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ABSTRACT

The general objective of this work was the chemical synthesis of some hormonal

steroid derivatives with the potential to act as specific steroid hormone inhibitors'

In particular, the study of the thermal molecular rearrangement of c-3 substituted

steroid 4-chloro-4,5-epoxides as intermediates in the synthesis of C-4 oxygenated

derivatives was investigated. Thermal rearrangernents of chloroepoxides with

adjacent functional groups has not been reported previously. Thermal rearrangement

of c-3 hydroxyl and carbonyl 4,5-epoxides derivatives of 17ß-acetoxyandrostane

is discussed. Further work on the novel rearrangement of the C-3

hydroxy-4-chloro-4,5-epoxides derivatives which lead to the 4-hydroxy-4-en-3-one

diosphenol was carried out. This new diosphenol synthesis under neutral conditions

is applicable to the synthesis of novel aromatase enzyme inhibitors'

The first thermal rearrangement of c-3 oxo-4-chloro-4,5-epoxides was carried

out leading to 5-chloro-3-hydroxy-2-en-4-one diosphenol derivatives' These enolic

compounds, at a higher temperature, gave the 4-hydroxy-4,6-dien-3-one system'

Zinc-copper couple elimination of the 5-chloro-3-hydroxy-2-en-4-one derivatives

or their acetates rearranged to the  -hydroxy- and 4-acetoxy-4-en-3-one diosphenol

derivatives.

The mechanism of the thermal rearrangement of chloroepoxides with a carbonyl

and a hydroxyl function adjacent to the chlorine atom is discussed' Evidence is

presented that the thermal molecular rearrangement of chloroepoxides may involve

in some cases an oxiranyl cation-chtoride ion pair which control the stereochemistry

of chloride ion addition, rather than a planar carbocation intermediate'

Attempts to use the thermal reaffangement of the c-3

oxo-4-chloro-4,5-epoxides in the estrane series to synthesize the biologically

interesting 3, -catecholestrogens did not prove to be successful'
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INTRODUCTION

The molecular rearrangernent of o-substituted epoxides has been reviewedl'2

and they show that most attention from researchers has been given to the

rearrangement of o-chloroepoxides. Only a few reports of studies on the

rearrangement of cr-bromoepoxides have been found in the literature 3-5. Research

involving o-fluoroepoxide rearrangements has been largely centered about

tetrafluoroethylene oxide6-10 s¡6 hexafluoropropylene oxidel0-14' only one

report of a study on the reamangement of an q-iodoepoxide has appeared in the

literaturelS. The rearrangement of pseudohalo-epoxides (enol ester epoxides

and cyanoepoxides) have also been reportedl.

A o-Chloroeooxides

a-Chloroepoxides rearrangements have been thoroughly stuclied over the

past fourty years. Zief and Schramml6 have reported that by heating chloroethylene

carbonate (l) with eoneentrated sulfuric acid to 230oC and removing the oxide

(Z) U¡,distillation a-chloroethylene oxide (2) was formed. The oxide (2) was found

to rearrange upon standing at room temperature to chloroacetaldehyde (Scheme

1).

H^C CfICI
\ ,r/\., 

-+ 

ctt2clcro

(2)
SCHEME 1

i.Hzso¡r,

(1)
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2-Chloropropylene oxide 13¡1?,18 and 2-chloro-3-methyl-2-butene oxidelS

of the corresponding epoxides with(4) have been prepared by chlorination

tert-butylhYPochlori te.

1

o
ll

cH 3-c-cH2 cl/ot
C- CHz
I

/rc-ç-cti
c1

C-H

cl
(3)

SCHEME 2

i. 2,4-Dinitrophenyl Hydrazine

Treatment of 2-chloropropylene oxide (3) with 2,4-dinitrophenylhydrazine gave

the hydrazone of chloroacetone, while 2-chloro-3-methyl-2-butene oxide (4) when

treated with acetic acicl in ether, rearranged to 3-chloro-3-methyl-2-butanone

(5). Both products are the result of chlorine migration (Schene 2,3)'

CI
( ffir), é-coctt,

(crlg)z

(4) (s)

SCHEME 3

i. HOAeTEt O

McDonald and Schwablg have investigated the peroxidations of

g-chlorostilbenes (O,Z) to establish whether the rearrangement of the epoxides

is a result of chlorine or hydride migration. The authors found that in both cases

the s-chloroketone isolated involved chlorine migration (Scheme 4)'

l_
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TABLE I
Certain Acyclic c4Ìùoro Epoxides and

Their Reamangement Products

Epoxide Product

t.. /o\ ,2"

t-'r';\t'

H

H

"\ ,zo\ ,/Hc_c
GI3 (e) c1

,zo\ /""uc-c
\

(8) cl

c6Hscocxi2cl +

c6HscllclCtlo

cH3cHCICHO

c4He cH.clcHo

c6Hs cHclCoCH3

c6Hs cIICICHO

c2usGtcrcHo

c6HscocHclcH3 +

c6H s cHclcocH 3

H\

ceH s

H\

,zo\ /ffitc-c
\cr

( 11)

,/ol 7Hc-c \.r
(tz)

ceHs

t\,zol
c-c

czHs (13)

H\ ,zo\

cH3 (14)

H

c1

/ceHs

c1

/ctHuH\ /or
-c

c

csH 5 (15)
\cr

c6Hscliclcoc6H s
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TABLE I (continued)

\ ,ro... /t"c-c
5

ClI3

ct{3

c1

c1cII3

ot\ ,zo\ /H

cH 3CHCICOC2H s

(cHs)2cclcHo +

&1, = C(C'I3)CttO

cn^l"
cclc-H-bJ cHo

coH s ¿clc0cll3

cII3CHCICOCsH rr

(c2Hs)2cclcHo +

ffirffi = C(CrHu)CHO

c6Hscoccl(cH3) 2 +

C6H'COC(CH.) = ffi,

(16)

c-c
(1?)

/o\ /"
c

c.H,

CH \

(18)

.Ô. /ffi'

(rg) \cr

,zor /c-c
\

(zo) cl

_OH./\ /c- c
\

(?L)

CH

c H
6 5

H

cH3

czH
\

crH 
u

cuH'

C1

CH t\ ,zo\ /
csH s

c

CHs (zz) c1
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Hgc =CH ----+

H c - Ctrcl
(6)

CC1=CH cH3

(7)

SCHEME 4

Kirrmann and Nouri-Bimorghi 20 have published a study of the rearrangement

reactions of a number of acylic o-chloroepoxides. These compounds, along with

their products of thermal rearrangement, are listed in Table 1. It was noted that

the products of chlorine and hydrogen migration oceur when the phenyl ring is

on the o-carbon (8,14) while their respective isomers (11,12)' which have the

phenyl ring attaehed to the $-carbon, only the product of chlorine migration

was observed. In the o-chloroepoxide QÐ it can be seen that by substituting

the 3-carbon with two methyl groups the rearrangement proeess proceeds

completely through chlorine migration.

Kirmann and Nouri-Bimorgni 20 have studied the Lewis acid-catalyzed

rearrangement of 1-phenyl-1-chloro-1,2-epoxypropane and 3-chloro-2,3-epoxyoctane

(14,20) with both boron trifluoride in ether and alurninum chloride. The

o-chloroketone product formed was that arising from hydride migration (sche-

me 5').

3

ã

o
ilc-

ruru J0$#ü MM{Æffi ffiAbTH ffiffit{tË$ tlßRARY
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v\-*
Hr{ lr

a cHs

o

ål-o.r*

(14) R = CsHs

,(20) R = CsHu
l_L

H

r_a

R

5

o
il
CCH
I
ceH

c-3

SCHEME 5

i. BF3or AlCl3
ii. AlcL,c6H6

Lewis base catalysed rearrangement of o-chloro- o-phenylepoxides with

pyridine yielded the s-chloroketone produets of chlorine migration20. o-Chloroket-

ones obtained from proton aeid rearrangement were found to give the product

of chlorine or hydrogen migration, depending on the acid used.

The products of the o-chloroepoxide rearrangement, using either hydrogen

brornide or hydrogen fluoride were the eorresponding o-bromo- oru-fl-uoroketone

formed by chlorine migration. Hydrogen chloride, however, frequently leads to

a compound that appears to be the product of hydrogen migration.

Nouri-Bimorghi2l has studied the reaetion of 1-phenyl- 1-chloro-l'2-epoxy-

ethane (8) with hydrogen chloride. The product observed was orchlorophenylacetal-

dehyde (23). In this study, the author has shown that the reaction proceeds only

partially, if at all, by hydrogen migration. Rather, the reaction involves addition

of hydrogen chloride to the c-chloroepoxide (8) to give the dichloroalcohol (24),

whieh then eliminates hydrogen chloride in a reverse fashion to yielcl the enol

fornn (23). This is the principal process in related reactions with hydrogen chloride

which are discussed later.



^ ,, /t: Hc1 - -- qr -HCl> .."utð1o,0, 

-

a.tul-cll2 c6Hs ¡c-cll2oH -
c1

(8) (G4)

SCHEME 6

-7 -

cl
I

c6,H scH-cHO

çzt)

Mousseron and his co-workers22-25 initiated research in the area

of alicyclic a-chloroepoxides. They found that treatment of the corresponding

vinyl chlorides with perbenzoic acid produced 1-chlorocyclohexene oxide 22-24

(25) and l-chloro-5-methyl-cyclohexene oxide 126¡22,24,25. These a-chloroepoxi-

des were reported to be relatively stable compounds.

Upon standing in the atmosphere for a long time'l-chlorocyclohexene oxide

(25) was reported to rearrange to 2-chlorocyclohexanone QZ)22. Treatment of

l-chlorocyclohexene oxide (25) with hydrogen chloride at 0oC gave 27 and

2, 3-di chloroeyclohexene (Z 8).

The hydrolysis product of l-chlorocyclohexene oxide (25) was found to

give 2-hydroxycyclohexanone along with a small amount of 2-cyclohexenone22.

