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Rate and product studies of the hydronium ion-catalyzed hydrolysis reactions of trans-anethole 
oxide (12b) and its geometric isomer, cis-anethole oxide (13b), were carried out. Acid-catalyzed 
hydrolysis of trans-anethole oxide is 50 times faster than that of ita cis isomer and this difference 
in reactivity is attributed to steric interactions between the cis-b-CH3 and the aryl group in the 
transition state for hydrolysis of cis-anethole oxide that are not present in the transition state for 
the acid-catalyzed hydrolysis of trans-anethole oxide. Carbocation intermediates in the hydrolysis 
of both 12b and 13b are trapped, subsequent to their rate-limiting formation, by azide ion. Identical 
diol product mixtures from the acid-catalyzed hydrolysis of both 12b and 13b, and identical azide 
product mixtures from their reactions in solutions at  low pH containing sodium azide, suggest that 
both 12b and 13b react to form a common discrete carbocation intermediate and that products are 
derived from reaction of this intermediate with nucleophiles. Molecular modeling calculations suggest 
that there are three minimum energy conformations of this carbocation intermediate. Results are 
interpreted in terms of a mechanism in which rotation about the C,-C@ bond of the intermediate 
is rapid relative to the rate at  which it reacts with solvent or other nucleophiles. Mechanism involving 
concerted addition of solvent are ruled out. 

Introduction 

The mechanism of acid-catalyzed addition of nucleo- 
philes to epoxides has been of considerable interest because 
of the discovery that epoxides are intermediates in the 
metabolism of polycyclic aromatic hydrocarbons and other 
unsaturated compounds. The carcinogenicity of some of 
these compounds has been attributed to the reactions of 
their epoxide metabolites, in particular their reactions with 
DNA in which covalent binding to nucleophilic base sites 
in the DNA occur.1 

The acid-catalyzed reactions of epoxides have received 
considerable attention.24 On the basis of rate data for 
the hydrolysis of various epoxides in aqueous acid solu- 
tions, it  was initially concluded that even simple epoxides 
hydrolyze by A-1 mechanisms, i.e., carbocation interme- 
diates were involved.s In the acid-catalyzed hydrolysis of 
simple epoxides, water molecules generally add prefer- 
entially to the more highly substituted carbon that is better 
able to stabilize positive charge. It was later recognized 
that primary and secondary carbocations in water are very 

(1) For reviews, see: (a) Dipple, A.; Moschel, R. C.; Bigger, A. H. in 
Chemical Carcinogens, 2nd ed.; Searle, C. E., Ed.; ACS Monograph 182, 
American Chemical Society: Washington, DC, 1984 Vol. 1, p 41. (b) 
PolycycZic Hydrocarbons and Carcinogenesis; Harvey, R. G.,  Ed.; ACS 
Symposium Series 283, American Chemical Society: Washington, DC, 
1985. (c) Thakker, D. R.; Yagi, H.; Levin, W.; Wood, A. W.; Conney, A. 
H.; Jerina, D. M. In Bioactruatron of Foreign Compounds; Anders, M. 
W., Ed.; Academic Press: New York, 1985; pp 177-242. 

(2) For an extensive review of epoxide chemistry prior to 1964, see: 
howsky ,  A. In Heterocyclic Compounds with Three- and Four- 
Membeted Rings. Part 1: Weissbereer. A.. Ed.. 1. Interscience: New York. - .  . . .  
1964; pp 1-6237 ' 
(3) (a) Buchanan. J. G.: Sable. H. Z. In Selectiue Organic Transfor- 

mations; Thyagarajh, B. .S., Ed.'; Wiley-interscience: New York, 1972; 
Vol. 2, pp 1-95. (b) Cross, A. D. Q. Rev. 1960,14,317-335. 

(4) (a) Biggs, J.; Chapman, N. B.; Finch, A. F.; Wray, V. J. Chem. SOC. 
B 1971,55. (b) Biggs, J.; Chapman, N. B.; Wray, V. J. Chem. SOC. B 1971, 
63. (c) Biggs, J.; Chapman, N. B., Wray, V. J. Chem. SOC. B 1971,66. (d) 
Biggs,J.;Chapman,N.B.;Wray,V.J.Chem.Soc.B1971,71. (e)Pritchard, 
J. G.;Siddiqui, I. A. J. Chem. Soc.,Perkin Trans.ZZ 1973,452. (0 Parker, 
R. E.; Isaacs, N. S. Chem. Reu. 1959,59, 737. 

(5) (a) Pritchard, J. G.; Long, F. A. J. Am. Chem. SOC. 1966, 78,2663. 
(b) Pritchard, J. G.; Long, F. A. J.  Am. Chem. SOC. 1956, 78, 2667. 
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unstable and therefore the A-1 mechanism was discarded 
in favor of either A-2 or "borderline A-2" mechanismss17 
involving attack of a water molecule on a protonated 
epoxide intermediate. The A-2 mechanisms were also 
consistent with the observations that most acid-catalyzed 
epoxide ring openings, even at tertiary carbon centers, 
proceed with complete inversion at the reaction center.' 

The conjugation of an epoxide group with vinyl or aryl 
groups introduces additional steric and electronic effects 
that can alter the mechanisms of acid-catalyzed addition 
of nucleophiles to these epoxides. For example, acid- 
catalyzed hydrolysis of the "trans" 7,8-diol9,10-epoxide 
metabolite of benzo[alpyrene yields mostly (95%) tetrol 
from anti hydration, whereas acid-catalyzed hydrolysis of 
the diastereomeric "cis" 7,8-diolO,lO-epoxide metabolite 
yields mostly tetrol resulting from syn hydration 
For hydrolysis of bay-region cis diol epoxides and tet- 
rahydro epoxides in the naphthalene, phenanthrene, 
chrysene, bepz[alanthracene, and benzo[alpyrene ring 
systems, the amount of syn hydration increases with the 
ability of the aryl group to stabilize positive charge at the 
benzyl ~ a r b o n . ~ J ~  The syn/anti hydration ratio in the acid- 
catalyzed hydrolysis of 1-arylcyclohexene oxides also varies 
with substitution in the phenyl ring.ll The amount of syn 
hydration is only 7.5 % when the para substituent is nitro 
but increases to95% when the para substituent is methoxy. 
The stereochemistries of acid-catalyzed addition of water 
and methanol to 1-phenylcyclohexene oxides and several 
hexahydrophenanthrene oxides in the gas phase are 

~ ~~ 

(6) (a) Addy, J. D.; Parker, R. E. J. Chem. SOC. 1963,644. (b) Addy, 
J. D.; Parker, R. E. J. Chem. SOC. 1963, 915. 

