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The main goal of the thesis was to synthesize compounds which would 

selectively inhibit a function of stemid enzymes. Alteration of the 

hormonal level in the body by enzyme inhibition is a part of medicinal 

therapy in a number of disease States including honaone dependent 

prostate and breast carcinomas. In this thesis, three enzymes have been 

targeted: 3a.208- [EC 1.1.1.531 and 17flt20a-hydroxy dehydrogenases 

("cortisone reductasen) [EC 1.1.1.621 and estrogen synthetase (aromatase) 

[P450 XIXAIJ . The presence of 20a-hydroxysteroid dehydrogenase in human 

mammary tumours may indicate an inhibitory role for that enzyme in breast 

carcinomas. Aromatase. on the other hand. controls the endogenous 

production of estrogens. Estrogen dependent breast cancer is known to 

respond to manipulation at the level of estrogen. Thus, inhibition of 

aromatase prevents estrogen production, and leads to regression in tumour 

growth. The goal of this thesis was to develop drugs for the treatment 

of estrogen receptor positive breast cancer. 

The first part of the research was aimed at the synthesis of 

substituted cyclosteroid derivatives designed as substrates for the above 

enzymes which are able to act as mechanism-based inhibitors. The second 

part of the thesis dealt with the synthesis of 4-hydroxyestrogen 

derivatives. which are the natural metabolites of estrogens. For the 

synthesized compounds, 'H and 13c WHR spectra as e l  as electron 

ionization mass spectra were deternined. The structures of synthesized 

compounds were analysed by COSY, HSQC, HMBC, NO6 experiments, and were 

confirmcd by X-ray crystallographic analysis. 

Two spirocyclopropanol steroid isomers, 20a- and 20 g-hydroxy- 17 a, 2 la- 

cyclopregn-4-en-3-one, have been synthesized as potential mechanisrn-based 



inhibitors of 17 8,20 a- and 3 a, 2 0 B-hydroxysteroid dehydrogenase, 

respectively. The key synthetic steps involved formation of a 

17~20-silyl en01 ether intermediate followed by the Simmons-Smith 

reaction. A newly introduced couple, Zn-Au, follows the order of 

reactivity Zn-Au > --Ag > Zn-Cu. Enzyme evaluation studies, in the 

presence of NAD'. showed that neither 2Oa- nor 20 B-hydroxy-i7a, 21a- 

cyclopregn-4-en-3-one was effective as an inhibitor of steroid 178,200- 

and 3 a, 20 p-oxidoreductase , respectively. 

Inhibitors of aromatase have been synthesized via reductive 

cyclization of an&ost-4-ene-3,17-dion-19-a1 and fa-androst-1-ene-3,17- 

dion-19-al with Zn in 50% aqueous acetic acid or Li in liquid -nia 

followed by acetylation and oxidation. 19(R/S)-Acetoxy-SB,19-cyclo- 

androst -1-ene-3,If -diones have been synthesized via palladium oxidation 

of trimethylsilyl en01 ethers. Attempts to synthesize unsaturated 

analogues of 19(R/S) -acetoxy-l@,19-cyclo-Sa-androstane-3,17-dione, by the 

same procedure, were not successful. Enzyme evaluation studies showed 

that 19 (SI - and 19 (RI -acetoxy-SB, 19-cycloandrost-1-ene-3,17-dione showed 
92 and 442 of inhibitory activity, respectively. The synthesized 

19 (R) -hy&oxy- and 19 (RI -acetoxy-lp, 19-cycl0-5a-~drostane-3,17-dione 

showed 40-50s of inhibition when tested on human placental aromatase 

microsomes. 

The ratio of products with the hydroxy group above ring A upon 

reductive cyclization was investigated. It was discovered that reductive 

cyclization of androst-4-ene-3,17-dion-19-a1 both in Zn/502 aqueous 

acetic acid and Li/NH3 gave the same product. namely the 

themodynamically less stable 19 (RI -hydroxy-5$, 19-cycloandrost-3,i?- 

dione. However, reductive cyclization of an&ost-l-ene-3,17-dion-l9-a1 

with Zn/502 acetic acid gave themodynamically more stable product, the 

19 (R) -hy&oxy-l~,19-cyclo-Sa-androstane-3,17-dione, but with Li/NI13 the 

themodynamically less stable, 19 (SI -hydroxy-lp, 19-cyclo- Sa-androst- 

3,17-dione ( 7 0 % )  , was produced. This thermodynamically less stable 

product upon treatment with base or acid did not epimerize to the more 

stable isomer unlike the 19(R)-hydroxy-S~,l9-cycloan&ostane-3,17-dione 

isomer. Mechanisnis for the reductive cyclization of androst-4-ene-3,17- 

dion-19-al and Sa-androst-l-ene-3,17-dion-~9-al as well as for 



epimerization of 19(R) -hy&oxy-S~,19-cycloandrostane-3,17-dione have been 

proposed. Investigations of the reductive cyclization were also extended 

to an&ost-4-ene-3,lt-dione derivatives with different functional groups 

at C-19, namely the 19-protected oxime and 19-methyl ester. Reductive 

cyclization, of conjugated double bond versus protected oxime, of tert- 

b u t y l d i m e t h y l s i l y l - l 9 - o x i m e - a n d r o s t - 4 - ~ o n e  with Li-NH3 resùlted 

in the elimination of the C-10 angdar substituent to yield estr- 

f(10)-ene-3,17-dione and 17~-hydroxy-estr-S(10)-en-3-one. Reductive 

cyclization of androst-4-ene-3,it-dione 19-methylcarboxylate, by 

treatment with either zinc in 5 0 1  aqueous acetic acid or lithium in 

liquid amnonia, gave steroid dimers , bis - (methyl 3 E-hydroxyandrost -4 -en- 
17-on-19-oatel . 

In the pursuit of a more efficient method for the synthesis of 

4-hydroxyestrogens from estr-4-me-3,17-dione via 4c, 5&epoxysteroid 

derivatives, two dif f errent strategies were applied: (1) acidic 

aromatization of 4 E, SE-epoxyestr-1-ene-3 , 17-dione, and ( 2 )  pyrolysis of 

4-chloro-4S1 SE-epolcyestra-3 , 17-dione. 
By using the f irst synthetic method, 4-hydroxyestrogens were obtained 

as highly pure compounds in a good yield (50-79%) . The conversion of 

estr-4-ene-3,17-dione into 4a15a-epoxyestra-3,17-dione was achieved by 

using an efficient , one-step versus the reported six-step , procedure by 

treatrnent of estr-4-ene-3,l7-dione with 1,1,l-trifluoromethyl (methyl) di- 

oxirane. Ill, 1-Trifluoromethyl (methyl) dioxirane was also found to be the 

convenient reagent to introduce an oxygen function into the weakly 

nucleophilic 3,4-double bond of 4-chloro-estr-4-ene-3,17-dione. 

By using the second synthetic method, 4-hydroxyestrone was synthesized 

together with other compounds . The number and type of 4 E, 5 E-epoxyes tra- 

3,17-dione depended on the conditions employed. One of the new 

characterized compounds was determined to be es tra- 5,719 - triene-4,17 - 
dione with aromatic ring B and a carbonyl function shifted from C-3 to 

C-4. Mechanisms of its origin have been proposed. 

The research demonstrated that by synthesizing the mode1 steroid 

compounds , the inhibition mechanism of the cancer-promoting, steroid- 

specific enzymes can be studied. Rationalization of structure-activity 

relationship was based on the results of aromatase inhibition. 
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1.1.0 STEROZD EOLUIOHE BLOSY#TIIPSIS 

Studies of steroid homones have been a major interest of research 

in the disciplaes of biology and chemistry over the past 60 years 

(Kalvoda, 1992). Steroiâs are responsible for a wide array of messenger 

signals in physiological functions. e .g . they contribute to f ertility, 

fetal, muscular, sexual organ development, and sexual differentiation. 

Furthemore, they also contribute to the control of iatravascular fluid 

volume, salt balance, glucose and fat metabolism, as well as to blood 

pressure regulation, and inf lananatory response (Lieberman at al. , 1990, 

1984). 

Steroids are produced in a variety of mammalian tissues. In the 

gonads, their biosynthesis occurs witb the production of sex steroids, 

and in the adrenal glands it give rise to glucocorticoids and 

mineralocorticoids . Some steroids are also produced in peripheral 

tissue such as adipose tissue, skin, muscles, and tumor cells. The 

activities of steroids are associated with subtle and complex 

regulation which occurs at the level of steroidal biosynthesis and 

degradation (Stryer, 1981) . 

The major sterols are cholesterol and ergosterol. The biosynthetic 

pathway for these steroids is common up to lanosterol but then 

diverges. Cholesterol and srgosterol synthesis, in the body, starts 

from acetic acid via acetyl coenzyme A and then to mevalonic acid, 

squalene oxide and to lanosterol. Lanosterol. through a scries of 

oxidative removals of methyl groups, side chain double bond reduction, 

and double bond isomerization (C-8-C-9 C - 5 - C - 6 ) ,  is further 

enzymatically converted to the ess=tial steroid cholesterol (Scheme 

1 , (Danielson and Sjovall, 1985) . Al1 of the enzymes in the 

lanosterol to cholesterol conversion have been partially purified and 



L a n o s t e r o l  Cholesterol 

Sch- 1.1 C-Demethylation duriag cholesterol biosynthesis. 

characterized (Fischer et al. 1989, Trzaskos et al., 1986). 

Cholesterol is one of the most abundant steroids in mammalian cells 

and is thought to play a critical role in maintainhg the integrity of 

cellular membranes (Chapman et al. , 1 9 0 5 )  . Moreover, cholesterol is 

the precursor of al1 endogenous steroidal hormones as shom in Scherne 

1.2. The cytochrome P-450 enzymes are involved in the conversion of 

cholesterol to these hormones. Cytochrome P-450 enzymes are found in 

adrenal, ovary, testis, placental tissue and pathological tissue 

(Waterman et al., 1986) . 
One of a family of enzymes, isozyme, ~ytochrome P-450,, ,, converts 

cholesterol to pregnenelone and 4-methylpentanal (Scheme 1.3 1 . The 

P-450,,, catalyzes three sequential oxidative steps, each of which 

consumes one molecule of oxygen and one molecule of NADPH. The three 

staps are 22 (1) -hydroxylation, 20 (SI -hydroxylation and fission of the 

C-20-C-22 bond. The first two hydroxylations proceed with retention of 

configuration. The carbon- carbon bond . cl  eavage v ia  

irreercepting the activated O w e n  [F~'+-o] complex, generated in the 

third step, by one of the hydroxyl groups, 22(R)-OH or 2 0  (s) -OH. 

Proton removal f rom the adjacent the resulting hydroper - 



cholesterol 2 0 . 2 2 - l p s ~ S e  hydroxylation at C-20 and C-22 
(mitoehondrirl P-450) and cleavage o f  C-20/C-22 bond 

rnenel one 

3p-hydroxysteroid 3g-OH +3 keto then double bond 
(38-HSD) at C-5,6 migraces to C - 4 . 5  

OH 
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of C-17,20 bond 
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s e x  h o r m o n e s  

Scham Z.2 Steroid hormone biosynthesis. 



S c h m  1.3 Mechanism of the cholesterol chah cleavage by cytochrome 

P-450 s e c  - 

oxide then initiates the C-C bond fission to give the final products. 

The conversion of pregnenolone 1.2 to progesterone 1.3 (Scherne 1.2) in 

mammalian systems is believed to involve only one enzyme, which 

possesses bath dehydrogenase ( 3  8-hydroxysteroid dehydrogenase) and 

double bond isomerization funetion ( A'-3-ketosteroid isomarare) , 

(Brandt and Levy, 1989) . This enzyme catalyses the conversion of a 

variety of A'-3-ketosteroids to the corresponding conjugated 

A'-3 -ketosteroids . Presumably, the isomerizati on reaction proceeds 

through an enzyme-bound dienol as shown in Scheme 1.4. Mutagenic 

analysis suggests that the intemediate is formed by abstraction of the 

4p-hydrogea of the A'-ketosteroid by Asp-38, with -014 acting to 

polarize the carbonyl group, by either hydrogen bonding or proton 

transfer. Subsequent protonation of the dienol at C-68 by the 

conjugate acid Asp-38 gives the conjugated ~ ~ - 3  -ketosteroid. 



Sch- 1.4 Isomerization 

TyrO- 

TyrOH 

TyrOH O - 63" .H 3H 

3f pregn-5-ene-3,20-dione to progesterone. 

progesterone 1.3 is an important steroidal hormone in pregnant 

women. It also participates in fetal development and serves as a 

precursor to the corticostecoids and sex steroids, androgens and 

estrogens. 

The corticosteroids, including the glucocorticoid, cortisol 1-10, 

and the mineralocorticosteroid, aldosterone 1.13, are produced in. the 

adrenal cortex, which are located in the adrenal glands. These 

hormones contaia carbon skeletons identical to progesterone 1.3 but 

differ in the number of hydroxy or carbonyl substituents. The enzymes 

responsible for corticosteroids production are al1 cytocbrome P-450 

isozymes, located in the adrenal cortex. A microsomal 

21-hydroxysteroid hydroxylase is tesponsible for the formation of 

Il-deoxycorticosterone 1.11 (Bumpus and Dus, 1982). Studies by 

ûgishima et al. (ûgishima et al., 1989) suggest that there is a single 

(mitochondrial) enzyme, which is responsible for aldosterone 1.13 



production from Il-deoxycorticosterone 1.11. This enzyme, found in the 

zona glornerulosa located in the outer adrend1 cortex of the adtena1 

g l a  , can catalyze 11 @-hybr~xylation, 18 -hydroxylation of 18 -methyl 

steroids, and 18-hydroxylation of 10-hydroxymethyl steroids . A second 

ensyme found in the zona reticularis-fasciculata vas founü to catalyze 

118-hydroxylation as well as hydroxylation of the 18-methyl group. but 

not aldosterone 1.13 production (ûgishima et al., 1989) . Suhara et al. 

have shown that an 118-hydroxylase enzyme may be responsible f o r  

19-hydroxylation and the production of 19-norsteroidp (Suhara et al., 

1988 1 

Glucocorticoids (i-e. cortisone and hydrocortisone from the adrenal 

cortex) are responsible for the transformation of proteins into glucose 

and liver glycogen. On the other hand, mineralocorticoids (i.e. 

desoxycorticosterone 1.12 and aldosterone 1.13) are of vital importance 

in the maintainance of electrolyte and wates balance. They are 

released in response to the concentrations of sodium, potassium, and 

chloride ions and niter in the blood. Aldosterone maintains the 

concentration of sodium, potassium, and chloride ions in the blood 

within the narrow limits sessential for life. 

In the adrenal and testis glands a microsoma1 cytochrome P-450 

enzyme is responsible for 17-hydroxylation of progesterone 1.3 

(l'la-steroid hydroxylase) and for the 17.20 C-C bond cleavage 

(17~20 -lysasel of 17a-hydroxyprogesterone 1.4 to form a weak androgen, 

androst-4-ene-3,17-dione 1.5. Reduction of the 17-ketone 1.5 by 

17p-hydroxysteroid dehydrogenase 3 (178-BSD type 3 )  affords the more 

powerful anârogen, testosterone 1.7 (Geissler et al., 1994; Anderson 

and Moghrabi. 1 9 9 7 ) .  Furthemore, many of the aadrogenic effects of 

testosterone are thought to be mediated by the 4 ,  S-reduced steroid 



Sa-dihydrotestosterone- The enzyme responsible for the reduction of 

testosterone, Sa-reductase, resides in some cell types which are 

responsive to androgen action. PresurPably, this enzyme can then 

potentiate the effect of testosterone by givkig rise to higher levels 

of intracellular Sa-dihydrotestosterone, which binds to the androgea 

receptor protein. Therefore, blockage of this enzyme is a method of 

control of benign prostatic hyperplasia (Russell and Wilson, 1994). 

The 4-aza-steroid 1.16, from Merck, Sharpe, and Dohme, is on the market 

under the brand name PROSCAR (Scheme 1.5). 

Schrau 1.5 4-Aza-steroid, inhibitor of Sa-reductase (Proscar). 

The last major steroid hormone products in the biosyathetic pamway 

from progesterone are estradiol and estrone, which are derived from 

testosterone and androstenedione, respectively. The enzyme reçponsikie 

for this androgen to estrogen transformation is also a microsomal 

cytochrome P-450, known as estrogen synthetase or aromatase. B o t h  

androstenedione and testosterone are direct substrates for aromatase 

and give rise to estrone and estradiol, respectively. Of these 

estrogens, estradiol is the more potent estrogen. Estrogens are 

further enzymatically oxidized, in the body, to catechols, e.g. 2- and 

4-hydroxyestrones. They are synthesized in various human organs, e.g. 



the liver, the pituitary, the hypothalamus and even in breast cancer 

tissue. In Scheme 1.6 are shown the metabolic pathways for the 

formation of the various catechol estrogens and their methyl ethers. 

Estradiol i s  largeïy convested to estrone by 17p-BSD type 2 (Anderson 

and Moghrabi, 1997; Labrie et al., 1997)- Estrone is fu-r 

rnetabolized to 2- and 4-hydroxycstrones, which are rapidly methylated 

by the catechol O-rnethyl transferase enzyme (COMT) to 2- and 4-methox- 

estrones. The transformation of 2- or 4-methoxyestrogens back ta 2- or 

4-hydroxyestrogens occurs. B a l i  et al. (Bal1 et al,, 1972) 

demonstrated that catechols have higher affinity for the catechol 

O-methyl transferase enzyme than for 

HO 
E s t r a d i o l  

Schamo 1.6 Metabolic pathway for catechol estrogens and their methyl 

ethers (Martucci, 1983) . 



catecholamines. Thus, they have been recognized as potent  inhibitors 

of the methylation of catecholamines- in addition, Schutze et al. 

(Schutze et al., 1994, 1993) s h o w e d  that 2- and 4-hydroxyestrogens 

interact with the estrogen receptor and could be transcriptionally 

active. The effects of 4-hydroxyestrogens are more pro~unced than 

2-hydroxyestrogens. 

The relative equilibrium b e t w e e o  estradiol and estrone does not 

depend only on the levels of testosteroae and androstenedione, as 

estrone and estradiol may be also interconverted by type 1 17B-HÇD and 

type 2 lfB-HSD type 2, respectiveïy (Labrie et ai., 1997). These 

enzymes are present in placenta and other tissues that synthesize 

estrogens. X-Ray crystallographic studies of type 1 178-EISD at the 

2 .20A resolution have revealed a fold characteristic of the short-chain 

dehydrogenase (Gosh et al-, 1995). 

A recent site-directed mutagenesis study of type 1 178-HSD showed 

that His22l as well as Tyr155 as essential for the enzymatic activity 

(Puranen et al., 1994). 

Another oxidoreductase , 20 a-hydroxys teroid dehydrogenase , depending 

on the pH and coenzyme concentration (NAD+ and NADH), is able to 

interconvert progesterone to its 20 (SI (20a) -hydroxy derivative (Pons 

et al., 1 9 7 7 ) .  1 7  B-Hydroxy- and 20 a-hydroxysteroid dehydrogenases 

have been associated with a number of biochemical processes, e.g. 

regulation of pregnancy (Kuhn and Briley, 1970; Matsuda et al., 19901, 

testicular fuxaction (Fan et al., 1974) and as an enzymatic marker for 

pre-T and T lymphocytes (Weinstein, 1982) . Rrrther, it has beea shown 

from in vitro studies that human breaat tissues contain high levels of 

17 $-hydroxysteroid dehydrogenase (Blomquist et al., 1987 ; Braselton et 

al., 1974) . 



Another oxidoreductase , 3 a, 2 0 p- hydroxys teroid dehydrogenase [Ec 

I. 1-1-53 1 of Streptomyces hydrogenans, also called ncortisone 

reductasen, ( H u b e n e r ,  1959) is able to catalyze the interconversion of 

3-0x0-Sa-steroids to the 3a-alcohols and 20-oxosteroids 3 to 20 (R) 

20 B-alcohols 14 (Scheme 1 2 . Schematic representations of the 

positions of the 20-0x0 and the 3-0x0-steroids in the active site of 

the enzyme are given in Scheme 1.7. 

progerterone Sa-pregnane-3, 20-dioac 

Schomo 1.7 Binding of 20-0x0- and 3-oxosteroid to 3a,20g-hydro- 

xysteroid dehydrogenase. 

Evidence that the 3a-and 20$-RSD activities are due to one enzyme 

cornes from kinetic cornpetition experiments using a mixture of 

substrates (Pocklington and Jeffery, 1968, 1969; G i b b  and Jef fery, 

19711, from the comigration of 3a- and 20P-EEDS activities on 

polyacrylamide dise gels, and from identical rates of their 

inactivation in acid at p H  4. S (Blomquist, 1973) , as well as from 

comparison studies of 30-  and 208-HSD activities with halo steroidal 

af f inity labels (Edwards and Orr, 1978 1 . X- ray crystallographic 

structure of the enzyme-cofactor (NADHI b h r y  complex has been carried 

out at 2.6A resolution (Ghosh et al., 1994; Ghosh et al., Orr, 1991). 

The structure detemination of 3 a, 20 $-ESD demonstrated the presence of 



a single eofactor site and a single substrate site per unit confirmin~ 

the t w o  ateroid orientations-one eofactor site amdel (Ghosh et a., 

O r r ,  19911, 

The amiao acid partial ( O r r  et al., 1990) and coqlete (Marekov et 

al., 1990) sequance data of 3a,20+HSD have been published. Thay 

showed that 3a,208-liSD belongs to the class of nonmetalla-short-chain 

alcohol dehydrogenase. Spectral aad kinetic analysis (Betz and W a n c n ,  

1968) revealed that the reaction m e c l u n t s m  of 3a.ZOB-BSD is essentially 

an ordered bi-bi mechanism. with the eofactor binding first and being 

released last. The 3a,208-HSD i s  active as a tetramer w i t h  four 

identical subunits (Blornquist, 1973, 1972; Kubner, 1963, Hubner et al., 

1959) and is cocmnercially available. During the reduction process, the 

enzyme traasfers hydride from NADH to various 3-0x0 (Byakawa, 1981) or 

20-0x0 (Sveat, 1980) steroids to give 3a- or 20 (RI 20 (8) -hy&oxysteroid 

derivatives, respectively. The enzyme has wide substrate speeificity 

for pregnanes, doing redox chemistry at the C-20 position of 

progesteroncs, pregnenelones, 21-deoxycortioones, and A ring saturated 

pregnanes as well as the originally 

al., 1980; Hyakawa et a l , ,  1981) . 

described cortisones (Kawamura et 

curtimœ a - f a c e  a p p r o a e h  O C  
hydr ide 

pigurm l . X  Proposed mechanisrn for stereospecific hydride transfer and 

proton relay during 20-keto to 20B-hydroxyl conversion (Duax and Ghosh, 



The observed three-dimeasional architecture of the catalytic cleft 

suggests the conserved -52 and Lys156 residues to be regarded as 

having a priniary role in the hydride and proton transfer reaction in 

SDRs (Duax and Ghosh, 1997) . Figure 1.1 illustrates a possible 

mechanism by which the consemed residues and solvent molecules in the 

catalytic cavity can catalyze the reaction d u r i n g  20-keto to 

208-hydroxyl conversion (Duax and Ghosh, 1997). 

~lycyrrhizic acid and its metabolite carbenoxolone have been found 

to be very potent competetive inhibitors of 3a,20@-~sD (Ghosh et al., 

1992). X-Ray crystallographic analysis of the complex of carbenoxolone 

and 3a,20p-EIçD at 2.2A resolution revealed the hemissuccinate side 

c h a h  of carbenoxolone formo a hydrogen bond with the hydroxyl group of 

the conserved -52 and occupies the position of the nicotinamide ring 

of the cofactor (Ghosh et al., 1994) . 

The biosynthetic interrelationship among al1 of the steroid 

hormones has important implications for hormonal diseases. A number of 

clinical situations exist in which steroid hormones, either in normal 

amounts, or whea produced in  excess, have a role in the pathoganesis of 

the disease. For example, a 17 @-hydroxystexoid dehydrogqase 

deficiency is an inborn error of metabolism, which causes a known form 

of male pseudohermaphroditism (Anderson et al., 1996). The severity and 

unique characteristics of this disorder were indicative of a specific 

deficiency in testicular testosterone synthesis described originally by 

Saez et al. (Saez et al., 1972, 1971) . 
mother interesthg biological feature related to these steroids is 

the similarity between the oxidative biosynthetic enzymes involved in 

their production. Maay are cytochrome P-450 enzymes which in each case 

utilize a cysteine bound heme and niolecular oxygen to effect 



hydroxylations and other oxidative reactions. One of the cytochrorne 

P-450 enzynes, aromatase, attracted the interest of many scientists of 

diverse diciplines. Four international conferences solely dedicated to 

this enzyme have been held, in 1981, 1985, 1992, and 1996. The 

published proceedings [Cancer Research (Suppl . 1 ,  1982 ; Steroidç, 1986 ; 

J. Steroids Biochem. Mol., 19931 of the First 1981, Second 1985, and 

Third 1992 International Aroraatase Meetings provide a comprehensive 

account of the broad range of research interest that have been pursued 

in the aromatase field. 

1.2. O BSTROOm 8-AS1 (AROMATASI) 

1.2.1 A r o ~ u t r n m  and Brarst Cucinoma 

Estrogens are knawn to promote the growth of specific tumours such 

as breast, prostate, and uterine (Foye, 1995; Brodie, 1985; Johnston, 

1984; Bradlow, 19821, which indicates that some tumors retain the 

rnechanism of hormone-dependent transcription of target genes. It 

ultimately leads to cell proliferation (Dickson and Lippman, 1987; Tsai 

et al., 1989). Certain forms of cancer of the breast in females have 

been deseribed. In treating neoplastic disorders the significant part 

played by estrogen blockade has stirred interest among those related to 

the solving of the problern of cancer in wornen. 

Breast cancer i s  one of the two leading causes of death by cancer 

in women. Approximately 183,000 cases of breast cancer in women are 

diagnosed each year in the United States. In almost 2/3 of the breast 

cancer patients, their tumors contain estrogen receptors. About 5 0 %  of 

metastatic breast cancer is estrogen receptor positive. Between 50-70% 

of those patients showing estrogen receptor positive breast cancer 

tespond to hormone therapy. Patients with breast cancer that contain 

both esttogen and progesterone receptors have indicated an even higher 



response rate of approximately 75 -80%- Approximately, 1/3 respond to 

endocrine therapy. Inprovernent in the correlation of hormone therapy 

responsiveness among breast cancer patients has been brought about by 

the introduction of steroid receptor assays. 

Pathologie conditions also treated by anti -es trogen therapy 

include: endometrial carcinoma, endometriosis, fibrocystic disease, 

male pubertal gynecomastia, prostate cancer, and idiopathic 

oligospermia . 

The inhibition of estrogen action by therapeutic intervention is 

centered on two approaches: (1) the development of estrogen receptor 

antagonists, i.e. antiestrogens; or (2 )  loweririg the estrogen levels in 

vivo. 

Recent studies (Webster et al., 1988) have suggested that the 

antiestrogen receptor complexes are not able to stimulate 

transcription. Models in vivo have demonstrated that antiestrogens 

affect tumor cells directly as well as result in reductions in 

circulating estrogen and prolactin (Jordan et al., 1980) . In estrogen 

E/Z isorners 

Tamoxi fen 

Sch- 1.8 Chemical structure of tamoxifen, droloxif ene, and 

toremifene: the anti-breast cancer drugs. 



receptor antagonist development , the best established compound is the 

stilbene derivative, tamoxifen (ICI 6 ,  , Bardin and Catterall, 

1981) as well as its two analogues droloxifene (Jordan et al., 1977) 

and toremifene (Kalio et al,, 19861, (Scherne 1.8). 

Tamoxifen is a weak agonist as well as antagonist. So, the benefit 

of this antagonist may not be long lasting. gventually breast tumours 

may resist the drug (Early Breast Cancer T.C.G., 1992) . This may lead 

to the disease recurrence in the patients. The agonist (estrogenic) 

activity of the drug tamoxifen is believed to result in side effects 

which include tumour flares and vaginal cornification. 

The second approach, lowering the estrogens levels in vivo, may be 

achieved by endocrine ablation or medicinal therapy. A century ago, 

pioneering effort in surgical therapy (oophorectomy) led to improved 

outcomes in breast cancer patients (Beatson, 1896). 

A variety of surgical procedures have been employed to reduce 

estrogen production, i.e. ovariectomy, adrenalectomy, hypaphysectomy 

(schneider et al., 1994). It is noted that adrenalactomy diminishes 

the estrogen precursor, androgens, levels. The hypophysectomy 

procedure is used to prevent the formation of ACTH which is an estrogm 

production stimulator (Namer, 1989). Morbidity and occasional mortality 

can occur with the surgical procedure. 

Also, estrogen syntheses take place in peripheral tissue such as 

fat, muscle, liver, brain, and breast tissue as well as in gonads, 

adrenal, and placenta. Peripheral aromatization becomes the main source 

of estrogen production in women after menopause. This increases with 

age. For example, synthesis in the muscle and adipose tissue 

contributes to the total production of estrogens in 2 5 ~ 3 0 %  and 10-151, 

respectively. Therefore, traditional surgical procedures are limited 



as complete approaches to removing endogenous estrogen in breast cancer 

treatment, as significant reduction of estrogen may continue in 

peripheral tissue. 

Al ternative approaches to reduce estrogen levels , however, are 

gaining interest. Considerable attention to inhibition of aromatase, 

which catalyses the final step of estrogen production, (i.e. the 

conversion of steroidal andtogens to estrogens 1 has been a principle 

target of inhibition study. 

1.2.2 Aromatrao-Subatrrtm B i n d i o g  Porcm8. 

Illustration of the structural details of the active-site mode1 

involved in substrate-enzyme or inhibitor-enzyme interactions can 

provide insight into enzyme action and help to detennine the structural 

complernentarity of the substrate (inhibitor) and the enzyme, which is 

crucial for the design of effective inhibitors. In general, binding 

forces involved in substrate (inhibitor)-enzyme interactions include, 

digole moment, electrostatic bonding, hydrogen bonding, hydrophobic 

bonding, van der Waals forces, and London dispersion forces. Besides 

non-covalent bonding, covalent bonding is also f ound - in 

inhibitor-enzyme interactions. Covalent bonding is necessary for 

irreversible mechanism based (suicide) inhibitors. One of the most 

striking features of aromatase inhibitors is their structural variety, 

from substrate-like molecules such as 4-hydroxyandrost-4-ene-3,170dione 

1.63 (Scheme 1.221, (Brodie et al., 1977) to others such as the 

glutarimide derivative, rogletimide 1.40 (Scheme 1.151, (Laughton et 

al., 19901, which bear little resemblance to a steroid. 

Scheme 1.9 shows elements of the active-site geometry of aromatase 

deduced from experimental data (Laughton et al., 1993). Based on these 



&ta, a lack of tolerance of increased steric bulk at positions C-1 and 

C-2 is faund. In the region C-4, C-6, and C-7 a hydrophobie pocket is 

obaerved. The substrate binding pockct appears to give a tight fit in 

the region of the D-ring. based on the poor binding steroid in 

derivatives with the D ring opened (Laughton and Neidle, 1990; 

Mul-Hajj, 1986; Bnieggemeier et al.. 1 9 7 8 ) .  However. the same study 

also indicated that interactions of the enzyme active-site with the 

C-17 substituent a3peared ta have limited importance. 

Herne 

e o n s t r a i n t s  

H - b o n d r n g  

S t e r i c  
c o n s  t r r i n t s  

scbmma 1.9 The active-site geometry of aromatase, deduced from 

experimental data (Laughton et al., 1993) . 

The orientation of the heme group relative to the steroid has been 

inferred from the sites of oxidation (Cole and Robinson, 1989) , from 

the contribution of the C-19-mtthyl gtoup to the inhibition of cyanide 

binding to the heme (Kellis and Vickery, 19871, and from the structures 

inhibitors that interact directly with the heme group (Kellis 

al-. 1986; Wright et al., 1985) 



On the basis of the these observations, it has been predicted that 

the heme is positioned so that the distance of the heme-iron atom front 

atoms C-1, C-2, and C-10 of the steroid will be about 7A, and the angle 

between heme and the steroid A-ring mean planes will be about 4 5 '  

(Kellis and Vickery, 1987) . 

1.2.3 kamatasa #.chrai- 

Aromatase belongs to the cytochrome P-450 enzyme family. ~t 

functions with flavoprotein NADPH-dependent reductase. Much has been 

learned, about the structure and function of cytochrome P-450 enzyme 

RH ( s u b s t r a t e )  

( p r o d u c t )  

( R OH)F~~+ 

e' NADPH 

h i g h  s p i n  s t a t e  (RH)F=~+ 

t .. 
( B H ) F ~ ~ ~ O '  i r o n  mono-oxygcn 

ko2 
(RHIF$+( -0-0- ) 

Schaw 1.10 Postulated cytochrome P-450 cascade of hydroxylations 

(White and Coon, 1980). 



systeniri, from mechanistic studics of bacterial camphor hydroxylase, 

liver microsomal detoxifying enzymes, and metalloporphyrin mode1 

systems (Ortiz de Montellano, 1986). The main monooxygenation 

reactions performed by the cytochrome 0-450 active-oxygen species are 

indicated in Scheme 1.10 (White and Caon, 1980; Mansuy at al., 1989). 

Aromatase, in ifs resting state (in the absence of substrate), 

exists in equlibrium with two forms of cytochrome P-450:  a 

hexacoordinate low-spin iron(II1) complex bearing two axial ligands and 

pentacoordinate high-spin iron (111 complex with one ligand. The 

hexacoordinate (octahedral) heme iron (pe3+) , in the low-spin state 

(one unpaired electron) , is surrounded by the following ligands : the 

four nitrogens from pyrrole rings of the porphyrin, one thiolate from a 

cysteine residue, and one water molecule. The thiolate and water 

molecule are in an axial orientation. The pentacoordinate high-spin 

iron (III) complex exists with cysteine as the only axial ligand. Upon 

substrate binding, (RH) ~e", which occurs, in general, on a 

protein-binding site close to the heme, the equilibrium is shifted 

toward the pentacoordinated iron (square pyramidal). The sixth ligand, 

i.e. water molecule, is expelled (presumably for steric reasons or 

entropy driving forces). Simultaneously, the heme iron becomes high 

spin (five unpaired electrons) and this change is accompanied by a 

characteristic W-absorption spectrum change of the Soret band maximum 

from about 420 n m  to about 390 nm. The high spin iron possesses a 

larger atomic radius and can no longer fit into the centre of the 

porphyrin. 

In the presence of NADPH and the reductase, the iron ( ~ e ~ + ) ,  in the 

high-spin enzyme-substrate complex is reduced by one electron to give 

the high-spin pentacoordinate ~e~*-coinplex. St is thought that the 



rate of reduction is dependent upan the high spin-low spin equilibrium 

discussed above, with the high spin form favouring reduction. The 

high-spin pentacoordinate ~e+~-compleac is able to bind various ligands 

such as CO, isocyanates , nitrogenous bases, phosphines, and dioxygsn. 

Binding of dioxygen leads to relatively stable hexaeoordinate lov-spin 

complex, (RH) ~e ')+(O z )  (Scheme 1.10) . This 0 2-Fe interaction has baen 

R O H  4-1 
+ 

.. 
0-0- O-OH 

S e h m  1 .ll The Fe1 "WH species formed by the sequence 2.17-1.21 io 

converted into the 0x0 derivative 1.21. 

formulated as involving either unreduced oxygen or superoxide (with 

Fe 3+) as the available evidence is consistent with either formulation. 

Next, a second electron is transferred to the iron (making one 

full-equivalent of NADPEI per cycle) followed by a proton addition to 

yield the iron peroxide intermediate, (RB) ~e 3- WH. Thereaf ter, 

fragmentation of this unstable intemediate by cleavage of the 0-0 bond 

in the peroxide furnishes an iron-0x0 speeies, (R ) Fe ''0 ' O . .  This 



iron-0x0 species is believed to perfonn the hydroxylation of substrate. 

The iron-0x0 species (Scheme 1-11, 1.21r-1.21~) are considered to 

have the Fe4+ porphyrin radical cation oxidation state based on arralogy 

to the peroxidases and catalases where a number of physical techaique= 

(EPR, ENDOR, EXFS, NMR, Mossbauer, magnetic susceptibility, UCD, W) 

has been used to determine the oxidation state of the iron (for reviews 

see Akhtar and Wright, 1991; Paterson and Prough, 1986) . 

The intramolecular redox reaction 1.218 + 1.21b involved in the 

formation of the radical cation 1.2lb is presumably aided by the 

greater stability of ~ e "  over peV. The ( .  *)Fe ''-0 , 1.2Zc. behaves 

like an alkoxy radical and participates in the hydroxylation reaction 

via a free radical mechanisrn, as showa by the formation of both racemic 

and rearranged products. The aromatase reaction is shown in Scheme 

HO 
1.25 H'COOH NADPH 1.24 

Schama 1.12 Conversion of androst-4-ene-3,lt-dione to estrogen by 

human placental aromatase: elimhation of the 19(pro-RI -8 as H g  and 

the 19 (pro- S) -H as HCOOH (Akhtar et al., 1982) . 



Since 1955, when Meyer (Meyer, 1955) first showed that 19-hydrox-y- 

androsteaedione 1.23 had been converted to estrone, many investigators 

have pursued mechanistic studies of the aromatase reaction. A review 

of al1 the studies teported to date on the aromatase mechanism will not 

be attempted- For a compzehensive description of mechanistic studies, 

the reader is refered to sevexa1 reviews (Akhtar and Wright, 1991; 

Ortiz de Montellano, 1986; Geucngerich and M a c D ~ ~ l d ,  1984; Ruckpaul 

and Rein, 1904;  White and Coon, 1 9 0 0 ) .  However, a short introduction 

to the aromatase mechanism will be presented in this chapter. 

Ryan first reported that the microsomal fraction of human placenta 

cells can be used to study the aromatase reaction ( R y a n ,  1958) . The 

conversion of androgen 1.22 to estrogen 1.25 is a process comprised of 

three steps as s h o w  in Scheme 1-12. The stoichiometry of the process 

was established by Thompson and Siiteri (Thampson and Siiteri, 1975) , 

who showed that, in the overall aromatization reaction that forms 

estrogens, three molecules of moleçular O w e n  and six reducing 

equivalents from NADPB were consumed. Experiments performed with 

microsomal (membrane-bounded placental preparations ) initially 

suggested that the three.aromatase monoacygenation reactions occurred at 

a single active site. This suggestion wats skorted by results 

obtained with purif ied aromatase which showed that 

androst-4-ene-3,17-dione, 19-hydroxyandrost-4-ene-3,17-dione, and 

andro~t-4-ene-3~17-dion-19-al weze al1 aromatized by a 55 kDa protein 

that migrated as single band on an SDS-polyacrylamide gel. Aromatase, 

P-45OarQm, catalyzes a sequurce of two carbon hydroxylations. The 

first 19-methyl hydroxylation affords the 19-hydroxy intemediate 1.23 

(Meyer, 1955 . The reaction occurs with retention o f  configuration and 

is accompanied with a normal kinetic isotope effect (kH > k~ > KT), 



( C a s p i  et al., 1986) - 

During the second hydroxylation, the 19-hydroxy intermediate 1.23 

is oxidized to the 19-aldtàyde 1.24, and the 19-pro-R hydragen is lost 

into the water medium (Azriqoni et al. . 1975 : Osawa et a l , ,  1975) . No 

isotope effect was observed. Moreover, Akhtar et al. (AWltar et al., 

1986) showed that the aldehyâe oxygen atom was derived solely from the 

f irst mole of oxygen consumed, based on studies with 180 which revealed 

that there was no label incorporation iato androst-4-ene-3,17-dion- 

19-al during the second hydroxylation. The above oxidation process has 

been rationalized either by invoking stereospecific dehydration of the 

19-gem-di01 intermediate or by invokiag direct hydrogen abstraction 

from a 19-carbinol radical species. The results of studies by Covey 

and CO-workers (Bensen et al ., 1986; Covey, 1987) are consistent with 

the former pathway, while experiments by Wright and Akhtar (Akhtar et 

al., 1981) are consistent with either process. Duax and Osawa (Duax 

and Osawa, 1980 suggested that conf ormational f eatures of 19-hydroxy- 

andro~t-4-eae-3~17-dione might contribute to the stereospecificity of 

its hydroxylation. Their crystallographic studies of 19-hydroxy- 

androst-4-ene-3,17-dione. established that the 19-hydroxy group is 

located over the steroid A-ring in the solid state. In the light of 

the recently proposed mode1 by Oh and Robinson, (Oh and Robinson, 1993) 

this solid state confirmation supports the accepted enzyme-bound 

conformation required to effect stereoselective removal of the 19-pro-R 

hydrogen . 

In the third step, the C-IO-C-19 bond is oxidatively cleaved to 

give estrogen, Formic acid and water. Oxygen atoms each of the first 

and third moles of oxygen coasumed, as well as the 19-pro-S hydrogen, 

are incorporated into the fonnic acid (Scheme 1.12) , (Akhtar et al., 



1982). in the case of an&ost-4-uie-3,17-dione and its C-19 oxygenated 

analogues, the final oxidative reaction involves stereospecific removal 

of the IB- and Z~-hydrogerzs (Brodie et al.. 1969; Pishmann and Guzik, 

1969) . The situation for 17s-hydroxy androgens, testosterone and its 

19-aldehyde axalogous is different. In these, oply the 18 hydrogen 

atoms are abstracted stereospecifically while the C-2 hydrogep atoms 

are eliminated non-stereospecifically. The 28  or 2a hydrogen atoms are 

lost in variable amaunts of up to the 6 : s ;  2g-H:Sa-H ratio (Cole and 

Robinson, 1988) . 

Any mechaaism proposed for the third step must accorrirnodate the loss 

of the le- and le-hydrogeru and incorporation of two oxygen atoms from 

molecular oxygen into the formate released. Several mechanisrns for 

this step have been postulated and examined. Some of them were 

consistent w i t h  the isotopic labeling data and they are diswsed  

below . 

One of the earliest theories vas proposed in the 1960's by Townsley 

and Brodie (Tounsley and Brodie, 1968) . It involved 18-hydroxylation 

and subsequent fragmentation. Early support for this mechanism came 

from the tact that 19-noruidrostene-3.l7-dione vas 1 e-hyàroxylated by 

placental microsomes. However. this mechanism was not able to explain 

the incorporation of an isotopic oxygen into the formic acid. Later, 

it was modified by Akhtar et al., who proposed the formation of a 

hemiacetal (Akhtar et al., 1981) . Although this mechanism accounts for 

al1 the isotopic labeling data, it is not considered likely because 

formation of the four-membered ring hemiacetal would be energetically 

unf avourable . 

One of the mechanisms involved water attack on the 19-aldehyde with 

subsequent C-10-C-19 fragmentation and elimination of water to afford 



formic acid plus estrogen (Townsley and Brodie, 1968) However, the 

discovery that an atom from the thisd equivalent of 0 2  was incorporated 

into formic acid weakened this proposal. 

In the early 1970ts, Hosda and FisivMn (Hosda and Fishman, 1974) 

proposed a theory based on the formation and non-enzymatic 

aromatization of 2~-hydroxyan&ost-4-ene-3,17-dion-19-a1. Indeed, 

2~-hydroxyan&ost-4-ene-3,17-dion-19-a1 was found to undergo rapid 

transformation to estrone in pH > 6 aqueous buffer, in contrast to 2a- 

hydroxyandrostene-3,17-dion-19-al which was shown to be stable. That 

the 2B-hydroxy conipound did net form estrone, in non-aqueous solvent, 

led to the initial suggestion that the 19-aldehyde function was 

attacked by water and the resultant hydrate subsequently fragmented to 

estrone and formic acid. But, when Akhtar et al. (Akhtar et al., 1982) 

showed that f o d c  acid eliminated in the aromatization step contains 

the first and third oxygen atoms consumed in the catalytic sequence, 

H a h n  and Fishman (Hahn and Fishman, 1984) modified their postulated 

mechanism. Akhtar's experiment led them to the postulate that 

intramolecular addition of the 2e-hydroxyl to the 19-aldehyde moiety to 

give herniacetal precedesnrupture of the carbon-carbon bond. 

Other experimental results, which were consistent with the 

2 p-hy&oxylation mechanism included the following : (1) 18 hydrogen 

losses during non-enzymatic aromatization of 2 B-hyàroxy- 

androst-4-ene-3,17-dion-l9-al, as it was observed upon aromatase 

reaction with its substrate; (2) isolation of tetrol derivative of 

2~-hydroxyan&ost-4-tne-3.17-dion-l9-al (forapd by in situ N~B%,CN 

reduction) in 0.13% yield from androst-4-cne-3,l'l-diont in microsomal 

incubztions; (3) inhibition of aromatase activity, in such an 

incubation, that SB-hy&oxyandrost-4-ene-3,17-dion-19-a1 was trapped 



with monoclonal antibodies . Thus, the 2 p- hydroxylation theory was 

valid for over ten years (1972-1984). 

In 1984, Caspi and his CO-workers (Caspi et al., 1984) synthesized 

2 8- 180-hydroxyandrost-4-uie-3, 17-dion-19-al, and subjected it to 

aromatization in the presence and absence of microsomal aromatase. In 

neither case was the formate found to contain ' * O .  These reçults 

indicated that, although 2~-hyàroxyandrost-4-ene-3,17-dion-19-al is 

formed by microsomal aromatase, it is not an intemediate of the 

dominant aromatase reaction pathway indicated by '*O labeling 

experiments. These fiadings have been challenged, and results from 

similar experiments showing "O incorporation into formate from 

collapse of an isotopically labeled 2p-hydroxy group of 

2 p-hydroxyandrost-4-ene-3,17-dion-19-al have been presented (Fischnran 

and Hahn, 1987) . Recently, in a revised experiment, Caspi et al. 

showed that aromatizat ion of androgens , indeed involves the 

intennediacy of t~-hy&oxyan&ost-4-ene-3,17-dion-19-al (Caspi et al., 

1993) . Thus, incubation of 2 ~ - [ 1 ~ ~ 1 - h y d r ~ ~ d r o s t - 4 - e n e - 3 , ~ 7 -  

dion- 19-al with placental aromatase gave HC1 'WH. Although the results 

of the experiment were xather scattered (10- 91% incorporation) , they 

showed that the 28- "OR was incorporated in the eliminated f ormic acid. 

This incorporation of isotopic oxygen in the formic acid is consistent 

with the view that one of the alternative routes of estrogen conversion 

may involve a 2 $ ,l9 -dioxygenated androgen . 
Alternative mechanisms of aromatization have been excluded. These 

involved 4,s epoxidation (Morand et al. , 1975) , 18-hydroxylation 

(Townsley and Brodie, 19681, Baeyer-Villiger oxidation at C-19 (Akhtar 

et a1.,1982), lO$-hydroxyestr-4-ene-3,17-dione production or Schiff 

base formation through the 3-keto function that involves water attack 



on the 19-aldehyde group. 

A theory originally proposed by Akhtar et al. invokiag nucleophilic 

attack of an iron peroxy intermediate on the 19-aldehyde intermediate 

to give a peroxide species is the onïy one that has remained consistent 

with experimental data and P-450 mechanistic theory (Akhtar et al., 

1976) . Thus,  the attack of an enzyme bound ferric peroxide ( F ~ + ~ w H )  

on the 19 -aldehyde group produces the geminal hydroxyf erric peroxide . 
It was also suggested that the -table intennediate is able to 

collapse to estrogen and f o d c  acid by abstraction of TB-H (Stevanson 

et al., 19851, hydride shift (le-H) (Akhtar et al., 19821, or free 

radical elimination (18-H- 1 , (Stevanson et a l . ,  1988) . 

Support for a peroxide mechanism which may promote an acyl-carbon 

cleavage is also provided by other findings. F i r s t ,  in mode1 studies, 

Cole and Robinson have shown that the decomposition of a synthetic 

19 -hydroxy-19-peroxide leads to the formation of an aromatic contpound 

(Cole and Robinson, 19881 . Second, the work of Roberts et al. and Vaz 

et al. examined the metabolism of a large number of aliphatic aldehydes 

with eight different drug metabolizing P-450 enzymes (Roberts et al., 

1981; Vaz et al., 1991) .. It was found that four of these were capable 

of catalyzing the acyl-carSon fission, in the presence of H202, as 

exemplif ied by the conversion of cyclohexylaldehyde into cyclohexene . 

Third, Ranj ith et al., during their studies on aromatase, have isolated 

minor products whose origin could be explained from the decomposition 

of a C-19 peroxy species (Ranjith et al., 1993) . . 
Recently Oh and Robinson (Oh and ~obinson, 1993) presented a 

detailed proposa1 for arornatase action based on Akâtar's peroxide 

mechanism (Stevanson et al., 19881, (Scheme 1.13). 



QC~.PP.  1.13 Proposed mcchanism of aromatization of androstanedione t o  

estrone by Oh and Robinson (Oh and Robiason, 1993). 



1.3.0 AROMATZLSB INXXBITION 

Aromatase, P-450, ,,. requises three general catalytic cycles to 

complete the full conversion of anârogens to estsogens. Bach of these 

cycles i s particularly vulnerable to inhibition: (1) the binding of the 

substrates, (2)  the binding of molccular oxygen subacquent to the first 

electron transfer and ( 3 )  each of the catalytic steps in which the 

substrate is actually oxidized. 

Cornpounds that inhibit cytochrome P-450,,., can be divided into 

three mechanistically dif f erentiable categories : (1) compounds that 

bind reversibly (Type 1) . (2) compcunds that form quui-ineversible 

complexes with the heme iron atom (Type II). and ( 3 )  compounds that 

bind irreversibly to the portion or heme group or that accelerate 

degradation of the prosthetic heme group without dernonstrably binding 

to it. 

Inhibitors that interfere in the catalytic cycle prior to the 

actual oxidative event are reversible. cornpetitive or noncompetitive 

inhibitors. Compounds that act during or subsequent to the oxygen 

transfer step are generally irreversible or quasi-irreversible 

inhibitors. The latter are referred to as mechanism-based, suicide or 

k , , , , inhibitors. 
Inhibitors that compete reversibly with substrates for occupancy of 

the active site include substances that bind to its hydrophobie domain, 

coordinate to the prosthetic hame iron atorn, participate in specific 

hy&ogen bonding or participate in ionic interactions with specific 

active-site residues. Mechaniw-based inhibitors are potentially more 

enzyme-specific than reversible inhibitors, because the inhibitor must 

first bind te the enzyme, i . e .  (1) it must be recognized and accepted 

by azyme, (2) it must then be catalytically activated, and finally, 



( 3 )  a reactive species is produced which irreversibly alters the 

enzyme, and thereby removes it permanently from the catalytic pool. 

Three classes of the catalysas-dependent irreversible inhibitors of 

P-450,,,, can be considered: 

(1) compounds that bind covalently to the pratein; 

(2) compounds that quasi-irreversibly coordinate ta the prosthetic 

heme iront and 

( 3 )  compounds that alkylate or degrade the prosthetic heme group. 

Many non-steroids and steroids have been designed, synthesized, and 

tested as aromatase inhibitors. However, this discussion will be 

focused on compounds where the mechanism of interaction has, at least 

partially, been explored, those that show exceptional inhibitory 

properties and those that show clinical promise. 

1.31 Typo 1, C q m t i t i v a  inhibitorm. 

Useful inhibitors would be compounds that bind reversibly to the 

active site, heme, of aromatase as steroid substrate analogues, and 

which do not dissociate very rapidly- In this way, selective 

inhibition of aromatase may be achieved by compounds which interfere 

with androgen aromatization by binding to the enzyme. Such compounds 

produce Type 1 high-spin spectra, e.g. changes in the W-absorption 

spectrum Soret band of the enzyme-bound heme. As mentioned in the 

aromatase mechanism chapter, this phenornenon is characteristic for 

cytochrome P-450 enzymes. A Type 1 complex induces a shift in the 

Soret band maximum from about 420 nm t o  about 390 m. For this class 

of inhibitor, the lower the apparent Ki or ICso, the better the 

inhibitor. This relationship is not necessarily easily extended to 

drug utility where such considerations as metabolism, bioavailability, 

toxicity, distribution, and synthetic expense become critical. 



1.31 
i n h i b .  30% at 20 pH 

O 

1.35 1.36 1.37 
K i =  3000 nH (from IC50) Ki- 56 nH ( f r o m  ICS0) 

sch.ni. 1.14 Type 1, steroidal competitive inhibitors of aromatase. 

~ a n y  compounds were synthesized and evaluated as Type f competitive 

inhibitors and some exampies are presented in Scheme 1.14, which 

include 2,2-dimethylandrostene-3,17-dioae 1.26 (Furth e t  al., 1990)~ 

3-methylene-a&ost-4-en-l7-one 1.27 (Miyairi and Fishman, 1986), 7a- 

thio-(p-iodophenyl)-ândr0~tene-3,17-di0ne 1.28 (Brueggemeier e t  al., 

1987) , 5 ,  IO @-cycloan&ostane-3,17-dione 1.31, log-vinylestr-4-ene- 

3,17-dione 1.32, and lOB-ethylestr-4-ene-3,17-dione 1.33 (Marcotte and 

Robinson, 1982a,b) . 



As we can see, the Ki values (Scheme 1.14) are very close to the 

Km of androstenedione (30 nM) . Rtrthermore, it is interesting that al1 

of the most potent inhibitors have similar Ri values, despite their 

difterent stnictures. Thus, the mode of binding of these competitive 

inhibitors may be somewhat diiferent from that of the n o m l  

substrates, and therefore they are not processed readily. 

The varied structures of the above inhibitors make it diffieult to 

deduce key active site features. However, it seems that hydrophobic 

functionalities lead to increased affinities. For example, by simply 

increasing the log-ethyl chain laagth by one CH2 group (as seen in 

1.35) there is an increase in the binding constant by factor of 300 

(3.4 kcal/mol) . Inserting a CH2-group iato the C-lO/C-19 bond of the 

10p-vinyl compound 1.32 (as in 1.35) increases the Ri by a factor of 20 

(1.8 kcal/mol) , (Marcotte and Robinson, 1982) . 

Furthemore, the A ring conformation seems to play a critical role, 

as sa-androst-2-en-17-one 1.29 is a weak binder (Schearzel et al., 

1973), whereas androst-4-ene-17-one 1.30 is a potent inhibitor (Ki. 37 

IM) , (Numazawa et al., 1989) . Compound 1.33 was evaluated initially as 

a competitive inhibitor. of aromatase and later investfgated as a 

substrate for the enzyme. The diasteromeric compounds 1.34, which are 

potential monooxygenation products of compound 1.33 (19-CH 2CH 3) were 

exarnined as aromatase substrates. It was found that both compounds 

gave Type 1 binding difference spectra and are both converted ta 

compound 1.37 (Beusen et al., 1987). The latter result strengthens the 

idea that a bydrogen bond donor on the a-carbon atom of the side chah 

at C-LO i s  important for the subsequent monooxidation of substrate 

analogues by aromatase. 

compound 1.37 binds well to aromatase and gives a Type 5 binding 



difference spectrum. Nevertheless, it is not oxidized by aromatase. 

It has been suggested that, because compoluzd 1.37 is a methyl ketone, 

its rate of hydration to the corresponaiag gediol would be 

considerably slower than that of 19-oxoandrostenedione. Thus the 

compound may bind to the enzyme but be unable to form the gem-di01 

required for its further monooxidation. This could explain why even 

the enzyme-generated compound 1.37 is not further modified by 

aromatase . 
The lack of enzyme inactivation by compound 1.36 cari be explained 

by the tight binding of 1.36 to aromatase. Moreover, its C-10 side 

chain must bind in a such manner to preclude its oxidation (Marcotte 

and Robinson, 1982) . 

The structural modification of androst-4-ene-3,l'l-dione at C-3 gave 

the 3-methylene compound 1.27. The compound was able to bind tigbtly 

to the enzyme, but it was prevented from oxiàation at C-19 (Miyairi and 

Fishman, 1986). Another modified compound, a C-19 wsubstituted, 

S,10~-cycloandrostane-3,17-dione 1.31, showed only 30% inhibition at 20 

pi concentration (Marcotte and Robinson, 1982b). 

The 70-substi tuted . compounds are representative of potent 

competitive inhibitors of aromatase. For example, compound 1.28 has 

been shown to inhibit aromatase cultured MCF-7 human mammary cancer 

cells without dibiting any estrogenic effects and also caused 

regression of dimethylbenzanthracene-induced estrogen dependent mammary 

tumors in rats (Brueggemeier et al., 1987) . 

1.3.2 Typo II, Bathochrornic Shitt Campatitiva Inhibitorm. 

Type II competitive inhibitors are represented by compounds that 

contain suitably positioned heteroatoms, which are capable of 



coordination to the heme iron of cytochrome P-450. This type of 

binding is reflected ia Soret Band shift (bathochromic with respect to 

Type .I binders) - The ptecise Soret band displacement is often 

diagnostic of the heteroatom type (N, S. O, S - 2 ) .  Thc term, Type II, 

for convenicnce,is wed to refer to al1 of the Fe-coordinating 

inhibitors, regardless of the nature of the heteroatom. However, not 

al1 heterocycles behave as Type 11 competitive inhibitors. The 

structural characteristics of an organic compound as well as the 

position of the heteroatom will detennine the specifacity of the 

interaction. Type II inhibitors are expected to behave as reversible 

inhibitors, although their Km can be very low particularly for potent 

binders. Again this type of inhibitor is divided into two groups, the 

non-steroidal and steroidal inhibitors. 

Aminoglutethimide (AG) 3 8  (Schene 1.15) was the first 

non-steroidal aromatase inhibitor to be developed and marketed for the 

treatment of breast cancer (Santen et al., 1981). Initially, this 

compound was introduced as an anticonwlsant but its use was 

restricted, when it was realized that the compound causes adrenal 

insufficiency. AG was found to be a competitive inhibitor of P-450 

enzymes and interferes with desmolase, Il-hyüroxylase, 18-hydroxylase, 

21-hydroxylase, and aromatase (Chackraborty et al. , 1972) . AG is a 

noderately poterit aromatase inhibitor (Ki = 0.70 w, ICso = 44 and 

exists as a mixture of D- and L-enantiomers. Uzgris et al. detennined 

that the 0-enantiomer was 30-fold more potent than the L-enantiomer for 

aromatase inhibition (Uzgris et al., 1977) . The aminophenyl nitrogen 
appears to play a key role for bkding although it is not certain which 

nitrogen atom is actually coordinated to the iron. AG is now used to 

reduce estrogen formed in peripheral tissue by aromatization of adrenal 



androgens in post-menopausal breast cancer patients. Hydrocortisone is 

given concomitantly for glucocorticoid replacement. AG produces 

objective disease remission to the same extend as surgical 

adrenalectomy, thus establishing it as a usefuî agent in breast cancer 

treatment (Santen et al., 1981; Brodie and S a n t a ,  1986) . 

Modifications of aminoglutethimide were alsa investigated to 

improve selectivity for aromatase inhibition while reducing the 

inhibition of other enzymes. Several other non-steroidal reversible 

aromatase inhibitors, more selective than aminoglutethimide, have been 

developed and now are in various stages of clinical evalwtion, 

including fadrazole (CGS 16949A) 1.39, rogletimide 1-10,  and triazole 

CGS 20267 1-41 (Scheme 1.15) , (Lang et al., 1993) . 

Aminoglucethimide 

Ki- 700 n n  

Fadrazole 
(CGS 1 6 9 4 9 A )  
Ki- 1.5 nt4 

1.41 
CGS 2 0 2 6 7  

Sch- 1.15 Type II, non-steroidal competitive inhibitors of 

aromatase . 



Conrpound 1.39 (CGS 16949A, Ki = 0.0015 pl) is a selective aromatase 

inhibitor with excellent potential as a n e w  pharmaceutical agent. A 

cornparison of its Ri value with that of D,L-aminoglutethinide shows 

that compound 1.39 is about 500 tiaus more potent as an aromatase 

inhibitor. The compourrd is devoid of estrogenic, androgenie and anti- 

andzogeaic activities (Steele et al., 1987) . 

sch.orr 1.16 Type 11, steroidal competitive inhibitors of aromatase. 

Good competitive inhibitors (Type 1 appear to contain t w o  

domains: an Fe-coordinating domain and a hydrophobic domain. The 



structural requirements of the hydrophobie domain appear to be cricical 

but the chernical details of the specificity are unknown. However. 

steroids containhg heteroatoms appropriately placed near the heme iron 

might be expected to behave as Type 11 competitive inhibitors. Such a 

hypothesis has been successfully applied to inhibitors designed for the 

cholesteml side-cizain eleavage cytodlmme P-450 by Sheets and Vickery 

(Sheets and Vickery, 1982, l983a. b) . Several compounds of this type 

having high aff ini ty to aromatase have been synthesized, Scheme 1.16. 

1.42-1.48. This class of compounds includes the ~OP-CHZSCE~ compound 

(1.42) (Wright ec al.. 1989) log-thiiranes (43 and 1.44) , 108-oxiranes 

(1.45 and 1.46) (Kellis et al., 1987) and 108-aziridiaes (1.47 and 

1.48) (Nijar et al., 1996, 1993) derivatives of androst- 

4-ene-3,17-dione. Al1 of these compounds are competitive inhibitors of 

aromatase and show W-absorption spectra that suggest Fe-heteroatom 

coordination. 

Compound 1.42 is a potent competitive inhibitor of aromatase. 

Spectroscopie studies have shown that the sulphur atom of this 

thioether coordinates with the iron atom o f  the heme group (Wright et 

al.. 1989, 1905). Preswnably, the S-methyl group of the t h i o l  

sterically forces interaction of the sulphur atom with the heme iron. 

The Soret absorption band was shifted to 474 nm (indicative of a 

thiolate anion) . 
Thiiranyl 4 . 1 . 4  , oxiranyl 1.45, 1.46). and aziridinyl 

1.47 1.48) compounds behave similarly. The interactions of the 

oxiranes and thiiranes wi th the heme of aramatase were characterized 

spectroscopically . The absolute spectta (e . g . not difference spectral 
obtained with purified aromatase showed Soret peaks at 411 nm and 425 

nrn for the R diastcreomers of the oxiranes and the thiiranes, 



respectively. The tighter bkding of the R diasteromers of the 

oxiraaes and thiiranes, together with the Linding from X-ray 

diffraction studies that the oxygen atom of the R oxirane is over ring 

A, has been interpreted to show that the heme is located close to C-1, 

(2-2. and C-19. This suggestion is consistent with the finding trom 

hydroxyïations, which occured at the C-1 and C-2 positions in 

metabolic switching studies, reported for lg,lg, 19-tritiated 

andzostenedione (Osawa et a., l987a, b) . These diastereomeric 

aziridines, 4 and 1.8, represent the f irst 19-N coordinating 

aromatase inhibitors. Of the two aziridines, the 19 (RI -10 g-aziridine 

1.47 is more potent (Nijar et al., 1996) . 
3 . 3 Typa Ohdatadmd,  Coqmtatfva Iahibitors. 

For the inhibitors, presented in Scheme 17, difference spectra were 

reported. Kowever, it is unclear whether binding in these compounds 

produces the Type 1 difference spectra found with androst-4-ene-3,17- 

dione. Thus, they will be discussed separately. 

Schama 1.17 Non-steroidal conpetetive inhibitors (type undetermined) . 



Compounds 1.49, 1.50, and 1.51 are representative of those 

non-steroidaï compounds that inhibit aromatase even thougti they do not 

contain a nitrogen atom to coordinAte to the heme iron of the enzyme. 

The resemblance of the dicyclohexyl compound 1.49 to 

andro~t-4-ene-3~l7-dione presrmubly accounts for its ability to bind to 

the enzyme (Sirett et al., 1984). 

