
rurukuimff Vd 39, h’o 14, pp 2323 to 2367,1%3 
Printed in Great Britain 

TETRAHEDRON REPORT NUMBER 150 

oIldctromls3 
Pcrgaman 

s5.DD t .fM 
Press Ltd. 

RECENT ADVANCES IN THE PREPARATION AND SYNTHETIC 
APPLICATIONS OF OXIRANES 

A. S. RAO” 
National Chemical Laboratory,’ Pune 411008, India 

and 

S. K, PAKNIKAR and J. G, KIRTANE 

Gentre of ~st-~duate ~nst~ction and Research, Goa ~3~1, India 

(Receiaed in the UK 4 November 1982) 

Introduction . . . . . . . . . , . . . . . . . . . . . + . . . . . . . . 2323 
Preparation of Oxiranes 
1, Synthesis of oxiranes from alkenes and arenes , , , . . , . . , . ( . . . . . , 2324 
2. Epoxi~tions of hyd~~xy alkenes and alkoxy aIkenes . , . . , . , . . . . . . . 2325 

(a) Epoxidations with organic peracids 
(b) Epoxidations with hydroperoxides in the presence of transition metal catalysts 
(c) Epoxidation of alkoxyalkenes 

3. Synthesis of oxiranes via c~bonyl additions . . , ‘ . . . . . . . . . . . . . . 2335 
(a) Sulphur ylides 
(b) Selenium ylides 
(c) Synthesis of a, P-unsaturated oxiranes via Q, #Gunsaturated -a’-sebno alcohols 
(d) Arsonium ylidas 

4. Phosphate extension and halolactoni~tions . . . . . . . . . . . . . . . , . . 2337 
5. Other methods for preparation of oxiranes 

(a} o-Hydroxy benzyl alcohols; reaction with sod;& p&dite’ 
I .I * .., * . . . 2338 

(b) Retro-gels-~der Reaction 
{c) 1,2-Dials; reaction with triphenyl phosphine and diethyl azodic~boxylate 
(d) Oxiranes f ram unsaturated hydroperoxides 

6. Preparation of optically active oxiranes 
(a) Enantioselective e~xidattion of alkent; ’ ’ ’ ’ * ’ * . ’ ’ ’ ’ ’ ’ * ’ * 

. 2340 

(b) stilly active oxiranes from racemic precursors 
(c) 01, Wpoxyaldehydes, a, @-epoxyketones and ar, p-epoxysulphones 
(d) Enantioselective epoxidation of ally1 alcohols 
(e) Asymmetric epoxidation of optically active ally1 alcohols 
(r) ~xiranated small chirai fra~ents 

Synthetic Applications of Oxiranes 
7. Nucleo&ilic substitution reactions (intermolecular) ............... 2347 
8. Nucteophilic substitution reactions (intramo~ecular~ ............... 2351 
9, Nu~Ieophi~ic substitution reactions of vinyl oxiranes and benzyl oxiranes ....... 2355 

10, Synthesis of allylic alcohols from oxiranes .................. 2357 
I1 Synthetic applications of a, p-epoxy ketones ................. 2359 
12 Areneoxides ............................ 2360 
13. rhe~olysis of oxi~n~s ......................... 2361 

PRODUCTION 

Biologically important oxiranes include leukotriene A (LTA), the biogenetic precursor of the leuko- 
trienes LTC, LTD and LTE which are important natural mediators of allergic asthma,’ and arene oxides, 
postulated as intermediates in the metabolism of aromatic compounds to phenols.3 The ultimate 
~ar~in~8eni~ me~bolites of po~ycy~lic aromatic hydrocarbons are the tetrahydrodiol epoxides! The 
biological activities of aflatoxin B, and precocenes are due to the oxiranes derived from them? 

2323 
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The importance of oxiranes as intermediates in organic synthesis is well-known.7 Various aspects of 
reactions of oxiranes have been reviewed by Parker and Isaacs’ in 1959, Rosovksy’ in 1964, McDonald” 
in 1971, Buchanan and SableI’ in 1972, Bert?* in 1973, KirkI in 1973, Bruice and Bruice14 in 1976, 
Dryuk15 in 1976, Sharpless and Verhoeven” in 1979, Adam and Balci” in 1980 and Rebek in 1980? The 
applications of oxiranes for stereoselective synthesis of acyclic systems,” reductions of 01, P-epoxy 
ketones and 6, E epoxyketones,” the use of singlet oxygen for the preparation of oxiranes”” and the 
deoxygenation2’122 of oxiranes are discussed in recent reviews. The present review is devoted mainly to 
the papers on oxiranes published during the period 19X-81. Since a very large number of publications 
dealing with applications of oxiranes have appeared it has not been possible to present the entire work 
pubIished during this period. We have tried to include, as far as possible, reactions having wide 
applicability and furnishing good yields of products which are of current interest. Acid catalyzed 
rearrangements,” hydride reductions2’ and reactions of LY, /3-epoxysilanes24 have not been included in 
this review. 

1. Synthesis 0f oxiranes from alkenes and arenes 
Oxiranes can be prepared conveniently in the laboratory by reacting olefins with organic peroxyacids, 

particularly m-chIoroperbenzoic acid (MCPBA); several aromatic compounds are also epoxidized by this 
reagent. Through a proper choice of experimental conditions (particularly control of pH) it has been 
possible to isolate even sensitive oxiranes, some of which are listed below (1-3).2r*26 However, the 
oxirane 4, the active metabolite of the carcinogen aflatoxin B, (5), cannot be isolated2’ after MCPBA 
oxidation of 5. 
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Peroxytrifluoroacetic acid, one of the most electrophilic peroxyacids is used for the epoxidation of 
electron deficient olefins; a convenient substitute for peroxytrifluoroacetic acid is 3,5-dinitroperbenzoic 
acid which can be stored for a long time.2s Olefins are epoxidized with t-butylhydroperoxide (TBHP) in 
the presence of MOM catalyst;16 this method is used for the manufacture of propylene oxide. Olefins 
can be epoxidized with Hz02 in the presence of one of the following catalysts: o-nitrophenylseleninic 
acid ;29 2,4_dinitrophenylseleninic acid;29 hexafluoroacetone hydrate 
arsonated polystyrene resins.“2 Hexafluoroacetone hydrate (6) reacts 

(6);30 tetrachloroacetone3’ and 
with H20z to produce 2-hydro- 
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peroxyhexafluoro-2-propano1 (7) which epoxidizes alkenes (eqn l)? When arsonated polystyrene resin is 
used as catalyst workup is simple since the catalyst can be separated by filtration and recycled. 

Some of the reagents which are suitable for the epoxidation of alkenes are: 3-bromo-4,5-dihydro-5- 
hydroperoxy-4,4-dimethyl-3,5-diphenyl-3H-pyrazole (8)” N-benzoyl peroxycarbamic acid (9),M 2&n- 
zene sulfonyl-3-aryloxaziridine ( 1O)35 and peroxycarboximidic acid (1 l)? The reagent 11 epoxidizes 
arenes also. AIkenes can be epoxidized by treating with potassium caroate and acetone; epoxidation 
takes place through the intermediate dioxirane (lt).“’ Polycyclic aromatic hydrocarbons and aza-arenes 
undergo epoxidation at the K-region when reacted with sodium hypochlorite and a phase transfer 
catalyst ;38 oxiranes 2, 13 and 14 have been prepared through this route. 
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Shimizu and ~~tlett39 have shown that irradiation of an olefin in the presence of molecular oxygen 
and cx-diketone (e.g. benzil) as sensitizer furnishes the corresponding oxirane in high yields. The main 
advantage of this route is that the reaction proceeds in the complete absence of nucleophiles40 and thus 
can avoid formation of byproducts arising from reaction of nucleophiles with sensitive oxiranes. The 
formation of only the trans-epoxide from either cis or trans-alkene requires a stepwise mechanism by 
way of a freely rotating intermediate, in contrast to epoxidation with peracids. The phot~epoxidation 
proceeds via acylperoxy radical as the effective epoxidizing species.4’ Benzil sensitized photo-epoxida- 
tion of aflatoxin RI (5) furnishes the epoxide 4 which has been trapped with 3’,5’-di-o-butyryl deoxy- 
~anosin~ and hydrolysed with aqueous acid to give the N’guanine adduct.’ 