(7) Wohl, R. A. Chimia 1974,28, 1. 
(8) Whalen, D. L.; Montemarano, J. A., Thakker, D. R.; Yagi, H.; Jerina, 

D. M. J. Am. Chem. SOC. 1977,99,5522. 
(9) Sayer, J. M.; Yagi, H.; Silverton, J. V.; Friedman, S. L.; Whalen, 

D. L.; Jerina, D. M. J.  Am. Chem. SOC. 1982,104, 1972. 
(IO) Gillilan, R. E.;Pohl,T. M.; Whalen,D. L. J. Am. Chem. SOC. 1982, 

104, 4482. 
(11) Battietini, C.; Balsamo, A.; Berti, G.; Crotti, P.; Macchia, B.; 

Macchia, F. J.  Chem. SOC., Chem. Commun. 1974,712. 

0 1993 American Chemical Society 



2664 J. Org. Chem., Vol. 58, No. 10, 1993 Mohan and Whalen 

change in the partitioning of intermediate 7, induced by 
change in the electronic effect of the para substituent. 

Intermediate carbocations 7 and 8 are related in 
structure to cyclohexenyl cations, with an aryl group 
replacing vinyl. From work of Goering and Josephson13 
it is known that cyclohexenyl cations undergo attack by 
water to generate an axial hydroxyl group. Therefore, 
intermediate 7 would be expected to react with solvent to 
yield mainly trans diol 10 and carbocation 8 would be 
expected to react with water to give mainly cis diol 11. 
The relative amount of syn hydration from acid-catalyzed 
aryl epoxide hydrolysis would therefore depend upon the 
ratio of the rate at  which intermediate carbocation 7 
isomerizes to the more stable conformation 8, compared 
to the rate at  which 7 reacta directly with solvent to yield 
mostly trans diol 10. Electron-donating groups in the aryl 
group would stabilize intermediate 7 toward reaction with 
solvent, thus allowing ita isomerization to 8 (ultimately 
yielding cis product) to compete successfully with ita 
reaction with solvent to yield trans diol 10. 

In the limit where 7 is too unstable to exist as an 
intermediate, addition of solvent will be concerted with 
benzyl C-O bond breaking. This concerted reaction is 
analogous to nucleophilic substitution at  sp3 carbon and 
should proceed, with inversion of configuration at the 
benzyl carbon, via transition state 9 to give trans diol 
product (A-2 mechanism). This pathway is equivalent to 
that in which 1 reacta to form 5 via transition state 4 
(Scheme I). Since this concerted mechanism for reaction 
of 6 leads to the same trans diol product as that predicted 
from reaction of 7 with solvent, these two mechanisms 
cannot be distinguished by product studies. The acid- 
catalyzed hydrolysis of 1,2,3,4-tetrahydronaphthalene 1,2- 

serves as an example of an epoxide hydrolysis that 
yields mostly trans diol by reaction of solvent with an 
intermediate carbocation. This epoxide reacts in dilute 
aqueous acid solutions to yield ca. 95% trans diol, which 
can potentially be formed by either concerted or stepwise 
mechanisms. However, in this case an intermediate is 
trapped, subsequent to ita rate-limiting formation, by 
chloride ion. Therefore, most of the trans diol cannot be 
formed by a concerted A-2 mechanism but must instead 
be formed by reaction of an intermediate such as 7. 

The acid-catalyzed hydrolysis of trun@methylstyrene 
oxide (12a) and ita cis-&methyl isomer (13a) are report- 
ed1"17 to yield mixtures of two diastereomeric diols, 
resulting from syn and anti hydration of the epoxide group. 

Scheme I 
- A  

L 1 

1 2 3 (cis-Diol) 

4 5 (trans-Diol) 

Scheme I1 
H H 

H I 

6 7 a 

% 
H .  H 
&d H H  OH " H  
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9 10 (trans Diol) 11  (cis Diol) 

reported to be substantially different than those of the 
corresponding reactions in solution.12 

Several mechanisms have been proposed to explain 
changes in syn/anti hydration ratios in the acid-catalyzed 
hydrolysis of aryl-substituted epoxide systems in solution. 
An increase in the relative yield of cis diol from hydrolysis 
of 1-phenylcyclohexene oxides in dilute sulfuric acid 
solutions was attributed to stabilization of a selectively 
solvated carbocation 2, leading to cis diol 3, by electron- 
donating froups in the phenyl ring (Scheme 1).l1 It was 
proposed that a competing reaction via a "borderline A-1" 
transition-state structure 4 yields trans diol 5. 

A different mechanism (Scheme 11) was proposed to 
explain varying syn/anti hydration ratios in the hydrolysis 
of bay-region diol epoxides and tetrahydro epoxides?JO It 
was proposed that cis diol epoxides and tetrahydro 
epoxides have ground-state conformations similar to that 
of 6, in which hydrogens or hydroxyl groups are staggered 
as much as possible. Acid-catalyzed ring opening from 
this conformation yields a benzyl carbocation (7) with the 
newly formed hydroxyl group in an axial position. This 
intermediate can either react directly with solvent to give 
diol or rearrange to a more stable conformation (81, with 
the hydroxyl group in a pseudoequatorial position. Vari- 
ation in the syn/anti hydration ratio was attributed to 

(12) (a) Cecchi, P.; Chmi, M.; Crotti, P.; Pizzabiocca, A.; Renzi, G.; 
Speranza, M. Tetrahedron 1991,47,4683. (b) Cecchi, P.; Pizzabiocca, 
A.;Renzi, G.; Chini, M.; Crotti,P.; Macchia, F.; Speranza, M. Tetrahedron 
1989, 45, 4227. (c) Crotti, P.; Macchia, F.; Pizzabiocca, A.; Renzi, G.; 
Speranza, M. Tetrahedron Lett. 1987,28, 3393. 