The flavones 1.50 and 1.51, which belong to a class of plant 

natural products, and s o m e  of their in vivo metabolites have also been 

tested as -tase inhibitors. The 11,2-2' J naphthopyrone 1.50, also 

called a 7,8 benzoflavone, is a potent campetetive inhibitor of 

aromatase (Ki = 20 nM) . Moreover, a structure-activity study of flavone 

derivatives showed that 9-hydroxy-7,8-btnzoflavone 1.51 was an even 

more potent competetive inhibitor (Ki = 5 nM) . A conparison of 

molecular models of the hydroxylated a-naphthoflavone derivative and 

testosterone had led to the proposal that the 7.8-benzochrornone ring 

system of compound 51 is bound in the aromatase active site similar to 

the steroid ring system of testosterone (Rellis et al., 1986) 

1.3.4 Mach8nir~~-Baomd ( S u i  cida) Inhibitoro. 

Because substrates Éor aromatase have very low Km values (cd 30 

nM) , even competitive inhibitors with very low Ki values must be used 

at high dose levels. Thus, in the search for increased efficacy as 

well as specificity, the attention of scientists was directed to the 

development of suicide or mechanism-based inhibitors. Such compounds 

contain a latent electrophilic group, which is intended to be activated 

by the target enzyme and can provide high specificity. The 

irreversible nature of the enzyme inactivation pcocess resulting frorn 

covalent modification at the active-site provides several advantages. 

Firstly, mechanism-based irreversible inactivation of aromatase is much 



more attractive from a clinical point of view than competetive 

inhibition becawe of much lower intracelluïar drug concentractions. 

Secondly, as aromatase has a low turnover rate its destruction m e a n s  

that the inhibitor's effect can persist after its removal from the 

body. Pinally, such conrpounds can serve as valuable mechanistic probes 

and as active-site mapping agents. The lack of availability of 

experiments with purified and radiolabelled inhibitors with high 

specific activities has made it difficult to establish covalent 

modification of the enzyme. Currextly, more is known about the 

aromatization of androst-4 -ene-3,17-dione than is known about its 

inhibition. 

In 1979, the first rationale for the preparation of poeential 

mechanism-based inhibitors of aromatase was reported (Covey et al., 

1979) . The (RIS) -diastereorneric acetylenic alcohols 1.53 show in 

Scheme 1.18, were prepared as analogues of 19-hydroxyandrost-4-ene- 

3,17-dione, the first intermediate in the aromatase reaction (Covey et 

al., 1981; Metcalf et al., 1981; Marcotte and Robinson, 1981) . It was 

suggested that monooxygenation of either: of these acetylenic alcohols 

on the propargylic carbon would lead to the gem-di01 1.54, which would 

dehydrate to the conjugated acetylenic ketone 1.55. This product, in 

turn, would lead to covalent modification and inactivation of aromatase 

via a Michael addition reaction with an active site nucleophile. 

Kinetic evaluation (Covey et al., 1981) showed that only the S 

acetylenic alcohol (Xi= 27 , tl/2[I] = 4 min) caused loss of 

aromatase activity. The acetylenic ketone 1.55 (Ki t I t  CM, tl/2[1] = 

21.7 min) was also a potent inactivator of aromatase. Although the 

acetylenic ketone 1.55 has proved to be a tirne-dependent inactivator of 

aromatase, its rate of inactivation ( K i n a c  = 5.35 x 1 0 - ~  s-'1 was 



slower than that shown by the parent acetylenic compound 1.52 (ki,,, = 

1. il x 10 s-'1 . The propored mechanism of the acetylenic-aromatase 

interaction is show in Scheme 1.19 (Covey et al., 1981) . This 

mechanism has been disproved, when Metcalf et al. found that there was 

no detectable isotope effect associated with the inactivation process 

for the 19-deuterium propargyl compouad (Metcalf et al., 1981) . 

NADP 
O NADPH 

1.52 1-53 1.54 

S c h w  1.18 Proposed aromatase inactivation mecfiaaism by the 

acetylenic ketone 1 - 5 5  (Covey et al., 1981). 

An alternative mechanism show in Scheme 1.19 was proposed by 

Metcalf et al. (Metcalf et al., 1981). According to this mechanism, 

the close proximity of the acetylenic group to the activated oxygen 

complex (iron-0x0 species) would result in oxygen insertion into the 

carbon-carbon triple bond. 

O NAD P rt 

Schaw 1.9 Aromatase inactivation mechanism by the acetylenic 

compound 1.52 (Metcalf et ai., 1981) . 



The resultant highly reactive oxirene 1. Sf would then isomerise to 

an a-ketocarbene that would bind covalently to the prosthetic heme 

group. The same mechanism has been proposed by Ort iz  de Montellano et 

al. for inactivation of liver microsonal cytochrome P-450 enzymes by 

terminal acetylenes (Ortir de Montellano et al., 1986) . Although the 

mechanism of aromatase inactivation by compound 1-52 remains to be 

established, the compound has considerable potantial as a tharapeutic 

agent. Compound 1.52 does not inhibit steroid Sa-reductase, 

3 a-hydroxysteroid dehyàrogenase, 1l&hydroxylase, 18 -hy&oxylase, or 

cholesterol-side-chain-cleavage enzyme, and the compound has little or 

no af finity for androgen, estrogen, and progestin receptors (~ohns ton 

et al., 1984a; Brandt, et al. 1987). Compound 1 - 5 2  inhibits both 

placental aromatase and aromatase found in human breast tumors and 

adipose tissue (Perei et al., 1981). It also inactivates rat ovarian 

aromatase (Brandt et al., 1987; Johnston et al., 1984) and baboon 

placental aromatase but does not inactivate Rhesus monkey placental 

aromatase (Johnston, 1987) . Compound 1.52 has been shown to block 

aromatase in the following cultured tumor ce11 lines: MCF-7 human 

breast cancer ceils (MacIndoe et al., 1986) . M5480A murine Leyding 

tumor cells (Zirninski et al., 1985) and JAr choriocarcinoma trophoblast 

cells (Johnston et al., 1984b) . 

compound 1.52 showed bettet aromatase inhibitory properties (Icso 

= 3 mg/kg) than aminoglutethimide (ICso = 250 -/kg), 6 h after oral 

administration of drug (Johnston, 1987 . The 10 g-propargyl compound 

1-53 is currently undergohg Phase II clinical trials in the United 

States (08Neil Johnson and Cramer, 1992). 

Another structural analog of androstenedione, 19,19-difluoro- 

an&osten-4-ene-3,17-dione 1 - 5 9  (Scheme 1.20) , was designed as a 



mechanism-based inactivator of aromatase. Indeed, the dif luoro 

compound was found to be a competitive inhibitor of aromatase (Marcotte 

and R o ~ ~ I s o ~ ,  1982a) . It also caused tirne-dependent irreversible 

inactivation of human placental aromatase in the presence of NADPH and 

O I ( K i  = lw, K i n i c  = 0 . 0 2 3  mkil), (Marcotte a d  Robinson, 1982~). 

Sch- 1.20 19,19-Difluoro compounds, 1.59 and 1.60, as mechanism- 

based inhibitors of aromatase (Marcotte and Robinson, 1982~). 

The proposed inactivation mechanism of aromatase by 1.59 is show 

in Scheme 1.21 (Cole and Robinson, l990) . Enzymatic hydroxylation at 

the 19-carbon would give a geminal fluorohydrin, which would 

spontaneously lose HF yielding an electrophilic acyi fluoride 1-61, 

Scheme 1.21. The latter would then react covalently with an 

active-site nucleophile and thus inactivate the enzyme. 

Enzyme 
:Nu-Enz 

1.61 NADPH 1.62 

Schomm 1.21 Ptoposed mechanism of aromatase inactivation by 19,19- 

difluoroandrost-4-ene-3,17-dione (Cole and Robinson, 1990). 



Direct evidence for attack by aromatase at the 19-carbon of 

19,19 -dif luoroaadrostenedione 1.61 came f rom studies using tritium 

labelling at C-i9 (-th and Robinson, 1989). when [19-%] -19,19- 

difluoroandrostenedione was iacubated with humaa placental aromatase, a 

tirne-dependent release of tritium into the solution occurred. mile 

the tritium-release process was dependent on protein concentration and 

NADPH, it was suppressed in the presence of 19 (RI oepoxide 1.45, a 

powerful inhibitor of the enzyme. On the other hand, deuterium 

labelling data showed that 119- 'HI -l9.l9-difluoroan&ostenedione 

inactivated the enzyme at the same rate as the nondeuterated parent 

showing no isotope effect (Furth and Robinson, 1989) . It indicated 

that the 19-C-H bond cleavage is not the rate-limiting step in the 

inactivation process by the lg119-dif luoro compound. The 4-hydroxy 

analogue 1.60 synthesized was reported to be an inhibitor of human 

placental aromatase ( I C s o  = 3.3 pl) (Mann and Pietrzak, 1987) . 
Initially, compounds 1.63-1.65 were described as potent competitive 

inhibitors of aromatase (Brodie et al., 1981) . It was later shown that 

these compounds cause a time-dependent loss of aromatase activity onLy 

in the presence of 0 2  and NADPH (Covey and Hood, 1982). A large amount 

of research (Covey and Hood, 1986) , established the endocrinological 

and pharmacological profiles of compounds 1.63-1.65 (Scheme 1.22) as 

aromatase inhibitors. However, the mechanism (s) responsible for 

aromatase inactivation by 1.63-1.65 are stall unknown. Compound 1.63 

(Formestane), has been shown to have activity against human ovarian 

aromatase in grannulosa celï cultures (Koss et al., 1986) . In 1992, 

Ciba-Geigy introduced Formestane, 4-0HA 1.63, into the market as 

intramuscular formulation under the name Lentaron (Combs, 1995). In 

clinical trials in Britain, 4-OHA has shown promise in promoting tumor 



regression in patients with advanced breast cancer ( S t e i n  et al., 

1990). The 4-O-acetyl derivative 6 7  of 4-0HA 1.63 vas also 

demonstrated to be a time-dependent inactivator of aromatase (Brodie et 

al., 1979). 

2 min 12.7 min 

OAc 

1.67 

NH2 

1.73 
Ki = 3 7  nM 

31 min 

NT (not cime-dependent inactivation) 

O 1-65  
K i  - 430 n M  
tlI2- 2.9 min 

Sehomm 1.22 Chernical structures of sclected mechanism-based inhibitors 

of aromatase. 



It is likely that this compound is hydrolyzed to 4-OHA before 

inactivation occuts. Presumably, the estrase activity in the human 

placental microsornes is responsible f o r  the conversion of 4-OAc 1.67 to 

4-OE?A 1.63 (Covey and Roo~, 1982). In the same paper, Covey and Hood, 

showed that 19-nor-4-hydro~yaadrost-4-ene-3~17-dione 1.68 was capable 

of binding to the enzyme, but it did not inactivate aromatase. 

Moreover, they concluded that the 19-oxygenated intermediate could be 

the inactivating species. Later, Newitt and Robinson (Newitt and 

Robinson, 1906) showed that 4-hydrcxy-19-noran&ost-4-ene-3,17-dione 

1.69 was a poor inactivator relative to 4-OHA 1.63. No studies have 

been reported with the 19-hydroxy analogue 7 0 .  It is also interesthg 

to note that the 4-OMe 1.71 and 4-Cl 1.72 are not time-dependent 

inactivators, underlining the importance of the free OH group (Marsh et 

al., 1905) . 

The triene 1.64 differs from androstenedione by the presence of two 

additional double bonds. When compounds 1.64 and 1.66 were evaluated, 

it was show that the C-1-C-2 double bond, not the C-6-C-7 double bond, 

was the structural feature responsible for aromatase inactivation 

(Covey and Hood, 1982). For example, cornpound 1.74 (Scheme 1.23), which 

also has the C-1-C-2 double bond and a moàified D ring, testolactone 

has been clinically used since 1962. Knowledge of its efficacy for the 

treatment of breast cancer (Segaloff et al., 1962) preceded the 

discovery that the compound lowers circulating estrogen levels in 

humans (Sitteri and Thomson, 1975). As soon it was realized that 

A'. '-3-ketosteroid could inactivate aromatase, compouad 1.74 was 

evaluated and found to be a weak-binding, slow inactivator of the 

enzyme (Ki = 770 nM, t 1/21 21 min), (Johnston and Metcalf, 1984) . It 

was also found that the similarly modified D-ring compound without the 



C-1-C-2 double bond was not a mechanism-based inactivator of aromatase 

(Johaston and Metcalf, 1984) . 
More highïy substituted 1,4-diene, 4,6-dieneI and 1,4,6-triene 

corrtpounds have been synthesized and evalwted as aromatase inhibitors: 

substitutions include 1-methyl 1.75 (Henderson et ai., 19861, 4-hydroxy 

1.77 (Marsh et al., 1985) and 4-amino 1.78-1.81 (Scheme 1.231, (Di 

Salle et al., 1990, 1993) . A i l  of these were found to be potent 

t time-dependent inhibitors of aromatase. 

O H M  1.74 O 1.75 1.76 

Ki = 770 nM K i  - 770 nM 
Ki = 770 nM 

t l i Z  = 21 min t l I 2  = 21 min 

1.78 1.79 1.80 1.81 

Ki = 37 nt4 
t 1,2 = 31 min 

Schaw 1.23 1,4-Diene-, 4,6-diene, and l,4,6-triene of androstane- 

3,17-dione as rnechanism-based aromatase inhibitors. 



M y  one mechanisrn has been proposed to explain why androstenedione 

analogues containing a C-1-C-2 double bond could be aromatase 

inactivators (Covey and Hood, 1982) The inactivation mechapisrn, shon 

in Scheme 1.24, considers the remaval of an electron from the C-1-C-2 

double bond of eongound 1.76, by, presiaably, the peroxy species, to 

produce a radical cation. Oxygen insertion then converts the radical 

cation to a earbocation, and this electrophilic species covalently 

modifies the enzyme, inactivating it. 

Schomo 1.24 Proposed mechanism of aromatase inactivation by Covey and 

Hood (Covey and Hood, 1982) . 

Shewin et al. (Shewin et al, 1989) have synthesized analogues of 

androsta-1.4-dien-3-ones with modified D rings. They Éound that the 

17-desoxy compound 1.82 (Ki = 1.1 w, t112 - 15 - 2  m i n )  showed less than 

a 4-fold decrease in incubation rate or binding affinity relative to 

compound 1.76. Similarly, the corresponding D-ring butyrolactone 1.83 

(Ki = 390, t - 6.2 min) uas still a potent suicide inactivator. In 

contrast, analogous inhibitors with open D ring vere poor inhibitors. 



1.82 

Ki = 1.1 p M  

t = lS-2 min 

1.83 

Ki = 390 aM 
t L I 2  - 6 . 2  min 

Schuaa 1.25 Time-dependent inhibitors of aromatase with modif ied ring 

D (Sherwin et al., 1 9 8 9 )  . 

The next group of mechanism-based inhibitors to be considered ara 

those structurally related to the 6-ketosteroid 1 - 6 5  (Scheme 1.26 1 

(Schwarzel et al., 1973) . The mechanism of aromatase inactivation of 

conipound 1.65 is unknown. The potential involvement of sequential 

monooxidation reaetions at C-19 in the activation pathway has been 

evaluated (Covey and Hood, 1902). The 19-hydroxy corngound 1.84 (Scheme 

i - 2 6 )  is a mechanisrn-based inactivator, and its high affinity for, and 

rapid inactivation of, aromatase suggest that this compound could be 

part of the reaction pathway leading to aromatase inactivation. The 

tetraoxo-compound 1.85 is , likewise, a mechanisrn-baaed inhibitor. 

However, its poor affinity and slower rate of inactivation suggest that 

this compound may not be an intemediate in the major pathway for 

inactivation by compound 1.61. Compounds 1.87. and 1.87b also 

inactivated enzyme in a time-dependent manner in the presence of NADPH 

(Covey and Hood, 1981). 

NuméZaWa et aï. (Numazaua et al., 1993) found that the 

i9,19-difluoxo 1.89 and l9-aceto~y,l9-acetylcnic 1.90 derivatives of 

androst-4-ene-3,6,17-trione are time-dependent inactivators of 

aromatase. Rate of inactivation of compounds 1.89 and 1.90 decreased, 



when the substrate andrastanedione was included in the incubation 

mixture. in the nucleophilic protection ucperiments, L-cysteine failed 

ta protect aromatase from inactivation of the inhibitors. Thus, the 

authors concluded that , presumably, covalent -bond formation between the 

enzyme and the reactive intermediate occurred rapidïy at the active 

site. 

O 
1.65 O O 

1.84 1.85 
K i  r 0.43 pM K i  œ 2.75 rH K i  = 39.4 PM 

t l/Z 2.9 min t 1/2 = 2.9 m i n  t l I Z  - 6.4 min 

O & O OH OH O  O OAc 

1.86 1.87a 1.87b 
K~ = ND. K i  = 6 1  n M  K i  - 310 nM 
t 
1/2 

t 9 m i n  (10 P M ) ~  kinact. * 0.090 min-' 

1.89 1.90 
K i -  0 . 0 7 7  min-' 19(S 

0.0.25 min-' K i =  0.065 min-' 19(R 

a ND ( n o t  d e t e r m i n e d )  
b not the extrapolated t 1/2 ' œ1 

but the tl/* at the concentration indicated in pa r e n t h e s e  

Schmw 1.26 Kinetic constants of inactivation of human placental 

microsomal aromatase by androst-4-ene-3,6,17-trione and structurally 

related compounds. 



The synthesis and evaluation of the brominated androstenedione 

derivatives 1.91-1.93 have also been described. Scheme 1.27. O s a v a  and 

Coon (Osawa and Coon, 1987) have reported that two 68-bromaaadr- 

ostenedione epimers, 1.91 and 1.92, are patent irreversible inhibitors 

for human placental aromatase. 

K i  - 25 pH K i  - 0.8 pH r e w e r .  
kiaic- 0.0274 min-' 

'inac = 0.025 min'' compt. 

Sch- 1.27 BE-Bromo derivatives of androst-4-ene-3.17-dione as 

aromatase inhibitors (Osawa and Coon, 1987) . 

~ednarski  and Nelson (Bednarski and Nelson, 1989) have found that 

some thio-substituted compounds obeyed many of the classical criteria 

for suicide inhibitors (Schena 1 . 2 8 )  . For example, both the 

LOB-mercapto 1.94 (Ri = 106 DM; kiact = 0.0032 s-'1 and 19-mercapto 

9 (Ki - 34 nM; ki.,, = 0.0012 S- '1  compounds caused time-dependent 

inactivation of aromatase in the presence of NADPH and Oz. The 

inactivation process vas shown to be irreversible (by uctended dialysis 

of the enzyme to remove unbound inhibitor). The rnechanism of 

inactivation remains unclear, although i t  vas suggested that oxidation 

to a potent electrophile, i .e. sulfenic acid might be involved which 

could react with a nucleophile in the enzymatic active site. 



Sehaam 1.28 Thio-substituted mechanism based inhibitors of aromatase 

(Bednarski and Nelson, 1909) . 

Compounds 1.96 and 1.97 are photoaffinity and campound 1.98 

af f inity labels (Scheme 1.29) of aromatase (Snider and Brueggemeier , 

1987, 1995). The C-1-C-2 double bond present in compound 1.98 makes it 

a very potent mechanism-based inhibitor of aromatase. 

8 . 8  min 

f L I 2 =  0 . 6  min 11.4 min (3.0 PM) 

Sch- 1.29 Photoaffinity 1-96 and 1.97 and affinity 1.98 labels of 

aromatase (Snider and Brueggemeier, 1987, L985) . 



U 1  four bridged compounds, 1.99-1.102 (Scheme 1.30) , have beui 

shown to be potent time-dependent inhibitors of humap placenta1 

aromatase. Kinetic analyses were not presented (Burkhart et al., 1992; 

Peet et al., 1992) . 

schrai. 1.30 2,19-Bridged androstenedione derivatives as mechanism- 

based inhibitors of aromatase (Burkhart et al., 1992). 



1 . 4 . 0  R o m a u c h  Objoctivo l a d  Achiavrmrnti 

Alteration of hormonal levels by enzyme inhibition can be of 

benefit in a ~ W e r  of disease States, e.g. the hormone dependent 

prostatic and breast carcinomas (Foye, 1995) . Enzyme inhibition is 

also valuable as a probe to investigate the nature of the enzymers 

active-site, the mechanism of enzyme activity, and the role of certain 

enzymes and "minor" metabolites. 

The main goal of this research was to synthesise compounds that 

would selectively inhibit endogenous production of specific hormones in 

the body. Three enzymes have been targeted, aromatase and 2Oa- and 

2 O f3- hydroxys teroid dehydrogenase . Various modes of enzyme inhibition 

are possible. Three general approaches are competitive inhibition, 

active-site-directed inhibition, and mechanism-based inhibition. The 

latter approach is based on the design of an enzyme substrate, on which 

the enzyme carrying out its normal function, produces a highly reactive 

electrophilic species, which is imediately attacked by an active-site 

nucleophile to form a covalent bond. This can be further divided with 

respect to the stability of the covalent bond into irreversible 

inhibition and pseudoirreversible inhibition; the latter when the 

reverse reaction occurs relatively easily. 

A ,  essential objective of this thesis was to establish the general 

hypothesis that a secondary cyclopropyl derivative incorporated into a 

molecule can serve as a functional group which, through metabolic 

oxidation to a cyclopropanone, will react with an enzyme active-site 

nucleophile to form a covalent bond. Covalent bond formation at an 

enzyme active-site is the most ef f ective means of enzyme inactivation. 

nowevet, a reactive molecule capable of covalent bonding at an 

active-site could also, because of its reactivity, bond to other 



molecules before effective distribution ta the active-site occus. 

~hus, it would lack site selectivity and perhaps cause unwanted side 

ef f ects . 
The principle of mechaniam-based-enzyme {suicide) inhibition 

overcomes t u s  limitation by introducing a high degree of selectivity 

for the target enzyme. A mechanism-based inhibitor i s  an inherently 

stable molecule which must: 

(i) act as a substrate for a specific enzyme, 

(ii) be chemically and pharmacologically inert prior to enzymatic 

react ion, 

(iii) have a structure such that the enzyme can carry out its normal 

catalytic reaction on it. This reaction muot yield a highly 

reactfve electrophilic species which can form a strong covalent 

bond and effectively block the activity of the enzyme (Abeles, 

1980) - 
It is assumed that the electrophile produced will react with an 

active-site nucleophile before escape from the site can occur, of 

course, if the reactive species diffuses away from the enzyme-active 

site before covalent band formation can occur, this specificity is 

diminished or lost. The process for mechanism-based enzyme 

inactivation is represented as follows: 

E + I # E-I + E-I.  + (E-II i n i e i i v c  

E - enzyme; 1 = inhibitor; 

E - 1  = enzyme inhibitor complex; 

E- 1 ' = active eloctrophile derivative; 

(E-1) in a c t i v a  = covalently bonded enzyme-electrophilic 

derivative. 



Based on a definition of suicide inhibitors, we may Say that the 

"inhibitor" (1) is rather a npro-inhibitorn, while the resulting 

electrophile (E--I*) is the "real inhibitorn or a mmetabolically 

activated inactivatorn . Thus, a mechanism-based inhibitor is an 

intrinsically unreactive molecule (1) which acts as an enzyme substrate 

to f o m  a 1 cornplex. Nat, the - 1  is converted by the 

enzyme, performing its normal reaction, into a reactive fonn (E--1 *) , 

which then fonns a covalent bond (E-1)  i n a c t i v e  with the enzyme at the 

active-site. The formation of the covalent bond in the (E-1) i n a e t  ive 

complex effectively blocks the active-site in an irreverible manner. 

We propose that certain cyclo- and cyclopropanosteroid derivatives 

could act as mechanism-based inhibitors of steroid enzymes through the 

reaction sequences s h o w  in Scheme 1.31. In favourable circumstances, 

hydroxylation of a cyclopropane ring gives a secondary cyclopropanol, 

which on further oxidation by an appropriate oxidoreductase 

(dehydrogenase), yields a cyclopropanone. Next, the highly reactive 

Schmma 1.31 (a) and (b) i, hydroxylating enzyme; ii, dehydrogenase and 

NAD+ or NADP+; iii, elimination reaction; iv, attack of a nucleophile 

at an electrophile. 



cyclopropanone (Wasserman, 1974) produced could react rapidïy with a 

nucleophile at the enzyme active-site to f o rn  a covalent bond (Scheme 

31, path a) . Both naturally occurring and synthetic cyclopropanoid 

compouads that are irrevesible inhibitors of particular target enzymes 

exist (Walsh, 1982; Hoffman and Silverminn, 1980; Peak et al., 1980; 

Wiesman and Abeles, 1979) . 

Moreover, this concept of cyclopropanol enzyme inhibition is 

supported by the reported irreversible inhibition of methanol oxidase 

by cyclopropanol through covalent bond formation (Sherry and Abele, 

1985) . 

Cyclopropanol derivatives, e.g. cyclopropanol esters, can act as 

pro-alcohol groupa in vivo. A modification of this sequence (Scheme 

1-31, path b) , applicable to hydroxylating enzymes (aromatase = 

estrogens synthetase) rather than a dehydrogenase , requires 

cyclopropanone substitution with an electronegative group, e.g. F, Cl, 

Br, OH, NHz, or NO2 to generate a cyclopropanane after enzymatic 

hydroxylation. In general, unsubstituted cyclopropane ring derivatives 

are resistant to metabolic hydroxylation (Templeton and Kim, 1976). 

However, this problem can be overcome by the presence of substituents 

in the cyclopropane ring which activate the adjacent C-H bond for 

metabolic oxidation. For example, 5$,19-cycloandrostane-3,l7-dione has 

been shown to be a very weak inhibitor of aromatase (Marcotte and 

Robinson, 1982b). Aïthough the S$,19-cycloandrostane-3,17-dione has 

been shown to be a weak inhibitor of aromatase, both 28,48-eyclo- 

sa-androstane-3E, 17-01s (Skirving et al., 1986) acted as 

irreversible, but unselective, inhibitors of 3 8-hyàroxysteroid dehydro- 

genase, supporting the concept that cyclopropanol derivatives can act 

as mechanism-based enzyme inhibitors (Orr et al., 1988) . 



Aromatase is a key cytochrome P-450 monooxygenase enzyme system 

involved in the conversion of the inale sut hormones (androgens) into 

fernale sur hormones (estroguis) , e.g. androstene-3.17-dione + estrone, 

testesterone + estradiol , and 16a-hydroxytestesterone + l6a-hydroxy- 

estradiol. 

Much of the detailed mechanism of the conversion of the steroid 

ring A androgens into the aromatic ring has been explained. 

~omprehensive review of aromatase Eunction, mechanisrn, and biological 

significance has been published (Tan, 1992; Covey, 1988) as have been 

the result of the Proceedings of the Third International Aromatase 

Conference (Proe. the 3 Int . Arom. Conf . , 1993) . The multistep 

process is summarized in Scheme 1.32. 

Sch- 1.32 Aromatase C- 19 hydroxylations leading to aromatization. 

It is generally agreed that the aromatization process in the 

steroid A-ring begins with two sequential radical oxidations at C-19 

for which two equivalents of oxygen and NADPH are required (Bausen et 

al., 1987; Stevenson et al., 1988). Thcse two oxidative steps are 

thought to be typical cytochrome P -450 type hydroxylations , occurring 

with retention of configuration. Recentïy, a new active-site mode1 has 



been proposed (Oh and Robinson, 1993) which accounts for the 

stereochemical consequences observed at C-19 (Scheme 1.13). For our 

purposes, a howledge of the initial C-19 hydroxylation and the 

nucleophilic interaction of the enzyme active site with an electrophile 

is necessary. Evaluation of steroids and non-steroid compaunds acting 

as aromatase mechanism-based inhibitors shows that C-19 steroids 

closely related to the natural substrates, andrastenedione and 

testosterone, are the most effective inhibitors. For example, 

4-hydroxyandrost-4-ene-3,17-dione, a tirne-dependent inhibitor, has been 

show to be effective with no serious side effect (Brodie et al., 

1986b; Coombes et al., 1984). It is now on the market as a 

intramuscular formulation, Formestane. 

The objective of these studies is to synthesize unsaturated steroid 

cyclopropane derivatives designed as substrate for the aromatase enzyme 

to act as mechanism-based inhibitors. The proposed structures consist 

of isomeric pairs of corresponding unsaturated analogues. Selected 

C-19 chloro, hydroxy, acetoxy, nitro, and amino, derivatives of the 

unsaturated cycloandrostanes, A to D, are outlined in Scheme 1.33. 

Schow 1.33 Compounds proposed to be synthesized and tested as the 

mechanism-based aromatase inhibitors. 



It can be assumed that the initial hydroxylation will occur to a 

hydrogen atom located over ring A and that the hydroxyl group formed 

becomes hyàrogen bonded to the active-aminoacid residue (Glu-3 0 2 )  , (Oh 

and Robinson, 1993) . The second hydroxylation is not required in this 

case as one hydroxyl group (or equivalent halogen, amino, or nitro 

group) is already present. Loss of 8 9 ,  EiX, NH3, or f INO2 can then 

occur to generate a carbonyl group (in this case a reactive 

cyclopropanone). Depending upon active-site requirements, both isorners 

(RI and (SI, may act as aromatase inhibitors, but the isomer with the 

cyclopropyl hydrogen located over or out-of ring A would probably be 

most effective. The anticipated difference between the activities of 

the (RI - and (SI - isomers would add support for the proposed mode1 by 
Oh and Robinson (Ob and Robinson, 19931 . 

The compounds we proposed to synthesize and test as aromatase 

inhibitors have the required hydrogen located over ring A (Scheme 1.33, 

compounds 8 ) .  Other compounds have the required hydrogen out of ring A 

(Scheme 33, compounds D) . The presence of the C-3 and C-17 carbonyl 

groups, which are able to fonn hydrogen bonds at the active-site, is 

important for receptor attachent (Oh and Robinson, 1993). The 17-.keto 

group is more effective than the 17ga-hydroxy group. Introduction of 

unsaturation in ring A leads to the unsaturated derivatives, which more 

closely approximate the structure of the natural substrate, androst-4- 

ene-3,17-dione. MMX geometry optimization unambiguously shows the 

structural differences and similaritics for both the saturated and 

unsaturated molecules proposed. In the case of the unsaturated 

compounds, the A/B ring geomttry remains similar to the geometry of A/B 

ring region of androst -4 -ene-3,17-dione, as shown by the superimposed 

structures (Figure 1.2) . 



Figura 1.2 A structure of aadrost-4-ene-3,17-dione superimposed w i t h  

saturated and unsaturated 19 (RI - and 19 (S) -hydroxy-5 g, 19-cycloandro- 

stane-3,17-dione. 

Moreover, introduction of the unsaturation at the C (1) -C (2  1 bond 

not only makes ring A more planar but also adds resonance energy and 

thus increases the inhibition properties (Bohl et al., 1989) . 
Whereas the cyclopropaae ring hydrogexas themselves are resistant to 

metabolic hydroxylation (Templeton and Kim, 1976; Burger, 19711, the 

electronegacive substituent expected the geminal 

hydrogen more reactive because clectron-withdrawing groups on carbon 

can facilitate carbon radical formation ( H i n e ,  1962) . 
The proposcd mechaulisms of a~omatase inactivation are given in 

Schemes 1.34 and 1.35. Saturated derivatives can bond to the enzyme 

active-site as outlined in Scheme 1.34 (a) and Scheme 1.35  (a) . 



Enzyme-Nu: 

-HX + 
O 

Enzyme-Nu: 

II) 
O 

+ 

4 : Nu- Enzyme 
Enzyme 

O 

4 : Nu- Enzyme 

Schrni, 1.34 Proposed mechanisms of aromatase inactivation by 

19 (RI -substituted-SB, 19-cycloandrostane-3 , 1 7 - d o  (a) and its 

unsaturated analogue (b) . 

The unsaturated derivatives can undergo further reaction, as show in 

Scheme 1.34(b) and Scheme 1.34(b), giving a strong covalent link to the 

enzyme. The C (1) -C ( 2 )  ynsaturated 19-acetate derivatives, shown in 

compounds A and B (Scheme 1.331, have been synthesized via TMS-en01 

derivatives of the saturated analogous followed by treatment with 

Pd (OAc) 2 - A synthesis of unsaturated 19 (R/s) -hydroxy- 5 $, 19-cyclopro- 

pane-3,17-dione and 19(R/S)-hydroxy-1~,19-cyclopropropane-3,17-dione 

isomers has been developed in this laboratory (Templeton et al., 

1994a) . 
The method referred to above for the introduction of the C - 1  double 

bond was not applicable to introduction of the C-4 double bond to yield 

the target compound 19 (RI - and 19 (S)  -acetoxy-18,19-cyclopropano- 



androst-4-ene-3,l7-dione. Examination of structural models shows that 

in the 18.19-cycloandrostane derivatives , the cyclopropane ring 

hydrogens are also in favourabIe positions to undergo aromatase 

hydroxylation. Moreover, as shown by superfnposed structures (Figure 

1 3) , a structure of 1 9  (RI -acetoxy-le, 19-cycloan&ostane-3,l7-dione 

elosely approximates the structure o f  uidr0st-4-ene-3,17-dione, even 

without introduced unsaturation in ring A. 

Enzyme-Nu: 

Enzyme-Nu: 

4 : Nu-Enzyme 

schmmm 1.35 Proposed mechanism of aromatase inactivation by 19 (R/s)  - 
substituted-la, 19-cycloandrostane-3,17-dione (a) and its unsaturated 

analogue (b) . 



Figure 1.3 A structure of androst-4-ene-3,17-dioae superimposed with 

saturated and unsaturated 19 (S 1 - and 19 (RI -hydroxy-lp, 19-cycloandro- 

stane-3,17-dione. 

Additioaally (Scheme 1.36) , an attempt was made to synthesise the 

following compouads : the moaosubstituted 1 9 , 1 9 0  (RIS) -amino-sp, 19-cyclo- 

propane derivatives Z, the 19-acetoxy, 19-methoxy-Sp, 19-cyclopropane F, 

the 2,19-0-N=CH briged derivative 0 ,  and 19-acttoxy,rg-nitrate 

unsaturatcd derivativcs, E and 1. The sylrthetic approaches to the 

above compounds are deçcribed in f ollowing 'chapters . Compounds E, i, 

8-1, N, O were considercd to be tirne-dependent and compouads O, t, 81 as 

the effective coqetitive inhibitors. Compouads, J-O have been 

proposed, but no attempt was made to synthesize them. 



triazoles 
or imidazale 

Compounds proposed as aromatase inhibitors : (a) 

mechanism-based S, F, a-K, N I  O; (b) competitive O ,  L, Y. 

17 B, 20 a- and 3 a, 2 O B-BYDROXY STEROID DEHYDROGENASE (OXIDOREDUCTASESL 

INHIBITORS 

The concept of cyclopropanol derivatives acting as irreversible 

inhibitors has also been applied to 17g, 200 -  and 3a, 20 p-hydroxy 

dehydrogenase (oxidoreduc tase 1 . 

Synthetic approaches to two C-17 steroid spirocyclopropanols, 20a- 

and 208-hwoxy- 17a, 2la-cyclopregn-4-en-3 -one, have been developed 

(Templeton et al., 1994, Orr et al., 1 9 9 4 ) ,  (Scheme 1.37). The 

syntheses are described in Chapter 4 .  



The enzymatic conversion of the C-17 steroid spirocyclopropanols 

was assunrd to occur through oxidation of the 21-hydroxyl group to a 

highly reaetive cyclopsopanone at a receptor active-site which codd 

lead to covalent bond formation and irreversible enzyme inhibition 

(Scheme 1 - 3 8 ]  . 

200- hydroxy 2OB-hyOroxy 

Schamo 1.37 Chernical stnictures of 20a- and 20 8-hydroxy-17a, ?la-cyclo- 

pregn-4-en-3-one. 

Nu: + NAbH 
O I 

3-one at the enzyme active-site. 



Efowever, neither 20a- nor 20~-hy&oxy-17a,2la-cyclopregn-4-~-3-one has 

been adequately tested as enzyme inhibitors (Dr- J.C. Orr personal 

communication) . 

4-Hydroxyestrone and 4-hydroxyestradiol are the products of further 

metabolic oxidations of estrogens in the body. However, as the 

synthetic methods developed are not always adequate, we designed three 

methods with the anticipation of obtaining higher yields. The syntheses 

are described in Chapter 3. 

fa  summklry, a purpose of this study was to search for new aromatase 

and 2 0 E-hydroxys teroid dehydrogenases inhibitors and to determine the 

structure-activity relationship of the synthesized compounds at the 

enzyme active site. The nature of the enzyme active-site ( Duax and 

Gosh, 1997; Thomas and Strickler, 1983; Kawamura et al., 1981) and role 

of formed metabolites (Houben and Bullock, 1987; Naito et al., 1986; 

Khun and Briley, 1970) are areas of ongokg research interest. 





2.1.0 Syntho8ia of 19 (R/S) -.c.t~xy-S$, 19-~y~l0rndr0mt-l-.n~-3.17- 

diona. 

Introduction 

The reported synthesis of saturated unsubstituted 58.19-cyclo- 

steroids (Scheme 2.11 involved: elimination of a 19-mesylate 5-ene with 

acetate ion (Tadanier and Cole, 1964) or the 4-ene with hydride ion 

- OAe 
T a d a n i e r ;  Cole, 1 9 6 4  

LiAlH4 

+ 
O r c f  lux 

R a k h i t ;  Gut, 1 9 6 4  

Birch; RIO, 1 9 6 5  

Zn-Cu 

Laurent; W e i c h e r t ,  1 9 7 2  

Schamo 2.1 The reported synthesis of saturated unsubstituted 

SB, 19-cyclosteroids. 



(Rakhit and and Out, 1964) . reduction of the 19.19-dibromo-5~,l9-~clo- 
steroid (Birch and Rao. 1965) , addition o f  the Simmons-Smith reagent to 

the steroid 5 (10) -double bond (Laurent and Weiche*, 1972) , reductive 

elimination of a C-19 suMorute or halogen in the steroid 4-en-3-one 

with Li or Na in liquid anawinia (Tadaaier and Cole, 1964; Knax et al., 

1965; Santanielïo aiid Caspi. 19761, or zinc in aqueous acetic acid 

(Rakhit and Gut, 1964; Dyer and Harrow. 1979; Hollaad and Taylor. 1978, 

% iser) - 

amine - 
reflux 

O 

K n o x  et a l . ,  1962 

Wieland a n d  Anncr, 1968; 1970 

RI - OSO2C6H5 or B r  1.Hathri; P a s c a l ,  1994 
o r  0 S 0 2 C H 3  2.Antkovirk; M s c i s z ,  1 9 8 7  

R 2 + R 3  = (CH20)2 3.Bonet et a l . ,  1962 

Sch- 2.2 The reported synthesis of unsaturated unsubstituted 5 8.19- 

cyclos teroids . 

The synthesis of unsaturated unsubstituted SB.19-cyclosteroids with 

a double bond at C-1 involved (Scheme 2.2)  reactfon of 19-hydroxyandro- 

st-4-ene-3.17-dione with diethyl-(2-~hlor0-1.1,2-trifluoroethyl)-amine 



f ollowed by unique reamamgement of the steroid 19 -diethyl- [2 -chlore- 

l,l, 2-difluoroethyll -amine derivative (Knox et al., 1962, 1963) or 

reaction of the 19-mesylate-1.4-di--3-one with Na-biphcnyl in rn 

(Wieland and Anaer, 1968 ; 1970) . On the other hand (Scheme 2 .2 )  , 

solvolysis of a 19-tosylate-5-cne with NaHSô3 (Autkowiak and Mcisz, 

1987) or 19-mesylate-5-cne with pyridine (Bonet et al., 1962) or 

19-bromo-5-ene with NaBSOi in DMF (Mathai and Pascal, 1994) produced 

C-6 unsaturatcd SB,19-cyclosteroids. 

Recently, Templeton et al. reported the first synthesis of isomeric 

19-monosubstituted derivatives of 58, 19-cyclosteroids, namely 19 (R/S) - 

chïoro-5~,19-cyc1oan&ostane-3,17-dione (Templeton et al. , 1994a. 

1996b) and 19 (R/S) -hydroxy-58,19-cyc1o;uidrostan-3,170dione 2 - 4  and 

2.S/2.6 (Templeton et al., 1994b, 1996a) (Scheme 2.3) . While 

collaborators were working, in this laboratory, on the synthesis of 

l9(R/S)-chloro-5~,19-cyc~oan&ostane two synthetic strategies were 

suggested to produce 19 (R/S) -chlore-SB, 19-cycloandrostane-3 , 17-dione. 

One of the strategies considered the synthesis of 19(R/S)-chloro- 

SB, 19-cycioanârostanes via 19 ( R / S )  -hydroxy-SPI 19-cycloandrostan-3 , 17- 

dione intermediate f ollowed by subati tution of the 19 (RIS -hydroxy 

group with a chlorine atom via the SNI or SNZ reaction (Majgier- 

Baranowska, persona1 communication to Weigang Lin, 1992) and the second 

one (2) via a reductive cyclization of the gem 19,19-halogens 

(Majgier-Baranowska, personal communucation to Weigang Lin, 1993). 

Later, an attempt to finalize one of the concepts, i.e. to exchange the 

19-hydroxy group with a nucleophilic chlorine atom by treatment of 

19 (R) -hydroxy- SB, 19-cyclostesoid with concentrated HC1 in CH 2C12 was 

unsuccessful and led to the ring opening yielding 

S@-androstane-3,17-dion-19-a1 (Lin, 1994). To adopt the second strat- 



Reagents: i ,  PCC, a 2 C 1 2 ;  ii, Zn, SOI aqueous CH3COoH, 20 OC; iif, 

Schama 2.3 Reductive cyclization of an&ost-4-ene-3,it-dion-19-a1 2.2 

with Zn in 50% H2O-CH3COOH and with Li in NH3. 



,@f ,& 
H-c H-C 

Rb RO 

Reagents: i, O. SM KOB/MeOH or CH3COOH/TIIF or Lewis acid (SnC12.R20, 

BF3.0Et2) ; i i ,  Acfl ,  DMAP, CHzC12; i ,  (al TNSiOTf,  i - P r z E W ,  C82Cl2, 

-78 OC, nreverse addition"; (b) TMSiOTf, Et*, DMF, OOc; iv ,  Pd(0Ac) 2, 

CH3CN. 

Schuna 2 . I  Synthesis of 19 (RI - 2.12 and 1 9  (SI -acetoxy-S$, 19-cyclo- 

androst-1-ene-3,17-dione 2.15. 



egy, the 19,19-dihalogen steroid derivatives are required to be 

synthesized. The synthesis can be achieved by either a reaction of the 

19-aldehyde steroid with appropiate reagents or by insertion of 

dihalogen carbenes (:CC12 or :CClF) into the C-10 position, or by 

treatment of the 19-oxime steroid derivative with Cl2 in the presence 

of Lewis acids (Tordeux et al. , 1992) . 

The objective of this project was to introduce l,2-unsaturation 

into ring A of the saturated 19 (R/S) -acetoxycycloandrostane 2.10 and 

2.13 (Scheme 2 . 4 ) .  The key synthetic step, in the preparation of the 

19 (R) - 2.12 and 19- (SI -acetoxy-SB, 19-aadrost-l-ene-3,i7-one 2.15 

(Scheme 2.4 ) , tequired regioselective introduction of the unsaturation 

into ring A without affecting the strained 58,19-cyclopropane ring. In 

search for mild oxidation conditions, attention was paid to oxidation 

of the appropriate silyl en01 derivatives 2.11 and 2.14 (Scheme 2.4). 

In general, formation of a, B-unsaturated carbonyl compounds can be 

achieved by oxidation of saturated ketones. Established methods are 

based on introduction of heteroatoms (halogen, S, and Se) at the 

a-position and their syn elimination. The following reagents or 

methods can be ernployed :* Ph 2Se 2, CSA, and 3 -iodylbenzoic acid (Barton 

et al. , 1989) , Ph2Se 2 r  3 -iodylbenzoic acid (Barton et al., 1981) , 

benzeneselenic anhydride (Barton et al., l982a, b; 1980, 1978 1 , 

t-butylhypochlorite (Beereboom et al. , 1953 1 , dicyanodichloroquinone 

(1961) ; Shimizu et al., 19661, selenylation (Reich et al., Z993, 1973, ; 

Clive 1978, 1973; Sharpless et al., l973), sulfurylation (Trost and 

Salzmann, 1973; Trost et al., 19761, bromination-dehydrobromination 

(Stotter, 19731, 

Similarly, oxiüations of en01 silyl or acetyl ethers lead to 

a, 8-unsaturated ketones when DDQ-BSTFA (Bhattacharya et al. , 1 9 8 8 )  , 



DDQ-collidine (Fleming and Paterson, 1979) , DDQ-BTMSA (Ryn et al. , 

1978) , palladium acetate (Ito et al., 1978) , trityï tetrafluoroborate 

and DDQ alone (Jung et al., 19771, as well as selenylating agents such 

as C &Se (O) Cl (Reich, 1975) , PhSeCi (Reich and Wollowitz, 1993) , and 

(C 6HsSe0) 2 0  (Barton et al., 1980) are used. 

As reported previously (Lin, 1994) , attempts to introduce a double 

bond into ring A of 19 (RI -acetoxy-S B I  19-çycloandrostane-3,17-dione by 

treatment with either DDQ or benzeneselenic anh-ide in benzene under 

reflux resulted in ring opening to af ford SB-androstane-3,17-dion- 

19-al, S p-estrane-3,17-dion-s~-al, and an unidentif ied product. After 

several unsuccessful attempts, f inally, introduction of the l,2-double 

bond, into ring A, was achieved by employing modified fto and Sagausa 

oxidation of the TMsilyl en01 ethezs 2.11 and 2 -14  (Scheme 2 . 4 )  . This 

was done with an equimolar amount of palladium acetate in acetonitrile. 

Rm8ult8 rnd Diacu8mioa 

Saturated 19(R/S)-hydroxy-S@,19-cycloandrostanes, 2.4 and 2.5/2.6, 

(Scheme 2 . 3  1 were synthesized, with a slight modification, following 

methods developed in this laboratory (Templeton et al., 1996) . 

~ndrost-4-ene-3,17-dion-l9-al 2.2 was prepared by PCC oxidatioa of 

19-hydroxyandrost-4-ene-3,l7-dione 2.1. PCC (acidic) instead of PDC 

(basic) was used to minimize formation of by-products. Treatment of 

the 19-aldehyde 2.2 with zinc in aqueous acetic acid gave a mixture of 

estr-5 (10) -ene-3,17-diane 2 - 3  ( 3 . 3 % )  together with the 19 (RI -alcohol 

(62.5%) 2.4 and a mixture 19 (SI -alcohol/hemiacetal 2.5/2 - 6  (3%) , 

(Templeton et al. , 1994, 1996a) . Rowever, treatmcrrt of the aldehyde 

2.2 with zinc in glacial acetic acid yielded also the 19(R)-alcohol 2.4 

(60 tr) . The reaction to be completed required a longer time ( 4  h vs 

1.5) . Surprisingly, no estra- 5 (10) -ene-3,17 -dione 2.3 was f ormed as 



show by the 'H IWR spectnun of the erude product. This may indicate 

that the initial attack of a molecule of water on the 19-aldehyde group 

is required to produce estr-5 (10) -ene-3,17-dione 2.3 (Templeton et al., 

1996). 

Additionally, to explore the remarkable degree of 

stereoselectivity, a metal ammonia reductioa of the 19-aldehyde 2.2 was 

designed. In particular, this experiment was perfomed to determine 

the ratio of products with the 19-hydroxy group projected above rings A 

and B. 

Treatment of the aldehyde 2 - 2  with lithium in liquid ammonia gave 

the reductive cyclization product the 19- (RI -alcohol 2 -4 (11%) as 

obtained with zinc in the aqueous acetic acid treatment together with 

the corresponding 178-alcohol 2.8 ( 3 4 % ) ,  and the 5 (10) -01efin 2.3 (11%) 

and its 178-alcohol 2 - 7  (12%) . The 178-alcohol 2.8 was further 

characterized as the diacetate 2.9. 

As reported (Templeton, Ling et al-, 1994b), treatment of the 

19(R) -alcohol 2.4 with dilute solutions of either HCI-THF or methanolic 

KOH caused its isomerization to the thermodynamically more stable 

19 (SI -alcohol 2 .S. Similar treatment of the 19 (RI -alcohol 2.4 .with 

CHsCOOH-THF or Lewis acids, ZnC12.2Hfl in CH3CN or BF3.OEtt-Et9 in 

THF, at room temperature led to the 19 (SI -hydroxy/hemiketal mixture 

2.5/2.6.  It was also noted that the 19(R)-alcohol 2.4 was unstable 

even in CH2C12 solution, at adient  temperature, and epimerized to its 

more thermodynamically stable epimer, the 19(S) -alcohol 2.5. 

Ring A conformational analysis of compounds 19(R)-hydroxy- 

-sg,  ~g-cycloan&ostane-3,17-dione 2.4 and 19 (RI -acetoxy-5&19-cyclo- 

androst-3,17-dione 2.10 were perfomed based on the coupling constants 

and nuclear Overhauser cf fect (Marat, 1995) . The analysis data showed 



that there are no clear axial or equatorial environments for the C-l 

and C-2 protona. Thesefore, Marat (Marat, 1995) concluded that ring A, 

of the 19 (RI -hydroxy 1.4, exists in the equilibrium between a boat 

conformation with 8-la, 2 B, and ff-4a- axial (conformer A) , (Scheme 2.5) 

and an inverted boat conformation with H-1@, 8-2a, and H-4p-axial 

(conf orner 8) . As shown in Scheme 2.5, MMX force field calculatioas of 

the minimum energies of compound 2.4 for both conf ormers , A and B, are 

comparable (AE = 1.25 kcal mol") which could be consistent with the 

suggested conformational equilibria. The proposed mechanism of 

epimerization, of the 19 (RI -alcohol 2.4 to 2 - 5  19 (SI -alcohol, under 

basic conditions, is shown in Scheme 2.5. 

Separate acetylation of the 19 (RI - 2.4 and 19 (SI -alcohols 2 . 5 1 2 . 6  

gave the corresponding acetates, 2.10 and 2.13, respectively (Scheme 

2.4) . Production of an en01 form of the saturated 19 (RI -acetoxy- 

3,17-dione, under kinetically controlled conditions ("reversen 

addition) , with TMçiOTf in the presence of hindered base, B r  2EtN, in 

CE12Cl 2 at low temperature (-78 O C )  gave an inseparable mixture of the 

3-siloxy 2-ene/3-ene 2.118 and 2.llb (H-2:H-4; 6.1:l) in 70%. It was 

noted that TMSiOTf in the presence of i P r 2 E t N  is regioselective in a 

kinetic sense. Using TEDMSiOTf or TMSiOTf together with Et 9, as a 

base, was not fully successful. Not only enolization of ring A, at C-2 

and C-3 occured but also at ring D lowering the product yields. 

Treatment of the isomeric 19 (SI -acetoxy-3,170dione 2.13, under 

thennodynamically controlled conditions, with TMSiOTf and Et SJ in DMF 

at room temperature gave an inseparable mixture of the 3-siloxy 

2-ene/3-ene, 2.14. and 3.14b, H - 2 : - ; 2 : ,  but in a different 

ratio. The yield o f  the products 2.14r/2.14b was lowered, because the 

enolization also occurred in ring D, as determined by the 'H NMR spec- 



conformer A 
E-44.10 kcal/mol 

0.' c o n f o r m e r  B 

sch- 2.5 Proposed mechanism of epimeriaztion of 19 (RI -hydroxy-5 p. - 
19-cycloandrostane-3.17-dione 2.4 to 19 (SI -hy&oxy-5 8.19-cycloandro- 

stane-3,17-dione 2.5/2.6 wder basic conditions. E (kcal/mol) is 

rninimized energy of the structure determined by the MMX force field. 



trum. On chromatographie separation of the enalization products, a 

mixture of the 3-siloxy-2-en/3-en 2.14a/2.14b was obtained in only 46% 

yield. Preliminary trials to introduce, directly or indirectly, 

1,2-unsaturation into ring A, u s h g  small scale cxperiments monitored 

by 'H NMR spectra, proved to Ee unsuccessful. Treatment of the 19 (R) - 
-acetoxy 2.10 with (PhSe) 2, CSA, a d  3-10 2C@aCOOH yielded products 

which did not indicate the formation of the l,2-double bond, and they 

w e r e  not further identified. Similarly, reaction of the silyl en01 

ethers 2 .ll8/2.llb with PhSeCl in ethyl acetate, followed by selenium 

oxidation with hydrogen peroxide was also unsuccessful (Sharpless et 

al. , 1973) . Similar treatment of the silyl enols 2 . l l r /2 .  llb with 

DDQ-Et3N in room temperature led ta recovery of the starting material 

2 -10. On the other hand, oxidation of the silyl enols 2 .lla/2.11b, 

with NBS in THF at O OC (Blanco et al., 1976) , led to substitution of 

bromine at C-2 and C-4, as shown by the 'H E.WI spectrum, but the 

compound was unstable. Even treatment of a mixture of the enols 

2.118/2.11b with a catalytic amount of palladium acetate in the 

presence of quinone, to reoxidize reduced palladium (Ito et al., 1978) , 

failed. Finally, sepaxate treatment of the mixture of TMsilyl -en01 

ethers 2.11r/2.11b and 2.148/2.14b with equivalent amount of Pd (Ac01 2 

in CHîCN for 5.5 h and 30 min, respectively, gave the desired 

1,2-unsaturated ketones 2.12 and 2.15- Thelce is a different reaction 

rate for 2-11. and 2 1  This again can be explained by the 

conformational changes of ring A. As mentioned above, the NMR 

conformational analysis of ring A of both saturated compounds, the 

19 (RI -acetoxy- 2 4 and the 19 ($1 -acetoxy-5$, 19-cyclosteroid 2.13, 

showed that ring A adopts both a boat and inverted boat form for the 

19(R) -acetoxy- 2.10 and an inverted boat fox the 19(S)-acetoxy- 2-13 



2-llal R ~ -  H. R ~ -  O A ~  

o r  

P d  2.13a RI- A c O ,  R2= fi 

Reagents: i, TMçiOTf, i P r z E t N ,  - 7 8 ' ~ ;  Li, Pd(O&c) 2, a3a. 

schm 2 . 6  P r o p o s e d  formation rnechanism of the unsaturated compounds 

2.12 and 2.15 v i a  palladium oxiâation (E in kcal mol '') . 



(Marat, 1995) . Rzrthennore, the 19 (RI -acetoxy 2.10 conformer exists in 

equïibrium with its conformer 2-108 having ring A in an inverted boat 

(Marat, 19951, (Scheme 2.6) . MMX force field calculations of the 2 -10 

and 2.101 stnictures showed that the boat-like conformer is only 1.8 

kcal mol-' more stable than the corresponding conformer with an 

ninverted boatn. Therefore, an inverted boat-like transition state may 

well represent the principal patb of the reaction as a result of steric 

interaction between the palladium species and the 19-if proton (above 

ring A) . These conclusions are derived fsom the observed rate of the 

reactions . 

As outlined in Schemc 2.6, ring A of the 19 (RI -acetoxy 2 -10 adopts 

a boat conformation (major conformer) and of the 19 (S)  -acetoxy 3-13 the 

inverted boat form. The same conformational structures of ring A could 

be valid for the silyl en01 ethers 2 .Il& and 2.138, i.e. precursors of 

unsaturated compounds 2 1  and 2.15, respectively. As night be 

expected intuitively, there i s  a relationship between conformations of 

ring A and interactions of the palladium active species. In general, 

for the oxidation reaction of silyl en01 ethers 2.118 and 2 .l3a to 

proceed, a palladium species must form a n-complex (Heck, 1985) with a 

double bond of the substrate 2 108 or 2.138 (Scheme 2 . 6 )  . Because the 

rate of oxiâation of the 19 (SI -acetoxy-5&19-cycl0-3-silyl en01 ether 

2.131 is faster (30 min) than the 19 (RI -acetoxy analogue 2 .IO1 ( 5 . 5  h) , 

it suggests that a structure with an inverted boat conformation of ring 

A favours approach of the palladium species to the n-system of the 

8-face. 

For both compounds, 2.llr and 2 . 3 ,  the oxidation reaction, 

presumably, proceeds via the conanon intermediate, as shown in Scheme 

2.6, with syn elimination of the axial lg-H. A second possible 





studies of the corresponding -01s w i t h  or without the neighbouring 

acetoxy group or other functional group could be undertaken. 

In a separate reaction (Seheme 2 . 7 )  an attempt to intercept 

isomerisation intermediates, . or ? (Scheme 2.6) , by treatment of the 

19 {RI -acetate cyclosteroid 2-10 with acetic anhydride and BFJ . OEt h 
CI12C12 gave, ipstead of the expected 19,19-acetates 2.16, an 

inseparable mixture of the 2,3- and 3,4-acetoxy enols, 2.178/2. l y b ,  in 

the reverse ratio (H-2:H-4;1:4) to the analogous silyl enols, 

2.118/2.11b (H-2:H-4; 4:1). Because the ring opeaing did not occur, it 

means that the reagent employed, BP3-OEt2, was not strong enough to 

initiate the isomerization process. The advaatage of this new 

synthetic method is the formation of the en01 acetates, selectively, in 

ring A. So far, the reported syntheses of e n d  acetates involved 

acetic anhydride in m e  presence o f  base, such as NaOAc, KOAc, KzC0 3 ,  

Et3N and catalytic amount of DMAP, LiN(SiMe3) 2 or a catalytic amowt of 

strong acids such as TsOH and EfC104 (Larock, 1989). Other reagents 

have been used, namely , Ei 2C=C (Me) OAc/cat TsOH, H 2C=C (Me) OAc/cat TsOH/- 

Cu(OAc1 2, AcCl/IEEf and bMAP (Larock, 1989) . Other methods to produce 

en01 acetates iavolved: (1) acid-catalized ring opening and elimination 

of a,p-epoxysilanes fonned by hydrosilylation and epoxidation of 

terminal acetylenes (Nesmeyanov, 1954) and (2) vinylic rnercuric 

acetates decomposition upon palladium acetate (Larock, 1980). Reported 

synthesis of geminal acetates of aldehydes involved acetic anhydride 

and ferric chloride (Kochbar et al., 1983) . 

A trial reaction to simultancously synthesize both 196-hydroxy- 

1~,i9-cycloan&ost-4-~e-3,17-dione and 19~-hydroxy-~~,19-cyclo~&o- 

st-1-ene-3,17-dione by employing Zn-Sot aqueow CH3COOK (Lin, 1994) or 

Li-MIs required androsta-1,4-diene-3,17-dion-r9-al as the intemediate, 



Scheme 2 . 8 .  However, attempted synthesis of androst-l,4-dien- 

3,17-on-lg-al 3.19 via palladium oxidation of the 2,4-homoannUar 

dienol triisopropylsilyl ether 2.18 failed. Although treatment of 

aadrost-4-uie-3,17-dion-19-a1 2.2 with iPr3SiOTf and Et# in QI2C1 at 

- 7 8  OC (nreverse additionrn) gave the expected homoannular 2.4-dienol 

triisopropylsilyl ether 2.18, subsequent palladium acetate oxidation of 

2-10 yielded a mixture of products which did not indicate the formation 

of 1,4-diene bond, and they were not further identified. When the 

reaction was repeated, wder the same conditions but with the faster 

addition of 2.2 ( 5  m i n  vs 20 m i n . ) ,  a more stable structure, the 

3,s-dienol silyl ether 2 -20, was obtained as determined by the la and 

13c NMR spectra (see the experimental part) . 

Reagents: i, iPr3SiOTf, i P r 2 E t N ,  CH2C12, -78'~ (a) 20 min.; (b) 5 min. 
addition; i f ,  Pd(0Ac) 2, CE13CN. 

Schm 2.8 synthesis of 3-0- (triisopropylsilyl) -androst-2,4-dien- 

3,17-on-19-al 2.19 and 3-0- (triisopropylsilyl) -aodrost-3 >-dien- 

17-on-19-al 2.20. 



Korenchuk et al. (Korenchuk et al., 1985) as well as Cole and 

Robinson (Cole and Robinson, 1991) reported selective kuletic 

enolization of 17B-0- (terahydropyranyl) -androst-4-en-i-on-19-al toward 

c-2 to af rord 3-0- ( tee-butyldimethyisilyi) -178-0' - (tetrahydzopyra- 
nyl)-andmsta-2.4-diene-3,17-diol-l9-al: the synthesis vas accomplished 

with TBDMSiOTf and collidine at 0 C . 

Tablm 2 . 1  Conformations of the 19-CHO group, in compounds 2.2 and 2.20 

determined by the NOE experiments. 

- -- 

H r s  Irradiated Hf s Enhancement(%) 



Tanable and Crowe (1973) also synthesized a 2.4-dienol silyl 

derivative, under kinetically controlled conditions, by treatment of 

178-0- (tetrahydropyranyl) - a n d r o s t - 4 - e n t  with lithium hexa- 

methyldisilizane followed by trapping the lithium 2,4-dienolate ions 

with tert-butyldirnethylchloroailane. 

Conformations of the 19-aldehyde group Uz androst-4-ene-3,17- 

dion-19-al 2.2 and 3-0- (triisopropylsilyl) -androsta-3,5-dien-17-on- 

19-al 2.20 have been determined by NOE experiments. The results are 

given in Table 2.1. For both compounds, 2.2 and 2.20, rotation of the 

19-CHO group around the C(10)-C(19) bond is observed. 

2.1.1 S-ry 

1. Unsaturated compounds, 19 (RI -hydroxy-5 g, 19-cycloandrost-1-ene-3 , - 
17-dione acetate 2.12 and 19 (SI -hy&oxy-SB, 19-cycloandrost- 

1-ene-3,17-dione acetate 2-15 ,  have been synthesized for biological 

evaluation i n  terms of aromatase inhibition. 

2. Dissolving metal reduction (Li-NH3) of androst-4-en-3,17-dion-19-al 

2.2 was designed to determine the ratio of the 19 (RI -hydroxy- 2.4 

and 19(S)-hydroxy- 2;s products. Results of two experiments of the 

reductive cyclization of androst-4-ene-3,17-dion-19-al 2.2 both 

with zinc metal in 5 0 %  aqueous acetic acid solution and with 

lithium metal in liquid arnmonia were compared (Scheme 2.3) . The 

ratio of the 19(R/S)-hydroxy groups above rings A and B for both 

cyclizations was detennined. 

3. A new synthetic method to produce selectively, in ring A, 3-en01 

acetates of steroid derivatives by employing Acf l  and BP3.OEt 2 in 

CH ZCl 2 was developed . 
4 .  Suggestions have been made that: (1) the 3-siloxy-19(R)-acetoxy 



2-ene 2.11a might have reacted with a palladium species via 

conformational changes of ring A; and (2)  the 3-siloxy- 

19(Ç) -acetoxy 2-ene 2.13. maty react with a palladium species via 

neighbouring group participation of one of lone pairs of the 

carbonyl oacygen of the 19 (SI -acetoxy group. 

LLn&ort-~-.na-3,l7-diorr-~S-8l 2 -2 

The mixture of 19-hydroxyan&ost-4-ene-3,17-dione 2.1 (10 g, 33.1 

mol) , pyridinium cblorochromate (10.7 g, 50 mol, 1.5 eq.) in a 2 C l z  

(80 mL) and molecular sieves 4A (lg, 101 of 2-21 was stirred at 20°c, 

under a positive pressure of argon, until TtC indicated no starting 

material (ca 24 h). Diethyl ether (100 mL) was added and the mixture 

f iltered, through a silica pad and MgS0 4 (MgSO 4 added to remove ~r 3 + )  , 

with excess of diethyl ether to give a filtrate, which was washed with 

saturated aqueous NaHCO3, water, dried, filtered, and evaporated to 

give a crude product ( 9 . 9 5  g) . The product after crystallization, .from 

CHzCl2-EtOAc, gave the 19-aldehyde 2.2 ( 8 . 5  g, 28 mol, 8 5 t ) ,  mp 

134-136 OC (lit., 129-133 OC; Hagiwara et al., 1960). 

of 2.2 ( C D C l i ) ;  8 9.88 (S. lHI 10-CHO), 5 . 9 3  ( 9  lH, 4 )  t 0 . 0 3  

(s, 3H, 18--3). 

