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Steroidal A Ring Aryl Carboxylic Acids: A New Class of Steroid 5a-Reductase
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A series of 178-carbamoyl-1,3,5(10)-estratriene-3-carboxylic acids has been prepared and evaluated in vitro as inhibitors
of human and rat prostatic steroid 5a-reductase (EC 1.3.1.30). Potent inhibition of the human enzyme, in particular,
was observed and preliminary studies using rat enzyme suggest that the inhibition results from the formation of
an enzyme-NADP*-inhibitor complex. The compounds were synthesized from estrone, generally employing a

differentiated bis-triflate carbonylation strategy.

Recognition that prostatic growth is supported by di-
hydrotestosterone (DHT)! and that DHT is likely a cau-
sative factor in the disease benign prostatic hypertrophy
(BPH)? has led to a search for potent inhibitors of steroid
5a-reductase (EC 1.3.1.30), the enzyme responsible for the
production of DHT from testosterone (T).2 On the basis
of studies of males genetically deficient in this enzyme,*
selective blockade of DHT biosynthesis is expected to
provide potential treatment for BPH (as well as andro-
gen-related skin disorders such as acne and male pattern
baldness®) while classic testosterone-supported masculinity
traits and normal male sexual functions are maintained.

Toward this end, preclinical studies with steroid 5a-
reductase inhibitors have demonstrated selective retar-
dation of prostatic growth in rats® and regression of
prostatic size in dogs,” coinciding with suppression of

(1) Anderson, K. K,; Liao, S. Nature (London) 1968, 219, 277-279.
Bruchovsky, N.; Wilson, J. D. J. Biol. Chem. 1968, 243,
2012-2021. Baulieu, E. E.; Lasnitzki, I.; Robel, P. Nature
(London) 1968, 219, 2155-2156. Lasnitzki, I.; Mizuno, T. J.
Endocr. 1977, 74, 47-55.

(2) A correlation between DHT and human prostatic growth in
BPH has been observed as well as increased 5a-reductase ac-
tivity in hyperplastic tissue: Watanabe, H. Ultrasound Med.
Biol. 1986, 12, 567-571. Bruchovsky, N.; Lieskovsky, G. J.
Endocr. 1978, 80, 289-301.

(3) Voigt, W.; Hsia, S. L. J. Biol. Chem. 1973, 248, 4280-4285.
Robaire, B.; Covey, D. F.; Robinson, C. H.; Ewing, L. L. J.
Steroid Biochem. 1977, 8, 307-310. Blohm, T. R.; Metcalf, B.
W.; Laughlin, M. E.; Sjoerdsma, A.; Schatzman, G. Biochem.
Biophys. Res. Commun, 1980, 95, 273-280. Petrow, V.; Wang,
Y.; Lack, L. Steroids 1981, 38, 121-140. Rasmusson, G. H;
Reynolds, G. F.; Utne, T.; Jobson, R. B.; Primka, R. L.; Ber-
man, C.; Brooks, J. R. J. Med. Chem. 1984, 27, 1690-1701.
Rasmusson, G. H.; Reynolds, G. F.; Steinberg, N. G.; Walton,
E; Gool, F. P,; Liang, T.; Cascieri, M. A.; Cheung, A. H,;
Brooks, J. R.; Berman, C. J. Med. Chem. 1986, 29, 2298-2315.

(4) Imperato-McGinley, J.; Peterson, R. E.; Gautier, T'; Sturla, E
J. Steroid Biochem. 1979, 11, 637-648. Imperato-McGinley,
J.; Gautier, T. Trends Gen. 1986, 130-133. Peterson, R. E,;
Imperato-McGinley, J.; Gautier, T.; Sturla, E. Am. J. Med.
1977, 62, 170-191.

(5) The sebaceous gland of the skin has been shown to be stimu-
lated by DHT and elevated local concentrations of DHT in
skin have been correlated with acne and male pattern baldness:
Vermorken, A. J. M.; Goos, C. M. A. A.; Roelofs, H. M. J. Br.
J. Dermatol. 1980, 102, 635-701. Takayasa, S.; Adachi, K
Endocrinology 1972, 90, 73. Sansone, G.; Reisner, R. M. J.
Invest. Dermatol. 1971, 56, 366. Schweikert, H.; Wilson, J. J.
Clin. Endocrinol. Metab. 1974, 38, 811.

(6) Brooks, J. R.; Berman, C.; Primka, R. L.; Reynolds, G. F.;
Rasmusson, G. H. Steroids 1986, 47, 1-19. Blohm, T. R.;
Laughlin, M. E; Benson, H. D.; Johnston, J. O.; Wright, C. L.;
Schatzman, G. L.; Weintraub, P. M. Endocrinology 1986, 119,
959-966.

(7) Brooks, J. R.; Berman, C.; Garnes, D.; Giltinan, D.; Gordon, L
R.; Malatesta, P. F.; Primka, R. L.; Reynolds, G. F.; Rasmus-
son, G. H. Prostate 1986, 9, 65-75.
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prostatic DHT concentrations. One of these inhibitors,
MK-906, a 4-aza-3-0xo steroid, is in clinical trials and is
reported to lower serum DHT® and reduce prostatic vol-
ume in a significant percentage of patients.?

Recently we described a new class of 3-androstene-3-
carboxylic acids, “steroidal acrylates”, which exhibit potent
(nanomolar), uncompetitive (vs T) inhibition of human
steroid 5a-reductase via a novel association with an
enyzme-NAPD* complex.1%1!