The produet (28) produced from the effect of hydrogen chloride on l-chlorocycloh-

exene oxide (25) can be rationalized by the addition of hydrogen chloride to 25

to give 2,2-dichloroeyclohexanol (29), two different hydrogen chloride elimina-

tion might then proceed, as shown in Scheme ?(B), with subsequent ketonization

to 27 on the one hand and conversion of the altylic alcohol to the allylic chloride

(28) on the other. From Seheme ?(B) it seems possible that the amount of 27 produc-

ed is developed in the same reaction.
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c1

+27 (A)
tt H

(27'
,"/ (28)

(2s)

H+

c1

OH

+
(27) (B)

(2s) (2e)' \tc1

(28)

SCHEME 7(A,B)

Exposure of 1-chloro-5-methylcyclohexene oxide (26) to the atmosphere

yietded 2-chloro-5-methylcyclohexanone (30), which is the product expected in

chlorine migration reamangem ent22 (Scheme 8).

=-+
H

(26) ( ro¡

SCHEME 8

l\lcDonaldandTabor26,2T selected 1-chloro-4-methylcyelohexene oxide

(31) to study the stereochemistry of the rearrangement product. Epoxidation

of 1-chloro-4-methylcyclohexene, using m-chloroperbenzoic acid, produced a

I

HCI

1

H

H
3 3
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mixture of 1-chloro-cis- and trans_-4-methyl cyclohexene oxide (cis, trans - 31)

(scheme 9).

Neat thermal rearrangement of the mixture (g.¡!, l¡gnt-3l) at 80oC produced

only trans-2-chloro-4-methylcyclohexanone (32). [n their research chlorine was

established as the migrating species; also the reaction was found to proceed

stereospecifically to yield trans-2-chloro-4-methylcyclohexanone (32) from both

isorners. After 35o/o of the rearrangement have taken place, traee amounts of

etþ-2-chloro-4-methylcyclohexanone (33), the more stable isomer, begin to appear.

The e-chloroketone (33) is thought to be the result of acid-catalyzed isomerization

of 32 from the hydrogen chloride produced during the reaction. Treatment of

the mixture of cis (31) and trans (31) with zinc chloride gave a mixture of 32 and

33.

H

cis (31)

+

H

H

(tz¡

SCHEME 9

i. clc6ÌLco3H

H

trans (31)

H3

Hrc
Hsc

H

H

H3

i
H

ct

( 33)

o
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Z-Chlorobicyclol2.2.1lheptene exo-oxide (34) has been prepared by peracid

oxidation of the corresponding vinyt chloride to study the mechanism of its rearra-

ngement to the eorresponding q-chloroketone2S.

Pyrolysis of the exo-oxide (34) gave the produets shown in Scheme 10.

cl
H+ Cl+

----+r¡¡ 5no
(34) (3s) ( 36) ( 37)

37 .47 34.97. 4.32

+ +co

(38) ,."r" 2.72 3Z

SCHEMB TO

t.6L

Products 35-38 (Scheme 10) were stable to thi rearrangement conditions

in the absence, or presence, of hydrogen chloridel.

The formation of the major products (35,36) can be explained by chlorine

or hydrogen migration29'30, to differentiate between the two possible mechanisms.

lllcDonald and Steppel31'32 started with optically active 34. Compound 34-(+)

- (1R,3R) has been synthesized and rearranged, and from three separate rearrange-

ments the extent of chlorine migration were shown to b) 90X.

o

<__-E_ H cl >

o
+80

OH

+
cl

c1

H

(15,3s)-(35)

c1

(rR,3R)- (34)

SCHEME TI

(rR,3R)-(3s)
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Hydrogen chloride catalysis rearrangement of 34 gave dichloroalcohol (38)

as the major product23 (S"he*e l2).

HCl -'-.........-..È
Et 2O

H+ H+
\g I

c1

( r+¡
27.Li¿

o
( 38)

L3.07.
( 3s)

+ cl
c1

,a to/ H
LJ. LlÒ

(36)

SCIIEME 12

trace
(37)

Neat, thermal rearrangement of 2-chlorobi cycloÍZ.2.2loctene oxide (39)

gave 3-chlorobicyclo 12.2.21octan-2-one (a0) in 90% VielOS3 (Scheme 13).

1

100 0

\Hè

( 3e) C1 ( 40)

SCHEME 13

Hydrogen chloride catatysis of 39 produced 2:1 mixture of 3,3 -dichlorobi-

cyclolÌ.2.2loctan-2-ol (41) and 3-chlorobi cyeloÍ2.2.2loctan-2-one (40) (Scheme

L4). It was thought that the amount of 4.0 produced resulted from hydrogen chloride

elimination from 3,3 -dichlorobicyctol2.2.2loctan-2-ol (41) by ketonization 33.

This rearrangement has been applied to the steroid skeleton in the rearrånge-

ment of 1?ß -chloro-l6 a,1?o -epoxy-5cr -androstane (42), which çss prepared by

perbenzoie acid oxidation of the corresponding vinyl chloride 34. Pyrolysis of

the chloroepoxide (aZ) gave a chloroketone (43) and a conjugated ketone (  ) (Sch-

H
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I
o

r.> + H

(3e) I ( L1) (4c¡ o

SCHEME 14

i. Hcl,Et 20

eme rs). 1?ß-chloro -5o-androstan-16-one, has properties similar to those of

the 16a-chloro-5o-androstan-l?-one (43)35, but the 16e-chloro-1?-ketone is

mechanistically more likely 36 because it is the product of chlorine migration'

Hydrogen chloride catalysis rearrangement of the chloroepoxide @2) gave the

16 ß-chloro-1?-ketone (45) 36, in both rearrangements (in the pyrolysis and the

acid catalysis rearrangements), chlorine was the migrating species'

1

_! >,

I
H

(42'¡

,
H

( 43) ( 44)

1i

o
cl

651(

H
(4s)

SCHEIIIE 15

i.â
ii. HCI' Dioxane

C1

01

o
I

c

+
¡

H



B. 0-Bromoepoxides

Only a

rearrangement .

steroids 3? .

Oxidation

3

c

few reports have been published concerning c-bromoepoxide

Heating 1?ß-bromo-l6q174 -epoxysteroids gave 16o-bromo-1?-keto

-13-

acid-boron

oxidation

of 2r3-dibromo-2-butene using trifluoroperacetic

trifluoride gave 3,3-dibromo-2-butanone (46)4 (Scheme 164). Simitar

of 2-bromo-3-methyl-2-butene gave 3-bromo-3-methyl-2-butanone (4?)4 (Scheme

168).

CH Br

c
\CHg

i+
iÏ'ffi,-c-T-*,

Br

(46)

1

Br

Br

C

c/

fl
c

P'
C - (CHs)z

(A)

(B)

/\(cH3)2c- CHCOCH3

cti3

(H 
3 
c), /J.-.o*

Br

H

(47)

SCHEIIIE 16 (A,B)

i. cF3 co3 H,BF3

The previous three reactions are expected to oecur through bromine migrat-

ion. On bromination of 4-methyl-3,4-epoxypentan-2-one (48) the product of bro-

mine migration (¿g) was formedS.

o Br
I

(cH3)2-c-co-coR

(4e)

/ffis
t*,

3

o

( 48)

SCHEME 17
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Attempts to study the synthesis and rearrangement of 2-bromonorbornene

exo-oxide (SO) liave shown that this compound is unstable and the reaction leads

occasionally to an explosion. The major component analysed from the explosion

was found to be the exo-S-bromonorcamphor (51) accompanied by three other

minor products (Scheme 18) 1.

+

rr
+\

H

(s0) ( sr)

t Br

o

SCHEME T8

c- Fluoroepoxides

A series of research papers have been reported on the chemistry of tetrafluo-

roethylene oxide (52)6-10 and hexafluoropropylene oxide 15a¡10-14.

Tetrafluoroethylene oxide was found to rearrange to trifluoroacetyl fluoride

(S3) Uetow room temperature6 (Scheme 194). Heating hexafluoropropylene oxide

(S4) at high temperature produced the rearranged product 2,2-difluoro-3,3,3-trifluo-

r

H

+

H
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,r/1r,
F3 C-COF (A)

( 53)

--------------- > cF3 -cF2 -cOF (B)

C-COF
2

o
/\

cF3cF - cFz

(sz¡

/r
CIFC - CFz

(s8)

A

(s4) (5s)

ScHEME r 9 (A,B)

ropropionyl fluoride (55)11 (Scheme 198). Oxidation of 1,1-dibromo-2-fluoroethy-

lene (56) is reported to give a  }%yield of bromofluoroacetyl bromide (5?)38

(Scheme 20).

c
o' 

) BTFCHCOBTBr CFH
2

( s6) (s7)

SCHEME 2O

l-chloro-1-fluoro-2,2-difluoroethylene oxide (58) Was found to rearrange

to 1_chroro-l,l-difluoroacetyr flùoride (b9) at 10o over a 3-day period39 (s"h"*e 21).
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1,1-dichloro-2,2-difluoroethylene oxide (60) was found to rearrange to

2,2-dichloro-2-fluoroacetyl fluoride (61) when allowed to stand at 10o for 3 days

39 (schetn e 2Ð.

c1
cl2FC-COF

o
/\C_ CF

2 2

(60) (61)
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D. æIodoeooxides

Only one study has been reported on the reåruangement of c-iodoepoxides3S.

when a solution of iodoepoxide (62) in benzene was passed through aluminum oxide

a mixture of 16ß-íodo and 16o-iodoketones (63,64) was observed (Scheme 23).

->(62) (64)

SCIIEME 23

E. o-AcetoxtteDoxides

Shine et a¡.40 reported a study of eonsiderable importance when they pyroly-

sed a mixture of 1-acetoxy-4-methylcyclohexene oxide (65) and l-propionoxycyclo-

hexene oxide (66), and no crossed products were detected. (i.e. neither l-propion-

oxy- -rnethylcyclohexanone nor l-acetorycyclohexanone were detected Scheme

241. This establishes the reapangement as an intramolecular l,2-migration of

the acyloxy group.
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Thermal rearrangement of the acetoepoxide (65) gave predominantly

trans-2-acetoxy-4-methyl-cyclohexanone (67)26 (Scneme 25).

cH 3 
co2

cll3

(67) (6e)

SCHEME 25

Gallagher et aI.41 have applied this reamangement to the steroid molecule.

