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A new synthetic route to a variety of novel ∆16-17-azolyl steroids is described: it involves the
nucleophilic vinylic “addition-elimination” substitution reaction of 3â-acetoxy-17-chloro-16-
formylandrosta-5,16-diene (2) and azolyl nucleophiles. Some of these novel ∆16-17-azolyl
steroids, 6, 17, 19, and 27-29, prepared in good overall yields, are very potent inhibitors of
human and rat testicular P45017R. They are shown to be noncompetitive and appear to be
slow-binding inhibitors of human P45017R. The most potent compounds are 3â-hydroxy-17-
(1H-imidazol-1-yl)androsta-5,16-diene (17), 3â-hydroxy-17-(1H-1,2,3-triazol-1-yl)androsta-5,-
16-diene (19), and 17-(1H-imidazol-1-yl)androsta-4,16-dien-3-one (28), with Ki values of 1.2,
1.4, and 1.9 nM, respectively, being 20-32 times more potent than ketoconazole (Ki ) 38 nM).
Spectroscopic studies with a modified form of human P45017R indicate that the inhibition process
involves binding of steroidal azole nitrogen to the heme iron of the enzyme. Furthermore,
some of these potent P45017R inhibitors (27-29) are also powerful inhibitors of steroid 5R-
reductase, and others (17 and 19) appear to exhibit strong antiandrogenic activity in cultures
of the LNCaP human prostatic cancer cell line. These novel compounds with impressive dual
biological activities make them strong candidates for development as therapeutic agents for
treatment of prostate cancer and other disease states which depend on androgens.

Introduction
The steroidal enzyme 17R-hydroxylase-C17,20-lyase

(P45017R) is a cytochrome P450 monooxygenase complex
that catalyzes the conversion of progesterone and preg-
nenolone into the androgens, androstenedione and de-
hydoepiandrosterone (DHEA), respectively,1-3 the direct
precursors of estrogens and testosterone. The mecha-
nism of this reation has been studied in some detail.4-6

The conversion of pregnenolone into DHEA is the major
reaction of human testicular P45017R. Inhibition of this
enzyme as a mechanism for inhibiting androgen bio-
synthesis could be a worthwhile therapeutic strategy
for the treatment of androgen-dependent diseases; for
example, prostatic cancer has recently gained atten-
tion.7,8 Indeed, this strategy may be a promising
alternative to the treatment of prostatic cancer patients
with antiandrogens and LHRH analogues since not only
testicular androgens will be inhibited but also adrenal
and peripheral production of androgens. It should be
noted that prostate cancer is the second leading cause
of cancer-related mortality in men in the United States
and Europe.8
Several categories of steroidal9-20 and nonsteroidal21-27

compounds which inhibit P45017R have been reported.
Of these compounds, only ketoconazole, an active imid-
azole fungicide, had been used in the treatment of
patients with advanced prostatic cancer.28,29 However,
this compound inhibits several other steroidal P450

enzymes, is not a very potent inhibitor of P45017R, and
causes significant side effects such as nausea, dry skin,
asthenia, etc.8 This highlights the need to design potent
and specific inhibitors of P45017R. Given the significance
of azole groupings of many drugs,30 which are P450
enzyme inhibitors including aromatase,31 we reasoned
that introducing azole grouping at C-17 together with
the 16-double bond of the androstane skeleton should
yield specific and potent P45017R inhibitors. With this
design, it may be possible to produce substratelike
compounds which not only interact with the steroid-
binding site of the enzyme, thus introducing high
specificity, but also provide a sixth ligand to the
enzyme’s heme iron resulting in tight binding. This
paper describes the synthesis, testing, and characteriza-
tion of novel ∆16-17-azolyl steroids, some of which are
very potent inhibitors of both human and rat testicular
P45017R.

Results and Discussion

Chemistry. Although a variety of C-17 azole an-
drostane steroids are known32-35 and the related ∆16-
17 azole counterparts in which the azole is attached to
the steroid nucleus through a carbon atom of the
heterocycle have been prepared,14,20,36 the isomeric
compounds of this paper, in which the azole is attached
to the steroid nucleus via a nitrogen of the azole, appear
to constitute a new class of compounds. We have
previously reported the synthesis of two of these com-
pounds (6 and 17).18 Further details of their biological
activity are described here.
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We have now discovered a general method (vide infra)
for introducing the desired ∆16-17 azole functionality
into ring D: a procedure which involves nucleophilic
vinylic “addition-elimination” substitution reaction of
a steroidal ∆16-17-chloro-16-formyl compound (e.g., 2)
with suitable azole nucleophiles. The syntheses of these
heretofore undescribed ∆16-17-azole steroidal com-
pounds are outlined in Schemes 1-3. The key inter-
mediate of our synthesis, 3â-acetoxy-17-chloro-16-
formylandrosta-5,16-diene (2), was prepared following
the Vilsmeier-Haack reaction of the commercially
available 3â-acetoxyandrost-5-en-17-one (1) with phos-
phorus oxychloride (POCl3) and dimethylformamide
(DMF) as reported by Siddiqui et al.37 albeit in a higher
yield (77% vs 62%). In addition, the related 16-de-
formylated compound, 3â-acetoxy-17-chloroandrosta-5,-
16-diene (3), was as obtained in 11.4% yield; this product
was not reported by Siddiqui et al.37

For the synthesis of 3â-hydroxy-17-(1H-1,2,4-triazol-
1-yl)androsta-5,16-diene (6) (Scheme 1), treatment of the
∆16-17-chloro-16-formyl compound 2 with sodium tria-
zolate in DMF at 80 °C gave the expected 17-(1H-1,2,4-
triazole) 4 in 89% yield. Decarbonylation38 of 4 with in
situ generated Rh(1,3-bis(diphenylphosphino)propane)2+-
Cl- catalyst [Rh(dppp)2+Cl-] in refluxing xylenes gave
compound 5 (87%), and following cleavage of the 3â-
acetoxy group, the target 3â-hydroxy-17-(1H-1,2,4-tri-
azol-1-yl)androsta-5,16-diene (6) was obtained in 90%
isolated yield.
Based on the current status of knowledge39 of nucleo-

philic vinylic substitution reaction of activated vinylic
systems, it is plausible that the ∆16-17-azole 4 is formed
via the formal carbanion intermediate following addition
of the azole grouping at C-17 and subsequent elimina-
tion of chloride ion. That the 16-formyl activating group
was essential for this nucleophilic vinylic “addition-
elimination” substitution reaction to take place was
revealed by the observation that compound 3 (note that
it is devoid of 16-CHO) when treated with sodium
triazolate in DMF at 100 °C for 2 days was completely
unchanged.
We had previously reported that the 17-chlorine of

compound 2 was also easily displaced by methoxide ion
(MeO-) under mild reaction conditions.18 Furthermore,
formation of a minor product in which the pyrazole ring
is attached to C-17 through a carbon atom (vide infra,
see 22) indicates that this novel nucleophilic “addition-
elimination” substitution reaction could be successfully
extended to carbon nucleophiles. These, together with
other examples reported below, demonstrate the gen-
erality of the process, and we believe that similar results
may be realized with a variety of nucleophiles under
appropriate reaction conditions.
The other 3â-acetoxy-17-azoles: imidazole (7), 2H-