(8) Stoner, E.; Gregg, H.; Otterbein, J. J.; Stein, E.; Lamkin, G.;
Vlasses, P. H.; Danzeisen, J.; Tobert, J. A. Clin. Res. 1987,
35(3), 402A. Giagulli, V. J.; Vermeulen, A.; DeSchepper, P.;
Buntizx, A.; Stoner, E. Endocrinology 1988, 122 (Suppl 757),
210.
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Vagelos, R. F-D-C Rep. 1988, Nov. 7, 9.
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These compounds (e.g. 1) were designed as mimics of
the putative enzyme-bound enolate intermediate (Chart
I) by incorporating sp%-hybridized centers at C-3 and C-4,
and most critically, an anionic carboxylic acid at C-3 as
a charged replacement for the enolate oxyanion.l? Due
presumably to favorable electrostatic interactions between
the carboxylate and the positively charged oxidized co-
factor, the acrylates preferentially bind in a ternary com-
plex with enzyme and NADP*, which leads to the observed
uncompetitive kinetics.!3 ,

Prompted by structural novelty, potential metabolic
dissimilarity to the steroidal acrylates, and nuclear rela-
tionship to estrone, a reported weak inhibitor of human
5a-reductase,'* we have prepared a series of estratriene-
3-carboxylates. Despite lacking the 19-methyl group, an
element demonstrated to enhance binding in the acrylate!!
and 4-aza series!® by 3-5-fold, the aryl acids 2 and 3 are
potent inhibitors of human 5a-reductase, exhibiting ap-
parent inhibition constants equal to or lower than those
of the analogous acrylates 1. Unlike the steroidal acrylates,
however, these aryl acids exhibit greatly reduced affinity
for the rat enzyme. In this paper we describe the syntheses
and in vitro activities of this series of A ring aromatic
steroidal carboxylic acids (4-16) with structural variations
in the C-2 and C-4 substituents, in the degrees of unsa-
turation in the B and D rings, and in the C-17 carboxamide
alkyl groups.

(12) Carboxylate mimicry of enolates has precedent: Bayer, E.;
Bauer, B.; Eggerer, H. Eur. J. Biochem. 1981, 120, 155-160.
Ghisla, S.; Massey, V. J. Biol. Chem. 1977, 252, 6729-6735.
Wolfenden, R. Nature 1969, 223, 704-705.

(13) Nicotinamide-dependent lactate dehydrogenase and alcohol
dehydrogenase are inhibited by carboxylic acids which form
ternary complexes with enzyme and oxidized cofactor whereas
analogous amide inhibitors preferentially bind to the enzyme
in a ternary complex with the neutral, reduced form of the
cofactor: Novoa, W. B.; Schwert, G. W. J. Biol. Chem. 1961,
236, 2150~2153. Winer, A. D.; Theorell, H. Acta Chem. Scand.
1960, 14, 1729-1742.

(14) Voigt, W.; Fernandez, E. P.; Hsia, S. L. J. Biol. Chem. 1970,
245, 5594-5599.

(15) The 19-nor analogue 178-(N,N-diisopropylcarbamoyl)-4-
methyl-4-aza-5a,108-estr-3-one exhibited an apparent K; (hu-
man prostatic steroid 5a-reductase) of 35 nM whereas the
apparent K; for 178-(N,N-diisopropylcarbamoyl)-4-methyl-4-
aza-ba-androst-3-one was measured to be 9 nM: Holt, D. A;
Levy, M. A,, unpublished results.
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Chemistry

The 178-carbamoylestratriene-3-carboxylates were de-
rived from estrone through sequential introduction of
differentiated carboxylate derivatives at C-3 and C-17
using palladium(0) catalyzed carbonyl insertion metho-
dology. Treatment of estrone with trifluoromethane-
sulfonic anhydride and a hindered pyridine base!® afforded
bis-triflate 17 (Scheme I). The greater propensity for Pd
insertion into the vinyl triflate over the aryl triflate allowed
for the chemoselective introduction of the D ring carbox-
amide (in 18) using bis(triphenylphosphine)palladium(II)
acetate as catalyst.” Subsequent A ring carbometh-
oxylation (to afford 19) was accomplished at slightly higher
temperature by employing the more reactive [1,3-bis(di-
phenylphosphino)propane]palladium(II) acetate catalyst.'®
Catalytic hydrogenation of the D ring olefin yielded ex-
clusively the 173 stereochemistry. Mild hydrolysis then
provided the desired 3-carboxylic acid 2.

(16) Stang, P. J.; Fisk, T. E. Synthesis 1979, 438-440.

(17) Cacchi, S.; Morera, E.; Ortar, G. Tetrahedron Lett. 1985, 26
(8), 1109-1112.

(18) Dolle, R. E.; Schmidt, S. J.; Kruse, L. I. J. Chem. Soc., Chem.
Commun, 1987, 904-905.
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The differentiated double carbonylation strategy was
also employed for the preparation of 2- or 4-substituted
analogues, in some cases delaying one or both carbonyla-
tion steps until after the incorporation of the aryl sub-
stituent. Introduction of the 173-carboxamide into O-
methyl estrone (Scheme II, 26) was followed by regioran-
dom monobromination!® of the phenol. Bromophenols 28
and 29 were then separately homologated to bromo acids
10 and 11. Copper cyanide displacement of bromine
yielded cyano acids 12 and 13. O-Methylation of 28 fol-
lowed by metal-halogen exchange and carboxylation af-
forded 2-carbomethoxy derivative 38, which was carried
on to diacid 14.

Fluorine was incorporated into the 4-position of estrone
through the intermediacy of the diazonium salt derived
from the monoaminophenol 44 (Scheme II1).2% Double
carbonylation of 45 ultimately gave rise to fluoro acid 7.

Introduction of chlorine at C-2 and C-4 was accom-
plished subsequent to both C-3 and C-17 carbonylation
steps (Scheme IV). Ortho lithiation of the oxazoline de-
rivative of 3-carboxylic acid 52 followed by hexachloro-
ethane quenching provided 2- and 4-chlorinated oxazolines,
which were hydrolyzed to give chloro acids 8 and 9.

Finally, methyl substitution at C-2 and C-4 was accom-
plished by using classical methods (Scheme V). Amino-
methylation of estrone? proceeded regiospecifically at C-2
and led to 2-methyl carboxylic acid 15, while 4-methyl-
19-nor-testosterone?? was converted to 4-methyl carboxylic
acid 16.

