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New synthesis of estradiol from androsta-l,4-diene-3,17-dione 
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A new method for the aromatization of ring A in androsta-l,4-diene-3,17-dione, 
available from sterols by means of the microbiological degradation of the side chain, was 
developed. The method consists of the reduction of androsta-l,4-diene-3,17-dione to the 
corresponding dieaediol followed by double C,O-deprotonation of ring A, accompanied by 
expulsion of the 19-methyl group and formation of estradiol in a high yield. 

Key words: androsta- 1,4-diene-3,17-dione, aromatization, angular demethylation, estra- 
diol, partial synthesis. 

Estradiol ( ib )  is the most important of  female repro- 
ductive hormones (estrogens) and a valuable intermedi-  
ate in the synthesis and production of other estrogens 
and a large number  of steroid preparations with estro- 
genic (estradiol ethers, ethynylestradiol), gestagenic and 
anabolic (derivatives of  19-nortestosterone, prepared by 
reduction of  the aromatic ring in estrogens), contracep- 
tive (gestagen + estrogen), and anti implantation (Mife- 
pristone) activities. I 

At present, estrogens are mainly obtained on the 
preparative scale by chemical synthesis from androsta- 
1,4-diene-3,17-dione (ADD, 2a), available from micro- 
biological transformation of [3-sitosterol or cholesterol. 
ADD is converted into estrogens using two main meth- 

ods; both of  them produce primarily estrone ( l a ) .  One 
method is based on high-temperature pyrolysis of  ADD 
under extreme conditions (500--700 ~ contact  time 
up to 1 s). z In the other method, removal of  the angular 
19-methyl group from A D D  (i.e., the so-called aromati-  
zation of the steroid) is attained by the Dryden reac- 
tion. 3 The method consists of  the t reatment  of  ADD 
17-ethyleneketa l  (2e) with sodium d ipheny l ide  in 
diglyme; this results in el imination of the 19-methyl 
group to give estrone 17-ethyleneketal ( le) .  The latter is 
converted into estr0ne, estradiol, and other estrogens by 
conventional procedures. Although both methods afford 
tile products in relatively high overall yields (more than 
60%), they have substantial limitations, due to the he- 
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cessity of using special equipment, intermediate protec- 
tion of the 17-oxygen function, etc.; therefore, alterna- 
tive methods need to be developed. 

Previously we showed 4 that the mechanism of the 
Dryden reaction is the addition of two electrons to the 
cyclohexadienone fragment of the ADD molecule 
(ring A) to give dianion A, which eliminates the 19-me- 
thyl group as a methyl anion to give the phenoxide of 
the corresponding A-aromatic steroid. This mechanism 
was confirmed by generating dianion A by an alternative 
route, namely, by double deprotonation (at oxygen and 
carbon) of steroid cyclohexadienol 3d, which resulted in 
aromatization of ring A, similar to that occurring in the 
Dryden reaction. We employed this way of generation of 
type A dianions to transform ADD into estrogens. 

To obtain the required cyclohexadienol group in ring 
A, the 3-carbonyl group in ADD is to be reduced. When 
lithium aluminum hydride was used as the reducing 
agent (this has been reported for ADDS), the 1,2- and 
1,4-addition reactions occurred competitively; therefore 
the resulting (upon simultaneous reduction of the 
17-carbonyl group) dienediol 3b contained a consider- 
able admixture of the corresponding A4-3-ketosteroid, 
testosterone. The proportion of testosterone formed was 
10~60% and increased when a larger excess of lithium 
aluminum hydride was used. Similar results were ob- 
tained when lithium diethoxyaluminum hydride 6 and 
aluminum hydride 7 generated in situ were used; in the 
case of sodium borohydride, only 1,4-addition products 
were obtained. A clean 1,2-addition was achieved by 
using sodium bis(2-methoxyethoxy)aluminum hydride s 
[NaAIH2(OCH2CI-t2OMe):2, Red-All. In this case, the 
yield of a mixture of 3-epimeric dienediols 3b with 97% 
purity reached 98.6%, and the co.rresponding 17-keto- 
steroids were formed as the main impurity. The ratio of 
the epimers 3cc-3b : 313-3b, whose configurations were 
assigned by analogy with published data, 4 was 4 : 6. 
Separation of the 3-epimers is not required for their 
subsequent use. Similar results were obtained in the 
reduction of ADD 17-ethyleneketal (2c), resulting in a 
mixture of epimeric dienols 3c. 

