions of the relative rates of enzyme 
hydrolysis of enantiomeric and diastereoisomeric sub- 
strates of the above type. 

These results also rule out a simple general-acid mech- 
anism in which the rate of enzymatic hydrolysis is sub- 
stantially determined by the ease of protonation of the 
epoxy oxygen by a dissociating hydrogen of the hydrolase 
and are instead consistent with an important role of gen- 
eral-base catalysis of nuclephilic attack by water at an 
oxirane carbon. More direct evidence for a mechanism of 
the latter type has been reported by us in a communica- 
t i ~ n ~ ~  submitted concurrently with the present paper. 

Experimental Section 
Melting points were determined on a Kofler block and are 

uncorrected. GLC analyses were carried out with a C. Erba 
Fractovap, Model GV, and a Perkin-Elmer Model FIl instrument. 
Optical rotations were measured, unless otherways specified, in 
ethyl acetate (c = 2-4) with a Perkin-Elmer Model 241 photoe- 
lectric polarimeter. CD spectra were obtained on a Cary 61 and 
a Jobin Yvon Mark I11 spectropolarimeter thermostated at 20 
"C. UV spectra were measured witha Perkin-Elmer Model 575 
spectrophotometer. NMR spectra were taken from CDC13 solu- 
tions with JEOL C 60 HL and Varian CFT 20 epectrometers with 
MeSi as an internal standard. Petroleum ether was the fraction 
of boiling range 40-60 "C. MgS04 was always used as the drying 
agent. Preparative TLC were carried out on 20 X 20 cm silica 
gel plates (Merck, PSC Fertigplatten Kieselgel 60 FZM, 2 mm 
thick). 

Racemic Substrates and Products. cis- and tram-3-tert- 
butyl-1,2-epoxycyclohexanes (1 and 3) were prepared as previously 
reported.29 A 1:l mixture of t-3-tert-butylcyclohexane-r-l,t-2-diol 
(2) and c-3-tert-butylcyclohexan-r-1,t-2-diol (4) was obtained16 
by refluxing with 0.35 M sulfuric acid for 24 h the 1:9 mixture 
of cis- and tram-epoxides formed in the epoxidation of 3-tert- 
butylcyclohexene with peroxybenzoic acid.29 Chromatography 
over a silica gel column allowed separation of pure 4 [mp 53-54 
"C (lit." mp 54 "C)] and pure 2 [mp 98 "C (lit." mp 98 "C)] eluted 
in succession with 80:20 petroleum ether-ethyl ether, without 
previous transformation of 4 into the acetonide as described in 
the reported separation procedure.16@ 

Acid-Catalyzed Hydrolysis of 1 and 3. A sample (35 mg) 
of the epoxide 1 or 3 was stirred in 0.1 N HC104 (2 mL) at 37 "C 
for 20 h and then extracted with ethyl acetate, and the extract 
was subjected to GLC under the conditions used for the analysis 
of the enzyme incubations products (see below). Only diol 2 was 
detected in the reaction mixture from 1 and a 53:47 mixture of 
diols 2 and 4 in that from 3. 

(*)- t -24 Benzoyloxy)-c -6- tert -butyl-r -l-cyclohexanol(6). 
A sample of the racemic diol 2 (52 mg, 0.30 mmol) was refluxed 
for 7 h with 0.1 mL (0.86 mmol) of benzoyl chloride in 5 mL of 
dry benzene and 0.5 mL of pyridine. After being allowed to stand 
overnight at room temperature, the mixture was poured into cold 
diluted aqueous HC1 and worked up as usual. The crude product 
was subjected to preparative TLC and developed with chloroform 
to give 57 mg of pure (*)-6: mp 82 "C (from petroleum ether); 
NMR 6 1.00 (s, C(CH3)3, 9 H), 4.32 (m, W ,  = 7.5 Hz, CHOH, 
1 H),5.22 (m, Wllz = 7.5 Hz,CH-OCO, 1 Id), -7.6 and -8.2 (2 
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m, 5 aromatic H7.- 

