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Abstract—We report the preliminary results of the synthesis, biochemical evaluation and rationalisation of the inhibitory activity of
a number of phenyl alkyl imidazole-based compounds as inhibitors of the two components of 17a-hydroxylase/17,20-lyase
(P45017a), that is, 17a-hydroxylase (17a-OHase) and 17,20-lyase (lyase). The results show that N-3-(4-bromophenyl) propyl imidaz-
ole (12) (IC50 = 2.95 lM against 17a-OHase and IC50 = 0.33 lM against lyase) is the most potent compound within the current
study, in comparison to ketoconazole (KTZ) (IC50 = 3.76 lM against 17a-OHase and IC50 = 1.66 lM against lyase). Modelling
of these compounds suggests that the length of the alkyl chain enhances the interaction between the inhibitor and the area of
the active site corresponding to the C(3) area of the steroid backbone, thereby increasing potency.
� 2006 Elsevier Ltd. All rights reserved.
The enzyme complex 17a-hydroxylase/17,20-lyase
(P45017a) is a pivotal enzyme in the conversion of prog-
estins (such as progesterone and pregnenolone) to the
androgens1 (androstenedione and dehydroepiandroster-
one, respectively, Fig. 1) and requires both NADPH and
oxygen in the sequential oxidative steps.2

The enzyme catalyses both the hydroxylation of the pro-
gestin backbone, via 17a-hydroxylase (17a-OHase), fol-
lowed by the cleavage of the C(17) and C(20) bond, via
17,20-lyase (lyase), both of which are believed to be
undertaken within an active site that possesses two bind-
ing sites.3 However, little specific information is known
about the active site of this enzyme as no crystal struc-
ture for it exists, although workers have utilised homol-
ogy modelling in an attempt to discover detailed
information regarding the active site.3 P45017a is there-
fore responsible for the second step in the steroidal cas-
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cade leading to the biosynthesis of the sex hormones,
glucocorticoids and mineralocorticoids, the latter two
series of compounds being produced directly from the
17a-hydroxy progestins. This enzyme has become
the focus of attention as it may have a role to play in
the treatment of hormone-dependent prostate cancer
through the overall reduction in the biosynthesis of
androgens. Here, we report: the synthesis of a range of
imidazole-based compounds (which have previously
been evaluated as potential inhibitors of the enzyme aro-
matase by Ahmed et al;4 as well as potential hypolipi-
demic agents5); their biochemical evaluation
[in comparison to ketoconazole (KTZ)], and the ratio-
nalisation of their inhibitory activity using the sub-
strate–haem complex (SHC) approach.

The general approach for the construction of the SHC
has been described previously6–9 and will therefore not
be detailed here. In general, however, the structures of
progesterone, 17a-hydroxyprogesterone, the haem and
potential hydrogen bonding groups were all constructed
and refined by performing a pre-optimization calcula-
tion in mechanics using Augmented MM2 as imple-
mented in the molecular modelling program CaChe.10
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Figure 1. Action of the overall enzyme complex on progesterone resulting in the subsequent biosynthesis of androstenedione.
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The atoms of the SHC were then ‘locked’ and the pro-
posed inhibitors attached to the SHC representing the
active site of the overall enzyme complex resulting in
the production of the enzyme–inhibitor complex, in
the attachment of the inhibitors, interactions at both
the haem (N–Fe dative covalent bond) and potential po-
lar–polar interactions with groups at the active site were
mimicked. The enzyme–inhibitor complex was mini-
mised and optimised so as to produce the final binding
conformer of the inhibitor within the representation of
the overall active site of P45017a.

In the synthesis of the proposed inhibitors, the azole
functionality was reacted with a phenyl alkyl halide in
the presence of a suitable base (Scheme 1); the synthesis
of N-1-phenylethyl-imidazole (2) is given as an exam-
ple.11 In general, the compounds were synthesised in
good yield (ranging from 45% to 80% yield) and without
any major problems.