X' 

130, X = H 1 Z a , X = H  

b, X = OCH3 b, X = OCH3 

Hydronium ion can potentially react with both 12a and 
13a with cleavage of the benzyl C-0 bond to produce the 

(13) Goering, H. L.; Josephson, R. R. J. Am. Chem. SOC. 1962,84,2779. 
(14) Becker,A. R.; Janusy, J. M.; Bruice, T. C. J. Am. Chem. SOC. 1979, 

(15) Svoboda, M.; Sicher, J. Collect. Czech. Chem. Commun. 1955,20, 

(16) Audier, H. E.; Dupin, J. F.; Jullien, J. Bull. SOC. Chim. Fr. 1966, 

(17) (a) Witkop, B.; Foltz, C. M. J. Am. Chem. SOC. 1957,79,1957. (b) 

101,5679. 

1452. 

2811. 

Foltz, C. M.; Witkop, B. J. Am. Chem. SOC. 1957, 79, 201. 



Acid-Catalyzed Hydrolysis of Anethole Oxides 

same benzyl carbocation. However, the trans epoxide 12a 
is reported to undergo 3740% syn hydration and the cis 
epoxide 13a is reported to give only 20% syn hydration.15J6 
Since 12a and 13a react to yield different product diol 
mixtures, their reactions forming a common carbocation 
intermediate cannot account for all product. At  least two 
reaction pathways for reactions of 12a and/or 13a are 
necessary to account for the fact that they yield different 
product distributions. Several possible mechanisms for 
the acid-catalyzed reactions of 12a and/or 13a are their 
reactions by (1) competing concerted and stepwise reac- 
tions and (2) reactions forming different conformations of 
a discrete carbocation intermediate that undergoes bond 
rotation at  a rate slower than the rates a t  which individual 
conformations react with solvent. 

In order to determine whether acid-catalyzed hydrolysis 
of ,&substituted styrene oxides containing an electron- 
donating p-methoxy group in the phenyl ring proceed by 
concerted mechanisms or instead by discrete carbocation 
intermediates, we have synthesized and studied the acid- 
catalyzed hydrolysis of trans-anethole oxide (12b) and 
cis-anethole oxide (13b). These diastereomeric epoxides 
contain a methoxy group in the para position of the phenyl 
ring, which would be expected to greatly stabilize benzyl 
carbocations and promote syn hydration if a mechanism 
similar to that in Scheme I applies to the reactions of 
@-substituted styrene oxides. The results of this study 
are reported in this paper. 
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a p-methoxy group is thus similar in the acid-catalyzed 
hydrolysis of both trans- and cis-&methylstyrene oxide 
systems, e.g., substitution of methoxy at the para position 
of 12a or 13a results in an increased reactivity of ca. 1.2 
X lo3 toward acid-catalyzed hydrolysis. This result is 
somewhat surprising because severe steric interactions 
might be expected between the cis-8-methyl group and 
the aryl group in the transition states for reactions of 13a 
and 13b that would result in twisting of the aryl group so 
as to substantially reduce its resonance interaction with 
the developing carbocation center at the benzyl carbon. 
It this were so, then substituent effects in the acid-catalyzed 
hydrolysis of the trans-anethole oxides 12 should be greater 
than those for the isomeric cis oxides 13. This is clearly 
not the case. If the resonance interactions between the 
aryl group and epoxide functionality in the ground states 
of 12 and 13 are minimal, then resonance interaction 
between the aryl group and the developing carbocation 
center a t  the transition states for hydrolysis of 13a and 
13b must be comparable to that achieved at the transition 
states for reactions of 12a and 12b, even at  the expense 
of greater steric  interaction^.'^ 

The ground states of substrates 13a and 13b would be 
expected to possess significant strain energy because of 
the steric interactions between the cis-&methyl and aryl 
groups. It is not clear a priori whether the acid-catalyzed 
reactions of 13a and 13b proceed with increase or decrease 
in steric strain energy upon going to the transition state. 
The reduced reactivities of 13a and 13b comparedto those 
of 12a and 12b can be attributed to greater steric strain 
at the transition states for reaction of 13a and 13b, relative 
to theground-state steric strain, but cannot be attributed 
to destabilization of the transition state by steric inhibition 
of resonance. 

Products from reaction of 12b at pH 5.5 and from 
reaction of 13b at pH 3.8, where both compounds react in 
>99 % yield via the hydronium ion-catalyzed reactions, 
were analyzed by HPLC. Within experimental error, 
product mixtures from both 12b and 13b were identical 
and consisted of 20 % of erythro diol 14 and 80 % of threo 
diol 15. Therefore, the acid-catalyzed hydrolyses of tram- 
anetholeoxide (12b) and cis-anethole oxide (13b) proceed 
with 20% anti hydration:80 % syn hydration and 80% anti 
hydration:20 % syn hydration, respectively. Introduction 
of a methoxy group in the para position of 12a in place of 
hydrogen thus results in increased syn hydration (from 
40-50 % to 80 % ) in the acid-catalyzed reaction, as observed 
in several other systems. However, substitution of a 
methoxy group in the para position of 13a in place of 
hydrogen does not result in an increase in the relative 
yield of diol from syn hydration, which would be expected 
if there were a selective stabilization by the p-methoxy 
group of a transition state for syn hydration of 13b. 