1,2,3-triazole (8), 1H-1,2,3-triazole (9), 2H-tetrazole (10),
1H-tetrazole (11), 3H-pyrazole (22), and 1H-pyrazole
(23) (Scheme 2), were prepared similarly to 4, but
employing different azole nucleophiles and modifying
the conditions accordingly. In sharp contrast to the
reaction of compound 2with sodium triazolate described
above, its reaction with sodium imidazolate gave a
mixture of many intractable products, from which no
pure compound could be isolated. To our delight when
we treated compound 2 with imidazole in the presence

of K2CO3
40 in DMF at 80 °C, we obtained the desired

3â-acetoxy-17-imidazole (7) in quantitative yield. At-
tempted decarbonylation of the 16-CHO group using
tris(triphenylphosphine)rhodium chloride40 (RhCl(P-
Ph3)3, Wilkinson’s catalyst) resulted in extremely low
yield (ca. 8%) of the expected compound 12, while the
use of Rh(dppp)2+Cl- catalyst afforded 12 in 51% yield.
We subsequently found that 7 when refluxed in ben-
zonitrile with 10% palladium on activated charcoal43
afforded 12 in 76% yield. Methanolysis of 12 gave the
desired 3â-hydroxy-17-(1H-imidazol-1-yl)androsta-5,16-
diene (17, 95%).
The reaction of 2 with 1H-1,2,3-triazole in the pres-

ence of K2CO3 in DMF gave a mixture of two regioiso-
mers, which were separated by flash column chroma-
tography (FCC) on silica gel into the less polar 2H-1,2,3-
triazole (8) and the more polar 1H-1,2,3-triazole (9)
derivatives in 28% and 62% isolated yields, respectively.
These assignments are tentative and are based on data
of chromatographic mobilities of 1,2,3-triazole regioiso-
mers of established structure.40 1H NMR measure-
ments, in this case, did not distinguish between the two
equivalent protons of the 2H-1,2,3-triazole moiety in 8
from the two unequivalent protons in 9. While 8 was
smoothly decarbonylated with Wilkinson’s catalyst41 in
refluxing toluene to give compound 13 in 92% yield, the
1H-triazole 9 required the use of Rh(dppp)2+Cl- cata-
lyst38 in refluxing xylenes to afford 14 in 90% yield.
These 1,2,3-triazole regioisomers, 13 and 14, were each
hydrolyzed to give the desired 3â-hydroxy-17-(2H-1,2,3-
triazol-2-yl)androsta-5,16-diene (18) and 3â-hydroxy-17-
(1H-1,2,3-triazol-1-yl)androsta-5,16-diene (19), respec-
tively, both in quantitative yields.
The synthesis of tetrazole derivatives (10 and 11) was

first attempted by using K2CO3 as base, 1H-tetrazole,
and compound 2. This yielded a complex mixture from
which no product could be isolated. However, when Li2-
CO3

40 was used as the base, we obtained the less polar
2H-tetrazole (10) and the more polar 1H-tetrazole (11)
compounds in 28% and 45% yields, respectively. Here
again these assignments are tentative and are based
on the same reason as stated above for the 1,2,3-triazole
regioisomers (8 and 9). Compounds 10 and 11 were
each converted separately into the desired tetrazole
regioisomers, 3â-hydroxy-17-(2H-tetrazol-2-yl)androsta-
5,16-diene (20) and 3â-hydroxy-17-(1H-tetrazol-1-yl)-
androsta-5,16-diene (21), by decarbonylation at C-17
(Wilkinson’s catalyst in refluxing toluene) to give 15 and
16, respectively, followed by hydrolysis.
The reaction of 2 with 1H-pyrazole in the presence of

K2CO3 was more eventful as it resulted in the formation
of an unexpected compound (vide infra) together with
two other products. This reaction resulted in a mixture
of products, which following FCC gave first a less polar
fraction, identified as 3â-acetoxy-17-(3H-pyrazol-3-yl)-
16-formylandrosta-5,16-diene (22, 12%). Spectral and
analytical data were consistent with the assigned
structure of 22. The major (ca. 63%) more polar fraction
consisted of two compounds (1H NMR evidence). This
latter fraction resisted separation on various chromato-
graphic systems, but following decarbonylation reaction
(Wilkinson’s catalyst, refluxing touluene) and separation
by FCC the expected 3â-acetoxy-17-(1H-pyrazol-1-yl)-
androsta-5,16-diene (25, 25% from 2) and unexpected 3â-
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acetoxy-17R-(1H-pyrazol-1-yl)androst-5-ene (24) in 19%
yield (note the cleavage of the 16-CHO group, reduction
of ∆16, and R-orientation of the 17-pyrazole group) were
obtained. Hydrolysis of 25 gave the desired 3â-hydroxy-
17-(1H-pyrazol-1-yl)androsta-5,16-diene (26) in quan-
titative yield. The formation of compound 24 is striking
and unexpected. Although we are certain (1H NMR
evidence) that 24 was formed in the initial reaction (i.e.,
2 + 1H-pyrazole + K2CO3), the mechanism of its
formation is unclear at this time. Assignment of the
R-configuration of the 17-pyrazole group of 24 is based
on its 1H NMR data compared with those of compounds
of established structure. The C-18 protons of 24 appear
as a singlet at δ 0.97. This is in good agreement with
those reported42,43 for the C-18 protons in 17R-acetyl
steroids (δ 0.80-0.84). By this technique they are
distinguishable from the isomeric 17â-acetyl derivatives

in which the C-18 protons resonate at a relatively higher
field (δ 0.60-0.67). In addition, the 17â-H of compound
24 appears as a doublet of doublet at δ 3.24 which is
unlike 17R-H of 17â-substituted steroids which appears
as a triplet. Further support for the assigned structure
of 24 came from the 1H NMR data of the related 17â-
(1-methyl-3-pyrazolyl)-5-androstene-3â-acetate in which
the C-18 protons appear as a singlet at δ 0.5536 and also
from 1H NMR data of compounds 30 and 31 of this work
(vide infra).
The ∆4-3-oxo analogues 27-29 (Scheme 3) were each

synthesized from compounds 6, 17, and 19, respectively,
by a modified Oppenauer oxidation44 usingN-methylpi-
peridone and aluminum isopropoxide. Finally, ana-
logues containing a saturated D-ring, 30 and 31, were
each also prepared from the ∆16 compounds, 6 and 17,
respectively, by reduction with diimide.13 The â-orien-
tation of the azole ring in compounds 30 and 31 was
established by 1H NMR spectroscopy which showed a
triplet with a coupling constant of 9.6 Hz for the 17R-H
which is characteristic of 17â-substituted steroids.42,43
There was no evidence for the formation of steroids with
the R-stereochemistry at C-17 in these reduction reac-
tions.
Following our identification of the potent inhibitors

(vide infra) of P45017R, the overall four-step/five-step
reaction sequence has been carried out routinely on the
5-10-g scale in good overall yield. For example, start-
ing from 1, the overall yields of two of our most potent
compounds, 17 (four steps) and 28 (five steps), are 56%
and 44%, respectively.
Enzyme Inhibition Studies. The source of enzyme

used in the present study was human testicular mi-
crosomes that contained cytochrome P45017R as well as
cytochrome b5. The enzyme reaction was monitored by
determination of the release of C3H3COOH from [21-
3H3]-17R-hydroxypregnenolone during cleavage of the
C-21 side chain in the conversion to DHEA. This assay
measures only the lyase activity of the P45017R enzyme.
We have previously reported20 that this assay is com-
parable to the HPLC assay procedure (which utilizes
[7-3H]pregnenolone as substrate) and measures both the
hydroxylase and lyase activities of the enzyme.

Scheme 2a

a (i) Imidazole, K2CO3, DMF, N2, 80 °C; (ii) 1H-1,2,3-triazole,
K2CO3, DMF, N2, 75 °C; (iii) 1H-tetrazole, Li2CO3, DMF, N2, 80
°C; (iv) 10% Pd on activated charcoal, PhCN, reflux; (v) 10%
methanolic KOH, N2, rt; (vi) RhCl(PPH3)3, toluene, N2, reflux; (vii)
(PPh3)2PCOCl-Ph2P(CH2)3PPh2, xylenes, N2, reflux.