In Vitro Activities

Earlier studies have demonstrated altered binding of
17-modified steroids to steroid 5a-reductases from various
sources with the greatest positive effects on binding to the
human enzyme being exerted by 178-carboxamides.?
Therefore, we elected to examine only two carboxamide
side chain variations in this series: the diisopropyl and
the mono-tert-butyl. Similarly to the general trend ob-
served in the acrylate family,!! the tert-butyl amide ana-
logues (e.g. 3) possessed approximately double the affinity
for the rat prostatic enzyme as did diisopropyl analogue
2 but had approximately !/, the affinity for the human
prostatic enzyme.

Additional unsaturation in the B or D ring had minimal
effects on activity.

Halogen (pseudohalogen) aryl substitution was expected
to alter the electronic properties of the A ring, decreasing
electron density and slightly lowering the pK,, and in the
case of fluorine and cyano, this was expected to provide
potential sites for hydrogen bonding.?#? However, no

(19) Slaunwhite, W. R.; Neely, L. J. Org. Chem. 1962, 27,
1749-1752.

(20) Utne, T.; Jobson, R. B.; Babson, R. D. J. Org. Chem. 1968, 33,
2469-2473.

(21) Patton, T. L. J. Org. Chem. 1960, 25, 2148-2152.

(22) Atwater, N. J. Am. Chem. Soc. 1960, 82, 2847,

(23) Rasmusson, G. H.; Reynolds, G. F.; Utne, T.; Jobson, R. B.;
Primka, R. L.; Berman, C.; Brooks, J. R. J. Med. Chem. 1984,
27, 1690-1701. Rasmusson, G. H.; Reynolds, G. F.; Steinberg,
N. G.; Walton, E,; Gool, F. P.; Liang, T.; Cascieri, M. A,;
Cheung, A. H,; Brooks, J. R.; Berman, C. J. Med. Chem. 1986,
29, 2298-2315.

(24) For a discussion of hydrogen bonding to fluorine, see: Mur-
ray-Rust, P.; Stallings, W. C.; Monti, C. T.; Preston, R. K.;
Glusker, J. P. J. Am. Chem. Soc. 1983, 105, 3206-3214.
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significantly improved inhibition of human 5a-reductase
was observed with any of these congeners (7-13); only an
apparent steric intolerance in the C-4 region, which is
supported by decreased activity of 4-methyl analogue 16,
was observed.

All compounds examined in this series have exhibited
significantly reduced activity with the rodent enzyme
relative to the human enzyme, emphasizing the reported?
species differences in steroid 5a-reductases.

With the more readily available rat liver steroid 5a-re-
ductase for dead-end inhibition studies,?” compounds 2 and
3 each exhibited uncompetitive kinetic patterns versus T
or NADPH. These data (not shown) suggest that the A
ring aromatic acids, in analogy to the steroidal acrylates,10%
inhibit rat liver steroid 5a-reductase (and presumably the
kinetically similar human enzyme?) by binding preferen-
tially to an enzyme-NADP* complex.®

Experimental Section

General Methods. Melting points are uncorrected. 'H NMR
spectra were obtained in CDCI, solutions with Bruker AM-250
or Varian EM390 spectrometers and are reported (in part) as ppm
downfield from Me,Si with multiplicity, coupling constants (hertz),
and assignments indicated parenthetically (also see the supple-
mentary material). Mass spectra were obtained with a Finni-
gan-MAT quadrupole instrument generally with desorptive
chemical ionization. Mass spectral data is reported as the (M
+ H)* parent followed by unassigned fragments (supplementary
material). Chromatography refers to flash chromatography using
Kieselgel 60, (230~400 mesh) silica gel.

3,17-Bis[[(trifluoromethyl)sulfonyl]oxy]estra-1,3,5-
(10),16-tetraene (17). To a cooled (0 °C) solution of estrone (16.2
g, 60 mmol) and 2,6-di-tert-butyl-4-methylpyridine (27 g, 130
mmol) in CH,Cl, (500 mL) was slowly added trifluoromethane-
sulfonic anhydride (45.3 g, 160 mmol). The resulting solution was
stirred at 0 °C for 2 h and then at ambient temperature for 4 h.
The reaction mixture was then washed with 10% aqueous HCI,
10% aqueous NaHCOQ;, and brine, dried over K,CO,, and con-
centrated. The residue was chromatographed (5% EtOAc in
hexanes) to afford 17 as a white foam (25.3 g, 79%): NMR 1.01
(s, 3 H), 5.63 (m), 6.99 (s), 7.03 (d, 8.5), 7.31 (d, 8.5).

The following triflates were prepared in a similar fashion:
trifluoromethyl 3-methoxyestra-1,3,5(10),16-tetraene-17-sulfonate
(24), N,N-diisopropyl-3-[[(trifluoromethyl)sulfonyl]oxy]-2-
bromoestra-1,3,5(10)-triene-173-carboxamide 30, N,N-diiso-
propyl-3-[[(trifluoromethyl)sulfonyl]oxy]-4-bromoestra-1,3,5-
(10)-triene-1783-carboxamide (31), trifluoromethyl 3-methoxy-4-
fluoroestra-1,3,5(10),16-tetraene-17-sulfonate (46), N,N-diiso-
propyl-3-[[(trifluoromethyl)sulfonyl] oxy]-4-fluoroestra-1,3,5-
(10)-triene-178-carboxamide (50), 3,17-bis[[(trifluoromethyl)-

(25) The 4-cyano-4-en-3-ones show potent inhibition of 5a-reduc-
tase, see: Rasmusson, G. H.; Liang, T.; Brooks, J. R. Gene
Regulation by Steroid Hormones II; Roy, A. K., Clark, J. H,,
Eds.; Springer-Verlag: New York, 1983; pp 311-334. Although
not demonstrated, it is speculated that enzymic conjugate re-
duction produces a cyano-stabilized enolate which is relatively
slow to protonate. An alternate or contributing explanation
for inhibition could be an interaction, possibly hydrogen
bonding, of the nitrile with an active-site electrophile, poten-
tially the putative protonated base necessary for protonation
of the enolate intermediate.

