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CYP17 inhibition is a promising therapy for prostate cancer (PC) because proliferation of 80% of PC
depends on androgen stimulation. Introduction of isopropylidene substituents onto the linker of
biphenylmethylene 4-pyridines resulted in several strongCYP17 inhibitors, whichweremore potent and
selective, regarding CYP 11B1, 11B2, 19 and 3A4, than the drug candidate abiraterone.

Introduction

Prostate cancer (PCa) is the carcinoma with the highest
incidence in male, and it accounts for a quarter of cancer
related deaths each year. Few patients in early stages can be
cured by local therapy, like prostatectomy or radiotherapy.
Most, especially the ones with metastases, are treated with
hormone therapy. Because of severe side effects, chemother-
apy is usually reserved as the last choice. Hormone therapy is
based on the finding that up to 80% of PCs depend on
androgen stimulation for proliferation. Early attempts to
suppress androgen production by estrogen application were
soon replaced by orchidectomy and later by administration of
gonadotropin-releasing hormone (GnRH) analogues.1GnRH
analogues unfold their activity via the hypothalamic, pituitary,
and gonadal axis, resulting in an annihilation of testicular
androgen production. However, adrenal androgen formation
is not affected. Although ∼90% of androgens are no longer
produced and the plasma testosterone concentration is re-
duced below 50 ng/dL, androgen levels (testosterone and
subsequently dihydrotestosterone, DHT) in the prostate are
higher and maintain cancer cell growth.2,3 This accumulation
is due to the presence of androgen receptor (AR) and steroido-
genic enzymes that convert adrenal steroids into testosterone
and DHT.3,4 Hence, AR antagonists (anti-androgens) are
employed in combination with GnRH analogues to prevent
adrenal androgens fromunfolding activity.5 This is the current
standard therapy, the so-called “combined androgen block-
ade” (CAB). However, long-term application of antagonists
induces mutations of AR that render the receptor to be acti-
vated by the anti-androgenic drug6 or by endogenous gluco-
corticoids,7 resulting in resistance to CAB.

To avoid the stimulation, the inhibition of 17R-hydroxylase-
17,20-lyase (CYP17) was proposed as a superior alternative
to CAB. CYP17 catalyzes not only the testicular but also
the adrenal conversion of pregnenolone and progesterone to
the weak androgens DHEA and androstenedione, respec-
tively. Moreover, recent observations suggest that there is
also CYP17 activity in prostate cancer cells.6 Testosterone
subsequently formed from these two weak androgens is in the
prostate converted to DHT, which is the most potent andro-
gen. This final step of androgen activation can be inhibited by
5R-reductase (5RR) inhibitors.8 However, CYP17 inhibition
should be a better strategy than 5RR inhibition, as it totally
blocks not only androgen biosynthesis in testes and adrenals
but also intracellular androgen formation in the cancer cell.

The benefit of PC treatment via CYP17 inhibition was
shown by the off-label administration of the antimycotic
ketoconazole.9 However, ketoconazole had to be withdrawn
because of severe hepatic toxicity resulting from its nonselec-
tive inhibition of other CYP enzymes. Nevertheless, as it has
been demonstrated by the success of aromatase (CYP19)10

and more recently aldosterone synthase (CYP11B2) inhibi-
tors,11 high selectivity can be achieved. As for CYP17, abi-
raterone12 is an outstanding example of a potent and selec-
tive inhibitor among the steroidal compounds synthesized.13

This compound exhibited significant antitumor effects in pa-
tients diagnosed as “castration resistant” in phases II and III
clinical trials.12b However, the potential affinity of steroidal
scaffolds for steroid receptors, which often results in side effects
whether acting as agonists or antagonists, prompted the devel-
opment of nonsteroidal CYP17 inhibitors.14

Our group has designed and synthesized several series of
biphenylmethylene heterocycles15 as CYP17 inhibitors, in
which some imidazoles were found to be very potent.15a-f

During further optimization, it was revealed that the replace-
ment of imidazolyl by 4-pyridyl significantly improved po-
tency and selectivity, whereas 3-pyridyl analogues exhibited
similar activity as imidazoles.15g For the imidazoles, we ob-
served that small alkyl groups, especially ethyl, significantly
increase inhibitory potency, while bulkier substituents reduce
activity.15c This observation inspired us to perform a thorough
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study on the influence of the linker between the biphenyl and
pyridyl moieties, which is described in this article. Besides
freely rotable alkyl groups, ethylidene and isopropylidene,
which rigidify the conformation of the whole molecule, were
also inserted onto the methylene bridge (10-22, Chart 1).
Because different interaction angles between sp2 hybrid N and
heme Fe might account for the disparity in potency between
3- and 4-pyridines, further modifications, such as prolonging
the bridge and inserting various substitutions onto the bridge,
were performed on the 3-pyridyl scaffold (1-9, Chart 1).
Furthermore, optimizations of the A-ring by exchanging
phenyl to naphthyl or thiophenyl were also done, resulting in,
for example, compound 23. In the following, we also describe
the selectivity of selected compounds against CYP11B1,
CYP11B2, CYP19, and hepatic CYP enzyme 3A4 to evaluate
safety.

