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Abstract—A new class of androgen receptor antagonists containing dicarba-closo-dodecaborane (carborane) as a hydrophobic skel-
etal structure is described. The designed molecules bear the characteristic polar components of endogenous agonists, but have a
hydrophobic carborane cage instead of the steroidal skeleton. These compounds bind to androgen receptor and show anti-andro-
genic activity towards androgen-dependent SC-3 cells with almost the same potency as the known anti-androgen hydroxyflutamide.
© 2004 Elsevier Ltd. All rights reserved.

Androgen receptor (AR), a member of the nuclear o O""\\
receptor superfamily, plays a key role of the develop- U \
ment and maintenance of the male reproductive system. !
AR ligands have been applied clinically; for instance, o L o

4

agonists are used for treatment of aplastic anaemia,
and antagonists for prostate cancer.? Testosterone (1) ;jvg:éH:_‘gsHt$5ter°”e 3 metribolone
and dihydrotestosterone (DHT: 2) are well known T

endogenous AR agonists, and metribolone (3) and
mibolerone are synthetic agonists with a steroidal skele-
ton (Fig. 1). These steroidal ligands have two polar moi-
eties, a carbonyl group and a hydroxyl group, at the
ends of the hydrophobic steroid skeleton. It is reason-
able to assume that the two hydrophilic functional
groups, as well as the hydrophobic core structure
between them, play important roles for effective inter-
action with the AR ligand binding domain. Design
and synthesis of biologically active compounds bearing a
novel structural core may afford unique characteristics, )
and could provide useful therapeutic agents for a wide
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2013; e-mail: yendo@tohoku-pharm.ac.jp Figure 1. The structures of steroidal ligands and designed molecules.
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In our studies to develop new hydrophobic core struc-
tures for drug design, we have focused on dicarba-
closo-dodecaborane (carborane)® as a hydrophobic
component of biologically active molecules. The carbor-
anes are icosahedral carbon-containing boron clusters
with characteristic properties, such as spherical geome-
try and hydrophobicity. We have demonstrated that
the hydrophobicity of the carboranes is comparable to
that of hydrocarbon,* and their spherical hydrophobic
surface effectively interacts with the hydrophobic surface
of the ligand-binding domain of nuclear receptors.”’
Recently, we have reported a potent estrogen agonist
bearing a carborane, 1-hydroxymethyl-12-(4-hydro-
xyphenyl)-1,12-dicarba-closo-dodecaborane  (BE120),>
which has an activity greater than that of 17f-estradiol
in luciferase reporter gene assay using an estrogen recep-
tor o (ERa) expression plasmid and in ERa binding
assay.> These results suggested that the hydrophobic
interaction along the spherical carborane cage produces
a stronger interaction than that in the case of 17p-estra-
diol. The use of this new hydrophobic and spherical
component, the carborane cage, for molecular drug de-
sign should make it possible to develop a wide variety of
nuclear receptor ligands. In this article, we describe the
synthesis and biological evaluation of androgen receptor
modulators bearing carborane as a hydrophobic
component.

Based on the above considerations, we designed carbo-
rane-containing AR ligands in which a cyclohexanone
ring and a hydroxyl group are placed at the appropriate
contralateral vertices of the hydrophobic carborane
cage, as shown in Figure 1. Syntheses of the designed
molecules are summarized in Schemes | and 2. For syn-
thesis of the target compounds 4 and 5, the construction
of the cyclohexenone moiety corresponding to the A-
ring of testosterone was a key process. We found that
the lithiated p-carborane (13) reacts with the 1,4-cyclo-
hexanedione-mono-ethyleneketal to give compound 14
in 87% yield. Deprotection of ketal followed by dehydr-
ation and isomerization of the double bond with concen-
trated sulfuric acid, readily converted 14 into the
o,B-unsaturated ketone 15 in one pot with a yield of
86%. Then, the unsaturated ketone 15 was converted
to the tetrahydropyranyl ether 16 by reduction with
DIBAH followed by protection of the alcohol in 79%
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Scheme 2. Synthesis of designed molecules 8 and 9. (a) n-BuLi, 3-
bromocyclohexene/THF, 0°C then 80°C; (b) n-BuLi, CICO,Me/Et,0,
0°C then rt, 46% from p-carborane; (c) SeO,/AcOH, 80°C, 34%;