(26) Liang, T.; Cascieri, M. A.; Cheung, A. H.; Reynolds, G. F.;
Rasmusson, G. H. Endocrinology 1985, 117, 571-579.

(27) Cleland, W. W. Methods Enzymol. 1979, 63, 103-138.

(28) Levy, M. A; Brandt, M.; Holt, D. A.; Metcalf, B. W. J. Steroid
Biochem., in press.

(29) We and others have shown steroid 5a-reductase from human
prostate,®! rat prostate,? and rat livers? to follow sequential
ordered kinetic mechanisms with cofactor binding preceding
testosterone binding and following DHT release.

(30) Houston, B.; Habib, F. K. Steroids 1988, 52, 237-247.

(31) Levy, M. A,; Brandt, M.; Greway, A. T. Biochemistry, in press.

(32) The full details of the enzyme mechanistic studies will be
published elsewhere.
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sulfonyl]oxy]-4-methylestra-1,3,5(10),16-tetraene (56), 3,17-bis-
[[(trifluoromethyl)sulfonyl]oxy]-2-methylestra-1,3,5(10),16-tet-
raene (62), 3,17-bis[[(trifluoromethyl)sulfonyl]oxy]estra-1,3,5-
(10),6,8,16-hexaene (66), and N,N-diisopropyl-3-[[(trifluoro-
methyl)sulfonyl]oxy]estra-1,3,5(10),6-tetraene-173-carboxamide
(73).

N,N-Diisopropyl-3-[[(trifluoromethyl)sulfonyl]oxy]es-
tra-1,3,5(10),16-tetraene-17-carboxamide (18), A mixture of
17 (14 g, 26 mmol), palladium(II) acetate (500 mg, 2.23 mmol),
triphenylphosphine (1.1 g, 4.19 mmol), diisopropylamine (50 mL),
and DMF (100 mL) was heated at 60 °C under a carbon monoxide
atmosphere (balloon) for 5§ h. The reaction mixture was then
concentrated, diluted with water, and thoroughly extracted with
CH,Cl,. The organic extract was then washed with 10% aqueous
HCI, 10% aqueous NaHCO;, and brine and concentrated to a dark
oil. Chromatography (15% EtOAc in hexanes) afforded 18 as a
white powder (8.0 g, 59%): NMR 1.10 (s, 3 H), 5.68 (dd, 1.5, 2),
6.98 (s), 7.02 (d, 8.5), 7.32 (d, 8.5).

Other 16,17-unsaturated 17-carboxamides were prepared in an
identical fashion: N-tert-butyl-3-[[(trifluoromethyl)sulfonyl]-
oxylestra-1,3,5(10),16-tetraene-17-carboxamide (21) (replacing
tert-butylamine for diisopropylamine), N,N-diisopropyl-3-meth-
oxyestra-1,3,5(10),16-tetraene-17-carboxamide (25), N,N-diiso-
propyl-3-methoxy-4-fluoroestra-1,3,5(10),16-tetraene-17-carbox-
amide (47), N,N-diisopropyl-3-[[(trifluoromethyl)sulfonyl]-
0xyJ-4-methylestra-1,3,5(10),16-tetraene-17-carboxamide (57),
N,N-diisopropyl-3-[[(trifluoromethyl)sulfonyl]oxy]-2-methyl-
estra-1,3,5(10),16-tetraene-17-carboxamide (63), and N,N-diiso-
propyl-3-[{(trifluoromethyl)sulfonyl]oxy]estra-1,3,5(10),6,8,16-
hexaene-17-carboxamide (67) (reaction carried out at ambient
temperature overnight).

Methyl 17-(N,N-Diisopropylcarbamoyl)estra-1,3,5-
(10),16-tetraene-3-carboxylate (19). A mixture of 18 (8.3 g, 16
mmol), palladium(II) acetate (224 mg, 1 mmol), 1,3-bis(di-
phenylphosphino)propane (dppp, 410 mg, 1 mmol), triethylamine
(4.5 mL), methanol (32 mL), 1,2-dichloroethane (17 mL), and
DMSO (50 mL) was heated at 70 °C under an atmosphere of CO
for 5 h. The cooled reaction mixture was then diluted with CHCl,,
washed with H,0, 10% aqueous HCl, 10% aqueous NaHCO;, and
brine, and concentrated. Chromatography (20% EtOAc in hex-
anes) yielded 19 (5.0 g, 73%): NMR 1.01 (s, 3 H), 3.90 (s, 3 H),
5.68 (m), 7.34 (d, 8), 7.77 (s), 7.78 (d, 8).

The following C-3 carbomethoxylated compounds were pre-
pared analogously: methyl 17-(N-tert-butylcarbamoyl)estra-
1,3,5(10),16-tetraene-3-carboxylate (22), methyl 178-(N,N-diiso-
propylcarbamoyl)-2-bromoestra-1,3,5(10)-triene-3-carboxylate (32),
methyl 178-(N,N-diisopropylcarbamoyl)-4-bromoestra-1,3,5-
(10)-triene-3-carboxylate (33), dimethyl 178-(N,N-diisopropyl-
carbamoyl)estra-1,3,5(10)-triene-2,3-dicarboxylate (41), methyl
178-(N,N-diisopropylcarbamoyl)-4-fluorcestra-1,3,5(10)-triene-
3-carboxylate (51), methyl 17-(N,N-diisopropylcarbamoyl)-4-
methylestra-1,3,5(10),16-tetraene-3-carboxylate (58), methyl
17-(N,N-diisopropylcarbamoyl)-2-methylestra-1,3,5(10),16-tet-
raene-3-carboxylate (64), methyl 17-(N,N-diisopropyl-
carbamoyl)estra-1,3,5(10),6,8,16-hexaene-3-carboxylate (68), and
methyl 178-(N,N-diisopropylcarbamoyl)estra-1,3,5(10),6-tetra-
ene-3-carboxylate (74).

