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Abstract

A new convergent synthesis of the antitumor steroid formestane (4-@H#gs been performed from the easily available epimeric
mixture of 5n- and §3-androst-3-en-17-onga and 1b in order to attempt a yield improvement. A two-step oxidative route followed by
base-catalyzed isomerization was applied to the &d FB-epimersla and 1b, either as a mixture or separately, leading to the title
compoundb. From epimerla an efficient process was attained to prepare the desired aromatase inhibitor formestanellg fBch&s the
formation of the same compourad Additionally, 1b have also been converted ig-Hydroxyandrostane-3,17-dioi@ and androst-4-ene-
3,17-dionel3, revealing an unexpected reactivity of the,&3-epoxy-53-androstan-17-one intermediddormed from1b during the first
oxidative step with performic acid. Cleavage of the epoXidied to thetrans-diaxial and therans-diequatoriaVic-diols 7 and8 and to the
1,3-diol 9. The formation of the abnormal produ@sand 9 were investigated through X-ray and deuterium labeling studies. ®whs
formed through @rans-diequatorial epoxide ring opening and the 1,3-@@las formed through an intramolecular rearrangement involving
a 1,2-hydride shift. All thevic-diols 3, 7 and8 formed, proved to be good precursors for the synthesis of the target compo@@d002
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1. Introduction ring A of formestane [9,10]. One of the studied strategies
is a two-step oxidative route and uses thedndrost-3-
Since aromatase catalyses the final step in the biosyn-en-17-onela as starting material [10]. Due to the lack of
thesis of estrogens, the potent aromatase inhibitor form- chirality at C-5 in the target steroil and to the easy
estane5 (4-hydroxyandrost-4-ene-3,17-dione, 4-OHA) access to &- and §3-androst-3-en-17-onelé and1b) as
(Scheme 1) has been proved very effective in the treat- a mixture through the reduction of androstenedione with
ment of advanced estrogen-dependent breast cancer [1,2%inc in acetic acid [11] we embarked to attempt the
and, quite recently has found clinical use [3]. A number improvement of the previously developed synthesis of
of synthetic strategies have been developed previously4-OHA using the whole epimeric mixture ofa5 and
for the preparation of 4-OHA, but the overall yields 5pB-olefinsla andl1b as starting material.
found were generally low [4—8]. In order to overcome In this paper we wish to report the results of a com-
this problem we recently developed alternative synthetic parative study on the use of thgg®lefin 1b as starting
strategies to generate efficiently the desired diosphenolmaterial for the synthesis of 4-OHA, either alone or as
a mixture with the &-epimer la. We also report the
results on the evaluation of the unusual reactivity de-
* Corresponding author. Tel.:+351-239-859992; fax:+351-239- tected for th(_a B-epoxide PrecurS(ﬁ of 4-OHA, through
827126. the preparation of deuterium labeled compounds and X-
E-mail addressetavares@ci.uc.pt (E.J. Tavares da Silva). ray studies.
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Scheme 1. The synthesis of formestane 5 from the 5a- and 5B-olefins 1a
and 1b. Reagents and conditions: i) H,O,, HCO,H, CH,CI,, rt, 6 h; i’)
HCO,H, H,0,, tt, 1 h; i) HCO,H, rt, 30'; iii) DMSO, TFAA, —60°C, 3h
then Et;N, —60°C, 15'; iv) Na, MeOH, rt, 1 h.

2. Experimental

2.1. General

Mps were determined on a Reichert Thermopan hot block
apparatus and were not corrected. IR spectra were recorded on
a Perkin ElImer 257-IR Grating Infrared spectrophotometer.
The *H NMR spectra were recorded at 500 MHz, on a Varian
Unity 500 and at 300 MHz on aBruker-AC 300 spectrometers.
The **C NMR spectra were recorded a 125 MHz on a Varian
Unity 500, at 75.6 MHz on a Bruker-AC 300 and at 50.3 MHz
on a Bruker-AC 200 spectrometers. Chemical shifts were re-
corded in & values in parts per million (ppm) downfield from
tetramethylsilane as an internd standard. All J -values are
given in Hz. Mass spectra EIMS and HRM'S were obtained
with VG AutoSpecQ El and AutoSpecEQ EI mass spec-
trometers. Deuterated acetic acid (CH,CO,”H) was pur-
chased from Aldrich. Solvents were dried, when refered,
according to described procedures. All commercially avail-
able chemicals were used as supplied by the manufacturers.
The deuterium labeled compounds described here exhibited
the spectra properties expected from comparison with their
unlabeled counterparts.

2.2. General procedure for the preparation of 3-olefins

2.2.1. 5a and 5B-androst-3-en-17-one (1la and 1b)

To a boiling solution of androstenedione (500 mg, 1.75
mmol) in glacial acetic acid (30 ml), zinc dust (3.0 g, 325
mesh Aldrich) was added in several portions during 10 min
after which the reaction was complete (TLC control). The
zinc suspension was filtered, the zinc was washed with
glacia acetic acid and the filtrate was evaporated to dryness.
The residue was diluted with water (100 ml) and extracted
with diethyl ether (3 X 100 ml). The organic layers were
washed with 10% ag. NaHCO; (3 X 100 ml) and water (3 X
100 ml), dried (MgSO,) and evaporated to dryness to give
awhite crystalline solid (476 mg) composed by an isomeric
mixture (2.3:1 by NMR) of 5«-olefin 1a and 5B-olefin 1b.
Crystallization of the mixture from n-hexane gave the pure
1a (285 mg, 60%).

Olefin 1a: White solid from methanol, mp 125-126°C
(lit [11] 124-126°C); vy (KBr)/cm™! 3014 (C-H), 1737
(C = 0); *H NMR (500 MHz, CDCl;) &: 0.80 (3H, s,
19-H,), 0.88 (3H, s, 18-H3), 5.29 (1H, ddd, J,3 9.5, J45,
3.8, Jy24 2.0, 4-H), 557 (1H, ddd, J34 9.5, J3 55 6.8, J3 5,
3.2, 3-H); *3C NMR (75.6 MHz, CDCl,) &: 11.9 (C-19),
14.0 (C-18), 46.1 (C-5), 125.6 (C-3), 131.0 (C-4), 220.3
(C-17).