The peroxy acid 16 which can be prepared in a few steps from arachidonic acid (IS) attacks 
selectivity the ~4,~5-double bond to furnish the epoxy acid 17 which on este~fication with diazomethane 
gives the ester 18; in contrast, the intermolecular epoxidation of 15 with peroxy acid reagents is not 
regi0selective.42 

A recent review’* by Rebek deals with new epoxidation reagents, 

IS X-H 

16 x - OH 

2. Epoxidations of hydroxy alkenes und alkoxy alkenes. 
(a) ~~o~~du~io~s wife u~g~~~c ~~~~cids. Henbest4’ showed that in the absence of severe steric 

interference allylic cyclohexenols are epoxidized stereoselectively by organic peracids to furnish 
cam-epoxy~~ohols. A homoallyli~ hydroxyl can direct ~poxidation only if it can get sufficiently near the 
double bond. l2 Epoxidation of medium ring allylic alcohols, e.g. cycle-act-2-en-l-01, furnishes selectively 
truns-epoxy alcohols?’ Epoxidation of acyclic allylic alcohols has been studied extensively. In many 
cases it is possible to predict the direction of asymmet~c induction by compa~ng the steric interactions 
in the transition states leading to erythro and three epoxy alcohols.45 For example, epoxidation of 19 will 
furnish epoxyalcohol 21 through transition state 20 and epoxyalcohol 23 through ~nsition state 22. 
Since there is severe steric interference between SiMe, and C6H5 in transition state 20 it is to be 
anticipated that 23 and not 21 will be the major epoxidation product. It has been observed& that 
epoxidation of 19 fu~ishes exclusively 23. Similarly in the epoxidation of 24 major diastereomer formed 
can be predicted to be 26 since the formation of 28 is not favoured due to steric interference between the 



2326 A. S. RAO et al. 

19 

27 

OH 

4 
6% 

t-4 O H 

H Si (Cl4313 

23 

OH 

l 0 
HH )“j‘ % 

H H 

26 

28 

methyl groups in transition state 27. Some of the epoxyalcohols synthesised through peracid epoxidation 
of hydroxyalkenes are shown in Chart 1. 

Selective benzoylation of allylic hydroxyl of 30 furnishes pipoxide. The epoxy alcohol 3248q6o is an 
intermediate for the synthesis of artecalin and tuberiferine. The stereoselective formation of 34 shows 
that dihydrodiols of polycyclic aromatic hydrocarbons, e.g. 33 which are sterically free to adopt the 
pseudoequatorial conformation are epoxidized cis to the allyIic hydroxyl. 49 When bay region dihydrodiols, 

e.g. 35 sterically constrained to exist in the pseudodiaxial conformation are epoxidized, the directing 
influence of homoallylic hydroxyl which can come close to the double bond is greater than the directing 
influence of allylic hydroxyl. 49 The epoxidations of 37 and 41 show that allylic alcohols in which the 
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Chart 1. Epoxyalcohols prepared through epoxidation of hydroxyalkenes with peroxyacids; the peroxyacid is 
MCPBA unless otherwise stated. Diastereomeric ratio is given in brackets; the major diastereomer only is shown. 

Ref. 58 

m Ref 59 

72 
(55’45) 

hydroxyl is almost eclipsed with the double bond do not undergo stereoselective epoxidation. The 
epoxyalcohol 56 was transformed to a diepoxide which proved useful in assigning the stereochemistry of 
the side-chain of hedamycin. The epoxy alcohols 64, 64 and 68 are intermediates for the synthesis of 
polyether antibiotics. Alcohol (70) is an intermediate for the synthesis of brassinolide. 

(b) Epoxidations with hydroperoxides in the presence of transition metal catalysts. Sharpless61 has 
shown that vanadium catalyzed epoxidation of cyclic allylic alcohols with tert-butyl hydroperoxide 
(‘TBHP), one of the most stable organic peroxides known, is highly stereoselective, the epoxidation 
taking place from the side cis to hydroxyl group. Medium ring cyclic allylic alcohols, e.g. cycle 
act-2-en-l-01, also furnish cis-epoxyalcohols? It has been observed that TBHP/V epoxidation of allylic 
cyclohexenols having quasi-equatorial hydroxyl can in some cases, e.g. eqn (2) furnish the corresponding 

Ref. 60 

a, P-unsaturated ketones besides the expected epoxy alcohols.44*W Vanadium catalyzed epoxidation of 
acyclic allylic alcohols has been studied extensively. The E-allylic alcohol (49) furnishes a 60: 40 mixture 
of erythro (87) and threo-epoxyalcohols (SO).62 Threo-epoxyalcohol is formed in smaller amounts since in 
the transition state 73 there is steric interaction between OR, and C-3.62 The direction of asymmetric 
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inductive during ~p~xidati~~ of acyclic h~m~alIylic atc~h~~s can be pr~di~t~d6~ by considering steric 
i~te~eren~~ in the transitive state 75; st~re~selectivity is high when alkyl soups can be e~uat~riaI~y 
~r~eRt~d (RI and R3) in the transition state. High stere~sele~tivities have been observed for the 
ep~xidati~ns of some acyclic bishum~a~~yl~c alcohols. Some of the epoxy alcohols synthesized through 
vanadium catalysed TBHP ~p~xidat~~n of hydr~~y alkenes are shown in Chart. 2. Oxirane (77) is an 
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Chart 2. Epoxy-alcohols prepared through epoxidation of hydroxyalkenes with TBHPIV+‘. 
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intermediate for the synthesis of ma~ansine.~ The epoxidation of 78 shows that when hydroxyl group is 
nearly eclipsed with the ethylenic linkage epoxidation is not stereoselective. The syntheses of df- 
pentalenolactone from 81, optically active anthraGy~linon~s from 83, 2-epihamam~Ios~ from 89, dl- 
cerulenin from 91, juvenile hormone JH-2 from 93, JH-1 from 95, 24(R), 2Sdihydroxycholesterol from 
97, t~~hodermol from (99), a tri~hothecin analogue from 101, pseudom~nie acid A from 117, a mixture of 
1 I-hydroxyeicosatetraenoic acid (1 l-HETE) and 12-HETE from 119, pedaldehyde from 121 and lasalocid A 
from 131 are reported in literature. 

The rate of vanadium catalyzed epoxidation is greatly enhanced by the presence of an allylic 
hydroxyl group; on the other hand, the introduction of a hydroxyl group into allylic position reduces the 
rate of peroxy acid epoxidation, compared with the parent olefin.~’ consequently du~ng epoxidation of 
polyunsaturated allylic alcohols, e.g. 76 and 90 high regioselectivity is observed with the TBHP/V system 
but not with MCPBA. 

Allylic and homoallylic alcohols are epoxidized with hydroperoxides in the presence of aluminium 
t-butoxide? In a few cases, the direction of asymmetric induction with Al catalyst has been found to be 
opposite to the direction of asymmetry induction with vanadium catalyst. 

BreslowBZ has shown that a hydroxyl group which is separated from an ethylenic linkage by several 
C-C bonds can under favourab~e conditions serve as a convenient handIe for directing epoxidation; a 
suitable template is attached by taking advantage of hydroxyl group as illustrated by the conversion of 
134 to 13%. The alcohol 135a is epoxidized when heated under reflux with TBHP in toluene in the 

presence of Mom; the epoxidation has been shown to be intramolecular. Xt is obvious that the 
alcohol 13Sa can take up a conformation in which the hydroxyl group is sufficiently close to the ethylenic 
linkage. The success of this appruach depends on the choice of the template. While alcohol 135a can be 
epoxidized, the higher homologue 135b does not undergo epoxidation under similar conditions. 

