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Abstract-Erythro I<Q-chlorophenyl)- and l-(4’-methylphenyl)-2-phenylethane dials with [IS : 2R] and [ IR : 2S] 
absolute stereochemistry were synthesized and converted to the corresponding 4’-substituted [IS : ZR] and [ IR : 2S] 
cis-stilbene oxides by the following sequence: formation of 2-methoxydioxolanes, conversion to halohydrins and 
cyclization to cis epoxides. Substantial amounts of optically active 4’-substituted trans-stilbene oxides were also 
produced. The enzyme epoxide hydrase stereoselectively adds water at the [S] carbon atom of the cis-stilbene 
oxides with inversion of configuration to produce [R:Rl diols. Facile enzymatic resolution of cis - I - (4’ - 
nitrophenyl) - 2 - phenylethylene oxide was achieved. Optical properties, including CD spectra of the above 
compounds, are described. 

Many aromatic hydrocarbons and olefinic compounds are 
metabolized by mammals to vicinal dials via hydration of 
initially formed arene oxides or epoxides.‘.2 Epoxide 

hydrase, the enzyme responsible for this trans addition of 
water,‘,34 has been purified from several species%’ and 
may be important in the detoxication of cytotoxic and 
potentially carcinogenic metabolites.‘“,” The enzyme is 
regiospecific in the addition of water at the C-2 position of 
naphthalene l,2-oxide’.” and C-8 of styrene oxide.4 The 
stereospecificity of the hydration can vary in that racemic 
diol is formed from styrene oxide4 while optically pure 
diol is formed from cis-stilbene oxide.‘,” 

Since cis-stilbene oxide is a good substrate for epoxide 
hydrase and since only the [R,R] fhreo diol is produced:b 
substituted stilbene oxides should be useful substrates to 
study the stereospecificity of the hydration. The required 
optically active 4’ - substituted cis-stilbene oxides were 
obtained from optically active diols by the method of 
Newman” in which the diols are converted to epoxides 
with retention of configuration via halohydrins prepared 
from methoxydioxolanes. The resulting optically active 
cis epoxides [S,R or R,S] could be converted by epoxide 
hydrase to either [R,R] or [S,S] fhreo diols depending on 
which C atom of the epoxide is attacked. Racemic 
epoxides cannot be employed since, at low substrate 
conversion, it would be impossible to deduce which 
enantiomer had led to the observed product. Correlation 
of the CD spectra of the resultant diols with that of 
(+)-[lR,2R] - diphenylethane dial’” would allow assign- 
ment of their absolute stereochemistry and thereby 
establish which C atom of the oxirane ring was 
preferentially attacked. The present study describes the 
synthesis of 4’-methyl and chloro-substituted erythro 
diphenylethane diols and the corresponding cis- 
diphenylethylene oxides as well as assigns their absolute 
stereochemistry. The optical properties of the above and 
of the enzymatically produced diols from the epoxides are 
discussed. 

RWJLXS AND DISCUSSION 

Synthesis. In order to prepare optically pure substi- 
tuted cis - 1,2 -.diphenylethylene oxides by the Newman 

procedure,” optically pure erythro I,2 - diphenylethane 
diols were required. These were conveniently obtained by 
the procedure outlined in Scheme I. Reaction of either 
[R ] - mandelonitrile’5 or [S] - mandelamide16 with 
appropriately substituted (CH,-Cl,-CHI) phenyl- 
magnesium bromides produced the substituted benzoins 
1~. Reduction of benzoins with metal hydrides is known 
to produce a mixture of erythro and three dials.” The 
eryfhro diols 2a-e (-70%) were readily separated from 
the three isomers 3a-e by fractional crystallization and 
were converted to the desired oxides 4a-c essentially as 
described” for the preparation of optically pure styrene 
oxide. 

