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In humans, two isozymes of 5a-reductase (5AR) catalyze 
the conversion of testosterone (T) to the more potent 
androgen dihydrotestosterone (DHT).' Male pseudoher- 
maphrodites with 5AR deficiency have mutations in type 
2 5AR, vestigial prostates, decreased acne, and facial and 
body hair and do not develop male pattern baldness.2 Type 
1 5AR is normal in these individuals and is the likely source 
of much of their residual plasma DHT (ca. 30% of nor- 
mal).a Interestingly, these pseudohermaphrodites virilize 
to different extents at  puberty, and this coincides with 
expression of type 1 5AR in the skin (present in the liver 
from birth).s The relative roles of human type 1 and 2 
5AR in developmental physiology and in the pathophys- 
iology of benign prostatic hyperplasia (BPH), and other 
androgen related disorders, is the subject of intense 
research. A number of 5AR inhibitors have been identified, 
including finasteride (MK-906,1)4 and epristeride (SK&F 
105657,2p which have been assessed clinically (Chart I).6 
We report here on novel 6-azaandrost-4-en-3-ones that 
are potent inhibitors of both human 5ARs with excep- 
tional-picomolar-potency versus the type 2 enzyme. 

The stimulus for preparing 6-azaandrost-4-en-3-ones as 
potential 5AR inhibitors was based on the transition state 
inhibitor ~ a r a d i g m . ~ ~ ~  The synthesis of the 6-azaandroat- 
4-en-3-one nucleus, outlined in Scheme I, followed the 
general strategy which Lettr6 employed to introduce 
nitrogen a t  the 6-position of cholesterol.7 Accordingly, 
38-hydroxyetienic acid methyl ester4a (3) was protected 
as the triisopropylsilyl ether and treated with ozone 
followed by reductive workup (Zn, acetic acid), and the 
intermediate aldehyde was oxidized to keto-acid 4 with 
Jones reagent. Conversion of 4 to an acyl azide followed 
by heating and stirring with silica gel effected the Curtius 
rearrangement and subsequent cyclization to give 178- 
carbomethoxy-30- [ (triisopropylsilyl)oxy] -6-azaandrost-5- 
ene, 5. The discovery that the silica gel induced cyclization 
of the intermediate isocyanate proceeded in excellent yield 
avoided the major pitfall of similar approaches to the 
6-azasteroid nucleus where basic conditions employed for 
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Table I. Inhibition of Recombinant Type 1 and 2 Human 
5a-Redudase' by 6-Azaandrost-4-en-3-ones 

no. 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2 
1 

.. . 

OCHs 150 3.2 

NE& 750 1.5 
NMeOMe 2300 2.4 
NH-1-adamantyl 11 0.07 
NH-t-Bu 820 0.88 
N-i-Prz 190 0.36 
NH-i-Pr 6000 6.7 
NMeEt 720 2.8 
NHCHzPh 360 0.58 
N(CHzPh)z 75 0.13 
NHCHPh2 30 0.09 
NHCPhs 8.2 0.09 
NHCH(4-fluorophenyl)~ 20 0.16 
NHCH(4-chlorophenyl)2 20 0.12 
NHCH(cyclohexy1)z 20 0.40 
NHNPh2 14 0.23 
piperazine 8600 33 
morpholine 2200 7.1 
thiomorpholine 570 1.3 
i-Bu 9 0.08 
epristeride >5000 30 
fiiasteride 150" 0.18 