Methyl 178-(N,N-Diisopropylcarbamoyl)estra-1,3,5-
(10)-triene-3-carboxylate (20). A solution of 19 (74 g, 17.5
mmol) in EtOAc (125 mL) and EtOH (45 mL) was rapidly stirred
over PtO, (800 mg) under an atmosphere of hydrogen (balloon)
for 3 h. The catalyst was removed by filtration and the filtrate
concentrated to yield 20 as a white solid (6.0 g, 81%): NMR 0.80
(s), 3.89 (s, 3 H), 7.34 (d, 8), 7.76 (s), 7.78 (d, 8).

Similar hydrogenations were carried out to produce the fol-
lowing compounds: methyl 178-(N-tert-butylcarbamoyl)estra-
1,3,5(10)-triene-3-carboxylate (23), N.N-diisopropyl-3-methoxy-
estra-1,3,5(10)-triene-173-carboxamide) (26), N,N-diisopropyl-3-
methoxy-4-fluoroestra-1,3,5(10)-triene-178-carboxamide) (48),
methyl 1738-(N,N-diisopropylcarbamoyl)-4-methylestra-1,3,5-
(10)-triene-3-carboxylate (59), methyl 178-(N,N-diisopropyl-
carbamoyl)-2-methylestra-1,3,5(10)-triene-3-carboxylate (65), and
methyl 178-(N,N-diisopropylcarbamoyl)estra-1,3,5(10),6,8-pen-
taene-3-carboxylate (69).

175-(N,N-Diisopropylcarbamoyl)estra-1,3,5(10)-triene-3-
carboxylic Acid (2). A mixture of 20 (93 mg, 0.2 mmol) and
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K,CO; (100 mg) in 3 mL of 10:1 MeOH-H,0 was heated at reflux
for 18 h. The mixture was then acidified with 10% aqueous HCI,
diluted with H,0, and thoroughly extracted with CHCl;. Con-
centration of the organic extract followed by recrystallization from
acetone yielded acid 2 as a white solid (81 mg, 90%): mp 233-234
°C; NMR 0.80 (s, 3 H), 7.38 (d, 8), 7.73 (s), 7.75 (d, 8). Anal.
(CyeH#NO3) C, H, N.

Other esters were hydrolyzed by using a similar protocol to
afford the following acids: 178-(N-tert-butylcarbamoyl)estra-
1,3,5(10)-triene-3-carboxylic acid (3) [Mp 235-240 °C. Anal.
(Cy4H33NOy) C, H, N.], 178-(N,N-diisopropylcarbamoyl)estra-
1,3,5(10),6-tetraene-3-carboxylic acid (4) [Mp 209-210 °C. Anal.
(CZGH35NO3'1/4H2O) C, H, N.], 17ﬂ-(N,N—diiSOpr0pyl-
carbamoyl)estra-1,3,5(10),6,8-pentaene-3-carboxylic acid (5) [Mp
257-260 °C. Anal. (CyH3;NOj) C, H, N.], 17-(N-tert-butyl-
carbamoyl)estra-1,3,5(10),16-tetraene-3-carboxylic acid (6) [Mp
212-215 °C. Anal. (CyH3NO3) C (caled 75.56, found 76.36), H,
N.], 178-(N,N-diisopropylcarbamoyl)-4-fluoroestra-1,3,5(10)-
triene-3-carboxylic acid (7) [Mp 245-248 °C (dec). Anal. (Cyg-
Hy,FNO,) C, H, N.], 178-(N,N-diisopropylcarbamoyl)-2-broro-
estra-1,3,5(10)-triene-3-carboxylic acid (10) [Mp 294-300 °C. Anal.
(CygHggBrNO,) C (caled 63.67, found 65.61), H, N.], 178-(N,N-
diisopropylcarbamoyl)-4-bromoestra-1,3,5(10)-triene-3-carboxylic
acid (11) [Mp 276-280 °C dec. Anal. (Cy,HgBrNO;) C, H, N.],
178-(N,N-diisopropylcarbamoyl)-2-cyanoestra-1,3,5(10)-triene-
3-carboxylic acid (12) [MP 270-273 °C dec. Anal.
(CyH4N,051/,H,0) C, H, N.], 178-(N,N-diisopropyl-
carbamoyl)-4-cyanoestra-1,3,5(10)-triene-3-carboxylic acid (13)
[Mp 240-242 °C dec. Anal. (C5HgN,03) C, H, N.], 178-(N,N-
diisopropylcarbamoyl)estra-1,3,5(10)-triene-2,3-dicarboxylic acid
(14) [Mp 180-187 °C. Anal. (C4H4;NOg) C, H, N.], 178-(N,N-
diisopropylcarbamoyl)-2-methylestra-1,3,5(10)-triene-3-carboxylic
acid (15) [Mp 272-273 °C. Anal. (CyH3NO;) C, H, N.], and
178-(N,N-diisopropylcarbamoyl)-4-methylestra-1,3,5(10)-triene-
3-carboxylic acid (16) [Mp 271-273 °C. Anal. (CyHz3NO;) C
(caled 76.20, found 75.48), H, N.].

178-(N,N-Diisopropylcarbamoyl)estra-1,3,5(10)-trien-3-0l
(27). To a0 °C solution of 26 (4.8 g, 12 mmol) in dichloromethane
(150 mL) was added a CH,Cl, solution of boron tribromide (45
mL, 1 M, 45 mmol). The resulting solution was stirred at 0 °C
for 2 h and then at 25 °C for 30 min. After cooling to 0 °C,
methanol (50 mL) was added carefully, and the volatiles were then
removed in vacuo. The residue was redissolved in CH,Cl, and
washed with H,0, dried, treated with silica gel and charcoal,
filtered, and concentrated. Trituration of the residue with acetone
afforded 4.7 g (98%) of 27 as a white solid: NMR 0.77 (s, 3 H),
6.56 (d, 2.5), 6.62 (dd, 2.5, 8.5),, 7.08 (d, 8.5).