B ß,20-Diaeetoxy-5 cl-pregn-20-ene (?0) was found to rearrange to 3ß,21-diacetoxy-5o

-pregnan-20-one (Z t ) (Scneme 264), while 3 ß,20-diacetoxy-S a-pregn-l7129¡-s¡e(7 2)

rearranged to 3ß,1 ?o-dihydrox¡' pregnan-20-one (? 3) 4 2 (Scherne Z6B).
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i. csHscqH
ii. -oH

. iii. Ae2O

Neat thermal rearrangement of 3 B ,20- diacetoxy-9 c ,11 ß -dichloro-l6 ß

-methyl-l?(20)-epoxypregnane (Za) gives the ketoacetate (?5) as the rearranged

product43. However, treatment of.74 with acetic acid and a small amount of

aqueous sulfuric acid gave the other isomer (?6) as the product. In the mixed solvent

methanol-dichloromethane containing aqueous sulfuric acid both products were

observed (?5,?6) (Scheme 27).

This rearrangement has been also apptied to the steroid ring-A' Thermal

rearrangment of 2 o,3o-epoxy-3 ß-acetoxycholestane (??) was found to produce

2 ß-acetoxyeholestan-3-one (?8). Acid-catalyzed rearrangement o1 77 produced

2 0-aeetoxycholestan-3-one (?9); it was established that this reaction involved

intramolecular acetate migration and that ?9 was not formed via acid catalysis

of ?8 45.

OAc

H



-19-

OAc cocH 3AcO
cocH3
cH.

J

AcO

AcO f,

H

p
CH

3c c1 3

Ac
H

( 75)
H

(75),(76)

SCHEME 2?

i.^
ii. HOAc, H2SO.

iii. Iltethanol-CH2 Cl2lH zSOq

c aHlz

ll-€ H'

(7 4) ( 7o¡

eH rz

111

I
H

(za¡

"'Ï.

Acó
o

c aHrz

(7e)
SCHEME 28



-20-

Gallagher et aI.46 reported that when 16cÌ-1?eepoxyandrostane-3ß, 1?g-diol

diacetate (so) is either chromatographed on silica gel, heated above its melting

point, or subjeeted to acid hydrolysis and followed by acetylation, 5Éandrostane-3ß'

16o-diol-l?-one diacetate (81) is formed (Scheme 29)'

Johnson et al.4? demonstrated that under the previous set of conditions

androstane-3ß,16 ß-diol-l?-one diacetate (82) cannot be inverted to 81; also these

authors have repeated the effect of silica gel chromatography on 80 and obtained

a mixture of both isomers 81 and 82. From these results the authors concluded

that the mechanism involves acetoxy migration to 81 without isomerization of

82 to 81.

AcO

Ac

( 80) ( 81)
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(82)

Treatment of 16o,1?cr-epoxyestra-l,3,5(10)-triene-3,1?B-diol diacetate (83)

with perchloric acid in acetic acid or passing it over silica gel was reported to

give estra-l,3,5(10)-triene-3,16q.-diol-l?-one diacetate (84)46 (Scheme 30)'
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Alsotreatmentofl6o,l?o-epoxyestra-l'3'5(10)-triene-3'16ß-dioldiacetate(85)

with perchloric acid-acetic acid yielded quantitatively estra-l,3'5(1O)-triene-3,1?ct

-diol-l6one diacetate (86)aB (Scheme 31).
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This rearrangement was applied to the 14ß-series when 16 ß,17 ß-epoxy-54

,14$-androstane-3ß,160-diot diacetate (8?) was treated with dilute sulfuric acid,

the rearrangement product was found to be 5Cl,14ß-androstane-3ß,17Èdiol-l6-one

diacetate (88)49 (Scheme 32).

OAc
o

OAc

Ac

SCHEME 32

H

H

(87)

H

(8s¡



-22-

F.q,-Haloepoxides with a Functional Group Adjacent to the Halogen Atom

Recently Zeg1an50 has studied the thermal reamangement of sterold

chloroepoxides with a hydroxyl and acetoxyl function adjacent to the chloride

atom. 4c-Chloro-4,5-epoxy-Sß -androstane-3ß,tZß-diol 1?-acetate (90) was prepar-

ed by the epoxidation of 4-chloroandrost-4-ene-3ß,1?ß-diol 1?-acetate (89). Neat

thermal rearrangement of the a-chloroepoxide (SO) at 200oC for 10 minutes gave

the androst-4-ene-4,1?ß-diol-3-one 1? acetate (9t) (Scneme 33).

Ac

nCPBA --'- -_--+

I c1

(8e) (eo¡ ( er¡

SCHEME 33

Acetylation of the a-chloroepoxide (90) produced 4s-chloro-4,5-epoxy-5ß

-androstane-3ß,1?ß -diol diacetate (92) which on pyrolysis gave S-chloro-54

-androstan-3ß,1?ß-diol-4-one diacetate (93) with chlorine as the migrating species

(Scheme 344). Pyrolysis of 4ß-chloro-4,5-epoxy-5ct-androstane-3ß,1?ß*diol diacetate

(g¿) was also investigated.

4ß -Chloro-4,5-epory-5o-androstane-3ß ,1?ß -diol diacetate (g¿) was prepared

by treatment of 4-chloroandrost-4-ene-3ß r 17ß-diol diacetate with

m-chloroperbenzoic acid. The product (94) was heated at 200oC for l0 minutes.

While pyrolysis of the 5ß -epoxide (92) led to the expected product with the chlorine

as the migrating species, pyrolysis of the 5o-epoxide (9a) gave three majorproducts

(Scheme 348).
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Only one study has been reported concerning a eompound with a keto group

adjacent to the o-bromoepoxide51. Bromination of 4-methyl-3,4-epoxypentan-2-one

(95) led to the product of rearrangement with bromine migration from the inter-

mediate o-bromoepoxide. Bromination of 3-methyl-2,3-epoxybutyrophenone (96)

also led to the produet of the rearrangement with the bromine as the migrating

species. The intermediacy of 2-bromo-3-methyl-2,3-epoxybutyrophenone (98)

was shown by spectral data.

o
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Br

(cH3)t-c- cocoR

[95 : R = CXl,)

[96 : R= CGH']

Mechanisms 6f a-Substituted Epoxides Reanangements

Shine et aI.40,52 have studied the thermal rearrangement of a-acetoxyepo-

xides. In their studies they established that these reaetions undergoes intramole-

cular, 1,2-migration of the acyloxy group to give the a -acetoxy ketone stereospee-

ificalty 53. Also in their studies on c-chloroepoxide rearrangement McDonald and

Schwablg Oi¿ not observe any benzoin acetate as a product from the reaction

of a-chlorostilbene with peracetie acid in acetic acid-dichloromethane solution

containing added sodium acetate. A high yield of cv.-chloroketone was observed

instead.

R.N. McDonald et al.19 have also established that the chlorine is the migra-

ting species in most cr-chloroepoxides when they chose to study the peracid oxida-

tion of trans-l-chloro-l-(p-totyl)-2-phenylethylene (6) and trans - 1-phenyl-Z-(p-tolyl)

ethylene (?). In both cases the only product isolated was that of chlorine migration

(Scheme 36).

Although previous results on related molecular rearrangementsS4 showed

hydrogen to be the migrating atom, the migration of the acetoxy group in the

Shine et a1.52 study together with the migration of chlorine in the McDonald

et al. 12 study supports the idea that hatogens and pseudohalogens are the migrating
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species in the epoxide-carbonyl rearrangements. Three mechanisms were proposed

to account for the results obtained from different epoxide carbonyl rearrangements

72. The first mechanism proposed was the opening of the epoxide ring to give

a carbonium ion followed by a fast chlorine migration to yield the observed

g-chloroketone. Because the chlorine migration was shown to be intramolecular'

chlorine migration might be through a chloronium ion (ID followed by a rotation

about the central C-C bond, or an intimate ion pair, (]l!, foltowed by bond forma-

tion leadine to the Þroduct (Scheme 3?'38).
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The second mechanism was through a concerted process' however, this

mechanism was discarded because it involves considerably more C-O bond breaking

then C-Cl bond making in the transition state (lV) which needs high energy strain

that prevents the reamangement from proceeding. Also in the eoncerted mechanism

there is a rotation of ?60 about the C-C single bond of the epoxide to bring the

migrating group into a transoid position to the breaking C-O bond; to allow this

rotation to happen an epoxide ring rupture must oecur' which makes the concerted

mechanism the same as the first mechanism proposed. The third proposed

mechanism involves an oxiranylcation intermediate ('ì/.). In this mechanism there

is no strain problem as there is in the one involving the concerted mechanism

(Scheme 38,39).
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The breaking of the Cg-O bond in the previous meehanism, rather than

the Co O bond (VI) is attributed to the higher stabitity of the (VI) isomer, due to

the destabilization of that carbonium ion by the attached chlorine. In a later

work McDonald et a1.56 preferued the a-ketocarbonium ion-chloride ion pair

mechanism because they used a carbomethoxy group as a substituent on the

o-carbon. In this compound q.ketocarbonium ion-chloride ion pair (VII) is better

stabilized than the oxiranyl cation (V!!) (Scneme 40)'
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In 1g6? I\{cDonald et a1.27 reported one of the most important studies in

this area when he pyrolysed a nnixture of 1-chloro-cis-(cis 31) and -trans-4-meth-

yl-cyclohexene oxide (trans 31). The product isolated was trans-2-chloro-4-methyl-

cyclohexanone (32) from both isomers. From these results which indicate the

stereospecificity of the rearrangement, the authors concluded that the c-ketocar-

bonium ion-chloride ion pair (IX) is the intermediatè compound (Scheme 41).
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The authors excluded the oxiranyl cation as an intermediate because in

that case one would expeet two different products from the two isomers. Recently

McDonald g!_gL57 have studied the kinetic of rearangement of the substituted

trans-g-and -c¡-chlorostyrene oxides (99,100) (Scheme 42,43). From their kinetic

data they concluded that the rate limiting step in the reanangements of these

cl-chloroepoxides involves the formation of ionic or ion-pair intermediates with

cleavage of the Cß-O bond of 1þs cr-chloroepoxide, and based on these results

they concluded that the formation of the oxiranyl cation-chloride ion pair was

not involved.
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More recently, Zeglam 50 has studied the therrnal rearrangement of the

4o-chloro-4,5-epoxy-5 ß -androstane-3 ß ,1? B -diol diacetate (92) and the 40

-chloro-4,5-epoxy-5o-androstane-ß ,Li/B-diol diacetate (94). In this study different

epimeric s-chloroketones were observed from each compound (92,94) (Scheme

34).