The mother liquor of crystallization of la was evapo-
rated to dryness giving 167 mg of athick and colourless oil
congtituted of an isomeric mixture of 5«-olefin 1a and
5B-olefin 1b, now enriched in the 1b isomer (1:3 by NMR).

Olefin 1b: The 58-epimer 1b couldn’'t be isolated and
has been identified in the mixture with the 5a-epimer only
by *H and **C NMR. *H NMR (500 MHz, CDCl.) &: 0.87
(38H, s, 18-H3), 0.98 (3H, s, 19-H), 5.34 (1H, ddd, J, 5 10.0,
Ju5 3.8, Jy 2, 1.9, 4-H), 5.67 (1H, ddd, J; 4 10.0, J; 55 6.5,
J320 35, 3-H); *C NMR (75.6 MHz, CDCl,) &: 13.7
(C-18), 22.9 (C-19), 43.4 (C-5), 127.2 (C-3), 132.0 (C-4),
221.6 (C-17).

2.2.2. [3,5a-H,] -5a- and [3,58-?H,] -5B-androst-3-en-
17-one (14a and 14b)

Prepared from androstenedione as 1a and 1b, but using
the deuterated acetic acid, CH,CO,?H, instead of glacial
acetic acid as reactant. The products obtained in these con-
ditions were the 5a- and 58-deuterium labeled olefins 14a
and 14b in a mixture (2.3:1 by NMR) from where the pure
Sa-epimer 14a was isolated by crystalization from n-hex-
ane, leaving the liquor mother of the crystallization enriched
in 14b. The position where the deuterium labels were in-
troduced has been easily established by *H and *3C NMR
studies.

Labeled olefin 14a: *H NMR (300 MHz, CDCly) &: 0.80
(3H, s, 19-H,), 0.88 (3H, s, 18-H3), 5.29 (1H, d, J 1.5, 4-H),
(3-?H, not visible); **C NMR (75.6 MHz, CDCl.,) &: 11.8
(C-19), 13.9 (C-18), (C-5, not visible), (C-3, not visible),
130.9 (C-4), 221.4 (C-17).

Labeled olefin 14b: The 5B-epimer 14b couldn’'t be
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isolated and has been studied in the mixture with the 5a-
epimer 14a by *H and *C NMR; *H NMR (300 MHz,
CDCIl;) &: 0.87 (3H, s, 18-H), 0.98 (3H, s, 19-H,), 5.33
(1H, s, 4-H), (3-°H, not visible); 3C NMR (75.6 MHz,
CDCI,) &: 13.7 (C-18), 22.8 (C-19), (C-5, not visible), (C-3,
not visible), 131.8 (C-4), 221.6 (C-17).

2.3. General procedure for the preparation of
3,4-epoxides

2.3.1. 3a,4a-Epoxy-5a-androstan-17-one 2 and 33,4-
epoxy-5B-androstan-17-one 6

A stirred solution of the olefin 1a (67.5 mg, 0.25 mmol)
in dichloromethane (1 ml) was treated with 30% hydrogen
peroxide (0.05 ml, 0.44 mmol) and 90% formic acid (0.05
ml, 1.18 mmol) at room temperature for 6 h (TLC). After
dilution with methanol (10 ml) and basification with 10%
ag. NaOH, the solution was neutralized with a 10% ag. HCI
and extracted with dichloromethane. The extract was
washed with 10% ag. NaHCO, and water, dried (MgSO,)
and evaporated to drynessto give 75 mg of epoxide 2 (96%)
as the only detected and isolated product.

Epoxide 2: White solid from diethyl ether, mp 158—
159°C (lit [12] 156-158°C); v, (KBr)/lcm™t 1740 (C =
0); 'H NMR (500 MHz, CDCl) &: 0.79 (3H, s, 19-H,),
0.86 (3H, s, 18-Hj), 2.08 (1H, ddd, J;6, 165 19.0, Jien 150
156 9.5, 16a-H), 2.44 (1H, ddd, Ji6g 164 19.0, Ji6p,155 8.5,
Ji6pasa 0.0-1.0, 16B-H), 2.71 (1H, d, Jsp6, 4.0, 4B-H),
3.17 (1H, dd, Jag 5, 3.0, 3555 3.0, 3B-H); °C NMR (50.3
MHz, CDCl,) 6: 13.4 (C-19), 13.9 (C-18), 52.1 (C-4), 55.6
(C-3), 220.9 (C-17); EIMS mVz 288 (M *, 100%).

Epoxide 6: Prepared as described above but using a (1:3)
mixture of la and 1lb as starting material. Under these
conditions a (1:3) mixture of the epoxides 2 and 6 was
obtained from where 6 has been isolated by crystallization;
White solid from diethyl ether, mp 135-137°C; v,,,o (KBr)/
cm~ 1 1737 (C = 0); *H NMR (500 MHz, CDCl,) &: 0.87
(3H, s, 18-Hy), 0.90 (3H, s, 19-H5), 2.08 (1H, ddd, Jy6, 168
19.0, Ji60 1501158 9.0, 16a-H), 2.46 (1H, ddd, J;ep 16, 19.0,
Jiegasg 90, Jiepas. 1.0, 16B-H), 2.86 (1H, d, J,, 3, 3.8,
4a-H), 3.23 (1H, ddd, Js, 4, 3.8, J3n24 1.8, J3, 05 1.8,
3a-H); **C NMR (75.6 MHz, CDCl.) &: 13.6 (C-18), 22.2
(C-19), 42.9 (C-5), 53.1 (C-3), 56.2 (C-4), 221.0 (C-17);
EIMS m/z 288 (M™", 43.2%); HRMS calculated for
C1oH,50, (M™): 288.2089; Found: 288.2080.