Scheme 3a

a (i) Al(i-PrO)3, 1-methyl-4-piperidone, toluene, reflux; (ii) N2H2, AcOH, EtOH, air, 80 °C.
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To estimate the inhibitor potency of the novel com-
pounds synthesized in the present work, the tritiated
substrate, a NADPH-generating system, and microsomes
were incubated at 34 °C in O2 in the presence or absence
of the inhibitor. The reaction was usually monitored
for 60 min during which time the formation of [3H]acetic
acid and thus DHEA was linear. The percentage
inhibition data for the initial target compounds of this
study are presented in Table 1 and highlight that 2H-
1,2,3-triazole (18) and the two tetrazole regioisomers (20
and 21) were noninhibitory, while the 1H-pyrazole (26)
was a moderate inhibitor. By contrast the 1H-1,2,4-
triazole (6), 1H-imidazole (17), and 1H-1,2,3-triazole (19)
were potent inhibitors of the enzyme. Ketoconazole also
showed strong inhibition. Given that these ∆16-17-azole
compounds of Table 1 are structurally similar (all
possess the ∆5-3â-ol functionality), the striking differ-
ence in the inhibitory properties observed may be due
to the differences in their basicities, a property imposed
by the inherent different electronic character of each of
the azole heterocycles. In addition, the presence of a
nitogen atom at either the 3′ or 4′ position seems
important for potent inhibition of the enzyme.
Following the initial screening assays, compounds 6,

17, and 19 together with their corresponding ∆4-3-one
counterparts, 27-29, respectively, were evaluated fur-
ther to determine first their IC50 values and then their
apparent Ki values (from Lineweaver-Burk plots, e.g.,
Figure 1). These values are presented in Table 2. All
six 17-azoles are excellent noncompetitive inhibitors of
P45017R as shown in the example in Figure 1. The
activities of two of the compounds (6 and 17) against
the rat enzyme were cited in a report of our preliminary
studies.18 After careful evaluation where both the IC50
and Ki values were determined in repeated assays, as
shown in Table 2, these two compounds were found to
be potent inhibitors of the human enzyme and more
potent for the rat enzyme than our earlier tests indi-
cated. The nature of inhibition kinetics exhibited by
these compounds was that in which the Vmax was
decreased but the apparent Km was unchanged; i.e., the
intercept on the horizontal axis is the same in the
absence or presence of inhibitor. This is one of the two
characteristics of a noncompetitive inhibitor and indi-
cates destruction of the catalytic activity of the enzyme.
The other is when binding of the inhibitor and (variable)
substrate is not mutually exclusive.
There was no marked difference between the inhibi-

tory potencies of the ∆5-3â-ol azoles (6, 17, and 19) with
those of the corresponding ∆4-3-one compounds (27-

29). Compounds 17, 19, and 28, with Ki values of 1.2,
1.4, and 1.8 nM, respectively (Km of the substrate 17R-
hydroxypregnenolone was 530 nM), were the most
potent inhibitors, and they are among the most potent
inhibitors of human testicular microsomal P45017R
described to date. These compounds were considerably
more potent as P45017R inhibitors when compared in the
same assay with ketoconazole (Ki ) 38 nM). The
requirement of a 16,17-double bond was also observed
with these P45017R inhibitors: 17â-(1H-1,2,4-triazolyl)
and 17â-(1H-imidazolyl) compounds (30 and 31) each
exhibited diminished potency compared to the corre-
sponding parent ∆16 compounds, 6 and 17, respectively

Table 1. Inhibition of Human P45017R by ∆16-17-Azolyl
Steroids

compounda % inhibitionb

6, 17-(1H-1,2,4-triazolyl)- 60
17, 17-(1H-imidazolyl)- 97
18, 17-(2H-1,2,3-triazolyl)- NIc
19, 17-(1H-1,2,3-triazolyl)- 94
20, 17-(2H-tetrazolyl)- NIc
21, 17-(1H-tetrazolyl)- NIc
26, 17-(1H-pyrazolyl)- 40
for comparison

ketoconazole 67
a Each inhibitor concentration was 150 nM. b Concentration of

substrate, 17R-hydroxypregnenolone ) 10 µM. c NI, no inhibition
at concentration of 150 nM. All values are mean of two determina-
tions.

Figure 1. (A) Lineweaver-Burk analysis (1/V vs 1/[S]) of ∆16-
17-(1H-imidazole) 17 at 3, 6, and 10 nM. (B) Replot of the
slopes of each reciprocal plot versus inhibitor concentration
([I]) to obtain the Ki value. The inhibition experiments with
the other azoles (6, 19, 27-29) gave plots that were essentially
the same as shown above.

Table 2. Inhibitory Potency of ∆16-17-Azolyl Steroids toward
Human and Rat P45017R and Human Steroid 5R-Reductase

human P45017R

compound IC50 (nM)a Ki (nM)b,c
rat P45017R
IC50 (nM)a

5R-reductase
IC50 (nM)a

6 90 ( 14 23 26 ( 13 ∼160000
17 8 ( 1 1.2 9 ( 2 ∼400000
19 13 ( 1 1.4 10 ( 0.4 ∼10000
27 55 ( 11 41 11 ( 3 152 ( 10
28 7 ( 1 1.9 8 ( 0.7 142 ( 5
29 19 ( 1 8 9 ( 2 198 ( 33
for comparison

ketoconazole 78 ( 3 38 209 ( 17
finasteride 33 ( 2
a Mean ( SDM of at least two experiments. b Ki values were

determined as described in the Experimental Section. c Km for
substrate, 17R-hydroxypregnenolone ) 560 nM.
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(6 f 30, IC50 90 f 219 nM; 17 f 31, IC50 8 f 62 nM).
A similar observation has been previously reported13,14,20
for a number of ∆16-17-heteroaryl P45017R inhibitors.
When the lyase reaction was monitored in the pres-

ence of various concentrations of the imidazole 17, a
family of nonlinear progress curves were obtained in
which the extent of inhibition increased with time
(Figure 2). This suggests that 17may be a slow-binding
inhibitor.45 Although the other potent inhibitors were
not examined in this assay, it is likely that they may
also behave in a similar fashion. Compound 17 appears
to be the first example of a slow-binding inhibitor of
cytochrome P45017R.
To investigate the mechanism of P45017R inhibition

further, the properties (chemical nature) of the com-
plexes formed between the 1H-1,2,4-triazole 6 and
imidazole 17 and a modified form of human P45017R

46

were studied using UV-vis difference spectroscopy
following standard procedure.47 Each of these com-
pounds induced a type II difference spectrum (Figure
3), indicating coordination of a steroidal nitrogen (prob-
ably N-4 of the triazole ring or N-3 of the imidazole ring)
to the heme iron of the cytochrome P450 enzyme, with
formation of low-spin iron. The peak positions of the
Soret maxima for the complexes with triazole 6 (422 nm)
and imidazole 17 (426 nm) are in agreement with

available data for the binding of nitrogen ligands to
cytochrome P450 systems, resulting in complexes with
Soret maxima at 421-430 nm.48