In order to better characterize the mechanisms of syn 
and anti hydration in the acid-catalyzed hydrolysis of 12b 
and 13b, rate and product studies of their reactions in 
solutions containing the highly nucleophilic azide ion were 
carried out. The rates of reaction of 12b and 13b increased 
linearly with azide concentrations at pH 10.5-10.6. Anal- 
ysis by HPLC of the solutions from reaction of 12b at p H  
10.6 in 1 M sodium azide solution and from reaction of 
13b at pH 10.6 in 4 M sodium azide solution, where the 
bimolecular reactions of these epoxides with azide pre- 

Results and Discussion 

trans-Anethole oxide (12b) and its cis isomer 13b were 
synthesized by epoxidation of trans-anethole and cis- 
anethole, respectively, with m-chloroperoxybenzoic acid. 
It was necessary to carry out the epoxidation of trans- 
anethole in the presence of a buffer because of the 
instability of the epoxide product, trans-anethole oxide, 
in the presence of acidic reagents. cis-Anethole oxide (13b) 
was also prepared by a slight modification of a published 
route in which the epoxide ring was introduced by reaction 
of a 8-hydroxy dimethylsulfonium salt with potassium tert- 
butoxide. 

The rates of reaction of 12b and 13b in water solutions 
with ionic strength held constant a t  0.1 M with NaC104 
between pH 4 and 7 exhibited a first-order dependence on 
[H+].l* Pseudo-first-order rate constants kobsd for reac- 
tions of 12b and 13b in this pH range were fit to the 
equation kobsd = k ~ [ H + l ,  where k~ is the second-order 
rate constant for this acid-catalyzed reaction. Values of 
k~ for reactions of 12b and 13b were determined to be 
(1.51 f 0.05) X lo4 M-ls-l and (3.17 f 0.21) X lo2 M-ls-l, 
respectively. The reactivity of trans-anethole oxide (12b) 
toward acid-catalyzed hydrolysis is therefore ca. 50 times 
greater than that of its cis isomer 13b. 

Values of kH for the acid-catalyzed hydrolysis of the 
parent trans-@-methylstyrene oxide (12a) and cis-@- 
methylstyrene oxide (13a) in 0.1 M NaC104 solutions (25 
"C) were also determined in this study and are 12.7 f 0.3 
M-' s-1 and 0.27 f 0.03 M-' s-l, respectively. For both 
parent and p-methoxy-substituted systems, therefore, the 
trans-&methyl epoxide hydrolyzes ca. 50 times faster than 
the corresponding cis isomer. The substituent effect of 

(18) The rates of reaction of 12b at pH > ca. 8 and of 13b at pH > ca. 
7 become independent of pH, and thus changeovers in mechanisms from 
acid-catalyzed to noncatalyzed occur in these pH regions. 

(19) Several reviewer comments on the observed substituent effecta 
are appreciated. 
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Scheme I11 CH30 h HO OH 
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14 15 
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dominate, indicated that a single product was formed from 
reaction of each epoxide. The products from 12b and 13b 
have IR and 'H NMR spectra consistent with structures 
for azide adducts in which the azido group is located 
exclusively at  the benzyl carbons. Erythro structure 16 
and threo structure 17 were assigned to the azide adducts 
from the bimolecular reactions of 12b and 13b, respectively, 
on the basis that inversion a t  the reaction center is to be 
expected in the bimolecular addition of azide ion to the 
benzyl carbons of 12b and 13b. 

The rates and products from reaction of 12b and 13b 
in solutions a t  pH 5.0-5.7 containing varying concentra- 
tions of sodium azide were also determined. In this pH 
range, acid-catalyzed hydrolysis predominates in the 
absence of azide. No significant increase in rate (C5 % ) 
could be detected for reactions of 12b and 13b in solutions 
containing up to 12.5 mM sodium azide, where spectro- 
photometric rate constants could be accurately deter- 
mined. However, a 27 % yield of a mixture of azide adducts 
was formed from reaction of 12b in 12.5 mM azide solution 
a t  pH 5.7 and an 18 % yield of a mixture of azide adducts 
was formed from reaction of 13b in 12.5 mM azide solution 
a t  pH 5.04. The compositions of the azide product 
mixtures from reaction of both 12b and 13b in solutions 
containing sodium azide were determined by HPLC to be 
identical, within experimental error, and contained 55 % 
threo and 45% erythro adducts. The ratio of erythro: 
threo azide adducts remains constant as the concentration 
of azide is increased from 1 to 50 mM and the total yields 
of adducts from 12b and 13b increased to ca. 65% and 
40 % , respectively. Small kinetic terms for bimolecular 
addition of azide ion to either neutral epoxide or protonated 
epoxide might be difficult to detect over the limited 
concentration range for which rate constants were mea- 
sured and there is the possibility that these reactions of 
12b and 13b in solutions containing the higher concen- 
trations of azide would become more important. However, 
reactions of 12b and 13b by these mechanisms would be 
expected to yield only single azide adducts resulting from 
inversion at  the benzyl carbon and increased yields of these 
adducts would be expected if these reactions were sig- 
nificant. This is clearly not the case. The observations 
that identical mixtures of azide adduts are formed from 

18 

k a m 3  1 1 
16 + 17 

reactions of both epoxides are best rationalized by 
mechanisms involving capture of a common carbocation 
intermediate by azide ion, which would be expected to 
give both retained and inverted products. The combi- 
nation of kinetic and product data demonstrate that azide 
ion must be capturing an intermediate, subsequent to its 
rate-limiting formation, in the acid-catalyzed reactions of 
12b and 13b. 

Outlined in Scheme I11 is a mechanism for the reactions 
of 12b and 13b in acid solutions that is consistent with all 
the kinetic and product data. Rate-limiting reaction of 
either 12b or 13b with hydronium ion yields benzyl 
carbocation 18, which reacts with water to give 20 7% erythro 
diol 14 and 80% threo diol 15. This intermediate must 
have a very significant lifetime, however, because it can 
be trapped with azide ion to give erythro and threo azide 
adducts 16 and 17 in a 45:55 ratio. From Scheme 111, the 
mole fraction of azide products (f=) is given by the equation 
faz = k,[N3-l/(kaz[N3-1 + k,). The pK, for HN3 is 
reported20 to be 4.69 and therefore not all of the azide is 
in its ionized form at pH 5.0-5.5. With this value for the 
pKa of HN3 and the relative yields of diol and azide 
products formed from the reaction of 12b and 13b in 
solutions containing azide, the ratio kdk, can be estimated 
to be ca. 21 and 33 M-l, respectively. No significance is 
placed on the small difference between these two calculated 
values of kdk, and we assume that they are estimates of 
the partitioning ratio of a common intermediate. If it is 
assumed, on the basis of arguments presented by Jencks 
et al.,2l that 18 reacts with azide ion at  the diffusional rate 
constant of ca. 5 X lo9 M-' s-l, then k, is calculated to be 
ca. 2 X lo8 s-l. The lifetime (l/kB) of this intermediate is 
thus estimated to be ca. 5 X le9 s, which is significantly 
longer than the time required for bond vibration. We 
conclude that the intermediate from the reactions of both 
12b and 13b is best represented as freely solvated 
carbocation 18. 