0-2-adamantyl 6.9 0.04 

a Frozen stocks of microsomes, prepared from baculovirus infected 
SF-9 cells expressing either human type 1 or 2 5AR, were diluted 
immediately before use to final enzyme concentrations ranging from 
0.05 to 5 nM. With the exception of the inhibitors, all dilutions and 
enzyme m a y s  were performed at  37 "C in the following standard 
assay buffer: 17.6 mM diethylamine, 17.6 mM imidazole, 14.2 mM 
succinic acid, 0.26 M KC1, and 1 mM dithiothreitol. The pH of the 
buffer was adjusted to either pH 7 or 6 for type 1 and 2 5AR, re- 
spectively. A regenerating system containing 1 mM glucose 6-phos- 
phate and 20 units/mL of glucose 6-phosphate dehydrogenase was 
included in the m a y  buffer for type 2 5AR since reaction times 
exceeded 20 min. b The type 1 assay was carried out in polystyrene 
96-well plates, and the total assay volume was 300 pL. On a separate 
plate, inhibitor concentrations were serially diluted 2-fold in 100% 
DMSO followed by 2-fold further dilution with buffer. A 5-fiL aliquot 
of this inhibitor solution was preincubated for 10 rnin in standard 
buffer containing 1 mM NADPH and 1-5 nM type 1 5AR. The assay 
was initiated by addition of 45 pL of 0.55 pM [ 1,2,6,7-8Hltestoeterone 
(100 nM final concentration). After 20 min a 60-pL aliquot from the 
assay was added to 150 pL of ethanol, and the percent T and DHT 
were quantitated by radiochemical analysis following separation by 
HPLC. The error in the Ki determinations estimated at the 95% 
confidence limit was between 10 and 75% of the reported value. 
The type 2 m a y  was carried out in polystyrene 96-well plates as 

above. On a separate plate, inhibitor concentrations were serially 
diluted 2-3-fold in 100% DMSO followed by 4-fold further dilution 
with buffer. A 7.2-pL aliquot of this inhibitor solution was prein- 
cubated for 20 min (see ref 10) in standard buffer containing an 
NADPH regenerating system and 0.1 nM type 2 5AR. The assay 
waa initiated by addition of 20 pL of 80 nM [1,2,6,7-SHltestoeterone 
(8 nM final concentration). After 20-40 min the assay waa quenched 
with ethanol, and the percent T and DHT were quantitated by 
radiochemical analysis following separation by HPLC. The error in 
the ICW determinations estimated at  the 95% confidence limit was 
between 10 and 75% of the reported value. d This is the ICw de- 
termined under these assay conditions. Finasteride is a slow, time- 
dependent inhibitor of type 1 and 2 5AR (see refs 10 and 11). 

cyclization led to 8-elimination of the 3-oxy s~bstituent.~** 
Compound 5 was then treated with di-tert-butyl dicar- 
bonate, which acylated the 6-nitrogen with migration of 
the double bond, the silyl group was removed with TBAF, 
and the resulting alcohol was oxidized with PDC to give 
6. Lithium hydroxide hydrolysis of 6 yielded the (2-17 
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acid which was converted to the corresponding acid 
chloride, coupled with the appropriate amine or alcohol 
and deprotected to give compounds 8-26. Alternatively 
the acid chloride could be treated with cuprous iodide 
followed by isobutylmagnesium chloride and deprotected 
to give ketone 27.9 Deprotection of 6 produced C-17 methyl 
ester 7 directly. 

Compounds were assayed using microsomes prepared 
from recombinant baculovirus infected SF9 cells express- 
ing either type 1 or 2 human 5AR.lJ0 Conversion of 
[1,2,6,7-3HlT to DHT was monitored by radiochemical 
detection of peaks separated by HPLC and Ki's versus 
type 1 5AR were determined by titration of enzyme with 
inhibitor while ICw's versus type 2 5AR were determined 
after a 30-min preincubation of inhibitor with enzyme.IO 
Table I summarizes the results for compounds 7-27 as 
well as finasteride4J0J1 and epristeride.5 Within this 
limited series, potency versus type 1 and 2 5AR appears 
to be dominated by the lipophilicity of the C-17 substit- 
uent.12 For example with type 1 5AR, compare 7 to 8 and 
12 to 11 where replacement of methyl and tert-butyl by 
adamantyl results in a 20-50-fold greater type 1 potency. 
The series resulting from replacement of benzylic hydro- 
gens by phenyl in 16 to give 18 and 19, as well as the 
heteroatom series in 24,25, and 26 (NH, 0, S), are also 
consistent with this trend. 