13c of 2.2 (CDC13) : 6 34.09 (1) , 29.61 ( 2 ) ,  197.54 ( 3 1 ,  127 -53 (41, 

160.35 ( 5 1 ,  33.67 6 3141 ( 7 )  36.38 ( 81 ,  53-54 (91, 5 4 - 9 7  (IO), 

21.09 (lx), 30.27 (121, 47.32 (131, 50.91 (14), 21-57 (151, 35.58 (161, 



Bmtr-5 (10) -0n0-3~17-diona 2.3, 19 (RI - m o l l y - 5 $ ,  19-cycloaadromture-3, - 

17 -dione 2 . 4, 19 (SI -ûydroay-SB, l9-cyclo.~1&0mtaa0-3,17-üione/3-aydro- 

xy-3 B. 19 (SI -op--5 ~,19-~yclorndromt~-17-o~~ 2. S/2.6 

Reductive wclization with Zn in 50% CIIdXN3H/Hfl 

To a solution of the 19-aldehyde-4-ene 2.2 (8 .5  g, 16.8 ~imol) in 501 

aqueous acetic acid (125 mL) was added Za powder (41.5 g; the reaction 

is exothermic) and the heterogenous mixture stirred for 3 - 5  h. The 

reaction mixture was diluted with CH2C12 (150 mi,) and filtered through 

celite. The organic filtrate was washed with water, saturated NaRC03, 

water, dried over Na2S04, filtered, and evaporated to give a crude 

product, which on FCC, on elution with 10-40% acetone-LP gave fractions 

which yielded ester-S(10) -3,17-diane 2.3 (153 mg, 0.55 mol, 3%) and a 

mixture of the 19 (R/S) -alcohols 2.4/2.6. The 19 (R/S 1 -alcohols on 

crystallization in CII2Cl2-Eto~c gave a pure sample 2.4 (3.14 g, 10 - 4  

mol, 3781, mp 160-167 OC (decornp.), (from CH2C12-EtOAc) , (lit,. 

161-164 OC, from CH2C12-Et20; Lin 1994) . 
'B of 2.4 (CDCl3); 5 3.30 (S. lH, 19-HI, 2.49 (dI J 17.1 HZ, lA, 

4a-H) , 2.40 (dd, J 19.2, 10.3 Hz, 1Ef. 16p-H) , 2.31 (d, 3 17.2 Hz, la, 

4B-H) . 
13c NMR of 2.4 (CDC13): 6 27.61 (1). 36.28 (21, 212.31 ( 3 ) .  47.89 ( 4 ) .  

21.19 ( 5 ) ,  25-71 (61 ,  26.23 ( 7 ) ,  36-83 (81,  46.47 (9), 25.33 (IO), 

24.23 (111, 32.20 (121, 48.68 (131, 51.16 (141, 21.62 (15). 35.63 (161, 

221.22 (171, 14.35 (181, 63.40 (19). 

Bimeriza tion of 2.4  ta 1 . 5 / 2 . 6  under basic conditions: 

The mother liquor, from the above crystallization of products obtained 

from the reductive cyclization, was evaporated and the oily residue 

( 5 . 3 6  g) treated with 0 . 5  M methanolic KOH (85 mL). The mixture was 

stirred at room temperature for 1.5 h and then diluted with CH2C12 (300 



mL) , washed with water, dried, f iltered, and evaporated to give a crude 

product (5.02 g), which on FCC, on elution with 20% acetone-LP, yielded 

the 19 (SI -alcohol/hemiacetal mixture 2.5/2.6 ( 2  -47 g, 8 . B 7  mal, 53%) , 

mp 160-165 OC (decomp. , (front CB2C12-EtOAc) , (lit., 161-164 OC, from 

CH2C12-Et fl; Lin 1994) . 
'a aoIl of the 19 (SI -aleohol/hemiacetal 2.S/2.6 (QiC13) ; é 3.43 (bs, ui, 

lg(S) -8 of 2.5), 2.47 (d, J 8.3, Itf, 16-Hl, 2.40 (d, J 8.4, iH, 16-H) , 

* 0.89 (s, 3H, 18-CH31 . 
'a of the 19 (SI -alcohol/hemiacetal 2.5/2.6 (acetoae-de) : 6 5 .O7 

(bs, liI, 30-08 of 2-61, 4.5  (s, Uf, 19(S)-8 of 2 . 6 ) ,  3.77 (s, IH, 

19 (S)  -H OÉ 2.51, 0.86 (s, 38, 18-CII3) . 
E8tr-5 (10) -@~-3,17-diop0 2.3, 19 (RI -iiy&oacy-SB, 19-cyclo~dromtano- 

3,17-dione 2.4, 1 7 ~ - E y & a a q w ~ t ~ - 5  (10) -.~-3-ona 2 -7,  rnd lfp, 19-dihydro- 

xy-S$,iS-~clo~&omtra0-3-ona 2.8 

Reductive cvclization with Li in liuuid NH3 

A solution of the 19-aldehyde 2.2 (500 mg, 1.66 m l )  in 

tetrahydrofuran (25 mL) was added over a period of Ih to a stirred 

mixture of liquid ammonia (100 mt) and THF (10 mL) containing lithium 

metal (681 mg, 98 mmol) .' Stirring was continued for a further 30. min 

at which time solid NHlCl (7.0 g, 130 mmol) and Et20 (100 mL) were 

added. Evaporation of the ammonia yielded an organic solution, which 

was washed with water, dried, filtered, and evaporated to give a 

residue. The residue on FCC, on elution with 10-40% acetone-LP, gave 

fractions which yielded the estra-S (10) -diketone 2 - 3 ,  ( 5  O mg, 0 .l8 

mol, Ut), mp 147-149 OC (frorn acetone-LP), l i t .  144-146 OC; 

Ueberwasser et al., 19631, the lS(R)-cycloalcohol 2.8 (55 mg, 0.18 

mmol,  lit) , mp 166-168 OC (from CH2ClZ-LPI , and the 17$, 19 (RI -cyclodiol 

2.8 (173 mg, 0.57 mmol, 34.3%), mp 168-170 OC (from acetone-EtOAc) , 



l i t .  165-168 OC, forni CH2C12-Ets, Templeton et al., 1996) the 

178-hydroxy e s t r - S ( 1 0 )  -3-one 2.7  (53 mg, 0.19 mmol, l l . S t ) ,  mp 192-196 

OC (from ace tone-LP) ,  ( l i t . ,  193-196 OC; Wilds and Nelson, 19531, and 

t h e  178,19 (R) -di01 2.8 (173 mg, 0.57 mmol,  34%) ,  mp 168-170 OC (from 

acetone-EtOAc-LP) . 
k of 2.3 (CDClj) : 6 2 .81  and 2.70 (d. J*e 21.2, 4-82) .  0 , 9 1  (S. 

Ul, 18-CH3). 

t 13c NMR of 2.3 ( c D c ~ ~ )  : 6 24.80 ( 1 1 ,  38.97 (21, 207.91 ( 3 ) .  44.67 ( 4 ) .  

126.66 (5)  , 32-39  (61, 27-54 ( 7 )  , 38.66 (8)  4 6 - 2 4  (9)  1 130.60 (10) 1 

25.93 ( I l ) ,  30.60 (121, 47.98 (131, 49.98 (141, 2 1 - 4 3  (151, 35 -61  (161, 

217.50 (171, 13.98 ( 1 8 ) .  

'a of 2 .7  (CDClo): 6 3.69 (ddI J 14-44,  8.02 HZ, 178-HI. 2 - 7 8  

(d l  J 21.4 Hz, , 4a-HI, 2.68 ( d l  J 20.6 H z ,  lH, 4 p - H ) ~  2.46 (m, 

16&H), 0.77 (s,  3H, 18-CH3). 

13c M(R of 2.7 (CDCls): 6 22.99 (1). 39.09 (21, 211.23 ( 3 ) ,  44.64 ( 4 ) .  

126.40 ( 5 ) ,  30.70 (61, 27-44 (711 39.08 (811 46-16  (91, 131.00 ( l o ) ,  

26.43 ( I l ) ,  30.70 (121, 43.56 (131, 49.68 (141, 25 .11  (151, 36.98 1161, 

81.84 ( 1 7 ) ,  11.28 ( 1 8 ) .  

1H of 2 . 8  (CDC13); 6 3.67 ( t ,  l H l  1 7 8 - ~ ) ,  3 . 3  (s,  lIfl 19-H), .2-49 

(d, J 17.07. IH, 4a-Ei), 2.32 (d, J 17.07 HZ, 1X, 48-BI, 0.77 ( s r  lH, 

18-cx3) .  

13c of 2.8 (=Cl3 ) :  6 28.05 (1). 36.64 (21, 215.17 ( 3 ) ,  48.43 (41, 

The l 7 8 , l 9  (R) - c y c l o d i o l  2 . 8  (153 mg, 0.502 mol)  i n  CH2C12 ( 5  mt) was 

t r e a t e d  w i t h  Et$ (200 pL) and A c s  (500 pL) a t  20 OC for 1 h. CH2C12 



(20 mL) was added and the organic layer washed with 3% HC1, water, 

saturated aqueous NaHCO 3, water, dried, f iltered, and evaporated to 

give a residue which on PCC, on elution with IO% acetone-LP, gave the 

l7p, 19 (RI -diacetate 2.9 (130 mg, 0.34 mmol, 6 7 * ) ,  mp 139.5-142 OC (from 

EtOAc-LP) (Pound: C, 70.10; H f  8.30. C~If3205 requires C f  71.09; 8, 

0.31%) - 
'8 of 2.9 (CDCla); 6 4.63 (dd. J 9.0, 7.8 HZ, 38, 17-CB3C001, 4.00 

t (s, 1H, 19-H), 2.55 and 2.48 ( d ,  JAB 17.9 Hz, lH, 48-H and 40-H), 2-14 

(9,  3K, l9-CH3COO), 2.04 (s, 17-CH3C00), 0.82 (s, 3Hf 18-CHj). 

13c of 2.9 (CDC13): 6 28.05 (1). 36.64 (21, 215.17 (3). 48.43 ( 4 ) .  

21.02 (51, 25.95 6 ,  27.33 (71, 37.33 (81, 46-37 (91, 25.64 (10), 

24.62 (111, 37.64 (12), 44.12 (131, 51.10 (141, 23.37 (151, 30.13 (16), 

81.68 (lï), 11.55 (181, 63.58 (lg), 20.53 (lg-OCOm3), 171.14 

(19-ococ~3) . 

19 (R) -Acotoxy-SB, 1 9 - c y c l o ~ & o ~ t ~ m - 3 , l 7 - d i o n o  2.10 

To a solution of the 19 (RI -cycloalcohol 2.4 (3.22 g, 11 mol) in QI tC1 

(60 mL) was added Ac20 (11 mL, Il mmol, 10 eq.) and Et# (1.5 mi,, 16 

mol ,  1 . 4 5  eq.1 foI1owed by 4-dimethylambopyridine (DMAP) (132 mg, 1.1 

mmol, 0.1 eq.). The mixture was stirred until TLC indicated no starting 

material (ca 2h) . Methanol (20 mL) was added and the product extracted 

with CH2C1 2 .  The organic layer was washed with water, 3% HC1, water, 

saturated NaHC03, water, dried, filtered, and evaporated to give a 

crude product (3.35 g) which on FCC, on elution with 10% acetone-LP 

yielded the 19 (R) -acetate 2.10 (2 -99 g, 8 -68 mol, 79%), mp 184-186 OC 

(from CHZC12-EtOAc) , (lit., 180-183 OC, from CH2C12-Et 20; L i n ,  19941 . 

h MQ1 of 2.10 (CDC13) ; 6 4.03 (s, lH, 1 9 - H l ,  2.54 (s, 4 - H l ,  2.46 (dd, 

J 19.2, 8.3 Hz, 1H, 168-H), 2.14 8 ,  19-OCOCH3), 0.91 (s,  3 H 1  18-CIfî). 

13c NMR of 2.10 ( C D C 1 3 ) :  6 22.47 (11, 36.21 ( 2 ) ,  210.59 (31, 47.20 (41, 



21.14 (51 ,  26.60 (61, 25.87 (71, 36.82 (81, 46.32 (91, 24.75 (101, 

23.79 (111, 31.97 (121, 48.45 (l3), 50.92 (141, 21.62 (151 ,  35.74 (l6), 

220.40 (If), 14.11 (181, 64.21 (191, 20.65 (19-OCmî), 170.67 

(19-OsCIfî). 

19 (R) -Acmtoxy-SB, 19-cyclouadromt-l--O 2.12 

A solution of saturated 19(R)-acetoxy-3.17-dione 2.10 (500 mg, 1.45 

mol) in m 2 C l  2 (2.5 mL) was added in portions over 5 min ("reversen 

addition), to a stirred and cooled (acetone/dry-ice bath) mixture of 

i-Pr2EtN (320 pK,, 1.89 mol, 1.3 eq.) and trimethylsilyl triflate (340 

pL, 1.76 mrnol, 1.2 eq.) in CEf2C12 (10 mt) under an argon atmosphere. 

Mter stirring for a Eurther 1.5 h, MeOK (0.5 nL) vas added to destroy 

excess reagent followed by diethyl ether. The organic layer was washed 

with brine, dried, filtered, and evaporated to give a residue which on 

FCC, on elution with 18% Et 20-LP containing 0 -2% Et3NI  gave fractions 

consisting of a mixture of the 2- and 3-silyl en01 ethers 2.118/2.llb 

(464 mg, 1 mmol, 70%), (H-2:H-4;6.1:1; 6 (CDC13): 4.66 ddd, J H , ~  6.1, 

2.4, 2.4 Hz; 5 - 3 0  d, J H , ~  2 Hz allylic coupling) . 

To a mixture of the 3-siloxy 2-ene/3-ene 2.11 (464 mg, 1.0 mmol) in 

C)13CN ( 5  mL) was added solid Pd(OAc1 2 (263 mg, 1.2 mol, 1.2 eq.). . The 

mixture vas stirred at 50 OC for 5.5 h under an argon atmosphere and 

then the solvent evaporated to dryness at reduced pressure to give a 

residue. The residue was dissolved in diethyl ether (5 mL) and 

activated carbon added. The heterogenous mixture was refluxed for 5 

min, filtered tbrough a short column with celite/silica, and evaporated 

to give a crude product which on PCC, on elution with Si) acetone-LP, 

gave the 1,2-unsaturated 19(R)-acetoxy-3,17-dione 2.12 (120 mg, 0.35 

mrnol, 24 ) ) ,  mp 146-149 OC (from Ets-LP), (Found: CI 73.4; H I  7.8. 

C2tH2604 requires Cf 73.6, H I  7.655). 



'8 of 2.12 (-13); 6 7.14 (d. J 10.2 HZ, ïH, 1-R) , 5.80 (d, J 

10.2 Kz, lE, 2-H)t 3.64 (s, IH, 19-H), 2.83 (d, J 18.6 HZ, 40-H), 2.45 

(d, J 18.6 HZ, IS, 48-H), 2-19 ( s r  19-0COCE13) r 0.87 (s, 3 H I  18-m3). 

of 2.12 (Q)Cl j )  : 6 125.99 (11, 152.21 (21, 195.26 ( 3 ) ,  41.92 

(4), 23.52 (51, 26.70 (61, 24.97 (71, 36.76 (81, 43.85 (91, 27-76 (IO), 

23.39 (111, 31.73 (12), 48-33 (131, 50.64 (141, 21.47 (151, 35-57 (16), 

219.86 (17) t 14-00 (181, 70-12 (191, 20-76 (19-OCOg13), 169.93 

(19-0pCH3) . 
\ 

19 (S) -Ac.t--S$, 1 9 - ~ ~ 1 0 ~ & 0 8 t . ~ 0 - 3 , 1 7  2 . 13 
TO the lg(S) -alcohol/hemiketal mixture 2 . 5 / 2 . 6  (2.04 g, 6.75 mol) in 

m2c12 (60 mL) was added A c s  (3.5 mL, 0.037 mmol, 5 . 5  eq.), Et# (2 

mL, 14.3 mmol, 2.1 eq.), and DMAP (82 mg, 0.67 mmol, 0.1 eq.) and the 

mixture stirred at 20 OC for 12 h. The mixture was poured into water, 

extracted with CH2C12 and the organic layer washed with water, 

saturated NaCfC03, water, dried over NazSO4, filtered, and evaporated to 

give a residue which on FCC, on elution with 12% acetone-LP, yielded 

the non-crystalline lg(S) -acetate 2-13 (1.7 g, 4.9 mol, 73%) . 

% of 2-13 (CDC13); 6 3.88 (s, lH, 19-Hl, 2.44 (dd, J 19.6, 8.9 Hz, 

lEI, 16B-H), 2.38 (d, J .16.6 HZ, lH, 40-El), 2.25 (d, J 16.4 HZ,. lH, 

4P-K), 2.08 (s, 3H, 19-COOCII31, 2-07 (m, 160-ET), 0.92 (s, 3H, 18-CH3). 

13c of 2.13 ( C D C l 3 ) :  6 23.12 (l), 36.37 (21, 212.02 ( 3 ) ,  43.10 ( 4 ) ,  

24.44 (5), 31.68 (61, 25.70 (71, 35.79 (81, 45.53 (91, 27.92 (101, 

24.10 (Il), 31.48 (12), 48.26 (U) ,  50.26 (141, 21.51 (15), 35.69 (l6), 

221.66 (l7), 14.14 (181, 62.13 (19) , 20.65 (19-0c00f3), 170.67 

(19-0e=3) - 
19 (S) -~catoxy-5~,19-cyclourdromt-l-.n.-3,17-diorrr 2.15 

~~imethylsilyl triflate (3.5 aiL, 18.1 mol, 8 -34 eq.) was added to a 

stirred solution of 19 (SI -acetoxy-SB, 19-cycIoandrostane-3 , 17-dione 2.13 



(748, 2.17 mol)  and Et* ( 6  mt, 42 m m l ,  19 eq-) in dry D W  cooled in 

an ice-bath- After 2 hr of stirring at room temperature, the mixture 

was poured into Et fl (100 mL) and the organic layer washed wiUI brine, 

dried, filtered, and e~porated to give a residue which on FCC, on 

elution w i t h  8* EtOAc-LP, yielded fractions of a mixture of the 

3-siloxy 2-ene/3-tne ethers 2 1 2 . 1 4 b  (462 mg, 0.994 inmol, 461), 

(H-2:H-4;2.3 :1) . 
% ~ E I  mm ( ~ ~ ~ 1 3 1 :  ( 8  3.79 S, 19-13 of 2.148), (6 3.70 S, 1943 of 2.14b). 

Fractions containiag 2.14 (462 mg) were dissolved in CEf3CN (30 mL) and 

tteated with a sol id  Pd(0Ac) 2 (228,  1.02 mol, 1.03 eq.) at 40 OC for 

30 min to give the 1,2-usaturated 19(S) -acetate 2.15 (238 mg, 0.7 

mol ,  32t), mp 203-205 OC (frorn CHzClz-EtOAc) (Pound CI 7 3 - 6 5 :  E, 7.9. 

C21H260r fequires C I  73.6; HI 7.652.)- 

'R of 2-15 (CûC13); 6 6.77 ( c i ,  J 10.2 HZ, LH, 1 - H l ,  5.97 (d, J 10.2 

HZ, IH, 2-H), 3.94 (s, lH, 19-HI, 2.77 (d, J 18.4 HZ, 4a-H), 2.34 (d, J 

18.4 HZ, iH, 4@-II), 1.90 (s ,  19-0COCH3), 0.95 (s,  3H, 18-CH3). 

1 3 ~ ~ ~ f  2.15 (CDC13): 6127.14 (l), 145.00 (21, 195.21 (31, 40 .42  

(4), 24.69 (51 ,  31.36 (61, 24.95 (71, 36.24 ( 8 1 ,  44.16 (91, 30.89 (IO), 

23.96 (Il), 31.45 (121,  48.33 (131, 50.28 (14), 21-56 (151, 35-66 (161, 

219.90 (171, 14.21 (181,  61.25 (191, 20.32 (19-OC0,C83), 170.10 

(19-O~OCHj) . 

3,19 (R) -~i&cat=-SBt 19-.11&08t-2-=-17-0~a/3,19 (RI -Di8cmto~y-5 @, 19 - 
=&OH+-3 -an-17 -on. 2.17r/2.17b 

A solution of the 19 (RI -acetoxy-Sg, 19-cycioan&ostane-3,17-dione 2.10 

(350 mg, 1.0 mm11 , acetic anhyâride (2 . O  mL, 21 mol, 21 eq. 1 , and 

BF3.0Et~ ( 150 pL, 1.2 mol, 1.2 eq) an methylcnt chloride (8 mL) vas 

strired at 20 OC for 24 hr, when no starting material was indicated by 

TLC. The organic layer was washed with water, saturated aqueous 



NaaC63, water, dried, filtered, and enporated to give an inseparable 

mixture of two compounds ; the 3,19 (RI -diacetoxy 2 -ene/3 -ene derivatives 

2.178/2.17b (230 mg, 88 mol, Be*), (H-2:H-4; 1:3.2, base on the 'H NMR 

spectrum) , 

3-0-(Trii~opropyl8ilyl)-.z1&08+r-2,4-di.p-3~17-011-19-.1 2-10 

Into a Llame-dried flask with powdered moledar sieves 4A (35 mg, ca 

10%) capped with a &ber septum was added dry CH2C12 (8 mt) a d  

t iPr2EtN (220 pL) at room temperature, under an argon atmosphere. The 

mixture was cooled to -78 OC (acetone-solid COz) . and then iPr3SiOTf 
(325 Clfi) was added followed by a dropwise addition (over 20 min) of a 

solution of the 19-aldehyde 2.2 (300 mg1 in dry CHzCl2 (3 na,). After 

1.5 h of stirring, methanol (0.5 mL) vas added followed by Et20 (20 

mL) . (still at -78  OC) . and the organic layer washed with brine, dried, 

filtered, and evaporated ta give a noncrystalline residue 2.18 ( 3 9 5  mg, 

0.86 mol, 87%). 

'a of 2.18 (CDC13) : 8 9.73 (S. , 19-CHO 

(dt J 6-54 I f i f  l H I  2-H), 2.97 (dd, J 16.95, 

1, 5-71 (s ,  lH, 4-Hl, 4.73 

6-63 BZ, lH, lB-H), 2 . 4 9  

(br t, J 13.66 lH, 6 B - H ) ,  2.48 (br d, J 13.77 HZ, IR, 6a-Hl 2.29 (dd, J 

19.62, 1-92 Hz, irr, la-HF, 1.07-1.0s SiC(CEf3) 2. 0.88 (18--3) . 

l%lBYR of 2.18 (CDC13): 6 31.65 (11, 98.11 (2). 147.56 ( 3 1 ,  125.05 (4). 

137.97 (51, 31.78 (61, 29.57 (71, 36.73 (81, 51.06 (91, 53.24 (IO), 

21.57 (Il), 31.22 (lt), 47.62 (131, 53.54 (141, 21.70 (151, 35-70 (16), 

220.39 (171, 13.73 (181, 201.63 (191, 17.93 SiCfI(D3)2, 12.47 

S i g ( C H 3 )  2. 

3-0-(~rii8ogropyl8flyl)-.11&0st8-3,5-~~-3~17-on-l9-&1 2.20 

TO a stirred and cooled ( -  78 OC; acetone-solid CO2) mixture of iPr2EtN 

(320 a, 1.9 -1, 1.3 eq.) , iPr3SiOTf (470 mL, 1.75 mol, 1.2 eq.) , 

and powdered rnolecular sieves 4A (45  mg) in CH 2C1 ( 8  mL) rnL) , under an 



argon atmosphere, was added, by syriage over 5 m i n ,  a solution of 

androst-4-ene-3,17-dion-l9-a1 2.2 (433 mg. 1.44 mol) in CH2C12 (3 mL) , 

"reverse additionn. The mixture was allowed to stir for 1 hr: and then 

transferred into a separatory funnel containing brine (25 mL) and 

CH2C12 (40 mL) . After partitioning, the separated aqueous phase was 

further extracted with CE2C12 (10 mL) , and the combined organic phases 

were dried over Na2S04, filtered, and evaporated to give a glassy 

I residue (0.591 g), w h i c h  on PCC, on elution with 15-20% Et20-LP, gave 

fractions (0.270 g, 0.59 mol,  41%) identified as the noncrystalline 

3-triisopropylsilo~yandrosta-3~5-dien-l7-on-l9-a1 2.20. 

%# of 2.20 (CDClt) : 6 9.64 (d, J 1.28 HZ, LH, 19-CHû) . 5-56 (d, J 

3 - 3 3  Hz, la. 6-Hl, 5.44 (d, J 1.59 Hz, ïH, 4-81, 1.06-1-04 2, 

0 -83 (s, 3H, 18-CX3) . 

of 2.20 ( C D C l a ) :  6 30.55 (1). 27.64 (21, 152.77 (3). 108.27 

( 4 ) ,  133.48 (51, 120.74 (61, 27.64 (71, 32.81 (81 ,  47.49 ( 9 ) ,  51.85 

(IO), 21.25 (111, 31.36 (12), 47.49 (131, 52 .0s  (l4), 21.63 (151, 35.71 

(16), 220.21 (171, 13.58 (18), 205.22 (191, 17.92 SiCH(m3)2, 12.63 

Sig(CH3) 2.  



2.2.0 SY#RIESIS of 19 (R/S)  -ACSTOXP-I$, 19-CYCLOANDROST-4 - 
ICLO.-3,17-Dfm 

Introduction 

Synthesis of unsubstituted i8,~9-~yclosttroid derivatives bas been 

reported (Weiland and Anner, 1970) . Weiland and M e r  attempted to 

synthesize both 1@,19-cycloandrostane and SB,l9-cycloandrostarte 

derivastives in one reaction by treating a steroid 19-mesylate 

1,4-dien-3-one w i t h  lithium and biphenyl in tetrahydrofuran (Weiland 

and Aaner, 1968). f i o w e v e r ,  the product formed vas only the Sp,19- 

cycloandrostane derivative. Two years later, they reported successful 

synthesis of unsubstituted 16,19-cycloandrostane derivaties by treating 

a steroid 19-mesylate 1-en-3-one with lithium and biphenyl. 

A goal of this project was to synthesize unsaturated 

19(R/S)-alcohols and/or 19(R/S)-acetates of the 18,19-cyclosteroid 

derivatives, A and B. as potential mechanisrn-based aromatase inhibitors 

(Scheme 2.19) . 
Saturated analogues, 19 (SI -acetoxy- and 19 (RI -acetoxy-18,19- 

cycloandrostane-3,17-dione 2.32 (Scheme 2.111, w e r e  assumed to serve as 

intermediates for the synthesis of the 4,s-unsaturated 

Schrni. 2.9 Proposed 4,s-unsaturated 19 ( R / S )  -1@, 19-cyclosteroid 

derivatives to be synthesized as potential aromatase inhibitors. 



1B. 19-cyclosteroid derivativeo. The key synthetic steps in the 

preparation of 4,s-unsaturated 19 (R/S)  -acetoxy-1 @, 19-cyclosteroid 

derivatives, via reductive cyclization, involved: 

1. synthesis of the 1,2-unsaturated Sa-an&ost-l-ene-3,17-~on-19-al 

2.28 (Scheme 2.101, 

2. reductive cyclization of 2.28 with zinc metal in 501 aqueous acetic 

acid (Scheme 2-13), or 

3 .  reductive cyclization of 2.28 with lithium metal in liquid ammonia 

(Scheme 2.141, and 

4 .  oxidation of 2.32 to introduce the 4,s-double bond (Scheme 2.15). 

Raeulta and Di8cu8iioa 

1. S~atheiii of Sa-rndroit-1-on*-3.17-dimm 19-81 2.28 ( S e h m  2-10) 

The synthesis of Sa-aadrost-1-ene-3,17-dione 19-al 2.28 was carried 

out  starting from 19-hy&oxyandrost-4-ene-3,l7-dione 2.21 (Scheme 

2.10). Treatment of 19-hyâroxyandrost-4-ene-3,17-dione 2.21 with 

tert-butyldimethylsilyl chioride in the presence of imidazole at 50 OC 

gave the 19-silyloxy derivative 2.23. Catalytic hydrogenation (10% 

Pd/C) of 19- tert-butyldimetylsilo~yaadrost-4-ene-3,17-dione 2.23, 

having deliberately intrdduced a buïky group at C-19 to direct addition 

of hydrogea from the a-face (Templeton et al., 1966), gave a mixture of 

two products: the Sa-androstane 2.23 (70%) and the 58-androstane 2.24 

(258) as determined after PCC. As reported earlier, similar reduction 

of 19-hydroxyandrost -4-ene-3 , 17-dione or its 19-acetylated derivatives 

gave the Sg-androstane as a major product (Knox et ai-, 1965). 

As reported earlier (Lin, 1994; Templeton et al., 19961, 

introduction of a C-1 double bond through bromination of the 

3,17-diketone 2.23 followed by dehydrobromination with LiBr-LizCO3 gave 



Reagénts: i8 TBDMSiC1, imiâazole, DMF, SOOc;  ii, 101 Pd/C, H2, Eto~c; 

iii, FCC and then (PhSe) 2, ~ - I O ~ C S . E I ~ C O O H ,  CSA, TBF; iv ,  FCC and then 

nBu4NF or SnC12.2 H g ;  v, PCC. 

Schaw 2.10 Synthesis of Sa-androst-l-eat-3,17-dion-i9-a1 2.28. 



a low yield of the desired 1-en-3-one 2.25 ( ca 14%) , together with the 

28,19-oxide ( S s t ) ,  and the 4-tne-3,17-dione and 1,4-diene-3,17-dione. 

Similarly, when the 3,17-diketone 2.23 was treated with benzeneselenic 

anhydride, the 1-en-3-one 2.23 was obtained in 40% yield accompanied by 

the isomeric Q-ene-3,17-dione 2.22 (35%) ana the doubly dehydrogeaated 

1,4-ene-3,17-dione 3.26 (25%) . However, higher yields of the 

1-ene-3,lf-dione 2.25 were obtained by employing a reported procedure 

t (Barton et al., 1989) . Treatment of the ketone 2.23 with a catalytic 

amount of diphenyl diselenium (Ph 2Se 2) , camphorsulfonic acid, and 

3-iodylbenzoic acid (3 -10 2C a4COOH) ia tetrahydrofuran, under reflux, 

gave the 1-ene-3,17-dione 2 -25 (70%) together with minor by-products, 

the 4-ene-3,17-one 2.22 (12%) and the 1,4-diene-ketone 2.26 (2.5%) . 

3 - Iodylbenzoic acid was prepared via oxidation of 3 - iodobenzene acid 
with Stevens reagent, NaClO, (Stevens et al., 1980) in acetic acid 

(Barton et al., 1985, 1982) . 

Deprotection of the 1-en-3-one 19-silyloxy derivative 2.25 either 

wieh f luoride ion, nBu &F in tetrahydrof uran (Corey and Veakateswaralu, 

1972) or with Lewis acids, ZnC12.Hfl, in acetonitrile (Cort, 1990), 

yielded the 19-alcohol ' 2.27, which was oxidized with pyridinium 

chlorochromate or tetrapropylammonium perruthenate in CE2C12-CB3CN 

(9:l) in the presence of powüered molecular sieves 4A, to the 

19-aldehyde 2 -28. PCC, instead of PDC, was used to minimize formation 

of by-products . However, higher yields of aldehyde 2.28 (95%) , with no 

by-products, were obtained by using TPAP. Conformers of the 

19-aldehyde group in androst-l-cne-3,17-dion-r9-al 2.28 have been 

detennined by the NOE experiments. The results are given in Table 2.2. 

Thus irradiation of a proton of the 19-CHO group in 2.28 showed NOE 

enhancements of the 1-H ( 0 . 4 5 % ) ,  2-H 0 . 2 %  4g-H (1.94t1, 68-H 



(2.46%) and 8$-H ( 3 . 4 5 * ) .  Irradiation of 2-H showed a small 

enhancement (0.22%) in a proton of the 19-CBO group and a bigger one 

(7.65%) in the 1-K. Rotation of the 19-CE0 group around the C(10)-~(19) 

bond is observed with the carbonyl group being out-of A and B rings in 

Ca 92%. 

Tabla 2.2 The position of the 19-CHO group in compound 2.28 from NOE 

experiments . 

Compound H' s Irradiated H ' s  Enhancement 0) 

2 .  mductiva cyclfz8tion of Sa-.n&o8t-l-.na-3,17-dioaa-19-1l w i t h  zinc 

in 50% Cü3CWX-E$ r t  20 OC 

TreatmeEt of the aldehyde 2.28 with zinc in 5 0 1  aqueous acetic acid 

(Lin 1994; Templeton et al., 1994, 1997) gave a mixture of the 

following products: the thennodynamically more stable isomer, 19(R)- 

hydroxy-le, 19-cyclo-5a-an&ostane-3,17-dione 2.29 was the major 

product, which was in equilibrium with the hemiketal tautorner, 3 a- 

hy&~~y-3~,19-oxido-1$,19-cyclo-Sa-androstaa-17-one 2.30 (61t), and the 

less themodynamically stable isomer, 19 (SI -hydroxy-i$, 19-cyclo- SU- 

androstane-3,17-dione 2.31 (12%) (Scheme 2.11) . Relative yields were 



Reagents: i, Zn, 50% CH3C00#/H20; ii, crystaîïization; iii, Ac *O, 

DMAP; i v ,  N-(TBDMSi)imidazole, CHzC12; v, n-Bu-, TIIF; v i ,  dil. 

schano 2.11 Synthesis of the 19 (R/S) hydroxy-1@,19-cycloandrostane- 

3,17-dione, 2.29 and 2.31 and their derivatives. 



determined based on the 'H spectrum of the crude product. 

Crystallization of the crude product, from AcOEt-LP, gave an 

inseparable mixture of the 19(R) -alcohol/hemiketal compounds 2.29/2.30, 

which wats subjected to acetylation to produce, solely, the 1g(~)- 

acetate-1~,19-cycloandrostane-3,17-dioe 2.32. 

In a separate experiment (Scheme 2.11) the mother liquor was 

treated with 1-(TBDMSi)iNdazole in CH2C12 for three weeks to yield 

three silyl derivatives : the 19 (RI - tert-butyldimethylsilyl- 7-33 

(34 .5%)  , the hemiketal 3-silyl- 2.34 (36%) , and 19 (SI -TBDMsilyl ethers 

2.35 ( 6 % )  : yields were determined af ter FCC. 

The 'H NHR spectnv~ of the 19 (SI -TBDMsilyl ether 2.34 showed a 

doublet at 6 = 3.38 pprn (J = 3.1 Hz) which integrated for one proton 

and corresponded to the 19-cyclopropyl proton. The trans coupling, J = 

3.1 HZ, between the 19-H and la-H confirms the 19(S) stereochemistry, 

i.e. the 19-H endo. Two singlet signals at 6 = 0.90 and 0.87, 

integrated for nine protons and three protons, respectively, were 

assigned to the C-19 tert-butylsiloxy group and the 18-CH3, 

respectively. Two singlet signals at 6 = 0.12 ppm and 6 = O .  9 ppm 

integrated for 6 protons corresponded to two C-19 dimethylsilyloxy 

group. The ' 'c  NMR spectnim of the 19 (SI TBDMsilyl ether 2.34 showed 

one methyl signal at 29.51 ppm corresponding to the Si(CH3) 3,  a 

quaternary signal at 18.32 ppm corresponding to a carbon of the tert- 

butylsiloxy group, and two methyl signals at -4.77 ppm and 6 = -5.16 

ppm corresponding to two methyl groups of the dimethylsilyloxy part at 

C-19. A methine carbon signal at 56.62 ppm was assigned to the 

cyclopropyl carbon. Elemental analysis (C,H)  was in agreement with this 

product . 
The NMR spectrum of the 19 (RI -TBDMsilyl ether 2.34 is similar to 



the 19 (SI -TBDMsilyl 2.35 spectrum. A doublet signal at 6 = 3 -53  ppm (J 

= 7.09 Hz), integrated for one proton, corresponded to the C-19 

cyclopropyl proton. The cis coupling (J = 7 .09  Hz) between the 19-Ei and 

l a - H  confirmed the 19 (RI stereochemistry, i .e. 19-H exo. Two single 

signals at 6 - 0.89 ppm and 0.85 ppm, integrated for nine protons and 

Schmw 2.12 Proposed formation mechanism of 3a-methoxy-3$,19-oxido- 

le, 19-cyclo-5a-androstane-3,17-dione 2.36 from the 19 (RI -TBDMsiloxy- 

ip,ig-cyclosteroid 2 -33. 



Schrni. 3-13 Proposed formation mechanism o f  3a-methoxy-3 p. 19-oxido- 

le. 19-cyclo-sa-androstanc-3.17-dione 2 .Sb from the 3a-TBDMsiloxy- 

3e, 19-epoxy-1$, 19-cyclosteroidsteroid 2 -34 .  

three protons, also respectively, were aasigned to the C-19 t e r t -  

butylsiloxy group and the 18-CH3, respectively. Two siaglet signals at 

6 = 0.13 ppm and 6 ~ 0 . 9 5  ppm, each integrated for three protons, 



cortesponded to the two C-19 dimethylsiloxy groupa. Deprotection of 

the 19 (RI -silyl ether with tert-butylamonium fluoride in TBP gave 

again the inseparable mixture of 2.29/2.30 as deterrnined by the 'H NMR 

spectrunr. On the other hand, deprotection of the 19(S)-silyl ether 

with fluoride ion gave a more polar compound, the 19 (S )  -alcohol 2.30, 

which was eharacterized by its 'B and spectra, and elemental 

analysis . The 19 (S) -alcohol 2.30 was found ta be unstable in a C D C l î  

solution and partly decomposed to a saturated aldehyde during 13c 

acquisition, as shown by its 'H NMR spectnrm. The aldehyde vas not 

further identified. 

Treatment of either the 19(R) -silyl ether 2.33 or the 3a-siloxy- 

3p,19-ether 2.36 with dilute RC1-MeOH solution at room temperature gave 

the 3 a-methoxy derivative 2.36. The proposed mechanisms of format ion 

of the 3 a - m e t h o x y - 3 ~ , 1 9 - e p o x y - 1 ~ , l 9 - c y c l o - 5 a - ~  2.36 

from the 19  (R) -TB~~siloxy-Ip, 19-cyclo- 2 . 33 and of 3a-TBDMsiloxy- 

3~,19-0xido-1~,19-~~closteroid 2.34 are shown in Schemes 2.12 and 2.13, 

respectively . 

3 . Raductiva cyclizition of Sa-androit-1-~m-3,17-diona with lithi- 

in liquid um0n.i. rt -78 OC 

Previously, a lithium reduction of an&ost-4-ene-3,17-dion-19-a1 

2.2 in liquid ammonia was desigaed to determine the ratio of products 

having the 19-hydroxy group above rings A and B. Similarly, in Scherne 

2.14, the lithium seduction of the 1-en-19-al 2.28 in liquid ammonia 

was performed to determine the ratio of products with the 19-hydroxy 

group out-of or above ring At i.e. 1~,19(S)-OH : 1gt19(R)-OH. It was 

found that the Li-NH3 reduction of the 1-en-19-al 2.28 yielded the less 



3ch.pp. 2.14 Products of reductive cyclization of Sa-andcost-1-ene-3, 

17-dione 2.28 with Li-NH3 and their TBDMSi derivatives. 



thermodynamically stable isomer, ls, 19 ( 5 )  -cyclopropanol (70%) as the 

major product, together with the le, 19 (RI -cyclopropanol-hemiacetal 

mixture ( 3 O t l ,  as determincd by the 'H NMR spectrum of the crude 

product. The result of the dissolving-metal reductioa is in contrast 

with the Za/Q13COOH/H20 reduction, in which the lp, 19(R) -cyclopropaol- 

/hemiketaï mixture 3.2912 -30 (88%) was produced as the major product. 

The products of the dissolving-metal reduction were identified as 

their tert-butyldimethylsiloxy derivatives. Treatment of the 

i p ,  L9 ( R / S )  -cyclopropanols mixture with TBDMSiCl and iPr 2EtN in DMF for 

2 hr at room temperature (Lombardo, 1984) , followed by FCC separation, 

yielded the following compounds in their order of elution: 38,  Ife, - 
19 (RI -tri (TBDMsiloxy) -le, 19-cyclo-Sa-andtostane 2 -4% ( 5 . 5 % )  , 3a, 178- 

di (TBDMsiloxy) -3p,19-epoxy-18, 1 9 - c y c l o - S a s  2.32 (0  - 5 % )  , llp, - 

19 (SI -di (TBDMsiloxy) -le, 19-cyclo-5a-androstan-3-one 2 4 3  (32%) , 178, - 
19 (RI -di (TBDMsiloxy) -1B, 19-cyclo-5a-an&ostane-3-one 2 4 5 3 , and 

19 (RI -TBDMsilyloxy-1$, 19-cyclo-Sa-androse- , 0 2.35 ( 2 . 5 % )  . 

Stereochemistry of 3-H in compound 2.41 (Scheme 2.14) has been 

es tablished by NOE enhancemeats . Irradiation of 19 -8 (the cyclopropyl 

proton above ring A) in' 2.41 resulted in NOEf s to la-H (1.5%), .2p-H 

(1.95%), and 4$-H (6.7%); irradiation of 2a-H (2.22 ppm) resulted in 

NOE1s to la-H (6 .201,  3a-EI (7.3%), 2p-H (21%) ; irradiation of 30-H 

resulted in NOEf s to 2a-H (7%) . Neither irradiation of 19-tI nor 3-H 

resulted in NOEfs of 3-H or 19-8, respectively, indicating that these 

protons are not spatially close to each other. These results are 

consistent with the assigament o f  2.4Z having the TBDMsiloxy group at 

and 3-H at the a-orientation. Subsequeat deprotection of the 

l78,19 (SI -disilyloxy derivative 2 4 3  with nBum afforded the 

17e, 19-di01 2.39, which was directly subjected to isomerization trials 



wder basic and acidic conditions. Bovcver, neither treatment with 0 . 5  

M KOH-MeôH nor 1% BCI-TBF caused epimerization of t&e 178,lg (S) -di01 

2.39 to the f7p, 19 (RI -di01 2 -40.  This result indicate fhat the more 

thermodynamically stable 17$,19(R) -di01 2.40 (MMX, E - 41.22 kcal 

mol-') &es rilt origf iute Érom the les. theriaodynamieally stable 

17@, 19- (SI -di01 2-39 (MX, E - 41.44 kcal mol") as observed for the 

19 (TC) -hydroxy-SB, 19-cycloaadrostane-3,17-dione 2 - 4 .  The epimerization 

of 2.39 + 3.40, which was not observe& presïunrbly results from 

rigidity of ring A and lack of the overlapping orbitals. The results 

of Li-NR3 reduction implaes that the le, 19 (R) -cyclopropanol 2.39 

resulted from direct reductive cyclization. Furthermore, it also 

suggests that both compounds arc genuine praducts resulting from 

reductive cyclization. A mechanism of the formation of these 

compounds is discusscd on the pages 123-152. 

~ i g u r a  2 -1 Structures of compounds 2 -39 aud 2 - 4 0  detennined by MMX 

geometrical optimizatioa. 



4. Oxidrtion of maturatad 19 (RI -rcatoxy-lg, 19-cyclo-Sa-androstan.- 

3,174iona 2.32 and &ta silyl dariortiv.8: attrape to introduca th. 

4,s doubla bood. 

In Schexne 2.15, the key synthetic step in the preparation o f  the 

desired 19-acetoxy-l@,l9-cycloandrost-4-enc-3,17 2-15 was 

+ iii 
Reagents: i, (PhSeOI SI or (Phse) 2, ~-IO~C&, ,COOH,  CSA ot DDQ, 
C a 6 #  ref1UX; , TMSiOTÎ, Et3N,  DMF at RT or an ice-water bath; 
iii, NBS, AIBN, CC14, reflux; iv, i-Pr3SiOTf, Etg ,  E t s ,  reflux; v, 
NBS, CH2C12, RT or NBS, THF,  O OC. 

Sch- 2.15 Attempted synthesis of 19 (R) -acetoxy-l$, 19-cycloandrost- 



introduction of a, 8-unsaturation without affecting the strained 1@,19- 

cyclopropane ring. ft was anticipated that very mild reaction 

conditions must be employed. Therefore, from the very bagi-g 

attention was paid to the possibility of introducing a double boad via 

oxidation of the selected silyl en01 intermediates, e.g. 3-siloxy,- 

19 (R) -acetoxy-le, l9-cy~l0androst-3-en-l7-di0ne~ 

nii attempt to disectly introduce the 4.5-double bond by employing 

( P h S e O ) 2 0  or DDQ was uasuccessfuï. The 19-acetoxy derivative 2.32 

decomposed during the reaction conditions to give by-products which 

were not further identified. On the other hand, an indirect 

introduction of the 4,s-unsaturation via palladium oxidation of the 

3-silyl or 3-acetyl en01 ethers required preparation of appropriate 

3-en01 intermediates. As shown in Scheme 2.15, treatment of the ketone 

2.32 with TMSiOTf and Et* in DMF, either at room or at an ice bath 

temperature ( cd S O C )  . or with i-Pr 3 S i O T f  and Et $+J in diethyl ether 

under reflux, gave only the undesired 3-siloxy-2-enes 2.46 and 2.48, 

respectively. 

COSY and HSQC spectra allowed a complets NMR assignment of compound 

2.46. In the 'H NMR spectntm of compound 2.48, the doublet of doublets 

at 6 1 4.88  ppm vas assigned to the vinylic 2-H. The spin-spin 

coupling constant between the 2 - 8  and the la-H and 4-H was determined 

to be 6.7 Hz and 1.7 Hz, respectively. A one proton doublet at 6 = 4.08 

ppm was assigned to the 19(R) -H. The spin-spin coupling constant 

between the 19(R)-E and the la-H was determined to be 7.0 Hz (trans 

coupling) . A proton doublet of doublets at 5 - 2.44 ppm is assigned to 
the 168-H. The spin-spin coupling constant between 168-8 and the 1Sa 

and 15s hydrogens was detennined to be J - 19.2 Hz and J = 9.0 Hz, 

respectively. Two singlet signals of two methyl protons each at 



c if: -0  

hyperconjugation ef fect 

Schmm 2.16 The NOEI of 19 (RI -acetoxy-3-trimethylsiloxy-l& 19- 

cyclo-Sa-andzost-2-en-17-one 2.46.  



6 = 2.00 ppm and 6 = 0.85 ppm are assigned to the two methyl groups of 

the 19 (RI -acetoxy and the Cls-CH3, respectively. Finally, one singlet 

at 6 - 0-14 ppm, intcgrated for ninc protons, corresponded to the 

3-trimethylsilyloxy group. 

The NOE difference spectra of compound 2.46 supported the 

3-TMsiloxy-2-en structure (Scheme 2.16) . Irradiation of the viaylic 

proton at 6 = 4.88 enhanced the signals of protons 1-li at 8 1.73 ppm 

(7.13%) and the Si(Ctf3I3 at 6 = 0.16 ppm (4-47%). On the other hand, 

irradiation of the cyclopropyl proton, 19 (RI -H, at 6 = 4.08 ppm 

enhanced the 78-H signal at 6 = 1.77 (4.86*) , the 88-H at 6 = 1.66 

(2.18%), the Ire-K at 6 0.94 (8-77%), and the 3-0Si(CEf3) g at 6 = 0.16 

(0.51%) . 

Similarly, irradiation of the protons of the 3-trimethylsiloxy 

group at 6 0.16 pprn enhanced the 2-EI signal at 4.88 pprn (4.56%) and the 

19 (R) -acetate signal at 6 = 2 .O8 (1.96%) . Intesestingly, no enhancernent 

was observed for protons of the 40-H and the 4 B - H  at 6 = 1-93 ppm and 

1.96 ppm, respectively. Clearly, the 3-trimethysiloxy group is, on 

average, closer to the 2-H. It suggests that the silyloxy group is 

constrained to be coplaaar with the n-system, with one conformation 

being preferred. This orientation allows maximum overlap of the 

n-orbitals and oxygea lone pairs, and is an example o f  the 

hyperconjugation ef fect (Neuhaus and Williamson, 1989) . 

In the "C spectrum of the 3-TMsilyl en01 2.46, a quaternary 

carbonyl signal of C-3 at 210.09 ppm was substituted by the TMSi-en01 

quaternary carbon and shifted to lower field at 6 - 147.43 ppm; a 

vinylic signal at 108.04 ppm waa assigned ta C-2; a methine carbon 

signal at 59.74 ppm was assigaed to the 19 cyclopropyl carbon. 

The NMR spectrum of the 3-iPrssilyloxy 2-cne 2.48 is similar to 



the 3-TMsilyl en01 2.46 spectrum. A doublet at 4.87 ppm vas assigned 

to the vinylic 2-8 .  The spin-spin coupling constant between the 2-8 

and the la-H and 4-H n s  determined to bc 6.7 Hz and 1.5 HZ, 

respectively. The two doublet signal of one proton at 6 = 4.11 ppm vas 

assigned to the 19(R) -8. The spin-spin eoupling constant between the 

19 (R) -H and the la-H was determined to be 7.02 Hz ( trans coupling) . A 

one proton doublet of doublets at 6 = 2.44 ppm is assigned to the 

1 6 $ - H .  The spin-spin coupling constant between 168-H and the 1Sa and 

is$ hydrogens was determined to be 19.1 Hz and 9.0 Hz. Three singlets 

at I = 2.00 ppm and 6 = 1-06 ppm, and 0.86, integrating for three, 

eighteen, and three protons, respectively, veze assigned to one methyl 

group of the 19(R)-acetoxy group, the six methyl groups of the 

triisopropylsiloxy groups , and the Cr 3-CH3, respectively. 

In the 13c spectrum of the 3-triisopropylsiloxy 2-eae 2.48, a 

carbonyl signal of the C ( 3 )  was substitutcd by a quaternary carbon and 

shifted to lower field at 150.74 ppm; a vinylic signal at 95.77 ppm vas 

assigned to C-2; a methine carbon signal at 59.88 ppm vas assigned to 

the cyclopropyl carbon. Signals at 17.98 ppm and 12.61 ppm 

corresponded to two metbyls and a quaternary carbon, respectively,, of 

the 3-iso-propylsilyloxy groups. 

jin attempt to introduce 4.5-unsaturation into ring A via 

brornination of C(4) of the 3-TMsiloxy 2-ene 2.46 under a 

radical-promoted oxidation, usiag an equimolar amount of NBS in the 

presence of a catalytic quantity of AIBN as a radical initiatar, was 

made (Scheme 2 . 1 5 )  . In another attempt to shift the double bond from 

C-2,3 to C-3,4 ,  with concomitant introduction of a bromine atom at C-2 

while retaining the 3-silyloxy group, by treatment of the 3-triisopro- 

pylsiloxy-2-eae 1.48 with NBS in CHzC12 at room temperature (Magnus and 



mgrage, 1990) vas carried out. However, the reactions failed to give 

the expected derivative 2 -49  or 2 -50. respectively. Moreover, in the 

% NMR spectrum, a one proton doublet corresponding to the 19-cyclo- 

propyl proton was lost indicating los8 of the cyclopropane ring. 

5 .  Syathoaia o f  3,19 (RI -dircrtoxy-le, 19-cyclo-Sa-~&omt-2-~-17-0~~ 

3-52 aad tha BI 2. cyclopropyl darivativa 3-53 (Sch- 2.17 ) . 
During a study aimed at the synthesis of geminal 19-diacetates of 

the 19 (RI -acetoxy-S$, 19-cycloandrostane-3,174ione 2.10 instead of the 

desired compound 2.16 (Scherne 2.71, a mixture of two en01 acetates, the 

3-acetate-2-ene and the 3-acetate-3-en@, 2.178/2.17b1 was produced. In 

retrospect, this is an example of a reaction discovered 

unintentionally. 

when the same reaction conditions were applied ta the 

19 (RI -acetoxy-lB, 19-cyclopropane-3 , 1 7 - d i e  2.32 (Scherne 2-17] , instead 

of an expected mixture of the 3-acetoxy-2-ene/3-ene 2 -51 ,  two products 

were formed: the undesired 2-en01 acetate 2.52 and compound 2.53. 

Treatment of the ketone 2 -32 with an excess of acetic anhydride and 

BFî.0Et2 in CH2C12, for 1 h, gave the 3-acetoxy 2-en01 2.52 (80%) 

accompanied by a small amount of a more polar product (20t) , identif ied 

as the BF2.cyclosteroid 2 -53.  Furthemore, cornpound 2 -52  was found to 

be the intermediate in spthesis of the BF2-cyclosteroid derivative 

2.53. In a designed experimcnt, it was shown that the 19(R)-acetate 

2-31 was completely converted, via the 3,19(RI -diacetoxy-2-ene 2.52, to 

the BF 2. cyclosteroid 2-53 by employing an ucess of acetic anhydride 

( 5 0  eq. ) , more than an equimolar amount of BF3.0Et 2.  (2.5 eq. ) , and a 

prolongcd reaction time ( 5 5  h vs 1 hl. The boron difluoride complur of 

17B-hy&oxy 2-acylcholestane-3-one and I7P-hydroxy 2-acylandrostanane- 



Ac. @ - 

Reagents: i, A c 2 0 ,  BF3.0Et2, CH2C12; ii, B F 3 . 0 E t 2 ,  a 2 C 1 2 .  

9ch.m. 2.17 Synthesis of 3,13 (R) -diacetoxy-1B, 19-cycIo-sa-an&ost- 

2-en-17-one 2.52 and 2 -acyl, 19-acetoxy-3 - (difluoroboronoxy) - 
l~,l9-cyclo-5a-aa&ost-2-en-3,17-dione 2.53. 

3,17-dione has been reported but structures were not given (Youssefyeh, 

1963) . 

The structure of the BF2.cyclosteroid derivative 2.53 was initially 

determined by elemental analysis, 'H and 13c NMR, 1 9 ~  NMR spectra and 

supported by X-ray crystallographic analyais ( F i g u r e  2.2). 

In the 'H NMR spectrum of the 3-acetoxy-2-me 2.52, the one proton 

doublet of doublets at 6 - 5.4 ppm was assigned to the vinylic 2-8. The 



Tabla 2.3 X-Ray crystallogrrphic &ta for 2-acyl, 19-acetoxy-3- (&- 

f luoroboronoxy) -1$, 19-cyclo-50-androst-a 3-53. 

T ( OK) 
Ctystal Size  (mm) 
Crystal System 
Space Group 
Cell Dimensions : 

a/A 
b/A 
c/A 

B 
C e l l  ~ o l u m e / ~ ~  

Function Miaimized 
Least-square Weights 

'~stirmted standard deviations in parantheses refer to the last digit. 

tigura 2.2 Pluto representation of 2-acyl,19-acetoxy-3-(difluoroboron- 

oxy) -lB, 19-Sa-androst-2-~11-3,17-dione 2.53. 



spin-spin coupling constants between the 2-B and the l a - B  and allylic 

4-B were determined ta be J = 5.43 Bz and J = 2.7 Hz, respectively. 

The one proton doublet at 6 = 4.12 was assigned to the 19-H. The 

coupling constant between the 19-H and the l a - H  was detennined to be J 

= 7 . 0 3  Hz (cis couplimg) . A one proton doublet of doublets at â = 2.46 

ppm was assigned ta the 16g-8, and its coupling constant to the 1Sa-  

and 15B-hydrogens was determined to be 19.25 Hz and 9.05 HZ, 

respectively. Finally, the three singlets of three methyl protons each 

at 6 = 2.10 ppm, 6 = 2.09 ppm, and 6 = 0.86 ppm were assigned to the 

3 -oCOCH3, the 19 (RI -0CO-3, and the 18--3, respectively. 

The 13c spectrui. of the 3-acetoxy-2-ene 2.52 showed the C-2 vinylic 

carbon signal at 108.04 ppm and t w o  quaternary carboa signals at 169.29 

ppm and 147.43 ppm, which were assigned to two carbonyl carbons: the 

3-acetoxy group and the C(31, respectively. 

In the 'H NMR spectrum of the BFz. cyclosteroid derivative 2.53, the 

vinylic 2-H signal, previously observed for 2.52, was not present. One 

of the singlet signals of the three methyl protons, previously 

observed, in the IR NMR spectnim of the 3-acetate e n d  2.57, at 8 = 

2 -10 ppm, was shifted eo lower field at 6 = 2.43, and it has been 

assigned to the three protons of the 2-CH3C=O substituent. Two 

remaining singlet signals of the three methyl protons at 6 = 1.99, and 

6 = O. 88  were assigned to the 19(R) -OCOCR3, and the 18-CH3, 

respectively. 

The 13c NMR spectnun of compoiuid 2.53 showed that the C-2 vinylic 

carbon, observed in the spectrum of the 3-acetoxy-2-+ne 2.52 at 

108 .04 ppm, was replaced by a quaternary carbon and shif ted to higher 

f i e l d  at 105.15 ppm. This signal was assigned to C-2. Two signals, at 

188 - 4 2  ppm and 192.57 ppm, were assigned to two quaternary carbons. 



The signal at 188.42 was assigned to a quaternary carbon of the acyl 

group, CH30Ç. attached ta C-2. The signaî at 192.S7 ppm was assigned 

to C-3. The presence of the tsro fluorine atons in 2.53 vas suppoeed 

by the "F speetrum. In the "P N M R  spectrum there are t w  pair of 

doublets with the ratio 20:80. These pairs corresponded to two fluorine 

atoms attached to two isotope of boron. '08 and "8, with aeir 

natural abundance '08: "8=19.58 :80.42. One pair of doublets at 6 

-143.16 ppm (J 0.261 and 6 -143.22 (J 0.26) pprn was assigned to two 

fluorine atoms attached to 'OB. A second pair of doublets at 5 -143.22 

ppm (J 0 . 2 6 !  and 6 -143.84 ppm (J 0.26) was assigned to two fluorine 

atoms attached to B .  That there are the two doublet signals 

indicates that the fluorine atoms are not equivalent. 

In a separate experiment , considering the acylation mechanism, it 

was fouod that the 3-acetoxy-2-ene 2.52 reverted to the starting 

compound 2.32 upon treatment with BFj.OEt2 in CH2C12 (Scheme 2.17). A 

result of this experiment indicates that rearrangement of the 3-acetoxy 

group, in compound 2.52, via a four membered transition state, does not 

occur. Thus, the 2-acyl group in compound 2.53 must originate from 

acetic anhydride. A proposed mechanism of formation of the en01 

acetate 2.52 and the acylated BF 2.  cyclosteroid 3 - 5 3  via oxonium 

intermediates of acetic anhydride is outlined in Scheme 2.18. The en01 

f o m  of the ketone was suggested as a prerequisite for acylation 

reactions, but intemediates were not isolated (Hauser and Adams, 

1944). In contrast, in a designed experiment, it was possible to 

isolate and identify an intemediate, which was found to be the en01 

acetate 2 . S a .  Formation of the en01 ester 2.52 with acetic anhydride 

in the presence of boron trifluoride may involve interaction of the 

activated anhydride, and the oxonium ion, with the 3-carbomyl oxygen 



AeO 

 ch^ 2.18 Proposed mechanism of the formation of the 3-acetoxy-2-en 

2.53 and 2-acyl,l9-acetoxy-3-(difluoroboronoxy~-1~,19-cyc10-Sa-~&o- 



via a six-membered transition state 2.32~ The activation of the 

anhydride consists in the coordination of BF3 w i t h  the free pair of 

electrons of one of the carbonyl oxygens (or twci carbonyl groups to 

fonn a bidentate *chelaten etntcturel thereby making the carbonyl 

carbon a stronger electron acceptor (e-g. increase the electrophilicity 

of the coordinated complexed furrctional groupl . The nevly formed en01 

ester 2.  S 2  may further react with a second oxonium ion, again via a six 

membered transition state, to give the 2 -acyl ketone întermediate 

2.52b. Finally, the intermediate, upon reaction with BF3, through 

coordination of BF3 to the 3-carboayl oxygen (2.52~) and dimination of 

HF, yields the BF2 cyclosteroid derivative 2.53. in compound 2.53, the 

boron atom i s  connected both to the 3-o%ygen via a conlent bond and to 

the 2-acyl carbonyl via a covalent coordinate bond. The 

BFZ.cyclosteroid derivative can be represented by two structures, 2.53 

a d  2.S3rt as outlined in Scheme 2.18. 

AS outlined in Scheme 2.19, one electron oxidation of compound 2.48 

Reagents: i, (Mf4) 2Ce (NO3) 6, DiW. 

schomm 2.19 The oxidation products of compound 2.48 by ammonium ceric 

nitrate: retro-cyclization and substitution at C-19. 



Sch- 2.20 Proposed mechanism o f  oxidation of 2.48 by amnonium ceric 

nitrate. 

with ammonium ceric (NI nitrate led to retro-cyclization and gave the 

starting compouad 2.28 accompanied by the 19,19-disubstituted product 

2.54 with a ratio 2.28 : 2. S b 1  : 1.5. Tseatment of the 3 - triisopropyl- 
siloxy, l9 (RI -acetoxy-1B, ~9-cyclo-5u-androst-2-en-17-0ne 2 8 with 

ammonium ceric nitrate in DMP gave a mixture of two compounds w i t h  the 

same polarity as determined by their R f  on TLC. The 'H NMR spectrum of 

the mixture showed two patterns of signals. One of the 'H NMR signal 

patterns has been assigned to the 1,2-unsaturated 19-aldehyde 2.28 and 



the second to compound 2 -54. In the 'K N M R  spectrum of compound 2 -54, 

the singlet at 7.32 ppm has been assigned to the 19-8. Two doublets at 

6.91 ppm and 6.07 ppm (J 10.2 Hz) were assigned to the C-1.2 vinylic 

protons of the 1,2-d6uble bond- Two siaglets at 2 - O3 pprn and at O. 88 

ppm, each integrated for three protons, were assigned to the 19-acetoxy 

and the 13-Me groups, respectively. The stereochemistry of the 

19,19-dis~b~tit~ted compound 2-54  has not beea determined. Even though 

an effort was made to separate the products by FCC, none has been 

isolated. 

The proposed mechanisnt of oxidation of 2.48 by ammonium ceric(IV) 

nitrate is given in Scheme 2.20. A one electron oxiâation of 2.48 with 

ammonium ceric nitrate can result ia  generation of an odd electron 

species, 2.488. The odd electron species is very reactive and 
. 

decomposes further with elimination of the triisopropylsilyl group to 

generate. a radical at C-2, 2.38b. The radical (SOM01 reacts witn the 

LUMO of the lB,l9-cyclopropyl bond fonning a new radical at C-19, 

2 .48c. The newly formed radical is stabilized by the 19-acetoxy group. 

Bowever, the 19-radical 2.48~ may react further eithez with the 

elimination of the acyl radical (path a) or by the abstraction of. ON0 

or ON02 radical (path b) , to yield 2.28 or 2.54, respectively. 

Surprisingly, the nitronium NO2 radical was not involved in the 

reaction. The EIMS spectrum showed the molecular ion at m/z 405 

consistent with the introduction of the NO3 species into the moleaile. 

It is not knowa whether compound 2 .SI would be susceptible to the 

reductive cyclization reaction and what products would be fonaed? 



dion-19-81 .nd &&08t-l-.ru-3,17-dZon-lS-rl 6 t h  Zinc in S O I  Aquaoiu 

~catic Acid aad r i th  Lithium fn Liquid -a. 

ra  f a c e  

O 
2.2 

2 . 3 + 2 . 7  (Li) 

H*o 

2.37,  2.38, 2 *29  2.40 (Li) 11 
19 ( S  1 
2.31 (Zn) 
2.39 (Li) 

Schaw 3.21 Major products of reductive cyclization of 2.2 and 2 -28 

with zinc in 502  aqueous acetic acid (25 OC) and lithium in l iquid 

ammonia ( - 7 8  O C )  . 



A summary of the results of reductive cyclizations of two 

unsaturateci steroid derivatives, 2 -2 and 2.28, is presented in Scheme 

2.21. As we can sec, reductive cyclization of aadrost-Q-ene-3,i7-dion- 

19-al 2.21 both with zinc in 501 aqucous acetic acid and lithium in 

ammonia gave predominaatly one major product, the 1.88 

tâom-cally stable 19 (RI -alcohol 2.4 (63%) . 
The products of Sa-an&ost-i-cae-3,17-dion-i9-a1 2.28 on reductive 

cyclization were dependent on the reduction conditions. U n l i k e  

reduction of 2.2, the major product from rcductive cyclization of 2.28 

with zinc in acetic acid was the m r a  eh.-cally stable 19(R) - 
alcohols, 2.38 and 2.40 (Scheme 2.14). The reverse process vas observed 

upoa reduction of 2.28 with Li-NB3 and the reaction yielded the 1.m 

thorinodyndc~lly stable isomer, the 19(S)-alcohols, 2.31, 2.37, and 

2.39, (70%), accompanied with the 19 (RI -alcohol, 2.38 and 2.40, (30%) . 

