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A potent androgen receptor (AR) antagonist, 3-(12-hydroxymethyl-1,12 dicarba-closo-dodecaboran-1-
yl)benzonitrile (3a, BA341), contains a p-carborane cage as a hydrophobic pharmacophore. We elucidated
the structural properties of 3a by means of single-crystal X-ray diffraction analysis and conducted a dock-
ing study of 3a with hAR LBD. The cyano group of 3a formed hydrogen bonds with Gln711 and Arg752
and the hydroxymethyl group did so with Asn705 and Thr877 in hAR LBD. The bulky p-carborane cage
was accommodated in the hydrophobic pocket of hAR LBD. To understand the structure–activity relation-
ship around the hydroxymethyl group of 3a, we designed, synthesized, and evaluated the biological activ-
ities of various novel AR ligands. Since the biological activities of carbonyl compounds 8a, 8b, and 8c were
similar to or weaker than those of the parent hydroxyl compounds 3a, 7a, and 7b, it seems to be neces-
sary to have not only a hydrogen bonding acceptor, but also a hydrogen bonding donor adjacent to the
hydroxymethyl group of 3a for efficient interaction with hAR LBD.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Dicarba-closo-dodecaboranes (carboranes) are chemical build-
ing blocks of remarkable thermal stability and high boron content;
they are resistant to attack by most types of reagent, and are gen-
erally inactive towards biological systems.1 One of their most strik-
ing features is the ability of the two carbon atoms and ten boron
atoms to adopt icosahedral geometry, in which the carbon and bor-
on atoms are hexa-coordinated (Fig. 1a).2 This feature gives rise to
the unusual properties of such molecules and their derivatives.
Their properties make them uniquely suitable for various special-
ized applications, including polymers for high temperature use,
neutron shielding, and optical signaling.3 In the fields of medicinal
chemistry and pharmaceutical sciences, incorporation of large
numbers of boron atoms into tumor cells for boron neutron cap-
ture therapy (BNCT) has become of interest in the last few dec-
ades.4 Most carborane-containing compounds that have so far
been synthesized are composed of cellular building blocks (nucleic
ll rights reserved.

: +81 22 275 2013.
do).
acids,5 amino acids,6 sugars,7 and so on), to which carborane units
have been added. On the other hand, we have focused on the
exceptional hydrophobic character and spherical geometry of car-
boranes to develop novel and useful hydrophobic structures for
application as hydrophobic pharmacophores in biologically active
molecules that interact with receptors and regulate the function
of the receptors.8 Especially, we have developed carborane-
containing ligands for nuclear receptors, such as estrogen receptor,
retinoic acid receptor, and retinoid X receptor, and demonstrated
by means of computational docking studies that the spherical
hydrophobic surface of the carborane cage interacts effectively
with the hydrophobic pocket of the nuclear receptor ligand binding
domain (LBD).9

Androgens regulate diverse physiological processes involving
both reproductive and non-reproductive functions.10 Most of the
signaling effects of androgens are mediated through the androgen
receptor (AR), a member of the nuclear receptor superfamily of
transcription factors.11 Inadequate circulating levels of the natural
AR ligands, testosterone and dihydrotestosterone (DHT), which is
the active metabolite of testosterone generated by 5a-reductase,
in hypogonadal men can be compensated by administration of

http://dx.doi.org/10.1016/j.bmc.2011.04.017
mailto:yendo@tohoku-pharm.ac.jp
http://dx.doi.org/10.1016/j.bmc.2011.04.017
http://www.sciencedirect.com/science/journal/09680896
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H H

H

H

H

H

1,2-dicarba-closo-dodecaborane
o-carborane

1,7-dicarba-closo -dodecaborane
m-carborane

1,12-dicarba-closo-dodecaborane
p-carborane

H
N

O

R

O2N
CF3 R = H; Flutamide (1a)

R = OH; Hydroxyflutamide (1b)