PCMODEL-P122 molecular modeling calculations yield 
three minimum energy conformations for carbocation 18 
(Scheme IV). These conformations are represented by 
the Newman projections 19,20, and 22.23 Conformation 
20 is calculated to be 0.4 kcal/mol more stable than 19 and 
1.7 kcal/mol more stable than 22. The energy barrier for 
conversion of 19 to 20 is calculated to be very small, 0.4 
kcal/mol. The energy barrier for conversion of 22 to 20 
by rotation of the methyl group past the aryl group is 
calculated to be 2.6 kcal/mol, and the energy barrier for 
conversion of 22 to 19 by rotation of the hydroxy group 
past the aryl group is calculated to be 1.7 kcal/mol. 

(20) Salomaa, P.; Schlaleger, L. L.; Long, F. A. J. Phys. Chem. 1964, 

(21) Richard, J. P.; Rothenberg, M. E.; Jencks, W. P. J. Am. Chem. 

(22) PCMODEL-PI is a molecular modeling program available from 

(23) The H-C+C-O dihedral angles in minimized conformations 19, 

68, 410. 

Soc. 1984,106, 1361. 

Serena Software, Bloomington, IN. 

20, and 21 are calculated to be So, 26' and -124O, respectively. 
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addition of water or azide nucleophiles are determined 
solely by the partitioning reactions of this intermediate. 
Mechanisms in which there is concerted addition of solvent 
leading to  either syn or anti hydration are thus ruled out. 

12b 

1”’ 
Scheme IV 

13b 

1 H+ 

19 20 21 22 

Reaction of trans epoxide 12b with H+ is expected to 
give initially, upon epoxide ring opening, a carbocation in 
conformation 19. Slight rotation about the C,-Cp bond 
over a small calculated energy barrier of 0.4 kcal/mol 
converts 19 to 20. Reaction of cis epoxide 13b with H+ is 
expected to  give, immediately upon benzyl C-0 bond 
cleavage, carbocationic species 21. This structure is 
calculated by PCMODEL-PI to  be relatively high in energy 
and minimizes to  structure 22. The lowest energy pathway 
for conversion of 22 t o  the more stable conformations 19 
and 20 is calculated to occur by rotation of the hydroxy 
group past the aryl group. 

The  stereochemistry of addition of nucleophiles to 
carbocations with conformations similar to 19,20, and 22 
is not known. Attack of solvent or nucleophile at the less 
hindered bottom side of conformation 19 and at the less 
hindered top side of conformation 20 yield erythro and 
threo products, respectively, in stable, staggered confor- 
mations. Conformations 19 and 20 might be expected to 
interconvert rapidly relative to  their rates of reaction with 
nucleophiles because of the very low calculated energy 
barrier separating them and therefore diol and azide 
products are most likely derived from attack of solvent on 
both conformations. 

The observations that 13b reacts with both HzO and 
Ns- to  give the same product ratios as 12b may be explained 
by several mechanisms. One possibility is that  reaction 
of 13b with hydronium ion yields 22, which reacts with 
nucleophiles from both faces of the electron deficient 
benzyl carbon faster than it isomerizes to  19 and 20, and 
these reactions of 21 with nucleophiles happen to give the 
same products in the same relative yields as the reactions 
of conformations 19 and 20 do. A second possibility is 
that interconversion of all rotational conformations is rapid 
relative to  their rates of reaction with nucelophiles, and 
products from reactions of both 12b and 13b are derived 
from reactions of common conformational intermediates. 
Reactions of nucleophiles with 22 would be expected to  
lead to  products possessing higher energy conformations 
than those from their reactions with 19 and 20, and 
therefore these reactions of 22 might not be favorable 
relative to  its conformational isomerization to 19 and 20. 
Results of the azide trapping experiments suggest that 
the intermediate from reaction of 12b has the same lifetime, 
within experimental error, as that from reaction of 13b. 
Therefore, most likely all conformations of 18 interconvert 
rapidly relative to  the rate a t  which they react with solvent 
and product is derived mainly from the reactions of the 
most stable carbocation conformations 19 and 20. 

S u m m a r y  

The  acid-catalyzed hydrolyses of 12b and 13b proceed 
by way of rate-limiting formation of a common, discrete 
carbocation intermediate. The  ratios of syn vs anti 

Exper imenta l  Section 

Instrumentation. lH NMR spectra were recorded at 80 MHz 
on an IBM NR-80 spectrometer or at 300 MHz on a Gereral 
Electric QE-300 spectrometer. Chemical shifts are reported 
relative to internal tetramethylsilane as standard. IR spectra 
were obtained with a Perkin-Elmer Model 1430 spectrometer. 
Melting points were determined with a Thomas Hoover melting 
point apparatus and are uncorrected. pH measurements were 
made with a Radiometer PHM 64 pH meter and glass combination 
electrode. HPLC analyses were done on a Waters Co. C18Reeolve 
Radial Pak column. 