2.3.2. 3B,4B-Epoxy-[ 3a,58-?H,] -58-androstan-17-one 15

Prepared as the unlabeled 6, but using now a (1:3) mix-
ture of deuterium labeled olefins 14a and 14b, as starting
material. As before, the labeled epoxide 15 was isolated by
crystallization and the position of the deuterium label was
confirmed by *H and **C NMR: *H NMR (300 MHz,
CDCly) 6: 0.87 (3H, s, 18-Hj), 0.90 (3H, s, 19-Hj), 2.84
(1H, s, 4a-H), (3a-H, not visible); 3C NMR (75.6 MHz,
CDCly) &: 13.6 (C-18), 22.1 (C-19), (C-5, not visible), (C-3,
not visible), 56.1 (C-4), 221.0 (C-17).

2.4. General procedure for the preparation of diols

2.4.1. 3a,4B-Dihydroxy-5«-androstan-17-one 3

A dtirred solution of the olefin 1a (67.5 mg, 0.25 mmol) in
90% formic acid (2 ml) was treated with 30% hydrogen per-
oxide (0.05 ml, 0.5 mmol) a room temperature for 1 h (TLC).
After methanol dilution (10 ml) and 10% ag. NaOH basifica-
tion, the solution was neutralized with a 10% ag. HCl and
extracted with dichloromethane. The extract was washed with
10% ag. NaHCO4 and water, dried over MgSO, and evapo-
rated to dryness to give compound 3 (75 mg, 96%).

Vic-diol 3: White solid from acetone-hexane, mp 232—
234°C (lit [12] 235-237°C); vyay (KBr)/cm™* 3440 (OH),
1740 (C = 0); *H NMR (500 MHz, CD,0D) &: 0.86 (3H,
s, 18-H), 1.06 (3H, s, 19-Hy), 3.51 (1H, ddd, Jz5,, 3.0,
J3p.a0 3.0, Jag o5 1.5, 36-H), 3.76 (1H, dd, Iy, 5, 6.0, Iy, 35
3.0, 4a-H); *C NMR (75.6 MHz, CDCl.) &: 13.8 (C-18),
14.2 (C-19), 70.5 (C-3), 76.1 (C-4), 220.4 (C-17); EIMSm/z
306 (M™, 100%).

2.4.2. 3B,4a-Dihydroxy-5B-androstan-17-one 7,
3a,4B-dihydroxy-58-androstan-17-one 8 and
3B,5B-dihydroxyandrostan-17-one 9

A solution of epoxide 6 (200 mg, 0.69 mmol) in 90%
formic acid (6.0 ml) was stirred at room temperature during
30 min. After this time, the solution was diluted with meth-
anol (30 ml) and basified with 10% ag. NaOH (8.0 ml). The
resulting mixture was stirred for 5 min, neutralized with
10% ag. HCI and 10% ag. NaHCO; and extracted with
dichloromethane (3 X 100 ml). The extract was washed
with 10% ag. NaHCO; (100 ml) and water (3 X 100 ml),
dried (MgSO,) and evaporated to dryness giving 208 mg of
a crystalline crude composed by a mixture of the title diols
7, 8 and 9. The three diols were separated by column
chromatography [silica gel; light petroleum (bp 40—60°C)-
ethyl acetate (from 9:1 to 2:8)] giving the trans-diaxia
vic-diol 7 (102 mg, 48%), the trans-dieguatorial vic-diol 8
(23 mg, 11% - smaller Rf) and the non-vicinal diol 9 (53
mg, 25% - greater Rf).

Vic-diol 7: White solid from ethyl acetate-n-hexane mp
231-232°C; v (KBr)/cm™* 3400 (OH), 1725 (C = O);
'H NMR (500 MHz, CDCl,) &: 0.86 (3H, s, 18-H.), 0.98
(3H, s, 19-Hy), 2.06 (1H, ddd, J;6, 16 190, J16,4 150/158 95
16a-H), 2.44 (1H, dd, Ji6p 164 19.0, Jiep15p 9.0, 16B-H),
3.65 (1H, dddd, Js,, 45 5.0-6.0, Js, 5 5.0-6.0, Jg, 5, 3.0,
J3a.3s0n 3.0, 3a-H), 3.79 (1H, ddd, Js555 5.0-6.0, Jyp 3,
5.0-6.0, Jigseon 5.0, 4B-H); *C NMR (75.6 MHz,
CDCly) 6: 13.7 (C-18), 22.6 (C-19), 42.5 (C-5), 72.0 (C-3),
76.5 (C-4), 220.5 (C-17); EIMS mvz 306 (M*, 100%);
HRMS calculated for C;gH;005 (M™): 306.2195; Found:
306.2190.

Vic-diol 8: Amorphous solid, v, (KBr)/cm™* 3400
(OH), 1730 (C = O); *H NMR (500 MHz, CDCl.) &: 0.86
(3H, s, 18-Hy), 1.00 (3H, s, 19-Hj), 2.09 (1H, ddd, Jy6, 168
19.0, J160.150/15p 9-5, 16a-H), 2.45 (1H, dd, Ji6s 16, 19.0,
Jiep.15p 8.5, 16B-H), 3.42 (1H, ddd, Jzp 5, 11.0-12.0, J3p 4,
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9.0, J35.25 5.0, 38-H), 3.71 (1H, dd, J,, 55 11.0-12.0, J,, 35
9.0, 4a-H); **C NMR (125 MHz, CDCl,) &: 13.9 (C-18),
23.6 (C-19), 48.6 (C-5), 72.7 (C-4), 76.7 (C-3), 220.4 (C-
17); EIMS m/z 306 (M, 83.5%); HRMS calculated for
C19H3003 (M™): 306.2195; Found: 306.2210.

Diol 9: White solid from acetone-hexane mp 202—-204°C
(lit [13] 201-203°C); v,a (KBr)/cm™* 3460 (OH), 1735
(C = 0); 'H NMR (500 MHz, CD;0D) &: 0.86 (3H, s,
18-Hg), 0.97 (3H, s, 19-H3), 2.07 (1H, ddd, Jye, 16 19.0,
J16a 1515 95, 16a-H), 2.26 (1H, dd, I, 45 15.0, J4 3, 3.0,
4-H), 2.44 (1H, dd, Jye4 16 19.0, Ji6p.155 9.0, 168-H), 4.11
(1H, dddd, Ja, 2, 3.0, Jzp2s 3.0, Japse 3.0, Jzuas 30,
3a-H); C NMR (125 MHz, CDCl,) &: 13.8 (C-18), 17.0
(C-19), 37.1 (C-4), 68.1 (C-3), 75.1 (C-5), 220.5 (C-17);
EIMS m/z 306 (M", 14.6%); HRMS calculated for
C,oH3004: 306.2195; Found: 306.2184.