Results and Discussion

Chemistry. The synthetic routes for the preparation of
1-23 are shown in Scheme 1-4. For the syntheses of the
compounds with the two-membered linker between the
biphenyl and pyridine moieties, the corresponding 4-bromo-
phenylpyridin-3-yl ethanones 2a and 5a were prepared as
building blocks. These bromo compoundswere coupledwith
the corresponding boronic acids via Suzuki coupling to yield
the ketones 2, 5, and 7, which were then converted to the
alcohols 3, 4, 6, 8, and 9 via Grignard reaction or reduced by
Wolff-Kishner reduction to give 1 (Schemes 3 and 4, see
Supporting Information).

Similarly, the syntheses of the biphenylmethylene pyri-
dines started from (4-bromophenyl)pyridyl methanones,
which were subjected to Suzuki coupling and Grignard
reaction to form the corresponding alcohol intermediates.
After elimination of aH2Omolecule under acidic conditions,
the alcohols were converted to the enylpyridines 10, 13, 15,
and 16. The hydrogenation of the double bond led to
saturated analogues 11, 12, and 14 (Scheme 1). Subsequent-
ly, a more efficient strategy was employed by synthesizing
4-(1-(4-bromophenyl)-2-methylprop-1-enyl)pyridine 17a as
a common building block, followed by introduction of the
aryl ring via Suzuki reaction. Via this route, the final com-
pounds 17-23 were conveniently obtained (Scheme 2).

CYP17 Inhibitory Activity. Inhibition of CYP17 by the
synthesized compounds was determined using the 50 000
sediment after homogenation of E.coli coexpressing human

CYP17 and cytochrome P450 reductase.16 The assay was run
with progesterone (25 μM) as substrate and NADPH as
cofactor.15a Separation of substrate and product was accom-
plished by HPLC using UV detection. IC50 values are pre-
sented in comparison to ketoconazole, abiraterone, and
reference compounds 24-28

15g in Table 1. All 3-pyridyl
compounds (detailed structures can be found in Schemes 3
and 4, see Supporting Information) were only weakly active
(IC50 > 5000 nM), whether furnished with a two-membered
linker (1-9) or ethylidene substituted methylene (10).

In contrast, the 4-pyridyl compounds were potent CYP17
inhibitors and the substituents on the methylene bridge
showed profound influence on the inhibitory potency. It is
apparent that for the A-ringm-OH analogues, the introduc-
tion of an ethyl (11) and a propyl (12) group decreased
activities to 189 and 783 nM, respectively, compared to
the corresponding nonsubstituted reference compound 24

(IC50 = 97 nM). However, the isopropylidene substitution
increased activity to 56 nM.A similar observation canbemade

Chart 1. Design of Synthesized Compounds 1-23 Scheme 1
a

aReagents and conditions: Compounds were synthesized from the

corresponding a, b, c, or d intermediate unless annotated otherwise. (i)

Method A: Pd(OAc)2, corresponding boronic acid, TBAB, EtOH,

Na2CO3 aq, toluene, 110 �C, 4 h. (ii) Method B: i-PrMgCl or EtMgCl,

THF, room temp, 8 h. (iii) MethodD: HCOOH, Pd(OAc)2, reflux, 16 h.

(iv) Method E: H2, Pd/C, THF, rt, 3 h. (v) Method F: BBr3, DCM. (vi)