(c) ~po~~~u~~o~ crf ~~~oxy~~~~~e~. Ethers of cyclic allylic alcohols undergo stereo~selective epoxida- 
tion from the less hindered side, which is trans to alkoxy group. MCPBA epoxidation of 136 furnishes 
137 which has been transformedg3 to trans-epoxy alcohol 138. MCPBA epoxidation of 139 furnishes 140, 
an intermediate for the synthesis of may~ansine.~ 
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3. Synthesis of oxiranes uia carbonyl additions 

2335 

(a) SuIphur y/ides. Since carbonyl compounds are readily available they are attractive intermediates 
for the synthesis of oxiranes. The use of diazomethaneR5 and stabilized a-haloanions”*87 for the 
synthesis of oxiranes is known for a long time. Synthesis of oxiranes via condensation of aldehydes and 
ketones with sulphur ylides has become an important synthetic technique? Dimethylsulphonium 
methylide (141) a nucleophilic reagent reacts with ketones to furnish oxiranes through methylene 
transfer (eqn 3). Saturated ketones as well as a, p-unsaturated ketones are transformed to oxiranes (143. 

R’\,/ 00 

tCH~)2 9?“- O3 
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2 
I?’ A 

/ R’ 
2' a2/'CH2 - + 

(3) 

R 
R2 

e” + 141 
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142 146 147 

145). Dimethyloxosulphonium methylide (146) is also used for effecting methylene transfer (e.g. 147). 
The major product formed by reacting cyclohexanones with 141 involves axial attack by the reagent; in 
the case of 146 the major product is formed through equatorial attack. LY, p-unsaturated ketones furnish 
cyclopropane derivatives and not oxiranes when reactedRg with 146. 

Like methylides, the alkylides react with aldehydes and ketones to give substituted oxiranes (e.g. 149, 
151). 
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Carbanions derived from N-p-toluenesulphonyl sulphoximines (e.g. 152) and N-p-toluenesulphonyl 
sulphilimines (e.g. 153) react as methylene transfer agents with aldehydes and ketones? 

The preparation of a number of oxiranes using sulphur ylides and utilization of some of the oxiranes 
as intermediates in organic synthesis has been reviewed? 

Oxirane formation from 154 proved troublesome with dimethylsulphonium and dimethyloxosul- 
phonium methylides. The less basic anion from dimethylsulphoxide p-toluene sulphoximine afforded 
155 in 9O?G yield as 5 :6_mixture of epimers. 
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Oxiranes have been prepared through intramolecular suIphur ylide additions to ketones (e.g. eqn 4). 
Some of the oxiranes synthesised recently using sulphur ylides are given below (160, 163, 166). 
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Oxirane 160 is an intermediate for vitamin A synthesis. Since sulphur ylides react with aldehydes and 
ketones at low temperatures they are well suited for the preparation of sensitive oxiranes. Leukotriene A 
(LTA) methylester (163) an unstable biologically importan?’ oxirane has been synthesised* from ylide 
161. Hydrogenatior? of 166 furnishes 163. 

(b) Selenium y/ides. Selenium ylides have been generated in situ and have been found to convert 
non-enolizable aldehydes and ketones into oxiranes? 

(c) Synthesis of a, p-unsaturated oxiranes cia a, P-unsaturated-a’-seleno ulcohoIs. a, P-Unsaturated 
oxiranes have been synthesised based on the nucleophilic addition of a-seleno carbanions to IY, 
P-unsaturated ketones and a, p-unsaturated aldehydes. 

The oxirane (173) has been prepared as shown in formulae chart? a-Seleno carbanions are formed 
readily and normally undergo 1,2-addition when reacted with conjugated ketones and aldehydes. 

(d) Arsonium plides. A number of aldehydes react cleanly with arsonium ylides to yield trans 
oxiranes with stereoselectivity 150: 1 (e.g. eqns 5 and 6). The stereoselectivity depends on the arsonium 
salt counterion.‘“’ 
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4. Phosphate extension and huIolacfonizufions 

Bartlett has shown that the phosphate 178 which can be prepared from 71 reacts with iodine to 
furnish the thermodynamically controlled product 180 in which CHI and CHJ substituents are cis- 
related (diequatorial).” The electrophilic attack by iodine on the double bond in 178 is very facile due to 
neighbouring group participation of the nucleophilic phosphate. Treatment of 180 with sodium ethoxide 
furnishes 181 which contains less than 2% of the diasteromeric oxirane. It may be noted that the 
stereoselectivity in the synthesis of oxirane 72 via epoxidation of 71 with MCPBA (Chart 1) or TBHPlV 
(Chart 2) is very poor. 

7 It, 
0 LpHO - 

I78 180 l8t 

The “phosphate extension” approach has been used to transform the phosphate 182 regio- and 
stereo-selectively to the oxirane 183, an intermediate for the synthesis of methyl nonactate.‘“3 
Terra Vol 39. !in IL.R 
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182 

Reaction of 7, S or 8, e-unsaturated acyclic carboxylic acids with iodine in acetonitrile in the 
absence of a base has been shown to furnish stereoselectively the iodolactones with thermodynamic 
control via cyclic intermediates. lo4 This reaction is the basis of an excellent method for the stereoselec- 
tive epoxidation of acyclic olefinic carboxylic acids. ‘04 The acid 184 is converted to the iodo lactone 185 
contaminated with less than 5% of isomeric material. Alkaline methanolysis of 185 leads to the oxirane 186 
an intermediate for the synthesis of a-multistriatin.‘05 

Iodolactonization of arachidonic acid (15) with NaHCO~-I& and treatment of the resulting iodolactone 
with base furnishes regioselectively cis-5,6_epoxy arachidonic acid.42 

The oxiranes 190 and 193 have been synthesized stereo-selectively employing halolactonization? The 
oxirane 193 is an intermediate for the synthesis of erythromycin.‘” 
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5. Othet methods for preparation of oxiranes 
(a) o-Hydroxy benzy/ akohols; reaction wifh sodium periodate. Oxidation of o-hydroxy benzyl 

alcohols with sodium periodate furnishes Spiro-epoxy-2,4cyclohexadienones (eqn 7).‘09 The parent 
unsubstituted Spiro-epoxy-2,4_cyclohexadienone cannot be prepared by this method as it dimerizes 
rapidly.“’ Oxirane 195 is an intermediate for the synthesis of triptolide and triptonide? 
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No104 
l 

(b) Retro-Die/s-Alder reaction. Quinone epoxides have been prepared via the retro-Diels-Alder 
reaction (eqn 8).“’ 
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C&CH, / 180’/40 mm -Q I 0 (8) 

100 Y. 

198 

(c) 1,2-Dials; reaction with triphenyl phosphine and &ethyl azodicarboxylute. Oxiranes have been 
prepared from 1,2-dials through a “one-pot” reaction by employing the reagents triphenylphosphine and 

diethy! azodicarboxylate. ‘I2 One of the hydroxyl groups is transformed”’ to -OPPh,; the oxirane is then 

formed according to eqn (16) if the OH and leaving groups are truns antiparallel. Some oxiranes prepared 
by this method are shown below (eqn 9, 10). 
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(d) Oxirunes from unsaturated hvdropevoxides. a, 
to furnish a, P-epoxy ketones. In ihis reaction the 
stabilized anion 204 (eqn 1 1).“5i”6 Hence, oxirane 

P-Unsaturated ketones react with H703 and alkali _ _ 
conjugated ketone is initially transformed to the 
formation from an unsaturated activated hydro- 

peroxide can be anticipated if the anion 207 can be generated. 
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Leukotriene A (LTA) is enzymically derived from arachidonic acid via (S)-5 HPETE. Biomimetic 
conversion of 5-HPETE methyl ester 208 to LTA methyl ester 211 has been carried out.“‘**” This 
involves transformation of 208 to the mesylate (or triflate) and treatment of the mesylate with a hindered 
base to furnish a mixture of 211, 212 and 213, IS-HPETE methyl ester has also been converted to a 
mixture of oxiranes.“’ 

208 R - H 

209 R = sop, 

210 R = S02CF3 
0 

212 213 

Anhydrovinblastine is oxidized”9 by air to leurosine (215). This transformation can be brought about 
by agitating a solution of 214 in an organic solvent with air and enzyme systems are not necessary. It has 
been suggested that a hydroperoxide is an intermediate in this transformation. 