2.4.3. 3B,4a-Dihydroxy-[ 3«,58-?H,] -58-androstan-17-one
16, 3a,4p-dihydroxy-[ 38,58-°H,]-5B-androstan-17-one 17
and 3B,58-dihydroxy-[ 3a,4¢é-?H,]-androstan-17-one 18

Prepared as 7, 8 and 9, but using the deuterium labeled
epoxide 15, as starting material. In these conditions the
isolated products were the labeled trans-diaxial and trans-
diequatoria vic-diols 16 and 17 and the labeled non-vicina
diol 18 with identical yields. The position of the deuterium
label was unambiguously confirmed by *H and *3C NMR.

Labeled vic-diol 16: *H NMR (300 MHz, CDCl.) &: 0.87
(3H, s, 18-Hy), 0.99 (3H, s, 19-Hy), (3a-H, not visible),
3.79 (1H, s, 4B-H); *C NMR (75.6 MHz, CDCl,) &: 13.6
(C-18), 22.5 (C-19), (C-5, not visible), (C-3, not visible),
76.2 (C-4), 221.6 (C-17).

Labeled vic-diol 17: *H NMR (300 MHz, CDCl.) &: 0.87
(3H, s, 18-Hy), 1.01 (3H, s, 19-Hy), (38-?H, not visible),
3.71 (1H, s, 4a-H); *C NMR (75.6 MHz, CDCl,) &: 13.8
(C-18), 234 (C-19), (C-5, not visible), 72.5 (C-4), 76.7
(C-3, not visible), 221.3 (C-17).

Labeled diol 18: *H NMR (300 MHz, CD,0D) &: 0.87
(3H, s, 18-H,), 0.98 (3H, s, 19-Hy), 2.23 (1H, s, 4-H),
(3a-2H, not visible); **C NMR (75.6 MHz, CDCl,) &: 13.7
(C-18), 17.0 (C-19), (C-4, not visible), (C-3 not visible),
75.0 (C-5), 221.1 (C-17).

2.5. General procedure for the DMSO oxidation of diols
3,7,89

To a stirred and cooled (—60°C) mixture of dimethyl-
sulfoxide (DMSO) (0.15 ml, 2.11 mmol) in dichlorometh-
ane (9 ml) under nitrogen, trifluoroacetic anhydride (TFAA)
(0.27 ml, 1.91 mmol) was added dropwise. After 10 min a
solution of diol 3 (203 mg, 0.66 mmol) in a mixture of
dichloromethane and dimethylsulfoxide (1 ml) was added
and stirred until the steroid was consumed (3 h, TLC con-
trol). Triethylamine (Et;N) (0.62 ml, 4.41 mmol) was then
added and after 15 min at —60°C the temperature was rai sed
at 5°C. The solution was poured into 2N HCI (20 ml) and
extracted with dichloromethane (3 X 20 ml). The extract

was washed with 10% ag. NaHCO; (2 X 40 ml), water (4 X
40 ml), dried (MgSO,) and evaporated to dryness yielding
the crude diosphenol 3-hydroxy-5«-androst-2-ene-4,17-di-
one 4 (199 mg, 98%) as the only detected product. This pale
yellow solid could not be crystallized, and an analytical
sample was purified by column chromatography [silica gel;
ethyl acetate-light petroleum (b.p. 60—80°C) (1:1)].

Diosphenol 4: Amorphous solid, v (KBr)/cm™* 3400
(OH), 1740 (C = 0), 1675 (C = 0), 1650 (C = C); H
NMR (500 MHz, CDCl;) &: 0.88 (3H, s, 18-Hj), 0.93 (3H,
s, 19-H), 5.85 (1H, s, disappeared with D,0, 2-OH), 5.96
(1H, dd, J,; 3.0, J,; 7.0, 2-H); *C NMR (50.3 MHz,
CDCly) 6: 13.2 (C-18), 13.7 (C-19), 113.9 (C-2), 1459
(C-3), 196.8 (C-4), 220.7 (C-17); EIMS mvz 302 (M ™,
100%); Elemental analysis calculated for C,;qH,:05: C,
75.46; H, 8.67. Found: C, 75.46; H, 8.97.

The same oxidation reaction conditions used for the
vic-diol 3 were applied to diol 7 giving a mixture with a
variable composition (1:2 to 2:1 by NMR) of the triketone
5B-androstane-3,4,17-trione 10 and the diosphenol 3-hy-
droxy-5B-androst-2-ene-4,17-dione 11. The unstable com-
pounds 10 and 11 couldn’'t be separated because of their
rapid conversion into diosphenol 5 and were identified in
the mixture only by *H NMR.

Triketone 10: *H NMR (500 MHz, CDCl,) &: 0.86 (3H,
s, 18-Hy), 1.17 (3H, s, 19-H), 2.65 (1H, ddd, J,, o5 18.0,
Joa1p 15.0, oy 1, 6.0, 2a-H), 2.77 (1H, ddd, Jyg,, 18.0,
Jop1p 5.0, Jog 1, 2.5, 2B-H).

Diosphenol 11: *H NMR (500 MHz, CDCl,) &: 0.86 (3H,
s, 18-Hy), 1.17 (3H, s, 19-Hy), 5.91 (1H, dd, 3,1, 7.0, I
3.0, 2-H), 6.02 (1H, broad s, disappeared with D,0O, 3-OH).

Applying the same oxidation reaction conditions to the
vic-diol 8, the diosphenol 11 was the only product detected
in the crude obtained from the reaction. Attempts to recrys-
tallize this compound where unsuccessful also due to its
rapid conversion into diosphenol 5 and it wasidentified only
by IR, *H and **C NMR.