Kinetics Procedures. The pH-rate profiles for hydrolysis 
of 12b and 13b were generated in water solutions with ionic 
strength held constant at 0.1 M by addition of sodium perchlorate. 
For maintenance of pH for solutions with pH in the range 4-11, 
ca. 103 M of a buffer reagent was added. Buffers used were 
acetic acid (pH 4.1-5.5); MES (2-[N-morpholinolethanesulfonic 
acid), pH 5.5-6.3; MOPS0 (3-[N-morpholino]-2-hydroxypro- 
panesulfonic acid), pH 6.3-7.3; HEPES (N-(2-hydroxyethy1)- 
piperazine-N’-2-ethanesulfonic acid), pH 7.3-8.0; EPPS (N-(2- 
hydroxyethyl)piperazine-N’-3-propaneaulfonic acid), pH 8.G8.7; 
CHES (2-[N-cyclohexylamino]ethanesulfonic acid), pH 8.7-9.8; 
and CAPS (3-[cyclohexylaminol-l-propanesulfonic acid), pH 9.8- 
11.0. For most kinetic determinations, approximately 5-15 pL 
of a stock solution of ca. 2 mg of epoxide in 1 mL of dioxane was 
added to 2.0 mL of reaction solution in the thermostated cell 
compartment (25.0 0.2 “C) of either a Gilford Response or 
Perkin-Elmer Lambda 4C spectrophotometer. All reactions 
except those for reaction of 12b in sodium azide solutions were 
monitored at 231-233 nm. Reactions of 12b in sodium azide 
solutions were monitored at 237 nm. Pseudo-first-order rate 
constants were calculated by nonlinear regression analysis of the 
time vs absorbance data. 

Materials. Unless otherwise indicated, reagents were pur- 
chased from commercial suppliers and used without further 
purification. Sodium azide was recrystallized from aqueous 
ethanol solution. Sodium perchlorate was dried at 140 O C  for 12 
h and stored in a desiccator before use. Dioxane was distilled 
from sodium and tetrahydrofuran was distilled from lithium 
aluminum hydride. Methanol was dried by reaction with 
magnesiummetal, followed by distillation. Water used for kinetic 
studies was deionized and glass-distilled. 

cis-&Methylstyrene oxide (13a) was prepared by m-chloro- 
peroxybenzoic acid epoxidation of cis-8-methylstyrene in me- 
thylene chloride by a procedure similar to that previously 
published for its synthesis.17b trans-&Methylstyrene oxide 
(l2a)’”” was prepared from trans-@-methylstyrene by a pro- 
cedure similar to that usedto prepare 13a, except that the reaction 
was buffered by aqueous sodium carbonate solution. 

trams-Anethole Oxide (12b). To a well-stirred biphasic 
mixture of 2.0 g of trans-anethole in 60 mL of methylene chloride 
and 60 mL of 10% sodium carbonate in water in an icewater 
bath was added a solution of 5.6 g of m-chloroperoxybenzoic acid 
(85%, 0.028 mol) in 60 mL of methylene chloride over a period 
of 2.5 h by means of a syringe pump assembly. The methylene 
chloride layer was separated, washed with 10 % sodium carbonate 
solution (3 X 25 mL) and saturated sodium chloride solution (25 
mL), and dried over anhydrous sodium sulfate. Removal of the 
solvent on a rotary evaporator yielded 1.94 g of oil that was 
distilled in a short path distillation apparatus (45 O C  oil bath, 
0.1 mmHg) to yield 0.84 g (38%) of 12b: lH NMR (CDC13) 6 1.43 
(d, J = 5.2 Hz, 3 H), 3.04 (dq, J = 5.2, 2.1 Hz, 1 H), 3.62 (d, J 
= 2.1 Hz, 1 H), 3.79 (a, 3 H), 6.8-7.3 (m, 4 H). Anal. Calcd for 
CloH1202: C, 73.15; H, 7.37. Found: C, 73.01; H, 7.40. 

pMethoxypropiophenone Morpholine Enamine. A so- 
lution of 10.0 g (0.061 mol) of p-methoxypropiophenone, 11.7 g 
(0.134 mol) of morpholine, 25 mg of p-toluenesulfonic acid, and 
25 mL of benzene in a round-bottomed flask fitted with a reflux 
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condenser and Dean-Stark apparatus was heated at reflux 
temperature for 10 days. The solvent was removed on a rotary 
evaporator and the residue was distilled at reduced pressure to 
give 10.0 g of distillate, bp 60 OC (0.1 mmHg). lH NMR analysis 
of the distillate showed that it contained 20% of starting ketone 
and 80% of enamine: (CDCls 6 1.58 (d, J = 6.9 Hz, 3 H, CHs), 
2.68 (m, 4 H), 3.67 (m, 4 H), 3.81 ( s ,3  H, OCH3), 4.6 (q, J = 6.9 
Hz, 1 H, CHCHs), 7.0 (m, 4 H). The enamine was not further 
purified but rather this mixture was used directly in the following 
reaction that converts the enamine to cis-anethole. 
cis-Anethole. A procedure of Brown et al.% was modified for 

the synthesis of 13b. A mixture containing 80% of p-methoxy- 
propiophenone morpholine enamine from the previous reaction 
(7.49 g), 5 mL of dry tetrahydrofuran, and 3.92 g (0.032 mol) of 
9-borabicyclco[3.3.1]nonane (9-BBN) was placed in a 25-mL 
round-bottomed flask equipped with a reflux condenser and 
nitrogen inlet. The resulting turbid solution was stirred at rt 
under nitrogen for 3 h. The solvent was removed on a rotary 
evaporator and 2.0 mL of dry methanol (0.064 mol) was added. 
At this point the reaction mixture solidified. A distillation head 
was attached and 3.5 g of yellow liquid was distilled from the 
flask, bp 80 OC (0.5 mmHg). lH NMR analysis of this mixture 
indicated that it was >95% cis-anethole. Purification of the 
olefin was affected by filtration through a silica gel column with 
pentane as eluting solvent: 'H NMR (CDCls) 6 1.88 (dd, J = 7.1, 
1.6 Hz, 3 H), 3.81 ( s ,3  H), 5.7 (m, 1 H), 6,35 (br d, J = 11.5 Hz, 
1 H), 6.9 (m, 2 H), 7.25 (m, 2 H). Anal. Calcd for C10H120: C, 
81.04; H, 8.16. Found: C, 80.82; H, 8.22. 
cis-Anethole oxide (13b) was prepared by two procedures. 