R- 10 - Vtndollnyl R = IO- Vlndollnyl 

214 215 

6. Preparation of optically a&e oxiranes 
Oxiranes are versatile intermediates in synthetic organic chemistry. Since many of the synthetic 

targets are biologically active compounds having chiral centers, it is necessary that the compounds 
synthesised from oxiranes should have high optical purity. This, in turn, requires that the oxiranes used 
as synthetic intermediates should be optically pure. The methods available for preparing optically pure 
oxiranes are reviewed. 

(a) Enantioselective epoxidntion of alkenes. Optically active oxiranes have been prepared by enan- 
tioselective epoxidation of unfunctionalized prochiral alkenes; some of the non-enzymatic routes are 
given below (eqns 12-l 5). 
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microbian systems exhibit hjgh enantiosel~ctivity due to enzymes. Epoxidation of 1-o~tene by 
Pseudomonas oleok~uns in a two phase system furnishes 1,2(R)-epoxyoctane of high optical purity 
(ee = 70).‘23 Epoxidation of I-hexadecene by corynebacterium equi IF0 3730 furnishes 100% optically pure 
1,2~R)-epoxyhexade~ane. i24 

(c) Upficdly active oxiranes from rucemic precursors. An alcohol with an appropriate leaving group 
(X) in the p-position can be transformed to an epoxide by treatment with a suitable base, involving 
inversion of conjuration at the starred carbon atom (eqn 16). 

Efkient methods are now available for the resolution of racemic atcohols. The racemic alcohols are 
converted to: (a) esters of ( - )-( S)-ar -methoxy-a-trifluoromethyl phenyl acetic acid (MTPA) or (b) esters 
of 3~-a~etoxy~tieni~ acid or (c) reacted with enantiome~~ally pure l~(~-napthy~) ethyl iso~yanate to 
furnish carbamate derivatives. The resulting mixture of diastereomeric esters or carbamates are 
separated employing chromatographic methods and the ester or carbamate thus purified is converted to 
enantiomeri~ally pure alcohol. Some of the alcohols thus resolved and then transformed to epoxides are 
shown below (eqns 17-20). 
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NBS (Zrq), KO 
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(1 l q)/DMF/room temperature; ri NoOCt-4, /CH~OH, III NaAl H2(0CH&H20CH3)2 

(c) OL, /3-EpoxyaIdehydes, a, /3-epoxyketones and a, P-epoxysulpkones. Efficient asymmetric synthesis 
of optically active CX, P-epoxyaldehydes from a, p-unsaturated acids has been achieved employing a 
sequence of reactions (e.g. 236+ 240);‘29 the key step in the synthesis is the stereospecific formation of 
the bromolactone 238. 

2,3-Epoxycyclohexanone has been obtained in optically active form by epoxidation of cyclohexenone 
(eqn 2f)? Wynberg has shown that the chiral catalyst, quininium benzyIchloride is capable of introduc- 
ing a considerable degree of asymmetry into products from many different reactions.‘“’ 

TBttF, NOOH, tolueno 
quininium benryl chlorid@ 

24t 242 
aa- 

Epoxidation of chalcone with HzOrNaOH in a triphase system consisting of toluene, water and 
the chiral polypeptide poly [(S)-alanine] as the phase transfer catalyst furnishes the corresponding CY, 
#%epoxyketone in high ( > 90?4) optical yields.‘32 

Polystyrene-divinyl benzene-N-methyl-ephedrinium chloride (243) prepared from N-methyl-ephed- 
drine has been used as chiral catalyst for the asymmetric synthesis of a, @epoxysulphones (eqn 22).13’ 

I 
OH :“2-@ 

243 244 245 246 Rat.133 

a.-20 

(d) Enantioselectiue epoxidution of aNyI alcohols. One of the most important deveIopments in 
enantioselective epoxidations is the recent discovery by Katsuki and Sharpless of a new metal catalyzed 
asymmetric epoxidation process? A wide variety of prochiral ally1 alcohols have been epoxidized with 
TBHP-Ti (OPr$ and either (+)- or (-)-dialkyl tartrate to furnish enantiomerically pure (ee > 90%) 
epoxyalcohols (eqns 23, 24). The absolute configuration of the epoxyalcohol can be predicted. 

0~ D-(-l diethyl tortrata OH 

24f 248 
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1241. 

0~ I..-(+) dlethyl tortratrr 

Since both enantiomers of tartaric acid of high optical purity are commercially available, the required 
enanti~mer of the epoxyalcohol can be prepared by choosing the dialkyl titrate. It is to be noted that 
the enantiomeric excess of the epoxyalcohol cannot be higher than the enantiomeric excess of the 
dialkyl tartrate used as chiral director. Some of the epoxyalcohols synthesised according to the method 
of Katsuki and Sha~less are riven in char 3. 
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275 276 

2t9 

Ref. t42 Ref. 143 

280 
(Ia - 53 

Rat- 144 

Ctrart 3. Ena~tj~selective epo~idation of allyl alcohols (see eqns 23,24). DMT = ~imethyl tartrate; DET = ~iethyl 
tartrate: DIPT = Diisopropyl tartrate. 

Epoxyalcohols 252 and 254 are intermediates for the synthesis of methymycin and erythromycin 
respectively. Epoxides 256 and 258 are intermediates for the synthesis of leukotriene, LTA+ Epoxides 
260 and 262 are intermediates for the synthesis of disparlure. Epoxide 268 and its mirror image 270 are 
intermediates for the synthesis of 5 S, 12 S -di HETE, a human metabolite of arachidonic acid and 
l~ukot~en~ LTB4 respectively, ~poxid~s 272 and 276 are intermediates for the synthesis of a pheromone of 
Pseudococcus comsfocki and verrucarin A respectively. 

(e) Asymmetric epoxidation of optica/Iy active allyl alcohols. Asymmetric epoxidation according to 
the method of catsup-Sha~~ess (eqns 23,241 has been barked out using optically active alcohols. In the 
case of (S)-281 as well as (R)-283 the direction of epoxidation for the major diastereomer is from the 
side predicted by eqns (23, 24). The stereoselectivity is high for the epoxidation of (S&281 on the other 
hand, the selectivity for epoxidation of (IQ-283 is significantly affected by the chiral centre. The (S)-281 
reacts 104 times faster than (R)-283. The asymmetric epoxidation of chiral allytic alcohols is a 
convenient method for their kinetic resolution.‘45 The chiral centre in the trans-allylic alcohol 285 does 
not si~ficantIy affect stereoselectivity for asymmetric epoxidation~‘~ on the other hand the 
stereoselectivity in the asymmetric epoxidation of cis-allylic alcohol 288 is reduced due to the presence 
of the chiral centre? Some of the epoxyalcohols prepared via asymmetric epoxidation of optically 
active ally1 alcohols are shown below (Chart 4). Oxirane 296 is an intermediate for the synthesis of 
&-Cl0 fragment of maytansinoids. Oxirane 292 is an intermediate for the synthesis of the aliphatic 
segment of rifamycin S. 