However, in the synthesis of the majority of the long
chain-containing compounds (n > 1; X = F, Cl, and Br),
the 4-substituted phenyl alkyl bromides were not readily
available, and as such, were required to be synthesised.
For example, 2-(4-bromophenyl)-ethyl bromide was syn-
thesised from 2-(4-bromophenyl)-acetic acid (Scheme 2).
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Scheme 1. Synthesis of potential inhibitors of P45017a. Reagents: (a)

imidazole/K2CO3/THF/D. (n = 1–3; X = H, F, Cl and Br).
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Scheme 2. Synthesis of 2-(4-substituted phenyl)-ethyl bromide (X = F,

Cl and Br). Reagents: (a) LiAlH4/THF/D; (b) PBr3/THF/D.
Similarly, in the synthesis of 4-halogen-substituted phenyl
propyl bromide, only the appropriate cinnamic acid
derivatives were commercially available and the reactions
outlined in Scheme 3 were undertaken in the synthesis of
the range of 4-halogen substituted phenyl propyl bro-
mides. No substituted phenyl alkyl bromides (or deriva-
tives) were found to be commercially available for
compounds containing spacer groups (between the substi-
tuted phenyl ring and the azole moiety) greater than C3,
and the synthesis of these compounds is currently under
investigation within our laboratories.

The synthesised compounds were then initially screened
and IC50 values determined against both 17a-OHase and
lyase using modified literature methods,12–15 where a
modified mobile phase to that used by Li et al.12 in
the separation and identification of the radiolabelled
substrate from the radiolabelled products was used.

Table 1 shows the IC50 values obtained for the inhibi-
tion of both 17a-OHase and lyase by the synthesised
compounds; in general, most of the compounds pos-
sessed weaker inhibitory activity than KTZ. In particu-
lar, consideration of the inhibitory data shows that the
compounds based upon the propyl chain possessed good
inhibitory activity in comparison to the shorter chain-
containing compounds, such as those based on the ben-
zyl backbone (e.g., 1, 4, 7 and 10). The most potent
inhibitor was found to be 4-bromophenyl propyl imid-
azole (12) (IC50 = 2.95 lM against 17a-OHase and
IC50 = 0.33 lM against lyase) which is slightly more
potent against 17a-OHase and �5 times more potent
against lyase, in comparison to the standard compound
KTZ (IC50 = 3.76 lM against 17a-OHase and
IC50 = 1.66 lM against lyase).

Further consideration of the inhibitory activity (Table 1)
shows that within the series of compounds considered, a
trend is observed where the IC50 value decreases with an
increase in the alkyl spacer group. Consideration of the
fluoro derivatives shows that compound 4 (n = 1, Table
1) is found to possess IC50 values of 96.46 and 11.26 lM
against 17a-OHase and lyase, respectively, whereas
compound 6 (n = 3, Table 1) has IC50 values of 27.81
and 1.96 lM against 17a-OHase and lyase, respectively.
On modelling these compounds within the SHC, we ob-
served that the increase in chain length of the spacer
group allows for increased interaction between the
substituted phenyl moiety and the area of the enzyme
active site corresponding to the C(3) area of the steroid
backbone (Fig. 2), thereby presumably leading to the
formation of a more stable enzyme–inhibitor complex,
and more potent inhibitory activity.
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Scheme 3. Synthesis of 3-(4-substituted phenyl)-propyl bromide (X = H, F, Cl and Br). Reagents: (a) EtOH/D/H+; (b) H2/Pd/C; (c) LiAlH4/THF/D;

(d) PBr3/THF/D.

Table 1. Table to show the percentage inhibition and the IC50 values obtained for a range of imidazole-based compounds against 17a-OHase and

lyase (the values are means of three determinations, n = 9; ND = not determined)

(CH2)n

N
N

X

X n Compound % inhibition ([I] = 10 lM) 17a-OHase IC50 values (lM) % inhibition ([I] = 10 lM) Lyase IC50 values (lM)