Method G: HBr, reflux, 4 h.
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for the A-ringm-F, p-OH series: the ethyl compound 14 is less
potent than the nonsubstituted reference compound 25 (IC50

of 343 nM vs 186 nM), whereas the isopropylidene 15 once
again was the most active one exhibiting an IC50 of 75 nM.
More examples for the enhancement of inhibitory potency
rendered by isopropylidene were observed with the remaining
couples: the di-OH analogues (reference compounds 26 and
16, IC50 of 52 nMvs 37 nM), the amines (reference compounds
27 and 21, IC50 of 226 nM vs 38 nM), and the diamino
compounds (reference compounds 28 and 22, IC50 of 337
nMvs 75 nM). The change in geometry from sp3 to sp2 leading
to a planar compound with less conformational flexibility is a
plausible explanation for the observed increase in activity.
Moreover, the conjugation of the biphenyl moiety and the
pyridyl ring facilitated by isopropylidene increases the electron
density in the heteroaromat, which might additionally con-
tribute to the enhanced affinity to the enzyme. In our previous
studies on biphenylmethylene imidazoles, introduction of an
ethyl group into the methylene bridge was found to signifi-
cantly increase activity.15c The opposite impact of ethyl ex-
hibited with the pyridines presented in this paper compared to
those imidazoles is probably due to the longer distance be-
tween the sp2 hybrid N and the methylene group in the
pyridines, which might prevent the ethyl group from binding
into the hydrophobic pocket.15c Furthermore, Boc-amido was
again15g proven to be not tolerated: the corresponding ana-
logues 17-20 showedmodest to no inhibition of CYP17 (IC50

ranging from 493 nM to more than 10 000 nM). Besides the
introduction of isopropylidene, the exchange of the A-ring
from phenyl to 6-OH naphthyl also led to a highly potent
CYP17 inhibitor, 23 (IC50 = 62 nM).

Selectivity.As a criterion to evaluate safety, the inhibition
values of the most potent CYP17 inhibitors (all of them
isopropylidene compounds) toward CYP11B1, CYP11B2,
and CYP19 were determined (Table 2). CYP11B1 and
CYP11B2 catalyze the crucial final steps in cortisol and
aldosterone biosynthesis, respectively. Inhibition of these
enzymes could lead to hyponatremia, hyperkalemia, adrenal

hyperplasia, and hypovolemic shock.17a CYP19 catalyzes
the formation of estrogens, which have been proven to
be capable of reducing the incidence of heart disease.17b

Table 1. Inhibition of CYP17 by 11-23 and Reference Compounds
24-28

compd X R IC50 (nM)b

24c m-OH H 97

11 m-OH Et 189

12 m-OH i-Pr 783

13 m-OH isopropylidene 56

25c m-F, p-OH H 186

14 m-F, p-OH Et 343

15 m-F, p-OH isopropylidene 75

26c m, p-di-OH H 52

16 m, p-di-OH isopropylidene 37

17 m-BocNH isopropylidene 1458

18 p-BocNH isopropylidene 493

19 m-F, p-BocNH isopropylidene 852

20 m, p-di-BocNH isopropylidene >10000

27
c m-NH2 H 226

21 m-NH2 isopropylidene 38

28c m, p-di-NH2 H 337

22 m, p-di-NH2 isopropylidene 75

23 62

KTZa 2780

ABTa 72
aKTZ: ketoconazole. ABT: abiraterone. bConcentration of inhibitors

required to give 50% inhibition. The given values aremean values of at least
three experiments. The deviations were within (10%. The assay was run
with human CYP17 expressed in E. coli using progesterone as substrate
(25 μM). cReference compounds 24-28 were taken from ref 15g.

Scheme 2
a

aReagents and conditions. (i) Method B: i-PrMgCl, THF, room

temp, 8 h. (ii) Method G: HBr, reflux, 4 h. (iii) Method A: Pd(OAc)2,

corresponding boronic acid, TBAB,EtOH,Na2CO3 aq, toluene, 110 �C,
4 h. (iv) Method F: BBr3, DCM.

Table 2. Selectivity Profiles of Selected Compounds toward CYP11B1,
CYP11B2, CYP19, and CYP3A4

IC50 (nM)b

compd CYP11B1c CYP11B2c CYP19d CYP3A4e

24 f 342 261 663 538

13 3100 3450 12000 730

25
f 351 110 1670 896

15 2000 1870 5750 17650

26 f 1400 948 2440 7580

16 37470 974 9500 464

27
f 287 921 2830 1520

21 7300 3830 5060 1330

28 f 502 368 24560 ndg

22 7180 1130 49500 1770

23 5060 49500 48700 ndg

KTZa 127 67 >50000 57

ABTa 1610 1750 >50000 2700
aKTZ: ketoconazole. ABT: abiraterone. bStandard deviations were