The inhibitory potency of (20R)- and (20S)-aziridinyl
steroids has recently been reported, and this stems in
part from the additional stabilization due to coordina-
tion of the heteroatom of their aziridinyl ring to the
heme of rat P45017R.15 The spectroscopic data described
above suggest that this may also be the case for the ∆16-
17-azole steroids of this work. The ability of the
steroidal azole nitrogen atom to coordinate with the
heme of P45017R indicates that C-17 and C-20 (the sites
of enzymatic hydroxylations) can be positioned in close
proximity to the heme center when these substratelike
inhibitors are bound to the enzyme. Although it is not
certain that these compounds bind in exactly the same
manner as the natural substrates, their high binding
affinities make a significantly different mode of binding
unlikely. It should be noted that although two groups13,14
have recently reported on 17-heteroaryl steroidal inhibi-
tors of P45017R and believe that the inhibitory property
of their compounds is due (in part) to coordination of a
heteroaryl atom to the heme iron of the enzyme complex,
they are yet to provide evidence for this phenomenon.
Before evaluating these potent inhibitors in vivo in

rodent models as potential therapeutic agents for the
treatment of prostate cancer, we accessed the potency
of these inhibitors also toward the rat testicular mi-
crosomal P47017R. A comparison was made between the
inhibitory activity, expressed as IC50 values, displayed
by the ∆5-3â-ols 6, 17, and 19; the ∆4-3-one compounds
27-29; and ketoconazole toward P47017R located in
human and rat testicular microsomes. The results are
presented in Table 2 and show that whereas the
potencies of 6, 27, and 29 each increased toward the
rat enzyme by 3.5-, 5-, and 2-fold, respectively, potencies
of 17, 19, and 28 were unchanged, while that for
ketoconazole decreased by about 3-fold. Our most
potent inhibitors, 17, 19, and 28 appear to be the first
examples of inhibitors that are equipotent toward the
human as well as the rat P45017R enzymes. This finding
suggests that results from preclinical in vivo studies
with rats are likely to reflect the clinical situation.
Other Biological Activities. We had previously

reported11,12 that some P45017R inhibitors were also
potent inhibitors of 5R-reductase while others exhibited
strong antiandrogenic activity.17 Consequently, we first
tested the potent P45017R inhibitors of this work for 5R-
reductase inhibition. The results are presented in Table
2 and highlight that the ∆5-3â-ol compounds (6, 17, and
19) were poor inhibitors of the enzyme. By contrast,
the corresponding ∆4-3-one compounds (27-29) were
potent inhibitors, being only about 4-6 times less potent
than finasteride, a potent 5R-reductase inhibitor cur-
rently used in the treatment of benign prostatic hyper-
plasia. In addition, the abilities of compounds 17 and
19 to inhibit the androgen-stimulated growth of LNCaP
human prostatic cancer cell were examined. As previ-
ously reported,17 testosterone (0.1 nM) increased the
growth of these LNCaP cells 6-fold compared to vehicle-
treated cells and DHT (30 pM) stimulated proliferation
5-fold compared to control. The imidazole 17 was more
effective than 19 in inhibiting the testosterone-stimu-
lated growth of LNCaP cells, with 100% inhibition

Figure 2. Progress curves for the inhibition of human
testicular microsomal P45017R by ∆16-17-(1H-imidazole) 17 at
different concentrations.

Figure 3. Difference absorption spectra. The experimental
and reference cuvettes contained a modified form of P45017R
(P450 concentration 1.8 µM). Spectra show the effects of
addition of 20 µM ∆16-17-(1H-1,2,3-triazole) 6 (curve A) and
20 µM ∆16-17-(1H-imidazole) 17 (curve B).
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occurring at 1 and 2.5 µM, respectively. Both com-
pounds also inhibited DHT-induced cell growth with 17
again being more effective (100% inhibition at 2.5 and
5 µM, respectively). Since neither compound inhibited
5R-reductase nor was toxic to the cells in the concentra-
tion range 0.5-5.0 µM, these results suggest that their
growth-inhibiting properties may be due to possible
antiandrogenic effects.

Conclusion
We have discovered a method for the introduction of

a variety of azolyl groups at the 17-carbon of a ∆16

steroid. This enabled us to synthesize several ∆16-17-
azolyl steroids of which 6, 17, 19, and 27-29 proved to
be powerful inhibitors of both human and rat testicular
P45017R. In addition, we have shown that a nitrogen of
6 and 17 each coordinates to the enzyme’s heme iron.
Kinetic studies allowed us to classify these compounds
as noncompetitive inhibitors of the enzyme. Unlike
most previously described P45017R inhibitors which show
normal competitive or noncompetitive reversible kinet-
ics, our most potent inhibitor, 17, shows an apparent
slow-binding behavior. Compounds 27-29 are also
potent inhibitors of 5R-reductase, while 17 and 19
appear to possess strong antiandrogenic effects. These
dual biological properties of some of these compounds
increase their potential utility in the treatment of
prostate cancer. Some of these inhibitors are currently
undergoing further pharmacological study.

Experimental Section
General Methods. Melting points (mp) were determined

with a Fischer-Johns melting point apparatus and are uncor-
rected. Proton magnetic resonance spectra (1H NMR) were
recorded in CDCl3 on a Mac NMR 5.3 300-MHz spectrometer
(internal standard Me4Si, δ 0), and high-resolution mass
spectra (HRMS) were determined on a Kratos Aspect Systems
instrument, EI mode. Elemental analyses were performed by
Dr. R. N. Pandey of Guelph Chemical Laboratories Ltd.,
Guelph, Ontario, Canada. TLC was done on silica gel GHLF
precoated plates (250 µm) purchased from Analtech, while
flash column chromatography (FCC) was performed on silica
gel (Merck grade 9385, 230-400 mesh, 60 Å) according to
Still’s method.49 Petroleum ether refers to light petroleum,
bp 40-60 °C.
Vilsmeier-Haack Reaction of 3â-Acetoxyandrost-5-

en-17-one (1): 3â-Acetoxy-17-chloroandrosta-5,16-diene
(2) and 3â-Acetoxy-17-chloro-16-formylandrosta-5,16-di-
ene (3). A solution of 3â-acetoxyandrost-5-en-17-one (1) (2 g,
6.6 mmol) in dry chloroform (40 mL) was added dropwise to a
cold and stirred solution of phosphorus oxychloride (10 mL)
and dimethylformamide (10 mL). The mixture was allowed
to attain room temperature and then refluxed under N2 for 5
h. It was then concentrated under reduced pressure and
poured onto ice followed by extraction with a mixture of ether
and EtOAc (8:2, v/v). The combined extracts were washed with
brine and dried (Na2SO4), and solvent was removed to give a
white solid (2.3 g). Analytical TLC [silica gel, petroleum ether/
EtOAc (10:1)] revealed the presence of two compounds, both
less polar than compound 1. Purification by flash column
chromatography [FCC, petroleum ether/EtOAc (15:1)] gave the
title compounds 2 (0.24 g, 11.4%) and 3 (1.75 g, 77%).
Analytical and spectroscopic data for 2 and 3 follow.
Compound 2: mp 160-162 °C; 1H NMR δ 0.89 (3H, s, 18-

Me), 1.06 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.61 (1H, m,
3R-H), 5.39 (1H, d, J ) 4.8 Hz, 6-H), 5.63 (1H, d, J ) 0.9 Hz,
16-H); HRMS calcd 348.1856 (C21H29O2Cl), found 348.1766.
Anal. (C21H29O2Cl) C, H.
Compound 3: mp 163-165 °C; 1H NMR δ 0.99 (3H, s, 18-

Me), 1.07 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.60 (1H, m,

3R-H), 5.40 (1H, d, J ) 4.8 Hz, 6-H), 9.99 (1H, s, 16-CHO);
HRMS calcd 376.1805 (C22H29O3Cl), found 376.1748. Anal.
(C22H29O3Cl) C, H.
3â-Acetoxy-17-(1H-1,2,4-triazol-1-yl)-16-formylandrosta-