178-(N,N-Diisopropylcarbamoyl)-2-bromoestra-1,3,5-
(10)-trien-3-ol (28) and 173-(N,N-Diisopropylcarbamoyl)-
4-bromoestra-1,3,5(10)-trien-3-0l (29). A solution of 27 (1.85
g, 4.82 mmol) in 185 mL of warm acetic acid was cooled to 20 °C
and 4.48 mL (4.82 mmol) of a 1.08 M solution of bromine in acetic
acid was added slowly. After stirring at ambient temperature for
5 min, the reaction mixture was poured into ice water and ex-
tracted twice with CH,Cl,. The combined CH,Cl, extracts were
washed twice with H,0, dried over anhydrous MgSO,, and con-
centrated. Chromatography (2% followed by 5% ether in CH,Cly)
afforded 0.39 g (17%) of 28 and 0.75 g (34%) of 29: NMR (28)
0.79 (s, 3 H), 6.74 (s), 7.32 (s); (29) 0.78 (s, 3 H), 6.86 (d, 8.5), 7.16
(d, 8.5).

Methyl 173-(N,N-Diisopropylcarbamoyl)-2-cyanoestra-
1,3,5(10)-triene-3-carboxylate (34). A mixture of 32 (33.2 mg,
0.0658 mmol), copper(I) cyanide (10.6 mg, 0.118 mmol), and
N-methylpyrrolidinone (1.0 mL) was heated in an oil bath at 180
°C under an argon atmosphere for 1 h. The reaction mixture was
cooled to room temperature and treated with an aqueous solution
of ethylene diamine, and then extracted twice with EtOAc. The
EtOAc extracts were washed once with a 10% aqueous solution
of NaCN and twice with Hy0. Concentration yielded 25.7 mg
(87%) of 34: NMR 0.80 (s, 3 H), 3.98 (s, 3 H), 7.69 (s), 7.84 (s).

Methyl 178-(N,N-diisopropylcarbamoyl)-4-cyanoestra-
1,3,5(10)-triene-3-carboxylate (35) was prepared from 33 ac-
cording to the procedure described for the preparation of 34:
NMR 0.80 (s, 3 H), 7.56 (d, 8), 7.88 (d, 8).

N,N-Diisopropyl-3-methoxy-2-bromoestra-1,3,5(10)-tri-
ene-178-carboxamide (36). A mixture of 28 (188 mg, 0.407
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mmol), dimethyl sulfate (76.9 mL, 0.814 mmol), powdered an-
hydrous K,COj (112 mg, 0.814 mmol), and acetone (10 mL) was
heated at reflux under an argon atmosphere for 1.25 h. The cooled
reaction mixture was diluted with H,0 and extracted with CHyCl,.
The extract was washed with H,0, dried, and concentrated to
162 mg (84%) of 36: NMR 0.79 (s, 3 H), 3.85 (s, 3 H), 6.61 (s),
741 (s).

178-(N,N-Diisopropylcarbamoyl)-3-methoxyestra-1,3,5-
(10)-triene-2-carboxylic Acid (37). A solution of 36 (151 mg,
0.317 mmol) in THF (5 mL) was added dropwise to a -78 °C
solution of n-BuLi (0.285 mL, 2.5 M in hexane, 0.713 mmol) in
THF (5 mL). Upon completion of the addition, the reaction was
stirred at —78 °C for 5 min, and then powdered dry ice (CO,) was
added. After allowing the reaction mixture to slowly warm to
room temperature, the mixture was poured into H,0, acidified
with dilute HCI, and extracted twice with CH,Cl,. The CH,Cl,
extracts were washed with H,0, dried, and concentrated to give
125 mg (89%) of 37: NMR 0.79 (s, 3 H), 4.03 (s, 3 H), 6.74 (s),
8.08 (s).

Methyl 178-(N,N-Diisopropylcarbamoyl)-3-methoxy-
estra-1,3,5(10)-triene-2-carboxylate (38). The title compound
was prepared by treatment of a solution of 37 in CH,Cl, with
ethereal diazomethane and used in the next step without puri-
fication or spectral characterization.

Methyl 173-(N,N-Diisopropylcarbamoyl)-3-hydroxy-
estra-1,3,5(10)-triene-2-carboxylate (39). Compound 39 was
prepared from 38 by using the procedure previously described
for the preparation of 27: NMR 0.79 (s, 3 H), 3.91 (s, 3 H), 6.67
(s), 7.71 (s).

Methyl 3-[[(Trifluoromethyl)sulfonyl]oxy]-178-(N,N-
diisopropylcarbamoyl)estra-1,3,5(10)-triene-2-carboxylate
(40). A solution of 39 (24.3 mg, 0.055 mmol) in THF (2 mL) was
added to a cold mixture of excess sodium hydride in THF (2 mL)
and the resultant mixture stirred at room temperature 0.5 h. A
solution of N-phenyltrifluocromethanesulfonimide (31.6 mg, 0.0885
mmol) in THF (2 mL) was added and the mixture was heated
in an oil bath at 40 °C for 4 h. The mixture was diluted with
CH,Cl,, washed twice with 5% aqueous NaHCO;, dried, and
concentrated to 26.1 mg (83%) of 40: NMR 0.79 (s, 3 H), 3.93
(s, 3 H), 6.97 (), 7.98 (s).

3-Hydroxy-4-nitroestra-1,3,5(10)-trien-17-one (42). Estrone
was nitrated as described in ref 21 to afford the known compound
42,

3-Methoxy-4-nitroestra-1,3,5(10)-trien-17-one (43). Ac-
cording to the method described in ref 21, 42 was methylated to
yield 43.

3-Methoxy-4-aminoestra-1,3,5(10)-trien-17-one (44). Com-
pound 43 was reduced to 44 as described in ref 21.

3-Methoxy-4-fluoroestra-1,3,5(10)-trien-17-one (45). Com-
pound 44 was converted to compound 45 as described in ref 21.

N,N-Diisopropyl-3-hydroxy-4-fluoroestra-1,3,5(10)-tri-
ene-178-carboxamide (49). Compound 48 was demethylated
to provide 49 by using the procedure described for the preparation
of 27.