within(5%. All the data are mean values of at least three tests. cHamster
fibroblasts expressing human CYP11B1 or CYP11B2 are used with deox-
ycorticosterone as the substrate at 100 nM. dHuman placental CYP19 is
used with androstenedione as the substrate at 500 nM. eMicrosomal
fraction of recombinantly expressed enzyme from baculovirus-infected
insect is used with 7-benzoyloxytrifluoromethyl coumarin as the substrate
at 50μM. fReference compounds 24-28were taken from reference 15g. gn.
d.: not determined.
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Furthermore, estrogen deficiency resulting from CYP19
inhibition causes osteoporosis, increased fracture risk, and
memory loss.17c It can be seen that all the isopropylidene
analogues tested are much more selective compared to the
corresponding nonsubstituted compounds. For CYP11B1,
only weak inhibition (IC50 of around 2000-3000 nM for 13
and 15) or no inhibition (IC50 of more than 5000 nM for 16,
21-23) was observed, which makes these compounds supe-
rior to abiraterone (IC50 = 1610 nM). A similar selectivity
pattern was achieved for CYP11B2: most of the tested
compounds did not interfere with this enzyme with IC50 of
more than 3000 nM (13, 21, and 23). The only exception was
15 exhibitingweak inhibitionwith an IC50 of 1870 nM,which
is comparable to that of abiraterone (IC50 = 1750 nM).
Compounds 16 and 22were less selective with IC50 of∼1000
nM. Regarding CYP19, all of the tested compounds 13, 15,
16, and 21-23 showed no inhibition with IC50 of more than
5000 nM. Furthermore, the inhibition of the hepatic CYP
enzyme 3A4 was also determined because it accounts for
most of the drug metabolism and is therefore to a large
extent involved in drug-drug interactions. Although 13 and
16 were less selective, showing IC50 of around 500-
700 nM, 21 and 22 exhibited only weak inhibition with
IC50 of ∼1500 nM. The most selective compound 15 exhib-
ited almost no inhibition of CYP3A4 with an IC50 of more
than 17 600 nM, which is much better than the drug candi-
date abiraterone (IC50 = 2700 nM).

Conclusion

CYP17 inhibition is apromising therapy for prostate cancer
because it blocks not only the androgen biosyntheses in testes
and adrenals but also intracellular androgen formation in the
cancer cell.3,4 Biphenylmethylene heterocycles, especially pyr-
idines, have been proven to be potent CYP17 inhibitors.15 In
the present study, modifications of the linker between biphe-
nyl and pyridine moieties were described. Variations on the
3-pyridyl scaffold, such as prolongation of the linker and
introduction of different substituents onto the bridge, resulted
in only weak inhibitors. In contrast, modifications of 4-pyr-
idyl analogues led to potent and selective CYP17 inhibitors.
The differing substituents on the methylene bridge had a
profound influence on the inhibitory potency: flexible alkyl
groups reduced activity, whereas conformation rigidifying
isopropylidene groups significantly improved activity and
selectivity. Among the nine isopropylidene substituted biphe-
nylmethylene 4-pyridines synthesized, six compounds (13, 15,
16, 21, 22, and 23, IC50 between 37 and 75 nM) were more
potent than or comparable to the drug candidate abiraterone
(IC50 = 72 nM). Most of these potent compounds also exhi-
bited better selectivity profiles toward CYP11B1, CYP11B2,
CYP19, and hepatic CYP3A4 than the parent compounds
and abiraterone. Thus, this study presents an example that
a single substituent can be the key for selectivity among seve-
ral CYP enzymes. Several compounds of this investigation
can be considered as promising drug candidates after further
validation in vivo.

Experimental Section

General. Melting points were determined on a Mettler FP1
melting point apparatus and are uncorrected. IR spectra were
recorded neat on a Bruker Vector 33FT infrared spectrometer.
1H NMR spectra were measured on a Bruker DRX-500 (500
MHz). Chemical shifts are given in parts per million (ppm), and

TMS was used as an internal standard. All coupling constants
(J ) are given in Hz. ESI (electrospray ionization) mass spectra
were determined on a TSQ quantum (Thermo Electron Corp.)
instrument. The purities of the final compounds were controlled
by a Surveyor LC system. Purities were greater than 95%.
Column chromatographywas performed using silica gel 60 (50-
200 μm), and reaction progress was determined by TLC analysis
on Alugram SIL G/UV254 (Macherey-Nagel).

Method A: Suzuki Coupling. See Supporting Information for
details.