Previous applications of the methoxydioxolane proce- 
dure” led to epoxides of the same configuration as the 
starting dials; i.e. erythro diols form cis substituted 
epoxides. However, in the present study, -I : I mixtures 
of cis (4a-e) and frons (5~) epoxides formed, each of 
which was highly optically active (Table I, b and c series). 
The optical purity of 4b was estimated as 92% via the use 
of an optically active shift reagent. The small loss in 
optical activity for 4b probably occurred by a minor 
amount of racemization at the benzoin stage.” The optical 
purity of the trans epoxide Sb, although unknown, is 
probably very high (Table I). In addition, the absolute 
stereochemistry of 4’-chlorophenyl substituted carbon 
was inverted (see below). The optically pure cis epoxides 
are formed by cyclization of halohydrin acetates which 
were obtained by attack of chloride with inversion of 
configuration at either of the benzylic centers in the 
dioxolanes (Scheme 2). In order for the vans epoxides to 
be optically active, chloride must have preferentially 
attacked at only one of the benzylic centers of the 
dioxolane to form halohydrin acetates with retention of 
configuration. The absolute stereochemistry of the fruns 
oxides 5b and c (Table 1) requires that the precursor 
halohydrin acetates must have formed by a preferential 
attack of chloride with retention of configuration at the 
benzylic C atom with the chlorophenyl or methylphenyl 
substituent. If attack by chloride had occurred with 
retention of configuration with equal facility at the two 
benzylic C atoms, the resulting trans epoxide would have 
been racemic. 
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Scheme 1. Synthesis of optically active stilbene oxides, absolute stereochemistry is as indicated for the 
X=Cl. 
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Scheme 1. Proposed mechanism for the formation of optically active substituted stilbene oxides. 



Optically active Csubstituted cis-1,2dipbenylethylene oxides and related 1,2-diphenylethane dials 

Table I. Physical properties of the optically active compounds 
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compound m.p. trer1 [ala. [o& c.d.@(A.nm) .yp(Rs 

~-srilbme oxide 58 

trane-l-(4’~hloropheoyl)-Z-phenylefhyle”~ oxide Sb 

~--1-(4’-methyl~henyl)-2-phenylrthylene oxide 5c 

~-1-(4(-nitra~he”~l)-Z-phenylorhylen~ oxide 5d 

ItI= 

12Rl 

IZSI 

l=sol 

,ls:zB] 

[lR:ZS, 

[lR:zRl 

[lR:zRIc 

[lR’Z”, 

[lR:zs]d 

b=OI 

llS:2Rl 

[lR:zSl 

[lS:ZRl~ 

132 (23) 

91 (27) 

99 (15) 

134 (17) 

106 

147 

99 

97 

112 

39 

30 

28 

59 

69 (27) 

99 (27) 

61 (27) 

126 (22) 

(17) 

(14) 

(22) 

-45. -132 

+83. +224 

__--- 

-6, -17 

-9. -18 

+92, +I85 

+125, +250 

+100. +222 

+95. +255 

-35, -72 

+15. +29 

+3.5. +52 

+360. --- 

+350, +780 

-3M). -580 

_____ 5.90 

_____ 5.89 

_____ 6.08 

_____ 4.82 (a) 

t5.800 (225) 4.82 (a) 

-1.300 (227) 4.85 (a) 

+37.680 (219) 4.60 (s) 

+50.300 (222) 4.60.4.61 (a) 

+37.000 (220) 4.60 (8) 

+ 9.850 (215) --- 

__-___ 4.36 (8) 

+12.110 (231) 4.30.4.32 (8) 

-7,670 (227) 4.31 (8) 

-5.020 (255) 4.47 

-50,200 (222) 

+80.000 (232) 3.83 (8) 

+59.130 (232) 3.85 (8) 

-142,500 (232) 3.81 (8) 

__-__ 3.87.4.0 (d.J-2) 

“Both [R] la ([a],, = +I 19) as well as [R] Cmethoxybenzoin ([a],, = 11 I”) have been described by J. Kenydn and 
R. L. Patel, J. Chem. Sot. (C), 435 (1%5) and 97 (1966). 

“‘Polarimetric measurements were made in ethanol at a concentration of 2-20mg_/ml except for lb-e where 
acetone was used. 

‘The optical purity was estimated by use of the NMR optical shift reagent fris - [3 - trifluoromethyl- 
hydroxymethylene) - d - camphorate] europium (III). The benzylic signal was split, and the signal of the [IR :2S] 
isomer moved downfield. By integration, the enantiomeric purity was found as %%; 92% optical purity. 

“‘The absorption spectrum of threo-3d is very different from that of 3a making any ORD or cd assignment by 
analogy tenuous. A tentative assignment has been made on the basis of the preferred attacks by the enzyme at an (S) 
center. 