Diosphenol 11: Amorphous dlightly yellow solid, vp,4,
(KBr)/em 13340 (OH), 1735 (C = 0), 1670 (C = 0), 1655
(C = C); '"H NMR (500 MHz, CDCl,) &: 0.86 (3H, s,
18-Hy), 1.17 (3H, s, 19-Hy), 5.91 (1H, dd, J,,, 7.0, J,15
3.0, 2-H), 6.02 (1H, broad s, disappeared with D,0O, 3-OH);
13C NMR (50.3 MHz, CDCl,) &: 13.8 (C-18), 23.0 (C-19),
113.2 (C-2), 146.4 (C-3), 196.8 (C-4), 220.5 (C-17).

Oxidation of the diol 9 with the same reaction conditions
above described gives the hydroxyketone 58-hydroxyan-
drostane-3,17-dione 12 which is converted into the enone
androst-4-ene-3,17-dione 13 during the work-up procedure.
Analytical samples of 12 and 13 were isolated by prepara-
tive TLC [silicagel; ethyl acetate-n-hexane (1:1)]. Attempts
to recrystallize compound 12 where unsuccessful due to its
conversion into enone 13 and it was identified only by IR,
'H and *C NMR.

Hydroxyketone 12: Amorphous white solid, v, (KBr)/
cm~ ! 3480 (OH), 1700-1730 (C = O); *H NMR (500
MHz, CDCl;) 8: 0.90 (3H, s, 18-Hj), 1.03 (3H, s, 19-H.),
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2.11 (1H, ddd, Ji, 165 19.0, Ji6q 15a1158 9.5, 16a-H), 2.30
(IH, ddd, Jo, 25 14.5, Joe1p 14.5, oy 14 6.0, 2a-H), 2.48
(1H, dd, Jye 160 19.0, Jiep155 9.0, 16B-H), 3.04 (1H, d,
Jsaap 15.0, 4a-H); °C NMR (125 MHz, CDCl,) &: 13.8
(C-18), 16.2 (C-19), 37.3 (C-2), 49.3 (C-4), 78.4 (C-5),
210.8 (C-3), 220.4 (C-17).

Enone 13: White solid from hexane mp 172-174°C (lit
[14] 173-174°C); v, (KBr)/lcm™* 1740 (C = 0), 1660
(C = 0), 1620 (C = C); *H NMR (500 MHz, CDCl,) &:
0.92 (3H, s, 18-Hy), 1.22 (3H, s, 19-Hy), 5.76 (1H, s, 4-H).
Spectroscopic datawere in agreement with those reported in
the literature [15].

2.6. General procedure for the preparation of the
diosphenol 4-hydroxyandrost-4-ene-3,17-dione 5

2.6.1. From isomerization of diosphenol 4

To a dtirred and cooled (0°C) solution of 4 (60 mg, 0.2
mmol) in methanol (3 ml) under nitrogen, sodium metal (50
mg, 2.2 mmol) was added. After 1 h at room temperature the
suspension was neutralized with 10% ag. HCl (2 ml), di-
luted with water (30 ml) and extracted with dichlorometh-
ane (3 X 50 ml). The extract was washed with 10% aq.
NaHCO4 (50 ml), water (3 X 50 ml), dried (MgSO,) and
evaporated to dryness giving a crystalline crude. The crude
was purified by flash chromatography [silica gel; diethyl
ether-carbon tetrachloride (1:1)] to give 48 mg of 5 (80%).

Diosphenol 5: White solid from ethyl acetate, mp 202—
203°C (lit [6] 201-203°C); v, (KBr)/cm™* 3415, 3390
(OH), 1740 (C = 0), 1670 (C = 0), 1630 (C = C); *H
NMR (500 MHz, CDCl;) &: 0.92 (3H, s, 18-Hj), 1.20 (3H,
s, 19-Hj), 3.07 (1H, m, 6a-H), 6.16 (1H, broad s, disap-
peared with D,0O, 4-OH); *C NMR (125 MHz, CDCl.,) &:
13.7 (C-18), 17.1 (C-19), 139.2 (C-4), 141.3 (C-5), 1935
(C-3), 220.7 (C-17). Spectroscopic data were in agreement
with those reported in the literature [6].

2.6.2. From isomerization of diosphenol 11

The same reaction conditions used for the diosphenol 4
were applied to 11 giving, as before, a similar yield of the
desired diosphenol 5.

2.6.3. From isomerization of triketone 10

Applying the same reaction conditionsto a (2:1) mixture
of triketone 10 and diosphenol 11, due to the instability of
the pure 10, the desired diosphenol 5 was also obtained in
similar yield.

2.7. Using the epimeric mixture of olefins 1a and 1b as
starting material

A stirred solution of the (2.3:1) mixture of 1la and 1b
(200 mg, 0.73 mmol) was treated with 30% hydrogen per-
oxide (0.02 ml, 2.0 mmol) at room temperature for 12 h
(TLC). After the usua work-up a crude (200 mg) of com-
plex composition (TLC) was obtained. A solution of this
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Fig. 1. ORTEP plot of the epoxide intermediate 2.

crude in a mixture of DMSO and dichloromethane (3 ml)
was added dropwise to a stirred and cooled (60°C) mixture
of DMSO (0.22 ml, 3.1 mmol) and TFAA (0.27 ml, 1.91
mmol) in dichloromethane (10 ml) and Et;N (0.62 ml, 6.45
mmol) was then added according to the usual procedure.
After the usual work-up a crude oil (214 mg) of complex
composition was obtained. A solution of this crude in meth-
anol (20 ml) was finaly treated with sodium metal (50 mg,
13.6 mmol) at room temperature for 2 h giving after the
usual work-up a new crude (191 mg) containing a mixture
of the desired diosphenol 5, the hydroxyketone 12 and the
enone 13. Column chromatography of this crude with di-
ethyl ether-carbon tetrachloride (1:1) yielded 119 mg (54%)
of diosphenol 5 still contaminated with traces of by-prod-
ucts.