The next, and more complicated, problem was to 
generate type A dianion from dienediol 3b; this would 
require triple ionization of the molecule (double ioniza- 
tion of ring A and ionization at O(17)). The attempts to 
make this problem easier by using protective groups for 
the 3- and 17-oxygen functions (the 3-O-methyl ether, 
17-ethyleneketal) resulted in unusual transformations of 
these "inert" groups under the severe alkaline conditions 
needed for this reaction. For example, treatment of ketal 
3e with a large excess (10 equiv.) of BunLi in heptane in 
the presence of N,N,N' ,N ' - te tramethyle thy lenediamine  
(TMEDA) at 100--110 ~ directly gave estrone ia as 
the major product (in up to 28% yield), resulting from 
aromatization of ring A with simultaneous cleavage of 
the ethyleneketal group. The probable mechanism of 
this cleavage is deprotonation of the --OCH2CH20-- 

unit in the ethyleneketal group to give ct,13-dialkoxy 
carbanion (B), which is converted upon rapid 13-elimi- 
nation into the O-anion (C); the latter species is the 
alkoxide derived from the 17-ketone vinyl hemiketal. 
Evidently, this alkoxide can be converted into the 17-ke- 
tone simply by treatment with water. However, the yield 
of the individual products of aromatization of dienediol 
3b derivatives decreases as a result of this and other side 
processes that accompany aromatization of ring A; there- 
fore, unprotected diol 3b should be considered the opti- 
mum intermediate compound. 
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Study of the aromatization of  dienediol 3b showed 
that aromatization giving estradiol Ib via the corre- 
sponding anion (trianion in this particular case) of type 
A occurs more or less efficiently with most of the bases 
studied (KH, PhNa, NaPh2, BunLi, BunLi -TMEDA, 
Pri2NLi) and in various solvents (n-heptane, toluene, 
THF, diglyme, TMEDA, Et2NH ). It is the high-tem- 
perature stability of the base in the employed medium 
(which is low in ether and amine solvents) rather than 
the solubility of the intermediate type A trianion (or the 
preceding dialkoxide), which is always very poor, that 
proved to be the critical factor determining the high 
product yields in this reaction. Correspondingly, the 
aromatization proceeds most smoothly under the sim- 
plest conditions involving the reaction with BuaLi in 
toluene for 9--11 h at 100 ~ In this case, the yield of 
estradiol lb reached 84--86% when only 5 equiv. (167% 
of the amount required theoretically) of BunLi was used. 

The two-step procedure for the transformation of 
ADD into estradiol not only surpasses ill experimental 
simplicity and efficiency (overall yield 83--85%) other 
analogous procedures for ADD transformation into estro- 
gens but call also be used for aromatization of ring A in 
other steroids with a 19-methyl group, which previously 
could be performed only with significant difficulties. 
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Experimental 

IH NMR spectra were recorded o n  a Bruker WM-250 
spectrometer (250.13 MHz). The optical rotations were mea- 
sured at 100 ~ on a DIP-360 instrument (JASCO, Japan). 
TLC analysis was performed on Kiesetgel 60 (Merck) plates 
t,sing the soI,Jent systems indicated below; the spots were 
visualized by spraying the plates with a solution of  Ce(SO4) 2 in 
10% lt2SO 4 with subsequent heating. Commercial  ADD 
(Russia), m.p. 138.5--140"C, with a purity of >95%, 70% 
solutions of Red--Al in benzene (Chemapol, Czechoslovakia), 
and a 1.6 M solution of Bu'~Li in hexane (Fluka) were used. 

Androsta-l,4-dien-3ct/13,1713-dioi (3b). A 70% benzene so- 
lution of Red--Al (8.8 mL, 26.5 mmol) was added to 25 mL 
of anhydrous toluene under argon. The resulting colorless 
transparent solution was heated to 50--55 ~ and a solution 
of ADD (5.0 g, 17.6 retool) in 50 mL of anhydrous toluene 
was added in portions with stirring over a period of 15 rain. 
The resulting milk-white thick paste was stirred for 1 h at 50-- 
60 *C and cooled to -20 ~ and 100 mL of a 20% aqueous 
solution of NaOH was added. The steroid precipitate was 
filtered off from the resu{ting suspension and washed o n  the 
filter with 250 mL of water (to pH 7 of the wash water). The 
crystals were dried in vacuo over KOH (2 h at 50--60 *C and 
12 h at 20 ~ (2 Tort)) to give 4.45 g (87.8%) of diol 31) as a 
while crystalline powder, purity >99%, ratio of epimers 
3a : 313 = 4 : 6 (NMR data), m.p. 198--200 ~ [~ID 23 
+33.8 ~ (c 0.80, dioxane),  Rf 0.18 (13-epimer) and 0.32 
(a-epimer) (EtOAc--hexane, I : 2 + 0. l% triethylamine, four 
runs) (see Ref. 5). JH NMR (CDCIz), 6 : 0 . 7 9  (s, 3 H, 
C(18)H3); 1.07 (s, 1.8 H, C(19)H 3 in the 313-epimer); 1.12 (s, 
1.2 H, C(19)H 3 in the 3et-epimer); 3.64 (t, 1 H, H(17), g = 
8.3 Hz); 4.50 (br.s, I H, H(3)); 5.52 (m, 0.6 H, H(4) in the 
313-epimer); 5.55 (m, 0.4 H, H(4) in the 3ct-epimer); 5.79 
(br.d, 1 H, H(2), J = 10.7 Hz); 5.97 (d, 0.4 H, H(1) in the 
3ct-epimer, J = 10.7 Hz); 6.00 (d, 0.6 H, H(I)  in the 
313-epimer, J = 10.7 Hz). The upper (toluene) layer of the 
two-layer filtrate was separated, the aqueous layer was ex- 
tracted with toluene (3x15 mL), and the toluene solutions 
were combined, dried with Na:~SO4, and evaporated to dry- 
ness. The resulting white crystalline precipitate (0.55 g, 10.8%) 
contained 70--75% diol 3b; a mixture of epimeric androsta- 
1,4-dien-3a/13-ol-17-ones (3a) was formed as the main impu- 
rity (up to 25%). This impurity was responsible for additional 
signals in the tH NMR spreclrum of the product (CDCI3), B: 
0.91 (s, 3 H, C(18)H3); l . t0  (s, 1.8 H, C(19)H 3 in the 
313-epimer); 1.15 (s, 1.2 H, C(19)H 3 in the 3ct-epimer). Rf 0.13 
and 0.27 (the same system). Combining the two portions of  the 
product gives 5.00 g (98.6%) of diol 3b of 97% purity (the 
above-mentioned impurity accounted for 3%), which was used 
in the next step without additional purification. 