From these results, it was concluded that a eommon reactive intermediate

from both the s- and ß-epoxide cannot be involved and that these reaction pro-

ducts are better rationalized when considering the oxiranyl cation as an intermed-

iate. In this case the chloride ion can be added stereospecifically to give the
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observed major product. Although McDonald and CousinsS? have provided evidence

that the rate limiting step in the rearrangements of the a-chloroepoxides studied

does not involve the formation of an oxiranyl cation-chloride ion pair which does

not prove that an oxiranyl cation-ehloride ion pair cannot be an intermediate.

The idea of an oxiranyl cation-chloride ion pair as an intermediate in these

eporysteroid studies is supported by the fact that the $-epoxide (92) rearranges

quantitatively while the a-epoxide (94) rearranges with the formation of several

products. The 5ß-epoxide (92) has an A,B-cis ring junction; the approach of the

chloride ion from the cl-position yields the more favourable trans ring junction,

while approach of the chloride ion from the ß-position in the 5a-epoxide (94) encoun-

ters more steric hindrance from the l9-methyt group and yields the less favourable

cis ring junction. The energetically less favoured addition of chloride to the ß-face,

therefore, allows competing reactions to occur (scheme 44).

Although the rearrangements of a-chloroepoxides have been extensively

studied, there are only few investigations carried out on o-chloroepoxide with

a functional group adjacent to the chloride atom'

The general objective of this thesis was the chemical synthesis of cornpounds

capable of acting as inhibitors of the biosynthesis of specific steroid horr'rone

enzymes. The particular aim of this research was to study the product and mechan-

ism of rearrangements of steroid c-3 substituted 4-chloro-4,S-epoxides with an

oxo gtoup adjacent to the chloride atom which was a continuation of the research

started by ZeglamS0 on the thermal rearrangement of chloroexpoxides with a

hydroxyl-acetoxylfunetionadjacenttothechlorideatom.

From these thermal rearrangements we were able to develop different

routes for the preparation of 4-hydroxytestosterone in a high yield' Previous

synthesis of this compound appeared to be complicated and to give low

yieldS9'70'71.
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The enzyme aromatase catalyses the final stage of estrogen biosynthesisSl'

Estrogen is required for the growth of breast cancer, consequently if one could

block the aromatization of androgens to estrogens, one could effectively prevent

biologically active estrogens from reaching the tumor' It has been shownSz'83

that the 1?-keto derivative of 4-hydroxytestosterone acetate' i'e'

4-hydroxy-androst-4-ene-3,1?-dione, is a highly effective inhibitor of the peripheral

aromatization of androgens and could reduce the levels of circulating estrogens

below a critical point needed for certain biotogical activities' since estrogens

produced by peripheral aromatization in adipose tissue, muscleS4 and some breast

tumors themselves may contribute to the growth of hormone-dependent tumors'

4-hydroxyandrost-4-ene-3,1?-dione might be a useful therapeutic agent for the

treatment of those breast cancers identified as estrogen dependent' In fact' both

4-hydroxy and 4-acetoxyandrost-4-ene-3,1?-dione were found to be highly effective

in causing regression of 7,12-dimethylbenz [a] anthracene-induced mammary tumors

of the ¡s189,90. This compound has been found also to have a high anabolic activity

and a low androgenic effectS9 .
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RESULTS

4-Chloro-4-en-3-one-steroids were synthesized by Kirk et 41.58, in 1956.

Kirk has shown that treatment of cholest-4-en-3-one (101) (Scheme 45) with chlorine

in the presence of propionic acid led to the  t,5E-clichloro-3-one derivative (102)

which on dehydrochlorination with pyridine gave 4-chlorocholest-4-en-3-one (1 03).

C,H,, ceHr z sHr z

l_

-/
C1

(1or¡ (102) ( 103)

SCHEME 45
I. Cl2, CH3CH2COOH
ii. cs H sN

This procedure gives a low yield of the product. A better result was obtained

by Mori59 when he treated testosterone acetate (104) (Scheme 46) with sulfuryl

chloride instead of chlorineSS. This reagent in the presenee of pyridine converted

testosterone aeetate directly (104) into the 4-ehloro-4-en-3-one steroid (105).
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i. SO2C16 ii. H2O2,NaOH; iii- LTBA; iv- mCPBA; v. BuDMeSiCl;

vi. Jones; vii. pyridine' reflux; viii- L,Z4OoC; ix. À,200oC;x' ZnlCu;

xi. (acO)2 O, pyridine; xii. F- -
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A third method of synthesising the 4-chloro-4-en-3-one-steroids has been

published in 195660'61. The product was obtained by epoxidation of the testosterone

derivative followed by acid opening of the epoxide produced,in 1984 Schubert

62 converted the nortestosterone derivative (106) to the epoxyketone (tOZ) witfr

hydrogen peroxide under alkaline eonditions6S lscheme 4?). Ring opening of the

product (10?) with hydrogen chloride in acetone64'65'66'67 gave the 4-chloro

derivative (108) in ?5% yield.

OH

1>

( 106) ( 107) (108)

SCHEME 47

i. H zO 2, NaOH
ii. Hcl

.The method of Mori61 was chosen for the preparation of 4-chlorotestosterone

acetate (105) (Scheme 48) and the product showed a melting point consistent with

that reported earlier6l. Examination of the 1g NMR spectrum showed the chemical

shift of the C-13 methyl and the C-10 methyl groups to be in agreement with

the expected values. There was no evidence for a C-4 vinylic proton consistent

with the presenee of the C-4 chlorine atom. Reduction with lithium

tri-t-butoxyaluminumhydride gave a product with two components on TLC

correspondingtothe4-chloroandrost-4-ene-3-qand3ß,1?ß-diol1?aeetate(109'89)

(Scheme 48). The major product was the 3ß-atcohol (89) and the ratio of 3ß-to

3a-alcohol was 9.3:0.? (by HPLC). Column chromatography over silica gel gave

the Bß-alcohol (89) whieh showed a molecular ion cluster at m/z 366,368 in its

mass spectrum. Chlorine and hydrogen chloride were lost from the molecular

ion giving rise to fragment ions at m/z 331 and 330. Tfre lH NMR shows the

chemical shift of the C-3 proton downfield from the methylene envelope as an
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unresolved multiplet. The stereochemistry of the c-3 ß alcohol was assigned the

equatorial configuration based on the coupling of the C-3 proton (w¿ = 16Hz)

which is in agreement with the value published for the analogous C-3 allylic

alcohol6S. Reduction of the unsubstituted crB-unsaturated ketone with lithium

tri-t-butoxyaluminum hydride is known to give the 3 ß-alcohol as the major

product6g. The 3o-alcohot (109) was isolated as the minor product and the

stereochemistry of this alcohol was assigned the axial configuration' based on

the pseudoequatorial c-3 proton coupling (*¡ = 8Hz)' Epoxidation of the 3Èalcohol

(8g) with m-chloroperbenzoic acid has been shown to give the S-epoxide (90)50'

Epoxidation of the 3a-alcohol (109) with m-ehloroperbenzoic acid gave

mainly 4ß-chloro-4,5-epoxy-50-androsts¡s-Sq''1?ß-diot 1?-acetate (110) as expected

from the stereoselective effect of alcohols on epoxidation observed in the

epoxidation of the non-chlorinated analog ?2. lH Nl'lR showed a chemical shift

of the C-3 proton at 4'30 Ppm (j=5'5Hz) as a doublet; the C-13 methyl and C-10

methyl grouPs were at 0.81 and 1'08 ppm respectively'

Epoxidation of 4-chlorotestosterone acetate (ros) witn hydrogen peroxide

under basic conditions gave a product with two eomponents on TLC identified

as the 5a-and 5$-epoxyketone (1tt,112); (5o :5ß 2:3 by HPLC)' Recrystallization

gave 1?B-acetoxy-44-chloro-4,5-epoxy-5ß-androstan-3-one 
(112) which showed

a molecular ion cluster at m/z 380,382 in its mass spectrum' hydrogen chloride

was lost from the molecular ion giving rise to a fragment at mlz 344' The

stereochemistry of the epoxyketone was assigned the B-configuration based on

comparison of the lH t¡trtR spectrum of this ketoepoxide and that obtained from

the oxidation of the 5B-epoxyalcohol (90) using Jones reagent' Examination of

the 1¡¡ NMR spectrum showed the chemical shifts of the C-I3CH3, C-10CH3

and l?ß-OAc proton peaks to be consistent for both products; the melting point

of both reaction products were identieal. Treatment of the 3ß-alcohol (89) with
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t-butytdimethytsilyl chloride (BDMSiCI) yietded the silylated derivative

4-chloroandrost-4-ene-3ß,1?ß-diol 3-t-butyldimethylsiloxane 1?-acetate (113). The

lH Xn,In spectrum shows the chernical shift of the C-3 dimethyl and the C-3 butyl

group at 0.11, 0.14 and 0.92 ppm respeetively.