(f) ~x~~u#~~~~ smafl chirul ~~ug~e~fs. Optically pure organic compounds which can be isolated 
readily from natural products, or which are commercially available, can serve as precursors for chiral 
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281 282 
198:2) 

287 288 

283 284 
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Chart 4. Ptsymmetric epnxidation [see eqns 23 , 24) using optically active atlyt alcohols; diastereomeric ratio is 
given in brackets. 

oxiranes if they are I,2-dials or can be transformed convenientfy to 1,2-diok; synthesis of oxiranes 
would then involve selective conversion of one of the hydroxyl groups to a good leaving group (e.g. 
OTs) and application of the reaction outlined by eqn (16). A number of small chiral fragments containing 
the oxirane ring have been made starting from tartaric acid (both enantiomers of tartaric acid are 
commercially available), lactic acid, ~rnannit~~, malic acid and other chira~ precursors. One of the 
recent developments in organic chemistry is the application of small chiral fragments for the synthesis of 
optically pure natural products and pharmac~uticals“~ Some of the oxiranated small chiral fragments 
which are either proven or potential intermediates for the synthesis of natural products are depicted in 
Chart. 
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The following syntheses have been reported: methyl nonactinates’49 from 297, (R)-recifeiolide from 
2~$,‘~’ stereoisomers of sex pheromone of pine saw!Iies from 300 and 301, (S)-massoilactone’54915s from 302, 
24(R) 24,25-dihydroxy vitamin D3 from 310,‘60 (R, R)-vermiculin from 311b, (S)-ipsenol from 313a, 
(S)-ipsdienol from 313b and (6R,-l’R)-pestalotir? from 314. An oxirane differing from the antipode of 309 in 
the blocking group is an intermediate in the erythromycin synthesis.1~,‘59 

Chiral aryloxymethyloxiranes have been synthesised from chiral oxiranes (eqns 25, 26). 

cl 
i 25 I 

303 3Ici 
316 Z Ref 156 f 

3a5 317 

C 26 1 

t Rtzf 157 1 

7. Nucleophilic substitution reactions (intermolecular) 
Oxiranes undergo ring-opening when reacted with nucleophi~ic reagents due to ring strain and the 

basic nature of oxygen atom in the heterocycle.‘67 The nucleophilic opening of the oxiranes has been 
extensively studied since it provides a convenient route for forming C-C (or C-X where X = N, 0, S, Se 
or Te) a-bonds; in most cases it is possible to anticipate the stereochemistry and regiochemistry of 
ring-opening* The reaction of oxiranes with nucleophi~~s is facilitated by electrophi~jc assistance by 
protic solvents or Lewis acids (319, 320).“V’M 

319 320 

LiFp is more reactive towards oxiranes than the corresponding sodium salt, since Li” can coordinate 
more effectively with oxirane oxygen than Na’ (Li’ is known to be a harder acid than Na’). Fp- is one 
of the most powerful of organometallic nucleophiles. The greater reactivity of LiFp (as compared with 
NaFp) clearly demonstrates the impo~ance of Lewis acid promotion in oxirane opening even for anions 
of high nucleophilicity. *M 

The opening of oxiranes by nuc~eophiles in basic or neutral media proceeds through the !&2 
mechanism and hence the configuration at the carbon atom which is attacked, is inverted. Nucleophilic 
opening in acidic medium, in most cases, proceeds through transition state (320) where both partial 
bonds are longer than usual (borderline &2); in these reactions also the configuration at the carbon atom 
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attacked is inverted? In the extreme, when the substituent is phenyl or vinyl, a stabilized carbonium ion 
may be formed under acidic conditions resulting in S,l type ring-opening.” 

The opening of oxirane involving nucleophilic attack at the less substituted carbon is termed as 
“normal opening” and opening involving attack at the more substituted carbon is termed as “abnormal 
opening”. Due to steric factors, in basic or neutral medium opening of oxiranes by nucleophiles is 
normal provided a group having marked polar or conjugative effect is not attached to oxirane. Opening 
of oxiranes in acid medium proceeds through “borderline SN2” mechanism and hence there is a preference 
for nucleophiles to attack at a tertiary or benzylic or allylic carbon which is better suited to accommodate 6’ 
charge in the transition state. One of the important factors in oxirane opening of cyclohexene oxides is the 
conformational control; the nucleophile prefers to attack the oxirane carbon along the axial direction. 

Nucleophilic opening of oxiranes with Grignard reagents is a well established route; however, it has 
been limited in scope due to competing reactions arising from Lewis acidity of the Grignard reagents! 
Recent reports”’ show that the reaction of oxiranes with Grignard reagents proceeds smoothly in the 
presence of copper catalysts. Lithium dialkylcuprates have been shown to be highly effective reagents 
for the nucleophilic opening of oxiranes;“’ usually a large excess of the organometallic reagent is 
required and only one of the alkyl groups is transferred.“’ Lithium organo(cyano)copper(I) reagents, e.g. 
CH3(CN)CuLi, react with oxiranes to form corresponding alcohols using stoichiometric amounts of 
cuprate reagents. 172 Organocopper reagents can selectively ring open oxiranes in the presence of 
unprotected carbonyl functions (ester or ketone). “’ Dimethylethynylaluminium etherate has been used 
for the ethynylation of base-sensitive oxiranes.‘73 
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Some examples of nucleophilic ring-opening of oxiranes, glycidols and glycidic acids are given in 
chart (321 to 353). The synthesis of ipsdienollM from 313b, pheromone of black-tailed deer’74 from 324, 
( R)-recifeiolide’51 from 326 and verrucarin A’42 from 328 are reported. Homoallylic alcohol 330 has 
been converted to a constituent of codling moth.‘75 The method used for the preparation of 330 has been 
applied for the stereoselective synthesis of a number of homoallylic alcohols having trisubstituted double 
bonds. The reaction of the alkynylcopper complex 329 with oxiranes proceeds rather sluggishly; lithium 
acetylide has been added, to the reaction mixture to generate more reactive mixed cuprates. The diols 
332, 334, 336 and 338 constitute partial structures of important natural products? The dial 340 is an 
intermediate in the synthesis of erythromycin.‘OB The diol 342 is an intermediate for the synthesis of 
vernolepin and vernomenin.‘76 Dilithioacetate has been widely used for the preparation of y-lactones 
from oxiranes.“’ The oxirane ring in 343 cannot be cleaved by dilithioacetate even under forcing 
conditions; however the ring opening has been brought about by using the more energetic nucleophile, 
dilithioacetoacetate.‘78i’79 The keto-ester 344 has been transformed to bisnorvernolepin.‘78 Dilithio-2- 
thiophenyl-propionate,‘m a-anions of N,N-disubstituted carboxamides,“’ aluminium derivatives of t- 
butyl acetate and ethoxy-acetylene”* have been employed for the preparation of y-lactones from 
oxiranes. Both ( + )- as well as ( -)-chrysanthemum dicarboxylic acids have been preparedls3 from the 
ester 347. Reduction of glycidols carrying an ethereal substituent (or substituents) at C-4 and/or C-5 (see 
compound 348 for numbering) with sodium bis(methoxyethoxy)aluminium hydride (Red-al) is 
regioselective (eqns 27-29).‘84i’85 

Oxirane ring opening has been utilized in the synthesis of the following compounds: (1) dendrobatid 
toxin 25 1 D,‘% (2) pederamide,‘m (3) a-tocopherol.‘M (4) a component of California Red Scale Phere- 
mane,‘@) (5) ecdysone analogues,lm (6) prostaglandins,“’ (7) stereoisomers of sawfly pheromone,‘53 (8) 
hetenalin,lY2 (9) sidechain of a-tocopherol,‘y3 (10) maytansinoids,‘w (11) lepiochlorin,‘80 (12) 24(R)-24,25- 
dihydroxyvitamin D3,1M (13) substituted S,6-dihydro-2H-pyran-2-ones,‘95 (14) dihydropalustrin?’ and 
(15) an analogue of clerodin? Oxiranes can be opened with oxygen,84 sulphur,“’ selenium,” tellurium198 
and nitrogen nucleophiles.‘96**99.200 

Commercially available Woelm 200 neutral chromatographic alumina catalyzes heterogeneous 
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nucleophilic opening of oxiranes by a few equivalents of alcohols, thiols, amines, acetic acid and 
benzene selenol under very mild conditions stereo- and regioselectively?’ Medium ring cycloalkene 
oxiranes normally furnish cyclized products arising from transannular interactions when reacted with 
nucleophiles, e.g. acetic acid in the presence of acid catalysts; however, alumina catalyzed ring opening 
of medium ring cycloalkene oxiranes furnishes in good yields the products arising from 1,Zopening. The 
alumina catalyzed reactions are facilitated due to clectrophilic assistance to ring opening by coordination of 
oxirane to acid sites on alumina and also due to activation of nucleophiles by the basic sites in alumina. 

8. Nucleophilic substitution reactions (intrumolecuhr) 
A systematic study of cyclizations of epoxynitriles (354) differing in chain length (n varied from 0 to 

3) and degree of substitution of oxirane rings has been carried out by Stork?’ The nitriles were 
particularly chosen since nitrile anion is a strong nucleophile which permits ring formation even at a 
quaternary center. Furthermore, because of the linear allenic structure of nitrite anion the nitrogen end 
cannot react with oxirane as in 355 since an allene unit cannot be accommodated in normal sized rings 

354 
n-0,1,2,3 

for geometric reasons. The investigations showed that epoxynitrile cyclization always yields the smaller 
ring when both ends of oxirane are equally substituted. This is true whether the smaller ring is 3,4, 5 or 
6-membered. Cyclopropane ring is formed in preference to a cyclobutane regardless of relative degree of 
substitution of oxirane ring. 