(d) LiAIH4/Et,0, reflux, 81%; (e¢) MnO,/CH,Cl,, rt, 82%; (f) Ha,
Pd/C/MeOH, rt 78%.
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yield. To introduce the hydroxyl group on the contrala-
teral vertex of the carborane cage, the reaction between
the lithiated 16 and methyl chloroformate was em-
ployed, followed by reduction with LiAlH4, affording
the alcohol 17 in 88% yield. Deprotection of the THP
group of 17 with TsOH followed by oxidation with
MnO., afforded the enone form of 4 in 60% yield. Com-
pound 5 was obtained from 4 by catalytic hydrogenation
in 75% yield. The m-carborane derivatives 6 and 7 were
prepared similarly, using m-carborane as a starting
material. Synthesis of compounds with a carboranyl
group at the 3-position of the cyclohexanone ring, such
as 8 and 9, is illustrated in Scheme 2. Condensation of
lithiated carborane with cyclohexenone, and then intro-
duction of a methoxycarbonyl group into the other
C-vertex gave compound 18 in a yield of 46%. Oxidation
of 18 with selenium oxide in acetic acid caused isomeri-
zation of the double bond to give compound 19 as a
major product (34%). Reduction of both ester groups
of 19 with LiAIH,4 (81%) followed by oxidation of the
allylic hydroxyl group with MnO, afforded compound
8 in 82% yield. Compound 9 was obtained from 8 by
catalytic hydrogenation (78%). m-Carborane derivatives
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Scheme 1. Synthesis of designed molecules 4 and 5. (a) n-BuLi, 1,4-cyclohexanedione-mono-ethyleneketal/benzene, Et,0O, 0°C then rt, 87%; (b) concd
H,S04, 80°C, 86%; (c) DIBAH/benzene, rt, 99%; (d) 3,4-dihydro-2 H-pyran, TsOH/CH,Cl,, rt, 80%; (¢) n-BuLi, CICO,Me/Et,0, 0°C then rt, 88%;
(f) LiAIH4/Et,0, 40°C, q.y.; (g) TsOH/MeOH, rt, 86%; (h) MnO,/CH,Cl,, rt, 70%; (i) Hp, Pd/C/MeOH, rt, 75%.
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10-11 were synthesized in the same manner using m-car-
borane as a starting material.

For initial screening of the designed compounds, bind-
ing affinity to hAR was evaluated by competitive bind-
ing assay using [PH]DHT and hAR.3? Table 1 shows
the synthesized molecules and their binding activity.
The values indicate the percent displacement of specific
[PHIDHT binding to hAR by each compound at the
concentration of 10uM. Among the synthesized mole-
cules, compounds 4 and 6, bearing a carboranyl group
at the 4-position of the cyclohexenone ring, exhibited
binding activity to hAR. However, the other derivatives
with a carboranyl group at the 3-position or with a sat-
urated cyclohexanone ring, did not exhibit significant
binding affinity.

To evaluate the activity of these carborane-containing
compounds as transcriptional agonists and antagonists,
co-transfection assay was conducted in mouse fibroblast
cells NIH3T3, using expression plasmid for hAR
and reporter plasmids, ARE/Luci (firefly luciferase),
pRL/CMV (Renilla luciferase).'® DHT at 1x 10—
1x107°M induced the expression of luciferase in a
dose-dependent manner, while none of the test com-
pounds induced the expression at 1x1077-1 x 10> M.
However, all of the test compounds, except for com-
pound 5, inhibited the activity of DHT in the concentra-
tion range of 1x107-10°M in a dose-dependent
manner. The results on the inhibition of transcriptional
activity of DHT at the concentration of 107'°M by the
carborane-containing molecules (4-11) are summarized
in Figure 2. In addition, compound 12, which lacks a

Table 1. Binding affinity of compounds 4-11

Compound Binding affinity®
4 81
5 20
6 84
7 16
8 31
9 23
10 41
11 39

2Values are percentage displacement of [PH]DHT (4nM) specific
binding to hAR by each compound at 10 pM.
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hydroxylmethyl group, also exhibited considerable tran-
scriptional activity.!!