“‘Additional treatment with epoxide hydrase caused no further change in specific rotation, 
‘Taken from Ref. 19. 
‘The position (ppm) of the benzylic hydrogens in CDCI, relative to internal TMS are presented. 

Optical properties. Mason et al.” have correlated the 

sign of the CD bands of (+)-trans-stilbene oxide with its 
absolute stereochemistry by means of an exciton model in 
which the rotational strength of the long axis transition 
(-229 nm) is assumed to arise primarily from a Coulombic 
coupling of transitions of the two phenyl rings. The signs 
of the bands -229 nm (Table I) for the chloro and methyl 
substituted rrans-stilbene oxides (Sb, c) prepared in this 
study can be used to assign their absolute stereochemistry 
(Table I). The results are consistent with inversion of 
configuration at the benzylic carbon bearing the substi- 
tuted phenyl ring. 

Although cis-stilbene oxide is optically inactive, the 
substituted isomers are optically active and are of 
unequivocal absolute stereochemistry by virtue of their 
synthesis. The CD spectra of the cis oxides (Table I) 
shows that the -229 nm transition is associated with two 
hands of opposite sign and equal magnitude. This suggests 
that the CD curves can be analyzed by an exiton model 
where the predominant effect arises from interaction of 
the two nearly degenerate aromatic bands (phenyl and 
pCI or pMe phenyl). The role of the higher energy 
transition employed in Mason’s” analysis of frans 
stilbene oxide can only be ascertained by detailed 
calculations in the case of the cis-stilbene oxides. 

The synthetic erythro diols 2b, c gave CD curves in the 
region of 22&227nm, but the magnitudes of the effect 
was more than IO-fold smaller than the enzymatically 
formed three isomers (see below). This difference in 
magnitude may be used to distinguish between optically 
pure erythro and three isomers in this series, provided the 
substituents do not significantly alter the absorption 
spectra. 

Enzymatic hydration Optically active 4b, c were incu- 
bated with liver microsomes from Sprague-Dawley rats. 
Examination of the NMR spectra of the resultant diols 
3gd (Table I), established that tram addition occurred 
yielding three dials with either an [R,R] or [S,S] absolute 
stereochemistry. The CD bands in the 215-225 nm region 
for 3b, c are similar to those of [R,R] 3d4 (Table I). Since 
the chloro and methyl substituents do not significantly 
affect the sign, position, and magnitude of these bandslY 
the absolute stereochemistry can be assigned as [R,R]. 
This establishes that the [S] carbon of the optically active 
epoxide 4b-c was selectively attacked by water despite 
the fact that attack occurs at the C atom with the 
substituted phenyl ring ([S,R] 4b) in one case and not in 
the other ([R,S] 4~). Thus the stereochemistry of the C 
atom attacked and not the presence of the substituent 
controls the reaction. As anticipated from the above 
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observations, the specific optical activity of the diois 3b-d 
was found to be independent of whether the substrates 
were optically active. Furthermore, when racemic oxide is 
incubated with epoxide hydrase, recovered oxide is 
optically active and has been enriched in the isomer that is 
hydrated at a slower rate (Table 1). Although the enzyme 
attacks exclusively at the [S] carbon atom of the epoxide, 
the reaction rate depends upon the substituent on the 
attached phenyl group.” Enantiomer [S,R] 4b is enzymat- 
ically hydrated slower than the [R,SI 4b isomer. Complete 
resolution of synthetic [S,R) 4b was a~~ompIished with 
epoxide hydrase, and the final rotation confirmed the 
initial estimate of 92% optical purity by NMR. Epoxide 
hydrase was employed as a reagent to effect the complete 
resolution of the epoxide 4d. The observed absolute 
specificity for hydration at an 15’1 carbon atom by epoxide 
hydrase in Q’-substituted cis - t,2 - diphenylethyiene 
oxides as determined here by optical methods has been 
confirmed through the use of ‘“0 enriched water.“’ 