The above results indicate that, although different reduction 

conditions were employed, conversion of 2.2 -O 2.4 involved the same 

transition structures, whereas the conversion of 2.28 + (2.30 and 2.40) 

or 2.28 * (2.31 + 2.37 + 2.39) must involve different structures in the 

transition state. 

There is a general agreement that homolytic addition proceeds via 

transition structures shown in Scheme 2.22 (Beckwith et al., 1983) . 

r a d i c a l  a n i o n  

Sch- 2.22 Nucleophilic addition to the n system. Transition state 

structures of a radical A and anion B. 



Sch- 2 2 3  Orientations of the 19-CHO group in the transition 

structures C, O, I, and F leading to the products 2.4, 2 .5 ,  2.29,  and 

2.31 respectively. Arrows point to the vcrtices of the incornhg 

nucleophile (radical or anion) to the n system of the 19-HC=O group : M+ 



The transition structures have three reactive centers, which are 

situated at the verticles of a slightïy obtuse triangle lying w i t h i n  a 

plane orthogonal to the nodal plane of the n system. For the 

intramolecular addition either in a radical anion or anion radical or 

enolate radical or enolate anion or diaaion, this array mut be 

acconrmodated, as shovn in Scheme 2.23, within the gross transition 

structures, C, D, B, and ? leading to the eyclic products 2.4, 2.5, 

2 -29,  and 2.31, respectively. 

The results of reductive cyclization of androst-4-ene-3,l7-dion-19-al 

2.2 have been described in Chapter 2.1.0. A high degree of 

stereoselectivity has been observed for both the Zn/aqueous acetic acid 

and Li-N'Ha reductions. In each case, the less thennodynamically stable 

19 (R) -alcohol 2.4 vas the major product. This phenornenon arises 

because the transition state is shifted towards one of the geomtric 

isomers, in which orientation of the 19-carbonyl oxygen is out-of -ring 

A with the re face exposed to the incoming nucleophile, as shown in 

conformer C (Scheme 2.23) . This situation may be created by . the 

f ollowing factors : 

(1) structure of the developing radical (sp2) or anion centers (sp2 or 

sp3) ; 

( 2 )  hybridization changes at C-5 and eonsequently conformational 

alteration of ring A and/or ring B, when the reaction proceeüs via 

a radical or carbanion; 

3 electrostatic repulsion between a radical or a negative charge, 

localized at C-5, and the lone-pairs of electrons on oxygen of the 

1 9 - ~ ~ 0  group; 



(4 )  stabilizing effects of a rr orbital of the C-5 anion by a n orbital 

of the 19-CHO group (homoconjugation effect) . 

The spatial arrangement of the 19-aldehyde group is one of the most 

important factors influencing the stereoselectivity of the reaction. 

Therefore, the conformations of the 19-HC=0 moiety, in compound 2.2, 

have been studied by NOE experiments. NOEs of the 19-aldehyde proton 

to the 1 s - H  1 . 2 ,  28-H (1.42%), 6 p - H  (4 .57%) ,  6a-EI (1.33%), 8p-H 

(1.99) , and 1 1 B - H  (1.83%) , clearly showed that the 19-proton interacts 
\ 

with al1 neighbouring protons, except 4-H and 7 - 8 .  NOEs established 

that the 19-CHO group is able to rotate around the C-10-C-19 bond. For 

these conformers a complete optimization energy was calculated by means 

of Allinger's MMX molecular mechanics using the standard force-field 

parameterization including lone pairs of oxygen (Figure 2.3) . The MMX 

program was applied to each conformer as follows: first, the 19-c~o 

group was rotated manually so the 19-aldehyde proton almos t eclipsed 

the neighbouring proton; second, the 19-proton was fixed and the 

adjusted position and positions of the remainiag atoms were then 

optimized. Populations of the optimized conformers have been estimated 

from recalculations of the NOE8s results by assuming that a sum of al1 

NOEs is 100%. ExIergies of the confomers are shown in Figure 2.3. 

Their energies can be compared with the reference conformers with the 

19-HC=0 in the lowest energy conformation (Figure 2.3) . 

TO explain the observed diastereoselectivity in the 19 (RI -alcohol 

formation, al1 confonners must have the 19-carbonyl oxygen oriented 

trans but at about 109' to the developing radical or anion prior to the 

cyclization. Approximately 60% of the rotational conformers, O-L, have 

the 19-HC-O moiety oriented such that the oxygen of the 19-aldehyde 



E = = 37 .43  kcal m o l "  

J 

E = 38.0 kcal mol" 

Figura 2.3 The refereace stnicture8 : EWX geometrical optimisation of 

an&ost-4-cne-3,17-dion-l9-al 2.2: the 19-aldehyde group is in the 

lowest energy conformations. 



a 

E = 40.7 kcal mol'' 

* 
O(19) -C(l9) -C( lO)  -C(S) 43.6' 

b J 

f l  

E = 38.99 kcal mol" 

o(is)-c(rgi-c(io)-c(s) + g e . e O  

E - 40.93 kcal mol-l 

E = 3 9 . 5 8  kcal molœL 

E = 3 9 . 4 8  kcal mol" 

Figura 2.4 The spatial arrangement o f  the 19-HC-O group of 

an&oat-4-ene-3,17-dion-l9-a1 2.2: MMX geometry calculations based on 

NOEs. 



e - 1 C - 5  r a d i c a l  

schmo 2.24 Proposed mechanism of reductive cyclization of androst-4- 

ene-3,17-dion-19-al 2.2 with Li-W3. 



Sehama 2.25 Proposed mechanism of reductive cyclization of androst-4- 

ene-3,17-dion-19-al 2.2 with zinc in aqueous acetic acid. 



group is above ring B or out-of-ring A. These conformations could be 

considered as the precursors of the 19(R)-alcohol 2.4. At least 35% of 

the remaining rotational conformers, J and X, must adopt the 

appropriate orientation of the 19-CHO group. 

The proposed mechanisnt and stereochemistry of reductive cyclization 

of an&ost-4-tne-3,17-dion-19-al 2.2 with zinc-aqueow acetic acid and 

Li-Ni33 are outlined in Schemes 2.4 and 2.5. Numesous studies 

established several general characteristics of these reactions which 

suggested a stepwise two-electron reduction involving the formation of 

organolithium or organozinc intermediates or dianions (Caine and 

references cited there, 1976; Barton and Robinson, 1954 ) .  A 

one-electron transfer to give a raciical anion, and after protonation, 

the thermodynamically unstable alkoxide, was suggested by flouse et al. 

(Rouse et al., 1963) . The stereochemistry of the reduction of 

a, p-unsaturated ketones has been clarif ied (Malhotra et al. , 1967, 

Robinson, 1965, Stark, 1965) . 

In general, reductive cyclization can be interpreted as the 

stepwise addition of two electrons at the ends of the conjugated double 

bonds (Michaelis and Schubert, 1938) . In this case, the atoms at the 

end are oxygen and carbon. Thus, an electron can be added to the end 

of a n system of the 3-C=O group or to the end of a n system of the 

4,s-double bond, i.e. to the C-5 carbon. 

Consider the addition of an electron to the antibonding n orbital 

of the 3-carbonyl group during Li-MI3 reduction. The reaction could be 

initiated by reductive activation of the 3-carbonyl group, i.e. 

transfer of one electron, from the solution, to the lower nm otbital 

(LUMO) of the conjugated 3-ketone to generate the radical anion (ke ty l )  

2.28.  Reorganization of electrons also gives a radical anion 2.2b, 



howaver, with the formation of the odd electron at C-S. The stability 

of the radical anion is due to the formation of a syrmnetrical resonance 

system, 2.2r - 2.2b. These radical anions cap be converted to the 

enolate radicals, 2.2~ and 2 .id. The intermediates formed, the C - 5  

radical anion or O-lithium enolate radical, 2.2b or 2 .ad, are capable 

of adding to a n system of the 19-C=O moiety, as the re or si face of 

the 19-aldehyde group is oriented to the incoming nucleophile at the 

dihedral angle, 0(19)-C(l9)-C(10)-C(l), of cd 109~. The intemediate 

produced coud be a reactive 19-alkoxy cyclopropyl radical enolate 

2.2., which after further one electron reduction would give di-enolates 

2.2h. During the reduction process, a repulsive electrostatic effect 

on the 19-CHO group first cornes from the ketyl 2.2r. When the 

19-carbonyl group is localized above ring A, it is reoriented 

out-of-ring A toward rings C and B. Second repulsive electrostatic 

interactions on the 19-HC=O group originate from the C-5 radical. 

Theoretically, as shown in Scheme 2 -24 (conformer 2 - 2 8  and 2.2b) , there 

are two orientations of the 19-CHO group relative to the C-5 

nucleophile. Thus, the nucleophile is available to add to the re or si 

face of the 19-aldehyde: The driving force for the reaction is. the 

relief of steric electronic repulsion between the C-5 radical and the 

free pairs of electrons on the oxygen of the 19-BC=O. 

The acceptance of a moïecule of a single electron necessarily leads 

to an electronic rearrangement. Because electrons tend to pair, the 

resulting rnolecule may take up a second electron more readily. In this 

case, the radical anions, 2 -28 or 2 .ab, may form a tight ion pair with 

the lithium cation and could then be capable of accepting a second 

electron to yield the O-lithium enolate anion 2.2f or 2.2g or di-anions 

t.2fr and 2.2f2. It is also important to note that the electrostatic 



repulsion betwecn a pair of nonbonded electrons on the oxygen of the 

19-Hc-O grow and the resulting C-5 negative charge leads to the 

stabilizing affect of the the C-5 anion by the n system of the 19-c=O 

group. The stabilizing influence of the 19-aldchyde group on the C-5 

anion can be explaincd in terms of orbital and electrostatic 

interactions. Similarly, a large stabilizing effect of the formyl 

group on an anion in a formylcyclopropyl anion has baaa reported 

(Bas* et al., 1995; Chou et al., 1993) . 

The recognition of factors which influence particular orientations 

of the 19-CHO group is important to understand the mechanism of the 

reaction . 
In the reductive cyclization of the 19-CHO, the major product, the 

leos stable isomer 2.4, results from nucleophilic addition to the re 

face. The ~ L L -  'tative evidence provided by the cyclization of the 

19-aldehyde showed that the ratios of products are not determined by 

the relative stabilities of the most stable conformation 2.5. This is 

evidence that stereoelectronic requirements for re face addition are 

more important than the relative stabilities of the products. 

hirthermore, differencel in stereoselectivity correlate with . the 

expected effeets of the 19-50 orientation on the total energy of the 

potential intermediates. The potential intermediates in the reductive 

cyclization are ucpected to be : radical anions, enolate radicals , 

enolate anions, or di-anions, either with ring l/ring B conformations 

boat/ chair or half  -chair/boat (Scheme 2.26) . Al1 intermediates, 

except of the di-anions, consist of two pairs of conformers, in which 

both the re and si faces of the 19-aldehyde group could be urposed to 

the incorning C-S nucleophile. These pairs of conformets differ in 

energy and dihedral angles, 0(19)-C(19)-C(LO)-C(l). Based on FMX 



geometry optimization and energy calculations, it was found that for 

almost al1 the re conformers, i .e. with the re face pointed to the 

incoming nucleophile, the energy is lower th- for the si conformers, 

However, in two cases, the eaolate radicals and enolate anions w i t h  

ring A/B boat/chair or chair/boat, the 0bserrr.d stereoselectivity 

«ccaadm the probable differeaces in either the stability of the two 

potential intemediates or they are not the real intermediates. The 

C s ~  \\ 

- O H+-O 7 

r a d i c a l  a n i o n  e n o l a t e  r a d i c a l  M+'O 
e n o l a t e  r a d i c a l  

2 
7 

a n i o n  r a d i c a l  M*'' = n o l a t e  a n i o n  WP rao l a t e  a n i o n  

d i a n i o n  

Schamm 2.26 Proposed transition structures during the reductive 

cyclization reaction. 



energy of the re confonners is either equal to or lower then the si 

confonners- For the anions, a sole conformer has been established, 

namely the re. Based on the dihedral angle d e t e e t i o n ,  there are 

two potential intemediates, 2.2b and 3-26, that could be considered as 

the precursors of the 19 (R) -alcohol 2 - 4  (Scheme 2.24) . 

The dihedral angles, 0(19)-C(l9)-C(lO)-C(5), of 2.2b and 2.2d are 

117' and 114 O, respectively. Of these two, the radical anion 2.2b has 

lower energy (30 - 8 5  kcal mol-') than the enolate radical 2 . id (34.11 

kcal mol-') in the transition state. However, the most reactive (the 

least stable) are the two di-anions, 2 - 2 f l  and 2.2f2, and they have 

only one conformation, the re conformation of the 19-aldehyde (Scheme 

2.26; dianion) . Their MMX calculated energy is ca 80 kcal ml 'l. Only 

one conformation results from the electrostatic interactions between a 

fret pair of electrons on the 19-carbonyl group and the negative 

charges localized. on the 3-oxygen and the C-5 carbon. men the 

reductive cyclization proceeds via the carbanion, one would expect its 

protonation. The fact that the developed carbanion is not protonated 

may indicate that the reaction proceeds via a radical mechanism or that 

the developing anion cexltre is stabilized by the 19-CEIb group or- the 

c-5 anion does not have a full sp3 structure, which is required for 

protonation, or the rate of its addition to the n system of the 

19-carbonyl group i s  faster then protonation. However, when the 

seaction proceeds via the C-5 carbanion with a fui1 sp3 hybridization, 

intemediates are expected to have the structures show in Figure 2.5. 

The structure with ring A/B 2 - 2 ,  half -chair/boat conformation 2.2f * , 

could be required to fulfill the orbital ovcrlap requirements fo r  the 

reaction t0 OCCUr. 

The governing step in the reductive cyclization is either the 



addition of the first or the second electton to  the confugateci system. 

~f the cnicial step uere the addition of the f i r s t  electmn, w e  should 

obtain a radical anion. The tertiary radical formad. beiag the the-- 

dyaamically stable species. would lead to the more stable product, the 

19(S) -alcohol 2.6 (Schema 2 . 2 1  H e a c e ,  the crucial stcp i s  the 

passage from a planar form of the C-5 carbon , radical) t o  a 

pyramidal form (sp3, anion) . The tertiary anion i s  the least 

thermodyrumicaly stable species (the wst substitutad carbon) . 
consequurtly leading t o  the reactive species and further t o  the less 

s table  isomer, the 19 (R) -alcohol 2 - 4  (Scheme 2.21) . 

Figura 2.5 The representotive structure for the ieductive cyclization 

via the C-5 carbanion: 2 .2f @, ring At half -chair and ring B I  chair or 

2 . 2 f 9 # ,  ring A, half-chair-and ring B, boat. 

One caa only say chat the observed stereoselectivity of the 

reduction is best explaincd i f  2.2d o r  2.2f (Scheme 2.24) and 2 .21  and 

2.3~ (Scheme 2.25) field 2.4, rcspectively. The fact  t ha t  the NMR 

conformational aaalysis of ring A o f  19 (RI -hydrcxy-5~.19-an&ostane- 

3,174ione 2.4 (Marat, 1995) showed that there are stmctures vith ring 

A being ia a boat and "inverted boata conformation may indicate that 



these conformers result f m m  two different precursors and an equlibrium 

is involved. 

In conclusion, the cycïizatzon reaction is characterized by the 

following steps : 

1. addition of a first electron to give a t h e r m o ~ c a l l y  more 

stable, C-5 tertiary radical anion species (sp2) tollowed by the 

3 -alkoxy anion ptotonation or orgrnometal intermeâiate formation (a 

tight-ion pair) . The electrostatic repulsion ef fect of the 19-CHO 
group, e.5. between a lone pair of electrons on the oxygen and the 

radical. 

2 .  delivery of a second electron to produce a thermodynamically less 

stable. C - 5  tertiary anion (sp3),  consequently leading to ring 

conformatio~l adjustment (A ring. boat + half-chair) and 

separation of the 19-carbonyl group from possible interactions with 

the 3-0'(~i+, or Zn+, or 2n2+, or a+) 

3. electrostatic repulsion between the C-5 negative charged carbon and 

a free pair of electrons on the oxygen of the 19-KC=0 group, 

consequently leading ta the second orientation of the 19-CHO 

substituent out-of rings A and B; 

4. electrostatic attractive effect between the C-5 negative charge and 

a n system of the 19-aldehyde group (hyperconjugation effect) 

leading to the nucleophilic alkylation of the 19-carbon and the 

formation of the cyclopropanol function. 

~ t i c h ~ i r a a  of rmductivm cvcli=atioa of 5a-~&ost-l-ona-3,17-~oa-19-~1 

Unlike the reductive cyclizatioa of androst-4-ene-3,17-dion-19-a1 

2.2, the major product from the reduction of androst-1-ene- 

3,i7-dion-19-al 2.28, with zinc in aqueous acetic acid, was the 



thozme-crlly moto .tabla 19 (RI -hy&oxy-le, 19-cycloan&ostane- 

3,17-dioae 2 -29 ( 9 S * )  . Reduction with zinc/aqueous acetic acid showed 

a dramatic change in the product ratio in compaztison w i t h  reductioa of 

~~1&0st-4-tn-3,17-dian-19-d 2 .2, fa t  orbich t h  thennadynamically legs 

stable 19 (RI -hydroxy-le, 19-~ycloaridro~ta11t-3, - o n e  (95%) was 

produced. The reversed ratio o f  the products r a s  obtaincd w i t h  Li-m3 

reduction of 2.28. 

E = 39.7 kcal mol ' '  E = 39 .8  kcal mol ' '  

E = 39.6 kcal mola1 

Pi-. 2 .6  M X  geometry optimization of the 19-CHO conformers of 

androst-1-trre-3,17-dione 2.28. 



Both isorners were produced, the tkiermodynamically less stable 

19 (SI -alcohols, 2.39 and 2.31, (70%) and the more stable 19 (RI -alcohols 

(3O%),  2.30, 2.37, 2.38, and 2.40, (Scheme 2.11) . These results 

parallel the reduction of 2.2 with Li-Mf3, where also the 

thennodynamically more stable isorner 2 .4 (95%)  was produced (Scherne 

2.21). 

The results of reductive cyclization, under the different 

conditions employed, implicate different spacial orientations of the 

19-CHô group in the transition structures as show in Scherne 2.23, E 4 

2.29 and? 4 2.31. This difference can be attributed to the difference 

in populations of the 19-aldehydc rotational conformers. Moreover, the 

sensitivity of the product ratio to various conditions suggests that 

change in conformer populations occurred. MMX geometry optimization of 

the possible conformers is shown in Figure 2 - 6 .  In the preferred 

conformations, TT electrons of the 19-HC=0 group eclipse either the 

C-IO-C-1 or C-IO-C-9 or C-10-C-5 bond. This phenomenon can be 

explained by the field effect model (FEM), named also the Kirkwood- 

Westheimer model (Kirkwood and Westheimer, 1938; Backer et al., 1967). 

The spatial orientation of the 19-IIC-O moiety results from electqonic 

effects as a consequence of tkough-space interactions of the 19-KC=o 

moiety and n electrons of the 1,2-double bond. In addition to the 

calculation cf the 19-CHO conformers of 2.28, NOE experiments were 

performed on 2.28. 

Conformations of the 19-QIO group in the ncutral molecule 2.28 have 

been detemined by NOE studies. NOE of the 19-aldehyde proton to 1-H 

(0.45%), 2-II (0.21*), 4@I (1 -94%) ,  68-4 (2.46t), and de-H (3.45%) show 

the presence of three major conformers #, 0, and P (Figue 2.7) . 
For these conformcrs, MMX calculations of their complete 



E = 40 .74  kcal  mol" O E = 40 .74  k c a l  m o l "  

d- 2.2%; NOE 2.46% 

E = 40 .91  kcal m o l "  P E - 4 0 . 7 4 k c a l m o l "  

O(19)  -C(19 )  -C (10) -C (1 )  -161, 9 O  +18.28O 

dr 3.79A; NOB 0.21% da 2.19A; NOE 3 .45% 

N 

E = 4 1 . 7 4  kca l  mol" 

O ( l 9 )  - C ( l S )  -C( lO)  - C ( l )  -85 .5  O 

d= 2.19A; NOE 1.94% 

?igur. 1 . 7  The spatial arrangement of the 1s-HC-O gtoup of 

an&ost-f-eaa-3,17-dion-19-al 2.28: WïX geometrieal optimization based 

on NOE. 



optimizatioa energy was performed, while fixing the 19-aldehyde proton 

as close as possible ta 1-H, 2-H, 4-II, 6-8 and 8-H (Figure 2.7). 

Populations of these coafonaers were estimated as before assuming that 

the sum of al1 NOEs is qua1 to 100t .  Approximately, 60% of the 

rotational confonners (L-0) can be considercd as precursors of the 

19(S) -alcohol 2.31 and ca 40% (corrfonncr P) as precursors the 

19 (R) -alcohol 2.29. This estimation is in agreement with the results 

of reductive cyclization of 2 .a8 under Li-NH3 conditions ( - 7 0  OC) . 

However, the course of the reduction is not valid for reaction of 2.28 

with zinc in aqyeoua acetic acid (Scheme 2.21) where the more stable 

isomer, the 19 (RI -alcohol/hemiacetal 2.29/2 - 3 0 ,  was the major product . 

The primary requircment to produce a differeat product, the 

i9(R) -alcohol, from the same substrate 2.28, is to have the 19-CHO 

group with the re face oriented toward the incoming nucleophile at the 

dihedral angle 109°. This result from the zinc ion (~n+*, 0.74 A) 

being large enough to establish the preferred conformation in the 

transition State (Figure 2.8). 

Figura 2.8 Proposed conformation of the O-zinc enolate anion 

intermediate of 2.28 eith Zn-aqueous acetic acid reduction. 
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'dihedral angle, O (19) -C(19) -C(io) - C ( l )  

8ch- 2.27 Proposed mechanism o f  reductive cyclization of 

androst-1-ene-3,17-dione 2.28 with zinc in aqueous acetic acid. 



These spatial orientations are governed by electrostatic, coordination, 

and steric interactions. The factors influencing the formation of the 

less or more thermodynamically stable product are as follows: 

effect of electrostatic forces of the radical (or anion) on the 

free pairs of electrons of the 19-oxygen; 

reactivity of the C-1 secondary radical (or anion) ; 

structure of the C-1 radical (sp2, trigonal, flat) or C-1 anion 

(fuïly sp3, or not iuïïy sp3); 

ability of the 19-CHO group to stabilize a developing anion; 

distances and affinity of the lithium or zinc cations ta 

coordinate to the 19-carbonyl group : 

intramolecular steric interactions of the 19-CHO with the 

neighbouring protons as well as with the developing radical (or 

anion) centers. 

The proposed mechanism and stereochemistry of reductive cyclization 

of an&ost-l-ene-3,17-dion-19-a1 2.38 with zinc-aqueous acetic acid is 

outlined in Scheme 2.27. First, the conjugated ketone reacts with 

metal (or an appropriate solvated electron) to give a radical anion 

(ketyl) 2.28r, followed' by reorganization of electrons to yield a 

radical anion 2.283. This radical anion has open to it several 

cornpetetive reaction paths: first, reaction with a n system of the 

19-C=0 group; second, reaction with the zinc cations (Zn+) to form a 

tight ion pair, i.e. O-zinc enolate radical; third, protonation to give 

an en01 radical; and finally, reduction to a dianion. The radical 

anion 2.28. or O-zinc enolate radical 2 .a8b, because of its secondary 

character, is a reactive species. It could react with a n systern of the 

19-HCIO carbonyl to give the 19 (S) -alcohol 2.31  (Scheme 2.21) . On the 

other hand, reaction of the radical anion with ZU+ or its protonation, 



wouïd give rise to the O-zinc enolate 2.28b or mol radical 2.28b, 

which would then be further reduced to an O-zinc cnolate anion 3.28~ or 

en01 anion 2.38.. Reduction o f  the radical anions eithet to enolate 

anions, en01 anions, or dianions would give an appropiate tetrahedral 

species, 2.28~ or 2.28e, which vould give rise to conformers ia 

E = 41.9 kcal mol'L 

O(19)-C(19)-C(10)-C(1) +48.0°  

d = 2 .43  A (2 .4  A) 

l i g u r m  2.9 calculated geometry of the enolate radical 1-28.. 

(Distances detennined by W and Dteiding models (in parentheses) 1 . 



which ring A is more flexible than in the unreduced forms (radicals). 

Transfer of a second electron during the reduction process presumably, 

cornes frorn the already oxidized zinc (Za+), because it has only one 

oxidation state, although transfer of a second electron from a neutral 

zinc is also possible. 

Dreiding models showed that substitution of C-l/sp2 for C-l/sp3 

introduces more flexibility into ring A. Consequently, in the O-zinc 

enolate anion 2.28~ or en01 anion 2.28. structures, as C-1 changes from 

sp2 to sp3 hybridization, the conformational adjustment occurs in ring 

A. Formation of the 19(R) -alcohol is evidently favoured by proximity 

of the 19-carbonyl group to either the zinc cation or a hydrogen. 

According to Dreiding models separation of zinc or hydrogen and the 

19-carbonyl oxygen is in the range, 2.4-2.6 A, as shown in Figure 2.9. 

Nucleophilic attack of the C-1 anion is at the re face of the 19-CHO 

group to yield 2.28d (Scheme 2.27) . 
The proposed mechaaism of teductive cycliration of 2.28 with Li-NH3 

is outlined in Scheme 2.28. The conjugated system reacts with an 

electron to form a radical anion at C-1, which is transfomed into the 

O-lithium enolate radical 2.28f. The C-1 secondary radical has a 

planar structure (sp '1 , which also imposes a pl- conformation of 

ring A. According to Dreiding models separation of the lithium cation 

and the 19-carbonyl oxygen greatly exeeds the expected coordination 

distances (Figure 2.10). One of the intemediates, a radical anion 

2.28b, is capable of adding to a n system of the 19-HC-O moity, as the 

re or si face the 19-aldehyde group is oriented under the appropiate 

angle to the incoming nucleophile, i.e. at a dihedral angle of 109 O .  

Tsang et al. (Tsang et al., 1986a, b) aïs0 reported reaction of a 

radical with the aldehyde group to f o m  cycloalcohols. There are t w o  



1 C-1 r a d i c a l  t a  C-19 

S c h m  2.28 Proposed mechanism of reductive cyclization of 

androst-1-ene-3,lf-dione 2.28 with Li-NH3. 



Figura 2.10 MMX caleulated geometry of the O-lithium enolate radical. 

(Distances determincd by MMX and Dreiding models (in parentheses) . 



available orientations of the 19-CHô group, under which the nucleophile 

may approach the n system 2.28f and 2.28g, as show ia Scheme 2.9. The 

radical exerts. presumably, a smallcr electrosutic effect on the 

orientation of the 19-CHO group than a negatively charged rpecies. 

Thus. to explain formation of the lS (SI -alcohol, it is possible to 

assume that the cyclization reactfon upon Li-NZï3 treatment proceeds via  

a radical mechanism. The ratio of the products is in agreement with 

% the observed ratios of conformers established by NOE. PresuMbly, 

lower electrostatic repulsive forces of the C-1 radical than the C-1 

anion on the lone pairs of the 19-carbonyl oxygen orient the 19-aldeyde 

group with the si face toward the nucleophile. The driving force for 

the reaction is the relief of steric electronic tepulsion between the 

c-i radical and the free pair of electrons on oxygem of the 19-KC.0. 

The reaction occurs, if the rate of addition of the C-i radical t o  the 

19-CHO is faster than its reduction caused by a capture of  a second 

electron. The product formed would be a reactive 19-oxygen radical 

2.281 and 2.28h which after a further reduction would give dilithium 

derivatives. 

Similarly to the Oizinc enolate radical, the O-lithium enolate 

radical is capable of accepting an electron to form the O-lithium 

enolate anion, which also would give rise to the tetrahedral 

intermediate. The steric situation in the case of the intermediate 

would be the same as in the O-zinc enolate anion 2.28~. consequently 

leading to the same products. The sharp contrast in the product 

f onnation clearly indicates that steric cf fects (distances) can be 

important in the transition state. or a different mechanisnt may 

operate, for example reaction via  the en01 anion 2.28a (Scheme 2 - 2 7 )  . 

m o n  Li-NIf3 reduction a path v i a  the en01 radical or en01 anion is 



excluded, because the reaction was perfomed without a proton source. 

III view of the senaitivity of the product ratio to the preferred 

conformations of the intermediates (Scheme 2.28; 2.28g and 2.28t and 

Figure 2.1~1)~ it invokes the affect of varying the size of the reducing 

rnetal to be evaluated. 

On the other hand, the reaction may proceed via the O-zinc or 

O-lithium enolate radical (or anion) but instead of considering a 

developing character of the C-1 carbon (radical or carbanion) as a 

controlling factor, w e  should consider a difference in metals size and 

its coordination ptoperties to the 19-carbonyl group. The smallest 

atom, lithium L 0.60 A ) .  preswaably, is not able to establish the 

pref erred conformation during the 19 (RI -aleoh01 formation. As 

reported, its ability to coordinate to a free electmn pair of the 

carbonyl oxygen (linear coordination) is prefetred than to the carbonyl 

n system. The bigger atom, zinc (Zn2+, 0.74 A), with a smaller tendency 

than Li+ to form a tight ion pair with the 3-0- exerts greater 

electrostatic interactions to attract the 19-carbonyl group, 

consequently establishing the desired conformation 2 . 2 8 ~  (Scheme 2 . 2 7 ) .  

nsl reported, zinc coordinates preferentiolly to a n system of. the 

carbonyl fuaction. In both cases, whether the reaction proceeds via the 
* 

proposad radical or anion intermediate. the ratio of products depends 

on populations of the 19-aldehyde rotational conformers. 

The addition of an electron to the 19-CE0 was considered to be 

improbable. Because of the lack of symmetry there is a little chance 

of its stabilization. On the other hand, such an addition would lead 

to the reduction of the 19-aldehyde fwction to the 19-alcohol. 

However, by-products of the 19-alcohol derivatives were not detected. 

summarizing. in the androst-4-ene-3,17-dione 2.2 reductive 



cyclization, both with ztnc/501 aqucous acetic acid and Li-NB3, the 

process is equidexxt to the formatioa of a tertiary anion centre g t o  

the conforniat io~l ly  mobile 19-aiâehyde. Steric (E#-HC=O/3-0 'M* 

distances) , stereoelectronic (19-CBO/C-5 anion repuhian), and e e  

homoconjugation ef fect (L~-HC=O/C-S anion stabilization) (Werstiuk, 

1983) are consistent the less stable product formation, 

19 (R) -hydro~y-S@, 19-~y~l0androstanc-3,17-0 2 - 4 .  

The reductive cyclization of S~-an&ost-l-tne-3,17-dim-I9-al 2.28, 

with zinc in aqueow acetic acid, semed +O substantiate the concept of 

a tetragonal stsucture of the C-1 carbanion. The reaction proceeds via  

the more thermodynarnicaUy stable carbanion intemediate (least 

substituted carbon; March at al., 1992) to yield the m o r e  

thermodynamically stable product 2.4. When the C-1 carbon had retained 

op2 hybridization, the predominant producta were fonird by way of the 

C-1 radical intermediate. The reaction is kinetically controlled and 

gives the less thennodynamically stable product 2.30. 

Hguro 2.11 The proposed transition structure f o r  the reductive 

cyclization of f~-an&ost-l-cne-3,17-dion-19-a1 with zinc-aqueous 

acetic acid and Li-NH3. 



Based on the proposed mechanism. it is possible to predict a course 

of the reductive cyclization of S~-an&ost-l-ene-3,17-dion-19-a1 

(Figure 2.11) . Reduction of S~-androst-i-cae-3,17-dion-19-al b o a  

with eithcr zinc in acetic acid or Li-Na3 is urpected to gave the less 

thennodyaamically stable isomer, le, l9 (SI -hydroxy-5 g-androstane- 

3,17-dione as the major product. Moreover, it is also possible to 

design a s~thesis of the more stable isomet, the 19(R) -alcohol 2.4, by 

selecting an appropriate unsaturated percwtsor 2.55 and conducting 

reduction with zinc in 50% aqueous acetic acid (Scheme 2.29). 

Sch- 3.29 The proposed unsaturated precursor of 1B, 19 (RI -hydre- 

xyandrost -4-ene- 3,17-dione : reduction with zinc in 50).  aqueous acetic 

acid, protection of the i9(R) -OH grpup followed by a shift of- the 

5,6-double bond. 

The reaction paths presented here satisfactorily account for the 

products obtained. However, to understand the proposed mechanism of 

the reductive cyclizations better and to rationalize the effect of 

experimental variables on the resulta observed much additional 

information is necessary. 



19-t~t-Butyldime~ylsiloxyandrost-l-en-3,17-dione 2-25 has been 

synthesizcd by treatment of t-t-butyldimet~lsiIoxy-5 a-andro- 

stane-3.17-dione 2.23 with a catalytic amount of diphenyl 

diselenide, camphorsuïf oaic acid, and 3 -iodylbenzoic acid, in 70 % 

yield, whieh is higher than othet methods reported. 19- tert-ButyL- 

dirnethylsiloxyandrost-1-ene-3,17-dione 2 2 provides a solid 

synthetic basis for the preparation of the required intermediate 

19 (RI -acetoxy-1~,l9-cyclo-Sa-aa&ostane-3,17-dione 2 which was 

further used to prepaxe the 4,s-unsaturatad 1~,l9-eyclopropyl 

derivative A (Scheme 2.9). 

Attempts to introduce a C-4 double bond either by direct oxidation 

of 19 (RI -acetate-lp, l9-cycloan&ostane-3,17-dione 2 2 with 

[PhSeO) and DDQ or via indirect oxidations of the silyl en01 

ethers, 2.46 and 2.40, with DDQ-Et3N or NBS in CC14, CH2C12, or rn 

were unsuccessfül. 

Lithium-liquid amonia (-70 OC) reduction of androst-1-ene-3,17- 

dion-19-al 2-28 gave the less stable isomers of the 

19 (SI -hy&oxy-lB, 19-çycloanàrostane, 2.39 and 2.31 (70% yield) , 

together with the more stable isomers of the the 19(R) -hy&oxy- 

ie,l9-cycloan&ostane, 2.31, 2.37, 2.38, and 2.40 (30% yield) . 

However, zinc/S02 aqueous acetic acid (25 OC) reductive cyclization 

of compound 2.28 yielded the more stable isomer, the 19 (RI -alcohol 

2.29 ( 9 5 * )  . 
A new synthetic method for formation of the acetate enoh has been 

developcd. Reaction of 19 (RI -acetoxy-lp, 19-cycloandrostan-3,17- 

dione 2.32 with Acfl and BF3.OEtt in C H 2 C l z  gave the 3-acetoxy-2- 

ene 2.52 and the boron difluoride 2-acyl derivative 2.53. The 



structure of cornpourid 2 -53 was determined by the 'H, "c, and 1 9 ~  

NMR spectra and supported by X-ray analysis. Choice of the 

reaction conditions shifts equilibriwr toward either the acetate 

enal 2-52 or the acyl-BF2 ketone 2.53- The mechanism of the 

formation of the BF2-steroid derivative 2-53 has beea proposed 

(Scheme 2 .l8) . 
S. Oxidation of 3-triisopropy1si1oxy,19(R)-acetoxy-1~,19-cy~10andro- 

st-2-en-17-one 2.48, with ammonium ceric nitrate, furnished the 

l9,19-diester 2 - 5 4 ,  i-e. 19-nitrite ester, 19-acetoxy (Scheme 2 -19) 

instead of the expected 19-nitro, 19-acetoxy derivative. 

2.2.2 ~ o ~ ~ t a l  

19- tert-Butyï~thyl8i1oxy~&o8t-~-.~10-3,~~ -dion. 2.22 

The mixture of 19-hydroxyandrost-4-ene-3 , 17-dione 2 -21 (12.1 g, 4 0 . 0  

mol), imidazole (6.67 g, 90.0 mmol, 2.45 eq.) and tert- 

butyldirnethylsilyl chloride (7.336 g, 48 - 7  mmol, 1.2 eq.) in DMF (75 

mi,) was stirred at 50°C under an argon atmosphere for 4 hr, when TLC 

showed no starting material- Methanol (20 mL) was added to destroy an 

excess of the silyl reagent, and then the mixture was poured into 

diethyl ether. The organic layer was washed with cold water, brine, 

dried, filtered, and evaporated to give a crude product which on FCC, 

on elution with 20% EtOAc-LP, gave 2.22 (13.4 g, 32.2 mmol, 81%), mp 

163-165 OC (from EtOAc-LP) , (lit. 161-162 OC;  from M2C12-EtzO; Lin, 

1994). 

%-of 2.22 (CDCl3): 65.87 (s, iH, 4-1, 3.90 (dd, J10.5, 12.5, 

1 ,  19-H) , 0.92 (s, 3H, 3 0 86 (m, C (-3) 31, 0 - 0 5 ,  0 - 0 5  (mt 

SiMe21 . 

13c of 2.22 (CDC13): 6 33.29 (11, 34.69 (21, 199.65 (31, 126.02 

( 4 ) ,  167.25 (51, 33.58 (61, 30.79 (71, 35-93 (81,  54.07 (91, 43.60 



19 - tart -Butylarriirtay~8i1any-Sa-1~&08t~0-3,17 -diona 2.23 and 

19- tart-Buty1âhathy18iloxy-S &1~&08taaa-3, l'I-dione 2 . 24 
A s o l u t i o n  of 19- tert-butyldimethylsilo~àrost-4-ene-3 , 7 - o n e  2.22 

(13.41 g, 32 - 2  m o l )  in  BtOAc (120 mL) was s t i r r e d  w i t h  10% Pd/C (1.34 

g) in a hydrogen atmosphere for 15  h when no starting material was 
* 

izadicated by TLC. The s o l u t i o n  was f i l t e r e d  and evaporated at reduced 

pressure t o  give a crude product (13.3 g) which on FCC, on e l u t i o n  wi th  

30-50% Et20-LP, gave f r a c t i o n s  of the Sa-isomer 2.23 (9.88 g, 23.6 

mo l ,  7 3 t ) ,  mp 136-138 OC (from E t s - L P )  , (from CK2C12-Et20) and t h e  

SB-isomer 2.24 (3.36 g, 8.02 m o l ,  2 5 % ) ,  mp 153-154 OC ( f rom E t g - L P ) ,  

(lit., mp 151-153 OC, no siovent g iven ,  L in ,  1994) 

1661 of 2.23 (CDC13) : 6 3.97, 3 .91 (d, h e  10.8, 2-HI 19-H,H), 2.45 

(m, 168-H + 4 $ ) ,  2.07 (m, 160-H) , 1 .67  (m, UI, 50-H), 0.89 (s, CMe3), 

0 J O ,  0.08 (m, S i M e 2 1  . 
13c of 2.23 (CDCl3) : 6 33.96 ( 1 1 ,  38.64 (21, 211.91 (3), 44.86 ( 4 ) ,  

46.23 (5 )  , 28.32 (61, 30.66 (71,  35.51 (81, 54.33 (91, 39.54 ( I O ) ,  

21.72 (Il) ,  31.93 (121, 47.79 (131, 51.66 (141, 21.78 (15), 35.79 ( 1 6 ) ,  

220 -72 (17)  , 13.92  (18), 60.87 (19) . 
NXR of 2.24 (CDC13) : 6 3.81. 3.60 (d, JAB 9.7, 2H. 19-H,H), 2.63 

(ad, J 14.6 ,  14 .6 ,  lH, 48-HI, 2.47 (dd, J 19.0,  8 .6 IB, 1 6 B - ~ ) ,  2.26 

(m, SB-H) ,  0.90 (s, 3H, 13-CH3) 0.89 (S. 0 - 5 ,  OS (m, siMe2). 

"C MIR of 2.24 (cDCl31: 6 31.16 (11, 36.91 (21, 212.84 ( 3 ) ,  42.06 (41, 

36.38 (S), 24.49 ( 6 )  25.90 (71, 35.21 (8 )  r 41-59 (91, 39-22  (10) I 

20.59 (Il), 32.04 (121, 47.77 (131, 51.92 (141, 21.71 (151, 35.83 (161, 

220.47 (171, 1 3 . 9 1  (181, 65.19 (19). 



19- tert-Butyl~thy18i~oxy~~ost-~-~a-3,1~-diona 2.22, 19- t e r t -  

~utyl~+hyl~iloxy-Sa-.o&08t-1-~m-3,17-0aa 2.25 and 19-tert-~utyl- 

~thyl~iloxyur&01t-l,4-di~a-3,17-df~a 2-36 

Pre~aration of 3-iodvlbenzoic acid ( 3 - 1 O S b f l & O O H )  bv hmchlori te  

oxidation of 3-iodobenzoic acid: (Barton et al., 1982) 

Acetic acid (80 mL) was added âropwise to a vigorously stirred 

suspension of 3-iodobenzoic acid (30 g, 120.9 mol) in 6% aqueous 

sodium hypochlorite, Stevens reagent (Stevens et al., 1980), (400 a, 

6% NaClO, Javex) at room temperature. The temperature of the solution 

was kept below 40'~ during addition of acetic acid, An exothennic 

reaction took place with the formation of a white precipitate (10 mis). 

The mixture was stirred overnight at room temperature, and then the 

white precipitate was filtered off, washed with water, acetone, ether, 

and then dried in vacuo at room temperature, over PzOs, with protection 

from light, to give white crystals of 3-iodylbenzoic acid (33.4g,  119 

mmol, 9 9 % ) ,  mp 249-253 OC (decornp.) [lit., inp 243-245 OC (decornp.), 

Willgerodt (1894) 1 . 

A mixture of diphenyl diselenide (0.817 g, 2.62 mol, 0.1 eq,) , 

camphorsulfonic acid 3 0  g, 12.9 mmol, 0.491, and above prepared 

3-iodylbenzoic acid (7.5 g, 26.8 mol, 1.02 eq.) was heated under 

reflux in dry tetrahydrofuran (80 a), until the yellow colour of the 

diselenide disappeared (10 min) . A solution of 19- tert-butyldime- 

thylsiloxy-Sa-androstane-3,17-dione 2.23 (11 g, 26 mol) in THF (220 

rnL) was added and the mixture was refluxed for 2 h, when TLC showed no. 

starting material. After cooling to room temperatue, the mixture was 

poured into saturated sodium bicarbonate and extracted with diethyl 

ether and ethyl acetate. The organic layer was thoroughly washed with 

saturated aqueous NaHCO3 and water. The aqueous washings were 



extracted w i t h  CH2C12 and the combined organic layers washed w i t h  

water, b r i n e ,  dried, f iltered, and evapora t ed  t o  give a crude product  

(ca 11 g) w h k h  on FCC, on elution wfth 30-40) Et2O-LP. gave fractions 

of the 1-ene 2.25 (7.64 g. 18.3 m m o l ,  70%) as a major product ,  mp 

146-148 OC ( ( r rom Et2O-LP) , 1 , 143-145 OC; from CH2C12-Etp; L i n  

1 9 9 4 ) ,  the 4-ene 2.22 (1 .35  g, 3.23 mniol, l 2 . 4 % ) ,  nip 157-159 OC (from 

~t 20-LP), l i t ,  155-158 OC; from CHzC12-Et 2 0 ;  L i n ,  1994) , and the  

1,4-ene 2.26 (180 mg, 0.66 mol, 2 .5 i1 ,  mp 166.5-167.5 OC (from 
t 

Et20-LP) , (lit., 160-163 OC; from CE2Clz-Et 20,  L i n ,  1994) . 

1H of 2.25 (CDC13): 8 6.82 (d, J 10.23. lH, 1 6.00 ( d l  J 10.11. 

IH, 2-H), 3.97 (d, J A ~  10.62, lH, 19-H), 3.73 (d, J A ~  10.61, IH, 19-H), 

2 . 6 9  (dd, J 17.87,  14.18,  IH, ?-II), 2.46 (dd, J 19.21, 8.75, I H ,  

16B-H), 0.92 (s, 3H, 13-CH3), 0.85 [s, 9H, C(CI I3)  j ] ,  0.017 [d, J 3 . 9 #  

6 H I  S i  (CHj)  21 . 
l 3 c = o f  2.25 (Q)C13): 6 1 3 0 . 2 8  ( 1 1 ,  153.49 ( 2 ) .  200.20 ( 3 ) .  41.68 

( 4 ) ,  44.35 (51, 27.37 (61,  30.36 (71, 35.78 (81, 52.05 (91,  43.37 (101, 

21.17 ( L I ) ,  31.80 (121, 47.88 ( U ) ,  50.23 (141, 21.69 (151, 35.78 (161, 

220.3 ( l 7 ) ,  14.10 (181, 62.06 (191, 25 .81  [ C ( m 3 )  3 ] ,  18.11 ( m e 3 ) ,  

- 5 .61  and -5.70 [S i (=3 )  2] .  

'B of  2.26 (CDClr): 6 7-07  (d,  J 10.2 ,  lH, 1-8). 6.33 (dd, J 10.2, 

1 . 9 ,  1H, 2-H) , 6.15 (s ,  IH, 4-Hl, 3.98, 3 .87 (d, JAB 9.6, 2H, 19-H,H), 

0 .95 (s, 3H, 18-CH3), 0.80 (m, C M e 3 ) ,  0.00 ,  -0 .01 (d l  J 0.01, 6H, 

SiMe21 . 

of 2.26 (CDCl,) : 6 152.49 (l), 130.00 (21, 186.44 ( 3 ) .  126.04 

( 4 ) ,  165.57 (SI, 32.24 (61, 31.64 (71, 35.73 (81,  52.29 (91, 4 9 - 6 0  

( I O ) ,  22.61 (111, 32 .81  ( 1 2 ) ,  47.72 (131, 50.98 (141, 21.89 (151, 35.62 

( 1 6 ) ,  219.67 (171, 13.97 <l8), 64.36 (191, 25.66 [C(CH3)3lt 18.05 

(,ces), - 5 . 5 2  and -5 .61 [Si(,QT3l21. 



lS-~&oxy-5a-~&omt-l-~a-3,17-diono 2.27 

Desilvlation with n B u m :  To a solution of the silyl ether 2.25 (6.53 

g, 15.6 mol) in freshïy distilled (over LiAlH4)  THF (80 mL) , while 

cooled in an ice-water bath, was added a solution of 1M n-Bu- in ~ a p  

(20 mL, 20 -1, 1.3 eq.1, under an argon atmosphere. The mixture was 

stirred for 4 hr, and then poured into cold water, extracted with 

EtOAc, and the organic layer washed with saturated aqueous Na~C03, cold 

water, brine, dried, filtered, and evaporated to yield a crude product, 

which on FCC, on elution with 10-20* acetone-LP, gave the unsaturated 

19-alcohol 2.27 (3.48 g, 11.5 thmol ,  74t), mp 213-216.2 OC (from 

acetone-LP) , [lit., 200-202 OC; from CH2C12-Et 9; Lin, 19%) 3 . 
Desilvlation with a Lewis acid. SnC12.2H&: To a solution of the silyl 

ether 2.25 (1.9 g, 4.6 mol) in acetonitrile (30 mi,) was added 

SnClt.H20 (1.34 g, 5 - 9 3  mmol, 1.3 eq.). The mixture was stirred for 48 

hr, whezl TLC indicated no starting material. The mixture was poured 

into water and extracted with CHCl3. The organic layer was washed with 

saturated NaHC03, water, dried, filtered, and evaporated to give a 

solid residue (1.30 g) which after crystallization gave the unsaturated 

19-alcohol 2.27 (1.25 g, 4.13 mmol, gO.St), mp 213-216 OC (from 

acetone-LP) . 

' a m o f 2 . 2 7  ( d r y C D C l 3 ) :  67.05 (d, J.10.26, lH, 1 -  6.12 (d, J 

10.15, lH, 2-H), 2.05 (dd, J 11.45, 7.08, lH, 19-H), 3.83 (dd, J 11.46, 

4.65, lH, 19-Hl, 2.77 (dd, J 17.95, 14.28, 1 4 B - H l ,  2.47 (dd, J 

19.31, 8.8, il?, 168-Hl, 0.92 (s, 3H, 13-CH3). 

'B of 2.27 (CDClr): 6 7.04 (d, J 10.3, la, 1 )  6.1 (d, J 10.2, 

lH, 2-H), 4.1 (d, J - 11.46, lH, 19-XI, 3-81 (d, J 11.47, lH, 19-E), 

2.76 (dd, J 17.95, 14.28, lH, 48-81, 2.46 (dd, J 19.31, 8.8, lH, 

16B-H) , 0.91 (s,  3H, 13-CB3) . 



"C of 2.27 (CDClj): 6 130.28 (11, 153.49 (2). 200.20 ( 3 ) .  41.68 

(4), 44.35 (51, 27.37 (6). 30.36 (71, 35.78 (a), 52.05 (91, 43.37 (10). 

21.17 (111, 31.80 (121, 47.88 (131, 50.23 (141, 21.69 (151, 35.78 (l6), 

220.30 (171, 14.10 (181, 62.06 (19). 25.81 C(pI3)>, 18-11 C(CX313, 

-5.63 and -5.70 Si(çEI3) 2. 

Sa-&&omt-l-rao-3,17-diao 19-81 2,28 

The mixture of 19-hy&oxy-5a-an&ost-l-a~e-3,l7-dione 2.27 (4.52 g, 

14.9 mrnol) , pyridiniuin chlorochromate (S. 74 g, 26.63 mol. 1.8 eq. ) in 
\ 

(70 nrt) , in the presence of powdered molecular sieves 4A (0.5 g, 

10% of 2-26), was stirred for 2 h, when TLC indicated no starting 

material. Et 2 0  (70 mL) was added and the mixture was filtered through 

a pad of silica:Celite:Na2S04 (1:4:2). The filtrate was washed with 

saturated aqueous NafICOoI water, tiltered, and evaporated to give a 

crude product (4.2 g) which on FCC, on elution with 20% acetone-LP, 

gave the 1-en-19-aldehyde 2.28 (3.6 g, 12 .O mmol, 81%), mp 152-155 OC 

(from CH2C1 2-Et zO-LP) , (lit., 148-150 OC; -2C1 z - E ~  20; Lin, 1994) . 

h of 2.28 (CDCl,) : 6 9.92 (s, IH, 19-CHO). 6.98 cd. J 10.21. lH, 

1-H) , 6.24 (d, J 10.18, THI 2-H) , 0.96 (s ,  3H, 13-a3) . 
13c of 2.28 (CDC13); 8 33.96 (11, 38. 64 2 ,  211.91 (3). 44.86 

( 4 1 ,  46.23 (51 ,  28.32 ( 6 ) ,  30.66 (71, 35.51 (81, 54.33 (91, 39.54 (IO), 

21.72 (111, 31.93 9l(l2), 47.79 (131, 51-66 (IQ), 21.78 (15), 35.79 

(161, 220.72 (171, 13.92 (181, 60.87(19). 

19 (R) -1?ydrolcy-1~,19-cyclo-Sa-radromtra~-3,17 -dionm/3 a-hydroxy-3 8, 19- 

oxido-lg, 19-cyclo-Sa-ur&ort~-17-~m 2.29/2.30 

From reductive cvclization with zinc in 5 0 1  ameous acetic acid 2.28 

The heterogenous mixture of the usatuated 19-aldehyde 2.28 (3.17 g, 

10.54 rnmol) and Zn powder (25 g) i n  50% aqueous acetic acid (80 mL) 

was stirred at room temperature for 1 h, when TLC indicated no starting 



material. The mixture was filtered through sintered glass to remove 

zinc. Water was added to the filtrate and products wtracted with 

CB2C1 2. The orgamic layer was washed w i t h  water, saturated aqueous 

NaHCO3, water, dried, filtered, and preconcentrated to ca 15 mL, and 

then diethyl ether added: precipitated solicis consisted of a mixture of 

the 19 (R) -alcohol/hemiacetal 2.29/2 -30  as determined by the 'H NMR 

spectrum. Crystallization of the products gave the solid product 

2.29/2.30 (2.18 g, 7 . 2  mol, 68t), mp 193-196 OC (from 
I 

CH2Cl 2-Et 20-LP) , (lit., 186-189 OC; from CH2C1 *-Et fl; Lin, 1994) . The 

mother liquid was dissolved in CH2C12 and treated with 

1- (TBDMSi)imidazole for 3 weeks at room temperature (see compounds 

2.33, 2.34, and 3 . 3 5 ) .  

'E NMR of 2.29/2 .lO (acetoae-ds or (PCla) : 6 4.02 (d, J = 5 . 3 2 ,  IH, 

19-H of 2.391, 3.68 (dl J = 6.93, Ili, 19-8 of 2.29). 

From 19 (RI - tert-butvldimethv1si1o~~-lB~ 19-c~c1o-5a-an&ostane-3.17-dio- 

ne 2.33: 

A solution of 19 (RI - tert-butyldimethylsi1oxy-1~,~9-cyclo-Sa-androsta- 
ne-3,17-dione 2.33 (197 mg, 0.47 m l )  in THF (1 rnL) and 1M nBu4NF-THF 

(2 mL, 2 mmol, 4.3 eq. 1 .  was stirred at room temperature for 1 h and 

then diluted with water, extracted with EtOAc (30 mL) . The organic 

layer was washed with water, saturated NaHCO3, water, brine, dried, 

filtered, and evaporated to give a mixture of the 19(R) -alcohol/ 

hemiacetal 3.29/2.30 (136 mg, 0 .4s  nmiol, 95 t), mp and 'NMR as above. 

From 3a- tert-butvldimethvlsilox~-3B~i9-oxido-1B. 19-cvclo-Sa-androsta- 

ne-3,17-dione 2.34: 

A solution of 3a- tert-butyldimethylsi10xy-3p, 19-oxido-lg, 19-cyclo 

derivative 2.34 (50 mg, 0.12 m o l )  in THF (2  mL) and î M  nBum-THF ( 0 . 5  

mi,, O. 5 mmol, 4 eq.) was stirred at 20 OC for 1 h, poured into water, 



extracted with E~OAC (25 mL) , washed with saturated aqueous -oo, 

dried, filtered, and evaporated to give 2.29/2.30 (27 mg, 9 mol, 75+), 

mp and 'H NMR as above. 

From 19 (SI - tert-butvldimethvlsilo~~-1B~19-cvclo-5a-androstane-3.~7-dio- 
ne 2.35: 

T o  a solution of the 19 (SI -TBDMsiloxy-le, 19-cyclo derivative 2.35 (21 

mg, 0.050 naol) in Ttrr (1 mi,) was added Ul a B u m  in THF (200 pL, 0.2 
* 

mol, 4 eq. 1 . The mixture was stirred at room temperature for 1 h and 

then diluted with water and extracted with EtOAc (30 a). The  organic 

layer was washed with water, saturated N-03, water, brine, dried, 

filtered, and evaporated to give a solid residue (15 mg) which after 

two crystallizations yielded a pure analytical sample of 2.31 (10 mg, 

0.033 mol,  6 6 * ) ,  mp 194-198 OC decomp. (from CH2C12-EtOAc), (Found: C f  

73.40 ; H I  8.84. C~gH2603. l/t H z 0  (MW 311.423) requires C I  73.28; 8,  

8 -74%) . 
k of 2.31 (CDC13): 6 3.58 (d, J 2.54 Bz. lHI 19-EI1, 2.47 (dd, J 

9-23, 19.28, IH, 16p-H), 0.88 (s,  3H, 18-CH3). 

13c of 2-31 (CDCls):. 8 20.38 (11, 35.98 (2) 199.42 (31, 43.74 ( 4 ) .  

38.77 (51, 33.02 (61, 31.35 (71, 39.77 (81 ,  46.55 (91, 30.66 (IO), 

21.82 (111, 31.68 (121, 47.89 (131, 51.63 (141, 23.04 (lS), 37.00 (16), 

221.23 (171, 13.76 (181, 55.87 (19) 

19 (R) -~cotoxy-ip, r9-cycl0-5a-.nâroatna-3,17-dio~~ 2.32 

From 19lR)-alcohol/hemiacetal 2.29/2.30: 

To a solution of the mixture of the 19 (RI -alcohol/hemiacetal 2.29/2.30 

(1.91 g, 6.37 nimol) in CHzC12(30 rnL1 was added Ac20 (6.2 mL, 65.6 mmoL, 

10.3 eq.) and DMAP (80  mg, 0.65 -1, 0.1 eq.). The reaction mixture 

was stirred at 20 OC for 2 h, and then methanol (10 mL) added to 



destroy the excess of acetic anhydride- The organic layer was washed 

with water, saturated aqueous NaHCû3, water, dried, filtered, and 

evaporated to give a crude product which on PCC, on elution w i t h  50% 

Et 20-LP, gave the 19 (RI -acetate-lg, 19-cyclo 2 -32  (1.42 g, 4.12 mol, 

66%)  , mp 163-166 OC (from ~t , (lit. 161-163 OC;  from CBg12-Et$; 

LILn, 1994). 

From 3,19(~)-diacetoxv-16,l9-cvclo-5a-andr0st-2-en-17-0ne 2.S2:  

The mixture of the 3-acetoxy 2-ene 2.52 (30 mg, 0.08 m l )  in CH2C12 
I 

(1.5 m ~ )  and BF3.0Et2 (300 pi,) was stirred at room temperature for 3 h, 

until no starting material was indicated on TLC. Into the mixture was 

added water (1 mL1 and the product extracted with CH2C12 (30 mL) . The 

organic layer was washed with water, saturated aqueous NaHC03, water, 

dried, filtered, and evaporated to give a solid residue 2 -23 (20 mg, 

0.06 mol, 7 5 t ) ,  mp (as above). The residue was identified by its 'B 

NMR spectrurn. 

% MQI of 2.23 (CDCl3) : 6 4.31 (dl J 7-54 HZ, lH, 19-Hl, 2.48 (dd, J 

19-09, 2.82 HZ), 2.03 (s, 38, 19-0COCH3), 0.89 (s, 3Hl 13-CH3). 

13c of 2.23 (CDC13): 6 17.42 (11, 34.74 (21, 210.09 ( 3 1 ,  43.97 ( 4 ) .  

38.03 ( 5 )  , 32.69 (61, 30.69 (71, 39.11 (81, 46.23 (91, 26.94 (IO), 

21.59 (111, 31.04 (121, 47.55 (131, 50.96 (l4), 21.65 (151, 35.81 (l6), 

220.28 (171, 13.69 (181, 56.94 (19). 20.79 (COg3), 171.23 (OCHî). 

19 (R) - tert-8utylâiwthyl8ilony-1~, 19-cyc10-5a-aa&o8t.110-3 17-diom 

2.33, 3a- tert-Butylaiiarthylailoxy-3 B, 19-apoxy-l& 19-cyclo-Sa-aaâxoata- 

no-3 17-diono 2.34, and 19 (SI - t e r t - B u ~ l ~ t h y l 8 i l o x y - l B ,  19-cyclo- 

Sa-.n&o~taam-3,17-âio11m 2-35, 

The residue from the mother liquid, consisting of the 19 (RI hydroxy/- 

hemiacetal 2 .Z9/2 -30 and the 1 9  (S) -hy&oxy-le, 19-cyclo 2.31 ( ca 600 mg, 

2 mol) was dissolved in CEf2Clz (10 mL) and stirred with N-( tert-butyl- 



dimethylsilyl) imidazole (1.0 g, 5 - 48 mol, 3.1 eq- 1 at roorn temperature 

for 3 weeks w h e n  TLC indicated no starting material, and then methanol 

was adâed to destroy orcess reageat. The mixture was poured into 

water, extracted with CI12C12, washed with water, dried, f iltered, and 

emporated at  reduced pressure to give a crude product, which on FCC, 

on elution with 10-5Ot B t s - L P ,  gave the follawing fractions givea in 

order of elution ( i l  the kety l  silyl ether 2.34 (300 mg, 0-72 m l ,  

36%), mp 150-152 OC (from CH2C12-BtOAc), (Found: C I  72.16; H I  9-87.  
\ 

C 2 ~ 4 0 0 3 S i  requires: C I  72.06; H,9.681; (fi) the 19(S)-silyl ether 1 - 3 5  

(65 mg, 0 -156 mol, 8*), mp 193-196 OC (from CH2Cl2-EtOAc) , (Found: C, 

71.99 ; H, 9.76. requires: CI 72.06; II, 9-68), arrd (iii) 

the 19 (R) -silyl ether 2.33 (288 mg, 0.69 mmol, 34.5%) , mp 154-156 OC 

(from CH2C12-EtOAc) , (Found: CI  72.23 ; 8, 9.79. C t ~ H ~ 0 0 3 S i  requires: 

CI 72.06; Hf 9.68%). 

%I MMR of 19 (RI -0TBDMSi 2.33 (CûCl 3l : 8 3.53 (d, J 7.09, la, 1 9 - H l  , 

0.89 CS,  9H, C(CH3)3], 0.86 (s ,  3H, 13-a3), 0.13 a d  0.9 C S ,  6B, 

Si ( 5 3 )  21 . 

L% of 19(R)-ûTBDMSi 2.33 (CDC13): 6 17.66 1 34.89 (2). 211.75 

(31, 44.53 (41, 38.77 ( S ) ,  32.70 (61, 30.92 (71, 39.74 (81, 46.60 (91, 

26.17 (101, 21.75 (111, 31.11 (121, 47.58 (131, 50.98 (141, 21.83 (151, 

35.92 (161, 220.62 (171, 13.56 (181, 55.54 (191, 25.87 Ge3, 18.34 

,CMe3, -5.21 and -5.28 S m 2 .  

Nlœ of 2.34 (CDCls): 8 4.00 (d, J 5.29, lK, 19-81, 2.44 (dd, lii, J 

19.18, 8.85, 168-Hl, 0.85 (s, 9H, C(Cff3)3), 0.83 (s, 3H, 13-=3), 0.11 

and 0.10 [ (s ', 6H, Si (CH31 21 . 
13c laût of 2.34 (CDCl3): 6 19.28 (11, 36.29 ( 2 ) ,  104.11 (31 ,  42.88 (41, 

35.70 ( S ) ,  35.80 (61, 30.37 (71,  39.19 (a), 42.87 (91, 25-20 (10), 

2l.SO (Il), 31.33 (121, 47.66 (131, 5 0 . 7 3  (141, 21.68 (15), 36.29 (161, 







mL) was added and the organic layer washed with cold water, brine, 

dried, filtered, and evaporated t o  give a residue (800 mg) which on 

FCC, on elution *&th 0.5- 505 E t g - L P ,  yielded f r a c t i o n s  givcn in the 

o r d e r :  non-czystallïne tri-tBuMe2Si 2 . 4 1  (38 mg, 0.0585 mol ,  531, 

3p,19-epoxy 2.42 (48 mg, 0.09 mol ,  9*) ,  mp 166-170 OC (from 

E ~ ~ o - M ~ O H ) ,  (Found: C l  70.0 ; K,1016i). C31Hs603Si2 requires C l  69.9; HI  

O . ,  178 ,19(S)  -di-tBuMe2Si 2.43 (180 mg, 0.338 mmol ,  3 2 t ) ,  mp 

125-127 OC ( f f 0 m  E t P - M m )  1 (PoUIld: C, 69-7 ;  At 1 0 . 8 -  CjlHs603Si2 
* 

requires C, 69.9;  H, 10.6%), l7B, l9(R)  -di-tBuMe2Si 2.44 (30 mg, 0,0563 

ml, 5.33*),  mp 152-160 OC (from E t s - M e O H ) ,  (Found: Cl 69.9; K,10.75. 

c ~ ~ K ~ ~ ~ ~ S ~ ~  requires Cl 9.9; 8, 10 .6%) ,  and 19(S)  -tBuMe2Si 2.35 (15 mg, 

0.036 mol,  2 . 5 t ) ,  mp (as above). 

'B NlaR of 2.35 (CDC13): 6 3.53 (t, J 8.2,  lH, 17a-II),  3.44 (m. lH, 

3a-H), 3.02 (d, 3 2 .9 ,  lH, 19-Hl, 2.22 (m, 2 8 - H l ,  0.67 (s, 3B, 13-Me). 

13c of 2.35 (CûCl3): 8 20.13 (1). 33.68 ( 2 ) .  69.20 (31, 37.53 ( 4 ) .  

39.96 (51 ,  32.33 (61,  32.74 (71, 42 .11  ( 8 ) ,  48.36 (91,  31.64 (101, 

23.51 (I l) ,  37.47 (121, 43.48 ( l 3 ) ,  51.23 ( l 4 ) ,  23.59 (151, 31.06 (l6), 

81.71 (171, 11.55 ( l 8 ) ,  60.85 ( 1 9 ) .  