5,16-diene (4). A solution of 3â-acetoxy-17-chloro-16-formyl-
androsta-5,16-diene (2; 0.6 g, 1.6 mmol) and sodium triazolate
(436 mg, 4.79 mmol, 3 equiv) in dry DMF (10 mL) under N2

was stirred at 78 °C for 30 min. After cooling to room tem-
perature, the reaction mixture was poured onto ice-water (250
mL), and the resulting white precipitate was filtered, washed
with water, and dried to give a white solid. This was crys-
tallized from hexane/EtOAc to give the title compound 4 (580
mg, 89%): mp 160-162 °C; 1H NMR δ 1.08 (3H, s, 18-Me),
1.20 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.61 (1H, m, 3R-H),
5.42 (1H, d, J ) 4.2 Hz, 6-H), 8.13 (1H, s, 3′-H), 8.42 (1H,
s, 5′-H), 10.12 (1H, s, 16-CHO); HRMS calcd 409.2365
(C24H31O3N3), found 409.2348. Anal. (C24H31O3N3) C, H, N.
3â-Acetoxy-17-(1H-1,2,4-triazol-1-yl)androsta-5,16-di-

ene (5). A mixture of bis(triphenylphosphine)rhodium(I)
carbonyl chloride (338 mg, 0.489 mmol) and 1,3-bis(diphe-
nylphosphino)propane (440 mg, 1.065 mmol) in dry xylenes
(40 mL) was stirred at 80 °C under N2 for 15 min when a fine
yellow precipitate formed. 3â-Acetoxy-17-(1H-1,2,4-triazol-1-
yl)-16-formylandrosta-5,16-diene (4; 2.0 g, 4.89 mmol) was
added, and the mixture was refluxed under N2 for 15 h, then
cooled, and concentrated under reduced pressure. The crude
product was dissolved in EtOAc (200 mL) and filtered through
a 4-cm pad of silica gel (70-230 mesh). The silica gel was
washed with EtOAc (2 × 200 mL), and the combined filtrates
were evaporated to give the crude product. This was purified
by FCC [petroleum ether/EtOAc/Et3N (7.7:2:0.3)] to give the
title compound 5 (1.63 g, 87.6%): mp 187-190 °C (from
hexane/EtOAc); 1H NMR δ 1.08 (3H, s, 18-Me), 1.10 (3H, s,
19-Me), 2.04 (3H, s, 3â-OAc), 4.62 (1H, m, 3R-H), 5.42 (1H, d,
J ) 4.5 Hz, 6-H), 5.96 (1H, s, 16-H), 7.99 (1H, s, 3′-H), 8.26
(1H, s, 5′-H); HRMS calcd 381.2416 (C23H31O2N3), found
381.2406. Anal. (C23H31O2N3) C, H, N.
3â-Hydroxy-17-(1H-1,2,4-triazol-1-yl)androsta-5,16-di-

ene (6). Details of the synthesis of this compound were
reported previously.18

3â-Acetoxy-17-(1H-imidazol-1-yl)-16-formylandrosta-
5,16-diene (7). A mixture of compound 2 (500 mg, 1.329
mmol), imidazole (136 mg, 2.0 mmol), and K2CO3 (551 mg, 3.99
mmol) in dry DMF (10 mL) was heated at ca. 80 °C under N2

for 2 h. After cooling to room temperature, the reaction
mixture was poured onto ice-cold water (100 mL), and the
resulting white precipitate was filtered, washed with water,
and dried to give a white solid. This was titrated with a boiling
mixture of hexane/EtOAc to give the title compound 7 (520
mg, 92%): mp 218-220 °C; 1H NMR δ 1.08 (6H, s, 18- and
19-Me), 2.04 (3H, s, 3â-OAc), 4.61 (1H, m, 3R-H), 5.42 (1H, d,
J ) 4.8 Hz, 6-H), 7.11 (1H, s, 4′-H), 7.23 (1H, s, 5′-H), 7.63
(1H, s, 2′-H), 9.74 (1H, s, 16-CHO); HRMS calcd 408.2413
(C25H32O3N2), found 408.2426. Anal. (C25H32O3N2) C, H, N.
Reaction of 3â-Acetoxy-17-chloro-16-formylandrosta-

5,16-diene (2) with 1H-1,2,3-Triazole and K2CO3: 3â-
Acetoxy-17-(2H-1,2,3-triazol-2-yl)-16-formylandrosta-5,-
16-diene (8) and 3â-Acetoxy-17-(1H-1,2,3-triazol-1-yl)-16-
formylandrosta-5,16-diene (9). A mixture of 2 (2 g, 5.23
mmol), 1H-1,2,3-triazole (552 mg, 7.98 mmol), and K2CO3 (2.20
g, 15.95 mmol) in dry DMF (40 mL) was heated at 80 °C under
N2 atmosphere for 2 h. After cooling to room temperature,
the reaction mixture was poured onto ice-water (400 mL), and
the resulting precipitate was filtered, washed with water, and
dried to give a dirty-white solid. This was subjected to flash
chromatography and, on elution with petroleum ether/EtOAc/
Et3N (6.7:3:0.3), gave first 3â-acetoxy-17-(2H-1,2,3-triazol-2-
yl)-16-formylandrosta-5,16-diene (8; 684 mg, 28%): mp 145-
148 °C; 1H NMR δ 1.09 (3H, s, 18-Me), 1.26 (3H, s, 19-Me),
2.04 (3H, s, 3â-OAc), 4.61 (1H, m, 3R-H), 5.42 (1H, d, J ) 4.2
Hz, 6-H), 7.85 (2H, s, 4′- and 5′-H), 10.55 (1H, s, 16-CHO).
Anal. (C24H31O3N3) C, H, N. Further elution with petroleum
ether/EtOAc/Et3N (6:4:0.3) afforded 3â-acetoxy-17-(1H-1,2,3-
triazol-1-yl)-16-formylandrosta-5,16-diene (9; 1.48 g, 62%): mp
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215-217 °C; 1H NMR δ 1.08 (3H, s, 18-Me), 1.18 (3H, s, 19-
Me), 2.04 (3H, s, 3â-OAc), 4.63 (1H, m, 3R-H), 5.43 (1H, d, J
) 4.2 Hz, 6-H), 7.85 (2H, s, 4′- and 5′-H), 9.94 (1H, s, 16-CHO).
Anal. (C24H31O3N3) C, H, N.
3â-Acetoxy-17-(2H-tetrazol-2-yl)-16-formylandrosta-5,-

16-diene (10) and 3â-Acetoxy-17-(1H-tetrazol-1-yl)-16-
formylandrosta-5,16-diene (11). The method followed that
described for compounds 8 and 9, but using 2 (0.5 g, 1.329
mmol), 1H-tetrazole (187 mg, 1.59 mmol), and Li2CO3 (287 mg,
3.94 mmol) gave a crude product (520 mg). Flash column
chromatography on elution with petroleum ether/EtOAc (5:1)
gave first 3â-acetoxy-17-(2H-tetrazol-2-yl)-16-formylandrosta-
5,16-diene (10; 92 mg, 28.2%): mp 170-172 °C dec; 1H NMR
δ 1.1 (3H, s, 18-Me), 1.29 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc),
4.62 (1H, m, 3R-H), 5.42 (1H, d, J ) 4.2 Hz, 6-H), 8.68 (1H, s,
5′-H), 10.46 (1H, s, 16-CHO). Anal. (C23H30O3N4) C, H, N.
Further elution with petroleum ether/EtOAc/Et3N (7:3:0.3)
afforded 3â-acetoxy-17-(1H-tetrazol-1-yl)-16-formylandrosta-
5,16-diene (11; 146 mg, 44.6%): mp 196-198 °C dec; 1H NMR
δ 1.09 (3H, s, 18-Me), 1.20 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc),
4.62 (1H, m, 3R-H), 5.43 (1H, d, J ) 4.8 Hz, 6-H), 8.93 (1H, s,
5′-H), 9.92 (1H, s, 16-CHO). Anal. (C23H30O3N4) C, H, N.
3â-Acetoxy-17-(1H-imidazol-1-yl)androsta-5,16-diene