The ring-opening of oxiranes is facile when the nucleophile which is attacking it from the rear side is 
collinear with the C-O bond which is to be broken. In the case of carbanion 357, the negatively charged 

356 357 

carbon is not collinear with C-O bond “a” and cyclization to furnish 5-membered ring (endo cyclization) 
is not facile. In carbanion 356, the negatively charged carbon is collinear with C-O bond “b” and hence 
can undergo facile exo cyclization to a 4-membered ring. Endo cyclization to furnish 6-membered ring 
and exo cyclization to furnish 5-membered ring are facile since the C-O bond to be broken and 
approaching nucleophile are collinear. 

The cyclization of epoxynitrile 358 furnishes stereoselectively the product 359 having CN trans to 
the hydroxyisopropyl substituent. It has been suggested that in the transition state the effective steric 
hindrance of cyano anion is larger than that of a normal alkyl group as a consequence of the allenic 
structure of the metal salt. Epoxynitrile 360 has been cyclized to 361 with very high regio- and 
stereoselectivity. The nitrile 361 is an intermediate for the synthesis of grandisol. 

358 359 360 
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The transformation of epoxynitrile 362 to the cyclopropane derivative 363 involves nucleophilic 
attack at a quaternary center. 

Some of the compounds synthesised through intramolecular cyclization involving C-C a-bond 
formation and ring-opening of oxiranes are shown as 364 to 384. In the base catalyzed cyclizations of 364 
as well as 367, cyc~opropane ring formation but not cyclobutane ring formation is preferred even though 
three membered ring formation involves nucleophilic attack at the more substituted end of oxirane; the 
regioselectivities observed are in agreement with the generalizations of Stork. The ketone 365 and the 
nitrile 368 are intermediates for the synthesis of eremophiloneX3 and truns chrysanthemic acidM4 
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respectively. A number of cyclopropanes have been synthesisedXs by reacting +ethylenic oxiranes 
with lithium amides in HMPT as solvent. Since a-sulphonyl carbanions are known to be formed by the 
action of MeMgI on sulphones, cyclopropane ring formation is expected during the reaction of a Grignard 
reagent with 369. To explain the observation that a cyclobutane derivative is formed from 369, it has 
been suggested*& that prior to carbanion formation from 369, the oxirane ring is cleaved to an iodo 
alkoxide by the Grignard reagent. The reaction shown in eqn (30), provides a convenient method for the 
synthesis of iridoids?’ In the cyclization shown in eqn (31), it is of interest to note that endocyclization 
product is not favoured even though this would have involved attack at the less substituted carbon of the 
oxirane ring?’ A comparison of the structure of the 4-membered chain (see numbering in formula 374) 
attached to oxirane ring in 374, with the chains attached to oxiranes investigated by Stork reveals an 
important difference. Carbon atoms C-3 and C-4 constituting the chain in 374, form part of a planar ring 
which decreases the flexibility of the chain and prevents the attainment of collinearity of the anion with 
that C-O bond of oxirane which must be broken for formation of a &membered ring. The keto alcohol 
378 is an intermediate in a synthesis of ishwarone?’ The cyclization reaction shown in eqn (32) provides 
a convenient route for the synthesis of compounds related to germacrane.*‘O A similar approach2” has 
been utilized to synthesise cembrenene, a diterpene having a 14-membered ring. When an oxirane group and 
ethylenic linkage are present in the same molecule, electrophilic activation of the oxirane can lead to 
cyclization, with the double bond functioning as nucleophile, provided the double bond is suitably located. 
The oxirane 383 has been cyclized to 384 on treatment with Lewis acid in aprotic solvent.*” 

Several oxygen containing heterocycles have been synthesised utilizing the attack of oxygen 
nucleophiles on oxiranes. Some of the cyclizations are shown in chart (385 to 399). The cyclization of 
385 to furnish the oxetane 386 involves the favoured exo attack by oxygen nucleophile on the oxirane. 
The five membered heterocycles in 388, 390, 392 and 394 are formed with high regio- and stereoselec- 
tivities: the exo attack on oxiranes is electrophilically assisted. The polycyclic alcohol 390, prepared 
from 389 has been transformed”4 to lasalocid A. The alcohols 392 and 394 are intermediates for the 
synthesis of isolasalocid ketone215 and monensin2’6 respectively. The synthesis of ionophore antibiotic 
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X- 14547A217 and zoapatano1218 from 3% and 398 respectively are reported. The cyclization shown in eqn 
(33) provides a convenient route for the synthesis of ~xepanes. Nitrogen containing heterocy~les, e.g. 
quinine and dendrobine have been synthesised utilizing the intramolecular attack of nitrogen nucleo- 
philes on oxiranes.2~9,22~ 

9, Nucteophilic substitution reactions of z;inyf oxiranes and benzyl oxiranes 
Nucleophilic ring opening of benzylic oxiranes has been investigated extensively and the results have 

been rationalizedn’ on the basis of hard-soft acid-base (HSAB) theory. In reactions where “hard acid’” is 
not available the softness of an anion and of the two sites on oxirane ring controls regioselectivity of 
nu~leophili~ attack. Condensation of substituted styrene oxide with malonate anion represents a 
soft-soft interaction. In p-methoxy styrene oxide, the benzyli~ carbon is the “softer” of the two sites 
and hence is selectively attacked by malonate anion. A hard nuc~e~phile reacts s~~eetive~y at the 
stericatly less hindered carbon atom. 

400 401 

A vinyl oxirane 400 may be attacked by a nu~~eophi~e at the region “a’” (Z&2’ reaction; ~,~addition) 
or “b” (SN2 reaction; 1,2-addition) or “c” (SN2 reaction), SN2’ Reaction is favoured when the nucleophile 
is a soft base and SN2 reaction is favoured with a hard base. Lithium dimethyl cuprate is a softer base 
than methyl lithium and hence the cuprate reagent reacts in SN2’ fashion while methyl lithium reacts in 
SN2 fashion with vinyl oxiranes,‘7’ When an acyclic oxirane, e.g. 402 undergoes an SN2’ reaction, the 
product has the Z-configuration at the ethylenic linkage if the nucleophile can coordinate with hetero- 
atom and form a cyclic transition state.222 Similarly, coordination of the attacking nu~leophile with the 
oxygen of a cyclic ~,~-unsaturated oxirane can lead to SJ’ syn attack.223 When cyclic transition states 
are not involved, normally SN2” attack on cyclic fy, ~-unsaturated oxiranes is anti, The reaction of lithium 
dimethylcuprate with oxirane 40!3 is regio- and stereoselective. In contrast, the reaction of lithium 
dimethylcuprate with the oxirane 406 is not regioselective.n4 The mixed cyano cuprates, e.g. CI&Cu(CN)Li 
have been found to react with 406 regio- as well as stereoselectively.2t4 

The vinyl oxirane 40% undergoes anti SN2’ attack with tithium isohexyIcyanocuprate to furnish 409; 
the HP-alcohol thus obtained has been shown to contain less than 0.5% of the C-20 epimer.z2s This 
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Et2 AlSPh 
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synthesis demonstrates the importance of the cyanocuprate reaction in the stereo-controlled synthesis of 
acyclic portions of complex molecules. The addition of the cyanocuprate 410 to the oxirane 411 and the 
cyanocuprate 412 to the oxirane 413 are also regio-(1,4) as well as stereo-(S&anti)-selective? The 
cyc[opentan~ derivative prepared from 413 is an intermediate in the synthesis of prosta~landins. 