'H of 2.42 (CDClj ) : .6  4.00 (d, J 5 . 5 ,  ia. 1 9 ,  3.52 t ,  J 8.2, 

17a-H) , 0.66 (s, 38, 13-Me). 

"C n#I of 2.42 (cDC1j): 6 6 19.10 ( 1 1 ,  36.06 (21, 104.05 (3)  49.94 

( 4 ) .  35.78 (51, 36.37 (61, 30.98 ( 7 ) .  39.79 (81, 44.82 (91, 29.73 (101, 

21.88 ( I l ) ,  36.87 (121, 43.24 (131, 49.94 ( 1 4 ) ,  23.41 (151, 31.13 (161, 

81.72 ( 1 7 ) ,  11.27 (181, 60.68 (191, CMe3, -3, -2.80, -2.85, -5.27, 

-5 .32  S i Y . 2 .  

k of 2.43 (CDC13): 6 3 .35  (d, J 3.1, lE, 19-H), 3.55 (dd, J 7.9, 

8 . 5 ,  IK, 170-H), 0.69 (s, 38, l ' l a - H ) .  

I3c LiIYR of 2.43 (CDCl3): 6 6 19.97 ( 1 1 ,  37.38 (21, 210.50 (31, 43.93 





19 (R) -~catoxy-3 - triimoptopylmily1-1$, 19-cyc10-Sa-~&o8t-2-.0-17-oae 

2.48 

To a solution of 1 9  (RI -acetoxy-1~,19-~clo-5a-androstane-3,17-dio~~ 

2.32 (200 mg, 0.581 mmol) and E t 9  (250 pL, 1.7 ammi, 2.9 eq.) in 

diethyl ether (25 mL) was added i - P r 3 S i O T f  (450 p, 1 . 3  mmol, 2.2eq.I 

under an argon atmosphere. The mixture was reflwced f o r  2 hr and then 

cooled to room temperature. The organic layer was washed with water, 

brine, dried, f iltered, and evaporated to give a glassy residue which 

on PCC, on elution with 205: Etfl-LP, yielded compound 2.48 (280 mg, 

0 . 5 6  mmol,  96.4%), which failed to crystallize. 

of 2.48 (CDClj); 6 4.87 (dd, J 6.71, 1.69, 2-HI. 4.12 (d, J 

7.05, III, 9-H) , 2.01 (s, 3H, lg-OCOCH3), 2.46 (dd, 3 19.13, 8.95 u, 

168-H) , 1-07, 1.05 (rn, [ ( a 3 )  2CHl g S i )  , 0.87 (9, 3 8 ,  13-Me) . 
i 3 ~  of 2.48 ((PC13) : 6 19.19 (11, 95.77 (2), 150.74 ( 3 1 ,  35-85 ( 4 ) .  

37.21 ( 5 )  , 31.92 ( 6 ) ,  31.00 (71,  39.26 (8). 46.32 (91, 28.69 (IO), 

21.75 (111, 31.05 (12), 47.57 (131, 51.03 (l4), 21.69 (151, 35.85 (16)~ 

220.55 (17)  , 1 3  -67 (l8), 59.88 (191, 171.52 (19--CPCB3), 21.19 

( i g - ~ o ~ ~ ) ,  17.98 [3 x ~QIsil, 12.61 [3 x (a3) sSil. 

3,19 (R) -Di8cmtorry-1~,19-cyclo-5a-~&omt-2-~-17-o~m 2.51 and 

2 -Acyl, l9 (RI -acatoxy-l& 19-~clo-Sa-.~1&omt-2-.~-3-bo~onoxy difluoride 

2.53 

Ta a solution of the 19 (RI -acetoxy 2.32 (200  mg, 0.568 mmol) in C H ~ C ~  

( 4  rnL) was added Ac20 (1.0 mt, 10.6 mol, 18.7 eq.) and B F 3 . E t Z 0  (100 

pL, 0.81 mol ,  1.43 eq). The reaction mixture was stirred at 20°c for 

1 h when no starting material was indicated by TLC, and then methanol 

( 2  mL) was added to destroy an excess of acetic anhydride. Stirring 

was continued for 1/2 h, and then the mixture was poured into water, 

extracted with CH 2C12, wasfied with water, saturated NaHC0 3, water, 



&ied over NatSOo, filtered, and evaporated to give a crude product 

wUch on PCC, on elution w i t h  10% acetone-LP, gave fractions of 3-52 

(149 mg, 0.385 mol, 6 8 W ,  mp 83-86 OC (from ~ts-hexanes) , (~ounci: C, 

71.17; H, 7.95%. C2$300~ requires: C, 71.47; f, 7-82) and 2.53 (20 mg, 

0.052 mol, 9t), mp (sec below). 

% mm of 2 . 4 1  (CIDC13): 6 5-43 (dd, J 6.86, 2 - 5 6  Hz lH, 2-H), 4.12 (d, 

and 19-COD3) , 171.80 (19-sOCII3) . 

2-Acyl,lS(R) -rcet0xy-1~,19-cyclo-Sa-~&o8tt2-~-17-oa~ 2.53. 

A mixture of the lS(R) -acetoxy 2.32 (150 mg, 0.44 m o l ) ,  Ac20 ( 2  mL, 

21.8 mol ,  50 eq.), and BF3.OEt2 (100 p L ,  1.09 mol,  2 . 5  eq.) in CH2C12 

(2 mL) was stirred at room temperature for SS h, when no starting 

material 2.32 and no intermediate 2 -52 were indicated by TLC. After 

work-up, as described for 2 -52, a crude product on FCC, on elution with 

20t acetone-LP, gave fractions of 2.53 (140 m g ) ,  which after 

crystallization yielded the 3-OBF2 derivative 2.53 (125 mg, 0.32 mol ,  

C23H2905BF2.1/3H20, MW 440.287, requires: C ,  62.74,  H I  6 . 7 9 % ) .  

h of 2.53 (CDCl.3):  6 2.42 (d, J 6.72 Hz, i H ,  19(S)-B), 2.43 (s, 

3 H I  C2-(w3)C(OET) O-), 1.98 (s, 3H, 3-OCO-3) 

of 2 - 53  (CDCl : 6 - 3  2 (d, J IF, O- F , 6 -143.16 (d, J 

0.26, 1 ~ .  o-~OBF); 6 -143.84 (d, J 0.26, IF, o-%F), 8 -143.78 (d, J 

0.26, IF, O-"BE') 



13c lSYll of 2.53 (CDC13): 6 17.93 (l), 105.19 (2). 188.42 ( 3 ) .  35.73 

( 4 ) ,  34.94 (51, 30-85 (61, 30.52 (71, 39.16 (81, 46-01 (9), 28.85 (IO), 

21.64 (111, 31.49 (12). 47.42 (131, 50.76 (141, 21.83 (15). 37.49 (16) , 

219.82 (171, 13.66 (181, 57.87 (191, L92.57 (C2(CH3)Ç(OH) -0) 1 ,  170.79 

(3-wCH3) , 20.61 (3-COIQf3) 22.53 (CIf3) C (OH) -0) . 
19-Nitrit. 08tat,l9-8~0t~-l$,19-~l0-50-~08t-2-.~10-3,17-~~0 

2.54 a d  ~&08t~-l-~-3,17-di~-19-81 3-28. 

The 3-triisopropylsiloxy-19(R)-acetoxy-~$,19-cycloandrost-2-en-i7-one 
t 

2.48 (67 mg, 0.13 m l )  was dissolved in dry DMF (2 mL) and solid 

ammonium ceric nitrate, (NH4) 2Cr (W3)  6, (170 mg, 0.3 mrnol, 2.3 eq. ) was 

added in one portion. After 1/2 h of stirring, no starting material 

was detected by TLC. The mixture was diluted with diethyl ether ( 2 0  

m ~ )  and organic layer washed with cold water, saturated aqueous NaHC03, 

dried, f iltered, and evaparated to give an oily residue (60 mg) , which 

on FCC, on elution 0.5t acetone-MZC12, gave a mixture consisting of 

two compounds, the 1,2-unsaturated 19-aldehyde 2 -28 and 19 (R/S) -aceto- 

xy.19-nitrite ester-5a-androst-2-en-3,17-dione 2.54, identified by the 

1~ NMR spectnin. 

k mm oi 2 -54  extraetad from a mixture of 2 -28 and 2.54 (CDC13) : 6 

7.32 (s, Itf, 19-Hl, 6.91 (d, J 10.18, lH, H-11, 6.07 (d, J 10.21, 

1H, H-2) , 2.03 (s, 3H, 19-CWC?13) , 0.88 (s, 3H, 13-Me) . 

k m of 2 -28 extracted from a mixture of 2.28 and 2.54 (CDC13) : 6 

9.91 (9 ,  lH, 19--1, 6.98 (d, J 10.21, lH, H-11, 6.21 ( d ,  J 16-12, 

lEI, H-21, 0.94 (s,  3H, 13-Me;. 

~ Z W S  (70 eV) of 2.54: M+- 405 (0.51, m/z 344 (13.51, 326 (91, 301 (33), 

204 (lOO), 271 (261, 255 (251, 242 (28). 



Synthasim of bis- (mmthyl 3 ~-hydroxy~dro8t-4-.n-17 -on-19-0.- 

ta) : D h o r  ?O-tion 

frrtroductioa 

The concept (Birch, 1950; Barton and Robinson, 1954) of the two 

electron addition to a, 8-unsaturatcd ketones or aromatic compounds 

undergoing reduction by dissolving metals in l iquid ammonia led to an 

understanding of the formation of some unexpected reduction products of 

sch- 2 .30  Proposed mechanism og the O-C acyl tranafer upon reaction 

of i1~-acetoxy-i, 3,s (10) -estratriene 2 .S6 with Li-NH3 (Magerlein et 



steroidal derivatives. Reductive cyclization of steroid derivatives 

having both unsaturation in ring A and an acetoxy group at C-il were 

reported. Scheme 2.30 prescrits the conversion of IL-acetoxy-estra- 

1,3,5 (10) -triene-3,ll~-diol-l7-one 2.56 to compound 2.60. in 105 yield, 

by lithium-amaonia-alcohol reduction (Nagerlein and Hogg. 1958 1 . The 

reaction proeeeds via a postulatcd cyclic hemiacetal intermediate 2.57. 

The proposed m e c h a n i s m  involves the foxmation of the dianion 2 -57, 

formed by the addition of electrons on the aromatic ring. Due to the 

favourable steric relationship of the carbanioil at C-1 and the carbonyl 

group of the 116-acetate. nucleophilic addition to the acetate carbonyl 

occurred giving rise to intermediate 2.58. The conversion of 

intermediate 2.58 to a final compound 2.60 involved a Claisen type 

transfer of the acyl group fxom C-11 t o  C-1, and addition of a proton. 

followed by reduction of the acyl group nou located at C-1. On the 

other hand, reduction with Li-NI13 of the 1.4-dien-3-one derivative 2.61 

containing an lla-acetoxy substitent. led to intramolecular acylation 

of the incipient 8-carbanion generated at C-1 giving rise to a stable 

cyclic hemiacetal 2 -62 shown in Scheme 2.31 (Tanabe et al., 1961) . 

Schama 2.31 Proposed mechanism of reductive cyclization of lia- 

acetoxyandrost-l,4-diane-3,l7-dione 2.61 with Li-NB3 (Tanabe et al.. 

1961). 



Reduction of other unsaturated steroid derivatives with Li-NLf3, for 

example cholest-4-en-3-one, led to reduction of the carbon-carbon 

double bond (Barton et al., 1954) . On extended exposure of 

cholest-4-en-3-one to excess zinc dust in glacial acetic acid at room 

temperature, Sa-cholest-3-ene was isolated in about 40% yield; mixtures 

of sa- and SB-3-enones were obtained when other 4-en-3-ones were 

treated similarly (McKeana et al., 1959) . In contrast , cholest-4-en- 

3-one under Clemmensen conditions, i.e. on reflux in toluene with 

amalgamated zinc and 7 M hyàrochlaric acid, gave SB-cholest-3-ene in 

48% yield (Davis and Woodgate, 1966). On the other hand, treatment of 

cholest-4-en-3-one with sodium amalgam in propanol-acetic acid has been 

used to prepare cholestane pinacol (Squire, 1951) . Unsaturated 

pinacols have been also obtained in the Li-rm3 reduction of 

cholest-4-en-3-one (Caine and references cited there, 1976) ; Jellinek, 

1955). Templeton et al. (Templeton et al., 1990) also reported 

formation of a steroid dimer derivative. Treatment of 

4-chlorotestosterone acetate with zinc in glacial acetic acid furnished 

not only a 3-hydroxy-4-chlorotestosterone acetate dimer but also a 

mixture of two compounds, 17p-acetoxy-4 -chlore-Sa- and 5 p-androst- 

3 +ne. 

The nature of the 3-ene product formation is not completely 

understood. The reaction resembles the Clemenson reduction of ketones 

and aldehydes to methylene and methyl groups using zinc and 

hydrochloric acid for which two mechanisms have been proposed. One 

proposal involved an acid-catalyzed reduction of the carbon-oacygen bond 

and formation of bis (chloroalkylzinc) alkyl intermediates, f ollowed by 

their hyàrolysis (Nakabayashi, 19601 . The second proposa1 involved 

organozinc carbenoid intermediates (Motherwell, 1973, 1992; 



Nakabayashi, 1960) . 

The purpose of this work was to synthesize 19,19-disubstituted 

5 8,19-cyclopropane derivatives and subject them to biologieal 

evaluation for aromatase inhibition. In this chapter, the results of 

reduction of the methyl an&ost-4-ea-3,17-dion-l9-oate, both with zinc 

in SOI acetic acid and lithium in liquid amnonia, are described. 

R m m u l t r  8ad Diacu88ion 

As shown in Scheme 2.32, 19-hy&oxyan&ost-4-ene-3,17-dione 2.1 was 

oxidized with Jones reagent to give the 19-acid 2.63 (Ueberwasser et 

al. , 1963 , which, af ter treatment with diazomethane, produced the 

19-methyl ester 2.64 (Dyer and Harrow, 1979a) . Treatment of the 

19-methyl ester 2.64 with zinc in 50% aqueous acetic acid at 20'~ (path 

a) gave a mixture of products which, after separation by column chroma- 

tography, yielded the following fractions : ( i l  methyl 5 p-androst- 

3-en-17-on-19-oate 2.65 (15%) ; (ii) a mixture of compounds, 2.65 and 

rnethyl Sa-androst-3-en-17-on-19-oate 2.66 ( S O I ) ;  and (iii) the dimeric 

steroid bis- (rnethyl 3E-hyeoxyandrost-4-en-17-on-19-oate) 2.67 (13%) . 
However, as previously described in Chapter: 2 .IO, treatment of 

androst-4-ene-3,17-dione-19-al with zinc in aqueous acetic acid or 

glacial acetic acid gave the 19 (RI -hydroxy- 5 fi, 19-cyclo- 

androstane-3,17-dione 2 - 4 .  The expected C - 3  unsaturated isomers were 

not observed in the analogous reduction reaction with the 19-aldehyde. 

This observation indicates a faster rate of reaction for 

C-5,19-cyclopropane cyclization then for carbonyl reduction or dimer 

formation. The chromatographie separation of compouad 2.67 was very 

tedious. Therefore, in a separate expriment, the crude product from 

the zinc reduction, was directly treated with the 1-(trimethylsilyl) 



C 

TMS O TMS O - L 

Reagmts:  i, Jones reagent; ii, CH2N2, E t z O ;  iii, Zn, 50% Hfl-CH3CwH, 

i v ,  1-('1Mçi)imidazole; v ,  Li-N'Il3; vi, nBu4NF or CsF; vii, NaIo.,, MeOH; 

viii, LiA1H4, Et20-TKF, RT. 

Schuno 2.32 Synthesis of the dimeric steroids, 2.67, 2.68, 2.69, and 

2.70 and related compounds, 2.65 and 2.66. 



imidazole reagent (Scheme 2.32 ; path b) . However, the 

trimethyloiloxyderivatives proved again to be d i f i i d e  to separate. 

Possibly, better separation could be achieved by employing higher 

siloxy derivatives. On chromatographie separation of the 

trimethylsiloxy derivatives the following fractions were identified: 

(i) methyl S$-androst-3-en-17-0n-19-oate 2.65 (7%) ; (ii) a mixture of 

compounds, 2-65 and 2.66 (52%); (iii) methyl Sa-androst-3-en-17-on- 

19-oate 2 -66 (4%) ; (iv) the symmetrical dimer, bis- (methyl 3E-siloxy- 

an&ost-~-en-~7-on-19-oatel 2.68 ( 5 % )  ; and ( VI the unsynimetrical dimer, 

bis- (methyl 3~-siloxyaadrost-4-en-l7-on-19-oate) 2.69 (2.55) . 

Zt was observed that a removal of the 3E-TMSi group by treatment 

of 2 -68 with n B u m  or CsF in THF to obtain 2 -67 was unsuccessful. 

Attempts to hydrogenate the 4 1  5-double bond of 2.68 with 5% Pd/C in 

ethyl acetate under normal pressure at room temperature also failed. 

Compound 2.67 was stable to O.SM ROB-MeOH and acetic acid conditions at 

arnbient temperature. However, it was unstable, on reflux, in the O. SM 

KOH methanolic solution. Treatment of the 3E-di01 dimer 2.67 with 

sodium metaperiodate in aqueous methanol gave, as anticipated, the 

19-methyl ester 2.64, which was confirmed by its 'H and I3c NMR 

spectrum. Reduction of 2.68 with LiA1H4 at coom temperature gave the 

17-hyâroxy dimer 2.70. The 19-ester function was not affected, as 

determined by the presence of the 19-methoxy group in the 'H NMR 

spectrum. 

Reduction of the 19-methyl ester 2.64 with lithium metal in liquid 

ammonia, after chromatographie separation, also afforded the dimeric 

steroid bis- (methyl 3~-hydroxyan&ost-4-en-i7-0n-l~-oate) 2.67 (25%) as 

the major product (Scheme 2.32). The C-3 unsaturated isomers, 2.65 and 

2.66, were not produced. 



3 - k e  tyl 2.64a 

sehama 2.33 Proposcd m e c h a n i s m  of reductive dimerization of the 

19-methyl ester 2.64 to bis-(methyl 3E-hydroxyandrost-4-en-17-on- 



organozinc earb e n o i d  
intermediate 

HOAc - 

2.65 and 2.66 

Schama 2.34 Proposed mechanism of the formation of the methyl 

56-androst-3-en-19-oates, 2.65 and 2.66. 



A proposed rnechanism for reductive dimerization is presented in Scherne 

2-33. A direct electron transfer from a metal to a TT system of the 

ketone group converts the 3-ketone 2.64 to the 3-ketyl 2.64r  (a radical 

anion) . The 3 -ketyL 2.64r abstracts proton or reacts with a cation 

rnetal to fonn the hydroxy radical or the organometallic species, 2.64b 

or 2.64~. Pinacol coupling of the two radicals 2.6- or 2 . 6 4 ~  gives 

the bis- (methyl 3 - ~-hydroxyandrost-4-en-17-on-l9-oate) 2.67. A second 

alternative would be a reaction of the C-3 radical, 2.64b or 2.64c, 

with a n system of the ester group to yield the 19-hemiacetal 2.71. 

Although these two compounds, 2 -67 and 2 -71, were expected, only the 

dimer has been produced- The fact that the dimeric compound was formed 

suggests a stability of the C-3 radical, which presumably results from 

the stabilizing effect of the 19-ester group via its n system. 

The proposed mechanism of formation of the unsaturated products, 

methyl androst-SB- and an&ost-5a-3-en-l7-on-19-oate, 2.65 and 2.66, is 

outlined in Scheme 2.34. The reaction commences with transfer of the 

first electron to a TT system of the 3-ketone. The second electron is 

further transferred more rapidly than the compound diffuses from the 

metal surface. Protonation of the intermediate 2.64d to cleave the 

oxygen-metal bond, followed by water elimination and further successive 

traasfer of two more electrons to C-3 leads to the organozinc carbenoid 

intermediate 2.64g. Reaction of the carbenoid 2.64g with two protons 

produces the final ~E-androst-3-en-17-on+oates, 2.65 and 2.66. 

Reduction of iatermediates 2.64d -D 2.64h occiirs, presumably, when al1 

intermediates are bonded to zinc atoms at the metal surface and leave 

the surface only after at least one proton has been added to carbon. 

However, more experimental data are required to resolve the reaction 

rnechanism. 



The 'H and 13c NMR spectra were deteermined for the four compounds, 

2.65-2.68. St~CtUres of compounds 2.67 and 2.68 have been detennined 

by COSY and HSQC, and for compound 3-67 also by NOE and BMBQ. 

Elemental analyses of compounds 2.65, 2.67, and 2.68 were 

consistent with their compositions, C z o H 2 g O j r  C 4 $ T s r O 8 ,  and 

C r s I f 7 0 0 e S i 2 ,  respectively. 

. 
The symmetrical structure of the 3,3 -diriers, 2.67 and 2.68, was 

revealed in their 'H and 13c NMR spectra. These compounds behaved 
\ 

rather as monomers. The number of the characteristic proton and ''c 

carbon signals was in agreement either with the hemiacetal stru-t ure or 

with a symmetrical dimer. However, the dimer structue was confirmed 

by both EIMS and FABMS. EIMS ( 7 0  eV) in the high mass spectra of the 

dimers, 2.67 and 2.68, did not show their molecular ions at m/z 662 and 

m/z 806, respectively. In the high mass spectra the following fragment 

ions were observed: cornound 2.67 (Figure 2-12] M + *  662 (0%) , m/z 644 

CM - R2O] +'  ( 3 % ) ,  m/z 626 [M - 2H201 +'  (18t), m/z 567 [M - 951 + (I2%), 

m/z 508 ( $ % I I  m/z 330 (M - 2H) *+ -  (100%), m/z 270 (78t) and cornound 

2.68 (Figure 2.13) M+' 806 (O*), m/z 626 [M - 2TMSiOHl + -  (0.6%). m/z - 
567 (O.S%), m/z 403 [Ml *+ (82). m/z 147 (100%), m/z 75 [SiMeo] + ( 6 7 % ) .  

The structures of 2.67 and 2 - 6 8  were determined by FABFIS. The FAB 

mass spectrum of the 3,3f-dihydroxy derivative 2.67 in the glycerol 

matrix is presented in Figure 2 - 1 4 .  The m/z 663 represents the [M + Hl + 

ion and at m/z 685 the [M + N a ] +  ion. The molecular weight of the 

moleçule can be obtained by subtractiag 1 from 663 and 23 from 685. 

This indicates that the intact molecular weight is 662 consistent with 

the dimeric structure of 2.67. 

The FAB mass spectrum of the 3 , i 1  -disilyl derivative 2-68 in the 

glycerol matrix is shown in Figure 2.15. Again, the peak at m/z 807 



Figura 2.22 EIMS ( 7 0  eV) of a synimetrical dimer, b i s -  (methyl 3 5-hydrro- 

xyan&ost-4-an-l7-on-19-0ate) 2 .67 .  
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represents the [M + KI + ion and at m/z 829 the [M + Na] + ion, i ,e. the 

intact molede and ~ a + .  The molecular weight of the molecule can be 

obtained by subtracting 1 from 807 or 23 from 829. Thus the molecular 

weight is 806 consistent with the dimeric structure of 2 - 6 8 .  The base 

peak, m/z 627, in the spectrum i s  formed by a fragment ion [M+H- 

2TMSiOfI l+ .  supporthg the presence of two trimethysiloxy groups in the 

molecule. 

An attempt to determine the structure of compound 2.68 by X-ray 

crystallographic analysis was unsuccessful because of dif f iculties in 

obtaining a crystal of good quality (Dr. Bridson, personal 

communication, 1996) . 

The structure of the bis- (methyl 3 E-hydroxy androst-4-en-17-on- 

19-oate) 2.67 was determined by the followiag NMR data. The 'II and 13c 

N M R  data were consistent with the presence of unsaturation at C-4:  a 

singlet at 6H 5.69 and methine carbon at 6 124.63 as well as a 

quaternairy carbon at 6, 143.06 were in agreement with the 4,s double 

bond. The lack of a quaternary carbon at 6, - 198 (sp ') , w a s  assigned 

to the 3-carbonyl group, but the presence of a newly formed quaternary 

carbon at 6, 73.60 (sp3). suggested the existence of the hydroxy group 

at C-3. This conclusion was also supported by 13c NMR spectra of 

bis- (methyl 3~-trimethylsiloxyandrost-4-en-l7-on-~9-oate) 2 - 6 8 .  After 

the silylation of the allylic tertiary hydroxy groups of 2.67, a 

quaternary carbon at 73.60 pprn was shifted downfield to 6, 77.90 ppm 

supporting the presence of the hyàroxy group at C-3. Additionally, the 

'H NMR spectrum of 2.68 showed a chemical ahift corresponding to the 

trimethylsilyl groups at 0.004 ppm. The attachent of the methoxy 

groups to C-19 was determined by the long-range couplings. The 

resulting spectrum showed cross peaks for two-, three- and four-bonds 



connections. Protons of the methoxy group showed three-bond couplings 

to the quaternary C-19. Similarly, a proton at C-4 showed couplings to 

C-1, C-2, C-3 and C-10. The signal of protons of the 19-0CIf3 of 

compound 2.68 had undergone an upfield shift (51.41 ppm) consistent 

with transformation of the C-3 ketone. The 13c chemical shift of C-19 

(174.21 ppm) of 2.68 was not significantly changed from that of the 

starting compound 3-64 (175.54 ppm) . This is more consistent with the 

dimer structure of compound 2 -68 tham with the 19-herniacetal stntcture 

2.71. Expected values for a quaternary carbon, C-19, of the 

19-hemiacetal 2.71 should be ca 100 ppm as for acetals (Templeton et 

al., 1994) . 
Irradiation of protons of the 19-0-3 group of 2.67 showed a NOE 

enhancement of protons of the angular methyl group, 18-CH3 (O.85%), 

6 B - H  (0.19%). and 8p-H (0.07%). A 13c Tl measurement in CDCll gave an 

average Tl value of 231 ms for the - 2  carbon atoms compared with 600 

ms for CHz of other steroid molecules with a faster tumbling (smaller 

molecule) . The Tl of 2.68 suggests a dimeric product. In general, 

when rotation of molecules in solution is slow, the effective 

correlation time, r,, is longer and Tl becomes short according to. the 

equation Tl - l/nh(~.) '(I~) ' ( r c w )  - 6 ~ e .  where n is the number of 

attached or nearest neighbour hydrogeas, h is Plankt s constant divided 

by 2n, r is the distance from carbon to hydrogen, and r, is the 

effective correlation time for rotations (equivalent to the time for a 

molecule to rotate one radian, 57 '32' 1 (Lambert et al., 1987) . 
The IR spectrum of the 3E-siloxy dimer 2.68 shows the VC-0 

vibration of the 19-0-3 group of 2.68 is in i t s  normal region, i . e .  

1074 cmg1. Interpretation of the speetra of the bis- (ntethyl 3E-hydroxy 

androst-4-en-17-on-19-oate) 2.67 is complicated by the fact that more 



hydrogen bonding can occu- The IR spectrum of 2 -67  shows bands at 

3595  cm-' (Av 33 cm-') and at 3553 cm-' (Av 75 cm-'). vhich are 

attributcd to the 3-OH and 3'008, respectively, due to intramolecular 

hydrogan bonding. Similar hydrogen bonding and 5-membered ring systems 

were obsemable in Sa-androstanc-16,l7-diols where the hydroxy 

substitucnts were cis (Batcher et al., 1962; Combe et al., 1971). 

Surprisingly, the vc-0 vibration of the 19-methoxy group is not 

observable at its normal region (1074 cm") , 

Melting point of the 3,3 '-trimethylsiloxy dimes 2 -68 was higher 

(258 OC) than the 3.3 '-di01 dimer 2.67 (218 OC). Tbis suggests an 

increase in molecular weight rather than the usual protection of the 

hydroxy groups. In general, protections of the hydroxy groups lead to 

elimination of hydrogen bonds and subsequently, it gives the lower 

melting point. It was observed that the 3.3 -disilyl derivative 2 -68 

was more stable than compound 2.67 both in organic solutions and in the 

crystalline form. 

In the 'H NMR spectrum of the methyl S~-androst-3-en-17-on-19-oate 

2.65 a multiplet peak at 5.72 ppm and a doublet of doublet of doublets 

at 5.39 pprn (J 1.75, -3.6, 10 Hz) were assigned to 3-8 and -4-HI 

respectively, corresponding to the introduction of the 3.4-double bond. 

A methoxy signal at 6 3.69 ppm was assigned to the 19-OQi3. A broad 

signal at 2.75 ppm was assigned to the SB-H based on the absence of an 

axial coupling to the 66-H. The broad signal of the 58-H results from 

the structural flexibility. 

The NEIR spectrum of 2.65 showed, instead of the carbonyl group 

at C-3, two new methine signals at 6c-3 126.80 ppm and 130.99 ppm 

assigned to the 3.4-double bond. A newly formed sp3 carbon at C-5, 

confirmed by the '(A- '8 (2D COSY) and 'H- 13c ((ASQC) correlation spectra, 



wao consistent with structure 2.65. The 13c chemical shift  of a 

methine carbon at C-9 of structure 5g-3-ene 2 65 was observed at 40.26 

P P  - 
In the 'R NMR spectnim of Sa-androst-3-an-17-one 2.66 two new 

doublets of doublets of doublets at S . 5 S  ppm (J 2.0, 6.5, 9 -8 Hz) a d  

5.46 pprn (J 1.8, 6.4, 9.8 Hz) were assigned to 3-H and 4-R, 

respectively, corresponding to the introduction of the 3,4-double bond. 

The doublet of doublets at 2.5 pprn (J 8.2, 12.7 Hz), which overlaps the 

168-H signal, vas assigned to the Sa-H: there is an axial coupling to 

the 6 B - H  with J - 12.7 Hz. The 13c NMR s p e c t ~ m  of 2.66 showed two new 

methine signals at 6c-3 125.99 pprn and 6c,4 131.39 pprn assigned to the 

3, 4-double bond. The tertiary carbon (sp3) at C-5 was consistent with 

structure 2.66. 

The structures, 58-3-ene 2.65 and 5a-3-ene 2.66, can be 

distinguished by the chemical shifts of their methine carbons at C - 9 .  

The "C chemical shifts of a methine carbon at C-9 of structure 

Sa-3-ene 2.66 and structure 58-3-ene 2.65 were observed at 50.05 pprn 

and 40.26 ppm, respectively. The difference of the chemical shifts, 

A6c,9= -9.77 ppm, going from the Sa-H to S B - H  structure is consistent 

with the assignemat. 

The structure of the unsaturated dimer, bis-(rnethyl 

3~-trimethylsiloxyandrost-4-en-17-on-19-oate 2.69 has been detennined 

by its 'H and 13c WIR spectnun. The 'H NMR spectnim showed the four 

pairs of singlet signals. Each pair of the singlet sigaals had equal 

intensity. The two singlets at 6 6 -69 and 5.35 ppm, 6 3.64 and 3.62 

ppm, 6 0.86 and 0.84 ppm, and 6 0.06 and 0.02 ppm were assigned to the 

two vinylic protons at C-4, the two 19-OCH3 groups, the two 18-CH3, and 

the two Si(CH3) 3, respectively. The 'H and "C NMR spectra were 



consistent with the presence of unsaturation at C-4. Two singlet 

signals of equal intensity at 6~ 5-69 and 6H 5.35 ppm and two methine 

carbons 127.30 and 6c ,4*  127.SS as well as two quaternary carbons 

at 6c,s 140 - 0 9  and 6,-5 140.82 were in agreement with the preseace of 

two 4,s-double bonds. The lack of a quaternary carbons at ca 6 198 

(sp2) were assigned to the 3-carbonyl group. but the presence of tw 

newly fomed quaterrrary carbons at 6 ~ - 1  77.89 (op3) and 6c-iv 70.06 

(sp 3, suggested the existance of the two siloxy gropups at C-3. 

2.31 S v  

1. A steroid dimer, with a syimnetrical structure, bis- (methyl 

35-hydroxyandrost-4-en-17-on-19-oate) 2.67, has been synthesized by 

reduction with Li-NB3 as well as Zn, 50% H+CH3CWE conditions. 

2. Some chemical properties of compound 2.67 were determined: (i) the 

4 , s  -double bond was resistant to catalytic hydrogenation; ( ii) the 

two tertiary 3- and 3 *-hydroxy groups were protectable with 

N- (TMSi) imidazole) ; (iii) the two neighbouring 3- and 3 '-hydraxyl 

groups were oxidatively cleaved with Na104 to give the 19-methyl 

ester 2.64; and (iv) alkaline or acetic acid conditions, at 

ambient temperature, edid not affect 2.67. 

3 .  A structure of the 3.3 ' - m i  dimer 2.68 has becn supported by the 

following data: (il its mp 258 OC was higher than the non- 

derivitized 3.3 '-di01 dimer 2.67 (mp 218 OC) ; ( ii) once protected 

with TMSi reagent, it did not reacted further with TMSiOTf; (iii) 

its T~ (231 m s )  was consistent with the Tl (250 ms)  of a reported 

steroid dimer (Templeton et al., 1990) ; ( i v )  the "C chemical shift 

of C-19 (174.21 ppm) of 2.68 was not aignificantly changed compared 

with the starting compound 2.64 (175.54 ppm) ; (v) both the 

molecular ions of 2.67 nor 2.68 were not detected upon electron 



ionization (70 eV) in MS , but [M/2] + was abundant showing half of 

the molede; ( vil the mlecular weight of the intact moleale, 

2.67 and 2.68, was determined by PAB Mç- 

2.3.2 Exparimantaï 

An&ost-4-.~a-3,17-di~-19-oic acid 2.63 

A standard solution of a Jones reacrent: 27 g of chromic trioxide 

(Cr03)  was dissolved in 23 mL of concentrated sulfuric acid diluted 

with water to a volume of 100 mt. 

To a stirred solution of 19-hydro~yandr0~t-4-ene-3~17-dione 2.1 (10 

g r  0.033 m o l )  in acetone (250  mL), maintained at 10-15 OC in an 

ice-water bath, was added cold Jones reagent (30 mL, 0.081 mol, 2 - 5  

eq. dropwise over 40 min. The mixture was stirred until no starting 

material ( 2  hl was detected by m C  at which time isopropanol ( 2 0  m ~ )  

was added to destroy excess reagent. The mixture was extracted with 

CHîC12 (350 mL) , and the organic layer washed with 43% aqueous 

(NH4) 2 s 0 4 r  water, dried over NazSOr, f iltered, and evaporated to 

dryness to give a crude product. This product was stirred with 

saturated aqueous NaHCOs (100 mL) for 30 min. The aqueous layer was 

extracted with EtOAc, and the EtOAc extract again extracted with 

aqueous NaHCO3 (20 mL) , and then the combined water layers acidif ied 

with 10% HC1 to give, on filtration, androst-4-ene-3,17-dion-i9-oic 

acid 2.63 (5.0 g, 0.017 mol, 52%) ,  mp 146-148 OC (decornp.), (from 

CH2C12-LP) , (lit., mp 146 OC; Ueberwasser et al., 1963) 

MQC of 2.63 (mCl3): 6 5.95 (d, J 1-22, ïH, 4 - H l ,  0.91 (s, 3H, 

1 8 - C I I 3 ) .  

13c llYI of 2.63 (WCl,) : 8 33.68 (l), 34.78 ( 2 ) .  198.73 ( 3 ) .  127.19 

( 4 ) ,  161.55 (51, 32.57 (61, 31.37 (71, 35.56  (81, 53.68 (91, 50.52 

(10) , 21 -64 (11), 2 9 . 9 7  (12) , 47.58 (13) , 50.93 (141, 21.98 (15) , 35.70 



An&o8t-4-.no-3,17-dioa-19-oic r c i d  mthyl oator 2.64 

From an&ost-4-cne-3,17-dione-19-oic acid 2.64: 

The crude product 2 .63  (2 -26 g, 6.84 mol) was treated with freshly 

prepared diazomethane (CR2N2) in diethyl ether (150 mL) for 5 m i n .  

Evaporation of the organic solvant gave a cnide product (2.27 g), which 

after crystallization yielded compound 2.64 (2 -10 g, 6.01 -1, 88l), 

t 
mp 142-14s OC (from EtOAc-LP) , l i t  , mp 142-142.5 OC,  fron diethyl 

ether, Oyer and Karrow, 1979a). 

From bis-(methvl 3~-h~droxyandr0st-4-en-17-on-19-oate~ 2.67: 

To a solution of bis-(methyl 3E-hydroxyandrost-4-en-17-0n-19-oate) 2.67 

(13.4 mg, 0.04 mol) in warm methanol ( 3  mt) was added, in one portion, 

NaIOl (150 mg, 0.70 mmol, 17 eq. dissolved in hot water (1 mL) . The 

mixture was refluxed for 4 h until no starting material was detected by 

TLC, and then diluted with CH2C1 2 (20 m.) . The organic layer was 

washed with water, dried, filtered, and evaporated to give a residue of 

2 -64 (8  mg) . The product vas confimed by its 'H and 13c W R  spectra. 

'B of 2.64 (CDClo1: 6 5.90 (dl J 1.51. 1H. 4 3.76 (S .  3H. 

i 9 - o ~ 3 ) ,  0.90 (s ,  3H, 18-CH31 . 

l 3 c = o f  2.64 (CDClo): 6 33.82 (1). 34.91 (21, 198.57 ( 3 ) .  126.76 

( 4 ) ,  161.96 (51, 32.56 (61, 31.35 (71, 35.59 (81, 5 3 - 7 5  (91 ,  50.85 

(10) , 21.64 (111, 30.06 (12), 47.52 (131, 50.88 (141, 21.92 (151, 35-69 

(l6), 219.97 l , 13.77 (16). 171.63 (IO-OCûCH3), 50.85 (10-0COCH3) . 
eia- (mmthyl 3 ~-hy&~.p&oat-4-.n-l7-on-l9-oato) 2.67 and Bim- (uthyl 

3~-tr~~ylrilolry~&ort-4-~-17-0~-19-0t 2.68. 

Reductive dimerization of 2.64 with Zn in 50% H2O-QIqC0OH 

(il Dimerization and FCC se~ara tion: comounds 2.65 and 2.67 

Methyl androst-4-ene-3,17-dion-19-oate 2.64 (526 mg, 1.6 mmol) was 



dissolved in 5 0 t  aqueow HOAc (20 mL) and Zn powder (10 g) added in one 

portion. The heterogenous mixture was stirred at room temperature for 

6 h and then filtered to remove the excess zinc, which was washed with 

50% aqueous CB$OOH, water, Btg, and CE2C12. The filtrate was 

extracted with CEfzCl2 and the organic layer washed with uater, 

saturated aqueous NaaCO3, water, dried over Na2SO4, filtered, and 

evaporated to give a glassy residue (500 mg) , which on FCC, on elution 

with 3-252: acetone-LP, yielded the following fractions given in order 
I 

of their elution: methyl 5~-androst-3-en-l7-on-19-oate 2.65 (75 mg, 

0.24 moï, r ~ t ) ,  mp 143-145.5 OC, (from ~tg-LP) , (~ound: C, 75.81; B, 

9.15. C2dfz803 requires C I  75.91; HI 8.921)), a mixture of 2-65 and 

methyl Sa-an&ost-3-en-17-on-L9-oate 2.66 (150 mg) , bis- (methyl 

3~-hydToxyandrost-4-en-l7-on-19-oate) 2.67 (67 mg, 1.7 mol, 0.20 mmol, 

l3%), mp 217-220'~ (from CK2CI~-EtOAc-LP), (Found: C l  72.38, 8,  8.62. 

C40Hsfl8, MW 662.3819, requires CI 72.26, H I  8.49%), and a mixture of 

unidentif ied compounds (120 mg) . 
'n of 2.65 (CDCl1) SB-H: 5.72 (m. , 3-Hl. 5.38 (dd, J 1.75, 3.6 

10.0, lHl 4-H), 3-67 ( S I  38, 19-OCH3), 2.74 ( S I  lHI SB-HI, 2.44 (dd, J 

9.3, 19.1, lH, 168-H), 0.96 (s, 3H, 18-CR3). 

of 2.65 (CDCl3) SB-H: 6 28.77 (11, 32.03 (2). 130.98 ( 3 ) .  

126.80 (4), 39.18 ( 5 1 ,  28.52 ( O ) ,  25.70 (71, 35.50 ( 81 ,  40.26 (91, 

48.08 (101, 21-45 (Il), 21.86 (121, 47.29 (131, 51-56 (141, 21.62 (If), 

35.98 (16), 221.51 (17), 14.00 (la), 176.81 (19), 51.42 (19-0CH3). 

k MCR of 2.67 ( m l 3 ) :  6 6 5.69 (s, 1EI, 4-81, 3.69 (s, 3 8 ,  19-OCBs), 

0.93 (s ,  3H, 18-CH31 . 

"C of 2.67 (CDCls) : 6 2 9 . t i  (11, 28.61 (21, 73.60 (31, 124.63 (41, 



221.0 (17), 13-84 (181, 174.32 (19) 51.81 (19-0CH3). 

ZR of the 3,3'-dihydroxy-dimer 2.67 (CR2C12): 3595.0 (3E-OH), 3553.0 

(3'5-OK), 2939.0, 1737 (17-CIO), 1250 (C-OH), 1137, 1009 (C-O). 

S m  of 2.67 (MW 662): m/z 644 [M - Hg]+- (32). m/z 626 [M - 2H2Q]+- 
(la%), m/z 567 CM - 951 + (lSt), ni/z 500 (821, m/z 330 (M - 2B) ''- 
(1002), m/z 270 (782) . 
FABYS of 2.67 (MW 662) (glycerol) : m/z 6 8 5  [M+Na] + (48%) , m/z 663 

s 
[M+H] + ( 8 % )  , m/z 627 [M+P-2Efl] + (7SZ) , m/z 403 ( 8 5 % ) ,  m/z 331 [MI '+ 
(1002;) - 
( ii) Dimeriza t ion.  RiSi der iva  tization, and FCC senara t ion : eomounds 

2.65. 2.66, 2.68, and 2.69. 

Methyi an&ost-4-ene-3,17-dion-19-oate 2.64 (2.22 g, 6.45 mmol) was 

dissolved in 50% aqueous HOAc (40 mL) and Zn powder (40 g) added. The 

heterogenous mixture was stirred at room temperature for 2.5 h and then 

filtered to remove z i n c ,  which was washed with 50% aqueous  COOH, OH, 

water, acetone and CIIZC12. The filttate was extracted with cS2C12 and 

the organic layer washed with water, saturated aqueow NaIICO3, water, 

dried over NazSO4, filtered, and evaporated to give a glassy residue 

2 - 1 g . The residue - was treated with 1- (trimethylsilyl) imidazole 

reagent (2.24 mL, 15 mol) in CH2C12 ( 5  rnL) for lh, when no starting 

material was detected by TLC. The organic layec was washed with brine, 

&ied over Na2SO4, filtered, and evaporated to give a residue, which on 

FCC, on elution with 302; Et2O-LP, gave fractions given in order of 

their elution: (il methyl 5$-an&ost-3-cn-17-oa-19-oate 2.65 (133 mg, 

0.42 mol, 6.521, mp 143.4-145.5 OC (from Et20-LP) ; (ii) a mixture of 

sB-androst-3-en-17-on-19-oate 3.65 and methyl Sa-androst-3-en- 

17-on-19-oate 2.66 (1.06 g, 3.35 -1, 52%) ; (iii) methyl Sa-androst- 

3-en-17-on-19-oate 2.66 (70 mg, 0.22 mmol, 3 . 5 % )  not pure enough to 



crystallize; (iv) bis-(methyl 3~-trimethylsiloxyandrost-~-en-17-on- 

19-oate) 2.68 (270 mg, 0.335 mmol,  5 , mp 258-360 OC (from CH2C1 2- 

EtOAc) , (Fouad: C, 67.97; K I  8 -91. C4&7008Si2, MW 806.4609, require C I  

68.27; Ht 8.97%), and a noncrystalline compound 2.69 (130 mg, 0.160 

mml, 2.52) identified by its 'H WJ!R spectnim as the unsymmetrieal 

dimer, bis- (methyl 3~-trimethylsi~oxyandrost-4-e.-17-one-19-oate) . 

'a and of 2.65 (QIClo) : se+ above. 

'a aIYR of 2.66 (CDC131 Sa-H: 6 5 .55  (ddd, J 2.05, 6.52, 9.78, lH, 3-E), 
t 

5.46 (dd, J 1-77, 9.82, lH, 4 3.66 (s, 3H,19-OCHî), 2.5 (d, 3 

12.73, Sa-E overlaps with 168-Hl, 2 -51 (dd, J 8 -79, 10 .l3, 168-8) . 

13c of 2.66 (CDC13) 50-H: 6 31-54 (l), 24.41 (21, 131.39 (3), 

i2S.99 (4), 35.81 (51, 30.41 (61, 27-50 (71, 44.50 (81, 51.30 (91, 

50.03 (lO), 21.74 (111, 32.02 (121, 47.23 (13), 51.54 (14), 21.81 (15), 

35.81 (16) , 220.91 (171, 13 -86 (181, 174.65 (19) Sl.11 (19-Oa3) . 

'B of 2.68 (CDC13) : 6 5.62 (s,  LEI, 4-81, 3.67 (s ,  3H, 19-0CH3). 

2.60 (ddd, J4.5, 13.8, ïH, 6B-Hl, 2.22 (dd, J9.05, 19.17, 18, 168-E), 

0.90 (s, 3H, 18-CH3), O.OIS- (-0.07) [s, 9K, 3a-0Si(CH3) 31. 

13c of 2.68 (CDCl3) : 6 33.07 (11, 30.50 (21, 77.90 (31, 127.27 ( 4 ) ,  

140.85 ( 5 )  , 33.95 (61, 31.57 (71, 36.03 (81, 53.09 (91, 50.02 (10), 

21.64 (ll), 31.35 (121, 47.83 (l3), 51.26 (141, 21.74 (151, 35.80 (X), 

220.88 (l7), 13.88 (lS), 174.21 (191, 51.41 (19-0CH3), 2-55 

3a-OSi (CH3) 3. 

Tl (sec) of 13c of 2.68 (CDCl3) : 0.206 (l;CKz), 0.220 (2;CH2), 0.414 

(4;CH), 3.737 (5;C), 0.229 (6;Q12), 0235 (7;CH2), 0.416 ( 8 ; C H ) ,  0.431 

(9;CH) , 0.235 (11;CEI2), 0.250 (12;CI12), 1.210 (14;CB), 0.231 (IS;CEz), 

0.239 (16;CK2), 1.093 (18;CH3), 0.441 (19;OCH3), 4.286 tSi(CH3) 31 

IR (cm") of 2.68 (CH2Clî): 2955, 1735 (17-C=O), 1252 (C-OH), 1074 

(19-OCH3) . 



BXMS of 2.68: M+- 806 (O*), m/z 626 [M - ZTMçaOEJ+- (0.6%), m/z 567 

(0.~11, m/z 403 [MI 2+ (et). m/z 147 UOOW, n/z  75 [ s i ~ e ~ l +  (67%). 

FABMS of 2.68 (MW 806) (glycerol) : m/z 829 [M+Na] + (3S%), m/z  807 

[M+H]+ (15%), m/z 717 [M+H-TMçiOH]+ (8%) ,  m/z 627 [M+H-ZTMS~OH]+ 

(100t). 

'a of 2.69 (unsynnnetrical dimer) (CDClol : 6 5.69 (S. , 4 , 5.35 

(s, lH, 4-XI  , 3 -64 (s, 3H, 19-OMe) , 3 -62 (s, 3-8 ,  19-OMe) , 0.06 (s, 3H, 

18-CH3), 0.84 (s, 3II, 18-CHj), 0.06 (s, 9H, 3-OSiMe3), 0.02 (s, 98, 
I 

Reductive cvclization of 2.64 with Li-NH3: cornound 2.67 

To a stirred mixture qf liquid armnonia (150 mL) and THF (10 mL) 

containhg dissolved lithium metal (700 mg, 2.0 mmol) was added a 

solution of the methyl andro~t-4-ene-3~I7-dion-19-0ate 2.64 (709 mg, 

2.06 mmol) in THF (20 mL) over 20 min. Stirring was continued for a 

further 1 h at which time solid NH4C1 (6  g, 11 rmnol) was added. 

Addition of the CH2C12 (150 mfr), followed by evaporation of the 

ammonia, under a gentle Stream of argon, left an organic layer, which 

was washed with water, &ied over Na2S04, filtered, and evaporated to 

give a glassy residue (620 mg) ,  which on PCC, on elution with 18% 

EtOAc-LP, gave 3,3'-dihydroxy dinter 2.67 (170 mg, 0.51 mmol, 2s%), mp 



217-220 OC ( f r o m  CB2C12-EtOAc-LPl (Pound: C, 72.38, H, 8.62. C4fi54a8, 

MW 662.3819, requires C, 72.26, H, 8.49)). 

'a and 10(11 of 2.67 (CDCls):  sec above. 

B i r -  (mothyl 3 ~-~~thymiloxy-~7,~~-dihydrol~y-aadromt-4-.a) 2 -70 

TO a solution of bis-(methyl 3~-trimethylsiloxyandrost-~-en-~7-on- 

19-oate) 2.70 (35 mg, 0.434 -1) in E t g - T H F  (1.5 mL-0.5 mL) was added 

solid L W H o  ( 3  -3 mg, 0.087 mol,  2 eq.) in one portion. After 5 m i n .  

of stirring, TLC showed no starting material. The reaction mixture was 
\ 

poued into vater and extractcd with CH2C12. The organic layer was 

washed with water, dried, filtered, and evaporated to give a solid 

residue of 2.70 (24 mg, 0.031 mol, 71%), mp (TC) 235-238 OC (Elemental 

analysis was aot  done) . 
'H of 2.70 (CDC13): 6 5.60 (S. iH, 4-Hl, 3.66 (S. 38 ,  19-OCB3), 

(ddd, J 4.5, 13.8, lH, 6 $ - H l ,  0.76 (s, 3H, 18-Ca31, - 0.00033 [s, 9H, 

3a-0Si (CH31 3l . 

13c Of 2.70 (ml3): 6 30.63 (11, 30.53 (21, 77.92 (31,  127.01 ( 4 ) .  

141.60 (51 ,  34.15 (61, 32.00 (71, 36.54 (81, 53.17 (91, 50.10 (IO), 

22.11 (Il), 31.28 (121, 42.98 (131, 51.04 (l4), 23.33 (151, 36.75 (l6), 

81.73 (n), 11.12 (181, 174.24 (lg), 51.17 ( U - O C H 3 ) ,  2.59 

3 S-OSi (CH31 3. 



Iatroductioa 

The goal of the wark in this section was to synthesize 19(R/s)- 

amino-S~,~9-cycloandrostane-3,17-dione 2.79b (Scheme 2.41) via a 

reductive cyclization of anàrost-4-ene-3,lf-dion-19-a1 19-oxime 2.73 or 

its derivatives 2.80 and 3.808 (Scheme 2.43) . W i k e  androst-4-ene- 

3,174ion-19-al 2.2 and androst-l-ene-3,17-dion-19-a1 2.28 treatment 

of the 19-oxime 2.73 with Zn in  glacial acetic acid did not lead to 

cyclization but instead to its deoximation to the 19-aldehyde 2.2 

(Scheme 2 -41) . The 19-aldehyde 2.2 reacted further to give the SB, 19- 

cyclopropanol 2.4 prepared earlier (sec Scheme 2.3 1 . The observed 

deoximation is b agreement with reported procedures that effect 

reductive cleavage of the N-O bond (Ahmed and Siddiqui, 1969; Corey and 

Richman, 1970). Uapratected ketooximes can be converted to ketones by 

reductive cleavage using zinc-acetic acid at 100 OC (Ahrned and 

Siddîqui, 1969) or zinc-aqueous acetic acid at 25 OC (Corey and 

Richman, 1970). The mecfianism of these oxime deoximations is not fully 

established. 

Polarographic investigations of oximes showed that the reductions 

involved two two-electron polarographic waves in acid solutions at PH c 

4 (Lund, 1959, 1 9 6 4 ) .  On the first wave, oximes were reduced to 

bines. On the second wave, L e .  ar the more negative potential, the 

imines were reduced to amines. The reduction process, at the first 

wave, involves reduction of the protonated oxime and proceeds v ia  

initial cleavage of the N-O bond, in preference to the C-N bond, to 

form the imine. For example, the postulated intermediate, the imine, 

has beea isolated after polarographic reduction of 2,4-dihydro- 



xybenzophenone oxime to 2,4 -dihy&oxybenzophenone imine (Lund, 1964 ) . 
The electrode reaction corresponding to the first *wave of the oxime can 

be formulated as follows : 

and for the second wave as: 

(Lund, 1964) 

The site of the protonation of the species to which the transfer of 

electrons occurs is not known. Both N and O may be considered with N 

the most likely basic centre. 

Attempts to obtain the cyclopropylamine 2.79b (Scheme 2.41) by 

treatment of androst-4-ene-3,lf-dione 19-TBDMSi oxime 2.81 with Li-NH3 

(Scheme 2.43) resulted in the elimination of the 10-CII=N-OTBDMSi 

substituent yielding the 5 (10 1 -unsaturated derivatives, 

estr-5 (10) -ene-3,17-dione 2.3 and 17P-hydroxy estr-5(10) -en-3-one 2.7. 

In the latter, reduction of the 17-ketone function also occurred 

(Scheme 2.43) . Analogous examples of reductive elimination of 

functional groups have been reported (see below) . In general, 

a,B-unsaturated ketones with a good leaving group at the y position 

undergo elirnination to give, initially, metal dienolates on reaction 

with alkali metals in ammonia. Quenching these enolates with ammonium 

chloride allows the isolation of the B, pwsaturated ketone. 

xsomerization of the @, y-double bond into conjugation with the ketone 

may occur by further treatrnent with base or acid. Reductive 

eliminations that involved expulsion of hydroxide ions (Amendolla et 



al., 1954; Anthonsen et al., 19691, alkoxide ions (Masamne et al., 

1969). and acetate ions (Spencer et al., 19651, as well as lactone 

fission (Bruderer et al., 1956; Houe et al., 1959; Kulkarni et al., 

1965) , and epoxide ring opening (Scheme 2.351, (Irmscher et al., 1964) 

have been reported. In some cases, it was obsenred that reduction 

reactions were f aster than elimination rcactions . For example , 

reductions of y-hyàroxy enones with Li-NH:, at -80 OC gave the saturated 

ketone (Scheme 2-36], (Dauben et al., 1961; DeClereq et al., 1974; Van 

HULle et al., 1974) . This phenornenoa was explained by temperature 

dependence of the reaction, i. e. at the lower temperature, elimination 

was slowec than reduction. 

Schuno 2.35 Epoxy ring opening by Li-NH3 (Irmscher et al., 1964) . 

Schama 2.36 Reduction of the 8,14-double bond by Li-NH3 instead of 

7a-hydroxy elimination (Dauben et al., 1961) . 



1. Cleavage of a ketooxime (Hendrickson, 1986) . 

-COOK.  . . . . NC- 

2 .  Direct cleavage of an oxime (Hendrickson, 1986). 

X- B r ,  Cl, 0S0*C6HS I 

3. Cleavage of an oxime and nucleophilic quenching (Corey and 

Jorgensen, 1976) . 

4. Cleavage of an oxime and eli~nation (Hendrickson, 1986). 
H 

5 .  Cleavage of y-keto-ketoxime (Eisele e t al., 1968) . 

6. Pericyclic fragmentation (Hendrickson, 1906) . 

3ch- 2.37 Fragmentations involving the oxime functional group. 



Lithium-ammonia reductions of 2,3-dialkyl-4-hydroxy-2-cyelopentanones 

have bean show to yield products having the 3-alkyl group and the 

4-hydmxy group tram with a high degrec of stereoseTectivity (DeClereq 

et al., 1974; Van Huile et al., 1973) . The oceurrcnce of B protonation 

cis to the oxygen fuaction has been explained by a cation bridging 

factor. Blimination reactions can also be termed as fragmentation 

reactions. In general, a fragmentation, is the reverse of a 

construction, and a skeletal rearrangenient is a reaction that combines 

a fragmentation with a construction. Many fragmentations have 

demanding stereoelectronic requirements, i.e. anticoplanar elimination 

orientation. Fragmentations specific to oximes are presented in Scheme 

2.37. These fragmentation reactions produce pairs of functional groups 

(Hendrickson, 1986; Corey and Jorgensen, 1976; Eisele et al., 1968) . 

Rm8ult. uad Di8cuirion 

The most direct method for preparing the androst-4-ene-3,17-dione 

19-oxime derivative 2.73 (Scheme 2.38) is reaction of androst-4- 

ene-3,17-dione-19-a1 with hydroxylamine hydrochloride. mile this 

reaction gave the desired 19-oxime 2.73 (41%; based on the 'II NMR 

spect~m), as the major product, four additional by-products were also 

NH20H. HCl 

O pyridine + by-products 

Scbomm 2.38 Reaction of androst-4-ene-3,17-dion-l9-a1 with NE120H.HC1. 



observed by TLC. Because of the close proximity of the R f  values to 

an&ost-4-ene-3,17-dion-19-a1 19-oxime 2.73 on TLC, no pcoduct was 

separated. Therefore, the target coaipound, the 19-oxirne 2.73 was 

synthesized, in an overall yield of 29%, by a method reported by Lovett 

et al. (Scheme 2.39) , (Lovett et al., 1984) . As outlined in Scheme 

2.39, an intermediate, 3,179bis (ethylenedioxy) -androst-5-en-19-al 2 -77 

was preparcd in four steps from 19-hydroxyan&ost-4-eae-3,17-dione 2.1 

by modification of procedures described by Lovett (Lovett et al., 

1984) . Three synthetic steps, ketalization (2.74 + 2 -75) , oxidation 

(2.76 + 2-77), and deprotection (2.78 + 2.73) have been improved 

(Scheme 2.39) . Because direct ketalization of 19-hydroxyandrost- 

4-ene-3,17-dione 2.1, was unsuccessful (Lovett et al., 1984) , the 

19-hydroxyl group was protected as the 19-acetate (Knox et al., 1965). 

Ketalization of 19-acetoxyandro~t-4-ene-3~17-dione 2.74 was 

accomplished in 81% yield by treatment with 1.2-ethanediol and triethyl 

orthoformate in tetrahydrofuran at ambient temperature in the presence 

of a catalytic amount of p-toluenesulfonic acid (PTSA) giving solely 

2.75. Under these conditions the desired 3,17-bisketal 2 . 7 5  was 

obtained, without monoketal by-products . In general, ketalization of 

steroid 4-ene-3,17-dione derivatives by treatment with 1,2-ethanediol 

and p-toluenesulfonic acid, under reflux with the elimination of water 

(Dean-Stark apparatus) leads to a mixture of 3,17-diketals and 3-mono- 

ketals (ca di:mono; 4 , (Djerassi, 1963). Due to the series of 

equilibria involved (e .g., TSOH + Hfl * TsO' + H ~ o + )  , ketalization at 

C-17 is never complete, under the above conditions. As outlined in 

Scheme 2.40, the reaction with the orthoeater can be described as a 

catalyzed formation of ketals from l,2-ethanediol and ketone (MacKenzie 

and Stocker, 1955). The ethyl orthoformate plays the role of 



Reagents: i, Ac20, DMAP, CHsC12; ii, HOCH2CR20Hl (Et0)3CH, p-TsOH, TEIF; 

iii, O.SM KOB, MeOH; i ~ ,  PDC; v, TPAP, NMO, CI13CN/CH2Cls; vil 5 0 1  

H2O-CEIjCOOH; v i i ,  NH2OH.HC1, pyridine; viii, p-TsOH, acetone. 

S c h w  2.39 Synthesis of androst-4-en-3,17-dioa-lS-a1 19-oxime 2.73 

and the related compounds, 2.77, 2.778, and 2 -77b [steps iii, iv, vii 

according to Lovett et al. (Lovett et al., 1984)J. 



O-H 

Schomm 2.40 Proposed mechanism of the 3,lf-diketal 2-75 formation 

catalyzed by triethyl orthoformate and PTSA. 



a dehydrating agent, as it reacts with acid and water. The proposcd 

rnechanism of diketalization is outlined in Scheme 2.40. A series of 

equilibria are involved, again stemming from the relatively facile 

formation of the key iatennediate carbocatio~s as shown in paxentheses 

in Scheme 2.40- The water wlecule is captued by the E~OCII+- OB^ cation 

and the equilibrium is driven over by the irreversible formation of 

ethyl formate. Carbocations of a type ROQI+-OR are greatly stabilized 

by the resonance due to the preseace of adjacent oxygen, bearing a 

unshared pair of electrons, as shown in a box in Scheme 2.40 (March, 

1992; Pavlova et al., 1986) . Hydrolysis of 3,17-bis (ethylenedioxy) - 
androst-S-ene-19-y1 acetate 2-15 in 0.5  M KOK-methanol gave 3,17-bis- 

(ethylenedioxy) -androst-5 -en-19-01 O. 7 6  in a yield of 71%. Although 

the non-aciàic reagent, pyridinium dichromate (PDC) , as weLl as the 

acid-f ree solvent, CHzCl 2, were employed to oxidize 3,17-bis- 

(ethylenedioxy) -19-hydroxyandrost-S-eae 2.76 to the 19-aldehyde 2.77, 

it did not prevent the formation of an undesired by-product, identified 

as 17-ethylenedioxyandrost-5-en-3-on-19-al 2-37.. Modification of this 

step was perfonned by employing tetrapropylammonium perruthenate (TPAP) 

and N-methylmorpholine . N-oxide (NMO) as the oxidation reagents 

(Griffith and Ley, 1990; Oh and Robinson, 1994) , giving a higher yield 

of 3,17-bis (ethylenedioxy) -androst-5-en-19-al 2 -77 (97%) . Reaction of 

3,17-bis(ethylenedio~y)-an&ost-S-en-19-al 2.77 with hyàroxylamine 

hydrochloride in pyridine at ambient temperature gave 3,17 -bis (ethyl- 

enedioxy)aa&ost-5-a-19-al 19-oxime 2.70. The formation of the 

19-oxime 2.78 is both gurcral acid (HC1) and general base (pyridine) 

catalyzed. General acid activates the 19-aldehyde function. General 

base catalysis dehydration of the tetrahedral intermediate by nitrogen 

deprotonation resulted in elimination of hydroxide ion (Jencks, 1964; 



Sayer, 1973) . The attempted hydrolysis of 2.78 with suffuric acid in 

dioltane (Lovett et al., 1984) or w i t ù  St FeC13 disperscd on silica in 

acetone (Niahikirni et al., 1989) aras not Wly successfui, because of 

the formation of by-products. Diketalization of 2.78 acetane 

containing a catalytic aumu~t  of ptolucnesuïfonic acid furnished one 

isomer ucclusively of 19-oxime derivative 2.73 (9S+)  . The 

stereochemistr'y of the 19-oxirne was not determined. In Figure 2.16 are 

shown syn and aatz st~ctures of the 19-oximes calculated by the MMX 

force field. 

Figure 2.16 Molecular structure o f  syn and anti androst-4-ene-3,17- 

dion-19-al 19-oxime 2.79 determined by PCmodel ( E S y ,  = 39.7 kcal 

m o l - ' ;  Eanti - 41.9 kcal ml-'; a- 2.2 kcal  mol- ' ) .  

The next step in the proposed synthesis of 19 (R/S 1 -amino-cycloandro- 

stanedione 2.793 (Scheme 2.41) was a reductive cyclization of 2.79 with 

zinc in 50% aqueous acetic acid.  Since the reaction of the 19-oxime 

2.79 with zinc in 5 0 1  aqueous acetic acid h d  to recovery of the 

starrting material 2.79, the reduction process uas repeattd with zinc in 

glacial acetic acid, because of different pH and thus the different 

reduction potentials involved. However:, af ter stirring the 



heterogenow mixture, at ambient temperature for one week, the reaction 

gave a mixture of the following products, 2 . 7 9 ~ ~  2.736, and 2.4 ,  as 

determined by th 'H NMR spectnim. The reaction failed to afford the 

desired intermediate 19 (R/S) -hydr0xyamin0-S~,~9-~ycloandrostane-3,1f- 

dione 2.798. The 19 (RI -cyclopropanol 2.4 can be formed v i a  the 

aldehyde intemecliate 2.2  as shown in Scheme 2.41. No attempt was made 

to separate the products. 