H 1 1 13.51 ± 0.65 154.20 ± 7.93 12.64 ± 0.65 50.90 ± 0.86

H 2 2 10.56 ± 1.76 ND 6.36 ± 0.65 ND

H 3 3 23.35 ± 0.97 30.95 ± 0.68 39.95 ± 0.89 6.14 ± 1.21

F 1 4 20.47 ± 1.79 96.46 ± 0.20 50.98 ± 1.36 11.26 ± 0.22

F 2 5 22.48 ± 1.84 120.20 ± 7.74 45.07 ± 1.21 ND

F 3 6 40.77 ± 0.53 27.81 ± 1.44 73.15 ± 0.33 1.96 ± 0.01

Cl 1 7 45.70 ± 0.98 29.84 ± 0.27 73.65 ± 0.99 4.94 ± 0.17

Cl 2 8 28.42 ± 2.92 49.64 ± 1.48 57.38 ± 2.50 ND

Cl 3 9 71.00 ± 0.53 5.85 ± 0.19 80.85 ± 1.28 0.55 ± 0.07

Br 1 10 49.29 ± 1.97 16.55 ± 0.23 76.25 ± 0.65 2.85 ± 0.08

Br 2 11 37.54 ± 0.60 30.66 ± 0.13 61.52 ± 2.49 ND

Br 3 12 70.15 ± 0.94 2.95 ± 0.03 86.29 ± 0.3 0.33 ± 0.02

— — KTZ 61.54 ± 1.53 3.76 ± 0.01 78.69 ± 2.44 1.66 ± 0.15
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With regard to the ethyl spacer group-containing com-
pounds, it should be noted that these compounds were
synthesised and fully characterised [the synthesis of N-
1-phenylethyl-imidazole (2) is given as an example11],
however, upon evaluating these compounds for inhibito-
ry activity, we discovered that they possessed weaker
inhibitory activity than the compounds based on the
benzyl backbone. We undertook analysis of the com-
pounds (involving GC–MS and thin-layer chromatogra-
phy) and discovered that these compounds, although
initially showing good purity (as evidenced by GC–MS
analysis) prior to initial screening, had undergone
decomposition prior to the determination of their IC50

values. As such, the IC50 values for compounds 2, 5, 8
and 11 against the lyase component were not
determined.

From the inhibitory activity data outlined in Table 1, it
can be seen that within the substituted series of com-
pounds, the bromo-derivatives are more potent than
the chloro-derivatives, which are in turn more potent
than the fluoro-derivatives and the non-substituted
derivatives. We hypothesise that the trend observed is
presumably due to the ability of the substituted atom
being able to undergo polar–polar interaction with a
hydrogen-bonding group at the active site [which would
normally undergo H-bond interaction with the C(3)@O
moiety within the natural substrate]. This potential
interaction between the heteroatom on the phenyl ring
and groups within the active site of P45017a has previ-
ously been suggested by other workers16,17 and by
Ahmed (involving the molecular modelling study of a
range of imidazole-based antimycotic compounds as
inhibitors of P45017a).18 We therefore hypothesise that
similar interaction is possible, however, we propose that
the bromine atom is able to interact with the group(s) at
the active site more effectively than either Cl or F due to
the increased electronegativity of the latter two atoms,
thereby resulting in weaker binding of the inhibitor
within the active site of the enzyme and poorer inhibito-
ry activity. As such, compound 12 is found to possess
not only the appropriate alkyl spacer group (n = 3) but
also a 4-bromo-substituted aromatic ring system allow-
ing this compound to interact favourably within the
enzyme active site. As such, these compounds are excel-
lent lead compounds in the search for more potent and
specific inhibitors of P45017a. Furthermore, the ability of
these compounds to inhibit the lyase step in preference
to the hydroxylation step is also a major advantage since
the inhibition of the 17a-OHase activity may result in



Figure 2. Binding of compound 6 to the overall SHC for P45017a.
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significant side-effects due to an effect on corticosteroid
biosynthesis.19

In conclusion, the SHC approach has allowed the design
and subsequent synthesis of a small range of potent
inhibitors of this enzyme complex. Whilst the com-
pounds within the current study have been shown, in
general, to possess weaker inhibitory activity against
the lyase components of the overall enzyme complex
of P45017a in comparison to the standard compound
KTZ, all are significantly weaker inhibitors against the
17a-OHase component. The greater selectivity is seen
for compounds 6 and 9 which show over �14- and
�10-fold differences, respectively, in activity between
the two components. They are therefore extremely good
lead compounds in the design and synthesis of more
potent inhibitors of P45017a.
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