40-[2-Methyl-1-(pyridin-4-yl)prop-1-enyl]biphenyl-3-amine (21).
21was synthesized according to method A using 17a (0.50 g, 1.74
mmol) and3-aminophenylboronicacid (0.36 g, 2.60mmol).Yield,
0.39 g (75%); white solid; mp 131-132 �C; Rf = 0.21 (DCM/
MeOH, 20:1); δH (CDCl3, 500 MHz) 1.85 (s, 3H, CH3), 1.86 (s,
3H, CH3), 3.73 (s, br, 2H, NH2), 6.66 (dd, J = 2.1, 7.8 Hz, 1H),
6.90 (t, J= 2.0 Hz, 1H), 6.98 (dt, J= 1.4, 7.9 Hz, 1H), 7.09 (dd,
J=1.6, 6.1Hz, 2H), 7.14 (d, J=8.3Hz, 2H), 7.21 (t, J=7.8Hz,
1H), 7.49 (d, J=8.3 Hz, 2H), 8.51 (dd, J=1.6, 6.0 Hz, 2H); MS
(ESI), m/z= 301 [Mþ þ H].

Method B: Grignard Reaction. See Supporting Information
for details.

1-(4-Bromophenyl)-2-methyl-1-(pyridin-4-yl)propan-1-ol (17b).
17b was synthesized according to method B using (4-bromo-
phenyl)(pyridin-4-yl)methanone (2.00 g, 7.63 mmol) and 2.0 M
isopropylmagnesium chloride solution in THF (4.20 mL, 8.39
mmol).Yield, 1.35 g (58%); amber oil;δH (CDCl3, 500MHz) 0.84
(d, J=6.7 Hz, 3H, CH3), 0.88 (d, J=6.7Hz, 3H, CH3), 2.79 (q,
J = 6.7 Hz, 1H, CH), 3.25 (s, br, 1H, OH), 7.36-7.42 (m, 6H),
8.41 (d, J= 6.1 Hz, 2H); MS (ESI), m/z= 307 [Mþ þ H].

Method C: Reduction with NaBH4. See Supporting Informa-
tion for details.

Method D: Dehydroxylation with HCOOH. See Supporting
Information for details.

Method E: Hydrogenation. See Supporting Information for
details.

Method F: Ether cleavage with BBr3. See Supporting Informa-
tion for details.

6-[4-(2-Methyl-1-pyridin-4-yl-propenyl)phenyl]naphthalen-2-ol
(23). 23was synthesized according tomethodF using 23a (0.25 g,
0.68mmol) and 1MBBr3 in DCM (2.05 mL, 2.05 mmol). Yield,
0.18 g (73%); yellow oil; Rf = 0.52 (DCM/MeOH, 19:1); δH
(DMSO-d6, 500 MHz) 1.98 (s, 3H, CH3), 2.02 (s, 3H, CH3),
7.19 (d, J=8.2Hz, 2H), 7.31 (d, J=8.5Hz, 1H), 7.65 (d,J=6.4
Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 8.5 Hz, 2H),
7.83 (dd, J = 1.8, 8.5 Hz, 1H), 8.00 (d, J = 1.8 Hz, 1H),
8.14 (d, J = 8.5 Hz, 1H), 8.60 (d, J = 6.4 Hz, 2H); MS (ESI),
m/z= 352 [Mþ þ H].

Method G: Dehydroxyltion and Ether Cleavage with HBr. See
Supporting Information for details.

4-[1-(4-Bromophenyl)-2-methylprop-1-enyl]pyridine (17a). 17a
was synthesized according to method G using 17b (1.00 g, 3.27
mmol). Yield, 0.89 g (95%); white solid; Rf = 0.21 (DCM/
MeOH, 10:1); δH (CDCl3, 500 MHz) 1.85 (s, 3H, CH3), 1.86
(s, 3H, CH3), 7.09 (dd, J=1.6, 6.1 Hz, 2H), 7.14 (d, J=8.3Hz,
2H), 7.49 (d, J=8.3Hz, 2H), 8.51 (dd, J=1.6, 6.0Hz, 2H);MS
(ESI), m/z=289 [Mþ þ H].

Acknowledgment. Theauthors thankProfessor J.Hermans
(Cardiovascular Research Institute, University of Maastricht,
The Netherlands) and Professor R. Bernhardt (Saarland Uni-
versity, Germany) for providing us with V79MZh11B1 and
V79MZh11B2 cells, respectively.

Supporting Information Available: Synthetic procedures,
characterization and HPLC purities of the intermediates and
final compounds, and the biological assays for CYP17,
CYP11B1, CYP11B2, CYP19, and CYP3A4. This material is
available free of charge via the Internet at http://pubs.acs.org.



Brief Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 13 5053

References

(1) Huhtaniemi, I.; Nikula, H.; Parvinen, M.; Rannikko, S. Histolo-
gical and functional changes of the testis tissue during GnRH
agonist treatment of prostatic cancer.Am. J. Clin. Oncol. 1988, 11,
S11–S15.