3. Results and discussion

An optimized synthesis of formestane previously devel-
oped in our laboratory uses the available 5a-androst-3-en-
17-one la as starting material [10]. Treatment of la
(Scheme 1) with performic acid generated in situ led after
work-up to the trans-diaxial diol, 3a,4B-dihydroxy-5a-an-
drostan-17-one 3, in 96% yield. Using dichloromethane
instead of formic acid as a solvent, due to the low solubility
of the formic acid in this solvent further cleavage of the
epoxide was prevented and the 3a,4a-epoxide 2 was the
only product formed. The stereochemistry of the 3a,4a-
oxirane ring and the trans-A/B fusion were previously es-
tablished by *H and *C NMR spectroscopic analysis [10]
and afterwards confirmed by X-ray diffraction analysis (Fig.
1) [16]. Further oxidation of the trans-diaxial diol 3, with
dimethyl sulfoxide activated with trifluoroacetic anhydride,
gave quantitatively the kinetic diosphenol, 3-hydroxy-5a-
androst-2-ene-4,17-dione 4, which by base-catalyzed
isomerization with NaOMe/MeOH led to the desired ther-
modynamic diosphenol, 4-OHA 5, as the sole product in
high yield (80%).

Since the chiral center at C-5 in 5a-olefin 1a is lost
during the synthetic process described for the preparation of
4-OHA, the epimeric mixture of 5a- and 5B-olefins, 1a and
1b, easily available from the reduction of androstenedione
with zinc in acetic acid [11], was treated in a sequential way
with performic acid, dimethyl sulfoxide activated with tri-
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hindrance
Fig. 2. ORTEP plot of the epoxide intermediate 6.

fluoroacetic anhydride, and finally with sodium meta in
methanolic solution under the conditions depicted in
Scheme 1. After the work-up, the diosphenol 5 was obtained
as a mixture with two by-products, the hydroxyketone 12 and
the enone 13 thus making the isolation of the desired com-
pound difficult and not affording the improvement in yield.

The formation of the by-products 12 and 13 from the
5B-olefin 1b was studied through the reaction of the 33,43-
epoxy-5B-androstan-17-one intermediate 6, formed during
the first oxidative step, with formic acid (Scheme 1). Prep-
aration of 6 was carried out by reaction in dichloromethane
of amixture of 1b+ 1a, enriched in 1b, with performic acid
generated in situ. As in the preparation of 2, the low solu-
bility of the resulting formic acid in dichloromethane pre-
vents further cleavage of the epoxide. The B configuration
of the oxirane ring and the cis-A/B fusion were established
by the chemical shift, 22.2 ppm, of the C-19 carbon in *3C
NMR spectroscopic analysis and by X-ray diffraction anal-
ysis [17] (Fig. 2).

Reaction of the intermediate epoxide 6 with formic acid
at room temperature affords a mixture of diols, the expected
trans-diaxial diol, 38,4a-dihydroxy-58-androstan-17-one 7
(48%) and the trans-diequatorial diol, 3a,4B-dihydroxy-53-
androstan-17-one 8 (11%) as well as the non-vicina dial,
3B,5B-dihydroxyandrostan-17-one 9 (25%).

The stereochemistry of the hydroxyl groups was unam-
biguously established by *H NMR spectroscopic and X-ray
diffraction analyses[18] for compound 7 (Fig. 3) and by *H
NMR spectroscopic analysis for compounds 8 and 9. The

Fig. 3. ORTEP plot of the vic-diol 7.

magnitude of the coupling constant, J;., 5-6 Hz, measured
in the 'H NMR spectrum of 7, revealed a trans-diequatorial
interaction between these protons which was confirmed by
X-ray analysis (Fig. 3), while the magnitude of J = 9 Hz in
8 reveded a trans-diaxial relationship for the protons
3B,4a-H. Coupling constants of 5-6 Hz for the 438-H, 58-H
interaction in 7 and 11-12 Hz for the 4a-H, 58-H interac-
tion in 8 also revealed the corresponding diequatorial and
diaxia proton relationships in the aforementioned com-
pounds. The two 4-H protons of 9 interact geminally, with
a coupling constant of 15 Hz and one of them interacts with
the 3a-equatorial proton with a coupling constant of 3 Hz.

Further oxidation of the trans-diaxial vic-diol 7 with
dimethyl sulfoxide (DMSO) activated with trifluoroacetic
anhydride (TFAA) vyields the triketone, 5B-androstane-
3,4,17-trione 10, and the kinetic diosphenol, 3-hydroxy-58-
androst-2-ene-4,17-dione 11, in a mixture of variable pro-
portions (from 1:2 to 221 by NMR). When the same
oxidative conditions were applied to the trans-diequatorial
vic-diol 8 the kinetic diosphenol 11 was quantitatively af-
forded.

The base-catalyzed isomerization of the diosphenol 11
either alone or as a mixture with the triketonic form 10 led
to the 4-OHA 5 in high yield (80%).

Oxidation of diol 9 with dimethyl sulfoxide activated
with trifluoroacetic anhydride gave 58-hydroxyandrostane-
3,17-dione 12 and androst-4-ene-3,17-dione 13 in a 2:1
mixture. Compound 13 was aso obtained after base-cata-
lyzed dehydration of 12.

In order to understand the mechanism for the formation
of the abnormal diols 8 and 9, the 3,5-deuterium labeled
analog 15 of epoxide 6 was prepared through selective
introduction of the isotopein positions 3 and 5 of the steroid
nucleus and its cleavage with formic acid was further stud-
ied (Scheme 2). Preparation of the desired labeled steroid 15

o
13 H t4a H qap
i, followed by S,
orystallization _
DS,
07 D

-

D /iD HO /%D D /% o
H OH HO H D H
16 17 18

Scheme 2. The strategy for C-3 and C-5 deuterium labeling of the epoxide
intermediate 15 and study of the normal and abnormal cleavages. Reagents
and conditions: i) Zn, CH5CO,?H, reflux, 10'; ii) H,0,, HCO,H, CH.Cl,,
rt, 6 h; iii) HCO,H, rt, 30".
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Fig. 4. Portions of *H NMR spectra with the signals of 3-H and 4-H protons of the unlabeled compounds 7, 8 and 9 and the counterpart spectra portions of

deuterium labeled compounds 16, 17 and 18.

was achieved by epoxidation of the labeled olefin 14b. This
olefin was obtained, in mixture with 14a, by selective deu-
teration of enone 13 through reduction with metal zinc in
deuterated acetic acid CH;CO,?H. The presence of deute-
rium in the desired 3 and 5 positions of the steroid nucleus
of 14b and 15 has been inferred by comparing the *H and
13C NMR spectra of these compounds with the correspond-
ing spectra of the non-labeled analogues 1b and 6. In fact,
the multiplet of the 4-H proton, in 1b and 6, shows the
coupling with the vicinal 3-H and 5-H protons, which is not
visible in the case of 14b and 15, due to the substitution of
these protons by deuterium. Additionally, the 3-H, C-3 and
C-5 signals observed in the *H and *C NMR spectra,
respectively, for 1b and 6 have disappeared in the spectra of
14b and 15, in accordance with the introduction of deute-
rium in the above-mentioned carbon atoms.