Reagents: i, Zn, CH~COOH 

Sehamm 2 . 4 1  Products of reaction of an&ost-3-ene-3,19-d.on-19-a1 

19-oxime 2.73 with zinc in glacial acetic acid. 

A proposed mechanism of formation of the 19-aldehyde 2.2 via 

reductive deoximation of the 19-oxime 3.73 with zinc in acetic acid is 



illustrated in Scheme 2.42.  Compound 2.2 arises from reduction of the 

19-oxime 2.73 to the 19-amine intermediate 2.790, followed by its 

hydrolysis to the aïdehyde 2.2. The C-N double bond of the imirie is 

less stable to aqueous hyürolysis thin the oxime. The stability of 

oximes can be attributad to the participation of the atom adjacent to 

the nitrogen in delocalized bonding according to the equation, RHC=N-OH 

* MC--N=oH+, therefore hydrolysis of oximes is more diffinrlt and 

requires acid or basic catalysis (-ch, 199233). A further reaction of 
\ 

the 19-aldehyde 2 .2 with zinc in acetic acid furnishes the known 

19 (R) -cyclopropanol 2 - 4 .  The obsemd stereochemistry of the product 

Fn this reaction is the same as that described earlier for reductive 

cyclization of the 19-aldehyde 2.2 with zinc in S o l  aqueous acetic acid 

(Scheme 2.3 . 

2 .73  C H 3 C O O H  

p r o t a n a  ted 

oxime 
proto n a t e d  imine 

H2° 

Sch- 2.42 Proposed mechanism of foxmation of the aldehyde 2.2 via 

reductive deoximation of the 19-oxime 2.73 with zinc in acetic acid. 



8ased on the products formed, a reduction process can be initiated 

either at the conjugated double bond or at the oxime function. when 

the reduction process is initiated at the conjugated double bond, it 

leads to the 3,4-unsaturated-SE 19-oxinte derivatives, 2 . 7 9 ~  and 2.79d, 

with removal of the 3-keto fuilction (Scheme 2-41]. On the other hand, 

when the reduction process is initiated at the 19-oxime function, it 

yields the 19-aldehyde intermediate. A similar transformation of 

testosterone 17B-propionate 3-oxime via a hydrolized ketimine to 

testosterone 17g-propionate was observed by polarographic reduction 

(Lundi, 1959). 

More understanding about the mechanism of the reductive cyclization 

might be gained from studing the 19-oxime ethers based an their known 

ability to act as radical acceptors (Corey and Pyne, 1983). Oxime 

ethers have been utilized with ketyl, alkyl, and vinyl radicals (Corey 

and Pyne, 1983; Bartlett et al., 1988; Enholm et al., 1990; Pattenden 

and Schulz, 1993) . For example, Bartlett et al. (Bartlett et al., 

1988) described successful conversion of carbohydrates to carbocyclic 

derivatives via an alkyl radical cyclization of ~benzyloximes ethers 

(aldoximes), when a radical was generated by tin hydride treatment of 

phenyl thionocarbanate. Provided that the cyclization reaction occurs 

via a radical intermediate, it was expected that the radical generated 

at C-5 would react with the 19-C-N double bond. The reactions 

investigated are outlined in Scherne 2.43. Two 19-oxime ether 

derivatives have been synthesized, androst-4-ene-3,17-dion-19-a1 19-  0- 

benzyloxime 2.80 and 19-TBïMSi-oxime 2.43. The 19-olcime 

an&ostane-3,17-dion-~9-a1 19-oxime 2.73 was directly converted into 

the o-benzyloxirne 2.80 by reaction with potassium hydride and benzyl 

bromide in dimethoxyethane. However, the 19-~.benzyloxime 2.80 upon 



treatment with Zn in 50% aqueous acetic acid led to recovery of the 

starting material 2.73. Therefore, a reduction proccss was planned by 

employing Li-WI o. Bowever . +benzyloxime protecting groups , similarly 

to benzyl ethers, are cleaved upon treatment with Li-NIf3 .  Therefore, 

Reagants: i, benzyl bromide, KEi. glyme; ii, zn, 5 0 1  aqueous CH~COOH; 

iii, TBDMSiC1, iPrzEtN, DMF; iv ,  Li-NHj-TEfF, N'&Cl. 

Schamm 2.43 Reactions of the 19-benzyl-oxime 2.80 with Zn in 5 0 1  

aqueous CE3COOH and the 19-TBDMSi-oxime 2.81 with Li-MI3. 

a different 19-oxime ether derivative was required to perform the 

reaction and accordingly the 19-TBDMSi-oxime 2.81 was prepared by 



treatment of the 19-oxime 2.73 with tert-butyldimethylsilyl chioride 

and di-isopropyl ethyl amine in DMF at arnbient teaperature. 

Interestingly, attempt to derivatize the 19-oxime 2.73 by treatment 

with neat TMSi-imidazole, or and MesSiCl in glyme was not 

successful. Even with a more powerful reagent than TMSiOTf, 

trimethylsilyl nonafluoro-1-butanesulfonate, CF 3CF 2CF 2CP 2S0 2s iMe 3 

(Vorbrüggen and Krolikiewicz, 1979) and i -Pr2EtN in CE12C12, the 

reaction was sluggish and not clean, showing two spots on TLC. No 

attempt was made to identify the compouads. Exposure of the 

19-TBDMSi-oxime 2.8% to lithium metal in liquid annonia at -78 OC led 

to fission of the C-10-C-19 bond and elimination of the C-10 

substituent, to yield two $,T-unsatuated products, estr-S (10) -ene- 

3,174ione 2.3 and 17g-hydroxy estr-5 (10) -en-3-one 2.7. A proposed 

mechanism of elimination 

substituent is outlined in 

on the C-10 substituent is 

proceed v i a  radical 

elimination of the 10-oxirne 

and fragmentation of the 10-CH=N-OTBDMSi 

Scheme 2.44. Although a nucleophilic attack 

shown (2.818-2 .dld) , the reaction may also 

mechanism 2 . 1  . The intramolecular 

substituent might take place at the dianion 

(2.81. or 2.81d) or the radical 2.8h stage of the reaction. There are 

some factors that can be taken under consideration to explain why 

cyclization did not take place. The @-position of a radical anion such 

as 2. a le ,  although possibly suff iciently nucleophilic to take part in 

an intramolecular eliminat ion might not be nucleophilic enough to f orm 

a cyclic compound. Cyclization either from 2.81b or 2.81a, presumably, 

requires stereochemical pref erences such as approach of the attacking 

species (radical or nucleophile) at 109' angle to the C-N double bond. 

However, such an approach can be disfavored because of hindered 

rotation by the bulky substituent at  C-19. 



concert c d  

1 s tep-vise m e c h a n i s m  mechanism 

-0  
+ TBDMSiOLi + LiCN + 1/2H2 

Sehamm 2.44 Proposed mechanisms of ceduction of androst-4-ene- 

3,17-dion-19-al 17-TBDMSi-oxime 2.81 with Li in NH3 via either 

nucleophiles (2.81r-2.826) or a radical 2.820. 



On the other hand, the rate of cyclization or elimination might be 

different. There seems to be no strong evidence to allow one to decide 

which of t w o  possible eliminations, the anion 2.81. or the dianion 

2,816, might be involved in this reaction, but 2.814 prevails based on 

the reported fragmentations discussed in the introduction on page 198. 

iii + 

Reagents: il TMSiOTf , iPr2BtN; and proposed reagents ii, NBS, TKF; iii, . 
n-BuqNF . 

Schrpu 2 - 4 5  Attempted synthesis of compound 2.81. 



Another attempt to synthesize a cyclic compound, 2 -84, considered 

to be a potential aromatase inhibitor, is shown in Scheme 2.45. The 

reaction was expected to proceed v ia  bromination of the mi-en01 ether 

2.82, followed by a nucleophilic displacement of bromine. However, 

treatment of the TBDMSi-oxime 2.81, -th TMSioTf and i-Pr2EW in a2c12 

at  -78 OC, did not give the expected silyl en01 ether 2.82 but instead 

yielded, on FCC, an unseparable mixture which was composed of the 

19-oxime 2.73 and estrone 2.85 (12:lS; 2 0 : 0 0 )  as determincd by the 

NMR spectrum. As outlined in Scheme 2.45, the fact that estrone was 

formed indicates that the TMSiOTf reagent, considered also as a Lewis 

acid, reaeted with oxygen, presumably, leading to the elimination of 

(TMSi) 20, a molecule of Hm, and a proton from C-1. A similar 

mechanism could operate at the aromatase active site. This mechanism 

would explain the lack of inhibitory properties of androst -4-ene- 3,17 - 
dione 19-oxime (Lovett et al., 1984). On the other hand, production of 

compound 2.41 implies that the interaction of the silyl reagent with 

nitrogen is at the expense of the Si-O bond. 

2.4.1 S-ry 

1. 3,17-Diketal 2 .75  (8131 has been synthesized by a modified 

procedure using ethyl orthoformate, 1,2-ethanediol and PTSA at 

ambient temperature. 

2. 3,17-Bis (ethylenedioxy) -an&ost-5-en-19-a1 2 -77 (97%) has been 

synthesized with highly improved yield by employing tetra-propyl- 

ammonium perruthenate (TPAP) and N-methylmorpholine N-oxide (NMO) 

as oxidants. 

3. Selective deprotection of 3,17-bis(ethy1enedioxy)-androst-5-en- 

19-al 2.77b, at C-17, with 50% aqueous acetic acid has been 



developed. 

4 .  Zinc-acetic acid reduction of eompound 2.73 (Scheme 2-41}, having 

the 4,s-conjugated double bond versus the 19-oxime function led to: 

(i) known 19 (R) -hydroxy-Sg, 19-an&ostane-3,17-dione 2.4 (see 

above) ; and (ii) the isomeric 3,4-unsaturated 19-oxime derivatives 

2 . 7 9 ~  and 3.793. 

5 .  Li-NH3 reduction of androst-4-ene-3,17-dione 19-TBDMSi-oxime 2.81 

led to a heterolytic fission of the C-10-C-19 bond and elimination 

of the T-substituent to give the $, 7-unsaturated products 2.3 and 

2.7. A new reaction, i-e. a reductive fragmentation of the 

conjugated keto 6-ether aldoxime 2.81, has been developed which can 

be added to the list of oxime fragmentations. hirthennore, based 

on the ucperimental results, it is proposed that analogous steroid 

compounds, i.e. with the 19-oxime function (protected or not) and a , 

1.2-double bond and Sa, SB, or 5-ene could be used as precursors 

for the preparation of steroid derivatives with C-1-C-10 

unsaturation. Compouads with 1,2-unsaturation have not been 

synthesized and subjected to biological evaluation. Furthemore, 

stesoid derivatives with C-1-C-10 unsaturation could be employed as 

precursors of the halogen substituted cyclopropyl derivatives 

(Scheme 1.33, C and 0 ) .  

For Schemes 2.38 and 2.39 

An&0it -4-~~-3 ,17-di0n-19- .1  190- 2.73 

( i l  From androst-4-en-3.17-dion-19-al 2.2 

NH20H.HC1 (605 mg, 9.85, 1.5 eqv.)  was dissolved in pyridine (25 mfi) 



and the 19-aldehyde 2.2 (2  -031 g, 6.76 nunol) added. The mixture was 

stirred for 5 days. Although TLC showed the presence of a small amount 

of non-reacted starting material, the reaction was terminated. Tkre 

mixture was coolcd in ice-water bath and cold water (500 mL) added. The 

precipitated products were collected on a filter paper, washed with 

water, dried in a desiccator over P f l s ,  under: reduced pressure to give 

a crude product (1.40 g) . The 'EIR spectnim showed the presence of at 

least four compouads. The desired 19-oxime 2 - 7 3  was produced in 41% 
t 

(estimated based on the 'H NMR spectzum) . No attempt was made to 

separate the products . 
(b) From 3.17-bis (ethvlenedioxv) -androst-5-cn-19-a1 2 -73  : 

p-Toluenesulfonic acid monohydrate (O. 508 g, 2.67 mol) was added to a 

solution of 3,17-bis(ethy1enedioxy) -androst-5-en-19- 19-oxime 2.78 

(0.607 g, 1. S nnnol) in acetone and the mixture stirred at room 

temperature for 24 hr. Saturated sodium bicarbonate solution was added 

slowly to neutralize the acid. The product was extracted with CH2C1 2, 

and the organic layer washed with water, dried m e r  Na2SO4, and 

evaporated under reduced pressure to give a white foamy residue (0.406 

g), which after crystallization gave white needles of the 19-oxime 2.73 

(0.450 g, 1.43 mol, 9St), mp 207-209'~ (from EtOAc-acetone-hexanes) , 

(lit., mp 204-207.s0c, from EtOAc-hexane; Lovett et al., 1984) . 

'a Illm of 2.73 (Q)Clo)  : 8 7.82 (br S. , 19-CIbN-Og). 7.58 (S .  III, 

19-CII=NOH), 5.91 (s, lH, 4-Hl, 0.89 (s, 38, 13-Me). 

13c of 2.73 (CDC13): 8 31.21 (11, 32.94 (21, 198.98 ( 3 ) ,  126.48 

( 4 ,  163.74 (51, 33.89 6 31.95 ( 7 ) ,  35.95 ( a ) ,  50.82 (91, 44.95 

(IO), 20.62 (111, 30.69 (121, 47.32 (131, 53.82 (141, 21.69 (151, 35.69 

(16) , 220.02 (17) , 13.69 (181, 150.32 (19) . 



For S cheme 2.3 9 

19-Ac~towy.p&oat-4-.~0-3,17-dione 2.74 

To 19-hyciroxyandrost-4-ene-3,17-dioae 3.1 (11.2 g, 0.037 mol) in ai2c12 

(250 mL) was added A c 9  (70 mL, 0.74 mol, 20 eq.) followed by OMAe 

(0,450 g, 0.0037 mol, 0.1 eq.) and the mixture stirred at room 

temperature for 1 hr when TLC indicated that the reactioa was complete. 

N e x t ,  methanol was added to destroy excess reagent and then, after 1 hr 

of stirring, the organic layer was washed with water, saturated sodium 
1 

bicarbonate, water , dried over Na 2SO 4, and evaporated under reduced 

pressure to give a foamy residue of 2 (13.1 g) , which indicated one 

product on R C  and in the 'H NMR spectrum. Compound 2.74 vas not 

crystalline, in agreement with the literature (Joska and Fajkos, 1982) 

and was used directly in the following reaction. 

'B of 2.74 (CDCl3): 8 5-93 (d, J 17.17 HZ, lH, 4 4.68 (dd, JAs 

11.3, 1.2 Hz, lH, 19-H) , 4.18 (d, JAB 11.3 HZ, lH, 19-K), 2.02 (s, 3H, 

19-Corn3), 0.92 (s,  3H, 13-Me). 

13c tùlll of 2.74 (CDClp)  : 8 32.84 (1). 34.51 ( 2 1 ,  198.99 (31, 126.87 

4 , 164.82 ( S ) ,  33.49 (61, 31.53 (71, 35.67 (81, 54.02 (91, 41.82 

(IO), 20.78 (LI), 30.85 (121, 47.41 (131, 51.09 (l4), 21.57 (15). 3.5.56 

(l6), 219.64 (l7), 13.73 (181, 66.49 (lg), 170.67 (l9--CII3), 20.65 

(19-OCo~3). 

3,17-Bi8(~thyl.nodioxy~-.11&08t-S-on-19-01 19-acetato 2.75 

A mixture of 19-acetoxyaa&ost-4-ene-3,17-dione (2.74; 12.6 g, 0.037 

mol) , 1,2-ethanediol (40 mL, 0.72 mol) , triethyl orthoformate (60 mL, 

0.36 mol), and p-toluenesulfonic acid (0.6 g) was stirred in 

tetrahydrofuran (300 a), in a stoppered flask, at ambient temperatute 

for 23 hr. Pyridine (20 mL) was then added and the solution 

concentrated at 30-35 OC on a rotatory evaporator until a pasty, cream 



coloured crystalline mass remained. After extraction with EtOAc ( 3  x 

100 a), the organic layer was washed with water. The water layer was 

extractcd with CHzC12. The combined extracts were washed with water, 

saturated sodium bicarbonate, &ied with NazS04, and evaporated to give 

an oily residue, which after PCC, on elution with 7-10% acetone-LP, 

gave a white foamy residue of 2.75 (13.0 g, 0.030 mol, 81%), mp 94-97 

OC (from CH2Cl2-LP1, (lit., mp 90.5-95 OC, from hexane, Lovett et al.. 

14.25, 2.3 Hz, lH, 4-H) , 2.15. (d, JAB 14.33 Hz, 1H. 4-Hl, 2.026 (s, 

19-Acetoxy-3,17-bis(ethylenedioxy)-androst-5-ene 2.75 (12.76 g,  0.0295 

mol) was dissolved in 5% KOH in methanol (120 mL) and stirred at room 

temperature for 18 hr, when no starting material was detected by TLC. 

The mixture was diluted with CH2Cl2 (500 mL) and the organic layer 

washed with water , dried over Na 2SO 4, f iltered, and evaporated . 

Recrystallization of the c a d e  product 2.76 from acetone-hexanes 

af forded pure 3,17-bis (ethylenedioxy) -19-hydroxyandrost-5-ene 2-76 

(8.21 g, tl)), mp 206-209 OC (from acetone-hexanes) , l i t ,  mp 

202.5-204 OC, from acetone-hexane, Lovett et al., 1984) . 

la soia of 2.76 C l :  6 5.72 (m. lH, 5 - H l ,  3.90 (m. 9H. C3 and C i 7  



OCK2CH20 + l9-E), 3 7 1  ( ? , 2.52 (ddd, J 14.05, 8.26, 2.53 EZ Iti, 

4-8) , 2 -19 (d, J 14-06 HZ, l H I  4-H) . 
of 2.76 (CDCl3) : 6 31.46 1 , 32.40 (21. 109.06 (3). 41.91 (4). 

134.95 (51, 127.32 (61, 30-90 (71 ,  33-70 (81, 49.72 (91, 41.75 (IO), 

21.20 (Il), 30.48 (121, 45.98 (131, 51.34 (141, 22.62 (IS), 34.25 (l6), 

119.41 (17), 14.62 (181, 65.14 (19), 62.59+ 64.29 (3-oC82CKfl-), 64-49 

+ 64-55 (17- (-0CH2) 21 . 

3,17 - B i 8  (ofhylurodioxy) -rndro8t-S-.n-lS-al 2.77 and 17 -8thyloaadioxy- 
\ 

urdrost-4-on-3-on-19-81 2.778 

Oxida t ion wi th PDC. 

To a stirred solution of the 19-alcohol 2.76 (2.61 g, 6-60 mol) in 

a2 C l  2 (30 rnL) , at ambient temperature, was added pyridinium dichromate 

(PDC), (3.77 g, 10.0 mol), (Carey and Schmidt, 1979) and stirring 

continued for 18 h, when no starting material was detected by TLC. The 

mixture was diluted with diethyl ether (15 mL) and filtered through a 

pad of silica. The organic filtrate was washed with water, brine, 

dried over Na2S04, filtered, and evapocated to give a white foamy 

residue, which on FCC, on elution with 101 acetone-LP, gave fractions 

of the 19-aldehyde 2.77 . (1.1 g, 2.8 mmol, 42t), rnp 165-168 OC (from 

acetone-LP) , (lit., 168.2-173 OC, from acetone-hexane, Lovett et al., 

1984) and 17-ethylenedioxy-androst-4-en-3-on-19-al 2.77r (330 mg, 0.96 

mmol, 14t), mp 130-131 OC (from CH2C12-EtOAc-LP), (Found: CI 72.34; H I  

8.51. CZ1HZ1O4.  1/4 H z 0  (MW 348.958) required C I  72.28; H I  8.23%). 

Oxiüation with TPAF. NMO. 

To a solution of the 19-alcohol 2.76 (6.94 g, 0.018 -1) in CH3CN- 

m 2 c 1  (1: 9) were added N-methylmorpholine N-oxide (NMO) (3.14 g, 0.027 

mol, 1. s eq, ) and activatcd molecular sieves 4 A (3. S g, powdered) to 

&sorb crystallization water from NMO. The mixture was stirred for 20 



min. wder argon, and then sol id tetra-propylperruthenium (TPAP, 3 1 1  

mg, 0 .8 0 -1, 0. O 5 eq - 1  added in one portion. The reaction mixture 

was stirrred for 1 hr at room temperature under a positive pressue of 

argon. The reaction mixture was then evaporated to dryness under 

reduced pressura, the residue taen up in a minimum awunt of Q I ~ C ~  

and the solution filtered through a pad of silica with utcess E~OAC. 

The filtrate was evaporated under reduced pressure to afford a white 

solid product 2.77 (6.67 g, 0.0171 mol, 97*), mp 165-168 OC (frorn 
% 

acetone-LP) , l i t .  mp 168.5-172 OC, from acetone-hucane, tovett et 

al., 1984) . 
'a of 2.77 (CDC13) : 6 9.68 (d. J = 0.004 HZ. , 19-81 , 5.83 (br m. 

m, 5-H), 3.89 (m, 8H, 3-OCH2CEX20 and 17-OCH2CB201, 0.80 ( s r  3H, 

18-CH3). 

(lit , Lovett et al., 1984 (360 MEIz, CDC13) : 6 0 -785 (s, 3H, 18-CR3) , 

3.874 (m, 8 H, C3 and Cl7 0CH2CIT20), 5.814 (br d, J = 5.84 HZ, 1 H, 

vinyl) , 9.663 (s, 1 8, CHO) . 

13c of 2.77 (CDClg): 6 31.95 (11, 30.54 ( 2 ) .  108.74 ( 3 ) .  142.98 (4 )  

131.96 (51,127.60 6 30.54 (71, 33.34 (81, 48.26 (91, 45.62 (101, 

21.74 (111, 30.54 (121, 53.66 (131, 50.33 (141, 22.48 (lS), 34.10 (l6), 

'H of 2-77. (CDC13): 9 . 9 3  (s, , 19-CBO). 5.95 (d, J 1.74. lE, 

4-H), 3.89-3.83 (m, 48, 3-OCEf2CHfl-), 0.85 (SI 3H, 13-Me). 

13c of 2.77. (CDCl 3) : 34 .O4 (1) , 29.58 (2). 197.99 ( 3 ) .  127.32 (4) 

161.23 ( S ) ,  33.97 (6), 30.86 ( f ) ,  37.33 (a), 53.62 (91, 55-27 (IO), 

21.38 (IL), 30.49 (121, 45.58 (131, 49.91 (141, 22-47 (15), 34.31 (16)~ 

118.89 (171, 14.26 (181, 201.15 (19), 64.58 + 6 5 - 2 9  ( I ~ - o C B ~ C H ~ ~ - )  . 



3 -atbyl.nmdioxy-m&o8t-5-.~1-17-0~-19-.1 2.77b 

Selective de~rotcc t ion at C-27: 

A solution of compound 2.77 (220 mg, 0.64 mol) in THF (1 mL) was 

treated w i t h  a mixture of 502. aqueous acetic acid (20 mL) at 30-40 OC 

for 3 h, when no starting material vas detected by TLC. The mixture 

was poured into C E i s l 2  (50 mL) , and the organic layer washed with 

water, saturated aqueous NaEKO3, =ter, dried over N ~ z S O ~ ,  filtered, 

and evaporated to give 2.77b (190 mg, 0.55 nnnol, 86+), mp 164-166 OC 
1 

(fr0m E~OAC-LP)~ (FouXZd: C8 72.98; HI 8-31. C21H2804 (MW 344.455) 

requires C I  73.23; HI 8.192.). 

'a i9cn of 2-77b (CûClj): 6 9.71 (d, J 1.26, III. 1 9 - a ) ,  5.86 ( d .  J 

lH, 6H1, 3.95-3.92 (m, 48, 3-OCH2CHfl-), 0.83 (s, 3H. 13-Me). 

13c IuIR of 2.77b (CDClj) : 6 30.08 (1). 31.08 2 , 108.59 ( 3 ) .  42.09 

(4), 132.38 (5). 127.01 (61, 31.46 (71, 32.54 (81, 48.58 (91, 47.36 

(101, 21.50 (111, 29.64 (121, 53.58 (13). 51-50 (14). 21.64 (151, 35.64 

(16). 219.97 (17) J3.55 (18). 204.49 (19) , 64.38. 64.54 ( 3 - o C H 2 ~ z o - )  

3,17-Bir (athyl.~~dfo~y) - M & o I ~ - ~ - u I - ~ ~ -  2.78 

A solution of 3.17-bis(ethylenedioxy)-androst-5-an-l9-al 2.77 (0.734 g, 

1.88 m o l )  amd hydroxylamine hydrochïoride (0.239 g. 3.44 mmol, 1.8 eq) 

in pyridine (10 mL) was stirred under argon at ambient temperature for 

24 hr. On chilling the mixture in an ice bath followed by slow 

addition of 75 m .  of cold water, the 19-oxime 2.78 precipitated. The 

resulting white solid was collected by filtration, washed thoroughly 

with water, and dried in a desiccator at room temperature over Pz05 

under reduced pressure to give a solid residue 2.78 (0.667 g, 1.65 

mol). Recrystallization from acetone-hacanes and EtOAc gave white 

needles of 2.78 (0.650 g, 1-61 -1, 86I.1, mp 212-215 OC (from 

acetone-LP) , (lit., mp 210.5-214 OC,  from acetone-hexane, Lovett et al., 



1984) 

'a toa of 2.78 (cDC13): 8 7.42 (S.  lH, IION=CB), 7-35 (s, H O N = ~ ) .  5-62 

(m, 1LI, 6-H) , 3.90 (m, 8H, Ca and Cl,-OCEf2CK20) , 0 -81 (s, 3H, 13-~e) 

13c of 2.78 (CDCla): 8 31.78 (1). 32.93 ( 2 ) .  109.12 ( 3 ) .  42.29 ( 4 ) .  

135.21 (5) 124.87 (6), 30.77 (71, 32.40 (81, 49.39 (91, 43-66 (Io), 

21.35 (If). 30.77 (12), 45.60 (13). 49.99 (141, 22.65 (15). 34.15 (16). 

119.30 (l7), 14.15 (181, 154.93 (lg), 64.28 + 64.49 + 64.52 + 65-17 ( 3 -  

and 17-0CK2CB20-) 
1 

For Scheme 2 - 4 3  

&adro8t-4-ma-3.l7 -dion-19-al 19-O-Baazylarimr 2.80 

(1) Potasium hydride 352 dispersion in mineral oil (200 mg), was washed 

with light petrolewn ether ( 2  mL) five times and then stored under LP. 

When required. a small awunt of the oil-free potasium hydride (KHI vas 

dried under a Stream of argon. 

(2)  To a suspension of the above RH (19 mg. 0.47 mmol, 1.6 eq.) in dry 

DMg (1.5 mL) in an ice-water bath was added the 19-oxime 2.73 (96 mg. 

0 . 3 0  mol) . After stirriag the reaction mixture for 10 min. under an 

argon atmosphere, benzyl .bromide (60 pL, 0.50 mmol, 1.6 eq. was added. 

The ice-water bath was removed and the reaction mixture stirred for  4 

h, when no starting material was detected by TLC. DME was remved 

under reduced pressure, and an oily residue dissolved in 

dichlorometharre (20 a ) .  The organic layer was washed with water, 

saturated aqueous NaHCO 3, dried over Na 2S0 4, f iltered, and evapotated, 

to give a glassy ycllow residue, which on FCC, on elution with 10% 

acetone-LP, afforded fractions of 2.80 (70 mg, 0.17 mol, 5721, mp 

140-143 OC (from CH2C12-EtOAc). (Pound: CI 7 7 1  K. 7.87; N I  3.41. 

C2aHgrNOj (MW 405.544) sequires: C I  77.00; H, 7.70; N I  3.45). 



'a of 2.80 (cDCi3i: O 7.55 (8, LB 19-CSH5CH20N=e), 5-88 (s,  iE, 

4-H), 5.07 (9, 2H, 19-CgE15CB20N=CH), 7.32-7.26 (m, SH, 19-C&sC?I2- 

ON=CX), 0.79 (s, 38, 13-Me). 

lOlD of 2.10 (CDCLn) : 31.26 1 ,  32.85 ( 2 ) .  199.69 (31, 126.30 (4 ) .  

163.49 (51, 33.93 (61, 31.96 (71, 35.71 (81, 50.74 (91, 45.02 (101, 

20.54 (111, 30.59 (12), 47.26 (131, 53-76 (141, 21.63 (151, 35-64 (161, 

219.89 (171, 13.64 (181, 149.490 (19). 

19-tert-Butylaimrthyiilyl ~&o~t-4-.no-3,17-dion-I9-al oximm 2.81 
t 

To a solution of the 19-oxime 2.73 (788 mg, 2.5 mmoll and i - P r 2 N E t  

(500 pnL, 2.87 riano11 in DMP (14 mL1 was added solid TBDMSiC1 (1.01 g, 

6.7 mol). The mixture was stirred for 3 h under an argon atmasphere 

when no starting material was detected by TLC. The mixture was poured 

into cold diethyl ether (30 mL1, and the organic layer washed with cold 

water. brine, dried over Na2SO4, filtered, and evaporated to give a 

brown oily residue, which on PCC, on elution with 501 EtzO-LP, afforded 

the 19-TBDMçi-oxirne 2.81 (0.630 mg, 1.5 mol, 34%), mp 144-146 OC (frorn 

CH2C12-rnethanol). (Found: C f  69.88; 8, 9.15; N, 3.26. C ~ S I Z ~ ~ N O ~ S ~  (MW 

429.681) requires: C, 69.94; B. 9.19; N, 3.09). 

'H W(R of 2.81 (CüC13) :. 7.65 (S. LEI, 19-TBDMSf-N=q), 5.87 (S. il?, 

4-Hl, 0.91 (s ,  9H, CMe31, 0.88 (s, 3H, 13-Me), 0.13 (s, 38, SiMe2), 

0.14 (s, 3H, SiMe2) 

13c of 2.81 (CDC13): 31.25 (1). 32.91 (21, 198.72 (31, 126.30 (41, 

165.59 (51, 34.02 (61, 32.08 ( 7 ) .  35.93 (81, 50.82 (9), 45-14 (Io), 

20.66 (111, 30.62 (12), 47.29 (131, 53.94 (141, 21.68 (151, 35-65 (161, 

2lg.6O (17) , 13.71 (18) , 153.42 (19) 

gmtr-S(lO)-.oa-3,17-dioaa 2.3 a d  17fi-~oxya8tr-5(10)-=-3-~0 2.7 

A solution of the 19-TBDMSi-oxime 2.81 (149 n g ,  0.307 m m l )  in 

tetrahyürofuran ( 3  mL) was added over a period of 10 min to a stirred 



mixture of liquid arinnonia (50 mL) , dissolved lithium metal (200 mg, L8 

moL), and TffF (7 mL). Stirriag was continued for a f-er 1 h at 

which time solid Pnl4C1 ( 5  g, 93 mol) vas adüed, followed by Qi2Cl *. 
Evaporation of amonia yielded an organic solution, which was washed 

with water, dried over Na2S04, filtered, and evaporated to give an oily 

residue (140 mg), which on PCC, on elution with 15% acetone-LP, yielded 

fractions of estr-5 (10) -ene-3,17-dione 2 - 3  (38 mg, 0.14 mol, 462) , mp 

147-150 OC (from acetone-LP) , (lit., aip 144-146 OC; Ueberwasser et al., 

1963) and 17B-hydroxyestr-5 (10) -en-3-one 2.7 (30 mg, 0 -11 mmol, 4Ol), 

mp 194-196 OC (from acetone-LP) , (lit., mp 193-196 OC; Wilds and 

Nelson, 1953) . 

For Scheme 2.45 

An&ost-4-.na-3,17-dioae 19-oximr 2.73 and Sstrone 2-85 

To a cooled (solid CO2-acetone) solution of TMSiOTf (420 pL, 2.2 mol, 

4 eq. , i-Pr2EtN (130 pL, 0.77 mol, 1.4 eq) , and powdered molecular 

sieves 4A (66 mg) in CH2C12 (8 mL) was added, by a syringe, a solution 

of andro~t-4-ene-3~17-dione 19-TBDMSioxime 2.81 (250 mg, 0 . 5 5  mm011 in 

a 2 C 1  2 (2.5 mL) over a period of 40 min, under an argon atmosphere. 

The mixture was stirred for 1.5 h, and the organic layer washed with 

brine, &ied over NazSO4, filtered, and evaporated to give an brown 

oily residue (400 m g ) ,  which on FCC, on elution with 152 acetone-LP, 

gave a mixture of the 19-oxime 2.73 and esttone 1-85 (30 m g ) .  

1H of 2-85 (CDClj): 6 7-15 (d, J 8 . 4 .  1-H), (6.64, J 2.7, 8 . 4 ,  

2-H) , 6.58 (d, J 2.62, 4-EI) , 4 .75  (s,  3-OH), 2.85 (m, 6-H), 2 . 5 1  (dd. 

8.2, 18.3, 168-BI, 0.91 13-Me. 



2 . 5 . 0  &-taro & h i b i t i o ~  Act iv i ty  

Inhibition activity assay for aromatase was carried out in 

collaboration with Dr. A.H.M. Brodie and Professor Y. Ling in the 

Department of Phaniucology, School of Medicine, University of Maryland, 

Baltimore, USA. 

Microsornes from human placenta were used as the enzyme source. 

Aromatase activity was tested by measuring the release of %fl from 

[lp-%)alandrostenedione (specific activity 15-30 Ci/mol) aceording to 

modified method (Tochigi and Osasni, 1986) of Thompson and Siiteri 

(Thaapson and Siiteri, 1974)  (Scheme 2 . 4 6 ) .  Aï1 incubations were 

perfozmed in a shaking incubator at 37 OC in air in phosphate buffer 

(10 mM potassium phosphate buffer pH 7.5, containing 100 mH KC1. 1 mM 

=TA, and 1 KIM dithiothreitol) . The assay was carried out in duplicate 

in 1 mL final incubation volume containing 50 nM [lp-%landrostene- 

dione. various concentrations (0.1 - 1 pl) of the tested putative 

inhibitor. 100 pL NADPH, and an aliquot of the microsoma1 preparation. 

After 30 miautes incubation the enzymatic reaction was terminated by 

addition of 2 mL CHC13. The extraction procedure was repeated twice. 

The furthet eliminatioa -of traces of labeled substrate in the vater 

phase was perfonned w i t h  dextran-coated charcoal (DCC) . Radioactivity 

in the water phase was determincd by a liquid scintillation counting 

apparatus. The aromatase inhibitor, formestane (4-hydroxyandrost-4-3,17 

$ch- 2.46. Bnzymatic aromatization of .n&ost-4-uie-3,I7-dione. 



-dionel at various concentrations (0-600 nM) was used as reference 

standard. 

Table 2.4 shows the effect of different synthetic steroid 

inhibitors on the aromatase activity of placental microsomes. rn 

comparison with Formestane, compounds 2.32, 2.12, and 2.29 show 

aromatase inhibitory potency ranging from 40050% at a concentration of 

1 p î .  Two intermediates, 2.28 and 2.27, and compound 2.15, show 

inhibitory potency of ca 20% and 9*, respectively, at a concentration 

of 1 W. Compounds, 2.4 and 2.5, show no inhihitory activity at a 

concentration of 1 and only weak activity of 30*, at concentrations 

of 20 m. 

Among the cyclopropanol steroid derivatives 2.5, 2.4, and 2.29, the 

following results have been obtained. 

Aithough C O ~ O U ~ ~ ~ S ,  2.4 and 2.5, showed no inhibitory activity at a 

concentration of 1 pl, introduction of 1,2-unsaturation in ring A, 

compounds 2.12 and 2.27, caused an increase in their inhibitory 

activity. Of these two, compound 2.12 showed higher activity (44%/1 

w) than its isomer 2.15 (9%/ 1w) and botb higher than its inactive 
parent compound 2.4 (0111 pl). Further modification of compounds. 2.4 

and 2.5 by shifting the cyclopropanol function from the SB,i9 to ~p,is 

position caused a further increase in inhibitory activity. Saturated 

compounds, 2.32 and 2 .as, were moderately potent inhibitors with their 

aromatase inhibitory potency varying from 40050%. Of these two, the 

lg(S)-acetoxy derivative 2.32 had higher activity than the parent 

compound 2.29. 

AS we can see from Table 2 - 4 ,  the most potent inhibitor was 

compound 2.32, with the 19-acetoxy group above ring A and the 

19-hydrogen projected out-of-ring A, which, nevertheless, is more then 



Tabh 2.4 Aromatase inhibition (2) by synthesized compounds versus 

aromatase inhibitor 4 -hydroxyandrost-4-ene-3,17-dione ( Formestane) . 

COHPOUND INHIBITION INHIBITOR CONCENTBATION 

r vM1 

FORMESTANE o. 6 
O 



than 2-fold less potent than Formestane. 

The proposed mechanism of aromatase inactivation by compound 2.29 is 

shown in Scheme 2.47. Similar mechaPisms may operate for compounds 

2.12 and 2.32, however, after deacetylation of 2.32 by esterase i n  the 

blood. 

Enzyme 

Sch- 2.47 Proposed mechanism of aromatase inactivation by compound 

2.29. 

Compound 2.12, which resulted f rom modification of its precursor 

2.4 by an introduction of the 1,2-unsaturation in ring A, showed 

signif icant improvement in its inhibitory potency ( 4 4 % / 1  CM) , compared 



to the saturated derivative 2.4 (02/1 pi) . Presumably, introduction of 

the unsaturation and thus flattening of ring A facilitates 

hydroxylation of the 19-hydrogen, in 2.12, by a Éerroxy (Fe-O.) radical 

(Akhtar et al. , 1994) as shown in Scheme 2.46. Uniike the 19-Et in 

2.15, the 19-H in 2-12 is exposed toward the Éerroxy radical at the 

aromatase active site. Presumably, this situation improves the 

inhibitory properties of compound 2.12. 

However, the same modification of ring A in compound 2 - 5  to give 

compound 2.15 caused only a 92 increase in its inhibitory activity. In 

both compounds, 2.5 and 2.15, the 19-hyürogen is projected above ring 

8. As we can see, the 19(S)-hydrogen is not in a favoured orientation 

for the facile hydsoxylation by aromatase. This could explain their 

weak inhibition properties. 

It is suggested that the difference in activity of compounds 2-32, 

2.12, and 2.29 in cornparison with compounds 2.15 and 2.5 is related to 

the proxirnîty of the 19-hydrogen to the ferroxy radical at the active 

site. 

The proposed mechanism of aromatase inhibition by 

5a-androst-l-ene-3,17-dion-13-al 2.28 is shown in Scheme 2.48. .MMX 

geometrical optimization of compound 2.28 showed that oxygen of the 

19-CHO group, in the preferred orientation, is pointed out of rings A 

and B (Scheme 2.6). The same orientation of the 19-CHO group could be 

valid at the aromatase active site. Such a situation may lead to a 

formation of a strong hydrogen bond between the 19-CffO and the 

aminoacid residue (Glu). Reaction of a nucleophile with the 19-CHO and 

formation of a covalent bond at the catalytic site may result in the 

inactivation of the enzyme. 

On the basis of the above results, it is important for inhibitory 



activity that synthesized steroid inhibitors have both a structural 

geometry closely related to the aromatase substrate and the 

19-cyclopropyl hyàrogen, susceptible to hydroxylation. pro j ected toward 

the heme group of aromatase. These conditions are fulfilled in 

compounds 2.32, 2.12, and 2.29, which have the highest inhibitory 

activity. These results are consistent with the assumed mechanism of 

aromatase inhibition previously discussed in Chapter 1 . 4 . 0 .  

Enzyme C H W , ~  'r 

Enzyme 

H 

s c h m  2.48 Proposed mechanism of aromatase inhibition by compound 

2.28. 





3 . 1  .O Introductioa 

~ h e  usual sequence of events in the history of a new class of 

biological products proceeds from isolation to identification, then 

synthesis, and evalwtion of biological properties. In the case of 

catechol estrogens, naturally occurring metabolites of estrogens (~olt, 

1979), this order was in part reversed. Theit existence was postulated 

(Westerf eld, 1940 , several were synthesized (Niederl and Vogel, 1949) , 

and their pharmacology was studied (Mueller, 1955) some time before 

they were identified as biological substances. 2-Hydroxyestrone was 

first isolated from pregnancy urine (Fischman and Gallagher, 1958) and 

some years later 4-hydroxyestrone (Williams et: al., 1974) . 
The first methods for the preparation of 4-hy&oxyestrogens were 

very laborious and gave only low yields. Preparation of 

4-hydroxyestrogen acetates (Scheme 3.1; Gold and Schwenk, 1958) and 

4-hydroxyestrogens (Scheme 3.2; Hecker a d  Walk, 19601 has been 

described by oxidation of estrone with lead tetra-acetate yielding the 

p-quinol acetate, 10~-acetoxy-I,4-estradiene-3,17-dione, together with 

two *quinone gemdiacetates substituted at C- 2 and 4, respectively. 

The latter compound, 4,4-diacetoxy-l,5(10)-estradiene-3,17-dione,. was 

converted to 4-hydroxyestrone by hydrolysis of the intennediary 

4-acetoxyestrone. 

Another synthetic approach to 4-hydroxyestrone (Scheme 3.3 ; 

Fischman et al., 1960) , involved demethylation of 4-hydroxyestrone 

monomethyl ether on heat ing with pyridine hydrochloride . Al ternative 

methods of 4-hydroxyestrogen synthesis were designed based on a 

reported method for 2-hydroxyestrogens preparation. Procedures 

involved reduction of 3,4-quinones with Ki. These +quinones were 

synthesized either by direct oxidation of the monophenolic estrogens 



HO C H 3 C 0 0 H  

A c 0  OAc 

RI' OH, 

OAe 

Sehamm 3.1 Synthesis of 4-hydroxyestrogen derivatives ( ~ o l d  and 

Schwenk, 1958) . 

S c h m  3.2 Spthesis of 4-hydroxyestradiol (Hecker and Walk, 1960). 

Schaw 3 . 3  Synthesis of 4-hydroxyestrone (Fischman et al. , 1960) . 



with Fremys' s salt  (potassium nitrosodisulfonate) (Scheme 3 . 4  ; Gelbke 

et al., 1973a.b) , or by inverse oxidation of 4-amiaoestre3ens w i t h  NaI04  

(Seheute 3.5; Stubenrauch and Muppen, 1976) . 

& R = O  R  = OH, H 
HO 

2. FCC, SiOZ-ascorbic 
a c i d  

$cham 3.4 Synthesis of 4-hydroxyestrone or 4-hydroxyestradiol in a 

one-step procedure (Gelbke et al., 1973a, b) . 

The first regiospecific preparation of 4-hydroxyestradiol 

derivatives has been reported (Scheme 3 - 6 ;  Le Quesne et al. 1980) . 

Epoxidation of 1 9  -na- testosterone by a reported method (Mihailovic et 

al., 1977) , and dehydrogeaation with selenium dioxide in anhydrous 

tert-butyl alcohol, f ollowed by aromatization under acidic conditions 

with gtoluenesulfonic acid in aeetic anhydride gave 4-hydroxyestradiol 

3,4,17@-triacetate. However, no synthetic procedures and no 

characteristics of the compound were givea. 



4 Zn, CN3COOH 

Sehomm 3.5 Synthesis of 4-hydroxyestrone or 4-hydroxyestradiol 

(Stubenrauch and Knuppen, 1976) . 

O - 
* 2 O 2  O O 

t-BuOH ""'1 
A c 0  p-TsOH 

OAc O 

S c h m  3.6 Synthesis of 4-hydroxyestradiol triacetate (Le Quesne et 

al., 1980). 



Allother route to 4 -hydroxyestradiol triacetate involved the 

4-acetomercurio deri~tive of estradiol by using lead tetra-acetate in 

a metal exchange reaction to introduce the oxygen function at C-r 

(Scheute 3.7; Kirk and Slade, 1982) - 

HO 
H CH3COOH HgOAc HgOAc 

OAc 

S c h m  3.7 Synthesis of 4-hydroxyestradiol triacetate (Kirk and Slade, 

1 9 8 2 )  . 

The synthetic methods illustrated in Schemes 3.4 and 3.5 gave 

mixtures of 2- and 4-functional derivatives, which are difficult to 

separate and purify from by-products. The methods outlincd in Schemes 

3.6 and 3 - 7  led to 4-hydroxyestradiol triacetate. Despite the 

biological interest in catechol estrogen derivatives, no "C NMX data 

were reported for these eompouado. There was also inconsistency in 'H 

NMR data both in assignments of chemical shifts ( 6 )  and in the coupling 

constant (J) , as well (Table 3.1) . However, dif ferences i x x  chemical 

shifts can be explained by perfonning NMR measurements in different 

solvents . 



~ . b l a  3.1 'B chexnical shifts of 4-hydroxyestrone and 

4-hydroxyestradiol, and 4-hydroxyestradiol triacetate. 

Catecholestrogen ~~ 8 (PW) Ref erences 
J (W 

solvent 1-8 2-8 18-CH3 
- 

pyridiae-dg 7.1d 6.8d - Gelbke e t  a l . ,  1973 
no J no J 

pyridine-dS 7. 
6.74d 0.80 Abdel-Baky, 1983 

J 1 1  J 11 

HO CDCIJ:CDJOD 6-77d 6. 696 O. 87 this Thcsir 
OH (1: 1) J 8 . 3  J 8 . 5  

6.77 6.71 0 - 8 7  this Thesis 
CDC13 J 8.3 J 8 . 4  

icetone-d6 5.83s - Abdei-Baky, 1983 &" pyridine-df 6.98d 6.74d 0.97 ~ b d e l - B a k y ,  1983 

J 8 J 8 

HO CDC13:CD30D 6.64d 6.61d 0 .  82 this Thesis 
OH (1:l) J 8.4 J 8.4 

CDCLî 7.186 6.94d O Kirk and S l a d e ,  1981 

J 10 J 10 

CDCL3 7.18d 6.97d 0.82 this T h e s i s  
A c 0  J 8.5 f 8.5 

O A C  

The goal of this project was to synthesize 4-hydroxyestroguis by 

more efficient and regiospecific routes and make the NMR assiment of 

protons and carbons. This work describes two synthetic approaches 

leading to 4-hydroxyestrogens (Schemes 3.12 and 3.16) and three 

approaches directed to 4 -hydroxyestradiols (Schemes 3.1, 3-12, and 

3.16). 4-Hydroxyestrogens have been synthesized starting from 

estr-4-ene-3,lf -dione both via 1,2-unsaturated 4E, SE-epoxides (Scheme 

3 .12 ) and via a thermal rearrangement of 4-chloro-4 E, SE-epoxides 

(Scheme 3.16). Acetate derivatives of 4-hydroxyestrogens and 

4-hydroxyestradiols were also prepared. Synthesis of 4-hydroxyestradiol 

involved both estr-4 -ea-l78-ol-3-0ne and estr-4-en-3,17-one precursocs 



(Schemes 3.11, 3.12, and 3.16) . Sptheses outlined in Schemes, 3 -11 

and 3.12, are conceptually similar to the synthesis show in Scheme 

3 - 6 .  Treatment of 19-nortestosterone 3.1 (Scheme 3 . Il) and 

19-noraodro~t-4-ene-3~17-dione 3.8 (Scheme 3-14] with a nucleophilic 

oxidant , alkaline hydrogen pecoxide, according to procédures descriaed 

(Mihailovic et al., 1977; Le Quesne et al., 1986). yielded, as 

expected, the B-epoxide as the major product. An attempt to introduce 

an oxygen function into 4E-chloroestr-4-ene-3,l7-dione 3.13~ having the 

4 , s  -double bond deactivated both by conjugation and by the 4-chlorine 

substituent, under basic conditions H 20 2-NaOH, was unsuccessful 

(Templeton, personal communication). Therefore, attention vas paid to 

epoxidation of compound 3.13~ under neutral conditions. It has been 

reported that dioxiranes (e.g. A and 8, Scheme 3.8) are powerful 

electrophilic 

d i r n e t h y l d i o x i r a n e  , 

( D m  1 

Schonm 3.8 Dioxiranes . 

oxidants with high reactivity toward both electron-rich and electron 

deficient olefins, under neutral conditions (Adam et al., 1989; 1992; 

Murray, 1989; Cuci, 1990; Adam and Hadjiarapoglou, 1993) . Dioxiranes, 

versatile oxidants, can be employed either in their isolated form 

(Murrey and Jeyaraman, 1985; Adam, 1993) or in situ (Yang et al., 

1995) . Çome examples of epoxidations are illustrated in Scheme 3.9. 



As shown in Scheme 3.9, the attack of oxiranes, for the first two 

compounds, proceeds predominantly from the a-face, while the third 

compaund reacts preferentially on the 8- face. The mmoLecularn 

mechaaism of the oxiraae reaction with a double bond is, to date 

inadequately understood. merimental 

Dno, 
FHD 

DMD - 

&ta such as stereochemistry, 

( B o v i c e l l i  e t  al., 1992) a : B - 2 : 3 

(Yang e t  a l . ,  1995) 

Sch- 3.9 Same examples of epoxidation of olefins using dioxiranes: 

dimethyldioxirane (DMD) and and 1,1,l-trifluorornethyl(methyl)dioxirane 

(ml. 



kinetics, activation parameters, isotope effects, reactivity patterns, 

etc. are consistent w i t h  the complex "butterflyn transition state C, 

initially proposed for peroxy acids as oxygeri atom donors, and the 

novel diradical-like transition state B (Scheme 3.10 1 , (Adam and 

Hadjiarapoglou and references cited there, 19931 .  In C, the intact 

dioxirane delivers the oxygen atom to the alkene, while in D it is the 

ring-opened dioxirane, i-e. the 1.3-dioxyl diradical. A theoretical 

estimate of the reaction enthalpy for the ring-opening of the 

dioxirane into 1.3 diradical was deternined to be cd. 10 kcal/mol 

(Harding and Goddard, 1978) . Thus, the activation energy for the 

process was suggested to be less than 15 kcal/mol. However, the direct 

oxygen transfer by the intact dioxirane, i-e. the g'butterflyn 

transition state C, requires activation energy higher than 15 kcal/mol 

(Adam and Hadjiarapoglou, 1993) . Moreover, it impïies that the 0-0 

bond is essentially broken. 

"Butterfly transition strte" "Dirrdical transition state' 

Schmmm 3.10 The mechanism of oxygen transfer by intact dioxirane (Cl 

and the dioxyl diradical (Dl to olefins, (Adam and Hadjiarapoglou, 

19931 . 



In the present work both the treatment of estr-4-ene-3,17-dione 

3 -12 (Scheme 3-12) and 4-chloroestr-4-me-3, 17-dione 3 .l3c (Scheme 

3.16) with 1.1.1- trif luoromethyl (methy) dioxirane gave the a-epoxides, 

3.13a or 3.14~. as a major product. 

3 - 2 .  O Syntheaim of t h  Thror 4-aydroxy S8trogo~8: 4-aydrqr8tradiol 

17~-acatato, 4-Hydrdlcyaatritriol triacotato, and 4 - m o y o i t n -  

di01 fzom 4~,5~-~po~eatrul-17-01-3-onm 

Romulta arrd Di8cui8ion 

Scheme 3.11 shows the synthesis of three catechols: 4-hydroq- 

estradiol 17pacetate 3.5, 4-hydroxyestratriol triacetate 3.6 (Kirk and 

Slade, 1982) and 4-hydroxyestradiol 3.7. Catechol estrogens 3.5 and 3.7 

were synthesized by procedures not reported earlier. Epoxidation of 

19-nortestosterone 3.1 by means of 4 M NaOK and 302 HzOz in methanol 

(Mihalovic et al., 1977) gave a mixture of  the Qa, Sa- 3 2  and 

4p, SB-epoxides 3.2b (3.28:3.2b;l:9 by comparison of H-4 in the 'H NMR 

spectral . 

Acetylation of the 4 5,s E-epoxides 3.2a/3.2b with acetic anhydride 

in pyridine gave a mixtee of 178-acetoxy-4 E, s E-epoxyestr-3-one, which, 

after purification on colum chromatography, yielded l7e-acetoxy- 

48, SB-epoxyestr-3-one 3.3b as the major product (742.) . Dehyârogenation 

of 17@-acetoxy-4b, 58-epoxyestr-3-one 3 .Sb, with selenium dioxide in 

t-butanol and acetic acid (Le Quesene et al., 1986; Menberu et al., 

1992). introduced a conjugated double bond at C-1 to give 17&acetoxy- 

4 8, SB-epoxyestr-1-en-3-one 3.4b in 53%.  ReÉluxing 178-acetoxy-4B, 58- 

epoxyestr-1-en-3-one 3.4b, in benzene with p-toluenesulfonic acid, gave 

a crude product of 4-hydroxyestradiol l7g-acetate 3 which was 

directly acetylated with Ac20 in pyridine and purified on FCC to give 



the knoun 4-hydroxyestradiol triacetate 3.6 (Kirk and Çlade. 1982). 

which was then reduced, with L N H I  in ether, to give 

4-hydroxyestradiol 3.7. This is the first tirne that the catechol 

estrogen 3.7 was directly synthesized, without contamination by any 

impurities. via acidic aromatisation of ring A in compound 3.4b 

followed by hydride reduction. 

- -  - 
O H  OAc 

3.7 
OH 

3.6 3 . 5  

Reagents: i , 4N NaOH, 302. Hz0 2. MeOH; i i ,  Ac 2 0 .  pyridine followed by 

saparation on FCC; iii, Seoz, t-BUOH, M J C W H ;  iv. pTsOH, C g s ;  v, 

S c h u  3.11 Synthesis , of 4-hydroxyestradiol l'le-acetate 3. S and 

4-hydroxyestradiol 3.7 from 19-nortestosterone 3.1. 

3.2.1 S-zy 

1. 4-Hydroxyestradiol 17-8-acetate 3.5 was synthesized by 

aromatization of ring A of lie-acetoxy-4 6.5 8-epoxyestr-1-en-3 -one 

3.4b under acidic conditions and iduitified as 4-hydroxyestradiol 

triacetate 3.6. 

2 .  4-Hydroxyestradiol 3.7 has been synthesized by LiAIHI reduction of 

4-hydroxyestradiol triacetate 3.6. 



3 - 2  -2 Bxprnrhmxxtal for Scheme 3.11. 

4E, S ~ - ~ p ~ r n m + r u r - 1 7 ~ - 0 1 - 3 - o n .  3.28/3.2b 

To a stirred solution of 19-nortestosterone 3.1 (1.0 g, 3 -64  mol) in 

methaml (100 mL), which vas cooled to 5' C in an ice-rater bath, was 

added 302 hydtogen peroxide (5.5 mL) . followed by 4 M sodium hydroxide 
(5.5 mI). After 20 min., TLC showed no starting material and the 

reaction was quenched with glacial acetic acid (10 m . )  and the volume 

concentrated at reduced pressure to approximately 20 mL. Distilled 

water vas added and the product was extracted with diethyl ether. The 

organic layer vas washed with saturated NatlCO3, water, &ied over 

Na2SO4, filtered, and evaporated to dryness under reduced pressure to 

produce a mixture of the 4 a ,  5a-epoxide 3 . 2 i  and 4$,S@-epoxide 3.2b (800 

mg) in the ratio 1 : 9, respectively, based on the 'H NMR spectnim. A 

mixture of the 4E,SE-epoxides 3.28/3.2b was directly subjected to the 

acetylation. 

17 8-Acatorry-4 5,s E-opoxyrnetrm-3 -one 3.38/3.3b 

The above residue of 4E, SE-epoxyestra-178-01-3 -one 3.2a/3.2b (800 mg, 

2 . 7 5  mol) was treated with acetic anhydride (1.5 m i )  in pyridine ( 5  

mL) and allowed to standbat 20°c for 18 h. Excess acetic anhydride was 

converted into acetic acid by the addition of ice-water and the 

acetylated product was extracted with diethyl ether. The organic layer 

was washed with water, S I  HC1, water, saturated NaHC03, water and then 

dried over NazS04 ,  f iltered, and evaporated at reduced pressure to form 

a pale yellow, crystalline residue (1.08 g) 0 which on flash 

chromatography on elution with 10) acetone-LP, gave fractions of 178- 

acetoxy-4 8,s 8-epoxyestran-3 -one 3.3b (600 mg) . Crystallization, yielded 
of 3.3b (590 mg, 1.77 mol ,  64%1, mp 115-116 OC (from CH2C12-MeOH), 

(lit., nip 108 OC, Wehrli et al., 1966; Mihailovic et al., 1977; mp 



108-113 OC, Freisen 1991; nrp 112 OC, Farmaceutici Italia Soc. Anon., 

1975) 

To a stirred solution of 17~-acetoxy-4$,5~-epoxyestran-3-0ne 3.3b (450 

mg, 1-35 mol) in dry t-butanol (70 iaL1 uader argon was added selexium 

dioxide (solid, 380 mg, 3.42 mol) and glacial acetic acid (1.5 a, 

0.028 mol). The mixture was gently reflwed, to allow reduced selenium 

to deposit on the wall of the reaction flask, for 40 hours when TLC 

showed no starting material. After cooling, reduced selenium was 

removed by filtration through Celite which was then washed with ethyl 

acetate and the filtrate concentrated to about 20 mL. The reaction 

mixture was diluted with ethyl acetate (100 mL) and the organic layer 

washed with saturated sodium bicarbonate (4x1 and water ( 2 x ) ,  and dried 

over NatS04. Filtration and evaporation to dryness gave a brown 

residue which on flash chromatography, on elution with 10% EtOAc-LP, 

yielded a gummy product (245 mg) . Crystallization gave 17g-acetoxy- 

(from E ~ O A C - C I I ~ C ~ ~ ) ,  (lit., mp ~ l r - u s ~ c ,  Le mesne et aï., 1980; mp 

102-110 OC, Friesen, 1991). 

To a stirred solution of 17$-acetoxy-4~,5~-epoxyestr-l-en-3-0ne 3.4b 

(200 mg, 0.605 rnrnol) in benzene (13 mL), was added p-toluenesulfonic 

acid (26 mg, 0.14 mol)  , and the reaction was heated to reflux. After 

completion of the reaction (2 hl and cooling, the reaction mixture was 

diluted with ether. The organic layer was washed with saturated 

NaHCO3, water, saturated NaCl, àried over Na2S04, and evaparated to 

give a crude sample of 4-hydroxyestradiol 17-acetate 3.5 (170 m g ) ,  



which was directly subjected to acetylation, 

To a stirred solution of a cade product of 4-hydroxyestradiol 

17B-acetate 3.5 (170 mg, 0.515 mmol) in pyridine (3 mL) was added 

acetic anhydride (0.260 mC) . After 2 hr, TLC showed no starting 

material. The reaction mixture was poured into ice--ter and acidified 

with 59 HC1. After extraction of products with diethyl ether, the 

organic layer was washed with 5% m l ,  water, saturated N a ~ C 0 3 ,  water, 

and dried over NatSOl .  Evaporation of the solvent gave a white-brown 

residue ( 1 5 6  mg) which on flash chromatography, on elution with 10% 

acetone-LP, yielded fractions of 3.6 (130 mg) which after 

crystallization gave 3 - 6  (109 mg, 0.33 mol, 64%) , mp 204-207 OC (from 

CIfzC1 t - L ~ )  , (lit., mp 192-196O~, Kirk and Slade, 1982) . 

4-Bydroxyertrrdiol Castra-1,3,5 (10) -trim0-3,4,17~-triol] 3 -7  

To a stirred solution of 4-hydroxyestradiol triacetate 3.6 (109 mg, 

0.262 mol)  in ethyl ether, was added solid LiAIHo (10 mg, O. 786 mol) . 

After 4 hours, TLC showed no starting material. The organic layer was 

washed with 5% HC1, water, saturated sodium chloride, and evaporated to 

give a white residue which, in air, was oxidized rapidly to a creamy 

solid (67 mg, 0.232 . mmol) . Crystaïlization from benzene-ethyl 

acetate-2% acetic acid yielded creamy crystals of 3.7 (67 mg, 0.232 

mmol, 80%) , mp 235-237'~ and s/256-260' C dec., (lit., mp 214-216' C, 

Gelbke et al., 1973; mp 252-253 OC, Hecker and Walk, 1960) 



As outlined in Scheme 3.12 (path a), estr-4-ene-3,174ione 3.12, on 

treatment with alkaline hydrogen peroxide (Le Quesne et al., 1986; 

Mihailovic at al., 1977) , gives a mixture of the a- and B- epoxides , 

3 -138 and 3.13b, (3.13&:3.13b; 1:9 by comparison of 8-4 in the 'H NMR 

spectral , which af ter crystallization yielded 4$, SB-epoxyestra- 

3,17-dione 3.13b. On the other hand (path b) , estr-4-ene-3,l7-dione 

3.12, on treatment with 1,1,l-trifluoromethyl(methyl)dioxirane, Mello 

reagent, generated in s i t u  (Yang et al., 19951, also gave a mixture of 

the a- and B-epoxides, 3 .la8 and 3 . l3b,  but in the reversed proportion 

(3.13a:3.13b; 9 :1 by comparison of H-4 in the 'H NMR spectrum) . This i r  

a convenient one-step versus six-step procedure (Durga, 1979) to 

introduce an a-epoxy function, into a conjugated double bond of ring A. 

Additionally, an interesting shielding relationship between the 

orientation of the 46,SE-epoxy ring and the proton chemical shift of 

H - 4 ,  in 4a,Sa-epo~yandrostane-3~i7-dione 3.9&, 48,5$-epoxyandro- 

stane-3,17-dione 3.9b, and its 19-nor analogues, 3.138 and 3.13b, has 

been observed. As outlined in Scheme 3.13, the largest shielding 

effect of 8-4 was observed in compouad 3.9b: upfield shift of the 4-H 

signal. Compowds 3 -9. and 3.9b have been synthesized by treatment of 

both testosterone 3.8 and androst-4-ene-3,17-dione 3.10 with 1,1,1- 

trif luoromethyl (methyl) dioxirane and H 2 0  2-NaOH, respectively (Scheme 

3.141. 

Treatment of the 4 8, Sb-epoxide 3.Ub with selenic reagents , 

(PhSeO) 9 (Barton et al. , 1982 a, b) or Ph2Se2 (Barton et al., 197 9) led 

to regioselective dehydrogenation of ring A without affecting ring D 



Reagents: 1, 30% H207 ,  4 M NaOK, MeOH; ii, 1.1.1-trifluor0 (methyl) - 
dioxirane, CF3CO-3, -3CN in  si tu; iii, separation by 

crystallization; fv, P h z S e z ,  CSA, 3-IOzCfi4COOEL in TIIF; v, p-TsOH, 

c&6; ~ i ,  LiAlH44  m; v i i ,   AC^, D m ,  a z c l z .  

Sehama 3 -12 Synthesis of 4-hydroxyestrone 3. f S a  and its derivatives 

3.15b, 3 . 1 6 r .  and 3.16b. 



3.9a 3.13b 3.13a 3.9b 
3 - 0 4  ppm 3 . 0 3  ppm 3.01 ppm 2 . 9 8  ppm 

Schmmo 3.13 Chemical shifts ( 6 ppm) of 4-H for 40, Sa- and 4 g, SB-epoxy- 

androstane-3,17-dione, 3.9 and 3 9 ,  and 4a,Sa- and 48,5@-epoxy- 

estra-3,17-diane, 3 .l3r and 3 . l3b .  

Sch- 3.14 Synthesis of 4a, Sa-epoxy- and 4 8,s g-epoxyandrostae- 

3,17-dione, 3.98 and 3.9b, respectively. 