(2) Titus, M. A.; Schell, M. J.; Lih, F. B.; Tomer, K. B.; Mohler, J. L.
Testosterone and dihydrotestosterone tissue levels in recurrent
prostate cancer. Clin. Cancer Res. 2005, 11, 4653–4657.

(3) Stanbrough,M.; Bubley, G. J.; Ross, K.; Golub, T. R.; Rubin,M.A.;
Penning,T.M.;Febbo,P.G.;Balk, S. P. Increased expressionof genes
converting adrenal androgens to testosterone in androgen-indepen-
dent prostate cancer. Cancer Res. 2006, 66, 2815–2825.

(4) (a)Montgomery, R. B.;Mostaghel, E. A.; Vessella, R.; Hess, D. L.;
Kalhorn, T. F.; Higano, C. S.; True, L. D.; Nelson, P. S. Main-
tenance of intratumoral androgens in metastatic prostate cancer: a
mechanism for castration-resistant tumor growth. Cancer Res.
2008, 68, 4447–4454. (b) Holzbeierlein, J.; Lal, P.; La Tulippe, E.;
Smith, A.; Satagopan, J.; Zhang, L.; Ryan, C.; Smith, S.; Scher, H.;
Scardino, P.; Reuter, V.; Gerald, W. L. Gene expression analysis of
human prostate carcinoma during hormonal therapy identifies andro-
gen-responsive genes and mechanisms of therapy resistance. Am. J.
Pathol. 2004, 164, 217–227.

(5) Labrie, F.; Dupont, A.; Belanger, A.; Cusan, L.; Lacourciere, Y.;
Monfette, G.; Laberge, J. G.; Emond, J. P.; Fazekas, A. T.;
Raynaud, J. P.; Husson, J. M. New hormonal therapy in prostatic
carcinoma: combined treatment with LHRH agonist and an anti-
androgen. Clin. Invest. Med. 1982, 5, 267–275.

(6) Hara, T.; Miyazaki, J.; Araki, H.; Yamaoka, M.; Kanzaki, N.;
Kusaka, M.; Miyamoto, M. Novel mutations of androgen recep-
tor: a possible mechanism of bicalutamide withdrawal syndrome.
Cancer Res. 2003, 63, 149–153.

(7) Zhao,X.Y.;Malloy, P. J.;Krishnan,A.V.; Swami, S.;Navone,N.M.;
Peehl, D. M.; Feldman, D. Glucocorticoids can promote androgen-
independent growth of prostate cancer cells through a mutated andro-
gen receptor. Nat. Med. (N. Y., NY, U.S.) 2000, 6, 703–706.

(8) (a) Reed, A. B.; Parekh, D. J. The utility of 5-alpha reductase
inhibitors in the prevention and diagnosis of prostate cancer.Curr.
Opin. Urol. 2009, 19, 238–242. (b) Picard, F.; Schulz, T.; Hartmann,
R. W. 5-Phenyl substituted 1-methyl-2-pyridones and 40-substituted
biphenyl-4-carboxylic acids: synthesis and evaluation as inhibitors of
steroid-5R-reductase type 1 and 2.Bioorg.Med. Chem. 2002, 10, 437–
448. (c) Baston, E.; Palusczak, A.; Hartmann, R. W. 6-Substituted 1H-
quinolin-2-ones and 2-methoxy-quinolines: synthesis and evaluation as
inhibitors of steroid 5R reductases types 1 and 2. Eur. J. Med. Chem.
2000, 35, 931–940.

(9) Harris,K.A.;Weinberg,V.; Bok,R.A.;Kakefuda,M.; Small, E. J.
Low dose ketoconazole with replacement doses of hydrocortisone
in patients with progressive androgen independent prostate cancer.
J. Urol. 2002, 168, 542–545.