The first method involved sodium borohydride reduction of 
a-methyl-a-(methy1thio)-p-methoxyacetophenone, followed by 
methylation of the @-hydroxy sulfide with methyl iodide and 
ring closure of the dimethylsulfonium salt with potassium tert- 
butoxide in In our hands, this procedure yielded a 
mixture containing 90% cis-anethole oxide (12b) and 10% of 
trans-anethole oxide (13b). Substitution of L-Selectride in place 
of sodium borohydride in the above reduction reaction yielded 
predominantly one diastereomeric alcohol (ca. 96%), which was 
converted to pure cis epoxide 13b lH NMR (CDCh) 6 1.08 (d, 
J = 5.4 Hz, 3 H), 3.3 (m, 1 H), 3.80 ( s ,3  H), 4.0 (d, J = 4.1 Hz, 
1 H), 6.9 (m, 2 H), 7.2 (m, 2 H). lH NMR analysis of the epoxide 
product indicated that <2% of the trans diastereomer 12b was 
present. 

In the second method, 13b was prepared by adding 0.17 g of 
solid m-chloroperoxybenzoic acid (85%, 0.84 mmol) to a stirred 
solution of 0.10 g (0.67 mmol) of cis-anethole in 5 mL of methylene 
chloride over a period of 10 min. After the solution was allowed 
to stir for an additional lOmin, an additional 15 mL of methylene 
chloride was added. The reaction solution was washed with 10% 
sodium carbonate solution (5 X 20 mL) and saturated sodium 
chloride solution (20 mL). It was then dried over sodium sulfate 
and the solvent was removed to yield 0.10 g of oil. Distillation 
of this material in a short path distillation apparatus (oil bath 
at 50 OC, 0.1 mmHg) yielded 44 mg (40%) of 13b. 
erytlro-1-Azido-2-hydroxy- 1-(4-methoxyphenyl)pro- 

pane (16). A solution of 0.2 g (1.35 mmol) of 12b in 0.2 mL of 
dioxane was added to 50 mL of 2 M NaN3 in 3070 dioxane-H20 
at pH 10.6. The solution was allowed to stir at room temperature 
for 24 h. The reaction mixture was diluted with 30 mL of Hz0 
and extracted with ether (3 X 30 mL). The organic extracts were 
combined, washed with H2O (4 X 25 mL), and dried over 
anhydrous sodium sulfate. The solvent was removed on a rotary 
evaporator to yield 0.16 g (64%) of a yellow oil. A small amount 
of the oil (100 mg) was purified by distillation in a short path 
distillation apparatus (oil bath temperature 75 OC, 0.05 mmHg): 

3.8 (m, 1 H), 4.51 (d, J = 4.9 Hz, 1 H), 5 (d, J = 5.0 Hz, 1 H), 
6.9 (br d, J =  8.7Hz, 2 H), 7.25 (br d, J =  8.7Hz, 2 H); IR (CDCl3) 
3580,2100 cm-l. Anal. Cr. d for C10H13Ns02: C, 57.96; H, 6.34. 
Found: C, 57.78; H, 6.50. 

'H NMR (DMSO-de) 6 0.98 (d, J = 6.2 Hz, 3 H), 3.74 (8,  3 H), 

In a second experiment, 18 mg of 64 in 0.2 mL of dioxane was 
added to 20 mL of 1.0 M NaN3 in 5 9 5  dioxane-water at pH 10.6 
containing 2 X 103 M CAPS buffer. The solution was placed in 
a water bath at 25 "C for 20 h. Under these conditione, >97% 
of the reaction occurs by second-order reaction of azide with 64. 
The reaction solution was extracted with diethyl ether (4 X 20 
mL). The ether extracts were combined, washed water (4 X 20 
mL), and dried over anhydrous sodium sulfate. Removal of the 
solvent yielded 14 mg of oil whose 'H NMR and IR spectra 
matched those of the erythro azido product 16, HPLC t~ 14.7 
min with 1:l methanol-water (1.5 mL/min) as eluent. 
tlreo-l-Azido-2-hydroxy-l-(4-methoxyphenyl)propane 

(17). A solution of 0.18 g (1.09 mmol) of 13b in 0.2 mL of dioxane 
was added to 50 mL of 4 M NaNs in 3070 dioxane-H20 at pH 
10.6. The resulting solution was allowed to stir at room 
temperature for 60 h. The reaction mixture was diluted with 30 
mL of water and extracted with ether (5 X 30 mL). The ether 
extracts were combined, washed with water (4 X 25 mL), and 
dried with anhydrous sodium sulfate. The solvent was removed 
on a rotary evaporator to yield 0.12 g (52 % ) of a yellow oil. The 
oil was distilled on a short path distillation apparatus (oil bath 
temperature 110 OC, 0.2 mmHg), yield 30 mg: HPLC t~ 12.5 min 
with 1:l methanol-water (1.5 mL/min) as eluent; lH NMR 
(DMSO-de) 6 0.85 (d, J = 6.2 Hz, 3 HI, 3.7 ( s ,3  H), 3.8 (m, 1 H), 
4.25 (d, J = 7.6 Hz, 1 H), 5.14 (d, J = 5.1 Hz, 1 H), 7.9 (br d, J 
= 8.7 Hz, 2 H), 7.25 (br d, J = 8.7 Hz, 2 H); IR (CDCh) 3580,2100 
cm-l. Anal. Calcd for CloHl&Oz: C, 57.96; H, 6.34. Found 
C, 57.64; H, 6.20. 