The results of in vivo evaluation of promising dual 
inhibitors dosed orally in a chronic castrated rat modelkJ3 
are summarized in Table 11. In vivo activity varies sub- 
stantially with the C-17 substituent in this series, and the 
most active compounds are equivalent to finasteride in 

Scheme I 

Table 11. In Vivo Evaluation of 6-Azaandrost-4-en-3-ones in the 
Castrated R a t a  

% rednin 7% rednin 
prostate wt vs prostate wt vs 

no. T-treated controls no. T-treated controls 
~ ~ ~~ 

8 26 21 31 
11 18 22 14 
18 43 23 38 
19 4 27 18 
20 43 1 41 
a In vivo efficacy testing was performed by a modification of the 

methods of Dorfman.l* Juvenile male Sprague-Dawley rata (40-60 
g) were castrated under halothane anesthesia Seven d a y  after 
castration, the rata were doeed orally with the teat compound at  10 
mgJkg/day, finasteride (1) 10 mg/kg-dayor vehicle (n = 8 ratelgroup, 
7 days). Four hours after oral dosing with the test compound, the 
animals were dosed with testoeterone (40 pg/kg, sc). On the eighth 
day after the start of dosing, the rata were eacririced and the ventral 
prostates were removed, cleaned of adherent tiesue, and weighed. 
Data are expressed as percent reduction in prostate weight which 
was calculated as follows: lOO-lOo[(prostate weight of test compound 
+ T group)/(prostate weight of vehicle + T group)]. Mean prostate 
weights for the vehicle + T group were 17-28 mg. Standard errore 
for prostate weights were generally 10% of the mean or lees. 

their ability to inhibit T-stimulated prostate growth in 
this m0del.~~J5 With this indication of oral activity in the 
rat, the half-lives of compounds 18, 20, and 21 were 
determined to be 4.8, 5.2, and 12 h, respectively, in the 
dog, and 18 was shown to be 80% orally bioavailable.16 

On the basis of the clinical efficacy of finasteride,M its 
in vitro profile, and the residual circulating DHT in 
patients treated with the drug," a more effective dual 
inhibitor of type 1 and 2 human 5AR may show advan- 
tages in the treatment of disease states which depend upon 
DHT.lb The 17/3-[N-(diphenylmethyl)carbamoyll-6-aza- 
androst-Cen-&ones (compounds 18,20, and2l) are potent 
inhibitors of type 1 and 2 human 5AR with good in vivo 
efficacy in the rat and adequate half-life in the dog. 
Clinical evaluation of such potent dual 5AR inhibitors 
may help define the relative roles of human type 1 and 2 
5AR in the pathophysiology of benign prostatic hyperplasia 
and other androgen dependent diseases. 



Communications to the Editor 

Acknowledgment. We gratefully acknowledge Pro- 
fessor David w. Russell for providing cDNA of the human 
type 1 and 2 5AR and Ms. Sue H. Kadwell, Dr. Thomas 
A. Kost, Ms. Laurie Overton, Dr. Indravadan Patel, and 
George B. Wisely (Department of Molecular Biology, Glaxo 
Inc. Research Institute) for expression cloning of human 
type 1 and 2 5AR. We also thank Ms. Catherine J. Mader, 
Dr. Alan Millar (Department of Synthetic Organic Chem- 
istry, Glaxo Inc. Research Institute), and Dr. Michael R. 
Peel (Department of Medicinal Chemistry, Glaxo Inc. 
Research Institute) for supplying some intermediates. 

Supplementary Material Available: General experimental 
and spectral data for representative compounds and physical 
data for final products (18 pages). Ordering information is given 
on any current masthead page. 

References 
(1) (a) Andereson, S.; Russell, D. W. Structural and Biochemical 

Properties of Cloned and Expreaeed Human and Rat Steroid 5a- 
Reductase. R o c .  Natl. Acad. Sei. U.S.A. 1990,87,3640-3644. (b) 
Jenkins, E. P.; Andersson, S.; Imperatc-McGinley, J.; Wilson, J. 
D.; Ruseell, D. W. Genetic and Pharmacological Evidence for More 
Than One Human Steroid Sa-Reductase. J. Clin. Invest. 1992,89, 
293-300. 