The reaction of methyl lithium with the enolate 414 involves exclusive 1,2-addition;‘” the methyl- 
ation product 415 on acidification undergoes ~-elimination to furnish 4116. &2 attack has been observed 
in the following reactions: (a) reaction of the oxirane 417 with methylamine,*** (b) the reaction of the 
oxirane 418 with anion of methyl malonate229 and (c) the reaction of 1,3-cycloheptadie~e monoepoxide 
with the cuprate 419.2M 

Selective SN2’ anti attack has been observed in the following reactions: (a) the reaction of oxirane 420 
with methyl cyanocuprate,23* (b) the reaction of oxirane 421 with methyl cyanocuprate,232 (c) the reaction 
of the h~tero-cuprate 422 with oxirane 423 (when the product from SK2’ attack was isolated in 43% yield 

CNCULI t CH2)7 OTMS 

412 

OTBOMS 

413 

419 

423 

416 

420 421 422 

425 

424 

and the product from SN2 reaction was isolated in 14% yield),233 (d) the reaction of the enolate 414 with 
lithium dimethylcuprate,~ (e) the copper catalyzed reactior? of the Grignard reagent 424 with isoprene 
oxide (f) the copper catalyzed reaction of Grignard reagents with Sat, Ma-epoxy-A’“’ steroids.235 The 
copper catalyzed reaction of the Grignard reagent 425 with oxirane 405 furnishes phyto1;2M in this 
reaction the product has the E-geometry (E: 2 = 97 : 3). SN2’ Reaction of alkyl lithium with isoprene 
oxide fumish~s Z-allylic alcohols.u7 Copper enolates derived from tigIic and crotonic acids react 
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with vinyl oxirane in SN2’ fashion to form 1,5-dienes with entirely E-stereochemistry at 2,3-double 
bond.238 Monoepoxides derived from simple cyclic 1,3-dienes possessing ordinary ring size are 
isomerized to &y-unsaturated ketones with Pd(o) catalyst.239 1,3-Diene monoepoxides react with 
nucleophiles (e.g. malonic ester or methyl aceioacetate) in the presence of Pd complex as a catalyst 
under neutral conditions to give 1 &adducts selectively? 

The oxirane ring of leukotriene A (LTA) methyl ester (163) undergoes SN2 attack regioselectively at 
C-6 with stereoselectivity (inversion of configuration at C-6) when reacted with sulphur nucleophiles. 
This reaction has been utilized for the synthesis of leukotrienes LTC, LTD and LTE which are 
important natural mediators of allergic asthma. For the introduction of thio substituenis at C-6, a novel, 
mild and general method for the ring-opening of oxiranes using alkylthiotrimethylsilanes was devised.241 

10. Synthesis of aIlyIic dcohds from oxiranes 
One of the important synthetic applications of oxiranes is their rearrangement to allylic alcohols. 

When oxiranes are treated with a strong base such as lithium diethylamide they can furnish besides 
allylic alcohols, ketones, substitution products (amino alcohols) and in the case of medium ring 
compounds transannular cyclization products. ” *242 The rearrangement of cyclohexene oxide to 2- 
cyclohexenol has been studied employing ether as solvent and changing the base, It has been found that 
yields are good with lithium diethylamide; lithium di-n-propylamide and lithium di-n-butylamide are 
excellent reagents.242 The rearrangement of cyclohexene oxide has been studied with lithium diisopro- 
pylamide using either ether or HMPT as solvent.“’ Nearly quantitative yields have been obtained with 
lithium di-isopropylamide when HMPT is the solvent. The rearrangement with lithium diethylamide can 
be carried out even when a cyclohexadienone ring system is present? 

Lithium diethylamide catalyzed rearrangements of deuterated cisA+butylcyclohexene oxide as well 
as the truns-isomer have shown that the reaction proceeds through syn elimination process and the 
p-region quasi axial hydrogen which is cis to oxirane is selectively abstracted by the base.245 

The oxirane to allylic alcohol rearrangement catalyzed by lithium dialkylamide involves a cyclic 
transition state (426). In compound 427, the axial hydrogen at C-7 is cis to oxirane and the tertiary allylic 
alcohol 429 is one of the products formed when oxirane 427 is reacted with lithium di-n-propylamide.’ 
The p-oxide 428 does not have an axial hydrogen at C-7 cis to oxirane and hence no tertiary allylic 
alcohol is formed when 428 reacts under similar experimental conditions. 

Since the base employed for oxirane rearrangement has substantial steric requirements, the reaction 
is highly regioselective involving proton abstraction from the least substituted carbon. For example, the 
oxirane 430 is rearranged to 431 and virtually none of the alcohol 432 is formed.” 

The regiochemistry of ring opening of tetramethyl-limonene oxide has been controlled by the choice 
of base.“’ When N-lithio ethylenediamine is the base the product is 434; however, when lithium 
di-isopropylamide which has a greater steric requirement is employed the product is 435. 

2,2,3-Trisubstituted oxiranes react readily with diethyl-aluminium 2,2,6,6_tetramethyl_piperidide 

426 
427 5.6 al- Orldc 

428 5.6 p-Oxide 

431 
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433 434 43s 

436 R - SI Me3 430 439 

43? R=)$ 

(DATMp)2’%24%70 to furnish allylic alcohols having E-configuration. The available experimental results 
support a syn~elimination mechanism. The reactive of the silyl ether 436 with DATMP reagent and 
subsequent desitylation furnishes the diol 438; abstraction of hydrogen from methyl group attached to 
oxirane is not favoured due to steric interference by the trimethylsilyloxy group. 

Bromom~gnesium derivative of isopropylcyclohexylamine (MICA) prepared by the action of methyl 
magnesium bromide on isopropylcyclohexylamine is an excellent reagent for the isomerization of 
oxiranes to allylic aIcoho1s.n*Z50 It has been employed for the re~rangement of the oxide 17 to 15-HETE. 
This rearrangement involves preferential abstraction of allylically activated proton at C-13 leaving the 
nonaIIylic protons at C-16 intact. 

A number of or~anosilicon reagents when used in combination with suitably bases transform oxiranes 
to ally1 silyl ethers under mild conditions. When an oxirane, e.g. 440 is treated with trimethyl silyl 
trifluoromethane sulphonate (TMSOTf) and DEW the ally1 silyl ether 443 is obtained.‘” The reaction is 

no” 
440 442 443 

441 

facile due to coordination of t~methylsilyl group to oxirane oxygen. Deblocking of the silyl group 
furnishes the allylic alcohol. A number of cyclic oxiranes (5, 6 and 7 membered) and trisubstituted 
oxiranes have been transformed to allylic alcohols using this route. In this case of trisubstituted oxiranes 
ring opening occurs selectively at the more substituted carbon. This method is not satisfactory for the 
preparation of allylic alcohols from oxiranes such as cyclooctene oxide, a-pinene oxide and humulene 
oxide which are known to undergo facile acid catalyzed rearrangements. 

The reaction of oxiranes with t-butyldimethylsiIy1 iodide (TBSI) followed by treatment with the base 
DBN furnishes ally1 silyl ethers.252 Regiosetectivity in this reaction is identical with the regioselectivity 
observed with TMS~Tf. In a few cases, e.g. cycloocten~ oxide and 2,3-di~kyloxiranes where TMS~Tf 
is not satisfactory, allylic alcohols have been prepared by employing TBDSI reagent. Trimethylsilyl 
iodide-base (DBU) combination has been used to prepare ally1 silyl ethers from oxiranes but in general 
yields are lower than those reported with TBDSI reagent.2’3 Isomerization of oxiranes with dialkyboryl 
triflates and tertiary aminesz4 furnishes borate esters of aIlylic alcohols which can be hydrolysed to 
aliylic alcohols. 