(Scheme 3 1 . When the 48,5$-epoxide 3.13b vas treated with 

benzeneselenic anhydride, f oilowed by FCC purification, the 

i,2-unsaturated epoxide 3.14b was obtained in 20-408 yield. On the 

other hand, treatment of the 4@, 58-epoxide 3.23b with 

diphenyldiselenium, camphorsulfonic acid, and 3-iodylbenzoic acid in 



tetrahydrofuran (Barton et al.. 1989) followed by crystalization gave 

4@,5~-epoxyestr-î-ene-3,I7-one 3.14b in a higher yield S O - t 9 2 -  Similar 

treatment of the Qa, Sa-epoxide 3.138 w i t h  (PU&) 9 gave the 

I,2-unsaturated epoxide 3 . U r  in ca 20% yield, contambated with a 

by-produet, which couid not be separated effectively, as shown by the 

'II NMR spectrum. Treatment of 3.138 with Ph2Se2, 3-102CgH4CWH. and CSA 

in tetrahydrofuran yielded a mixture of 3.13b and 3 -151, as determined 

from the 'H NMR speetnna and R C .  On chromatrography of the mixture, 

the 1,2-unsaturated epoxide 3.148 was converted to 3.168 indicating its 

instability not only to the oxidation conditions but also to the 

separation conditions . This result also shows that the 

4a, Sa-epoxy-1-ene 3.14r is less stable than its isomer 3. Ub. which was 

stable to s i l ica  chromatography. Ref luxing 4 B, 5 B-epoxyestr- 

1-me- 3.17-dione 3.Ub with p-toluenesulf onic acid in benzene gave the 

expected 4-hydroxyestrone 3.158 (Majgier-Baranowska et al., 1997) . 

Attempts to aromatize ring A by treatment of 3.15b with 

p-toluenesulfonic acid i n  diethyl ether at ambient temperature or in 

benzene under reflux with water elimination (Dean-Stark) was 

unsuccessfül. This indicates that, for aromatization, not only more 

vigorous conditions are required, but a l s a  the presence of water. 

Water originates from the crystallized water of p-TsOH. Acetylation of 

4-hyüroxyestrone 3.158 furnished 4-hydroxyestrone 3,4-diacetate 3.15b. 

Reduction of 3 -158 or 3.16b with lithium alumium hydride in TEF 

afforded 4-hydroxyestradiol 3.16r, which on acetylation with acetic 

anhydride and DMAP gave 4 -hydroxyestradiol 3,4,17 @- tsiacetate 3.16b. 

The spectra of compounds 3.158, 3 .fSb, 3.16a, and 3.16b showed a 

pair of downfield doublets consistent with H-1 and H-2 of the aromatic 

ring (see the experimental part). Their NMR speetra were assigned 



S c h m  3.5 Proposed mechanism for formation of 4-hyàroxyestrone 

3.15. via aromatization of ring A under acidic conditions. 



by COSY and HSQC spectra. 

The proposed mechanism of ring A aromatisation of the 3 8 ,  SB-epoxide 

3 .l4b to yield 4-hydroxyestrone 3 .lSa is outliaed in Scherne 3 -15. 

Protonation of the 3-carbonyl group of 4B, S@-epoxyestr-l-ene-3,17-one 

3.14b forms the dienol 3.14b1. Purthet protonatiori of the epoxy oxygen 

results in the ring opening to form an allylic carbocation at C-4 

3.14b2. The newly formed carbocatioa is attacked by a molecule of 

water to yield the 4.5-di01 3.14b3. Protonation of the tertiary 

allylic hydroxy group at C-5, followed by its elimination as a molecule 

of water and the loss of the C-4 proton gives 4-hydroxyestrone 3.15a. 

1. Introduction of the 1,2-unsaturation in ring A was accomplished in 

high yield (50-79%) , with a catalytic amount of selenium reagent, 

(PhSe) 2, in the presence of camphorsulfonic and 3-iodylbenzoic acid 

as the oxidant . 

2 .  da, Sa-Epoxyestra-3, -dione 3 . 1 3 r  has been synthesized by 

epoxidation of estr-4-ene-3,l7-diane 3.12 with Mello reagent, 

l,l,l-trifluoromethyl(methyl)dioxirane. In this case, introduction 

of oxygen from the a-face was accomplished in a one-step versus a 

six-step procedure. 

4-Hydroxyestrone was obtained upon acidic aromatization of the 

4 E, 5 E-epoxides , 3.14r and 3 .14b. 

The methods developed led to the four catechol estrogens, 3.151, 

3 .lSb, 3.168, and 3 -16b. Two of them, 3.158 and 3 .lSb, have the 

17-keto function while the two remaining, 3.16r  and 3.16br have the 

17 @- hydr0~y FOUP. 



3.3.2 Bxpariwnt.l for Schemes 3.12 and 3.14. 

For Scheme 3.12. 

4 E, 5 E-m~qmmtr r -3 ,  I7 -dion. 3.13r/3.13b; (path a) 

Euoxidation with B a?-NaOEI: 

To a stirred solution of estr-4-ene-3,17-dione 3.12 (1.0 g, 3.67 mol) 

in MeOH (100 mL), cooled to S O C  in an ice-water bath, was added 4M NaOH 

( 5  II&) followed by cold 30% hydrogen peroxide ( 5 . 5  mL) . After 2 0  m i n ,  

TLC showed no starting material. The mixture was poured into ice-water 

and the products Wracted with diethyl ether. The organic layer vas 

washed with cold water until neutsal, saturated sodium chloride, dried 

over Na 2S0 4, f iltered and the solvent evaporated. The crystalline 

product (980 mg, 3.75 mol)  mp 148-168 OC consisted of two componats 

(as shown by 'H PiMR and TLC; 3.138 mat sa-epoxy) : 3.13b (4p:Sp-epoxy) 

= 1:s). Recrystallization gave the 4BI5@-epoxide 3.13b ( 8 3 0  mg, 2.88 

mol. 78%) . mp 166-172 OC (from CH2C1 2-methanol) . Several reerysta- 

llizations gave the QB, SB-epoxide 3.13b, mp 170-172 'C (Pound C I  74.67; 

8 ,  8.84; C18H2403 requires C, 74.96; H, 8.39+) 

4 Sr 5 E-~oxyaat r r -3 , l7 -d ioao 3.1343.13b; (path b) 

E~oxidation with the Mello reasent in si tu: 

To a stirred solution of estr-4-ene-3,17-dione 3.12 (2  - 0  g, 7.34 rranol) 

in acetonitrile ( 8 0  mL), cooled in an ice-water bath, was added an 

aqueous Na2EDTA solution (30 mL. 4 x 10 -' Ml followed by the addition 

of l,l,l-trifluoroacetone (7 mL) by a precooled graduate cylinder. To 

this homogenous solution was added in portions a mixture of sodium 

hydrogen carbonate 4.7 g. 0.057 mol) and OxoneR (11.3 g, 0.037 mol) 

over a period of 25 minutes (pH = 7). After 1 hr of vigorous stirring, 

TLC showed no starting material. Water was added to the heterogenous 



mixture to dissolve the solid reagents, and the products w e r e  extracted 

with dichioromethane. The organic layer was washed with water, dried 

over Natç04,  and evaporated to give a solid residue. The crystalline 

product cansisted of the 4a,Sa- 3.138 and QB,S~-tpoxide 3.13b (as 

show by 'H NNR and TLC; mp 180-195 OC). Recrystallization gave the 

4a,5a-epoxide 3.138 (1.5 g, 5.2 mmol, 7121, mp 215-220 OC (from 

CH 2Cl 2-methanol) . Three recrystallizations gave the ta, S a-epoxibe 

3.138 1.3 g 4 . 5  m o l ) ,  mp 220-221 OC, (Found C I  75.07; 8, 8.46. 

C1aHz403 requires C I  74.96; HI 8.39%) . 
'a of 3.138 ( C D C i , ) :  6 3.03 s ia, 4g-Ri, 0.92 (s, 3H, 13-Me). 

13c of 3.138 (aC13) : 6 20.78 (11, 35.74 (2). 205.62 (3). 61.72 

(4), 64.49 (51 ,  32.98 (61, 31.38 (71, 39.97 (81, 40.54 (91, 46.49 (IO), 

27.26 (Il), 25.63 (121, 47.74 (131, 50.09 (141, 21.68 (15), 36.30 (161, 

220.38 (171, 13.79 (18) . 

4a,Sa-gp~emtr-l-.nr-3,17-dioae 3 . U r  and 3.151 

A stirred mixture of diphenylselenium (34.33 mg, 0.11 mol), 

3-iodylbenzoic acid (1.01 g, 3.6 mol) , and camphorsulfonic acid (127.8 

mg, 0.55 mol) in TIIF (20 mL) was refluxed under argon for ca 10 min-, 

until the yellow solution became white, and then a solution of 

4p,S@-epoxy 3.13b (300 mg, mol) in l'HF (2 mL) was added. Mter 4 hr 

reflux, TLC showed two spots but no starting material. One of the 

spots, Rf= 0.28 (2Ot acetone-LP), was seen under W, the second one, R f  

= 0.18, was not detected under W. The reaction mixture was cooled to 

RT and the products extracted with CX2C12. The organic layer was washed 

with water, saturated NaHCO3, water, dried over Na2SOo, filtered, and 

evaporated to give a yellow residue (120 m g ) ,  which on FCC, on elution 

with 15% acetone-LP, gave non crystalline compound 3,lli (20 mg) and 

3.158 (30 mg). 



'a of 3-14. (CDC13): 6-74 (dd, J 5-3, 10.3, 1 1 5.98 (dtI J 

1-6, 1.6, 10-5, IH, 2 - H I ,  3-28 (t, J 1-6, IIf, 48-fI)I 2-71 (dd, J 5.3, 

10.9, lH, lOP-H), 0.88 (s, 3H, 13-Me). 

4$,5~-Ep~m8~-1-.n0-3,17-dionm 3.14b 

A stirred mixture of dipheaylselenium (34.33 mg, 0.11 mol), 

3-iodylbenzoic acid (1.01 g, 3.6 mol), and camphorsulfonic acid (127.8 

mg, O. 55 mol) in THF (20 mL) was refluxed under argon for ca 10 m i n . ,  

until the yellow solution became white, and then a solution of 
t 

4BI5B-epoxy 3.13b (280 mg, 0.96 mol) in TEfF (2 mL) was added. After 4 

lx reflux, TLC showed no starting material. The mixture was cooled to 

RT and CH2C1;2, water, and saturated NaHC03 added. After extraction 

with CH2C12, the organic layer was washed with water, dried over 

Na2S04, filtered, and evaporated to give a yellow solid residue (240 

mg) , which on crystallization gave 3 .llb (220 mg, 0.76 mol, 79.51) , mp 

213.5-216 OC (from Q12C12-EtOAc), (Faund C I  75.61; HI 7.78; CiSHt203 

requires C, 75.50; H, 7.74%). 

'S of 3.14b (CDC13): 6 6-72 (dd, J 10.6, 5.3 HZ, lHl l-H), 5 - 9 6  

(ddd, J 10.8, 1.6, 1.3 HZ, lH, 2-Hl, 3.25 (dd, J 1.51, 1.46, 0.95 Hz, 

lW, 4-H), 2.63 (dd, J 5.29, 5.28 HZ, TH, 10-KI, 0.95 (s, 3H, 13-Me), 

2.48 (dd, J 9.0, 8-33, 1H, 16B-H). 

"C of 3.14b (CDC13) : 6 125.25(1), 147.58 (21 ,  195.66 ( 3 1 ,  61.87 

( 4 ) ,  63.63 (51, 32.25 ( O ) ,  31.10 (71, 39.99 (81, 44.82 ( 9 1 ,  49.75 (IO), 

28.25 (11) , 26.22 (121, 47.64 (la), 51.12 ( 1 4 1 ,  21.65 (151, 35.48 (161, 

219.73 (l7), 13.81 (18). 

4 -Hy&oxymm tram 3.15. 

A solution of 4B, SB-cpoxyestr-1-ene-3,17-dione, 3.15b, (130 mg, 0.454 

mol) and ptoluenesulphonic acid (10 m g )  in benzene (15 mL) was 

refluxed under an argon atmosphere for 18 h. The mixture was diluted 



with ether (20 mL) and the organic layer washed with cold nter until 

neutral, 4% NaHC03, water, saturated NaCl ,  and dried over Na 2S04. The 

solution was concentrated under a Stream of nitrogea, and the product 

was obtained as a white precipitate. Evaporation of the solveat gave a 

creamy residue (80 mg, 0.28 mol), which on crystallization yielded 

3.151 (95 mg, 0.332 m l ,  73t), mp 261-263 OC (from benzene/EtOAc/2b 

CH3CWli), 1 .  , (il mp 260-265 OC, Fishman et al,, 1960; (ii) mp 

268-271 OC, Gelbke et al., 1973; (iii) mp 260 OC (dec. )  , Dwivedy et 

al., 1992) . 

h MdlZ of 3 . 1 5 r  (CDC13:CD300=1:1): 6 6.70 (d, J 8.77 Hz, III, 1-H), 6.66 

(d, J8.34HZ, lH, 2-Hl, 2.95 (dd, J17.45 HZ, 5.35B2, iH, 6g-H), 2.69 

(m, la, 6a-H) , 2.49 (dd, J 8.81, 8.83 Hz, lH, 16$-H), 0.93 (s, 3H, 

13-Me) . 

(lit., k NMR of 3 -158 (pyridine-ds) ; 8 7 .Id 1 -  , 6.8d (2-H) ; no J was 

given, Gelbke et al., 1973) . 
l i t .  'B of 3.15. (pyridine-ds): 6 7.10 (d, J 11.0, 1 ,  1 6.74 

( d l  ~ 1 1 . 0 ,  la, 2-a), 0.80 (s ,  3H, 13-Me); Abdel-Baky, 1983). 

13c oof 3.15. (CûC11:CD30D=1:1) : 8 116.67 (1). 112.73 ( 2 ) .  142.02 

(3), 142.39 (41,  132.45. (51, 23.83 (61, 32.04 (71, 38.44 (8), 44.67 

( S ) ,  124.37 (101, 26.46 (111, 36.42 (121, 43.49 (131, 51.01 (141, 22.04 

(151, 26.69 (161, 219.97 (l?), 14.97 (18). 

4-fIydroxyratronm diacatata 3.15b 

TO a stirred solution of 4-hyàroxyestrone (30 mg, 0.10 mmol) in CH2C1 2 

(3 a) was added DMAP (15 mg) and Ac20 (0.35 mmol). After 2 hr, 

methanol (2 mL) was added and the mixture stirred for 0 . 5  h and 

extracted with CH2C12. The organic layer was washed with saturated 

aqueous NaHCO3, water, àried, f iltered, and evaporated to give a solid 

residue of 3.15. (35 mg, 94t), mp 217-220 OC (from Et0~c-LP) (lit. , 



212 -5-215.5 O C ,  Gold and Schwenk, 1958) . 
'B of 3.15b (CDC13): 7.20 (d. J 8.6, lH, 1-Hl. 6.98 (d l  J 8.6. lH, 

2-H), 2.79 (dd, J 5.4, 17.5, lH, 68-H)t 2.60 (ddd, 3 6.8, 11.9, 18.6, 

lH, 6 0 - H l ,  2.49 (dd, J 8.8, 18.7, IfI, 1 6 B - H l ,  0.89 (s, 3H, 13-Me. 

13c lOls of 3.1Sb ( C D C l 3 )  : 120.05 (1). 123.42 (21, 130.67 (3). 138.98 

( 4 ) ,  140.10 (51, 23.50 (61, 25.51 (71, 37.24 (81, 44.09 (91, 140.15 

(IO), 25.62 (111, 31.41 (121, 47.74 (131, 50.22 (Id), 21.46 (151, 35-71 

(16) , 220.41 (17) , 13.70 (18) . 
\ 

4-Eydroxyastradiol 3.168 

(a) From 4 -hvdroxvestrone 3.158 : 

To a solution of 4-hydroxyestrone 3.151 (45  mg, 0.157 mol) in THF (3 

a) was added solid LiA1H4 (8 mg, 0 -21 mm011 . The mixture was stirred 

for 1/2 hr, when TLC showed no startirtg material, and then diluted with 

CHzC12 (20 a) .  The organic layer was washed with SI HC1, water, 

saturated aqueous NaHC03, water, dried, filterd, and evaporated to give 

a white residue which, in air, was rapidly oxidized to a creamy solid. 

~rystallization from benzene-ethyl acetate-2% acetic acid yielded 

creamy crystals of 3.16~~ (35 mg, 0.12 mmol, 77t), mp 235.5-237 OC 

resolidified and 253-260  OC (dec.), l i t  , mp 214-216 OC, Gelbke et 

al., 1973). 

NMR of 3.16r (CDC13:~DsOD=1:1): 6 6.64 (d, J 8.44 Hz, lH, 1-Hl, 6.61 

(d, J = 8.36 HZ, lH, 2-H), 3.68 (dd, J 8.41, 8.63 HZ, US, 170-HI, 2.89 

(dd, J 5.57, 5.56 Hz, 1H, 60-81, 2.61 (m l  ~ P - H ) ,  0.82 (s, 3H, 13-Me) 

(lit. 'H NMR of 3 .l6r (pyridine-ds) : 6 7.1 ( d l  ïH, 1-Hl , 6.8 (d, lH, 

2-H) , 3.9 (t, lH, 170-H) ; Gelbke et al., 1973) . 
13c of 3.168 (C13C13:CD-j0D-1:l): 6 116.64 (11, 112.49 ( 2 ) ,  142.02 

(31, 142.39 (4), 133.19 (51, 23.83 (61, 27.28 (71, 38.81 ( a ) ,  44.57 

(9)' 124.37 (IO), 26.82 (Il), 37-14 (12) 1 4 3 - 4 9  (13) , 50.48 (14) 1 23-42 



(15) , 30 -12 (16) , 81.79 (17) , 11.28 (18) : based on COSY-45 a d  HSQC (no 

reference for ' %) . 

(b) From 4-hvdroxvestrone 3.4-diacetate 3 -1Sb : 

A mixture of 4-hydroxyestrone 3,4-diacetate 3.15b (59 mg, 0.17 mmol) 

and LiAlH4 ( 2 0  mg, 0.53 mmoL) in THF (3  mL) was stirred for 0 . 5  h, when 

no starting material was detected by TLC, and then diluted with CHzclz 

(30 a). The organic layer was washed with SI HC1, water, saturated 
I 

NaHCO3, water, dried over Na2S04, filtered and evaporated to give a 

residue of 4-hydroxyestradiol 3.168 (33 mg, 0.11 mmol, 6 5 % ) ,  which was 

directly subjected to acetylation (see procedure for 3.16b). 

4 -Rydroxyer tradiol 3,4,17 e- trircotrto 3.16b 
(a) From 4 - hvàroxvestrone 3.151 : 
A solution of 4-hydroxyestradiol 3.16r (35 mg, 0.12 mmol), from the 

reduction of 4-hydroxyestrone 3.151, in CHzCl ( 3  mL) , was treated with 

Ac20 (1.5 mL, 16 mmol) and DMAP (15 mg) for 8 h, when no starting 

material was detected on TLC. Methanol (2 mL) was added, to destroy an 

excess of the reagent, and stirring continued for 0.5 h. The mixture 

was diluted with CH2C12 (20 mL) , and the organic layer was washed with 

water, saturated aqueous NaHCO 3 ,  water, dried over Na $O4, f iltered, 

and evaporated to give a residue (45 m g ) ,  which on crystallization 

yielded 3.16b (42 mg, 0.10 rnrnoï, 8 4 % ) ,  mp 204-207 OC (from 

CH2C1 z-MeOH) , (lit., mp 192-196 OC, no solvent given, Kirk and Slade, 

1902) . 

(b) From 4-hvdroxvestradiol 3.4-acetate 3.1Sb: 

A crude product of 4-hydroxyestradiol 3.16r (33 m g ) ,  from the reduction 

of 4-hydroxyestradiol 3, dodiacetate 3.1 Sb, was dissolved in CX2C1 ( 3  

a), and then treated with acetic anhyàride (1.5 mL, 16 rnmol) and DMAP 



(15 mg] . The mixture was stirred for 8 h, when TLC showed no starting 

material. Methanol (2 mL) was added, to destroy an excess of the 

reagent, and stining continued for 0 . 5  h, followed by the addition of 

CH2C12 (20 II&). The organic ïayer was washed with water, saturated 

aqueous Na 2C03, water, dried over Na2S04, filtered, and evaporated to 

give a residue (45 mg), which on crystallization with CH2C12-rnethanol 

yielded 3.16b (40 mg, 0.096 mmol, 88t), mp 204-207' C (from 

a2C12-MeOH) , (lit., mp 192-196' C I  no solvent given, Kirk and Slade, 
\ 

1982). 

'B of 3.16b (CDCls): 6 7.18 ( d l  8.6, lH, 1 -  6.97 (d, J 8.5. 1H, 

2-H), 4.69 (dd, J 7.8, 8.9, 17a-HI, 2-75 (dd, J 5 . 5 ,  17.3, lHI 6a-H), 

2.57 (m, l - H I  6g-H), 2.30 (s, 38,  4-OAc) and2.27 (s, 3H 3-OAc), 2.06 

(s ,  17B-OAC) , 0.82 (s, 3H, 13-Me3) (lit., Frisen, 1991; Rirk and Slade, 

1982) . 

13c of 3.16b: 6 123.51 (11, 119.93 ( 2 ) ,  140.03 (31 ,  140.07 (4), 

130.82 (5 )  , 27.55  ( 6 ) ,  26-28 (71, 37.52 (81, 44. 01 (91, 130.82 (IO), 

25.95 (111, 36.80 (12) , 42 -79 (131, 49.72 (141, 23 .23 (151, 23.68 (161, 

82.57 (17) , 12.00 (181, 20.32 (3-OCO_CH3), 168.1 (3-0ÇOCH3), 21.05 

(17@-0CO_CH3), 20.68 (4-0COp3), 168.6 (4-0COg3), 21.7 (17-0COCH3), 

171.11 (17-OCO-3) . 

For Scheme 3.14 

4 E, 5 E-~poxy.~drout.na-3,17 -dion. 3.98/3.9b 

(a) From testosterone 3 - 8  

To a stirred solution of testosterone 3.8 (100 mg, 0.347 mol) in 

acetonitrile (8 mL), cooled in an ice-water bath, was added an aqueous 

Na2EDTA solution (3 , 4%10-%) followed by the addition of 

1,1,1-trifluoxoacetone (4 mL) by a precooled graduated cylinder. To 



this solution was added in portions a mixture of sodium hydrogen 

carbonate (500 mg, mol ) ,  and OxoneR (1.2Sg, 4.07 mol) over 10 min 

(pH - 7 )  . After: 3 hz: of vigorous stirring, TLC showed no starting 

material. Water was added to the heterogenous mixture to dissolve the 

solid reagents, and the products were extracted with CH2C1 2. The 

organic layer was washed with water, dried, and evaporated to give a 

mixture of 3.9r/3.9b (100 mg, 0 . 3 3 1  mol,  95it), mp (TC) = 158-166 OC. 

~ h e  crystalline product consisted of the 4a, Sa- 3.9r and 4 8,s B-epoxide 

3.9b in the ratio, a: &4 : 1 based on the '8 NMR spectnim. 

(b) From andros tenedione 3 -10 

To a stirred solution of  androstanedione 3.10 (Ig, 3.49 nimol) in MeOH 

(100 a), cooled in an ice-water bath was added 4M NaOH ( 5  mL) followed 

by cold 30% H 2 0 2  (5  mt) . After 20 min, TLC showed no starting material. 
The mixture was poured into cold water and the products extracted with 

diethyl ether. The organic layer was washed with cold water, brine, 

dried, filtered, and evaporated to give a residue (900 mg, 2.98 mol, 

8 5 % ) ,  which consisted of the 4a,Sa- 3.9. and 4$,Sg-epoxide 3.9b in the 

ratio, a: P d :  4 based on .the 'H IWR spectrum. 



3.4.0 Syath08i8 of 4 -hydroxy.mtrono f rom 4 -chloto-4,s -epoxy- 

5~-rrtra-3,17-dionar via thamal rmrrraagameata 

Roaulta and Dimcwmion. 

~-Chloroestr-4-ene-3,17-dione 3 . 1 3 ~ ~  in 742 yield, has been produced by 

chlorination of a solution of the estr-4-ene-3,17-dione 3.12 in 

pyridine with sulfuryl chioride as described by Mori for the 19-methyl 

analogue (Mori, 1962) . Similar treatment of a solution of 3.12 in 

pyridine with a commercially avaiïable 1M solution of sulfuryl chloride 

in m 2 C 1  2 (Aldrich Inc. 1 also yielded 4-chloroestr-4-ene-3,17-dione 

3.X3c (al*), (Scheme 3 1 6 .  when diluted sulfuryl chloride in 

methylene chloride was used, the reaction was cleaner than with the 

aeat reagent . 
Both dimethyldioxirane (DMD) and 1 , 1 , 1- trif luosomethyl (methyl) - 

dioxirane (FMD; Mello reagent) were employed to introduce oxygen into 

the 4,s-double bond of 3.13~ (Bovicelli et al., 1992; Yang et al., 

1995) . For epoxidation of the 4-chloroketone 3 . 1 3 ~ ~  in which the 

double bond is deactivated, both by conjugation and by chlorine 

substitution, longer reaction time and more than a stoichiometric 

amount of the reagent were required compared w i t h  similar compounds 

without a 4-chloro substituent (Bovicelli et al., 1992). Initially, an 

attempt to epoxidize 3.13~ with DMD, was not fully successful. Even 

though excess of the reagent was used, the reaction was very slow, 

theref ore the more reactive Mello reagent was employed (Mello et al. , 

1909) . Treatment of a solution of 4-chloroestr-4-me-3,174ione 3.13~ 
in dichloromethane with 1,1,l-trifluoromethyl(methyl)dioxirane in 

trifluotoacetone distilled directly into the reaction flask, cooled to 

- 1 0 0 ~ ~  (Et 20/solid CO2) gave a mixture of the 4a, Sa- and 

4 8,s 8-chloroepoxides, 3.14~ and 3. Md, respectively. The chloro- a- 



m. p. 1 5 5 - 1 5 9 ' ~  m. p. 1 4 7 - 1 4 9  a n d  1 8 4 - 1 8 7 ' ~  

- a p o x y  2 4 . 5 %  

kosoc 2 4 0 ' ~  

O 
3.1Se 

Reagents: i ,  S 0 2 C 1 2 ;  f i ,  F M D ,  CF3COCH3, CH3CN and then FCC; i i i ,  

thermolysis at the indieated temp.. 4 min.; iv, A c 2 O .  DMCIP, CH2Cl2. 

Schama 3.16 Synthesis of the chloro-epoxides, 3 . 1 4 ~  and 3.14d, and 

their thermal a-halo-epoxide-carbonyl rearrangement products. 



epoxide 3.14~ was the major product t3.14~ (a) :3.14d(@) = 7:3] 

bycomparison of their 6 p - H  in the 'a N M R  spectntml . A low temperature 

distillation procedure for the preparation of these reagents uas 

tedious, therefore the more eonvenient generation of the Mello reagent 

in situ, was employed (Yang et al., 1995) . The law temperature 

distillation procedure gave a mixture of the a- and 8-chloroepoxides in 

a similar ratio; however, when FDM was generated in s i t u  the ratio of 

diastereoisomers showed pronouaced dependence on solvent (Table 3.2 ) . 

Use of a solvant consisting of acetonitrile/CF3COQ[:, (2:l) gave an 

epoxide distribution of 1:s. 0 in f a v o u  of the 4a, Sa isomer, while use 

of m 2 C 1  2/CF3COCH3 ( 5 0  : 5 0 )  solvent produced not only the 4a, Sa-isomer 

as a major product, but also the 48,s @ epoxide in a signif icant amount 

(1:2.4). 

Table 3.2 Diastereoselectivity in dioxiranes, DMD and FMD, 

epoxidations of 3.13~. 

Similarly, a solvent depeadence on diastereoselectivity in the 

epoxidation of glycols in the synthesis of 1,2 anhydrosugars (Chow and 

Danishefsky, 1990) and cyclohex-2-en-01 (Murray et al., 1995) was 

reported. 



Compourid 3.146. the B-epoxide, appeared to be quite unstable, 

apparently because of spontaneous rearrangement. During storage either 

at the ambiant temperature or at 5 OC, it changed its appearance f m m  

white to pink. rad. violet, and then black. The a-epoxide 3 . 1 4 ~  

appeared to be stable under the same conditions. gnergy calculations 

for the two isomers by PCmodel are in agreement with these 

observations. The a-epaxide 3 . 1 4 ~  is about 3.18 k c a l  mol'' more stable 

than its 8-epoxide 3.14d- A proposed mechanîsrn of the chloroalkene 

epoxidation is outlined in Scheme 3-17. 

I solvent cage U 

Scbvnu 3.17 Proposed mechanism of the epoxidation of the 4-chloro- 

estra-4-ene-3,17-dioae. 



The mechanism involves a single electron abstraction from the 

4,s-double bond on the a-face by the ditadical dioxiréae to produce 

either a diradical species or the tight ion pair, a cation radical and 

an anion radical. A diradicaï species as well as the pair of anion 

radicals and cation radicaïs may react further in the solvent cage, to 

give the chloroepoxyketone 3 .l4c. A similar reaction caa occur on the 

B-face to give the 4g,S&epoxy isomer. However, when the anion radical 

of dioxirane escapes from the cage and has a long enough life time, it 

may approach the cation radical from the a-face. This would explain 

the remarkable diastereoselectivity observcd. Single electroa transfer 

is more rapid than the usual oxygen-trarrsfer oxidation of the intact 

dioxirane, which is a two-electron transfer process. 

Unlike the pair of unsubstituted 4,s-epoxides 3.13r and 3.13b 

differentiation between the structures for the chloro-4E,S&epoxides 

3.14~ and 3.146 was not possible from NMR data because of the lack of a 

proton at C-4. Confirmation of the stereochemistry assigned to the 

4a.Sa-epoxide 3.14~ was obtained by X-ray crystallography establishing 

the stereochemistry of both isomeric epoxides 3.14~ and 3.14d (Figure 

3.1) . A summary of the .crystal data and structure ref inement details 

for the structure determination of 3.14~ is given in Table 3.3. 

It was observed that conditions of thermolysis (temperatuse, a 

sealed tube) greatly af f ected formation of products, Scheme 3 -16. 

Dependence of temperature on formation of thermolysis products is shown 

in Table 3.4. Themolysis of a mixture of 4-cUoro-4E,SE-epoxides, 

3.14~ and 3.14b. at 165 OC, in a sealed ampoule, yielded three products 

4-hydroxyestrone 3.151, 4-hy&oxyestr-4,6-diene-3,17-one 3.15c, and 

estra-5,7,9-triene-4 , 17-dione 3. Ise, which were separated by flash 

column chromatography (3.151: 3.1%: 3.150; 1.8 :2.6: 1) . 



Tablm 3.3 Czystallographic data for 4p-chloro-4,s-epoxy- 
Sa-estra-3,17-dione 3.14~. 

Fozmuïa Cl 8H2303Cl 
K r  322.83 
T ( 'KI 299 
Crystal S i t e  (mm) 0.45 x 0.30 x 0.25 
Crystal S y s t e m  Orthorombic 
~pace ~ r o u p  P 2 ~ 2 ~ 2 ~  (no.19) 
CeZl Dimensxong: 

a/A 11.953 (21 
b/A 18.644 (2) 
c/A 7.2521  (2 )  

a, B, Y ( " 1  90/90/90 
ce11 VO~UUW?/A~ 1616.1 (6 )  
z 4 

Dcalc/g cmo3 1 .327  
F (000 )  6 8 8  
A/A (MoRa) O .  71069 
r ( n o i c a ) / ~ * '  2 . 4 3  or cm-1) 
8 min. and max. ( " 1  9.08-23 .39  
2 0   ma^. ( 0 1  5 0 . 2  
independent R e f  lectioas 1699 
Observed Reflections ( 1 . 2 . 0 0 a ( I ) )  1344 
Funct ion  Minimized 
L e a s  t -square Weights 
R 
R v  

'~stimated standard deviations in parantheses refer to the las+ digit. 

Piguro 3 Z X-Ray moleculax structure of r&chloro-4,S-epaxy- 

Sa-estra-3,lf-dione 3.14~ 



Tabla 3.4 ~roducts' of thermolysis of compounds 3.14~. 3.14d. and their 

mixture (3.14c+3. M d )  : 

3.14~ 4a, 5 a-epoxide 180 35 33 32 
4 4a,Sa-epoxide 205 53 - - 47 
3 . 14d 4 8, S B-epoxide 162 32 41 27 
3.l4d 48,fB-epoxide 240 59 - - 41 
3.14c+3.14d 165 33 33 33 
3.14c+3. l4d 240 56 - - 44 

' themolysis conducted in a sealed tube 
ratio of products determined based on their 'H N M R  speetra 

The NMR spectra ('H and c of 4-hydroxyestrone 3-14. were in 

agreement with the sample reported above. A separate thermolysis 

reaction of chloro-a-epoxide 3.14~ at 180 OC, in a sealed ampoule, 

followed by acetylation of the crude product, again gave three 

eompounds (3.lSb:3.15d:3.lSm; 2.2:3:. Similar thermolysis of 

chloro-a-epoxide 3.14~ at 205 OC, followed by acetylation of the c ~ d e  

product and separation on FCC furnished two products (3.15b : 3.1%; 

1.4: 1) . Themolysis of chloro-8-epoxide was performed at 162 OC and 

240 OC and yielded, respectively, three (3.15a:3.1Sc:3.15a; 1.8 : 1.9 : 1) 

and two (3.15a:3.15d; 2.4 :l) products. Their ratio was detemined by 

comparison of the appropriate peaks in their 'B NMR spectra (see the 

experimental part) . 
In conclusion. themolysis o f  the chïoro-4a,Sa-epoxide 3.14~ or the 

chloro-48,58-epoxide 3.146  or their mixture. 3.14~ and 3.146. conducted 

in sealed tubes at 50-60 OC above their rnelting points, produces two 

aromatic compounds: 4-hydroxyestrone 3 1 4  and estra-5.7.9-triene- 

4,17-dione 3.1Sm. On the other hand, thermolysis of 3 .l4c or 3 .l4d or 



a mixture of 3. M c  and 3 . l4d in a sealed tube, but conducted just 20 - 
30' C above their melting points, gives one product more, 

4-hy&oxyestra-4,6-diene-3.17-dione 3.15~~ ia addition to the two 

aromatic compounds 3.15a and 3 .lSœ. 

4-Hydroxyestra-4.6-diene-3,I7-dioae 3.15~ was identified by 

cornparison of the 'H and "C NMR spectra with those of the 10-Me 

analogue previously reported (Templeton et al. , 1988 1 . The structure 

of 3 .Ise was established from 'II and NMR, IR, EIMÇ, and elemental 

analysis as follows. In the 'Ei N M R  spectrum a pair of doublet signals 

at 6 7.11 ppm ( J H ~ - H ~  882) and 8 7.94 ppm ( J H ~ - H ~  8 ffi) Were assigned, 

respectively, to the C-6 and C-7 aromatic hydrogens of ring B. 

Downfield shift of the signals of 1 pprn from the n o m l  aromatic region 

can be attributed to the presence of the carbonyl group at C-4. The 

13c N M R  spectra of 3.150 showed the presence of seven wthylene. three 

methine, and seven quaternary carbons. Two quaternary carbons at 6 

219.21 and 8 198.39 were assigned to the (2-17 and C-4 carbonyl groups, 

respectively. The '8-'8 and 'K-'~C correlation was assigned by COSY and 

HSQC analysis . The IR spectrum showed an unsaturated carbonyl group 

(1660 cm-'). consistent .with a conjugated ketone, and aromatic bands 

(1658, 1591, 1575 cm") . The elemental analysis confirmcd a structure 

of C l 8 H z o O 2 .  The electron ionizatioa mass spectra (EIMS) showed the 

molecular ion, M.+ 260, as the base peak. The major ions in the high 

mass spectral region are as follows: m/z 253 ( 7 ) ,  240 (141, 226 (42). 

212 (65 .51 ,  211 (831, 197 (261,  198 (21), 199 (351, 184 (231, and 169 

( 2 6 ) ,  155 (35) (relative abundance is given in parentheses) . These 

ions arise from the competetive fragmentations of the molecular ions by 

decompositions of rings A, C l  and 0 .  Proposed fragmentations of rings 

A, C, and D are shown in Scheme 3.18. As outlined in Scheme 3.19, for 



the 1.2 disubstituted conjugated epoxyketone 3.14c, there are two 

possible ways for the epoxy ring opening, either at the a-carbon or the 

8-carbon. However, in L, the repulsive interaction between two positive 

s c h w  3.18 Proposed fragmentations of rings A, C and D of compound 

3.1Sa. 

centers will lead to a substantial increase in the energy of 

activation. On the other hand, in F, the repulsion between two of the 

positive centers is diminished as a function of the distance between 

them. Therefore, the energy of activation for the path involving 

opening toward the electron withdrawing gtoups (Pl will be less than 

fo r  the opening of the epoxy ring in the opposite direction (8).  Bath 



the 3-carbonyl group and the 4-chloro substituent contribute to the 

polar effect, which directs the epoxy ring opapipg. Possible 

rearrangement mechanisins of the chloroketones 3.14~ and 3.14d based on 

the product detemination are proposed in Schemes 3.20-3.23, 

sch.nu 3.19 Possible ways of ring opening of l,2-diconjugated ketone 

3.14~. 

Thermolysis at 248 OC of the diene 3 .lSc gave neither the catechol 

3.15a nor the aromatic derivative 3.151 suggesting that it is not an 

intermediate in the formation of either 3 .lS8 and 3.150. However, the 

lack of a IlCl molecule which involved an initiation of the 

rearrangement process should be taken into consideration. 



sehama 3.20 Proposed mechanism of formation of the intemediates O and 

a via chlorine rearrangement from C-4 to C-5 (E in kcal/mol) . 



1 1 , 2 - h y d r i d e  s h i f t  

LOB-H + c-s 

schanm 3 -21 Proposed mechanisrn of formation of intermediates of 1 and 

J, the precursors of 3-15. and 3 .  l S a ,  via 1,2 hydride shift o f  I O @ - H  to 

C-S. 



H - HO 
HO tautom. OH 

Schama 3.22 Proposed mechanism of the formation of 3.1Sb ( 6 - K  and 7-H 

elirnination) and 3.15. (6-EI, 7-H, 88-fI, 9a -H,  and 10p-H eliminations) . 



p a t h  bl + WC1 p a t h  b2 

Sc&- 3 .a3 Proposed mechanism of the formation of 3.151 (10B-H, 2-H, 

and 1-H eliminations) and 3.150 (108-Lt, 90-H, 88-H, 7 -8 ,  and 6-H 

eliminations) . 



3.41 s u m u y  

1. Themolysis of either ~B-chloro-4,5-epoxy-5a-estra-3,i7-dione 3.14~ 

or 4a-chlor0-4,5-epoxy-5~estra-3,17-dione 3.  M d  or their mixture 

in a sealed tube at 50-60 OC above the melting point of the ppure 

compounds , produces two aromatic compounds : 4 -hydroxyestrone 3.158 

and estra-5,7,9-triene-4,17-dione 3.15.. 

2 .  Themolysis of either 4~-chlor0-4,5-epoxy-Sa-estra-3,17-dione 3c or 

4a-chloro-4,S-epoxy-~est~:a-3,17-dione 3.14d or their mixture in a 

sealed tube at 20-30 OC above the melting point of the pure 

compoun&, produces a third compound, 4 -hydroxyestra-4,6-diene- 

3,17-dione 3,15c, in addition to the two aromatic products, 

4-hydroxyestrone 3.1Sa and estra-5,7,9-triene-4,If-dione 3.150. 

Aromatase inhibition properties of 3.15~ and 3.1Sd are suggested to 

be evaluated. 

3 A new compound estra-5,7,9-triene-4,17-dione 3-15., with aromatic 

ring B, has been obtained. Its biological evaluation for 

estrogenic activity has been suggested. 

3.42 Exparimratal for Sch- 3.16 

4-Chloro~mtr-4-mnm-3,17-dionm 3. lac 

Chlorination of 3.12 with neat S O f i 2 i  

To a stirred solution of estr-4-ene-3,17-dione 3.12 (3 . O  g, 11.0 m o l )  

in dry pyridine (15 mL) , cooled in an ice-water bath, was added over 10 

min, fxeshly distilled sulfuryl chloride (1.8 mL, 22 mol, 2 eq. ) . The 

mixture was stirred at ambient temperature for 2 h to allow dichloro 

products to be converted to the desired compound 3 -16, and then the 

mixture was poured into cold SI HC1 (400 mL) and stirred for 1/2 hr. 

The products were extracted with diethyl ether. The organic layer was 



washed with 101 HC1 (2x1 , cold =ter (2x1 , saturated aqueow NaIIC03 

(2x) , uater wtil neutral, brine, dried over Na2SOs, filtered, aad 

evaporated to yield a creamy residue which on flash chromatography, on 

elution with 2 5 t  EtOAcr gave fractions o f  4-chloroketone 3.13~ (2.5 g, 

8-14 nimol, 741) , mp 172-180 OC. Three recrystallizations gave 3.13~ 

(2.4 g, 7.8 m m l ,  71b), mp 180-182 OC (from CH2Clz-MeOH) . 
The and NHR spectra of 3.13~ are given bclov. 

Chlorination of 3.13~ with 1 M S O S ?  in m a 2 :  

To a stirred solution of e~tr-4-ene-3~17-dione 3.12 (2.02 g, 7.4 rnmol) 

in dry pyridine (20 mL), cooled in an ice-water bath, was added, by 

syringe, 1M S02C12 in CH2C12 (14.88 mL, 2 eq.) over 15 m i n .  The 

mixture was stirred for 1 hr at O "C and then for 2 hr at room 

temperature, when no starting material was detected on TLC. The 

mixture was poured into a cold 5% HCl solution (300 mL) , and the 

products were extracted with diethyl ether. The organic layer was 

washed with water, saturated NaHCO3, water, àried, filtered, and 

evaporated to give a creamy residue (2.6 g), which on FCC, on elution 

with 20% EtOAc-LP, gave fractions of 3.13~ (1.74 g, 0.06 mol, 81%), mp 

180-182 OC (from CH2C12-MeOH), (Found: C, 70.24, HI 7 . 5 2 ,  Cl, 11-69. 

ClsH23C102 (MW 306.836) requires Cf 70.46; H, 7.55; Cl, 11.55%). 

'B m of 3.13~ (CDC13) :  6 3.41 (ddd, J 1.8, 2.4, 14.8 HzIIH, 60-Hl, 

2.65 (ddd, J 4.30, 4.61, 16.22 HZ, 1EI, 7a-ET, , 2.49 (dd, J 8-81, 8.83 

Hz, lHf 168-8) . 0.94 (s, 38, 13-Me) . 

l 3 c = 0 f  3.13~ (CDCl,): 625.63 (1). 36.91 ( 2 ) .  190.89 ( 3 ) .  127.49 

(4), 159.39 (51 ,  31.81 (61, 29.23 (71, 39.63 (81, 42.31 (91, 44-68 

(IO), 25.39 (Il), 31.26 (121, 47.63 (13), 50.06 (141, 21.60 (15), 35.71 

(l6), 219.99 (171, 13.79 (18). 



(a) moxidation of 3. l J c  with Me110 reaaent at -78 OC: 

1.1, 1-Trifluoromethy(methy1) dioxirane solution (0.5-0.8 M l,l, 1-tri- 

fluoro-2-propanone in CP3COCH3; 12 mL, 6.0 - 9.6 mol) was directly 

distilled h t o  a reaction flask (low- temperature distillation, -75 to 

I -lOOOc) contahing 4-chloroestr-4-ane-3,17-dione 3.13~ (0.5 g, 1.63 

mol) in dichloromethane (10 mL) at ca -100 OC (Et 20/s01id CO2) - The 

organic mixture containing NazSO4 (500 mg) , was allowed to stand at 

-15 'C in the dark, until no further change (75 h.) was observed by TLC. 

However, because of the presence of the unreacted starting material 

3.13c, after filtration and evaporation of the solvent. the epoxidation 

process, with f reshly prepared reagent (12 mL) , was repeated. After a 

further 75 hr, under the same reaction conditions, TLC showed oniy a 

trace of the starting material. Filtration and evaporation of the 

solvents yielded a yellow residue containing 4a, Sa- 3 . 1 4 ~  and 

4 8,s 8-epoxides 3.14d ( a: 8 = 1 : O. 72, estimated from the 'H NNR spect- 

or a: @ = 1 : O. 47 estimated from PCC fractions) which on FCC on elution 

with 15 - 25% EtOAc-LP, yielded fractions in order of their elution: 
( i) 48.58 -erroxide 3.146 (0.131 g) , which, af ter crystallization gave 

(127 mg, 0.393 mmol, 24.15.1, mp 147-349 OC and 184-187 OC (dec.) (from 

CH2Clt-MeOH), (Found: C, 67.06 ; EI, 7.23; Cl, 10.81. C18H2303Cl (MW 

322-8351 requires C, 66.97; H, 7.18; Cl, 20.98%); 

'H of 3.14d (CDCli)  : 6 2.49 (ddd, J 1.91, 2.35, 19.03 HZ, iE, 

68-H), 0.92 (s, 3H, 13-Me), 2.49 (dd, J 8.81, 8.83 HZ, lH, l6$-~). 

13c of 3.146 (CDC13): 6 16.91 (1). 31.86 2 196.38 ( 3 ) .  82.11 

( 4 ) ,  71.67 ( S ) ,  28.31 (61, 30.36 (71,  40.15 ( a ) ,  44.17 (91, 41.10 (101, 



21.69 (111, 35.65 (12), 47.74 (l3), 50.03 (141, 2 5 - 6 2  (151, 31-08 (X), 

219.77 (lï), 13.90 (18) - 
(ii) rE,S€-erroxides 3.14c/3.14d (0-30 mg, 0.093 mmol, 5 . 7 3 )  and 

(iii) 4 a .  5a-ewuxide 3. f4c (281 mg) which after crystallization gave 

(275 mg, 0.852 -1, 52.3%) mp 155-159 OC (frorn CH2Clz-MeOKl . (Found: 

C, 67.01 ; H I  7.20; Cl, 10.77 C r a H 2 3 0 3 C I  (MW 322-6351 requires C, 

66.97; HI 7.18; Cl, 10.98t); 

lfI 111111 of 3.14~ (CDClo): 6 2.65 (ddd. J 2.02. 2.46, 19.24 Hz, LB, 

SB-81, 2.49 (dd, J 8.81, 8.83 HZ, lH, 168-H), 0.93 (s, 3K, 13-Me). 

"C of 3.14~ (CDC11): 6 20.61 (11, 35.71 (2). 195.89 (31, 82.56 

( 4 ) ,  69-65 (51 ,  27.27 (61, 29.56 (71, 39.47 (81, 46.18 (91, 41.27 (IO), 

21.62 (Il), 31.29 (121, 36-25 (131, 49.95 (141, 25.50 (151, 31.29 (16), 

220 -15 (17) , 13.78 (18) . 

(b) E~oxidation of 3.13~ with Mello reaaent in s i t u  at 5 OC 

To a stirred solution of the 4-chloroketone 3.13~ (1.0 g, 3.26 mol) in 

acetonitrile (50 m L ) .  eooled in an ice-water bath, was added aqueous 

Na2EDTA solution (20, mL. 4 x 10" H) followed by the addition of 

1,1,1-trifluoroacetone (25 II&; bp 22 OC) ia a precooled graduated 

cylinder. To this solution was added a mixture of sodium hydrogen 

carbonate (15 g, 0.183 mol) and OxoneR (25 g. 0.08 mol1 over a period 

of 1 h (pH = 7). After 24 h, TLC showed still the presence of the 

startfng material 3.13~. Therefore, the heterogenous mixture was again 

treated with the same amouat of the above seagents. Aithough after 24 

h, TLC still showed the presence of the chloroketone 3.13~ (starting 

material), the reaction was tenninated. The heterogenous aiixture was 

poured into water (150 a), and products were extracted with 

dichloromethane. The organic layer was washed with water, dried over 



NatSOd. filtered, and evaporated to give an oily residue which on PCC. 

on elution with 15-252 EtOAc-LP. yielded fractions given in ordes of 

their elution: the cblom-48, SB-epoxide 3 -146 (60  mg, 0 -186 mol, 6%) , 

the chlom-ta,Sa-epoxide 3 . 1 4 ~  (360 mg, X.12 mol, 3S%), and the 

starting material, 4 chloroketone 3.13~ (70 mg, 0.23 mol ,  7 %  mp 

180-182 OC. 

t A. T h e - l v s i i  of c h l o r a - 4 , 5 - o m ~ i d r 8  in a roCLed tube: rrtia of 

p+oducta detmrniinad buod  on the % s~rctra. 

(1) Thennolvsis of 48-chloro-4.5-e~oxv-~a-estra-3.17-dione3.l4c: 

com~ounds 3 . 1 5 8 .  3 . 1 5 ~ .  and 3.11.. Thermolysis of the ~ a ,  Sa-epoxy 

3 . 1 4 ~  (220 mg) in a sealed ampoule at 180°c gave tbee products : 

4-hydroxyestrone 3 .158  ( 3 5 t 1 ,  4-hydroxyestra-4,6-diMe-3,17-dione 3.15~ 

(32%) , and estra-5.7,9-triene-3,17-dione 3 -15. (32%) based on their 'H 

N M R  spectra. The mixture was then acetylated (see below) . 

comounds 3.15.  and 3.15.. Thermolysis of the same compouad 3 .  l l c  (120 

m g )  , under the above conditions, but at a higher temperature, 205°~, 

yielded only two products: estra-S. 7.9-triene-4.17-dione 3 -150 (40.5%) 

and 4-hydroxyestrone 3.15. ( 5 0 % )  , based on their 'H N M R  spectra. The 

mixture was further acetylated (set below) . 

(if) Thennolvsis of ~-chloro-4.5-e~o~-58-estra-3,17-dione 3.14d: 

Comounds 3-15.. 3 - 1 5 ~ .  and 3 . l S r .  Tharmolysis of the Q$, SB-epow 

3.146 (10 mg). in a sealed melting point tube at r 6 2 ' ~ ,  gave three 

products: 4-hydroxyestrone 3 . 1 5 8  (3221, 4-hydtoxyestra-4,6-diene- 

3,17-dione 3 . 1 5 ~  (4lt), and estra-S,7,9-triene-4,17-dione 3.150 (21%) 

based on their 'SI NMR spectra. 



Comaounds 3.15a and 3.1% - Thermolysis of 3.14d (10 mg) , under the 

above conditions but at higher temperature, 246 gave only two 

products: 4-hydroxytstrone 3 a (362) and estra-S,t, 9-triene-4,17- 

dione 3.15. (29%) based on their 'H NMR spectra 

(iii) Thennolvsis of a mixture of 4 E-Moro-4,s-enoxv-%-estra-3.17- 

dione 3 .Mc and 3.14d: - 
Comounds 3 -1Sa. 3.15c, and 3 .Ise. Thermolysis of a mixture of the 

I 

chloro-4E, SE-epoxides, 3.14~ and 3.14d, (570 m g ) ,  in a sealed ampoule 

at 165 OC, gave three products: 4-hyâroxyestrone 3.158 (33%) , 4-hydro- 

xyestra-4,6-diene-3 ,l7-dione 3.1% ( 3 3 % ) ,  and estra-5,7,9-triene-4,17- 

dione 3.15. (33%) based on their 'H NMR spectra. 

Comounds 3.1Sa and 3.15.- Thermolysis of a mixture of the chloro-46, - 
SE-epoxides, 3 . 1 4 ~  and 3 .  M d ,  (295 mg) , in a sealed ampoule at 240 OC, 

gave two products: 4-hydroxyestrone 3.151 ( 5 5 3 )  and estra-S,7,9- 

triene-4.17-dione 3.15m (442) based on their 'H NMR spectra. 

B. Thmrmolvmi8 of 8 mixture of 4 E-chloro-4,s -mmolcy-5 E-..trr-3, X7 -dion* 

3 . 1 4 ~  irrd 3.14d: ratio dmtorrirfnmd rftmr 

(i) 4-hy&ony.atrona 3.158, 4-hydroxyoatr8-4,6-~~a-3,17-dionm 3.15~~ 

and astrr-S,7,9-tti.ino-4,17-dfonm 3.15. 

A mixture of the cùloro-4EfSE-epoxides, 3.14~ and 3.14d, (570 mg, 1.77 

mmol) , in a sealed ampoule, was immersed in an oil bath preheated to 

165 OC urttil effervescence ceased (5 min) . The crude product on FCC on 
elution with 10% EtOAc-LP, gave fractions : 4-hydroxyestrone 3.15. (110 

mg, O. 41 mol, 23.3%) , 4-hydroxyestra-4,6-diene-3,lf -dione 3.15~ (170 

mg, 0.594 mmol, 33.521, mp 234-23s OC tfroin CH2C12-EtOAc), (Found: C I  



75.16; 8, 7-14. C18B2203 (MW 286.374) require Cf 75-49; H, 7-74), and 
C .- I 

estra-5,7, 9-triene-4, 17-dione 3.150 (60 q, 0-223 mol, l3*), mp 

'If of 3.15~ ( C D C l s ) :  6 6.78 (dd, J 2.87, 9-88 Hz, ls, 6-Hl, 6.23 

(s, lH, 4-08), 6.15 (dd, J 2.08, 9.84 HZ, 1-8, 7 0.96 (s, 3H, 

13-Me) . 
13c NUR of 3.15~ (CDCZ3) : 6 24.55 (1). 26.51 (21, 194.22 (3) r 129.11 

I 

lH, 7-H) , 3 -01 (dd, J 12 -44, 5.92, UI, 14a-H), 0.75 (s, 3H, 13-Me) . 

13c 10(R of 3.15. (mCl3): 38.44 (l), 22.52 ( 2 ) .  24.22 ( 3 1 ,  198.39 (41, 

134.16 ( S ) ,  123.45 ( 6 ) ,  125.07 (71, 142.84 (8), 143.35 ( 9 ) ,  131.36 

(ii) 4-hy&oxymstroae 3.151 and astri-S,7,9-trioaa-4,17-dfono 3 - 1 5 .  

A mixture of the cfiloro-4Sf SE-epoxides, 3 .Mc and 3 .Md, (295 mg, 0 .SI4 

mol), in a sealed ampoule, was icrnnersed in  an oil bath preheated to 

240 OC until effervescence ceased (5 m i n )  . The crude product, on PCC 

on elution with 10% EtOAc-LP gave fractions: 4-hydroxyestrone 3.15a ( 5 0  

mg, O. 173 rnmol, 19%) , and estra-5,7,9-triene-4,17-dione 3 .%Sa (70 mg, 

0.26 mol, 2 8 . 5 + ) ,  mp 128-130 OC (from CH2C12). 



C. r h o ~ l v 8 i r  of r n i i x t u r m  of 4 €-chlo~o-4,5-rno~-5 E-oatrr-3,17 -dion. 

3 . 1 4 ~  .ad 3.14d undet rmduced ~resawo: ratio of ~roducts deternined 

after FCC. 

4-hydroo~yaitrona 3.158 and 4-hydroxy.8trr-4,6-di.pa-3,17-di09e 3.15~ 

A f lask containiag a mixture of 3.14~ and 3.14d (114 mg, 0 . 3 5 3  aaaol) , 

attached to a water pump, was immersed in an oil-bath preheated to 

230°c  until effervescence ceased (4  m i n ) .  The brown residue on flash - 
x 

chromatography, on elution with 2 5 %  EtOAc-LP, gave fractions: 

4-hydroxyestrone 3.158 (18.2mg, 0.063 mol, lB%), mp 263-265 OC (frorn 

ACOE~-C!HC~~-~* CH3COOH), [lit., ( i l  mp 268-271 OC,  Gelbke et al., 1973; 

(ii) mp 266-270 OC dec., from benzene-methanol, Fischman ec al., 19601, 

and 4-hydroxyestra-4,6-diene-3,17-dione 3 1 5  (57.4 mg, 0.2 mol, 

5 6 . 6 1 . )  , mp 234-235 OC (from CH2C12-EtOAc) . 

(i) 4-Sydroocymmtzono 3,4-diacotata 3.1Sb, 4-trydroxymatra-4,6-diona- 

3,17-dioaa 4-rcatato 3.lSd and Emtr8-5,7,9- txiano-3,17-diona 3.1% 

The chioro-a-epoxide 3.13~ ( 2 2 0  mg, 0 . 3 5  mol) , in a sealed ampoule, 

was innnersed in an oil bath preheated to 180 OC until effervescence 

ceased (ca 4 min) . The product in CH 2Clz (20 mL) was treated with Ac 2 0  

(1.8 mLi) and DMAP (10 mg) for 2 h, when no starting material was 

detected by TLC. The reaction mixture was treated with methanol (2 mL), 

to destroy excess reagent, and thta poured into water. The organic 

layer was washed with water, saturated sodium bicarbonate, dried over 

Na2SOo, filtered, and evaporated to give a glassy residue, which on 



flash chromatography, on elution with 30-Sot EtP-LP, yielded 

fractions : ( il 4-hydroxyestrone 3, &diacetate 3.15b (40 mg, O. 11 mol, 

1 . 4 ,  mp 217-220 OC (from E ~ O A C - - 1 ,  (Faund: C, 71-26; H, 7 - 0 6 .  

~ ~ ~ ~ ~ ~ 0 5  (MW 370.449) requires C, 71.33; H, 7.071, (lit., 212.5-215.5 

OC, irom benzene-cyclohexane, Gold and Sehwenk, 1958) , ( ii) 4-hydroxy- 

estra-4,6-diene-3,17-dione 4-acetate 3 . lSd (44 mg, O. 144 mol, 41 - 3 % )  , 

mp 216-218 OC (from CH2C12-EtOAc) , (Pound: C, 73.08; H, 7.46; C2&2404  

% (MW 304.39) requires C, 73.15; H, 7.37*), and (iii) estra-S,7,9- 

triene-3,l'l-dione 3.1Sa (20 mg, 1 4 % ) ,  mp 128-130 OC (frorn Cn2C12)  . 
and 13c BlXR of 3. lSb, 3 . l S d ,  and 3 -15. see above. 

(ii) 4-Bydroxymstr~ao 3~4-di.c~trt0 3.15b and Eatra-S,7,9-triaa- 

3,17 -diona 3.1s. 

The chloro-a-epoxide 3.14~ (120 mg, 0.372 mmol) , in a sealed ampoule, 

was immersed in an oil bath preheated to 2 0 5  OC wtil effervescence 

ceased ( ca 4 min. . The products dissolved in CH 2Cl  2 (10 mL) were 

treated with acetic anhydride (1 mL) and DMAP (11 m g ) .  After 2 hr, n c  

showed no starting material, and the reaction mixture was quenched with 

methanol (2 mL) to destroy excess reagent. The mixture was pouted into 

water and the organic layer washed with water, dried over Na2S04, 

filtered, and evaporated to give a glassy residue which, on flash 

chromatography, on elution with 4S-80% Et 20-LP, yielded fractions : ( i) 

4-hydroxyestrone 3,4-diacetate 3.15b (40 mg, 0.11 mol, 29.6% ) ,  mp 

217-220 OC (from EtOAc-LP) , l i t  , 212 .5-2lS-S OC, from benzene- 

cyclohexane, Gold and Schwenk, 1958) and (ii) estra-5,7,9-triene-3,17- 

dione 3.15. (40 mg, 0.15 mol, 1 9 . 6 t ) ,  mp 128-130 OC (from CH2C12) . 

h and 13c IJWR of 3.15b and 3.15. see above. 



B. Thormolymi8 of 4-~olcy08trr-4,6-df~m-3,17-diono 3.15~ 

~-Hy&c~estra-4,6-diene-3,17-dione 3.15~ (10 mg), in a sealed melting 

tube, was immersed in Wood8 s metal ( 5 0 )  Bi, 2 5 t  Pb, 12.5% Sn, 12 .S% Cd) 

preheated to 248 OC for 4 minutes to yield st&rt* material 3 . 1 5 ~  as 

identified by the 'H NMR spectrum. 





Introduction 

As indicated in Chapter 1, the concept of the 17a, 2la-cyclopropanol 

derivatives acting as irreversible inhibitors has been applied to t0a- 

and 20 B-hydroxy steroid dehyàrogenases . Synthesis of two C-17 steroid 

spirocyclopropanols , 20a- 4.13 and 20  B-hydroxy-l7a, 21a-cyclopregn- 

4-en-3-one 4.14 have been developed (Scheme 4.1, 4.1-4.14). As outlined 

in Scheme 4.1, the key synthetic steps in the total synthesis of 

compounds 4.13 and 4.14 from S-pregnaa-20-one-3@,21-diol 21-acetate 4.1 

involved preparation of the f ollowing intemediates : (i) the 

178-aldehyde 4.4; (ii) the 2O(&/Zl -silyl en01 ethers, 4-51 and 4.6.; 

and (iii) the silyl 17a12la-cyclopropanols, 4.7 and 4.8 .  

Two synthetic methods for 3~-hydroxyandrost-5-en-i7p-al 4.3. 

(21-norpregnenelone) have been reported. A f irst approach to steroid 

derivatives having the l7 @-aldehyde function involved a partial 

degradation of the C-17 side chain of pregn-5-erre-3@, 20,2l-triol with 

Hf04 in 1,4-dioxane (Miescher et al., 1940) or Na104 in methanol 

(Eberlein et al. , 1974 ; Gelbart and Thomas, 1978 1 . A second approach 

to the l7@-aldehyde 4.3 involved the reaction of androst-5-en- 

17-on-38-01 with Wittig reagent, methoxymethylenetriphecylphosphine, in 

DMSO tc give 17-methoxymethylene-androst-5-en-3~-01 followed by acid 

hydrolysis (Danishefsky et al. , 1975) . 
Our initial attempts to repeat the reported W i t t i g  synthesis were 

unsuccessful . Therefore, our attention vas directed toward the former 

approach, which involved a partial degradation of the pregnane C-17 

side chain. This method was also dictated by the availability of 



4 .  S b ,  
u 

4. sa, R - T B D M S  i 

Reagents: i, LiAlH4; ii, NaIo*; iii, Ac20,  DMAP; iv,  ~ t g ,  (a) 
TBDMS~OT~; (b) T'MiOTf; (c) TESiOTf; (d) i-PrsSiOTf; v, Zn-Ag, CH212 ,  
Et20; vf, 0 . 5  M KaE, MeOH; vif, Al(i-Prû)s, C6fIsMel cyclohexanone; 
viii, nBu4NF, THF. 

Schmmm 4 . 1  Synthesis of 200- 4.13 and 20~-hy&oxy-r7a,2ia-cyclo- 



a suitable starting material, 5-pregnane-20-one-3 P t  21-di01 21-acetate 

(from Griffon Seale) . Lithium aluminum hydride reduction of pregn- 

S-er;-2O-one-3 @, 21-di01 21-acetate in tetrahydrofuraa afforded the 

3~,20E,21-triols 4.2, which were, without separation, oxidatively 

cleaved with Na10 4-methanol to give 3 8-hydroxyandrost- 5-en-17 B-al 4.3. 

Acetylation of 4.3 with acetic anhydride and DMAP as catalyst in CR2Cl 

gave the desired intermediate, 3~-acetoxyan&ost-5-en-l7~-al 4.4. 

Our objective has been to synthesize the 20 (WZI -silyl en01 ethers 

4.Sa and 4.6r. Silyl en01 ethers have been proven tu be versatile 

substrates for a wide variety of synthetac purposes, including 

acylations (Fleming et al., 19831, aldol reactions (Murata et al., 

(1980) , alkylations (Mukaiyama et aï. , 1977) , brominations (Reuss and 

Hassner, 1974 1 , [4+S 1 cycloadditions (Danishef sky, 1981 1 , cyclopro- 

panations (Conia, 19751 , hydroborations (Larsen et al., 1975) , 

nitrations, and oxidative processes (Rubottom and Gruber, 1977; Ito et 

al., 1978). We were interested in synthesizing the 20(E/Z) -en01 silyl 

ethers 4.5a and 4.6a, with a view to prepsring the 17a121a-cyclo- 

propanes, 4.7 and 4.8, which were envisaged as the intermediates in the 

synthesis of the tatget cyclopropanols, 4.13 and 4 -14. Our efforts to 

prepare the exo 2 0  ( &/ 2) -silyl en01 ethers, 4 . S r  and 4.6. by procedures 

usually employed to obtain -do-silyl en01 ethers were unsuccessful, 

presumably, because of the elevated temperatures and/or basic 

conditions employed. Trimethylsilyl trif late has been used to produce 

silyl en01 ethets from aldehydes and variety of ketones under very mild 

conditions with a rate constant of l u 8  relative to trirnethylsily!. 

chloride (Emde et al., 1982) . However, because of the instability of 

trimethysilyl en01 derivatives towards chromatography as well as to 

solvolysis in protic media (in presence of either acid or base) , tert- 



butyldimethylylsilyl derivatives were selected in anticipation of 

greater stability. The tert-butyldimethylsi1yoxy group is ca 10 times 

more stable than trimethylsilyloxy group (Sommer, 1 9 6 5 )  . Although 

tert-butyldimethylsilyl triflate (TBDMSiOTf) had been applied with 

considerable success to the silylation of hindered alcohols (Stewart 

and Miller, 1980; Corey et al., 19811, in the formation of allylic 

silyl ethers from epoxides (Murata at al., 1979) , and to the formation 

of silyl en01 ethers of a wide range of ketones (Mander and Sethi, 

19841, there appeared to be no reports of the formation of en01 silyl 

ethers from aldehydes with this reagent. We have found that TEDMSiOTf 

with triethylamine furnished a mixture of the l7,2O (w2) - tert- 
butyldimethylsilyl en01 ethers, 4-58 and a ,  under very mild 

conditions and in high yield (4.51:4.6.; 3:2). Formation of the silyl 

en01 ethers, 4-58 and 4.6r, is stereoselective and provides a mixture 

favouring the 20 ( E )  oisorner 4-51, After separation of the silyl en01 

ethers, 4-58 and 4.6r, the subsequent steps toward the target compounds 

were conducted separately starting from each silyl en01 ether. 