Epoxidation of the silylated derivative (113) with m-chloroperbenzoic acid

gave mainly 4B-chloro-4,5-epoxy-5o-androstane-38,1 ?ß-diol 3-t-butyldimethylsiloxane

1?-acetate (114) which showed a chemical shift of the c-3 proton at 3.99 ppm

(.1=8.2 Hz) as a triptet. The stereochemistry of the C-3-t-butyldimethylsiloxane

group was assigned by the coupling constant of this downfield proton which

corresponds to an axial proton undergoing axial-axial coupling, J = 8.2 Hz'

Treatment of the 5 c-silylepoxide (114) with fluoride ion gave 4B

-chloro-4,b-epoxy-5 s-androstane-3 ß,1? ß-diol 1?-acetate (115) . 1H NI\IR showed

the BgH as a triplet at 4.05 ppm, J = 8Hz. The mass spectrum showed a weak

molecular ion at m/z 382 from which hydrogen chtoride was lost giving rise to

a fragment ion at mlz 346. Oxidation of the 5a-epoxyalcohol (115) with Jones

reagent gave 1?ß-acetoxy-4ß-chloro-4,5-epoxy-5u-androstan-3-one (111). The

1¡1 NMR spectrum of the 5o-epoxyketone (111) showed the chemical shift of

the C-18 methyl and the C-10 methyl groups to be in agreement with that of the

5 s -epoxyketone obtained by HPLC from the epoxidation reaction of

4-chlorotestosterone acetate (105) (Scheme 48), there was no evidence for a C-3

proton downfield from the methylene envelope consistent with the oxidation of

the C-A hydroxy group to the C-3 keto group. The mass speetrum showed a

molecular ion cluster at mlz 380; 382 and a signal at m/z 344; corresponding to

the loss of hydrogen chloride from the molecular ion'

Pyrotysisofthetwoepoxyalcohols(110,115)at200oCforl0minutesgave

an identical product which showed a positive ferric chloride test59 and was

identified as the diosphenol (91). The 1g NMR speetrum showed the chemical
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shift of the C-13 methyl and the C-10 methyl at 0.83 and 1.18 ppm respectively,

the enolic hydrogen of the 4-hydroxy group showed a chemical shift at 6.06 ppm.

Ttle 1g NI\{R results together with the m.p. were in agreemént with previously

published ¿s1s70,?1. Examination of the mass spectrum showed a molecular ion

at m/z 846&a signal at mlr- 331 assigned to the loss of a methyl radical. The mass

spectrum pattern showed no evictence of the presence of chlorine.

pyrolysis of the 5a- and 5ß-epoxyketone (ttt,t12l al 240oc for five minutes

gave androst-4,6-dien-3-one-4,1?ß-diol 1?-acetate (116) as the major product;

this product gave a positive ferric chloride test. The 1H NUn showed two downfield

doublets of doublets at 6.01,6.66 ppm corresponding to the C-6 and C 7 vinylic

protons, and a singtet at 6.2 ppm corresponding to the enolic proton of the C-4

hydroxy group. The mass spectrum showed a molecular ion at m/z 344, loss of

ketene gave rise to a signal at m/z 302, and the pattern of the mass spectrum

showed no evidence of chloride.

The 5a- and bß-epoxyketone (111,112) on refluxing with pyridine underwent

stereospecific rearrangement to give 5 ß - and 5 cr-chloroandrost-2-"n"-3, l7ß

-diol-4-one 1?-acetate (11?,118) respectively. The mechanism of the rearrangement

is discussed below (see Page43).

Examination of the 1H NIvIR of the 5ß-chtoroketone (ttZ) sfrowed a chemical

shift of the C-10 methyl group at 1.23 ppm which is greater (+ 0'13 ppm) than

the ehemical shift of the c-10 methyl in the 5a-chloroketone (118) the formation

of a diffe4ent produet is indicative of the stereospecificity of the rearrangement'

Ttre lH NMR of both products (11?'118) showed a downfieldr doublet of doublets

at 5.93 and 5.94 ppm respectively, corresponding to the c-2 vinylic proton in

agreement with the proposed structures. The mass spectrum of the 5ß- and Scl

-chloroketone (11?,118) showed a molecular ion cluster at m/z 380,382; a signal

at m/z 344 was consistent with a species arising by loss of hydrogen chloride from

the parent comPound.
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Treatment of 5ß-and 5o-chloro-androst-2-en-4-one-3,17$-diol 17-acetate

(11?,118) with acetic anhydride in pyridine gave the corresponding acetates.

Examination of the 1H NMR spectrum of the products (119,120) showed the chemical

shift of the C-J acetate protons at 2.24 ppm downfield compared to the C-1?

acetate protons peak at 2.04 and 2.01 ppm, respectively, and consistent with an

enolic acetate. Treatment of the 5ß- and 5o-chloroandrost-2-en-3'1?ß-diol-4-one

1r-acetate (11?,118) with zinc-copper couple gave the såme dechlorinated product

androst-4- en-ArIï B-diol-3-one 1?-acetate (91). A mechanism for its formation

is shown in Scheme 49. This compound was characterized by comparison with

published data [m.p., lH NuR]70,71 and the previously prepared samples. Treatm-

ent ofeirher 5ß- or 5$-chloroandrost-2-ene-3,1?ß-diol-4 one diacetate (119,120)

with zinc-copper couple gave androst-4-ene-4,1?p-diol-4-one diacetate (tZt) as

the major product. A mechanism for this reaction is prop-osed in Scheme 50'

OAc

_+ -€
o

+ cI- +Zn+
o: +

Zn I
GT

Zn

Ac

5ß:119
5s: 120

(r2L)

scHEl\fE 50

The lH nntR of the diosphenol diacetate (tZl) snowed a downfield C-4

acetate protons at 2.23 ppm and the C-1? acetate protons at 2'04 ppm which

together with the m.p. is in agreement with previously obtained ¿s1s?0'71. The

absence of a vinylic proton rules out alternative enolic derivatives'
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DISCUSSION

Epoxidation of the 3ß-alcohol (89) with m-chloroperbenzoie acid gives the

5Èepoxyalcohol (90) [see pzzì50 as the major product (scr:s 9;lz4 by HPLC)' This

product is obtained because of the directive effect of the C-3 hydroxyl group

which has been suggested to arise from the hydrogen bonding between the hydroxyl

group and the attacking peracid72,73. The optimum geometry for this epoxidation

state is illustrated in Scheme 51. 
frt,

o
a

peracfd H

c1 c1

cl (eo)

(8e)

SCHEME 5I

To obtain the 5a-epoxyalcohol (115), the 3ß-alcohoÌ (89) was silylated to

prevent the hydrogen bonding between the hydroxyl group and the attacking peracid'

This observation was supported by the fact that when epoxidation of the silylated

product (113) (Scheme 52) was carried out it gave the so-epoxide (114) as the maiol

product.

OAc
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The preponderance (cl:ß;30:?0) of 5$-epoxide over 5cr-epoxide in the C-l0

CHS congugated ketosteroids on epoxidation with a peroxide has been rational-

ized by Henbest et al., in the following way:
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Although a-face (axial) attack of the hydroperoxide ion at C-5 would be

favoured over attack from the ß-face for electronie as well as steric (C-tO CH3

hinderance), i.e. K1 ) K3, formation of the 5o-epoxide is slower than formation

of the 5g-epoxide,i.e. K6 ) K5ihereby giving the 5ß-epoxide as the major product.

A further reason for the preponderance of Sß-over 5a-epoxide may result

from the relative instabitity of the C-3 enol in the 5a-series?8 versus the C-3

enol in the 5ß-series. The C-3 enol in the 5o-series would therefore preferably

exist in the ketone form (and possibly as the C-2 enol) whereas the C-3 enol would

be favoured in the 5ß-series, and therefore be present to form the 5ß-ePoxide.

The even greater proportion (a: ß;10:90) of 5 $-epoxide in the 19-norsteroids

can be rationalized by the relatively gneater rate of formation of the 5ß

-hydroperoxide (C-10 CH3 steric hindrance having been removed) over the 5a

-hydroperoxide. The preference for the C-2 over the C-3 enol is mueh less marked

in the 19-nor series ?9.

Chlorine substitution at C-4 in the C-l0 CHg series still gives a

preponderanee of the 5g-epoxide (a:8;40:60) although the ratio is decreased. This

ean oceur either by decreasing the relative rate of attack at C-5 by the

hydroperoxide ion, i.e. K1 is closer to K3 or K2 to K4 or by altering the relative

rates of Kg and K6, i.e. K5 is a little greater or K6 is a little slower relative to

the non-chlorinated compound. The stereoeleetronic reason for this change in

the ratio of 5o- to SFepoxide is not clear. Relief of steric strain between the

C-4 chlorine and one of the C-6 hydrogen (probably the 6oH) may be a factor

The 5ß-epoxyketone (112) was the major product in the epoxidation of the

4-chlorotestosterone acetate (105). Thus in order to obtain the 5cr-epoxyketone

(111) in high yield the 5cx-epoxyalcohol (ttS) was oxidised using Jones reagent

(Scheme 54).
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Refluxing the c-epoxyketone (111) and ß-epoxyketone (112) in pyridine

(Scheme 55) gave different epimerie c-chloroketones from each, therefore, a

common reactive intermediate from both thea- ands-epoxyketone (11L.ILZ) cannot

be involved and the rearrangement, in this ease, requires an intermediate which

retains stereochemical preferenee.
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These results are in agreement with that of Zeglam S0 tP. Z8 I who preferred

the oxiranyl cation intermediate to account for the different epimers obtained

from the a- and ß-acetoepoxides (92,94). The oxiranyl cation intermediate can

also acco¡nt for the epimerica-chloroketones (ttZ,tl8) obtained from the o- and

ß-epoxyketonc.s (t l l,l l2), respectively. A stereospecific intermediate is consistent

with the observation that the B-epoxyketone (ltZ) rearranges quantitatively to

give the So-chloroandrost-2-en-3,I?8-diol-4-one 1?-acetate (118) whereas the

cr-epoxyketone (l l1) rearranges at a lower yield to give the 5ß

-chloroandrost-2-en-3,1? B -diol-4-one 1?-acetate (11?). Examination of the

stereochemistry of the S8-epoxyketone (112) shows that approach of chloride ion

to c-5 leads to epoxide ring opening and a trans ring junction.