(10) (a) Leonetti, F.; Favia, A.; Rao, A.; Aliano, R.; Paluszcak, A.;
Hartmann, R. W.; Carotti, A. Design, synthesis, and 3D QSAR of
novel potent and selective aromatase inhibitors. J.Med.Chem. 2004,
47, 6792–6803. (b) Le Borgne,M.;Marchand, P.; Duflos, M.; Delevoye-
Seiller, B.; Piessard-Robert, S.; Le Baut, G.; Hartmann, R.W.; Palzer, M.
Synthesis and in vitro evaluation of 3-(1-azolylmethyl)-1H-indoles and
3-(1-azoly1-1-phenylmethyl)-1H-indoles as inhibitors of P450 arom.
Arch. Pharm. (Weinheim, Ger.) 1997, 330, 141–145. (c) Gobbi, S.;
Cavalli, A.; Rampa, A.; Belluti, F.; Piazzi, L.; Paluszcak, A.; Hartmann,
R. W.; Recanatini, M.; Bisi, A. Lead optimization providing a series of
flavone derivatives as potent nonsteroidal inhibitors of the cytochrome
P450 aromatase enzyme. J. Med. Chem. 2006, 49, 4777–4780. (d)
Castellano, S.; Stefancich, G.; Ragno, R.; Schewe, K.; Santoriello, M.;
Caroli, A.; Hartmann, R. W.; Sbardella, G. CYP19 (aromatase): explor-
ing the scaffold flexibility for novel selective inhibitors. Bioorg. Med.
Chem. 2008, 16, 8349–8358.

(11) (a) Lucas, S.; Heim, R.; Ries, C.; Schewe, K. E.; Birk, B.;
Hartmann, R. W. In vivo active aldosterone synthase inhibitors
with improved selectivity: lead optimization providing a series of
pyridine substituted 3,4-dihydro-1H-quinolin-2-one derivatives.
J. Med. Chem. 2008, 51, 8077–8087. (b) Lucas, S.; Heim, R.; Negri,
M.; Antes, I.; Ries, C.; Schewe, K. E.; Bisi, A.; Gobbi, S.; Hartmann,
R. W. Novel aldosterone synthase inhibitors with extended carbocyclic
skeleton by a combined ligand-based and structure-based drug design
approach. J. Med. Chem. 2008, 51, 6138–6149. (c) Heim, R.; Lucas,
S.; Grombein, C.M.; Ries, C.; Schewe, K. E.; Negri, M.; M€uller-Vieira,
U.; Birk, B.; Hartmann, R. W. Overcoming undesirable CYP1A2
inhibition of pyridylnaphthalene-type aldosterone synthase inhibitors:
influence of heteroaryl derivatization on potency and selectivity. J. Med.

Chem. 2008, 51, 5064–5074. (d) Ulmschneider, S.; M€uller-Vieira, U.;
Klein,C.D.;Antes, I.; Lengauer, T.;Hartmann,R.W.Synthesis and evalua-
tion of (pyridylmethylene) tetrahydronaphthalenes/-indanes and struc-
turally modified derivatives: potent and selective inhibitors of aldosterone
synthase. J. Med. Chem. 2005, 48, 1563–1575. (e) Ulmschneider, S.;
M€uller-Vieira, U.; Mitrenga,M.; Hartmann, R.W.; Oberwinkler-Marchais,
S.;Klein,C.D.;Bureik,M.;Bernhardt, R.;Antes, I.; Lengauer, T. Synthesis
and evaluation of imidazolylmethylenetetrahydronaphthalenes and imida-
zolylmethylene indanes: potent inhibitors of aldosterone synthase. J.Med.
Chem. 2005, 48, 1796–1805.

(12) (a) Potter,G.A.; Barrie, S. E.; Jarman,M.;Rowlands,M.G.Novel
steroidal inhibitors of human cytochrome P45017, (l7R-hydroxy-
lase-Cl7,20-lyase): potential agents for the treatment of prostatic
cancer. J. Med. Chem. 1995, 38, 2463–2471. (b) Attard, G.; Reid,
A. H. M.; Yap, T. A.; Raynaud, F.; Dowsett, M.; Settatree, S.; Barrett,
M.; Parker, C.; Martins, V.; Folkerd, E.; Clark, J.; Cooper, C. S.; Kaye,
S. B.; Dearnaley, D.; Lee, G.; de Bono, J. S. Phase I clinical trial of a
selective inhibitor of CYP17, abiraterone acetate, confirms that castra-
tion-resistant prostate cancer commonly remains hormone driven.
J. Clin. Oncol. 2008, 26, 4563–4571.

(13) (a) Hartmann, R. W.; Hector, M.; Haidar, M.; Ehmer, P. B.;
Reichert, W.; Jose, J. Synthesis and evaluation of novel steroidal
oxime inhibitors of P450 17 (17R-hydroxylase/C17-20-lyase) and 5R-
reductase types 1 and 2. J. Med. Chem. 2000, 43, 4266–4277. (b)
Njar, V. C. O.; Kato, K.; Nnane, I. P.; Grigoryev, D. N.; Long, B. J.;
Brodie, A. M. H. Novel 17-azolyl steroids, potent inhibitors of human
cytochrome 17R-hydroxylase-C17,20-lyase (P450 17R): potential agents
for the treatment of prostate cancer. J. Med. Chem. 1998, 41, 902–912.