H. 8.86. 
Anal. Calcd for C17HXO3: C, 73.88; H, 8.75. Found C, 73.82; 

(*)-t -2-(Benzoyloxy)-t -6-tert-butyl-r-1-cyclohexanol (7). 
The racemic diol 4 (500 mg, 2.9 "01) and benzoyl chloride (0.34 
mL, 2.9 mmol) were reacted in dry pyridine (2 mL) at room 
temperature for 2 days and then poured onto cold diluted aqueous 

(42) Bellucci, G.; Berti, G.; Ferretti, M.; Marioni, F.; Re, F. Biochem. 
Biophys. Res. Commun. 1981, 102, 838. 

HC1. The usual workup and preparative TLC developed with 
chloroform yielded the pure monoester ( f ) -7  400 mg; mp 66-67 
"C (from petroleum ether); NMR 6 1.05 (s, C(CH3)3, 9 H), 3.70 
(t with further splitting, W,,, = 21 Hz, CHOH, 1 H), 5.00 (br m, 
CH-OCO, 1 H), -7.6 and -8.2 (2 m, 5 aromatic H). 

Anal. Calcd for C1&&: C, 73.88; H, 8.75. Found: C, 73.50; 
H, 8.80. 

(*)- trans-2-( Benzoyloxy)-B-tsrt -butylcyclohexanone (10). 
The monoester (*)-6 (100 mg) was oxidized with Jones reagentz1 
(0.3 mL) in acetone (2 mL) at room temperature. The excess of 
reagent was reduced with 2-propanol and the mixture worked up 
as usual to give 72 mg of (*)-lo: mp 62-63 "C (from petroleum 
ether); NMR 6 1.03 (8, C(CHJ3, 9 H), 5.20 (distorted t, splitting5 
5.7 and 6.3 Hz, CH-OCO, 1 H), 7.5 and 8.1 (2 m, 5 aromatic 
protons). 

Anal. Calcd for CI7Hz2O3: C, 74.42; H, 8.08. Found: C, 74.40; 
H, 8.15. 
(*)-cis-2-(Benzoyloxy)-6-tert -butylcyclohexanone (1 1). 

The treatment of monoester (*)-7 (200 mg) in 2 mL of acetone 
with Jones reagentz1 (0.5 mL) under the conditions used for 6 gave 
(i)-ll: 130 mg; mp 63-65 "C (from petroleum ether); NMR 6 
1.05 (s, C(CH3)3, 9 H), 5.50 (m, Wl 2 = 20 Hz, CH-OCO, 1 H), 
-7.8 and -8.4 (2 m, 5 aromatic d). 

Anal. Calcd for C17H2203: C, 74.42; H, 8.08. Found: C, 74.40; 
H, 8.15. 

(*)-~-3-tert-Butylcyclohexane-r-l, t -2-diol Dibenzoate (8). 
The racemic diol 4 (133 mg, 0.77 mmol) and benzoyl chloride (1 
mL, 8.6 mmol) were reacted in 5 mL of dry pyridine under the 
conditions used for the preparation of monester 7. The diester 
(*)-8 (134 mg) was separated from the crude reaction mixture, 
containing a large amount of benzoic anhydride, by TLC de- 
veloped with 91 petroleum ether-ethyl ether. After crystallization 
from petroleum ether (f)-8 had the following: mp 105-107 "C; 
NMR 6 1.00 (8, C(CH3)3, 9 H), -5.3 (br m, CH-O-CO, 1 H), 5.70 
(t, J = 9.7 Hz, CH-O-CO, 1 H), -7.6 and 8.15 (2 m, 10 aromatic 
HI. 

Anal. Calcd for CaHmO& C, 75.76; H, 7.41. Found C, 76.10; 
H, 7.26. 