1,3-Diaxial hydrogen interactions are encountered on the approach of chloride

ion to C-5 to give the axial chloride product. Alternatively, in the 5a-epoxyketone

(111), the approach of chloride ion to C-5 encounters a 1,3-diaxial hydrogen and

one, more severe, 1,3-diaxial methyl interaction, which leads to the more strained

cis ring junction with an axial chloride. The energetically less favoured addition

of chloride to the B -face, therefore, allows competing reactions to occur' This

difference in reactivity between the steroid 5'o- and sß-epoxyketones (tlt,ttz)

would not be predicted if a common intermediate were involved. Thermolysis

of the 5a- and S$-epoxyketones (tt1,tl2) at a higher temperature (ZA0oC) produced

the diosphenol diene (f tO) as the major product. Thermolysis of thec-chloroketone

epimers(11?,118) at the same temperature produced the same product (1t6) which

leads t.o the conclusion that the ü-chloroketone epimers are intermediate

in the formation of the diosphenol (i16). At higher temperature the 0-

chloroketone epimers lose hydrogen chloride and enolíze to yfeld the dio-

sphenol (116) (Scheme 56).



OAc PA"

-45-

OAc-t*
b

(111)
o c1

(117)

11

o

OAc OAc (116)

i
-è

CT
'cl

(112) (118)

SCHEI\TE 56

i. pyridine, reflux
ii. 

^ 
2400

Whereas different epimeric c-chloroketones were produced from the pyrolysis

of the a- and B-epoxyketones (111,112), in contrast, pyrolysis of the three

epoxyalcohots (90,110,115) produced the same diosphenol (gf ) (Scneme 58). The

novel thermal rearrangement which oceurs with the epoxyalcohols (90,110,115)

leads quantitatively to the diosphenol (91) (Scheme 58) . This rearrangement

apparently proceeds through initial formation of the oxiranyl eation intermediate

(or in this case possibly the a-ketocarbenium ion) which undergoes proton loss

at the 3-alcohol position and a l,3-hydride shift of the C-3H to the C-5 position.

The resulting 3,4-diketone then enolizes to the unsaturated ketone

.f
H



OAc

-46-

--

OAc

ë
HH

1

5ß ¡ 117

5o: 118

C1

3ß,5ß:90
3or5o:110
3.ß.5a:115

OAc

scHElt{E 5?

OH

(116)

OAc

H HO

H
OH

SCHEME 58

(sr¡



-4'l-

The catecholestrogens are a major metabolic product of the female sex

hormone estradiol93. The first metabolic step of estradiol is the oxidation to

estrone 94 fouo*ed by hydroxylation in the 16 -95, 2- 96 or 4- 97 positions. Atthough

the exact mechanism of action of the catecholestrogen is not clearly understood

98 their peripheral estrogenic activity, as well as their activity in the central

estrogen target tissues in the regulation of pituitary hormone releaseg9, has been

demonstrated. It has also been established that the catecholestrogens have a

competitive interaction with the catecholamines of the catechol

O-.methyltransferase system 100'l' 01 which suggests that the catecholestrogens

702 might be involved in the regulation of gonotrophin release. It has also been

shown that catecholestrogens behave as an antiestrogen in suppressing the tumor

cetl proliferation in human breast cancer cell culture 98.

As an application of the thermal rearrangement of a-chloroepoxide the

synthesis of the catecholestrogen 4-hydroxyestradiol was attempted as outlined

in Scheme 59. The mechanism proposed for the thermal rearrangement is shown

in Scheme 60.
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Synthesis of 4-hydroxyestradiol wes also attempted, as shown in Scheme

61, however, attempts to make the chloroepoxyketone was unsuecessful and a

mixture of products, one of which was an unidentified acidic substance,was obtained

in both eases.

OAc

H

LTBA T nCPBA -

-cl rzï 1 t26 727

H

HO

(,

H

HOHO

þl

SCIIET\TD 6I
L24



-49-

From the previous results we concluded that the l9-norchloroepoxyketone

is sensitive to any basic or acidic conditions, and the synthesis of this compound

might be possible using neutral reagents. Further research on this synthesis may

Iead to a suecessful result.

CONCLUSIONS

This thesis describes the thermal rearrangement of C-3 oxo-4-chloro-4,5-ex-

poxysteroids and related C-3 hydroxy-4-chloro-4,5-epoxysteroids. These novel

rearrangements lead new synthesis of C-3, 4-diosphenol derivatives. A mechanism

for these rearrangements has been presented. Apptication of this reaction to the

estrane series in an attempted synthesis of 3,4-catecholestrogens is described.
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EXPERIMENTAL

Instrurnents

Melting points (mp) were determined with a Kofler hot plate and are

uncoryected. Infrared (IR) spectra were reeorded with a Perkin-Elmer Model 237

Infrared spectrophotometer either as a KBr disc or in CC14 solution as indicated

below. proton magnetic resonanee (1U NMR) spectra were recorded using

deuteriochloroform (CnCf 3) as the solvent and tetramethysilane (TMS) as the

internal standard using the Bruker AM (300 MHz) instrument recorded at the

Department of Chemistry, University of Iüanitoba, Winnipeg, Manitoba' The

following designations are used in characterizing lU NVIR signals: singlet (s),

doubtet (d), triplet (t), doublet of doublet (dd), multiplet (m) and width at half

height (Wå). Mass spectra (MS) were recorded on a Finnigan Quadrupole Model

1015 mass spectrophotometer at ?0 eV using the direct probe method at the

Department of Chemistry, University of Manitoba. Elemental analyses were

performed by Mr. W. Baldeo at the Nlicroanalytical Laboratory, School of Pharmacy'

University of London, England or Guelph Chemical Laboratories Limited, Guelph'

Ontario. High pressure liquid chromatography (HPLC) was carried out on a Waters

Scientific Limited M45G solvent delivery systern with U6K Universal liquid

chromatogram injector using RCM-100 radial Compresison Separation System

(RCSS), and with Ì¡porasil column (10U) (?.8 mm x 30 cm) and RCSS silica guard

pak. The detector used was R 401 refractive index detector-differential

refractometer. The sample solution injected has a concentration of about 50Ug/

pL in l0% v/v ethyl acetate/hexane for 4-chloro-4-androstene-S, 1?Èdiol 1?-acetate

and 4-ehloro-4-androstene-3 g , 1? ß -diol l?-acetate and 10 U g/ UL in 1%

ethanol/dichloromethane for 1? ß-acetoxy-4cl-chloro-4,5-epoxy-5ß-androstan-3-one

and 1?g-aeetoxy 4ß-chtoro-4,5-epoxy-5o-androstan-3-one (filtered and degassed)

and the flow rate was 1.5 ml/min. unless stated otherwise' The standards and
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their retention times (RT) were as follows: 4-chloro-4-androstene-3ß' 1?ß-diol

1?-acetate (tO min),4-chloro-4-androstene-3c, 1?ß-diot 1?-acetate (tt.¿ min),

1? ß-acetoxy-4 ß-chloro-4,5-epoxy-5 q-androstan-3-one Qt min), 1? $-acetoxy-'lcr

-chloro-4,5-epoxy-5ß-androstane-3-one (28 min).

Materials:

Thin-layer chromatography (TLC) was carried out on Analtech 25 precoated

silica get GHLF plates 0.25 mm thickness using one of the following tiquid phases:

a) !0o/o ethyl acetate/petroleum ether; b) 25% ethyl acetate/petroleum ether

60o to g0oC; and c) 2o/o acetone/dichloronnethane. The TLC plates were viewed

under an ultraviolet (UV) source and/or spraying with a 4% vlv solution of

concentrated sulfuric acid in 959ó ethanol followed by heating at approximately

100oc in an oven for 5 to 10 minutes to produce a eolor (R¡ data are given in

Table 5). Column chromatography was carried out with the following: alumina

(Brockmann activity II aluminum oxide for chromatographic adsorption analysis,

BDH Chemicals Limited), neutral alumina was prepared by immersing the BDH

alumina in ethyl aeetate, letting the mixture stand for at least 2 days with

occassional shaking, filtering and drying at 80oC, or silica get (l\lerek Silica Gel

60H for TLC).

4-Chlorotestosterone Acetate (105)

4-Chlorotestosterone acetate (105) m.p. 228-231oç 11¡1.,59 m'p' 228-230oC)

was prepared from testosterone acetate (104) by the method of l\Íori61 lRr¡ax

(KBr): r?ao(r?Ê -oAc), 1685(c-3 c=0), 1588(c-4 c=c-cl) "t-1; 
1H NtvlR ô'

0.80(C-13CH3)' 1.00(C-10CH3), 2.00(1?ÈoAc), 4.61(1?a-H) ppm'

4-Chloroandrost-4+ne-3 a{109) and 3ß(89), l?ß-diol l?-acetate

4-Chlorotestosterone acetate (105) (2g) (S.S mmole), and 85% lithium

tri-t-butoxyaluminum hydride (3.4g) (11.2 mmole) were dissolved in freshly distilled
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tetrahydrofuran (100 mL) in an ice-bath under argon, and stirred for 3 hours,

at which time no starting material remained by TLC (Zyo vlv

acetone/dichloromethane). The reaction mixture was poured into 10% hydrochlorie

acid (100 mL) and extracted with dichloromethane. The organic layer was washed

with saturated sodium hydrogen carbonate, water, dried over anhydrous sodium

sulfate and evaporated to give a crystalline residue, which showed one major and

one minor component on TLC (2"/" acetone/dichloromethane) (34:3ß; 0.?: 9.3 by

HPLC). Column chromatography over silica gel in 107o dichloromethane/cyclohexane

gave on elution with 15% dichloromethane/hexane increased by 5% increments

to dichloromethane the 3 ß-alcohol (89) (1.34g) m.p. L720-4oC from

dichloromethane/ethyl acetate. IR(CCl4)v¡1¿¡: 3600(OH str.), 1737 (1? ß-OAc)

"*-1;1¡¡ NMR ô:0.81(C-18 CH3), 1.10(C-10 CH3),2.09(1?g-OAc),4.14, m, w¿

= 16 Hz(3o*I), 4.58, dd, J = 7.5r 9 Hz(l?cr-H) ppm; m.s,/m/z¿ 368, 366(M+),

330(M+-HCi). Found: C, 68.50; H, 8.68; Cl' 9.73' CZf Hgt 03 Cl requires C,68.74;

H, 8.5'2; Cl, 9.660/o. Elution with 2-3% acetone/dichloromethane gave fractions

(0.1029) which on three crystatlizations gave the 3s-alcohol (109) (50 mg) m.p.