Introduction of the cyclopropane function into the electron rich 

17~20-double bond of the silyl enal ether 4.51 was performed with the 

Simmons-Smith reagent. Efforts were made ta synthesize the 

17a, 2 la-cyclopropane derivative, 4.7, by employing a Zn-Cu couple and 

CH21 2 in diethyl ether. Initial experiments were not promising, since 

the Zn-Cu couple (Simmons and Smith, 1959) proved to be very sensitive 

to moisture. The use of the more reactive, moistwe insensitive, Zn-Ag 

couple (Denis et al., 1972) was mucb more effective. Preliminary 

experiments gave a satisfactory yield of compound 4.7 ( 4 S t 1 ,  and later, 

with an excess of the reagents, the reaction w e n t  to completion as 

determined by the 'H NMR spectrum. However, the use of Zn-Au couple 



(Wjgier-Baranowska and Pitura, 1992 1 proved to be excaebuigly 

effective and resulted in the conversion of 4.5. to 4.7 in 00-1002. 

The final stages of this synthesis involved deacetylation of 4.7 and 

4.8 under basic conüitiono - Oppenauet oxidation of 4.9 aad 4.10 with 

aluminium triisopropoxide, and desilylation of 4.11 and 4.12 with 

IiBum (Corey and Venkateswarlu, 1972) yielded 2Oa-hydroxy-17a, 21a- 

cyclopregn-4-en-3-one 4.13 and tO~-hy&oxy-17a.2ra-cyclopragn-r-ui- 

3-one 4.14. 

Remult8 urd Diacumion 

Syntheses of the 20a- 4.11 and 20 ~-hydroxy-17a,2îa-cyclopregn4 -en-3 -one 

4.14 isomers via the 178-aldehyde 4.4 and the E 4 -5  and Z 4.6. ) sil-y1 

enol-ethers are outlined in Seheme 4 . 1 .  The syntheses of 4.13 and 4.14 

commence with a suitable starting material pregn-S-en-2O-one-3B.2l-diol 

21-acetate 4.1, which after treatment with L m 4  in tetrahydrofuan 

gave a mixture of the 205,21-diols 4.2. Aïthough, it vas expeeted that 

L i A l H 4  reduction of the 20-keto group would result in a mixture of 200- 

and 208-alcohols. no attexnpt was made at separation. Overlap of the 

200-8 and 2Op-H protons in the H NMR spectm did not allow 

determination of the 2Oa;2Q$ alcohol ratio. The l7a-aldehyde group was 

generated by oxidative cleavage of the C20-C21 bond of 4.2 with Na101 

in methanol (Gelbart and Thomas, 1978) to yield compound 4.3, which 

after reaction with aeetic aahydride and DMAP as catalyse gave the 

3 8-acetylated 17paldehyde 4.4. 

The aldchyde function, in the 'X NMR spectnira, appeared as doublet 

at 6 9.84 ppm 20 = 3 Hz) . All attempts to prepare the tert-buty- 

Discussion between the author and Randy Pitura M.Sc. about 
improvement of the Sinnnons-Smith zeaction. 8. Pitura suggested the use 
of mereuric acetate [ tCH3C00) 2Hg] , while the author proposed gold 
acetate (CH3COOAu). 



ldimethylsilyl en01 derivatives 4.Sa/4.6a by using procedures described 

below were unsuccessful. when the 178-aldehyde 4.4 was treated with 

TBDMSiC1 and Et* (or imidazole) in DMF under reflux, a product showed 

on TLC w i t h  a R f  corresponding to the silyl en01 ethers 4.Sa/4.6a, 

However, before the starting material had been consumed the silyl en01 

ethers formed also decomposed. Presumably, the 20-silyl en01 ethers 

formed were unstable under the conditions employed and decomposed at a 

rate greater than the rate of formation. Similar treatrnent of the 

17p-aldehyde 4.4 with TBDMSiCl, imidazole in refluxing DMF or hexame- 

Tabla  4. I 'Il- 'H NOE uhancements of 20 ( E/ Zl -silyl en01 ethers, 4. Sa 

and 4-68, and 20 (a /p)  -silyl ethers, 4.11 and 4.12. 

Not available; overlaps with the SiMe2 signals 



I H 
4.Sa ( E )  

Schoma 4.2 Proposed mechanism of formation of the (E) 17,20-silyl 

en01 ether 4 . S I .  

thyldisilyl naphtalene, NaH, and 12 in benzene or TBDMSiCl and NaH in 

benzene under reflux or TEDMSiC1 and Na2S in C I f 3 C N  (Olah et al., 1979) 

were unsuccessful. However, treatment of an ice-water cooledsolution of 

the 17&aldehyde 4.4 and triethylamine in diethyl ether vith tert- 

butyldimethylsilyl triflate gave the expected mixture of the silyl en01 

ethers, 4.5. and 4.6r, in the ratio E : Z (1:0.37) based on comparison 

of their vhy l  20-H signals in the 'H NMR spectnvn of the reaction 

product. The structures of the silyl en01 ethess 4.5r and 4.68 were 

established by the NOE dif ference spectra (Table 4.1) . 
A proposed m e c h a n i s m  for formation of one of the 20 ( 6/21 isomers, 

the 2O(Q-si lyl  en01 ether 4.Sr, i s  shown in Scheme 4.2. Presumably, 

the reaction proceeds via  a s i x  membered transition state.  Initially, 



triethylamine reacts with TDMçiOTf ta fom the Nrealll reagent, 

[TBDMSi-NEtll *fa-, ( E d e  et ai., 1981) . This reagent, because of 

bulkiness, approaches the 17a-hydrogea and oxygen of the Ife-aldehyde 

from the less hindered a-side, yielding 4.Sr as the major product. on 

the other hand, approach of the CTEDMSi-NEt -f0' species, in similar 

manner, from the more hindered side must lead to a minor product, the 

20 ( Z) -silyl en01 ether 4-68. 

Treatment of the 17e-aldehyde 4.3 or 4.4 with silyl reagents having 

a different bulk, e-g. trimethylsilyl- ( m i )  or triethylsilyl- (TESi)  

or triisop~opylsilyl (iPr3Si)triflate gave a mixture of the 

17,2 0 ( 6/ 2 ) -  silyl en01 ethers with the ratio E: Z based on comparison of 

their vuiyl 20-H signal in the 'H NMR spectra (Table 4.2) . Bigher 

selectivity was obtained with the more bulky reagents. 

Table 4.2 'H NMR chemical shifts (8 ppm) of vinylic 20-H signals of 

17,S0 ( E /  Z) -silyl en01 ethers, 4.58-4 .Sd amd 4. Sa-4.6d, 

Silyl 20 ( E l  -silyl 20 ( 2 )  -silyl E: 2 r8ti O 

group a en01 ethers . en01 ethers 

-- 

a given in order of increasing bulk of the silyl group. 

The two Tf,20 (WZl -silyl en01 isomers, 4 and 4.6., were 

separated by crystallization. The major isomer 4. S r  crystallized f rom 

diethyl ether-methanol and after chromatographie separation of the 



mother lzquor the minor isomer 4.68 vas obtained. Cyclopropanation cf 

the silyl en01 ethers was accomplished with an organozinc compound, a 

carbenoid know as the Simwns-Smith reagent (Simono et al., 1964) . 

The reagent was generated by the reaction of üiiodomethaxe with zinc to 

give the organozinc compound, I C H 2 Z n I .  Preparation of the zinc is 

critical to good yie lds  in a Simmons-Smith reaction- The zinc surface 

must be activated. This can be achieved by production of zinc couples. 

Z n - A g  

$ c h u  4.3 Proposed mechaniam of formation of 3 8-acetoxy- 

2 0 0 -  tert-butyldimethylsiloxy-17a, 21 a-- 4.7 with a 

Simmons-Smith reagent . 



Three dif ferent couples. Zn-- (Simmons et al., 1964) , Zn-Ag (Denis et 

al., 19721, and Zn-Au were tested. Respectively, the yields of the 

cyclopropane compounds 4.7 were 0-L52, 452, and 80-1005 w h  Zn-Cu, 

Zn-Ag, and --Au couples were employed. Although the bast yield was 

obtained by using the Zn-Au couple, the cost of the reagent vas too 

high (AuOAc '200/1 g). Therefore, instead of the Zn-Au couple an excess 

of Zn-Ag couple was used. Cyclopropanation of 4.51 or 4.68 with 

ICEf 2ZnI yielded the cyclopropyl tert-butyldimethylsilyl ethers 4.7 or 

4.B as a single diastereoisomer. While the reaction proceeded, the 

reaction products were monitored by the 'H NMR spectnim, because both 

the starting material 4.5. or 4.61 and the Ita, 2la-cyclopropyl 

products, 4.7 or 4.8. respectively, h d  the same Rr on TLC. The 

addition of the CH2 carbene was stereospecifically syn, and a concerted 

mechanism (Simmons et al., 1964) is likely as shown in  Scheme 4.3. The 

high chemoselectivity observed in the conversion of 4.Sa or 4.68 to 4.7 

or 4.8, respectively, can be attributed to the faster rate of reaction 

of the electrophilic zinc carbenoid with the more electron-rich en01 

ether 17,20-double bond t h a ~  with the S,6-double bond. In fact, even 

with an excess of the reagents rwnocyclopropanation was only observed 

as determined by the 'H NMR spectnmi of the crude reaction products. 

selactive addition occurred Érom the a-face as shown by X-ray 

crystallographic analysis (Figure 4.1) and NOE di f  f erence spectra 

(Table 4.2; compounds 4.11 and 4.12). 

a-Face addition was expected to result from steric hindrance by the 

13-CH3 group, because of the traas conjunction of rings C and D. Of 

the two isomers, as observed by TLC and NMR, the Z isomer 4.68, in 

which the reaction was completed in 18 h, reacted more readily than the 

E isomer 4.5r, which required not only more reagent but also a longer 



Tabla 4.3 Crystaïlographic 

4-en-3-one 4.14. 

data for 20~-hydroxy-l7a,2la-qclopregn- 

Formula CtlH3002 

& 314.47 
T ( 'KI 298 
Crystal Saze (mir) 

Crystal System Orthorombic 
space ~roup 
Ce11 Dimensions : 

a/A 23-511 (3)' 
b/A 23.748 ( 3 )  
c/A 6.285 (6) 

a, B, T ('1 
C d 1  ~olume/~' 
z 
Dc a l c / 9  an-' 
F(000) 1376 
X/A (MoKa) 

~ ( n e ~ a ) / a - '  
8 m i r r .  and max. ( '1  
28 max. ('1 
Total Reflections 
Observed Reflections (1>2,00cr(f) ) 
Function Minimized 
Least-square Weights 
R 
R w  

'~stirnated standard deviations in paratheses refer to the last digit. 

? i g u r m  4 . 1  PLmO representation of the 2 0 ~ - h y d r : o ~ - r i a , 1 l a - s y c l o -  

pregn-4-en-3-one 4.14 structure. 



schuue 4.4 Intermediates in the ûppenauex oxidation. 

period of time (36 h) . Alkaline hydrolysis of the acetates 4.7 and 

4.8 gave the alcohols 4.9 and 4-10 ,  respectively, which on ûppenauer 

oxidation yielded the conjugated ketone 4.11 and 4.12. 

The proposed mechanisrn of the ôppenauer reaction is outlined in 

Scheme 4.4. Initially, aluminium triisopropoxide reacts with the 

3p-hydroxy group of compound 4.9 or 4.10 with elimination of isopropyl 



alcohol as a good leôving group. The real oxiâation reaction involves 

transfer of a hy&ide from the o w e n  substituted carbon atom of the 

steroid to a carbonyl group of cyclohexatnone. Three factors combine to 

make this reaction facile: (1) activation of the carbonyl group to 

cyclohexanone toward nucleophilic addition as a result of coordination 

of the Lewis acid (alumnium diisopropoxide-steroid species) ; (2) 

activation of the secondary C-H bond as a a donor, by the presence of a 

good leaving group, in this case the steroid substituent (steroid-O-=, 

which resembles -0-1 ; and (3 )  the opportunity presented by coordination 

within the complex shown in Scheme 4.4. Desilylation with a fluoride 

ion yielded the 200- 4 -13 and 20$-cyclopropanols 4.14. 

The structure of compound 4.14 has been confirmed by X-ray 

crystallographic analysis (Figure 4.1) . Crystallographic data are 

presented in Table 4.3. Of the two 200- and 20B-hydroxy-cyclopropyl 

isomers , 4.13 and 4.14, the 20a-hydroxy-cyclopropyl 4.13 was less 

stable in an aprotic solvent (CH2C121, presumably, because of 8-bonding 

occurring not only between two 2Oa-hydroxyl groups, but also between 

the 200-hydroxyl group of one molecule and the carbonyl oxygen of the 

second molecule. However, its epimer, the 20 p-hydroxy- l7a, 2la-cyclo 

4.14, having more hindered hydroxyl group, was more stable. Indeed, 

the X-ray analysis of the 20g-hydroxy isomer 4.14 showed that the 

distances between the 20E-hydroxyl group of one molecule and the 

3-carbonyl oxygen of the second molecule were in the upper limit of 

normal H-bonding (d 20@-0H.,.0~~(3) Ca 2 - 9  A ) ,  (Dr. J. Bridson, 

persona1 comunucation). 



20a-Hydroxy-17a, 2la-cyclopregn-4-en-3 -one 4.13 and 20phydsoxy- 

17a, 21a-cyclopregn-4-en-3 -one 4. I I  have been synthesized as 

potential mechanism-based inhibitors of 20 a- and 20 @-steroid 

oxidoreductase. 

Synthesis was accomplished by production of 20 ( E / Z )  - tert- 
butyldimethylsilyl en01 ethers with the tert-butyldimethyl- 

silyltriflate reagent having one of the best leaving groups, the 

trifluoromethylsulpho~te or 'triflaten anion. 

The Simmons-Smith reaction on the 2O(E/Z)-silyl en01 ether 4.Sa 

with one portion of the Zn-Au couple gave a higher yield of the 

cyclopropane derivative 4.7 (80-100%) than with Zn-Ag (45%) or 

Zn-- (O-15%) couple. 

Instability of one of the 17a, 2la-cyclopropanols, the 20a-hydroxy 

4.13, with the exposed hydroxyl group, has been explained by H-bond 

interactions between the 20a-hydroxyl group of one molecule and the 

carbonyl group of the second molecule. 

4.1.2 Exparimontal 

3~-Hy&oxy-21-nor-pra~-S-on-20-ono 4.3 

A solution of pregn-S-en-20-one-3B,21-diol 21-acetate 4.1 (10.3 g, 27.5 

mm011 in dry THF (300 mL) was refluxed with L i A l H 4  (2.82 g, 74.3 mmol, 

2.7 eq. ) for 18 hrs, cooled to room temperature and the excess of the 

reagent decomposed with Hz0 ( 3  mL), 10% NaOH (3  mL) and H20 (3 mi,), 

(Fieser & Fieser, 1967), until a creamy precipitate fomed. The 

mixture was filtered, concentrated until the steroid started to 

precipitate, and then water (500 mL) was added in portions, with 

stirring. The precipitate was collected on a filter paper, washed with 



water, and dried in an ovcn at 60' C to give a cmde product consisting 

of two 20E-diols of 5-pregnen-3$,205,21-triol 4.2 ( 9 . 0  g, 2 7 . 0  mol, 

9 8 t ) .  

To a stined solution of the crude reaction product 4.2 was added an 

aqueous solution of Na104 (8 g; dissolved in hot water, 18 m ~ )  over 1-2 

min. The mixture was stirred for 1 h when no starting material was 

detected by TLC. Ethylene glycol (2 mL) was added to destroy an excess 

t reagent. After stirring the mixture for a further 1/2 hr, the NaI04 

formed durhg the reaction was removed by filtration through Celite, 

and the solution was concentrated under reduced pressure until a 

precipitate started to fonn. The products were extracted with CHZCl 2 

and the organic layer was washed with water, S I  m l ,  satuated aqueous 

NaHCO 3 ,  brine , dried over Na $0 41 fil tered, and evaporated under 

reduced pressure to give the 17B-aldehyde 4.3 (6.15 g, 20.3 mmol, ?5%), 

mp 153-157 OC (from EtOAc-LP), (lit., 148-153 OC, sublimed, Miescher et 

al., 1940; m p  155-157 OC; from EtOB-H20; Danishefsky et al., 1975). 

3~-~catoxy-21-norptogn-S-~n-20-onr 4.4 

A suspension of the 3p-alcohol 4.3 ( 6  g, 20 mmol) in ethyl ether (200 

mi,) was stirred with acetic anhydride (3.5 mL) and N,N-dimethyl- 

aminopyridine (DMAP) (2 m g ) .  As the reaction proceeded, the steroid 

dissolved. After 4 hr, the reaction was complete and TLC showed no 

starting material. The organic layer was washed with 10% HC1 (100 a), 

water, brine, dried over Na2S04, filtered, and evaporated to give a 

colorless residue (5 g, 1s mmol, 7 6 % ) ,  which on FCC with 2.5% EtOAc-LP 

O gave 4.4 (4.20 gr 12.6 mmol, 64%) ,  mp 170-172 C (from CH2C12-EtOAc) , 

(lit., mp 169-171 OC, from hexane, Miescher et al., 1940) .  

of 4.4 ( W C 1 3 ) :  6 9.76 (dl J 2.0, lH, 20-Hl, 5.37 (d, J 5.2, 

1H, 6-It),  4 . 5 9  (ma ln, 3a-H), 2-02 (s, 3H, ~P-OAC), 1.02 (s ,  3Ht 



3 p-Acotaxy-2Oa- 4. Sa aaû 3 $-Acotoy-20 8- tert-butylaL.thyl.il0~y- 

% 2l-norprogna-5,17-df.p0 4 . 6 r  

with tert-butvldimethvlsilvl triflate (TBDMSiOTf) : 

TO a stirred and cooled (ice-bath) solution of the aldehyde 4.4 (4.2 g, 

9.15 mmol) in ethyl ether (200 mL) and triethylamine (5.1 mL, 36.6 

mm01 , 4 eq. ) , under an argon atmosphere. was added. ove+ 5 min, by 

syringe through a &ber septum. tert-butyldimethylsilyl triflate (5.65 

mL, 24.6 mol,  2.7 equin) . Stirring was continued at room temperature 

for 6 h, after which TLC showed no starting material. The reaction 

mixture was washed with water, brine. dried cver Na2S04,  filtered. and 

evaporated to give a mixture of two enols, 4.51 and 4.6a, which on 

recrystallization yielded the 20(6)-silyl en01 ether 4.5. (2.35 g, 5-12 

mol, 602). mp 155-159 OC (from Etfl-MeOB) (Pound: C, 73.1; H, 10.0. 

C28H4603Si (MW 458.763) requires C I  73.3; H I  10.1%) . The mother liquor 

on FCC on elution with 10-20% CH2C12-LP yielded the 20i21 -en01 ether 

4.6. (1.3 g, 2.8 mol, 3121, 96-99 OC (from EtzO-MeOH) (Pound: C I  

73.2; EX, 10.0. C28)14603Si (MW 458.763) requires C I  73.3; 10.1%). 

'H lOQl of 4.5. ( C D C l s ) :  8 6.03 (t, J 1.8, I R I  7 0 - 8 ) .  5.30 (d, J 4.6, 

1H, 6-H), 4.62 (m, LEI, 3C+H), 2.03 (S. 3H, ~P-OAC), 1.03 (s, 3Ht  

10-Me). 0.92 (S. 98,  SiQtm3), 0 . 8 1  S .  3H, 3 M e ,  0.11 (S. 6H. S a m 2 ) .  

13c c of 4.S. (CDClo): 6 37.01 (l), 27.78 (21, 73.92 (3). 38.14 (41 ,  

139.68 ( S ) ,  122.48 ( 6 ) ,  31-70 (71,  31.54 (8 )  50.47 ( 9 ) ,  36-74 (10) 



20.92 (Il), 24.68 (12), 41.72 (131, 5 5 - 6 4  (141, 24.36 (15), 36.11 (l6), 

133.95 (l7), 19.30 ( 1 8 1 ,  49.35 (l9), 129.85 (201, 170.45 (3-0COMe3), 

21.44 (3-OCOY.s), -5.27 and -5 .22  (SiXaz) ,  18.35 CMe3 (SiQfe3), 25.76 

(Siam3) . 
% of 4.6. C l :  6 6 6.03 (t, J 1.8. U3, 20-H). 5.30 (d, J 4.6, 

, 6-H), 4.62 (m, , 3a-HI, 2.03 (s, 3H, ~ P - O A C ) ,  1.03 (s, 3H, 

10-Me), 0.92 (s, 98, SiCba.31, 0.89 (s, 3H, 13-Me), 0.09 (s, 6H, S i M e 2 ) .  

I 13c NxR of 4.6r (CDC13): 6 37.00 (11, 27.81 (2), 73.98 (3), 38.16 ( 4 ) ,  

139.78 (51, 122.48 (61, 31.87 (71, 31.78 (81 ,  50.40 ( 9 1 ,  36.75 (101, 

21.15 (Il), 26.12 (12), 43.27 (l3), 56.32 (141, 36.58 (151, 24.91 (161, 

129.67 (17), 16.68 (181, 19.31 (191, 130.82 (201, 170.40 (3-0COMe3), 

21-45 (3-OCOMa31, -5.42 and -5.35 (Si#a2), 18.17 CMe3 (Sime3), 25.75 

(SiCMa3). 

3 g-Acetoxy-2Oa- 4. Sb and 38-Acatoxy-20p-  trfaimthylsilo~-21-noqragna- 

5,17 -diena 4.6b 

With trimethylsilvl triflate (TMSiOTf 1 : 

Compound 4.3 (100 mg, 0.33 mmol) was treated with E t 3 N  (0.64 mL, 4.6 

moL, 14 e q u i v . ) ,  TMçiOTf (651 pL, 4.09 mmol, 12 eq.) in CH2C12 (3 mL) 

for 30 min., followed by .work-up, as described above, to give a residue 

(120 mg) consisting of the 20 (El  - and 20 (21 -trimethylsilyl end ethers, 

4 .  Sb and 4.6b, respectively, where 4. Sb : 4.6b=l: 1 determined by 

cornparison of the vinylfc 20-H signais in  their 'K NMR spectra. 

3 8-Acmtoxy-2Oa- 4. S c  and 3 $-~cotoxy-20 8 - t r i m t h y l i f  loxy-21-norpragna- 

S 1 1 7 - d i ~ m  4.6~ 

With triethvlsilvl trif late (TESiOTf 1 : 

Compound 4.4 (100 mg, 0 . 2 9  mmol) was treated with Et# (130 pL, 0.58 

mol, 2 eq.) and TESiOTf (100 pL, 0.73 mol, 2 . 5  eq.) in CH2C12 ( 3  mL) 

for 10 h followed by work-up, as described above, to give an oily 



residue (120 mg, 0.26 mol, 90%) consistiag of the 20 ( E l  - and 20(2) - 

triethylsilyl en01 ether.3, 4.5~ and 4.6~. where 4.5c:4.6c=1:0.33 as 

above. 

3 8-Acmtoy-2Oa- 4. Sd and 3 & A c m t o ~ y - 2 0  @- tri - f ~ ~ t r : i ~ ~ ~ ~ 1 8 i 1 0 ~ - 2 1 - 0 0 r -  -- - 
prmgna-5,17 -dieao 4.6d 

With triiso~ro~vlsil~~ trif late ( i-Pr &iOTf 1 : (Corey and Hopkins, 1982) 

Cornpound 4.4 (200 mg, 0.58 rnmol) was treated with Et# (1 rrfL,7.2 mmol, 

12 equiv.) and i-Pr3SiOTf (315 pL, 1.2 rrmiol. 2 eq.) in CH2Cl2  (3 mL) 

for 10 h followed by work-up. as described above, to give a residue 

(300 mg, 0.51 mol, 8 8 % )  which consisted of the 20(E)- and 20(2)- 

triisopropylsilyl en01 ethers, 4. Sd and 4.6d, with the ratio 

4.5d:4.6d=1:0.37 as above. 

3 B-Acetoxy-2Oa- tert-butyldimathyl8iloxy-17 a, 21a-~ycloprogn-5-ono 4.7 

(A) With Zn-Cu cou~le: comounds 4 - 5 1  and 4.7 

P r e ~ a r a t i o n  of a Zn-Cu counle : Zinc powder (1. O g; Mallinckrodt) and 

(Cff3COO) *Cu (56 mg) were ground by mottar and pestle, then transferred 

to a test tube (25 mL) . Boiling acetzc acid (10 mL) was poured ont0 the 

solid mixture, which was washed with cold acetic acid (2x20 m L ) ,  and 

dry diethyl ether (4x20 mL). mile still under ether, the Zn-- couple 

was transferred into a reaction flask filled with dry diethyl ether (10 

a), followed by CH212 (200 pL) . The heterogenous mixture was 

refluxed with stirring for 1/2h, under an argon atmosphere, and the 

solid 20(k3-silyl en01 ether 4-58 (100 mg) added at once. Stirring and 

reflwing were continued for 18 hr, and then was cooled to RT. The 

organic layer was decanted, washed with saturated aqueous NaHCo3, 

water, brine, àried over Na2S04,  filtered, and evaporated to give a 

white residue (80 mg) . The 'H Mi( spectrum showed two products. the 

starting material (85%) and a new compound 4 . 7  (15%). 



(8) With Zn-Au couule: cornound 4.7 

Small scale reaction: To a Zn-Ag couple (Sg) , prepared as described by 

Denis et al. (Denis et al., 1972 , stirred under argon in diethyl ether 

(15 mL) ans added CH217 (0.5 mL1, mer 20 min, by syringe, at a rate 

sufficieat to maintain gentle reflux, followed by the 2O(L)-silyl en01 

ether 4-51 (250 mg) . The mixture was stirred for 18 h. The ethereal 

solution was transfered to a separatory fuanel. The couple was washed 

with diethyl ether and organic washings combined. The organic layer 

was washed with saturated aqueous NaKCO3, until no precipitate was 

formed, brine, dried, filtered, and evaporated to give a residue (110 

mg) . The 'FI NMR spectnua showed the presence of two coinpounds, the 

starting material 4.5. and the l7a. 2la-cyclopropyl 4.7 : 7 ;  1:l) 

by comparison of the 20-8 signals. 

Lame scale reaction : To a Zn-Ag couple (log, O. 153 m o l  of Za) , 

prepared as described previously (Denis et al., 19721, stirred under 

argon in ether (35 mL) was added CI1212 (4 mL) dropwise (ca. ~ h ) ,  at a 

rate suf f icient to maintain gentle reflux. The solid 

(20E) - tert-butyldimethyl silyl en01 ether 4 .Sa (2.1 g r  4.58 mol) , was 

added in one portion and heated under reflux for 18 h. The progsess of 

the reaction was monitored by the 'R NMR spectrum. bacause bath the 

product 4.7 and starting material 4 .Sa had the same R f  on TLC. The 

solution was again treated with the same amount of the above reagents; 

the mixture was then heated under reflux, for a further 18 h. After 

this, the organic layer was decanted, and the couple washed with 

diethyl ether. The organic layers were combined and washed with 

saturated NaEICO 3 ,  water, brine, âried over Na zSO 4, f iltered, and 

evaporated to give a residue, which on recrystallization gave the 

cyclopropylsilyl ether 4.7 (1.24 g, 2.62 mol, 5 7 % ) ,  mp 154.5-160 'C 



(frorn Etg-MeOB1. (Pound: C I  73.4; HI 10.3. C29H4803Si (MW 472.790) 

requires C, 73.7; H I  10.2%). 

k i c n o f 4 . 7  (CDCL3); 6 5.38 (6, J 4 - 0 .  lH, 6-Hl, 4.61 (m. m. 3a-H), 

3.14 (dd, J 3.5, O i.H, 2 0 - H l ,  2.03 (S. 3H, 38-OAC). 1.02 (S. 3H. 

10-Me), 0.89 (s, 9B, S i O I . 3 ) ,  0.79 (S. 3H. 13-Me), 0.077 and 0.087 (S. 

6H, SiMe2). 

13c of 4.7 (CDC13) : 6 37.03 (11, 27.77 (21 ,  73.92 ( 3 ) .  38.12 (4). 

\ 139.59 (5). 122.59 (6). 28-68 ( 7 ) .  32-20 (81, 50.17 (91, 36.70 (IO), 

20.53 (11). 34.43 (121, 40.49 (13). 55.63 (141, 24.79 (lS), 32.00 (16). 

36.27 (171, 16.65 (181, 19.32 (191, 19.40 (201, 52.03 (211, 170.46 

(3-OCOMei) , 21.43 3 0 C O 3  , -4.79 and - 4  ( S i Y o  2) , 18.15 mej 

(siCMe3), 25.89 (SiCMm3) . 

( C )  With Zn-Au couple: comound 4.Sa and 4.7 

Pre~aration of a Zn-Au c o u ~ l e :  

CH3COOAu (54 mg) was added to cold glacial acetic acid (100 mL) and the 

mixture heated to boiling, with stirring. men the acetic acid started 

to boil, granular zinc (17 g, 10 mesh, 992, Aïcirich) was added at once. 

Stirring was continued without heating for a further 2 minutes. The 

solution was decanted, and the couple washed with CH3COOH (2x100 a), 

dry diethyl ether (5x100 mL) , until no acetic acid was detected, and 

dried in a desiccator. The couple can be stored at room temperature 

without loss in activity. 

Small scale reaction: Similar treatmeat of the 20(6) -silyl en01 ether 

4,Sa (108 mg, 23 rnmol) in diethyl ether (15 al with one portion of the 

Zn-Au couple (2 g) and CH212 (600 pL) for 10 h, followed by work-up as 

described abow, yielded one product , the lia, 2la-cyclopropane tert- 

butyldimethylsilyl en01 4. 7 (80 mg, 0.17 mmol ,  74%) , mp as above. 



Similar treatment of the 20 ( 2) - tert-butyldimethylsilyl en01 ether 4 - 6 8  

(1.12 g, 2.37 mol) w i t h  one portion of Zn-- couple (5-5 g) and C E I ~ I *  

(1.6 mL) for 18 h, as described for 4-58, yielded the cyclopropane 

tert-butyldimethylsilyl ether 4.8 (1.0 g, 2.12 ml, 87%), mp 126-130 

OC (from Etfl-MeOH) (Found: C I  73.5; 8, 10.1. C2gHsa03Si requires C f  

73 -7; HI 10.2%) - 
krS#Rof 4.8 ( c D C 1 3 ) ;  6 S . 3 8  (d, J4.4, lH, 6-81, 4.61 (ml 18, 3a-H), 

% 3.32 (dd, 3 3.5, 6.3, lR, 2 0 - H l ,  2.03 (s, 3H, 38-OAC), 1.03 (s, 3E, 

10-Me), 0.96 (s, 3H, 13-Me), 0 .80  (s, 9H, S i C b 3 ) ,  0 .72  (dd, J 3.1, 

5.3, IH, 21-Hb) , 0.20 (t, J 5 . 8 ,  Is, 21-EIa), 3.053 and 0.084 (s, 6H, 

SiMa2) . 

13c of 4.8 (CDC13) : b 37.06 (l), 27.81 (2), 74.00 ( 3 ) ,  38-15 ( 4 ) .  

139.69 (5) , 122.58 (61, 31-98 (71, 31.96 (81, 50.22 (91,  36.71 (101, 

20.76 (Il), 35.83 (121, 41.82 ( 1 3 1 ,  55.54 (141, 25.86 (151, 34.24 (161, 

34.86 (171, 15-18 ( m l  19.36 (191, ig.9e (201, 55.70 2 170.49 

(3-OCOMe3), 21.44 (3-OCOMo3), -5.36 and -4.86 (SiMe21 , 18.00 CMe3 

(SiCMej) , 25 -86 (SiCMa3) . 

2Oa- tert-~utyldfPiathyI~iloxy-l7a, 2la-cycloptagn-5 -an03 8-01 4.9 

The crude reaction product 4.7 (1.2 g, 2 -54 mol), from the 

simmons-Smith reaction of 4 - 9 8 ,  was treated with 0.5 m KOB-MeOH (120 

) for 1 h (TLC) , after which the mixture was poured in to  water and 

extracted with diethyl ether. The organic layer was washed with water, 

brine, dried over Na2SO4, filtered, and evaporated t o  give a crude 

product which on PCC, on elution with 15% EtOAc-LP, yielded fractions 

of 4.9 (375 mg, 0.87 mml, 34*), mp 170-174 OC (from Et20-MeOEi) , Found: 

C, 72.4; if, 10.9. C27E14602Si .Bfl  (MW 430.753) requires C I  73.7; 8, 

10.2I). 

fH of 4.9 (CDC13) ; 8 5 - 3 7  (d, J 4.4, IH, 6-H) , 3 .52  (m. la, 3a-H) , 



3.13 (dd,  J 3.5, 7.0,  lE, 20-Hl, 1 .01  (s, 3H, 10-Me), 0.86 (s, 3K, 

1 3 - ~ e )  , O -89 (s, 9H, SiQh3) , 0.081 and 0.092 (s, 6H, S i 2 )  - 
of 4.9 (CDC13): 6 37.32 (11, 31.69 ( 2 ) .  71-77 ( 3 ) .  42.34 ( 4 ) .  

140.72 (51, 121.68 (61, 32.04 ( 7 ) .  32.27 ( 81 ,  50.30 (91,  36.65 ( L O ) ,  

20.61 ( I l ) ,  34.50 (121, 40-52 (131, 55.74 (lQ), 24.83 (151, 28.83 ( M ) ,  

36.30 (171, 16.68 (181, 19.43 (191, 19.43 (20). 52.06 (211, -4-77  and 

-4.68 ( S i B U t ) ,  18 -17  CMej ( S i Q f e 3 ) ,  2 5 - 9 1  (SiCbfr3) . 

t 20 8- tert-ButylWt)lylai lo lcy- l7a,  Ira-cycloprrga-5-an-3 g-01 4.10 

Treatment of 4.8 (200 mg, 0.42 m a l )  with 0.5  M KOEI-MeOH (20 mL) as 

d e s c r i b e d  f o r  4.9 gave 4.10 (145 mg, 0.34 mmol,  81%),  mp 210-212 OC 

(from E t g - M e O H ) ,  (Found: C, 75,2;  E, 10.6 .  C2+i4602Si (MW 430.754) 

requires C I  75 - 3 ;  H I  10.8%) . 

'13 NMR of 4.10 (CDC13);  6 5.36 (d, J 5.2 ,  lHI 6 - H l .  3.53 (m. 18 ,  30-R), 

3.32 (dd, J 3.1,  6 3  lHI 20-H), 1 .02  (s, 3H, 10-Me), 0.97 (s, 3 8 ,  

13-Me), 0 .88 (s, 9H, SiCbl.3), 0.72 (dd, J 3.1, 5 .3,  1H, 21-Hb), 0.20 

(t, J S . 8 ,  lH, 2 1 - H a ) ,  0 . 0 5 7 a n d 0 . 0 8 7  (s, 6H, SiMa2). 

13c of 4.10 (CDC13): 6 37.32 (11, 32.01 ( 2 ) .  71.82 ( 3 ) .  42.35 ( 4 ) .  

140.80 (51, 121.65 (61, 31.72 (71, 3 2 . 0 1  (81,  50.32 ( 9 ) ,  36-65  (IO), 

20.82 ( I l ) ,  35.88 (121, 41.82 ( 1 3 ) ,  55.55  (141, 29.71 (151, 34.26 (161, 

34.87 (17)  , 15.19 (18)  , 19.45 (19) , 19.98 (20) , 55.78 (21) , - 5 . 3 6  aad 

-4.86 (SiMat),  18.00 CMej (SiCMe3), 25.86 (SiCXm3) . 

20a -  tert-Butyldirnathylsiloxy-17a, 2Xa-cycloprrgn-4-ma-3 -oam 4.11 

TO compound 4.9  (184 mg, 0.43 mm011 i n  anhydrous toluene (45 mL) under 

argon was added freshly distilled cyclohexanone ( S  mL, 48 mol) ; the 

solution was then distilled until toluene (6 .5  mL) has been removed. 

Aluminium triisopropoxide (400 mg, 1.96 mol, 4.5 eq.) in toluene (1s 

mi,) was added dropwise (over O .S h) t o  the mixtue, and the solution 

again distilied slowly to remove toluene (15  m L ) .  After 45 min, the 



reaction mixture was cooled and subjected t o  stem distillation. The 

residue was extracted -th CH2C1 2 and the organic layer evaporated t o  

give a r e s i d u e  which on FCC, on e l u t i o n  w i t h  1 0 1  EtOAc-LP gave 4.11 

(150 m g ,  35 mol, 84* ) ,  mp 181-18s OC (frorn Etfl-MeOH), (Found: C l  

75.5; Hl 10.4. Ct7Ef l4OzSi  (MW 428.7371 requires C, 75.6; H, 10.3%) , 

k NIQt of 4.11 (CDC13); 8 5.73 (s, lH, 4-Hl, 3 .13 (dd, J 3.5, 7.1, IH, 

20-H), 1.18  (s, 3H, 10-Me), 0.83 (s, 38 ,  13-Me), 0.89 (s, 9H, SiC.Xe3), 

t 0.080 and 0.092 (s, 6H, SiMm2). 

I3c #IBL of 4.11 (CDC13): 8 35.75 (l),  34.24 ( S ) ,  199.48 (31, 123.79 

( 4 ) ,  171.42 (51, 32.96 (61, 32.12 (71, 36.08 (81 ,  53-88 ( 9 1 ,  36.69 

( I O ) ,  20.56 ( 1 1 1 ,  33.98 (121, 40.55 (131, 54.77 (141, 24.64 (151, 28 .60  

( 1 6 ) ,  36.19 (171, 16.75 (181, 17.43 (191, 19 .41  (201, 52.00 (211 , -4.78 

and -4 .71  (SiXe 21 , 18.15 me3 (SiCMe3) , 25.88 (SiQdm3) . 

20 g- t e r t - B u t y l ~ ~ y l n i I o n y - l 7 a ,  2la-cycloprmgn-4-ui-3 -0am 4.12 

compound 4.10 (216 mg, 0 . 5 0  m o l )  was treated with cyclohexanone ( 7  mL) 

and X ( i - P r û )  3 (480 m g ) ,  as described f o r  4.9, t o  give, on FCC, on 

elution with E t  2OAc-LP, 4.12 (180 mg, 42 mmol, 84%) mp 134-137 OC (from 

~t 2 ~ - L P ) ,  (Pound: C l  75.4; Hl 10.5.  C27K4402Si (MW 428.737) requires C,  

75.6;  EI, 10.3*) .  

h of  4.12 (CDC13); 6 5.72 (s, ls, 4-H), 3.32 (dd, J 3.08, 6 . 3 ,  lH, 

20-Hl, 1 .19  (s, 3H, 10-Me), 0.99 (s, 3H, 13-Me), 0.88 (s, 9H, siCMe3), 

0.70 (dd, J 3.1, 5 .4,  IH, 21-Bb),  0.21 (t, J f . 9 ) ,  0.053 a d  0.087 (s, 

6 8 ,  SiMe 2) . 

13cMaRof 1.12 (CDC13): 6 35.74 ( 1 1 ,  34.06 ( 2 ; ,  199.60 ( 3 ) ,  123.70 

( 4 ) ,  171.67 ( S ) ,  32.93 ( 6 )  32.13 (71, 35-74 ( a ) ,  54-78  (9)  38-72 

(IO), 20.78 (Il), 35.68 (121, 41.85 (131, 53.94 ( l a ) ,  25.67 (15), 32.00 

(16), 34 .72  (17), 15.91 (181, 17.45 ( 1 9 ) ,  1 9 - 9 1  ( 2 0 ) r  55-44  (21), -4-88  

and -5.39 (S i l ( eZ) ,  17.98 CMe3 (SiCMe3), 25-04 ( S i a m 3 )  . 



2Oa-Hydroxy-lfa, 21a-cyclopr.gn-4-.~-3 -ma 4 . 13 
The tert-butyldimeaylsilyl ether 4.11 (121 mg, 0.28 m o l )  in 

tetrahydrofuran ( 5  mL) was treated with 1M m u 4 N F - m  (0.7 a, 0.7 

mmol ,  2.5 eq.) for 1.5 h at room temperature. The mixture was poued 

into water, and products were extractad with EtOAc. The organic layer 

was washed with saturated NaElCos, brine, dried over Na 2SO 1, f iltered, 

and evaporated to give a residue, which on PCC, on elution with 10% 

x EtOAc-LP, gave 4.13 (78 mg, 0 . 2 5  mol, 88t1, mp 163-167 OC (from 

Crr2C12-LP),   FOU^^: C, 79-1; Kt 9.4. C21H3002~1/4 H f l  (MW 314.472) . 

requires C, 79.1; Et 9.6%) . 

'i1WIKof 4.13 (CDCl3); 65.73 (s, lH. 4-Hl, 3.28 (dd, J3.5. 7.2, U, 

20-H) , 1-10 (9 ,  3H, 10-Me) , 0.85 (9,  3 8 ,  l3-Me), 0.90 (dd, J 3 - 8 ,  7.2, 

Ifi, 21-Hb) , 0.22 (dd, J 3.5, 5.7, lH, 21-8,). 

13c PlYR of 4.13 (CDCl3) : 8 35-74 (1). 33.96 (2). 199.56 ( 3 ) .  123.82 

(4) , 171.39 (51, 32.93 (61, 32.07 (71, 36.06 ( 8 1 ,  53.85 (9), 38.70 

(IO), 20.53 (11), 34-09 (121, 40.69 (131, 54.59 (141, 24.63 (IS), 28.19 

(16), 37.30 (171, 117.42 (191, 19.62 (SO), 51.51 (21). 

20 &=Rydroxy- 17 a, 31a-cycIopt:agn-4 -an93 -on. 4 . 14 
Treatment of the tert-butyldimethylsilyl ether 4.12 (152 mg, 0.35 mmol) 

in TEIF ( 5  mL) with 1M rSu#F-TEF (0.8 mL, 0.8 mol ,  2.3 eq.) , as 

described f o r  4 .11 ,  gave a residue, which on FCC, on elution with 25% 

E~OAC-LP, yielded 4.14 (69 mg, 0.22 mmol, 6 3 t ) ,  mp 182-192 'C (decomp.) 

(from CH2C12-LP),  (Found: C, 79.05; 8, 9.6. C21H3&xl/4 Hz0 (MW 

314.472) requires C l  79.1; H, 9.6*). 

'E of 4.14 (CDC13); 6 5.73 (s, IH, 4-Hl, 3.51 (dd, J 3.1, 6.6, lH, 

20-H), 1.20 (s,  3H, 10-Me), 1.02 (s, 3H, 13-Me), 0.84 (dd, J 3.8, 7.2, 

lH, 21-Hb) , 0.33 J 6.1, 1H, 21-Ka). 

13c of 4.14 (CDC13): 6 35.75 (11, 33.75 (21 ,  199.60 (31, 123.77 



4.2.0 fahibition A c t i v i f y  U8.y for 2Oa- uid  2 0 $ - ~ & ~ d 0 h y & o g ~ ~ o u  

Inhibition activity assay for 20 a- and ZO&hy&oxysteroid 

dehyàrogenases was carried out in collaboration with Dr. J . C .  Orr, 

Faculty of Medicine, Mernorial University of Newfoundland, St . John' s , 

Newfoundland . 

3 a, 2 0 B-Eiydroxys teroid dehydrogenase from Streptomyces hydrogenases 

was obtained from Boehringer-Mannheim and used without further 

purification. Protein concentrations were determined by a modification 

of the method (Lowry et al., 1951) involving precipitation with sodium 

deoxycholate and trichloroacetic acid (Peterson, 1977) . Bovine semm 

albumin (BSA, from Sigma) was used as a standard. 

Cortisone reductase activi tv (Edwards and Orr, 1978 1 was measured 

in a Beckmann DU-8 spectrophotometer as loss of absorbance at X 350 nm 

per minute upon exposure of enzyme to 150 cortisone and 100 pl NADH 

in 500 pL 50 mM NaHzP04 buffer pH 8.0 ( € 3 5 0  = 5300 L mol'' cm'') based 

on the following equation: 

enzyme + cortisone + N?ADH + enzyme + 4-pregn-17a120B, 21-triol- 

3,ll-dione + NAD+ 

During enzymatic reduction of cortisone to 4-pregn-17a, 208,21- 

triol-3,11-dîone, NADH ia converted to NAD+. But, NAD+ contrary to 



NADH is not seen after exposure to W. Loss in absorbante obsemd is 

due to the disappearance of NADH. 

Inactivation kinetics were performed with the enzyme (enough ta 

have control values of b n n s o / m i n  of Ca - 0 .O401 and NAD* (150 pî) 

placed in 0.95 mL of 100 mM NaCO3 buffer (pH 9 .2 )  and inhibitor at the 

appropriate concentration. After wrtexing, 25 pL aliquots were 

removed at various times and assayed for cortisone reductase activity. 

Controls contoining E t t H  without inhibitor retained >902 activity at 

al1 time points (Edwards and Orr, 1987) . 

Enzyme evaluation studies showed that neither 2Oa- 4.13 nor 

20 p-hydroxy-i7a, 2îa-cyclopregn-4-en-3 - o n  4. la was effective as an 

inhibitor of steroid 17 $, 200- and 3 a, 20 B-oxidoreductase, resgectively 

(Dr. J -C .  Orr, personaï communication) . 





C O # C L U S I O N S  

The research in this thesis was carried out with the following five 

objectives : 

syanthesis and inhibitory activity for 20 a- or 20 8-hydroxysteroid 

dehydrogeaases of the spirocyclopropanol isomers, 200-  and 

20~-hydroxy-17a,20-cyclopregn-B-en-3-one, 4.13 and 4.14. 

respectively. 

Synthesis and inhibitory activity for aromatase of 19(R)- 2-12 and 

19 (SI -acetoxy-5p,19-cycloandrost-l-ene-3,17-dione 2.15 as well as 

19 (RI - and 19 (S I -1p, 19-cyclo-Sa-androst-4-eae-3,117-dione and their 
synthetic intemediates 2.32, 2.29, 2.28, 2.27. 

Synthesis and inhibitory activity for aromatase of the 19,19-bis 

substituted cyclopropyl steroid derivatives 2.71 (Scheme 2.33) 

Synthesis and inhibitory activity for aromatase of 19 (R/S)  -amino- 

5 @, 19-cycloandrostane-3,17-dione 2 -798 (Schemes 2.41) . 

Improved synthesis of 4-hyüroxyestrone 3.15. and 4-hydroxyestradiol 

3 . l 6 r  (Schemes 3.12 and 3.16) , the natural metabolite of estrone 

and estradiol, and their derivatives 3.1Sb-3.150, 3.168-3.16b. 

The results obtained are sunnnarized as follows: 

1 T m  17-spirocyclopropanol isomers. 200- and 208-hydroxy- 

17a, 20 -cyclopregn-4-en-3 -one were synthesized. The syntheses were 

carried out from 5-pregnane-20-ene-38,21-di01 21-acetate via  the key 

intermediates : 3~-acetoxyan&ost-S-en-17-a1 4.4, 20 (E /Z )  -en01 

tert-butyldimethylsiloxy isomers, 4. Sb and 4.6a, and 170,21a- 

cyclopropanes, 4.11 and 4.12. Introduction of the silyl en01 function 

was achieved by treatment of 3~-acetoxyandrost-5-en 17-al 4.4, with 

TBDMSiOTf and triethylamine in diethyl ether. The ratio of E or Z 



isomer depends on the buïk of the reagent: (1) TMSiOTf E: &l:l; 

TESiOTf , TBDMSiOTF, and i-Pr 3SiOTf 6: 2 = 1 : 0.4 .  Cyclopropanation of 

the ex0 l7,20- tert-butylsz1yIoxy double bond was performad by the 

Simmons-Smith method using the reported --Ag couple G. Y I  o;; improved 

method using the Zn-Au couple. 

Preliminary enzyme evaluation studies showed that neither 200- 4.13 nor 

20 8-hydroxy-17a, 20-cyclopregn-4-en-3 -one 4. I I  was effective as an 

inhibitor of steroid l7p, 2 0 0 -  and 3a,20@-oxidoreductase, respectively. 

2 The unsaturated SB, 19-cyclosteroid derivatives, 19 (RI - 2.12 and 

19 (SI -acetoxy-SB, l9-cycloandrost-l-ene-3,l7-dione 2.15 were 

synthesized. The 5 $, 19 -cyclopropanol function was achieved by 

reductive cyclization of an&ostane-4-ene-3,17-dion-19-al both with 

zinc in 50% aqueous acetic acid and Li-NH3. 30th reduction conditions 

gave the same products, where 19(R)-hydraxy-S@,19-cycloandrost-4-ene- 

3,17-dione 2.4 was the major one, 19(R):19(S)=1:0.3. The mechanism of 

the reaction-reductive cyclization has been proposed. The 

1,2-unsaturation in ring A was introduced v ia  oxidation of the 

3 -trimethylsilyl en01 ether derivatives, 2. llr and 2. Ua,  with an 

equimolar amount of palladium acetate in acetonittile. 

Syntheses directed toward 19 (R/S) -1~,19-cyclo-~a-androst-4-ene- 

3,17-diones were carried out via the wsaturated intemediate, 

19-siloxy-5a-androst-l-ene-3,17-dione 2.25, which was obtained by 

treatment of 19-siloxy-Sa-androstane-3,17-di-one with PhzSe 2,  3-iodoxy- 

benzoic acid, and campborsulphonic acid in tetrahydrofuran to give the 

androst-1-cne-3,17-dione 2.25 in r o t ,  yield. 

Reductive cyclization of an&ost-î-ene-3,17-dion-19-a1 2.28 in 

Li-NH3 reversed the ratio of 19 (R/  S) -hy&oxy-1@,19-cycloandrostane- 



3,190dione products, 19 (RI : 19 ( 5 )  =O - 4  :LI compared to reductive 

cyclization under Zn-50% aqueous acetic acid conditions, 

19 (RJ : 19 (SI =l :O. 3. Furthermore, unlike reductive cyclization of 

androst-4-ene-3,17-dion-19-al with Zn-50% acetic acid which gave the 

less stable isomer 2.4, ao&ost-l-ene-3,17-dion-19-al 3.28 under the 

same conditions yielded the more stable isomer 2.28. However, 

reductive cyclization with Li-NE3 of androst-4-ene-3,17-dion-lg-a1 and 

androst-l-ene-3,17-dion-19-al led to the formation of the less stable 

isomers, the 1 9  (RI -hydroxy-S&19- 2 - 4  and the 19 (SI -hy&oxy-lp, 19- 

2.31, respectively, as the major products. 

Attempts to introduce the 4,s-saturation in ring A of the 

19 (RI -l@, 19-cyclo-Sa-andz-ostane-3, If -dione 2.29 via the 3-silyl en01 

ether derivatives were not successful . The synthetic approach failed 

because enolization occurred only toward C-2. The outcome of this 

research calls for a dif f erent synthetic approach toward 

19 ( R / S )  -18,19-~yclo-Sa-and.r0~t -4-ene-3,lf-diones , particularly for the 

introduction of 4,s-unsaturation. It may be achievable via  4,s-epoxy- 

5~-androst-l-ene-3,17-dion-19-al or SB-androst-l-ene-3,17-dion-19-al or 

androst-LIS-diene-3,17-dion-19-al. 

In the course of the en01 formation, a new approach to the 

synthesis of acetoxy enols was discovered: treatment of 

19 (R) -acetoxy-1~,19-cyclo-an&ostane-3,17-dione 2.32 with acetic 

anhydride and one equivalent of BF3. Et 2 0  in CH2Cl 2 gave the 2-acetoxy 

en01 2.52. However, treatrnent of 19 (RI -acetoxy-1&19-cyclo- 

androstane-3,17-dione 2.32 with an excess of BF3.Et20 led to acylation 

at C-2 and formation of the cyclic steroid-BFz derivative 2.53. The 

structure of the BF2 steroid derivative 2.53 was determined by X-ray 

crystallographic analyis (Figure 2.2). 



Aromatase eval uation studies. 

Several steroid-based compounds were synthesized on the premise 

they could exert an inhibitory activity upon afomatase of the metabolic 

steroid pathway: hydroxylation, water elimination or the carbonyl group 

formation (Scheme 1.32). 

ALthough some steroid and also non-steroid based inhibitors of 

these enzymes are known, the goal of the preseat research was to 

synthesize the compounds which would be more active and selective than 

those already available. 

Using reductive cyclization methods, three 19 (R/S ) -hydroxy 

cyclosteroids 2.4, 2.5. and 2.29 were prepared from steroid precursors. 

These reactions allowed introduction, simultaneously. of the following 

functionalities at the steroid skeleton: SB, 19-  or 1s. 19-cyclopropane 

ring and 19 (R /S )  -hydroxy group. Their presence has been detennined by 

'H, ''c NMR spectra. The fn v i t ro  biological activity o f  thesc 

cornpounds was studied in multicentre collaborative studies using an 

aromatase inhibition assay performed in a system of human placental 

microsomes which manifested %Iz0. released upon the convertion of 

[ip-%] androst-4-ana-3.17-dione (specitie activity 15-30 Ci/mmol) to 

estrone (Thomas and Siitteri, 1974). 

~t w a s  shown that in the range of the concentrations used. (1-20 

pn) three compounds exerted an inhibitory activity ranging from more 

than 401 to 501. Some other compounds, i . e .  2.28 and 2.27, exerted 

lower inhibitory activity ranging from 24-301, whereas two compounds 

were very weak inhibitors of ca 30% at 20 W. 

W e  postulated that the presence of the 19-hydrogen, in 2.32, 2.12, 

and 2 . 2 9 ,  projected toward the centre of the enzyme active s ide ,  is 



responsible for this effect. Moreover, the structural geometry of 2.4 

but not 2 - 5  supports the above conclusion. Compound 2 -12 has a 

structurai geometry dif ferent f rom its saturated analogue 2.4 - 
Introduction of the 1,2-unsaturation closely resembles the structure of 

the natural substrate of aromatase, androstanedione. Compounds 2.32 

and 2.29, even without 4,s-unsaturation, however, with structures close 

to substrate, show prornising inhibitory activity. 

ôn the basis of the results obtained it seems to be of importance 

that the putative inhibitors had both a structural geometry and an 

activated hydrogen exposed to the aromatose active side, whereas the 

noninhibitory 2.4 and 2.5 compounds, were lacking either the proper 

structure 2.4 or/and the activated hyàrogen 2 .5 not properly pointed 

toward the aromatase active side. 

In conclusion, it may be postulated that the steroid based 

compounds obtained by reductive cyclization may be of use for in vivo 

inhibition via the suicide or "suiciden like mechanism. 

3 An attempt to synthesize the 19,19-disubstituted 

SB,19-cyclosteroid derivatives by reductive cyclization of methyl 

an&ost-4-ene-3,19-dion-19-oate failed and led to the 3 , 3  * -dimeric 

steroid derivative 2.67. The product was determined by the 'H , I3c, 

and Tl of I3c NMR spectra, EIW and FABMS. 

4 Attempts to synthesize lg(R/S) -amine-58,19-cycloandrostane-3,17- 

dione 2.791, via reductive cyclization of the andro~t-4-ene-3~17-dione 

19-oxime 2.79 as well as its derivatives either with zinc in acetic 

acid or Li-MI3 failed. However, reaction of Li-Nti3 with 

androst-4-ene-3,17-dione 19-TBDMSioxime 2.81 led to a reductive 



elimination of the T substituent. The keto conjugated system versus 

6-derivitized oxime led to the fragmentation of the C-10 substituent 

yielding the B, y-wsaturated ketones 2.3 and 2 -7  (Scheme 2 -43) . This 

could be a gerreral relationship, and the new reactioa could be added to 

the list of oxime fragmentations- This experimeatal result suggests 

additional investigations of s imilar fragmentations of androst - 
4-ene-3,17-dion-19-al 19-oxime as well as other substituents (RN==- 

8 where R= MeO, C6EI$2K2OI R2N- etc.) may be jwtified. 

5 4-Kyàroxyestrone 3 -158 has been synthesized by acidic 

aromatization of 4 8,s@-epoxyestr-1-erie- UI17-dione 3.14b. Introduction 

of the unsaturation at C-142-2 was achieved with PhtSe2, 

camphorsulfonic acid, and 3-iodylbenzoic acid in a good yield (50-793). 

It was found that estr-4-ene-3,17-dione can be converted iato 

401, Sa-epoxyestra-3,17-dione in 8 0 %  yield in a one-step procedure by 

treatment of estr-4-ene-3,17-dione with 1,1, 1-trif luoromethyl (methyl) - 

dioxirane (Me110 reagent) in situ. Mello reagent was also found to be 

the only convenient reagent to introduce an oxygen function into a 

weakly nucleophilic 3,4-double bond of 4-chloro-e~tra-4-ene-3~I7-dione 

3 .l3c (Sceme 3.16) to give 4S-chloro-4a, Sa-epoxyestra-3,17-diane 3.14~ 

in 80% yield. 4-Hydroxyestrone was obtained also upon pyrolysis of 

compound 3. M c ,  however, with a lower yield (ca 30%) than under acidic 

aromatization of compound 3.14b (73%). It was noted that pyrolysis of 

compound 3.14~ or 3.14d at ca 100 OC gave three products 

(4-hydroxyestrone 3-15., 4-hydro~yestra-4~6-diene-3~17-dione 3.15c, and 

estra-5,7,9-triene-3 , 17-dione 3-15.) and pyrolysis at ca 240 OC gave 

two products (4-hydroxyestrone 3.151 and a new conipowd, 

estr-5,7,9-triene-3,Pdione 3-15.). 



Ganorrl ExperiPrrntrl Tachaiquu 

Products of organic reactions were monitored by TLC in the 

Eollcviag solvent systems on silica gel (Merck type 60H): acetone-light 

petroleum ether (35-60 'CI (LP) . diethyl ethet-LP, uid ethyl acetate-LP; 
compounds were visualized with a W lamp where appropriate and th- by 

dipping the plates in 0% concentratad sulphuric acid in ethyl alcohol 

followed by heating on a hot plate at ca 120 OC where colour changes 

could be observed. Anhydrous NazSO4 was used as a drying agent for 

solvexts during work-up of a reaction mixture. Flash col- 

chromatography (FCC) was carried out on silica gel (Therochem silica 

gel 20-45 microns for column chromatographyi . Melting points were 

determined on an Electm-thermal Rouer-type apparatus and are 

uncorrected. Elemental analyses were done by Mr .  W. Baldeo. School of 

Pharmacy, University of London, England. 

'FI, 13c. COSY. NOE. HSOC. HMBQC. TI of 13c NMR snectra (perfomed by T. 

Foniak, T. Wolowiec, and K. Marat, University of Manitoba) 

'a and 13c NMR spectra were recorded on a Bruker AM300 instrument 

operating at 300 MEz for hydrogen and 75 MHz for carbon. Carbon 

spectra were classified as to multiplicity with the DEPT technique 

(Doddrell et al., 1982) . 
Al1 'H and "C chernical shift data are presented in the 

experimental sections. Homonuclear correlation (COSY) , (Aue et al., 

1976). heteronuclear correlation (HSQC), heteronuclear multiple-bond 

proton-detected quantum correlation (IIMBQC) , and nuclear Overhauser 

eff ect (NOE) dif f erence spectra (Kinns and Sanders, 5984) were recorded 

on a Bruker AM500 spectrometer. Samples were measured as ca 50 mmol/ml 

solutions in 5 mm sample tubes in CDC13, CD3COCD3 or CDC13:CD30D (1:l) 

as indicated. For samples in Q)C13, the residual CHC13 peak in the 



solvent (8H = 7.26 ppm; 6 = 77.0 ppm) usas used as the interna1 

reference for both proton and carbon spectra. For the remaining 

solvents SiMe4 was used as reference standard. 

Mass Suectrometrv (performed by W. Buchannon, miversity of Manitoba) . 

EI and FAB Mass spectra were determined on a VG-7070-HF instrument 

at 70 eV. Xenon gas was used for recording the PAB mass spectra. 

Molecular modellins (MMXI . 

MMX moledar mechanics modelling program, Version 4.0, was used to 

study structures of synthesized conpounds and their dynamics (PCMODEL, 

Moïecuïar Modeling Software, Serena Software, 1290). 

X-rav c~staliosra~hic Aaalvsis (perf onned by Dr. 3. Bridson, Mernorial 

University of Newfoundland). 

x-Ray crystallographic data for selected compounds , 3. M c  and 4.14, 

were collected on a Rigaku AFCLS diffractometer with a graphite 

rnonochromator MoKa ( = 0.71069 A) radiation. Crystallographic data 

are surnmarized in Tables 3 -3 and 4.1. Ce11 constants and an 

orientation matrix for data collection were obtained by least squares 

u s k g  the setting angles for 3 . i 4 c  18 or 4.14 23 reflections in the 2 0  

ranges 3 . 1 4 ~  9-08-23.39' Or 4.14 8.97-19.03'. Data collection used the 

w - 2 8  scon technique. Omega scans of several intense ref lections, made 

before data collection, had an average scan width at half-height of 

3 . 1 4 ~  0.36' or 4 . 1 4  0.33' with a take off angle of 6'. Scans of 3 . 1 4 ~  

(1.47 + 0.35 tan 8'1 or 4 . 1 4  (0.94 + 0.30 tang 0') were made at a speed 

of 4 O/& or 2 ' /min, respectively (in a) . The weak reflections 

1 ~ 1 0  .oo(l) were rescanned for 3 . l 4 c  (maximum of 4 tescans) or 4.14 

(maximum of 2 rescans 1 , and the counts accumulated to assure good 

cowting statistics. Stationary background counts were recorded on 

each side of the reflection. The ratio of peaks counting time to 



background counting time was 2 : 1. Three reference ref lections, 

measured every 150 reflectioas remained constant and decay colrxection 

was applied . Zatensities were corrected for Lorentz and polarization 

ef fects; a correction for absorption was applied based on azimutha1 

scans of several reflections. The structure was solved using direct 

methods (Gilmore, 1984; Beurskens, 1984) - Full matrix least-squaxes 

refinement with anisotropic factors given t0 al1 non-H atoms converged 

to for (R = 0.042, R, = 0.038, S = 2.22)  3.14~ or to (R = 0.059, R, = 

0,031, S = 1.62) 4.14. The weighting scfieme was based on counthg 

statistics. The maximum shift/error in the final cycle 0.00. The 

largest peaks in the final difference map were 0.21 and -0.25 e - / ~ ~  f o r  

3 . 1 4 ~  and (0.21 and -0.20 e - / ~ ~  for 4.14. Atomic scattering factors 

were from International Tables for X-ray crystallography (Cromer and 

Weber, 1974 1 . Anomalous dispersion eff ects were included in F , ,le and 

values were taken from Cromer (Cromer, 1974) . Ail calculations were 

made with the TEXSAN crys tallographic software package (TEXAN-TEXRAY, 

1 9 8 5 ) .  Figures 3.1 and 4.1 are represented in PLüTO (Motherwell and 

Clegg, 1978) . Tables of atomic coordinates, bond length and angles, 

and thermal parameters have been deposited at the Cambridge 

~rystallographic Data Centre. 
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