Microsomal Preparations. Liver microsomes were prepared 
from phenobarbital-treated male New Zealand white rabbits as 
previously described,'2 suspended in 0.01 M phosphate buffer (pH 
7.4) or in Tris-HC1 buffer (pH 9.0) to a final protein concentration 
of a ca. 16 mg/mL, and stored a t  -40 OC. 

Incubations. Unless otherways specified, the incubations were 
carried out with the following standard procedure: the microsomal 
preparation (15 mL) was added to the epoxide 1 or 3 (130 to 150 
mg) in 10 mL of 0.01 M phosphate buffer (pH 7.4) and 3 mL of 
ethanol, and the mixture was incubated with shaking at 37 "C. 
The incubations of 3 at pH 9.0 were carried out by adding a 
solution of -130 mg of the substrate in 0.5 mL of acetonitrile 
to 10 mL of the microsomal preparation. After the times reported 
in Tables I and 11, the incubations were terminated by cooling 
at -40 "C, the proteins were precipitated by addition of saturated 
aqueous barium hydroxide followed by shaking, and the resulting 
mixtures were directly extracted five times with 10 mL each of 
ethyl acetate and shaking for 5 min. The extracts were dried and 
combined in a volumetric flask (50 mL), biphenyl (1 mg) was 
added as a standard to 1 mL of this solution, and the amounts 
of recovered epoxide and diol were determined by GLC (2-m glass 
column, 2 . 5 "  i.d., packed with 10% Carbowax 20M on silanized 
Chromosorb W, 80-100 mesh; low isotherm 100 "C, high isotherm 
195 "C, temperature increment 4.5 "C/min, evaporator and de- 
tector 210 "C, nitrogen flow 30 mL/min) by using a calibration 
curve obtained with the pure reference compounds. The relative 
retention times were as follows: (1) biphenyl, 1; 1,0.26; 2, 1.85; 
(2) biphenyl 1; 3,0.30; 4, 1.26. Only the diaxial diol 2 and only 
the diequatorial diol 4 were respectively detected in the incubation 
mixtures of the cis- and trans-epoxides 1 and 3. The average total 
recovery of epoxide and diol was around 80% starting from the 
cis epoxide, and around 75% from the trans-epoxide. Higher 
recovery was obtained from Tris-HC1 than from phosphate buffer 
with the latter substrate. Blank experiments carried out with 
each epoxide and boiled microsomes and with each pure diol and 
active microsomes showed that no spontaneous hydrolysis oc- 
curred even at the longest incubation times and that racemic diols 
were recovered from incubations in 80-90% yields. 
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The extracts were evaporated in vacuo(<40 "C), and the res- 
idues were subjected to preparative TLC developed with 9 1  
petroleum ether-ethyl ether and made visible by spraying the 
strip with sulfuric acid. Only the epoxides migrated under these 
conditions. The recovered diols were also further purified by 
complete sublimation at 0.5 mm. The optical rotations of the 
pure (GLC) epoxides and diols obtained by stopping the incu- 
bations at different times were then measured (Tables I and 11). 
No optical activity was detected in the products recovered from 
control experiments in which the racemic diols were incubated 
with the microsomes under the conditions employed for the in- 
cubations of the respective parent epoxides. 

Enantiomeric Composition of Products. The enantiomeric 
excesses of the diols 2 and 4 obtained from the enzyme-promoted 
hydrolysis of epoxides 1 and 3 were determined by the NMR 
spectra taken with a Va,rian CFT 20 spectrometer [CDC13 solutions 
of ca. 0.02 M diol and E~( facam)~]  on the basis of the areas of 
the differently shifted singlets due to the tert-butyl groups of the 
two diastereoisomeric complexes [A6 = 3.6 Hz for (*)-2, A6 = 12.9 
Hz for (*)-4]. With this method a 74% ee was evaluated for a 
sample of 2 with [alaOD +26.5', giving a maximum optical rotation 
of [alaD +35.8' for the diaxial dioL Similar although less accurate 
results were obtained for the ee of diol 2 on the basis of the 
multiplets at  6 7.03,7.25,7.53, and 7.65, due to the protons a to 
the hydroxyl groups of the two diastereoisomeric complexes with 
the chiral LSR. Only one tert-butyl singlet and two multiplets 
at 6 7.03 and 7.53 were detected with samples of 2 having [.laOD 
+35.0-35.8'. 