(12). A solution of 3â-acetoxy-17-(1H-imidazol-1-yl)-16-formyl-
androsta-5,16-diene (7; 4.0 g, 9.8 mmol) in dry benzonitrile
(40 mL) was refluxed in the presence of 10% palladium on
activated charcoal (2 g, i.e., 50% weight of the 16-formyl azole)
for 3.5 h. After cooling to room temperature, the catalyst was
removed by filtration through a Celite pad. The filtrate was
evaporated, and the residue was purified by FCC [petroleum
ether/EtOAc/Et3N (6:4:0.3)] to give the title compound 12 (2.72
g, 73.2%): mp 138-140 °C; 1H NMR δ 1.0 (3H, s, 18-Me), 1.07
(3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.60 (1H, m, 3R-H), 5.41
(1H, s, 6-H), 5.68 (1H, s, 16-H), 7.02 (1H, s, 4′-H), 7.08 (1H, s,
5′-H), 7.60 (1H, s, 2′-H); HRMS calcd 408.2413 (C25H32O3N2),
found 408.2426. Anal. (C25H32O3N2) C, H, N.
3â-Acetoxy-17-(2H-1,2,3-triazol-2-yl)androsta-5,16-di-

ene (13). A mixture of 3â-acetoxy-17-(2H-1,2,3-triazol-2-yl)-
16-formylandrosta-5,16-diene (8; 140 mg, 0.342 mmol) in dry
toluene (6 mL) and tris(triphenylphosphine)rhodium(I) chlo-
ride (Wilkinson’s catalyst; 332 mg, 0.351 mmol) was refluxed
under N2 for 5 h. After the mixture cooled to room tempera-
ture, EtOH (12 mL) was added, and on further cooling at
approximately 0 °C, the yellow precipitate of bis(triphenylphos-
phine)carbonylchlororhodium (I) formed. Following filtration,
the filtrate was concentrated to give the crude product. This
was purified by FCC [petroleum ether/EtOAc (15:1)] to give
the title compound 13 (120 mg, 92%): mp 154-155 °C; 1H
NMR δ 1.09 (3H, s, 18-Me), 1.14 (3H, s, 19-Me), 2.04 (3H, s,
3â-OAc), 4.60 (1H, m, 3R-H), 5.42 (1H, d, J ) 4.2 Hz, 6-H),
6.17 (1H, br s, 16-H), 7.68 (2H, s, 4′- and 5′-H). Anal.
(C23H31O2N3) C, H, N.
3â-Acetoxy-17-(1H-1,2,3-triazol-1-yl)androsta-5,16-di-

ene (14). The method followed that described for compound
5 but using 3â-acetoxy-17-(1H-1,2,3-triazol-1-yl)-16-formylan-
drosta-5,16-diene (9; 2.0 g, 4.89 mmol). Purification of the
crude product by FCC [petroleum ether/EtOAc/Et3N (7.7:2:0.3)]
gave the title compound 14 (1.67 g, 89.9%): mp 158-160 °C;
1H NMR δ 1.09 (3H, s, 18-Me), 1.14 (3H, s, 19-Me), 2.04 (3H,
s, 3â-OAc), 4.60 (1H, m, 3R-H), 5.40 (1H, d, J ) 4.2 Hz, 6-H),
5.98 (1H, br s, 16-H), 7.73 (2H, s, 4′- and 5′-H). Anal.
(C23H31O2N3) C, H, N.
3â-Acetoxy-17-(2H-tetrazol-2-yl)androsta-5,16-diene (15).

The method followed that described for compound 13 but using
3â-acetoxy-17-(2H-tetrazol-2-yl)-16-formylandrosta-5,16-di-
ene (10; 124 mg, 0.302 mmol). Purification of the crude
product by FCC [petroleum ether/EtOAc (10:1)] gave the title
compound 15 (61 mg, 52.8%): mp 155-156 °C; 1H NMR δ 1.10
(3H, s, 18-Me), 1.17 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.62
(1H, m, 3R-H), 5.42 (1H, d, J ) 4.85 Hz, 6-H), 6.46 (1H, s,
16-H), 8.52 (1H, s, 5′-H). Anal. (C22H30O2N4) C, H, N.
3â-Acetoxy-17-(1H-tetrazol-1-yl)androsta-5,16-diene (16).

The method followed that described for 13 but using 3â-
acetoxy-17-(1H-tetrazol-1-yl)-16-formylandrosta-5,16-diene (11;

140 mg, 0.3415 mmol). Purification of the crude product by
FCC [petroleum ether/EtOAc (3:1)] gave the title compound
16 (45 mg, 34.5%): 1H NMR δ 1.08 (3H, s, 18-Me), 1.20 (3H,
s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.62 (1H, m, 3R-H), 5.42 (1H,
d, J ) 4.6 Hz, 6-H), 6.00 (1H, s, 16-H), 8.93 (1H, s, 5′-H). This
compound was not particularly stable at room temperature
(TLC evidence) and was therefore used for the subsequent
reaction without further characterization.
3â-Hydroxy-17-(1H-imidazol-1-yl)androsta-5,16-di-

ene (17). Details of the synthesis of this compound have been
published previously.18

3â-Hydroxy-17-(2H-1,2,3-triazol-2-yl)androsta-5,16-di-
ene (18). The method followed that described for compound
6 but using 3â-acetoxy-17-(2H-1,2,3-triazol-2-yl)androsta-5,-
16-diene (13; 110 mg, 0.289 mmol). Purification of the crude
product by FCC [petroleum ether/EtOAc (3:1)] gave the title
compound 18 (95 mg, 97.1%) which was crystallized from
hexane/EtOAc: mp 176-177 °C; 1H NMR δ 1.09 (3H, s, 18-
Me), 1.15 (3H, s, 19-Me), 3.54 (1H, m, 3R-H), 5.39 (1H, d, J )
5.1 Hz, 6-H), 6.17 (1H, s, 16-H), 7.68 (2H, s, 4′- and 5′-H). Anal.
(C21H29ON3) C, H, N.
3â-Hydroxy-17-(1H-1,2,3-triazol-1-yl)androsta-5,16-di-

ene (19). The method followed that described for compound
6 but using 3â-acetoxy-17-(1H-1,2,3-triazol-1-yl)androsta-5,-
16-diene (14; 1.5 g, 3.94 mmol). The product was recrystallized
fron EtOAc/MeOH to give the title compound 19 (1.20 g,
90%): mp 220-224 °C; 1H NMR δ 1.08 (3H, s, 18-Me), 1.14
(3H, s, 19-Me), 3.54 (1H, m, 3R-H), 5.39 (1H, d, J ) 4.8 Hz,
6-H), 5.97 (1H, s, 16-H), 7.72 (2H, s, 4′- and 5′-H). Anal.
(C21H29ON3) C, H, N.
3â-Hydroxy-17-(2H-tetrazol-2-yl)androsta-5,16-diene

(20). The method followed that described for compound 6 but
using 3â-acetoxy-17-(2H-tetrazol-2-yl)androsta-5,16-diene (15;
51 mg, 0.134 mmol). Recrystallization of the product from
hexane/EtOAc gave the title compound 20 (42 mg, 88%): mp
195-198 °C; 1H NMR δ 1.09 (3H, s, 18-Me), 1.17 (3H, s, 19-
Me), 3.55 (1H, m, 3R-H), 5.34 (1H, d, J ) 5.2 Hz, 6-H), 6.46
(1H, s, 16-H), 8.53 (1H, s, 5′-H). Anal. (C20H28ON4) C, H, N.
3â-Hydroxy-17-(1H-tetrazol-1-yl)androsta-5,16-diene

(21). The method followed that described for 6 but using 3â-
acetoxy-17-(1H-tetrazol-1-yl)androsta-5,16-diene (16; 36 mg,
0.094 mmol). Recrystallization of the product from hexane/
EtOAc gave the title compound 21 (28 mg, 87.4%): mp 200-
204 °C dec; 1H NMR δ 1.06 (3H, s, 18-Me), 1.11 (3H, s, 19-
Me), 3.54 (1H, m, 3R-H), 5.38 (1H, br s, 6-H), 6.13 (1H, s, 16-
H), 8.73 (1H, s, 5′-H). Anal. (C20H28ON4) C, H, N.
Reaction of Compound 2 with 1H-Pyrazole and