EXPERIMEWAL 

General. M.ps are uncorrected. NMR spectra were determined 
at 60 and IOOMHz. Specific rotations were determined with a 
Perkin-Elmer model 141 automatic potarimeter in a 1 ml, @cm 
cell, and CD spectra were measured with a Gary 60. [Rj-(+)- 
Mand~lonit~le -was obtained in 95% yield on ~ydroly~s of 
amygdalin (Aldrich) bs a modification of the method of Smith” 
whkie the desired pro&t was continuously removed from the 
reaction medium by a layer of toluene. [S]-(t)_Mandelamide was 
prepared from [S]-(*)-mandelic acid.‘” A mixture of cis- and 
truns - 4 . nitrostj~bene was obtained by reacting 4- 
nitrobenzaklehyde with ~en~yi~-triphenyiphosphonium 
chloride.” Oxidation of the mixture with m~chloro~roxyben~oic 
acid in methylene chloride for 4hr followed by purification on 
thick layer Ghrornato~~~~ (s&a gel, benzene: petroieum ether 
(1: I)) provided the desired cis - I _ (4 - nitrophenyl) I 2 - 
phenylethylene oxide.z2 

Enzyma!ic incubations. Microsomal pellets from the livers of 
phenobarbital treated male Sprague-Dawley rats (- 150 g) were 
prepared as previously described.*’ The pellets were resuspended 
in Tris-HCl buffer (0,16 M, pH 9.0) containing 0.03% Tween 8u to 
a concentration of 2 mgfmi of protein. For each ml of incubation 
mixture, 1 mg of epoxide substrate in 50 $ CH,CN was added and 
the mixture was incubated at 37” for various periods of time. 
Products were extracted into EtOAc (3x 3 volume), dried 
(Na&J.), ConGentrat~d, and separated by two successive thick 
layer chromatographies (silica gt?; first, benzene: petroleum ether 
(I: It and then CHCI,: EtOAc 18: 2)). The ootical rotations and UV 
spectra were recorded in M&H. . 

Enzymatic r~sof~rjon of cis - f _ (4 - ~tr~~~~n~f~ ” 2 - 
pheny/efhyfene Oxide. Racemic epoxide (30 mg) was incubated in 
30 ml of microsomal suspension for 20 min. The epoxide and diol 
were separated, and the epoxide was recycled 5 times. The 
specific rotation was nearly constant after the third cycle 
([a].= = +52’, 6 mg recovered after 5 cycles). 

[S]-p-~ef~ylbe~zoin. A soin of 5 g of IS]-mandeiamide in 
60 d THF was added to 200 mmole of toiylm~nesium bromide in 
IO0 mf ether. The reaction was reffuxed for 2 hr and hydrolysed by 
pouring into ice-water. The aqueous phase was extracted with 
ether before acidification with IOml cone H,SO,.” The benzoin 
sfowly precipitated from the aqueous soiutian and was crystal- 
lized from 500/G &OH. An additional quantity was recovered from 
the ether phase using Girard T reagent.“’ The total yield was 70%. 

OR]-p-c~forob~nzo~n. A modification of the procedure of 
Smith,” in which Girard T rceent” replaced steam distilkttion in 
the uurification orovided the chlorobenzoin in 34% yield. 

H~drobenzoirr;. The above benzoins were reduced-with NaBH, 
in EtOH.” Analvsis of the crude mixture bv NMR indicated a 7 : 1 
ratio of erythro io threu dial. Two ~~staili~tion from 58% ElOH 
provided pure etythro dioi. 

Epoxides. Diets were heated for 2 hr at IODO with a 500/c excess 

of t~methylorth~~etate in the presence of a trace of benzoic acid 
to form the corresponding methoxydioxolanes.” Excess 
trimethylorthoacetate was removed in wcuo. The crude mixtures 
were refluxed overnight in CH,Ci, containing a ?-fold excess of 
t~methyl~h~orosii~e to form chlorohydrin acetates in approxi- 
mately 75% yield by NMR. Conversion to epoxides was effected 
by heating with 2 equivs of NaOH in isopropanol at So” for 2 hr. 
The reactions were diluted with water and the products extracted 
into EtOAc which was dried and concentrated. Oxides were 
separated from recovered erythro diol by extraction of the oxides 
into a small volume of hexane. The NMR spectra of the crude 
oxides indicated a 1: t mixture of cis and tmns geometric 
isomers. The mixture was separated by thick layer chromatog- 
raphy (silica gel, benzene: petroleum ether (1: I)) to provide the 
cis (&we) and lrnns (5a-c) in overatii yields of 35%, respectively. 
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