(2) (a) Imperato-McGiiey, J.; Guerrero, L.; Gautier, T.; Peterson, R. 
E. Steroid Sa-Reductase Deficiency in Man: An Inherited Form 
of Male Pseudohermaphroditism. Science 1974,186, 1213-1215. 
(b) Walsh, P.C.; Madden, J.D.; Harrod, M. J.; Goldstein, J. L.; 
MacDonald, P. C.; Wilson, J.D. Familial Incomplete Male 
Pseudohermaphroditism, Type 2. Decreased Dihydroteetosterone 
Formation in Peeudovaginal Perineoscrotal Hypospadias. N. Engl. 
J. Med. 1974, 291, 944-949. (c)  Andersson, S.; Berman, D. M.; 
Jenkins, E. P.; Ruseell, D. W. Deletion of Steroid 5a-Reductase 2 
Gene in Male Pseudohermaphroditism. Nature 1991, 364, 159- 
161. (d) Thigpen, A. E.; Davis, D. L.; MilatoFich, A.; Mendonca, 
B.B.; Imperato-McGinley, J.; Griffii, J. E.; Francke, U.; Wilson, 
J.D.; Ruseell, D. W. Molecular Genetics of Steroid 5a-Reductase 
2 Deficiency. J. Clin. Invest. 1992,90,799-809. 

(3) Thigpen, A. E.; Silver, R. 1.; Guileyardo, J. M.; Casey, M. L.; 
McConnell, J. D.; Ruseell, D. W. Tmue distribution and Ontogeny 
of Steroid 5a-Reductase Isozyme Expression. J.  Clin. Invest. 1993, 
92,903-910. 

(4) (a) Ranmusson, G. H.; Reynolds, G. F.; Utne, T.; J o h n ,  R. B.; 
Primka, R. L.; Berman, C.; Brooks, J. R. Azasteroids as Inhibitors 
of Rat Prostatic Sa-Reductase. J.  Med. Chem. 1984,27,1690-1701. 
(b) Ranmusson, G. H.; Reynolds, G. F.; Steinberg, N. G.; Walton, 
E.; Patel, G. F.; Liang, T.; Cascieri, M.A.; Cheung, A. H.; Brooks, 
J. R.; Berman, C. Azasteroids: Structure-Activity Relationships 
for Inhibition of Sa-Reductase and of Androgen Receptor Binding. 
J.  Med. Chem. 1986,29,2298-2315. (c) Brooks, J. R.; Berman, C.; 
Primka, R. L.; Reynolds, G. F.; Ranmusson, G. H. 5a-Reductase 
Inhibitory and Anti-Androgenic Activities of Some 4-Azasteroids 
in the Rat. Steroids 1986,47,1-19. (d) Gormley, G. J. et al. The 
Effect of Finasteride in Men with Benign Prostatic Hyperplasia. 
N .  Engl. J. Med. 1992,327,1186-1191. 

Journal of Medicinal Chemistry, 1993, Vol. 36, No. 26 4815 

(5) (a) Holt, D. A.; Levy, M. A.; Oh, H.-J.; Erb, J. M.; Heaslip, J. I.; 
Bnmdt,M.;Lan-Hargest,H.-Y.;MeW,B. W.InhibitionofStaroid 
5a-Reductase by Unsaturated 3-Carboxystaroids. J. Med. Chem. 
1990,33,943-950. (b) Lamb, J. C.; English, H.; Levandtmki, P. L.; 
Rhodes, G. R.; J o h n ,  R. K.; Isaaca, J. T. Prostatic Involution 
in Rata Induced by a Novel Sa-Reductase Inhibitor, SK&F 106667: 
Role for Testosterone in the Androgenic Response. Endocrinology 
1992,130,685-6W (c) Audet,P.;Nurcombe,H.;Lamb,Y.;Jorkaalry, 
D.; Loyd-Davies, K.; Morris, R. Effect of Multiple Doma of 
Epristeride, A Steroid Sa-Reductase Inhibitor, on Serum Dihy- 
drohtosterone in Older Male Subjecta. Clin. Phrmcrcol. Ther. 
1993, 53, 231. 