K2CO3: 3â-Acetoxy-17-(3H-pyrazol-3-yl)-16-formyland-
rosta-5,16-diene (22), 3â-Acetoxy-17r-(1H-pyrazol-1-yl)-
androst-5-ene (24), and 3â-Acetoxy-17-(1H-pyrazol-1-yl)-
androsta-5,16-diene (25). Reaction of compound 2 (0.5 g,
1.329 mmol), pyrazole (136 mg, 1.994 mmol), and K2CO3 (551
mg, 3.99 mmol) as described for compound 7 and following
FCC [petroleum ether/EtOAc (4:1)] gave first 3â-acetoxy-17-
(3H-pyrazol-3-yl)-16-formylandrosta-5,16-diene (22; 63 mg,
12%): mp 165-168 °C; 1H NMR δ 0.99 (3H, s, 18-Me), 1.07
(3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 4.60 (1H, m, 3R-H), 5.42
(1H, d, J ) 4.8 Hz, 6-H), 6.38 (1H, s, 5′-H), 7.64 (1H, d, J )
1.5 Hz, 4′-H), 9.30 (1H, d, J ) 2.4 Hz, 16-CHO). Anal.
(C25H32O3N2) C, H, N. Further elution afforded a mixture (341
mg, approximately 2.5:1, determined by 1H NMR) of 3â-
acetoxy-17-(1H-pyrazol-1-yl)-16-formylandrosta-5,16-diene (23)
and 3â-acetoxy-17R-(1H-pyrazol-1-yl)androst-5-ene (24). This
mixture resisted separation by chromatography. The mixture
(330 mg) was then subjected to the decarbonylation reaction
as described for 13 to give a crude product (350 mg). Flash
column chromatography on elution with petroleum ether/
EtOAc (15:1) gave first 3â-acetoxy-17-(1H-pyrazol-1yl)and-
rosta-5,16-diene (25; 123 mg, 25% from 2): mp 159-161 °C;
1H NMR δ 1.08 (3H, s, 18-Me), 1.11 (3H, s, 19-Me), 2.04 (3H,
s, 3â-OAc), 4.62 (1H, m, 3R-H), 5.42 (1H, d, J ) 5.1 Hz, 6-H),
5.77 (1H, s, 16-H), 6.32 (1H, s, 4′-H), 7.60 (1H, s, 3′-H), 7.63
(1H, d, J ) 2.4 Hz, 5′-H). Anal. (C24H32O2N2) C, H, N.
Further elution with petroleum ether/EtOAc (5:1) afforded
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pure 3â-acetoxy-17R-(1H-pyrazol-1-yl)androst-5-ene (24; 93
mg, 19%): mp 238-240 °C; 1H NMR δ 0.97 (3H, s, 18-Me),
1.08 (3H, s, 19-Me), 2.04 (3H, s, 3â-OAc), 3.24 (1H, dd, J1 )
4.8 Hz, J2 ) 15.6 Hz, 17â-H), 4.62 (1H, m, 3R-H), 5.43 (1H, d,
J ) 5.1 Hz, 6-H), 6.45 (1H, s, 4′-H), 7.70 (1H, d, J ) 2.4 Hz,
3′-H), 7.77 (1H, d, J ) 4.8 Hz, 5′-H). Anal. (C24H34O2N2) C,
H, N.
3â-Hydroxy-17-(1H-pyrazol-1-yl)androsta-5,16-diene

(26). The method followed that described for 6 but using 3â-
acetoxy-17-(1H-pyrazol-1-yl)androsta-5,16-diene (25; 100 mg,
0.263 mmol). Recrystallization of the product from hexane/
EtOAc gave the title compound 26 (858 mg, 95.6%): mp 197-
199 °C; 1H NMR δ 1.06 (3H, s, 18-Me), 1.09 (3H, s, 19-Me),
3.56 (1H, m, 3R-H), 5.39 (1H, s, 6-H), 5.78 (1H, s, 16-H), 6.31
(1H, s, 4′-H), 7.59 (1H, s, 3′-H), 7.62 (1H, s, 5′-H). Anal.
(C22H32ON2) C, H, N.
17-(1H-1,2,4-Triazol-1-yl)androsta-4,16-dien-3-one (27).

From a mixture of 3â-hydroxy-17-(1H-1,2,4-triazol-1-yl)and-
rosta-5,16-diene (6; 250 mg, 0.7381 mmol), 1-methyl-4-piperi-
done (1.18 mL), and toluene (20 mL) was distilled off ca. 4
mL. Aluminum isopropoxide (253 mg, 1.241 mmol) was then
added, and the mixture was refluxed under N2 for 4 h. After
cooling, the mixture was diluted with EtOAc (30 mL), washed
successively with 5% aqueous NaHCO3 (×3) and brine (×2),
and then dried (Na2SO4). The solvent was evaporated, and
the crude product was purified by FCC [CH2Cl2/EtOH (30:1)]
to give the title compound 27 (200 mg, 80.5%): mp 247-250
°C; 1H NMR δ 1.13 (3H, s, 18-Me), 1.24 (3H, s, 19-Me), 5.76
(1H, s, 16-H), 5.95 (1H, s, 4-H), 8.00 (1H, s, 3′-H), 8.26 (1H, s,
5′-H). Anal. (C21H27ON3) C, H, N.
17-(1H-Imidazol-1-yl)androsta-4,16-dien-3-one (28). The

method followed that described for 27 but using 3â-hydroxy-
17-(1H-imidazol-1-yl)androsta-5,16-diene (17; 200 mg, 0.59
mmol). Purification of the crude product by FCC [CH2Cl2/
EtOH (40:1)] afforded the title compound 28 (150 mg, 75.4%):
mp 147-150 °C; 1H NMR δ 1.03 (3H, s, 18-Me), 1.23 (3H, s,
19-Me), 5.69 (1H, s, 6-H), 5.76 (1H, s, 16-H), 7.10 (2H, br s, 4′-
and 5′-H), 7.63 (1H, s, 2′-H). Anal. (C22H28ON2) C, H, N.
17-(1H-1,2,3-Triazol-1-yl)androsta-4,16-dien-3-one (29).

The method followed that described for 27 but using 3â-
hydroxy-17-(1H-1,2,3-triazol-1-yl)androsta-5,16-diene (19; 400
mg, 1.18 mmol). Purification of the crude product by FCC
[CH2Cl2/EtOH, (30:1)] afforded the title compound (358 mg,
90%): mp 118-120 °C; 1H NMR δ 1.17 (3H, s, 18-Me), 1.25
(3H, s, 19-Me), 5.76 (1H, s, 6-H), 5.95 (1H, s, 16-H), 7.73 (1H,
s, 5′-H), 7.74 (1H, s, 4′-H). Anal. (C21H27ON3) C, H, N.
3â-Hydroxy-17â-(1H-1,2,4-triazol-1-yl)androst-5-ene (30).

A mixture of 6 (200 mg, 0.590 mmol), hydrazine hydrate (0.57
mL, 1.77 mmol), and acetic acid (0.35 mL) in EtOH (20 mL)
was heated at 80 °C while a stream of air was passed through
the solution for 6 h. The reaction mixture was concentrated
to ca. 10 mL, and after cooling, it was diluted with EtOAc (30
mL) followed by washing with saturated aqueous NaHCO3 (10
mL × 2) and brine (10 mL × 2), drying (Na2SO4), and
concentration to give a crude product (190 mg). This was
purified by FCC [CH2Cl2/EtOH (30:1)] to give pure 30 (150
mg, 74.6%) as a white solid: mp 246-248 °C; 1H NMR δ 0.56
(3H, s, 18-Me), 1.01 (3H, s, 19-Me), 3.53 (1H, m, 3R-H), 4.19
(1H, t, J ) 9.6 Hz, 17R-H), 5.37 (1H, d, J ) 5.2 Hz, 6-H), 7.93
(1H, s, 3′-H), 8.10 (1H, s, 5′-H). Anal. (C21H31ON3) C, H, N.
3â-Hydroxy-17â-(1H-imidazol-1-yl)androst-5-ene (31).