178-(N,N-Diisopropylcarbamoyl)-3-(4,4-dimethyl-2-oxa-
zolinyl)estra-1,3,5(10)-triene (52). A solution of 2 (2.07 g, 5.04
mmol), thionyl chloride (0.73 mL, 10.0 mmol), and CH,Cl, (104
mL) was stirred at room temperature for 2 h. The CH,Cl, solution
then was concentrated at 50 °C on a rotary evaporator and the
resultant acid chloride was dissolved in 30 mL of CH,Cl,. The
acid chloride solution, cooled to 0 °C, was added slowly to a
solution of 2-amino-2-methyl-1-propanol (0.897 g, 10.1 mmol) in
20 mL of CH,Cl,. The mixture was stirred at room temperature
for several hours then washed twice with H,0, dried, and con-
centrated to 2.26 g of a benzamide. Thionyl chloride (5.0 mL,
69 mmol) slowly was added to the benzamide and the resultant
yellow solution was stirred at ambient temperature for 10 min
and then diluted with 100 mL of petroleum ether. The solvent
was decanted from the gummy precipitate and the precipitate
was washed with additional petroleum ether. The precipitate was
suspended in H,O which was made basic with 10% NaOH and
extracted with CH,Cl,. The extract was washed with H,0, dried,
and concentrated to 1.85 g (79%) of 52 as a tan foam: NMR 0.80
(s, 3 H), 1.37 (s, 6 H), 4.08 (s, 2 H), 7.3 (d, 8), 7.67 (d, 8), 7.68 (s).

173-(N,N-Diisopropylcarbamoyl)-2-chloro-3-(4,4-di-
methyl-2-oxazolinyl)estra-1,3,5(10)-triene (53) and 178-
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(N,N-Diisopropylcarbamoyl)-4-chloro-3-(4,4-dimethyl-2-
oxazolinyl)estra-1,3,5(10)-triene (54). A solution of 52 (1.18
g, 2.564 mmol) in dry THF (59 mL) was cooled in an ice bath under
an argon atmosphere and treated successively with N.N.N' N
tetramethylethylenediamine (0.84 mL, 5.6 mmol) and 2.5 M
n-BuLi in hexane (2.23 mL, 5.59 mmol). The reddish-brown
solution was stirred in the cold for 5 min, and then a solution of
hexachloroethane (1.32 g, 5.55 mmol) in 24 mL of THF was added
rapidly. After stirring for 5 min, the cooling bath was removed
and stirring was continued for 30 min. The mixture then was
diluted with H,O and extracted twice with ethyl ether. The
combined ether extracts were washed three times with H,O, dried,
and concentrated to 1.95 g of crude product. Chromatography
(25% EtOAc in hexane) yielded 1.16 g of a mixture of 52 (ca. 49%),
53 (ca. 31%), and 54 (ca. 15%) which was used in the next step
without further purification.
178-(N,N-Diisopropylcarbamoyl)-2-chloroestra-1,3,5-
(10)-triene-3-carboxylic Acid (8) and 175-(N,N-Diiso-
propylcarbamoyl)-4-chloroestra-1,3,5(10)-triene-3-carboxylic
Acid (9). A solution of 0.58 g of the above mixture of 52 (ca. 49%),
53 (ca. 31%), and 54 (ca. 15%) in 227 mL of THF and 227 mL
of 10% HCI was heated at reflux for 4 h and then concentrated
to remove most of the THF. An additional 76 mL of 10% HCl
was added and the reflux was continued overnight. The resultant
dark mixture was cooled and extracted twice with CHyCl,. The
combined extracts were washed with H,O, dried, and concentrated
to 1.03 g of dark gummy oil. Preparative HPLC (silica gel, 12.5%
EtOAc, 0.5% formic acid in hexane) provided 60.6 mg of 8 (mp
301-305 °C dec) and 29 mg of 9 (mp 262-265 °C dec): NMR (8)
0.79 (s, 3 H), 7.37 (s), 7.73 (s); (9) 0.76 (s, 3 H), 7.37 (d, 8), 7.73
(d, 8). Anal. (C,sHyCINO,) (8) C, H, N; (9) C (caled 70.01 found
71.04), H, N.
3-Hydroxy-4-methylestra-1,3,5(10)-trien-17-one (55). A
solution of 4-methyl-4-estrene-3-one-178-0l (4-methyl-19-nor-
testosterone prepared according to the procedure described by
Atwater;2® 12 g, 43.8 mmol) in 400 mL of CH,Cl, was added to
a stirred solution of pyridinium chlorochromate (14.2 g, 66 mmol)
in 400 mL of CH,Cl,. After 2 h the mixture was filtered and the
filtrate was treated with silica gel and charcoal, filtered, and
concentrated. Trituration of the residue with cold acetone af-
forded 6.5 g (54%) of 4-methyl-4-estrene-3,17-dione.
A mixture of 4-methyl-4-estrene-3,17-dione (2 g, 7 mmol) and
2 g of 10% palladium on carbon in 100 mL of p-cymene was heated
at reflux for 4 h. The hot mixture then was filtered and the filtrate
was concentrated to yield 900 mg of the crude 55, which was used
in the next step without further purification: NMR 0.9 (s, 3 H),
2.1(s,3H),68(,?9),70(d,?9).
3-Hydroxy-2-[(dimethylamino)methyl]estra-1,3,5(10)-
trien-17-one (60). Compound 60 was prepared as described in
ref 22,
3-Hydroxy-2-methylestra-1,3,5(10)-trien-17-one (61).
Compound 60 was reduced as described in ref 22 to provide 61.
3-Acetoxy-N,N-diisopropylestra-1,3,5(10)-triene-178-
carboxamide (70). A solution of 27 (4.7 g, 12.3 mmol) in 100
mL of pyridine was treated with 70 mL of acetic anhydride for
18 h. The reaction mixture was poured into ice water and ex-
tracted with EtOAc. The organic extract was washed with 10%
aqueous HCI, water, brine, and concentrated to afford 5.2 g (100%)
of 70.
176-(N,N-Diisopropylcarbamoyl)-3-acetoxyestra-1,3,5-
(10)-trien-6-one (71). To a solution of 70 (5 g, 12 mmol) in 17
mL of glacial acetic acid was added a solution of chromium trioxide
(3.5 g) in 23 mL of acetic acid and 4 mL of H,O. After stirring
for 18 h, ethanol (20 mL) was added and the resulting mixture
was extracted with ethyl ether. The ethereal extract was washed
with H,O and saturated aqueous NaHCOj, dried over Na,SO,,
and concentrated. Chromatography (25% EtOAc in hexane)
afforded 400 mg (8%) of N,N-diisopropyl 71: mp 223-224 °C
(recrystallized from methanol); NMR 0.84 (s, 3 H), 2.3 (s, 3 H),
7.3 (dd, 3, 9), 7.48 (d, 9), 7.8 (d, 3).
3-Hydroxy-N,N-diisopropylestra-1,3,5(10),6-tetraene-
178-carboxamide (72). A suspension of 71 (400 mg, 0.9 mmol)
in 40 mL of methanol at 15 °C was treated with 800 mg of NaBH,
for 1 h. HCI (3.5 mL) and H,0 (3.5 mL) was added and the
resulting mixture was heated at reflux for 1 h. The mixture was
cooled, diluted with H,0, and extracted with EtOAc. The organic
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Table I. Steroid 5a-Reductase in Vitro Inhibitory Activities