(6) For a recent report of a type 1 specific 5AR inhibitor, see: Jones, 
C. D.; Audia, J.E.; Lawhorn, D. E.; McQuaid, L. A.; Neubauer, B. 
L.; Pike, A. J.; Pennington, P. A.; Stamm, N. B.; Toomey, R. E.; 
Hirech, K. S. Nonsteroidal Inhibitors of Human Type 1 Steroid 
5a-Reductaee. J. Med. Chem. 1993.36.421-423. 

(7) Lettrh, H.; Knof, L. 6-Aza-cholesterol A d  Derivatives. Chem. Ber. 
1960,93,2860-2864. 

(8) For a related approach to the 6-azasteroid nucleus where elimination 
of the %oxy substituent was also a problem see: Brown, L.; Lyd ,  
W. J. S.; Suckliig, C. J.; Suckling, K. E. The Synthesis of some 
Cholesterol Derivatives as Probes for Mechanisms of Cholestarol 
Metabolism. J.  Chem. SOC., Perkin Trona. 1 1987,596-699. 

(9) Dubois, J-E.; Bowsu, M.; Lion, C. Investigation of Optimal 
Conditions for the Synthesis of Hindered Aliphatic Ketones, 
Catalytic Orientation of the Condensation of RLi or RMgX- R'COC1 
by Cuprous Halides. Tetrahedron Lett. 1971, 8 H 2 .  

(10) Time-dependent inhibition of type 2 6AR was observed for 
finasteridell and many of the 6-azasbroids reported here, therefore 
a preequilibration was included in the type 2 m y  Moas, M. 
Unpublished results. Time-dependent inhibition of type 1 S A R  
was also observed for fiasteride: Tian, G.; et al. Biochemistry In 
press. 

(11) Faller B.; Farley, D.; Nick, H. Finasteride: A Slow-Binding Sa- 
Reductase Inhibitor. Biochemistry 1993,32,6706-5710. 

(12) Log Ps calculated for MeCO-R (available for all but 10, 16, and 
23) plotted versw pKi gave an R* = 0.74 for type 1 and an R* = 0.65 
for type 2. 

(13) Dorfman,R.I.AnAnti-AndrogenAesayUeingtheCastratedMouee. 
Roc. SOC. Exp. Biol. Med. 1962,111,441-443. 

(14) Since fiiasteride is reported to potently inhibit both ieozymes of 
rat S A R ,  an improvement, based on dual inhibition of SAR,  over 
fiiasteride is not anticipated in this m y :  Thigpen, A.; Ruseell, 
D. W. Four-amino Acid Segment in Steroid Sa-Reductase 1 Confers 
Sensitivity to Finasteride, a Competitive Inhibitor. J. Biol. Chem. 
1992,267,8577-8583. The 6-azasteroids reported here all had ICm's 
<SO nM versw rat prostatic homogenatee. 

(15) Compounds7-27ehowednosignificantbindingt.a theratandmgen 
receptor (<lo% at 5fiM). 

(16) The determination of half- live^ of compound 18,20, and 21 in the 
dog was based on the disappearance rate of parent drug in the 
terminal phase from the semilog blood concentration versus time 
plot. The half-life of fiiasteride in the dog is 4 h. 

(17) (a) Gormley, G. J.; Stoner, E.; Rittmaster, R. S.; Gregg, H.; 
Th0mpsoqD.L.; k t e r , K .  C.;vlaeses,P. H.;Stein,E. k Effecta 
of Finasteride (MK-906), a 5a-Reductase Inhibitor, on Circulating 
Androgens in Male Volunteers. J.  Clin. Endocrinol. Met. 1990,70, 
1136-1141. 