Only one tert-butyl singlet was observed for all samples of diol 
4 ([(rI2OD + 1.0 * 0.2') obtained by enzyme hydrolysis of (Ab3 
below 50% conversion. 

Absolute Configurations of Products. (lR$R,GS)-(-)-t- 
2-(Benzoyloxy)-c-6-tert -butyl-r-1-cyclohexanol (6). The 
treatment of a sample of 2 (35 mg, [a ImD +35.0°) with benzoyl 
chloride as reported for (A)-2 gave 40 mg of the pure monoester 

(c 4.6). 
(2R ,6S)-(-)-trans -2-(Benzoyloxy)-6- tert -butylcyclo- 

hexanone (10). Oxidation of 35 mg of (-)-6 ( [(YIaOD -29.3') with 
Jones reagent as reported for (24-6 yielded 27 mg of (-)-lo with 
IR and NMR spectra identical with those of (*)-lo mp 63-65 

6: [.lm~ -29.3', [ ~ X ] ~ ~ & 1 6  -33.7', [0!I2O43e -61.6', [CYIm3s5 -103.8' 

'c; [aIaOD -92.9', [(Y]"OW -109.2', [ala- -237.0', [ala= -566.5'; 

Bellucci e t  al. 

W (cyclohexane) A- 274 nm (c 1060), 300 (80); CD (c 1.1 X 
M, cyclohexane) [el, 0, [el, 8400, [el, 0. 
(2S,6R)-(+)-trans-2-Brom1j6-tert-butylcyclohexaaone (9). 

A solution of (-)-1 (50 mg, [a ImD -20.5') in chloroform (10 mL) 
was saturated with dry HBr at room temperature and then washed 
with water, 10% aqueous Na2C03, and water. GLC analysis of 
the crude product (1.5-m glass column, 2.5" i.d., packed with 
2% neopentyl glycol succinate on silanized Chromoeorb W, 80-100 
mesh; column 95 'C, evaporator 160 "C, nitrogen flow rate 30 
mL/min) showed the presence of about 5 %  of t-2-bromo-c-3- 
tert-butyl-r-1-cyclohexanol besides bromohydrin Oxidation 
of this product with Jones reagent yielded (+)-9 as an oil, identified 
by comparison of its IR and UV spectra and GLC retention time 
with those of a sample of (*)-9so [ a Im~ +125.0', [aImw +160', 

+400.0', [aIm3ss +1390° (c 0.2, cyclohexane); UV (cyclo- 
hexane) A, 307 nm (c 120); CD (c 7.5 X M, cyclohexane) 
[elm 0, [ h e  14.0809 [&330 0. 

(1R .2R .3R M-bc -3-tert -Butvlcvclohexane-r - 1.t -2-diol 
Dihnzoate (8): k sample of the-diol 4 (70 mg, [(Y]2dD +1.0') 
obtained by enzymatic hydrolysis of (+)-2 was reacted with a 
tenfold excesa of benzoyl chloride in 2.5 mL of pyridine for 2 days 
at room temperature. Dilution with cold aqueous HC1, the usual 
workup, and purification by TLC as described for (+)-9 gave the 
pure dibenzoate [mp 98-100 'C (from petroleum ether)] with an 
NMR spectrum identical with that of (h1-8 [a]%D -89.6', [aIH5rs 
-107.4', [a]%43e -197.7', [a]%= -347.4' (C 0.87, AcOEt); CD (C 
2.20 X lod M, EtOH) [e], 0, [e], -117000, [e], 0, [e], 52500, 

Anal. Calcd for CuHze04: C, 75.76; H, 7.41. Found: C, 76.07; 
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