The isomerization of trisubstituted oxiranes to allylic alcohols can be carried out with Al+&-NaOH; 
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however, this reagent is not satisfactory for the synthesis of allylic alcohols from 2,2-disubstituted 
oxiranes?” Simple oxiranes are not isomerized by titanium isopropoxide in methylene chloride. 
However, glycidols undergo hydroxyl assisted rearrangement regioselectively. The epoxyalcohol 437 
furnishes 439 on treatment with titanium isopropoxide? Organoselenium reagents have been used for 
transforming oxiranes to allylic alcohols.nD257 

Epoxycyclobutanols undergo stereospecific anti-fragmentation in the presence of sodium ethoxide to 
furnish allylic alcohols (e.g. 444 + 445).25B 

The biologically important leukotriene LTB has been prepared by treating the ester 446 with 
potassium carbonate in methanol and subsequently acidifying with acetic acid.259 

R 

T 
oco Ph 

% H + 

( Cl42 I$0 p-l3 

446 

440 

447 (LTB) 

11. Synthetic app/icafions of a, /3-epoxy ketones 
QI, /MJnsaturated ketones, e.g. cyclohexenone 449 can be regioselectively monoalkylated or arylated 

at the a-carbon atom through a sequence of reactions. a, fl-Epoxycyclohexanone 451, which can be 
prepared from cyclohexenone, is transformed to the lithium enolate 414 and then alkylated=’ with 
methyl lithium; the alkylation product 415 on acid treatment furnishes the a, p-unsaturated ketone 450. 
Thus, the sequence of reactions outlined above provides a route for converting cyclohexenone to 
2-methylcyclohexenone (450). In an alternate approachZbO an a, p-unsaturated ketone, e.g. isophorone 
(453) is transformed to the corresponding a, /3-epoxyketone and then the carbonyl group is blocked by 
reacting with N,N-dimethylhydrazine to give the N,N-dimethylhydrazone 455. The oxirane ring of 
hydrazone 455 is cleaved on treatment with phenyl magnesium bromide and the resulting product is 
deblocked with concomitant dehydration by heating with aqueous ethanol-HCl to furnish the ketone 454 
phenylated at the a-position. 

452 
k 

453 R=H 
454 R=Ph 
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Regioselectivemonoalkylation of cyclohexenone at the &‘-carbon can also be effected via a, /3- 
epoxy~y~lohexanon~.22’ The lithium enolate 414 prepared from 449 is methylated in the S&?’ anti-fashion 
with lithium dimethylcuprate; the methylation product on acid hydrolysis furnishes the ketone 452. 

The reduction of acyclic as well as cyclic CY, ~oepoxyketones to ai, ~-epoxyal~ohols with metal 
hydrides has been reviewed.‘9*26’ Trans [Y, /3-Epoxycyclohexanols can be prepared stereoselectively by 
reducing LY, P-epoxy cyclohexanones with t~~isobutylaluminium262 or NaBH4 in the methano1263 in the 
presence of CeC13. The reduction of OL, P-epoxyketones with zinc borohydride furnishes2” stereoselec- 
tively erythro-cu, P-epoxy alcohols; the stereoselectivity in this reaction is not dependent on the 
substitution pattern of the oxirane. The reduction of cy, /3-epoxyketones to ~-hydroxyketones employing 
aluminium amalgam26s or palladium charcoa1-hydrogen2M has been used to synthesise some biologically 
impo~ant compounds. IY, ~-Epoxyketone 456 has been reduced26’ to the 1,3-diol457 with a large excess 
of lithium-NH&l in liquid ammonia-THF at - 33”. 

The synthesis of a~etylenic ketones or aldehydes via fragmentation of tosyl hydrazones or other 
related derivatives of cy, @-epoxyketones is known for a long time and the reaction has been used in 
several syntheses.2~ The synthesis of allylic alcohols by reacting o[, ~-epoxyketones with hydrazine has 
been utilized extensively.269 

12. Arene oxides 
There is considerable experimental evidence to support the suggestion that aromatic substrates are 

enzymatically transformed to arene oxides which rearrange to phenolic metabolites3 Some arene oxides 
are toxic due to their ability to undergo nucleophilic substitution reactions with vital macromolecu1es.270 
Hence the synthesis of arene oxides and their reactions with nucle~philes has been extensively 
investigated. The methods employed for the synthesis of arene oxides-oxepins are presented in a 
review.*” The synthesis of arene oxides 2,3,13 and 14 has been discussed in an earlier section of this 
review, A comparatively stable arene oxide 459 has been synthesised in good yields by refluxing 458 in 
benzene in the presence of DEW for a short time,“’ The ~0la~tone intermediate 458 was prepared in a 
few steps from 1,4-dihydrobenzoic acid. The arene oxide 459 has been transformed to senepoxide. 
. Benzene oxide reacts with methyllithium in SJ” syn fashion as shown273 by the transformation of the 
deuterated 460 to the alcohol 461. The reaction of deuterated benzene oxide 460 with aqueous sodium 
azide furnishes a 60 : M-mixture of 462 and 463, The alcohol 463 is formed through S&Y anti-attack, The 
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benzene oxide-oxepin 464 reacts274 with methox~de ion to fu~ish the m~thoxy alcohol 465; the reaction 
proceeds through the Michael addition of the nucleophile to the LT, /?-unsaturated ester moiety. The 
reaction of 464 with the nucleophile 466 in DMSO in the presence of triton B furnishes 467 which has 
been transformed to gliotoxin.~5 

Arene oxides furnish nucleophilic substitution products by reacting with polarizable nucleophiles 
such as thiols and azides.276 On the other hand, arene oxides undergo aromatization faster than 
substitution reaction with uon-polarizable nuc~eophiles such as amines and oxygen nu~~eophiles. When 
naphthalene-1,2-oxide (468) is treated with aniline in ether solution at room temperature the only product 
isolated is l-naphthol.2n When the reaction between the oxirane 468 and aniline is carried out in the 
presence of ~oelm-2~basi~ alumina,~ the product is a mixture of ~onaphthol (24%) and the 
substitution products 469 (31%) and 470 (11%). Alumina promoted nucleophilic attack on arene oxides 
with oxygen and nitrogen nucleophiles is in many cases the only method availabfe for the preparation of 
substitution products. 

466 467 

468 469 470 

Due to ring strain suitably substituted oxiranes furnish readily, on heating, rearrangement products 
via cleavage of CC or CO linkages. Since the yietds and stereoselectivity are usually good these 
rearrangement reactions are useful in synthetic studies. 

2-Chlorooxiranes rearrange on heating to cu-chloro ketones or cw-chloroaldehydes.‘” The oxiranes 471 
as well as 472 rearrange2% on heating to the same product 473. 2-Acetoxyoxiranes (oxiranes of enol 
acetates) fu~ish a-acetoxy ald~hydes or ~-acetoxy ketones on Thurman rearrangement.‘~ ty, p-Un- 
saturated aldehydes and cy, p-unsaturated ketones have been prepared by thermolysis of ar, @- 
epoxysulphoxides; oxiranes 474 and 475 have been transformed to 476 and 477 respectively.279*280 
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On pyrolysis, oxiranes of &c-unsaturated ketones furnish ketafs with a high degree of stereoselec- 
tivity.~‘,~2 The oxirane 478 fu~ishes, on heating a 9: 1 mixture of the exo ketal 479 ~brevi~omin~ and 
endo ketal480. 

Thermal rearrangement of styrene oxide furnishes exctusively phenylethanal and none of the 
isomeric acetophenone.a3 It has been suggested that the reaction probably proceeds through homolytic 
or heterolytic cleavage of benzylic CO Iinkage. The oxirane 481 furnishes the enol-acetate 482 on 
heating?“ 

cis-X$Divinyl oxirane rearranges below 100” to 4,Sdihydrooxipine? Thermal rearrangement% 
of the oxirane 483 furnishes 484. On heating, suitably substituted oxiranes are transformed to carbonyl 
ylides through thermaIly allowed ~o~otatory electrocyclic opening of the oxirane ringV2” The carbonyt 
ylides readily undergo CycIoadditions with 1,3-dipolarophiles. The oxirane 485 rearranges to the carbonyl 
ylide 486 on heating~88 the oxirane ring opening is facilitated by the phenyl and cyano substituents which 
stabilize the carbonyl ylide. Trapping of the carbonyl ylide 486 with dimethyl fumarate gives a 58:42 
mixture of esters 487 and 488, 
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Note added in proof. For a recent review on oxiranes see, M. Bartok and K. L. Lang, The Chemistry of Ethers, Crown Ethers, Hydroxyl 
Groups and Their Srtlphur Analogties (Edited by S. Patai), Part 2, supplement E, p. 609. Wiley, Chichester (1980). 
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