177-l7goC (from dichloromethane/ethyl acetate); 1¡1 NMR ô :0.81(C-13CH3),

1.04(C-10CH3)¡ 2.04(17 &OAc), 2.94, octet, J = 2.7, 4.L, L4.3 Hz(zH), 4.14, w¿

= 8 Hz(3ß.H), 4.58, dd, J = 7.7 andg.l uz(tza-H) ppm; (Found: C,68.60; H, 8.62;

CLr 9.46C21 H3t 03 Cl requires Cr 68.74; H, 8.52; Cl' 9.66%).

4 l?Êdiol l?-acetate (ll 0)

The 3q-alcohol (109) (254mg) in dichloromethane (2 mL) was cooled in an

ice bath and 85% m-chloroperbenzoic acid (447 mg) was added. After 24 hours

the reaction was not complete by TLC and a seeond portion of m-CPBA (152 mg)

was added and the reaction time continued for a further 24 hours at which time

the reaction was worked up as for the la-epoxyalcoholsiloxane (114) to give a
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product which on recrystallization gave the 5o-epoxyalcohol (110) (mg) t.p. 134-6oC

(from dichloromethane/methanol); 1¡¡ NI\fR ô: 0.81(c-13CH3), 1.08(c-10CH3),

2.04(779-OAc), 4.30, d, J = 5.5 Hz(3ß-II),4.61, dd, J = 7.7 & 9.1 Hz(l?o-H) ppm;

(Found: C, 65.94; H, 8.50; C1r9.29. CZf Hgt 04 Cl requires C, 65.87; H, 8.16;

C7,9.260/o).

4o-Chtoro-4,5-epoxy-5ß -androstane-3ßrl ?ß{iol I ?-acetate (90)

To 4-chloro-4-androstene-3ß,1?ß-diol 1?-acetate (89) (500mg) in dichloromethane

(100m1) was added 8596 wlw m-chloroperbenzoic acid (550mg) and the solution

was allowed to stand at room temperature until no starting material was observed

by TLC (18 hrs.) The organic layer was washed thoroughly with saturated aqueous

I\Vo w/v sodium sulfite, excess 5% w/v aqueous sodium carbonate, water, dried

over anhydrous sodium sulfate, filtered and evaporated under reduced pressure

at room temperature to give a crystalline residue on addition of ether.

Recrystallization from dichloromethane/ethyl acetate gave the 5$-epoxyalcohol

(90) (3SOmg) m.p. 128-731oC; 1g ¡lirlRôt 0.81 (C-13 CH3), 1.04(C-10 CH3),2.05(1?ß

-oAc), 4.30, dd, J = 3.1, 1.5 Hz(:cll), 4.60, dd, J = 7.9 HzQTo-H) ppm.

Androst-4-ene-4. l? &diol-3+ne1?-acetate (91) from (1r0) and (rr5)

i) A flask containing 4ß-chloro-4,5+PoxY-5æandrostane-3ß, 1?ß-diol 1?-acetate

(115) (100 mg) attached to a water pump was immerse.d in an oil bath preheated

to 200oC and the temperature maintained at 190-200oC for 10 minutes. The

residue which showed one major component on TLC was recystallized from

dichloromethane/methanol to give (91) (55mg) m.p. 184-186oC (lit.59 m.p.

194-196oC 1H ¡lUn ô:0.83 (C-13 CH3), 1.1S(C-l0 CH3)¡ 2.04(1?B-OAC), 4.60,

dd, J = ?.3 and 8.9 Hz(1?c-H) ppm; ms/m /z:3,46 (M+).

ii) When the 3a-hydroxy-4ß-chloroepoxide (110) ( 22mg) was treated as above
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the diosphenol (91) (l¿mg) m.p.190-2twas obtained identical 1H NI\IR spectra

was observed.

Androst-4-cne-4,1? ßdiol-3-one I?-acetate (9t) from (11?) and (r18)

i) To b*chloroandrost-2-ene-4,1?ß-diol-4-one 1?-acetate (118) (100mg) in 100%

ethanol (sml, )was added 20/6 zrtlclu couple (t3 g)ano heated to reflux for 30

minutes to give the diosphenol (91) (a0mg) m.p. 188-193oC.

ii) Treatment of 5ß-chtoroandrost-2-ene-4,77Èdiol-4-one 1?-acetate (11?) (?0mg)

with 2% Znl}u couple (900mg) in 100% ethanol (3 mL) gave the diosphenol

(91) (30mg) m.p. 189-192oC. 1¡¡ NMR spectra were identical with those of

(gt) outained earlier.

r?B-A cetoxv-4&chloro-4 .StxideScrandrostan-3+ne (1 1r)

4ß-Chloro-4,5-oxido-bo-androstane-3ß,1?ß-diol 1?-acetate (115) (300mg) in acetone

was treated with excess Jones reagent for 5 minutes. The reaction was diluted

with ice-water, ether extracted, washed with water and dried over anhydrous

sodium sulfate to give the 3-oxo-4 ß-chloro-4,5 o-epoxide (111) (225mg) m'p'

161-16goc, lH NMR ô: 0.83 (C-13 CH3), 1.11 (C-10 CH3), 2.04 (o7ß-0Ac), 2'56'

octet, J = 2.2¡ 6.2, 19.5 Hz(6 -H)' 4.63, dd, J = 7.9 and 8'9 117o-H) ppm; (Found:

C,66.22;H,?.64;Cl,gA4,C21H2903ClrequiresC,66'221H,7'67'Cl'9'31%)
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4-Chloroandrost-4-ene-3 ß.1?ß-diol 3-t-butvldimethvsiloxane 1?-acetate (113)

To a stirred sotution of the 3 ß-alcohol (89) (O.Zg) (18.3 mmole) in dry

dimethylformamide (13.4 mL) was added t-BDMSiCI (3.3g) Ot-S rn.mole) and

imidazole (g.1g) (¿5.S m.mole) as described by Corey 91. After 20 minutes at

room temperature the reaction was diluted with sodium hydrogen carbonate solution

and extracted with ether to give a product which on recrystallization from acetone

gave the t-BDI\,lSi derivative(l13) (6.49) m.p. 146-149oC; lH Nn'lR ô: 0'11, 0'15,

0.92(t-BDI\,ISiO), 0.80(C-13 CH3), 1.09(C-10 CH3), 2.04(I7g-OAc)' 2.98' ddd, J=2.8'

4.0, I4.2, Uz(O -H), 4.15, septet, J=l.7r 6.8,6.8 Hz(3cl-H),4.58, dd, J=7.7,9'1 Hz(tZo

-u) ppm; (Found: c, 67.48; H, 9.3?; Cl 7.L8,C27 H4503ClSi requires c, 67.39; H'

9.43; Cl; 7.37Vo\.

d-androstane-3 ß.1?ß-diol 3-t-butvldím 1?-acetate

(114)

To a solution of siloxane (113) (6g) (12.S m.mole) in dichloromethane (fOOml,)

was added 85% m-chloroperbenzoie acid (5.1g) (25 mmole) and the solution allowed

to stand at room temperature until no starting material remained by TLC (18

hours). The organic layer was washed thoroughly with 107o aQueous sodium sulfite'

5% aqueous sodium earbonate, dried over sodium sulfate and evaporated at reduced

pressure at room temperature to give a product which on recrystallization from

acetone gave the epoxide derivative (114) (2.9g) m.p. 1?0-1?3oC; 1H N¡AR ô: 0'11,

0.15,0.92(t-BDMSi0),0.81(c-13 CH3), 1.12(C-10 CH3) 2.03(1?3-OAc)r 3.99, t'

J=g.2 Hz(3a-H), 4.60, dd, J=?.8r 9.1 Hz(.1-7s-H) ppm. (Found: c, 65.22; H' 9.02;

Cl ?.01' C27H450gClSi; requires C, 65'23; H' 9'12; ClrT'13%''

5-eooxv-5 c-androstane-3 ß;l 7 ß {iol 1?-acetate (1f5)
4

To a solution of the epoxysiloxane (114) (2g) @ mmole) in dry
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tetrahydrofuran (21.2mL) was added tetra-n-butylammonium fluoride (9.3 In1,

2.3 equiv.), as described by Corey 9l . After 30 minutes the reaction mixture

was diluted with water and extracted with ether to give the 5a-epoxyalcohol (115)

(1.5g) which was recrystallized from methanol to give 300m9, m.p. 120-L24oC;

1¡¡ NMR ô:0.8, (C-t3 CH3), 1.13 (C-10 CH3), 2.04l.l?ß-OAc), 4.05, t, J=8 Hz(34

-H),4.60, dd, J=?.? & 9.1 Hzl.17 a-H) ppm; (Found: C' 66.01; H' 8.29; cl' 9.15'

C21H3104C1 requires C, 65.94; H, 8.20; CL,9.29%).

r?ß -Acetory-5 ß -ehloroan drost-2-ene-3.1 ? ß {iol-4one (r r z)

1? ß-Acetoxy--4p-chloro-4,5-epoxy-5 0 -androstan-3-one (111) (200mg) was

heated to reflux in pyridine for 45 minutes at which time no starting material

remained by TLC. The solution was poured into ice-water, extracted with ether'

washed with water, dried over anhydrous sodium sulfate and evaporated to give

a crystallinr, ::esidue which showed one component major on TLC; recrystallization

from cyclohexane gave 11? (120r.rg) m.p. 162-166oC, 1g nUn ô:0'??(C-13 CH3),

1.23, (C-10 CH3) 2.02 $7þ0Ac), 4.53, dd, J=7.8 and 9.1 Hz(l?0-H),5.93, dd, J=2'9

and ?.1 HzQ-H) ppm; (Found: C,66.50;Hr7 '62iCL,9'08, C21H3904C1' requires C'

66.22; H, ?.6?; Cl, 9.31%)'

Androsta-4 .6-dien-4.17 ß -diol-3-one 17-aeetate (ll 6) from (rrr). (1r2). (ttz) an¿

(rr8).

i) A flask containing l?8-acetoxy-4ß-chloro-4,5-epoxy-5o-androstan-3-one (111)

(600mg) attached to a water pump was immersed in an oil bath preheated

to 2400c for 5 minutes. The residue, which showed one major component
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on TLC, was recrystallized from dichloromethane/acetone to give the dienol

(116) (150mg) m.p. 19?-198oC; 1H UltR ô' 0.88 (C-13 CH3), 1.10(C-10 CH3),

2.05(1?ß-gAc),4.64, dd, J=7.2 and 8.9 Hz(77d-H)' 601' dd, J=2.1,9.9 Hz(6-H)'

6.66, dd, J=2.8¡ 9.9 Hz(?-H) ppm; (Found: c, ?3.10; H,8.42, C21H2g04 requires

C,73.23; H' 8.19%).

ii) When the.ß-epoxyketone (112) (200mg) was treated as above the dienol (116)

(105mg) m.p. 188-194oC was obtained.

iii) When the diosphenol (118) (Za0mg) was treated as above the dienol (116) (123mg)

rn.p. 189-193oC was isolated.

iv) When the diosphenol (11?) (350mg) was treated as above the dienol (116) (220mg)

m.p. tg6-190oc was isolated. All products (116) gave identical lH NMR

spectra.