The method followed that described for 30 but using 3â-
hydroxy-17-(1H-imidazol-1-yl)androsta-5,16-diene (17; 170 mg,
0.505 mmol) and after purification by FCC [CH2Cl2/EtOAc/
Et3N (7.7:2:0.3)] gave 31 (110 mg, 64.3%): mp 255-258 °C;
1H NMR δ 0.58 (3H, s, 18-Me), 1.01 (3H, s, 19-Me), 3.53 (1H,
m, 3R-H), 3.98 (1H, t, J ) 9.8 Hz, 17R-H), 5.38 (1H, d, J ) 5.4
Hz, 6-H), 6.96 (1H, s, 4′-H), 7.04 (1H, s, 5′-H), 7.54 (1H, s, 2′-
H). Anal. (C22H32ON2) C, H, N.
Enzyme Preparation and Assay Procedures. Micro-

somes were prepared from human testes (obtained from
untreated prostatic cancer patients undergoing orchidectomy)
and prostates and also from the testes of adult male Sprague-
Dawley rats (Charles River Laboratories, weight 200-250 g),

stored at -70 °C and used as previously described with some
modifications.11,12

P45017r (Lyase) Assay. The 17R-lyase activity in incuba-
tions containing human or rat microsomes and the indicated
candidate inhibitors was assessed by measuring the release
of [3H]acetic acid during the conversion of [21-3H3]-17R-
hydroxypregnenolone to dehydroepiandrosterone. [21-3H3]-
17R-Hydroxypregnenolone, with a specific activity of 13.61 µCi/
µmol, was prepared in our laboratory as described by Akhtar
et al.4

At the time of assay, microsomes were thawed and diluted
in homogenization buffer (0.1 M sodium phosphate buffer, with
dithiothreitol at 78 µM, pH 7.4) to a protein concentration of
0.5 µg/µL. The protein concentrations of microsomes were
determined by the method of Lowry et al.50 Incubations were
carried out in a total volume of 1.01 mL. Sample tubes were
first supplied with propylene glycol (approximately 10 µL), an
ethanol solution containing the indicated candidate inhibitor,
and an ethanol solution containing 300 000 dpm of [21-3H3]-
17R-hydroxypregnenolone (13.61 µCi/µmol). The total sub-
strate concentration in each tube was 10 µM. Control tubes
received no inhibitor. The ethanol solutions were evaporated
under air; then 750 µL of homogenization buffer and a
NADPH-generating system (50 µL of homogenization buffer
containing 6.5 mM NADP+, 71 mM glucose-6-phosphate, 1.25
IU of glucose-6-phosphate dehydrogenase) were added to each
tube, and the tubes were preincubated for 10 min at 34 °C.
The reaction in each tube was initiated by adding either
human testicular microsomes (300 µg of protein in 200 µL of
homogenization buffer) or rat testicular microsomes (60 µg of
protein in 200 µL of homogenization buffer), and the incubation
was carried out for 60 min under oxygen with shaking in a
water bath at 34 °C. At the end of the incubation, tubes were
placed in an ice bath, supplied with 2 mL of chloroform, and
vortexed. After standing at 4 °C for 20 min (or overnight),
tubes were centrifuged at 4 °C for 15 min at 2000g and then
0.75 mL of the aqueous phase of each tube was placed into a
fresh tube. To remove residual steroids which may remain
after the chloroform extraction, 0.75 mL of charcoal solution
(2.5 g of activated charcoal/100 mL of distilled water) was
added to each tube and vigorously vortexed. After standing
for 30 min (or overnight), the charcoal was pelleted by
centrifugation at 2000g for 20 min at 4 °C. Finally, 0.75 mL
of the supernatant was analyzed for tritium content by liquid
scintillation spectrometry. To serve as background controls,
two tubes in each experiment were placed on ice and supplied
with chloroform before the addition of microsomes. In all
experiments, the blank activity ranged from 1% to 5% of the
control activity. IC50 values (vide supra) for inhibitors were
calculated from the linear regression line in the plot of logit
of lyase activity versus log of inhibitor concentration. Ki values
were also determined from assays as described above. Each
inhibitor was examined at three concentrations (for 6, 27, and
ketoconazole at 50, 100, and 150 nM; for 17 at 3, 6, and 10
nM; for 19 at 5, 10, and 20 nM; for 28 at 3, 6, and 12 nM; for
29 at 10, 20, and 30 nM). Data from the various assays were
used to obtain Lineweaver-Burk plots (e.g., Figure 1). From
replots of slopes versus inhibitor concentration, Ki values were
obtained (e.g., Figure 1B) and the Km for 17R-hydroxypreg-
nenolone (substrate) was determined (Table 2).
Spectral Studies. The UV-vis difference spectra were

recorded using a Kontron Instuments U-930 spectrophotom-
eter. A modified form of human P45017R, which was expressed
in Escherichia coli and purified as described by Imai et al.,46
was diluted to 1.8 nmol of P450/mL in potassium phosphate
buffer (50 nM), containing 20% glycerol (pH 7.25). At ambient
temperature, the enzyme suspension was distributed between
two 1-cm path length cuvettes (0.5 mL each) and a baseline
was recorded from 350 to 500 nm. Difference spectra were
then recorded at appropriate intervals following addition of
the inhibitors (1 µL of a 10 mM solution in ethanol) to the
experimental cuvette and 1 µL of ethanol to the reference
cuvette. The concentration of inhibitors in the cuvette was
20 µM.
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5r-Reductase Assay. The effects of these novel com-
pounds and finasteride (a potent inhibitor of this enzyme) on
human prostate 5R-reductase activity were evaluated as
previously described16,17 with some modifications. Ethanolic
solutions of [7-3H]testosterone (600 000 dpm), cold testosterone
(4.8 ng), indicated inhibitors (0-200 nM), and propylene glycol
(10 µL) were added to sample tubes in duplicate. The ethanol
was evaporated to dryness under a gentle stream of air. The
samples were reconstituted in phosphate buffer (0.1 M, pH
7.4, 400 µL) containing DTT (78 µM), and the NADPH-
generating system (NADP, 6.5 mM; glucose-6-phosphate, 71
mM; glucose-6-phosphate dehydrogenase, 2.5 IU; in 100 µL of
phosphate buffer) was added to each tube. The tubes were
preincubated at 37 °C for 15 min. The enzymatic reactions
were initiated by addition of human BPH microsomes (about
180 µg of microsomal protein in 500 µL of phosphate buffer)
in a total volume of 1 mL, and the incubations were performed
for 10 min under oxygen in a shaking water bath at 37 °C.
The incubations were terminated by placing the sample tubes
on ice and the addition of ether. Also, [14C]DHT (3000 dpm)
and cold DHT (50 µg) were added to each tube as an internal
standard and visualization marker, respectively. The steroids
were extracted with ether, separated by TLC (chloroform/ether,
80:20), and visualized by exposure to iodine vapor. The
extracts were analyzed for 3H and 14C using a liquid scintil-
lation counter. The percentage conversion of [7-3H]testoster-
one to [3H]dihydrotestosterone was calculated and used to
determine 5R-reductase activity. IC50 values were determined
from plots of 5R-reductase activity against four different
concentrations of the inhibitor.
Growth Inhibition Studies of Human Prostate Cancer

(LNCaP) Cells. The LNCaP human prostate cancer cell line
was obtained from the American Type Culture Collection,
Rockville, MD. The cells were grown in RPMI-1640 medium
supplemented with 10% FBS. Three days prior to all experi-
ments, cell were transferred to steroid-free medium as previ-
ously described.17 To determine the effects of the ∆16-17-azole
compounds on cell growth, LNCaP cells (2 × 104) were plated
into 24-well plates in steroid-free media. After ca. 12 h, the
medium was aspirated and replaced with the same medium
containing test compounds or vehicle. Medium was refreshed
every 3 days, and after 9 days, the cells were counted using a
Coulter counter.
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