When the 3,5-deuterium substituted compound 15, pre-

OOCH

pared as previously described, was treated with formic acid,
three new compounds, 16, 17 and 18, were obtained after
conventional work-up, due to the cleavage of the epoxide
ring of 15 (Scheme 2).

'H and *3C NMR spectroscopic analysis of 16, 17 and 18
revealed that 16 and 17 are respectively, the 3,5-deuterated
analogues of the diols 7 and 8, while compound 18 is the
3,4-deuterated analog of diol 9 (Fig. 4). In fact, the vicina
4H-3H and 4H-5H couplings, observed for the 4-H multi-
plets of the '"H NMR spectra of compounds 7 and 8, were
absent in the case of 16 and 17. Furthermore, the 3-H, C-3
and C-5 signals have also disappeared from the *H and **C
NMR spectra of these two diols. In the same way, compar-
ing the *H NMR spectra of 9 and 18 we could observe a
double doublet, for the geminal coupling between the two
4-H protons and for the vicina coupling between 4H-3aH
of 9, which collapses to a singlet in the spectrum of 18, due

| KOH
-
.- R

. -

o

i 7

Scheme 3. Formation of the vic-diol 7 through the classic First-Plattner rule.
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Scheme 4. Proposed mechanism for the formation of vic-diol 8.

to the presence of a deuterium atom at C-3 and C-4 carbons.
Asobserved in the spectra of compounds 16 and 17, the 3-H
signal disappeared from the *H NMR spectra of 18 as a
result of the presence of a deuterium atom at C-3. Addi-
tionally, the collapse of the C-4 signal and the reappearance
of the C-5 signal in the *3C NMR spectrum of 18 confirms
the transfer of the deuterium from C-5 to C-4 during the
conversion of 15 into 18.

Based on these results, we can conclude that epoxide 6 is
cleaved normally by the nucleophilic attack of the formic
acid anion at C-4 carbon, with the formation of the trans-
diaxial intermediate i as aresult of a product like transition
state (Scheme 3), which leads to the vic-diol 7, according to
the classic Furst-Plattner rule [19,20].

Moreover, the formic acid anion can also attack the C-3
carbon atom, resulting in the formation of the twist boat
anti-periplanar intermediate ii, as depicted in Scheme 4,

HCOOH

which undergo rotation to the more stable chair conformer,
the trans-diequatorial diol 8 [21,22].

On the other hand, the study of the reaction with isotopic
labeled compounds alowed us to conclude that the epoxide
ring cleavage of 6 can dso be accompanied by a hydride
transfer from C-5 to C-4, leading to the formation of the
non-vicina diol 9 (Scheme 5) [23-27]. As a mechanism for
this reaction, we aso propose the protonation of the oxygen
atom, which is followed by the C,~O bond cleavage to gen-
erate the secondary carbocation iii (Scheme 5) in the C-4
carbon atom followed by the vicina 5-H hydride transfer to
C-4 with formation of a more stable tertiary carbocation iv,
which will be finally attacked by the nucleophilic formic acid
anion. The hydride ion must approach the epoxide at the C-4
carbon atom from the B-face of the steroid framework as
depicted in iii. The formation of the refered carbocations
should be favored by the high polarity and strength of the

| (iv) a

Scheme 5. Proposed mechanism for the formation of 1,3-diol 9.
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formic acid, used as solvent and reagent, and so the C-O
epoxide bond cleavage should precede the hydride shift to C-4,
accordingly to a non-concerted type of reaction mechanism
[21]. Hydrolysis of the resultant formate derivative led to the
diol 9.

In an attempt to understand why the formic acid does not
attack only the C-4, but also the C-3 carbon atom, and why
the 5-H hydride undergoes migration to C-4, competing
with the predicted nucleophilic attack at this position, ep-
oxides 2 and 6 were studied by X-ray diffraction analyses
[16,17] (Figs. 1 and 2). These studies confirm that C-4
carbon atom is stereochemically hindered due to the cis-A/B
ring fusion in epoxide 6 (Fig. 2). This hindrance should be,
most probably, the principal cause for the partial shift of the
nucleophilic attack from C-4 to C-3 and for the hydride rear-
rangement which occurs in the reaction of 6 with formic acid.

In summary, 4-OHA 5 can be prepared either from the
olefin 1a or from the 53-epimer 1b through the epoxides 2
and 6. However, an efficient synthesisis only achieved from
1a, since by-products 12 and 13 formed during the synthesis
from the 5B-olefin 1b, complicate the final isolation of the
desired diosphenol 5. As epoxide 2 cleaves giving diol 3,
epoxide 6 cleaves also by a normal way giving the diol 7.
Furthermore another two abnormal products, diols 8 and 9,
have been formed from 6 suggesting abnormal epoxide ring
cleavages. Isotopic and X-ray diffraction studies allowed us
to further conclude that diol 9 will be formed through an
1,2-intramolecular hydride shift from C-5 to C-4 which
accompanies the epoxide ring cleavage according, most
probably, to a non-concerted type reaction mechanism.

In spite of considering all the mentioned vic-diols 3, 7
and 8 as precursors for the synthesis of the desired anti-
cancer diosphenol 5, the best synthetic route uses the key
intermediate 3, the only product formed from the olefin 1a.

Acknowledgments

We thank Fundagc@o para a Ciéncia e Tecnologia (FCT)
and Praxis XXI Program for financial contributions.