5 ß-Chloro-androst- 2-ene-3, I ?ß-diol-4-one-diaeetate (1 f 9)

5 $ -Chloro-2-androstene-3,1? ß -diol-4-one 1?-acetate (11?) (100mg) was

dissolved in dry pyridine (1 mL) and acetic anhydride (0.5 mL) was added. After

standing at room temperature overnight the reaction mixture was poured into

ice-water, acidified, extracted with ether; the organic layer was washed with

water, dried over sodium sulfate and evaporated at reduced pressure to give the

diacetate (1lg) which on recrystallization from dichloromethane/acetone gave

(?omg) m.p. 198-20loc, 1H NMR ô¡ 0.77 (C-13 CH3), 1.25(C-r0 CH3), 2.02(l7g

-0Ac), 2.24(3-0Ac), 4.57, dd, J=7.7,9.1 Hz(l?a-H), 6.40, dd, J=2.4, Ztlz(2-H) ppm.

(Found:C,65.55;H,7.36iC1,8.10; C23H3105C1 requires c, 65.25; H' 7.38 ; Cl' 8'487o)'
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Androst-4-ene-4.1 ? B-diol-3-one diacetate (1zt) from (1tg) an¿ (120)

To the 5ß-chlorodiaeetate (119) (100mg), in l00%o ethanol (5mL) was added

freshly prepared 27o Zn/Cu couple (1.39) and the mixture heated to reflux for

30 minutes, filtered and evaporated at reduced pressure to give a product which

was passed over neutral alumina in dichloromethane/hexane to give the diosphenol

diaeetate (121) (s¿mg) m.p. 168-1?1oC, (lit.70 m.p. 1?0-t72oC);1g NntR ô: 0.84

(c-13 CH3), 1.25(C-10 CH3), 2.04(1? ß -OAc), 2.23(4-0Ae), 4.6, dd, J=7.8¡ 9.1

Hzíf7 a-H) ppm. The diosphenol (91) (22mg) m.p. 189-19zoC (lit.59, m.p.

194-196oC) was also obtained. Similar treatment of the So-chlorodiosphenol (120)

(100mg) gave the diosphenol diacetate GZt) (53mg) m.p. 168-1?1oC and the

diosphenol (91) (20mg) m.p. t86-190oC.

I 7 B-Acetoxv-4 ct-chlore4. S-eooxv-5 ß-androstan-3-one (112) from (f 05)

To 4-chlorotestosterone aeetate (105) (1.19) in methanol (105mL) cooled

to 5oC was added 4 M NaOH (4.5mL) and 10% H202(4.5mL) and cooling maintained

for 18 hours. The mixture was acidified with glacial acetic acid (about 1mL),

diluted with water, ether extracted, washed with water, dried over sodium sulfate

and evaporated at redueed pressure to give a crystalline product which was dissolved

in dry pyridine (10mL) and acetic anlydride (5mL) was added. After standing

overnight at 20oC the reaction mixture was poured into ice-water, acidified and

ether extracted to give (1.0g) consisting of two components on TLC (5ct:5ß-epoxides;

2:3 by HPLC). Recrystallization from dichloromethane/acetone gave the 5ß-epoxide

(112) 230m9 m.p. 153-162oC. Several recrystatlization gave a sample m.p.

162-166oC, 1H NMR ô¡ 0.82(C-13 CH3), 1.1?(C-10 CH3), 2.04(L7 Ê-oAc), 4.60

dd, J = 7.7, 9.I Hz(l?cr-H) ppm; m.s. m/z; 380t 382(M+), 345(M+-Cl); (Found: C,

66.3?; H,7.72i Cl, 9.42, C21H2g0gCl requires (C, 66.22;7.67, Ct, 9.31%).
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I 7 ß-Acetoxv-4 o-chloro-4. 5-eDoxv-S ß -androstane-3-one (112) from (90)

4a-Chloro-4,5-epoxy-5 Èandrostane-3 ß,1? ß-diol 1?-acetate (90) (100mg) in

acetone was treated with excess Jones reagent for 5 minutes. The reaction was

diluted with ice-water, ether extraeted, washed with water and dried over anhydrous

sodium sulfate to give the 3-oxo-4o-chloro-4,5$-epoxide (ffZ) (?0mg) after

recrystallization from aeetone m.p. 160-165oC, 1¡¡ NMR spectra was identical

with those of 772 obtained earlier.

1? ß-Acetory-5o-chloroandrost-2+ne-3, 17ß diol-4-one (t t g)

17ß-Acetoxy-4c-chloro-4,5-epoxy-5ß-androstan-3-one (112) (60m9) was heated

to reflux in pyridine for 45 minutes at which time no starting material remained

on TLC and a more polar component had formed. The solution was diluted with

iee-water and extracted with ether to give a crystalline residue which gave the

diosphenol (118) recrystallized from aeetone (45mg) m.p. 1?8-184oC; 1H NMR

ô: 0.80(c-13 cH3), 1.07(C-10 CH3), 2.04(77ß-0Ac), 4.64, dd, J=7.7,9.1(1?q-H), 5.94,

dd, J=2.8 & 6.? Hz(ZH)ppm; m.s. mlzz 380,382(l\I+), 344(t\{+-HCl); (Found: C., 65.98;

H, 7.64; Cl, 9.41. C21H3904C1 requires C, 66,22; H, 7 .67; Cl, 9.31%).

5 o-Chlorandrost-2-en e-3,1? ß-diol-4+ne diacetate (f 20)

The 5 u-chlorodiosphenol (118) (200mg) was treated with acetic anhydride:

pyridine (1:2) (3mL). After standing at room temperature overnight the reaction

mixture was poured into iee-water, acidified with hydrogen chloride, ether

extracted, washed with water and dried over sodium sulfate to give the diacetate

(120), recrystallization from dichloromethane/aeetone gave (tS0mg) m.p. 207-2l0oC,

1H N[,IR6: 0.80(c-tB cH3)r r.r4(c-10 cH3), 2.04(tzB-0Ac), 2.24(3-0Ac), 4.64, dd,

J=7.8 Hz(7Za-H), 6.4, dd, J=2.4,6.5 Hz(Z-H) ppm. (Found: C, 64.98; H,7.45; Cl,

8.49, C2gH3105Cl requires C,65.25; H, 7.38; CL,8.48%).
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I 7ß -Acetoxv-4-chloroestr-4-en-3-one (l 23)

To a solution of 17ß-acetoxy-4-chlorestr-4-en-3-one (2g) in dry pyridine

(ZO ml,), sulfuryl chloride (10.4 mL) was added dropwise at 15oC over a period

of 5 minutes, stirring was continued for an additionat 5 minutes. The reaction

was then poured into excess 3o/o hydrochloric acid (50 mL) and ether extracted.

The organic layer was washed thoroughly with 107o hydrochloric acid, 5o/o sodium

carbonate, water, dried over sodium sulfate and evaporated at reduced pressure

to give a product which on several recrystatlization from

dichloromethane/methanol gave the chloro derivative 123 (1..04g) m.p. 1?4-1B0oC;

1H xnlR6:0.8b (c-18 cH3), 1.zb (c-10 cH3), 2.04 (r?ß-oAc), 4.62, dd, J=7.9,

I Hz(77o-H) ppm.

Tlansformations of I ?ß-acetoxy-4-chlorestr-4-en-3-one (123)

i) LTBA Reduction of 123

17 ß -Acetoxy-4-chloroestr-4-en-3-one (123) (2g) and 85o/o lithium

tri-t-butoxyaluminum hydride (3.6g) were dissolved in freshly distilled

tetrahydrofuran (100 mL) in an ice bath under argon and stirred for 3 hours,

at which time no starting material remained by TLC. The reaction was

worked up as for the testosterone derivative (89,109) to give one major

and one minor product on TLC (127) (1.9bg).

ii) Epoxidation of 1.26

To a solution of L26 (1.959) in dichloromethane (35 mL) was added SbZo

m-chloroperbenzoic acid (1.8g) and the solution was allowed to stand at

room temperature for 18 hours. The reaction was worked up as for the

testosterone derivative (114) to give four products consistent with 12?.
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iii) Oxidation of 127

The crude product from the above reaction (127) (100mg) in acetone was

treated with excess Jones reagent for 5 minutes. The reaction was diluted

with ice-water, ether extracted and the organic layer washed with water

and dried over anhydrous sodium sulfate to give acidic material which was

not further characterized.

iv) Attempted epoxidation of 1? ß -acetory-4-chloroestr-4-en-3-one (t Z¡)

To 17ß -acetoxy-4-chlorestr-4-en-3-one (150mg) (123) in methanol (15 mL)

cooled to SoC was added 4M sodium hydroxide (O.Z mt) and 107o hydrogen

peroxide (0.7 mL) and cooling maintained for 3 hours. The mixture was

acidified with glacial acetic acid and worked up as for the testosterone

derivative (I12) to give an acidic product which was not further

characterized.
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