Estra- 1,3,5( 10)-triene-3,1713-diol (estradioi, lb).  A 1.6 M 
solution of Bu"Li (16.3 mL, 26 mmol) in hexane was added 

tinder argon at 60 ~ over a period of 20 rain to a stirred 
suspension of diol 3b (1.5 g, 5.2 mmol) in 25 mL of anhy- 
drous toluene. A bright-orange suspension formed. The tem- 
perature of the bath was raised to 100 ~ with constant 
removal of hexane vapor from the flask, and the suspension 
was stirred at this temperature for I1 h; the disappearance of 
the starting compound was monitored by TLC of samples 
taken from the reaction mixture and acidified (EtOAc--hex- 
ane, 3 : 2, double development, Rf 0.23 and 0.39 (yellow 
spots, the epimers of diol 3b), 0.52 (red spot, estradiol lb), 
0.67 (yellow spot, the products of acid catalyzed 3-mono- 
dehydration of diol 3b)). The brown-yellow suspension was 
cooled to -20 ~ and 14 mL of water and 8 mL of  18% HCI 
(to pH 1--2 of the aqueous layer) were successively added to it 
with stirring. The precipitate of the steroid formed at the 
toluene--water interface was filtered off, washed with 5 mL of 
water, and dried in vacuo over KOH to give 1.08 g (76.2%) of 
estradiol Ib as a beige powder. An additional portion of  the 
same product (0.11 g, 7.6%) was isolated by alkaline extrac- 
tion of the toluene layer. The total yield of estradiol Ib was 
1.19 g (83.8%), purity >__95% (NMR. data). R.ecrystallisation 
from 50% aqueous ethanol with clarification by activated 
carbon gave estradiot lb in 90% yield with >99% purity as a 
white coarsely crystalline powder, m.p. 175--176 ~ (cf. 
Ref. 2). IH NMR (DMSO-dr),  5 :0 .67  (s, 3 H, c( lg)H~);  
1.0--2.3 (m, 13 H, H(8+9) + C ( 7 + I I + I 2 + I 4 + I 5 + L 6 ) H 2 ) ;  
2.68 (m, 2 H, C(6)H2); 3.54 (t, 1 H, H(17), J = 8.6 Hz); 
6.44 (s, L H, H(4)); 6.50 (dd, 1 H, H(2), J = 2.2 and 
9.4 Hz); 7.04 (d, I H, H(I),  ] = 9.4 Hz). 

Re fe rences  

I. L. F. Fieser and M. Fieser, Steroids, Reinhold Publishing 
Corporation, New York, t959. 

2. FRG Pat 2,537,254; Chem. Abstrs., 1976, 85, 94609: 
FRG Pat. 3,931,820; Chem. Abstrs., 199L, !15, 29716. 

3. H. L. Dryden, G. M. Webber, and J. Weiczotek, J. Am. 
Chem. Soc., 1964, 86, 742. 

4. V. I. Mel 'nikova and K. K. Pivnitsky, Zh. Org. Khim., 
1972, 8, 68 [J. Org. Chem., L972, 8 (Engl. TransL.)]. 

5. M. J. Gentles, J. B. Moss, H. L. Herzog, and E. B. 
Hershberg, J. Am. Chem. Soc., 1958, 80, 3702. 

6. H. C. Brown and A. Tsukamoto, ]. Am. Chem. Soc., 1959, 
81, 502; 3". Am. Chem. Soc., 1964, 86, 1079. 

7. H. C. Brown and N. M. Yoon, J. Am. Chem. Soc., 1966, 88, 
1464. 

8. A. Hajos, Komple~re Hydride, VEB Deutscher Verlag der 
Wissenschaften, Berlin, 1966. 

9. The Merck Index, 9th ed., Ed. M. Windholz, Merck and Co., 
Inc., New York, 1976, 485 pp. 

Received October 29, 1998 