CONR,
’6
8
Ki,app! nM

no. unsaturn  substitn R human rat

2 i-Pr 20 356

3 ¢t-Bu,H 43 150

4 6-7 i-Pr 30 450

5 6-7,8-9 i-Pr 36 350

6 16-17 t-Bu,H 60 200

7 4-F i-Pr 10 500

8 2-Cl i-Pr 35 200

9 4-Cl i-Pr 120 900
10 2-Br -Pr 76 260
11 4-Br i-Pr 212 1900
12 2-CN i-Pr 65 950
13 4-CN i-Pr 200 >10000
14 2-COOH -Pr 5000 >10000
15 2-CH; i-Pr 60 340
16 4-CH, i-Pr 260 7000

extract was washed with H,O and brine, dried, and concentrated
to a solid. Chromatography (5% EtOAc in CH,Cl,) afforded 200
mg (58%) of 72: mp 276-279 °C; NMR 0.8 (s, 3 H), 6.0 (d, 9),
6.4 (d, 9), 6.6-7.15 (m, 3 H).

Inhibitor Evaluation. Assays for steroid 5a-reductase were
performed with microsomal-associated enzyme activity from
surgically derived benign hyperplastic human prostatic tissue and
whole rat ventral prostates. Prostatic microsomes were prepared
as previously described for the rat® and human® tissues. Enzyme
activity was determined by measuring the conversion of T to total
5a-reduced metabolites, represented by the sum of DHT and
5a-androstanediol (ADIOL).3 Briefly, [**C]T (55 mCi/mmol,
Amersham) and inhibitors in ethanol were deposited in test tubes
and the solvent was removed to dryness. Following addition of
incubation buffer to the tubes, the solutions were equilibrated
to 37 °C. A 20-uL aliquot of freshly prepared 10 mM NADPH
solution was added to each tube immediately before initiation
of the reaction with enzyme. The final concentration of cofactor
in the 0.5-mL incubation was 400 uM. The rat enzyme incubation
buffer consisted of 20 mM sodium phosphate, pH 6.6; that for
human microsomes was 50 mM sodium citrate, pH 5.0. Following
20-30-min incubations, the reactions were quenched with 4 mL
of ethyl acetate containing 0.15 umol each of T, DHT, andros-
tenedione, and ADIOL. The mixture was vortexed and centrifuged
to separate the solvent layers, and the organic layer was removed.
Upon evaporation of solvent in vacuo the residue was dissolved
in 40 uL of 1:1 methanol-chloroform. Substrate and products
were separated by TLC on silica gel plates (Baker, Si250F-PA)
by developing twice with 1:9 acetone—chloroform and were
evaluated with a Bioscan imaging scanner (Washington, DC). The
relative amounts of radiolabel in substrate and products were used
to calculate enzyme activity. Assays were conducted such that
no more than 20% of initial T concentration was consumed in

(33) Levy, M. A,; Holt, D. A,; Brandt, M.; Metcalf, B. W. Biochem-
istry 1987, 26, 2270-2279.

(34) Liang, T.; Heiss, C. E.; Ostrove, S.; Rasmusson, G. H.; Cheung,
A. Endocrinology 1983, 112, 1460-1468.
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the reaction. Typically, the Michaelis constants for T with the
rate and human prostatic enzymes were determined to be 0.9 and
4.5 uM, respectively.

Experiments to determine the potency of potential inhibitors
were conducted at 400 uM NADPH, 1.2 uM T and 0~10 uM of
test compound. Apparent inhibition constants (K| ,;,) were de-
termined for compounds that followed a linear response by Dixon
analysis.®® Standard errors associated with individual deter-
minations of the apparent inhibition potencies (K,,,,) were
consistently less than 20% of the values reported in E'f‘able I
Compounds were tested as inhibitors of the rat and human en-
zymes over several years with different preparations of micro-
somes; over this period of time, variability of inhibition potency
was observed with some compounds. Consequently, a potency
range of inhibition is presented for those compounds that were
examined with more than one enzyme preparation. As convention,
an inhibition potency of >10000 has been used for compounds
demonstrating less than 50% inhibition at the highest concen-
tration tested. For comparison, K, values were determined for
178-(N-tert-butylcarbamoyl)-3-0xo-4-aza-5«-androst-1-ene (MK-
906) to be 6 nM and 8-30 nM for rat and human enzyme prep-
arations, respectively, and are consistent with the reported? values
of 5.8 and 26 nM.
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