The anti-androgenic activity of the representative p-car-
borane derivative 4 and m-carborane derivative 6 were
confirmed by growth promotion/inhibition assay using
androgen-dependent SC-3 cells.®!?> None of the com-
pounds showed growth-promoting activity in the absence
of testosterone. On the other hand, these compounds
inhibited testosterone-promoted cell growth of SC-3
(Fig. 3A). The potency of the antagonistic activity of 4
and 6 was comparable to that of hydroxyflutamide,
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Figure 3. The antagonistic activities of 4 and 6. (A) Each compound
inhibited testosterone-promoted cell growth of SC-3. Cell number was
normalized in the number in the absence of compound. Testosterone
concentration was 10nM (n = 2). (B) Results of competitive binding
assay. The binding potencies of 4 and 6 were the same as that of
hydroxyflutamide 21 (n = 2).
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Figure 2. Inhibition of transcriptional activation of DHT by the test compounds (4-11). NIH3T3 cells were transfected with hAR expression vector,
ARE/Luci (firefly luciferase) and pRL/CMV (Renilla luciferase) and incubated with the test compounds (10~"~10~>M) plus DHT(10~'*M)(n = 2).
Values are percentages of the transcriptional response of DHT(10™'°M).
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which is a well-known active metabolite of the nonstero-
idal anti-androgen flutamide. Dose-response curves in
the competitive binding assay using [’H]DHT and hAR
were also obtained for compounds 4 and 6, whose affinities
were comparable to that of hydroxyflutamide (Fig. 3B).

The present experimental results indicate that the de-
signed carborane-containing molecules act as androgen
antagonists, even though we designed these compounds
by analogy with potent carborane-containing ER agon-
ists.> However, it is not unreasonable that the role of the
bulky carborane cage in AR ligands differs from that in
ER ligands, in view of the structural differences between
the AR ligand binding domain (LBD) and the ER LBD.
The ER ligand binding pocket is discriminated from
those of other steroid receptors by its binding region
for the planar A-ring residue and the direction of the
A-ring residue.'® Recent X-ray crystallographic analyses
of AR complexed with agonists DHT (2)!4 and metribol-
one (3)'° revealed the structural requirements for estro-
genic activity. The carbonyl group on the A ring is
hydrogen bonded to Arg-752 of hARLBD and the 17-
B-hydroxyl group is hydrogen bonded to the Thr-877
residue. On the other hand, the binding mode of
synthetic antagonists such as hydroxyflutamide and
bicaltamide has not been clarified. Antagonism of nucle-
ar receptors, in general, may result from conformational
alteration such that helix 12 in the LBD cannot adopt an
agonist-type conformation. Thus, the receptor—ligand
complex may not readily interact with cellular coregula-
tors.!® In the case of the carborane-containing com-
pounds, matching of the carborane structure with the
hydrophobic region of the AR ligand binding pocket,
and hydrogen bonding to AR may account for the bind-
ing affinity to AR. Of the two functional groups of the
carborane-containing compounds, the hydroxyl group
may not play an important role in hydrogen bonding,
because of the activity of compound 12, which lacks a
hydroxymethyl group. In any case, the resulting confor-
mation of the AR-ligand complex may not interact with
cellular coregulators to exhibit antagonistic activity.

In summary, we have demonstrated a new class of AR
antagonists bearing an icosahedral carborane skeletal
and having a potency comparable to that of hydroxy-
flutamide. The antagonistic activities of these compounds
can be attributed to introduction of the bulky and spher-
ical carborane cage in place of the steroidal skeleton. The
present results raise the possibility that structure—func-
tion studies of AR could lead to the development of more
selective and potent androgen antagonists.
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