tlreo-l-(4-Methoxyphenyl)-1,2-dihydroxypropane (15). 
trans-Anethole (0.19 g, 1.28 mmol) was dissolved in 10 mL of 
pyridine and 0.33 g of 0 8 0 4  (1.29 mmol) was added. The reeult- 
ing solution was stirred at room temperature for 2.5 h. A solution 
of 0.89 g of sodium bisulfite dissolved in a mixture of 10 mL of 
HzO and 7 mL of pyridine was added and the resulting mixture 
allowed to stir at room temperature for 4 h. The reaction mixture 
was extracted with ethyl acetate (3 X 50 mL). The ethyl acetate 
extracts were combined, washed with water (25 mL), and dried 
with anhydrous sodium sulfate. The solvent was removed on a 
rotary evaporator to yield 0.13 g (56 %) of a light brown solid. 
The solid was purified by sublimation (oil bath temperature 65 
"C, 0.25 mmHg) onto a cold finger: mp 63-64 OC (lit.% mp 62.8- 
63.2 OC); lH NMR 6 1.05 (d, J = 6.3 Hz, 3 H), 2.42 (br, 1 H), 3.8 
(s, 3 H), 4.32 (d, J = 7.5 Hz, 1 H), 6.9 (br d, J = 8.8 Hz, 2 H), 
7.2 (br d, J = 8.8 Hz, 2 H). 
erytlrel-(4-Methoxyphenyl)-1,2-dihydro~ypropane (14) 

was prepared by the reaction of cis-anethole and osmiumtetroxide 
as outlined above for the synthesis of the erythro diol and 
recrystallized from a diethyl ether-ethyl acetate solution. The 
yield of recrystallized product was 73%: mp 111-112 "C (1it.n 
mp 116 "C); lH NMR 6 1.1 (d, J = 6.3 Hz, 3 H), 1.6 (br, 1 H), 
3.8 (8, 3 H), 4.0 (m, 1 H), 4.6 (d, J = 7.5 Hz, 2 H), 6.9 (br d, J 
= 8.7 Hz, 2 H), 7.3 (br d, J = 8.7 Hz, 2 H). 
Acid-Catalyzed Hydrolysis of tms-Anethole Oxide (12b). 

A solution of 30 mg of 12b in 0.1 mL dioxane was added to 10 
mL of a 5 9 5  dioxane-water solution, pH 4.3, containing 0.1 M 
NaC104. The resulting solution was allowed to stand at rt for 10 
min and was then saturated with sodium chloride and extracted 
with ethyl acetate (2 X 25 mL). The ethyl acetate extracts were 
combined, washed with saturated sodium chloride solution (4 X 
20 mL), and dried with anhydrous sodium sulfate. The solvent 
was removed on a rotary evaporator to yield 25 mg of an oil which 
was analyzed by lH NMR and HPLC on a Waters Co. Radial Pak 
C18 Resolve column with 5050 methanol-water as eluent at a 
flow rate of 1.5 mL/min. By comparison of the NMR spectra 
and HPLC tracings from analyses of this oil with NMR spectra 
and HPLC tracing of authentic samples of 16 and 14, it was 
concluded that the product mixture contained 78-79% erythro 
diol 14 (HPLC t R  4.8 min) and 22-21% of threo diol 15 (HPLC 
t R  3.7 min). Water solutions containing 0.1 M NaClO4 in which 
the rates of reaction of 12b at pH 5.5 and 6.2 were monitored for 
approximately 10 half-lives also analyzed directly by HPLC and 
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Acid-Catalyzed Hydrolysis of Anethole Oxides 

the relative yields of products 15 and 16 were determined to 19% 
and 81 % , respectively. 

Acid-Catalyzed Hydrolysis of cis-Anethole Oxide (13b). 
A solution of 15 mg of 13b in 0.2 mL of dioxane was added to 
20 mL of 5:95 dioxane-HSO at pH 3.0. The resulting solution 
was allowed to stand at room temperature for 15 min, saturated 
with sodium chloride, and extracted with ethyl acetate (2 X 25 
mL). The organic extracts were combined, washed with water 
(4 x 20 mL), and dried over anhydrous sodium sulfate. The 
solvent was removed on a rotary evaporator to yield 11 mg of an 
oil. HPLC and lH NMR analysis of this oil as described in the 
previous experiment were identical within experimental error 
with those from the products of the acid-catalyzed hydrolysis of 
trans-anethole oxide (12b). It was calculated that the product 
mixture contained 80% of erythro diol 14 and 20% of threo diol 
15. After the rates of reaction of 13b at pH 3.8-5.2 in 0.1 M 
NaC104-water solutions for ca. 10 half-lives were monitored, the 
solutions were also analyzed by HPLC. Integration of the HPLC 
tracings showed the product yields to be 8&81% 14 and 19-20% 
15. 

Acid-Catalyzed Reactions of 12b and 13b in  Solutions 
Containing Sodium Azide. Relative product yields from the 
reactions of 12b and 13b in water solutions (p  = 0.1 M NaClO4) 
at 25 OC at pH 5.70 and 5.04, respectively, and containingsodium 
azide in concentrations varying from 0 to 50 mM were determined 
by HPLC. An aliquot (ca. 10 pL) of a solution of either 12b or 
13b in dioxane (ca. 2 mg/mL) was added to 2.0 mL of reaction 
solution and the reaction was allowed to proceed for ca. 10 half- 
lives. An aliquot (20.0 pL) of a solution of 5 mg of 244- 
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methoxypheny1)-l-ethanol in 25 mL of methanol was then added 
to serve as a standard. The solution was analyzed by reverse- 
phase HPLC with 1:l methanol-water as eluent (1.5 mL1min) 
and UV detection at 232 nm. Retention times for diol and azide 
products are as follows: erythro diol 14,3.7 min, threo diol 15, 
4.8 min; erythro azide 16, 14.7 min; threo azide 17 12.5 min; 
standard, 6.8 min. The yields of diol products from reactions of 
12b and 13b in the presence of sodium azide were calculated by 
comparing the intensities of their HPLC peaks with that of the 
standard, with the assumption that the yield of diol products 
from acid-catalyzed hydrolysis of 12b and 13b in the absence of 
sodiumazidewas 100%. Theratiooferythrolthreodiolproducta 
from the acid-catalyzed reactions of both 12b and 13b in the 
absence of sodium azide was found to be 2080 and this diol 
product ratio did not vary, within experimental error, for reactions 
of 12b and 13b in solutions containing sodium azide. The ratio 
of erythrolthreo azide products from reactions of both 12b and 
13b in sodium azide solutions remained constant at 5455, within 
experimental error, over the entire range of sodium azide 
concentrations. The total yields of azide products from reactions 
of 12b and 13b at pH 5.04 and 5.70, respectively, in 50 mM sodium 
azide solutions were measured to be 64% and 39%, respectively. 
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