References

[1] Hoffken K, Jonat W, Possinger K, Kolbel M, Kunz TH, Wagner H,
Becher R, Callies R, Friederich P, Willmanns W, Maass H, Schmidt
CG. Aromatase inhibition with 4-hydroxyandrostenedione in the
treatment of postmenopausal patients with advanced breast cancer: a
phase Il study. J Clin Oncol 1990;90:875-80.

[2] Pickles T, Perry L, Murray P, Plowman P. 4-Hydroxyandrostenedi-
one-further clinical, and extended endocrine observations. Br J Can-
cer 1990;62:309-13.

[3] Brodie AM. Aromatase inhibitors in the treatment of breast cancer. J
Steroid Biochem Mol Biol 1994;49:281—7.

[4] Marsh DA, Brodie HJ, Garrett W, Tsai-Morris CH, Brodie AMH.
Aromatase inhibitors. Synthesis and biological activity of andro-
stenedione derivatives. J Med Chem 1985;28:788—95.

[5] Bednarski PJ, Nelson SD. Interactions of thiol-containing androgens
with human placental aromatase. J Med Chem 1989;32:203-13.

[6] Mann J, Pietrzak B. The synthesis of 4-hydroxyandrost-4-en-3,17-
dione, and other potential aromatase inhibitors. J Chem Soc, Perkin
Trans | 1983;11:2681-5.

[7] NumazawaM, OgataM. Methoxylation of endlizable steroiddl 4-ene-3-ones
using hypervaent iodine. J Chem Soc, Chem Commun 1986:1092-3.

[8] Ciattini PG, Morera E, Ortar G. An improved preparation of aro-
matase inhibitor 4-hydroxyandrost-4-ene-3,17-dione. Synth Commun
1992;22:1949-52.

[9] CamposNevesAS, SaeMelo ML, Moreno MJSM, Tavaresda SilvaEJ,
Savador JAR, Costa SP, Martins RMLM. Improved syntheses of aro-
matase inhibitors and neuroactive steroids-efficient oxidations and re-
ductions a key postions for bioactivity. Tetrahedron 1999;55(11):
3255-64 (Specid issue dedicated to the memory of Sir Derek Barton).

[10] Tavares da Silva EJ, S& e Melo ML, Campos Neves AS. Novel
approach to the synthesis of the aromatase inhibitor 4-hydroxyan-
drost-4-ene-3,17-dione (4-OHA). J Chem Soc, Perkin Trans | 1996:
1649-50.

[11] McKenna J, Norymbersky JK, Stubbs RD. Partid reduction of steroid
hormones and related substances. Part I11. The reaction of «,B3-unsatur-
ated ketones with zinc in acetic acid. J Chem Soc 1959:2502-9.

[12] Soria EL. Sintesis y espectroscopia de dioles esteroidales. Bol Soc
Quim Peru 1971;37:123-42.

[13] Nambara T, Ito M, Ito M, Mohri J, Goto J, Hosoda H. Studies on
estetrol. |. Synthesis of 15«,16«,173-trihydroxy-androst-4-ene-3-
one. Chem Pharm Bull 1973;21:2452-9.

[14] Hill RA, Kirk DN, Makin HLJ, Murphy JM, editors. Dictionary of
Steroids. London: Chapman & Hall, 1991:A-00387 and references
cited therein.

[15] Kirk DN, Toms HC, Douglas C, White KA, Smith KE, Latif F,
Hubbard RWP. A survey of the high-field *H NMR spectra of the
steroid hormones, their hydroxylated derivatives, and related com-
pounds. J Chem Soc, Perkin Trans Il 1990:1567-14.

[16] Paixdo JA, Ramos Silva M, Almeida MJ, Tavares da SilvaEJ, Sae
Melo ML, Campos Neves AS. 3a,4a-Epoxy-5a-androstan-17-one.
Acta Crystallogr Sect C 53 1997:347-9.

[17] Andrade LCR, Paix3o JA, Almeida MJ, Tavares da Silva EJ, Sa e
Melo ML, Campos Neves AS. 3B,4B-Epoxy-5B-androstan-17-one.
Acta Crystallogr Sect C 53 1997:938-9.

[18] Ramos Silva M, Paixao JA, Almeida MIM, Tavares da Silva EJ, Sa
e Melo ML, Campos Neves AS. 38,4a-Dihydroxy-53-androstan-17-
one. Acta Crystallogr Sect C 52 1996:2892-3.

[19] Barton DHR. The stereochemistry of cyclohexane derivatives.
J Chem Soc 1953:1027-40.

[20] Furst A, Plattner PA. Abstr Papers 12th Intern Congress Pure and
Applied Chem, New Y ork, 1951:4009.

[21] Rickborn B. Acid-catalyzed rearrangements of epoxides: In: Trost
BM, Fleming I, Pattenden G, editors. Comprehensive Organic Syn-
thesis, Carbon-Carbon o-Bond Formation. Oxford: Pergamon Press,
1991;3:733-75.

[22] Murphy DK, Alumbaugh RL, Rickborn B. Reduction of epoxides. I11.
The lithium aluminum hydride and mixed hydride reduction of some
secondary-tertiary epoxides. J Am Chem Soc 1969;91:2649-53.

[23] Cope AC, Fento SW, Spencer CF. Cyclic polyolefins. XXV. Cy-
clodctanediols. Molecular rearrangment of cyclotctene oxide on sol-
volysis. J Am Chem Soc 1952;74:5884—8.

[24] CopeAC, Grisar IM, Peterson PE. Proximity effects. XVI. Solvolysis
of cis-cyclodctene oxide with various acids. J Am Chem Soc 1959;
81:1640-2.

[25] Cope AC, Moon S, Peterson PE. Proximity effects. XVII1. Solvolysis
of ditosylates and an acetoxy tosylate in the cyclodctane series. JAm
Chem Soc 1959;81:1650—2.

[26] Schwartz LH, Feil M, Kascheres AJ, Kaufmann K, Levine AM. The
acid catalyzed ring opening of 1-oxaspiro[2.6]nonane. A 1,5 hydro-
gen shift. Tetrahedron Lett 1967;39:3785-90.

[27] Marvell EN, Seubert J, Sturmer D, Federici W. Transannular reac-
tions during solvolysis of exo-2,3-epoxyhicyclo(3.3.1)nonane. J Org
Chem 1970;35:396—400.