(14) W€achter, G. A.; Hartmann, R. W.; Sergejew, T.; Gr€un, G. L.;
Ledergerber,D. Tetrahydronaphthalenes: influence of heterocyclic
substituents on inhibition of steroidogenic enzymes P450 arom and
P450 17. J. Med. Chem. 1996, 39, 834–841.

(15) (a) Hutschenreuter, T. U.; Ehmer, P. E.; Hartmann, R.W. Synthe-
sis of hydroxy derivatives of highly potent non-steroidal CYP 17
inhibitors as potential metabolites and evaluation of their activity
by a noncellular assay using recombinant human enzyme.
J. Enzyme Inhib.Med. Chem. 2004, 19, 17–32. (b) Jagusch, C.; Negri,
M.; Hille, U. E.; Hu,Q.; Bartels,M.; Jahn-Hoffmann,K.; Pinto-Bazurco
Mendieta, M. A. E.; Rodenwaldt, B.; M€uller-Vieira, U.; Schmidt, D.;
Lauterbach, T.; Recanatini, M.; Cavalli, A.; Hartmann, R.W. Synthesis,
biological evaluation and molecular modeling studies of methylenei-
midazole substituted biaryls as inhibitors of human 17R-hydroxylase-
17,20-lyase (CYP17). Part I: heterocyclic modifications of the
core structure. Bioorg. Med. Chem. 2008, 16, 1992–2010. (c) Hu,
Q.; Negri, M.; Jahn-Hoffmann, K.; Zhuang, Y.; Olgen, S.; Bartels, M.;
M€uller-Vieira, U.; Lauterbach, T.; Hartmann, R. W. Synthesis, biologi-
cal evaluation, and molecular modeling studies of methylene imidazole
substituted biaryls as inhibitors of human 17R-hydroxylase-17,20-lyase
(CYP17). Part II: Core rigidification and influence of substituents at
the methylene bridge. Bioorg. Med. Chem. 2008, 16, 7715–7727. (d)
Leroux, F.; Hutschenreuter, T. U.; Charriere, C.; Scopelliti, R.;
Hartmann, R. W. N-(4-Biphenylmethyl)imidazoles as potential thera-
peutics for the treatment of prostate cancer: metabolic robustness due
to fluorine substitution? Helv. Chim. Acta 2003, 86, 2671–2686.
(e) Hille, U. E.; Hu, Q.; Vock, C.; Negri, M.; Bartels, M.; M€uller-Vieira,
U.; Lauterbach, T.; Hartmann, R. W. Novel CYP17 inhibitors: synthesis,
biological evaluation, structure-activity relationships and modeling
of methoxy- and hydroxy-substituted methyleneimidazolyl biphenyls.
Eur. J.Med. Chem. 2009, 44, 2765–2775. (f ) Hu, Q.; Negri, M.; Olgen,
S.; Hartmann, R. W. The role of fluorine substitution in biphenyl
methylene imidazole type CYP17 inhibitors for the treatment of prostate
carcinoma. ChemMedChem 2010, DOI: 10.1002/cmdc.201000065.
(g) Hu, Q.; Jagusch, C.; Hille, U. E.; Haupenthal, J.; Hartmann, R. W.
Replacement of imidazolyl by pyridyl in biphenyl methylenes results in
selectiveCYP17 and dual CYP17/CYP11B1 inhibitors for the treatment of
prostate cancer. J. Med. Chem., submitted.

(16) Ehmer, P. B.; Jose, J.; Hartmann, R. W. Development of a simple
and rapid assay for the evaluation of inhibitors of human 17alpha-
hydroxylase-C(17,20)-lyase (P450cl7) by coexpression of P450cl7
with NADPH-cytochrome-P450-reductase in Escherichia coli.
J. Steroid Biochem. Mol. Biol. 2000, 75, 57–63.

(17) (a) White, P. C.; Curnow, K. M.; Pascoe, L. Disorders of steroid
11β-hydroxylase isozymes. Endocr. Rev. 1994, 15, 421–38. (b)
Booth, E. A.; Marchesi, M.; Kilbourne, E. J.; Lucchesi, B. R. 17Beta-
estradiol as a receptor-mediated cardioprotective agent. J. Pharmacol.
Exp. Ther. 2003, 307, 395–401. (c) Vandenput, L.; Ohlsson, C.
Estrogens as regulators of bone health in men. Nat. Rev. Endocrinol.
2009, 5, 437–443.