H
N

CF3

NC

S

F

O OHO

O

(R)-Bicalutamide (2)

OH

R

OH

N

OH

NO2

R = CN (3a, BA341)

NO2 (3b, BA321)

OH

N
O
N

S

H

OH

O

3c 4

5
6

(a)

(b) (c)

O

OH

4 5 Testosterone (4,5-double bond)
Dihydrotestosterone (4,5-2H; DHT) 

Figure 1. (a) Structures of icosahedral carboranes. (b) Structures of native androgens and androgen receptor antagonists, including pharmaceutical drugs. (c) Structures of
carborane-containing inorganic AR antagonists developed in our previous studies.
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exogenous androgens (Fig. 1b).12 For decades, AR has been a target
for drug development focused upon the treatment of pathological
conditions arising from abnormal androgen levels or altered target
tissue responsiveness, including improvement of physical perfor-
mance, and regulation of male fertility. On the other hand, exces-
sive stimulation of AR is thought to be closely related to prostate
cancer.13 Prostate cancer is the most common type of cancer and
the second leading cause of cancer deaths in males.14 The primary
focus for drug discovery in this area is the synthesis of novel li-
gands to regulate the transcriptional activity of AR based on struc-
tural (steroidal or non-steroidal) and functional (androgenic,
antiandrogenic, or anabolic) characteristics.15 A non-steroidal li-
gand, flutamide (1a),16 which is metabolized to a more potent anti-
androgen, hydroxyflutamide (1b),17 and bicalutamide, which is a
racemate of a more potent (R)-bicalutamide (2)18 and a less potent
(S)-bicalutamide, are well-known AR antagonists used for the
treatment of prostate cancer during its early stage (Fig. 1b).19

Binding of ligands to the AR ligand binding domain (LBD) pri-
marily requires a nitro or cyano group, which forms a direct hydro-
gen bond with Arg752 of the hAR LBD.20 This group is also
hydrogen-bonded to Gln711 and Met745 via one H2O molecule.20

An X-ray co-crystal structure analysis of the complex of AR LBD
with DHT indicated that the secondary alcohol group of DHT is
hydrogen-bonded to Asn705 and Thr877 of hAR.21 The hydropho-
bic group should be closely matched to the hydrophobic surface
of the AR in order to increase the binding affinity. In the ligand-
dependent control of nuclear receptors, a general and important
structural feature has been elucidated by means of X-ray crystal
analysis of complexes of several nuclear receptor LBDs with ago-
nists and antagonists, that is, it is considered that the orientation
of helix-12 is responsible for the agonist/antagonist function of nu-
clear receptors.22 Therefore, for efficient design of nuclear receptor
ligands, an understanding of the spatial relations between the li-
gand and helix-12 is absolutely essential.
Recently, we have reported potent AR antagonists bearing a car-
borane moiety, 3-(12-hydroxymethyl-1,12-dicarba-closo-dodecab-
oran-1-yl)benzonitrile (3a, BA341) and 3-(12-hydroxymethyl-
1,12-dicarba-closo-dodecaboran-1-yl)nitrobenzene (3b, BA321),
which are more potent than 1b in AR-binding assay and cell prolif-
eration assay (Fig. 1c).23 Novel AR antagonists 3c,24 4,25 and 526

based on the structure of 3a were also developed in our medici-
nal-chemical studies (Fig. 1c). Surprisingly, compound 6 acted as
a potent AR antagonist, although it was designed based upon the
structure of an AR agonist, testosterone (Fig. 1c).27 We have not
found any carborane-containing ligand that acts as an agonist for
wild-type AR. These results support the idea that the bulky carbo-
rane cage favors expression of AR antagonistic activity. We have
suggested that the carborane structure interacts sterically with
Met895 and its surrounding amino acid residues in the hydropho-
bic pocket of hAR-LBD in such a way that helix-12 is moved away
from the location required for agonist activity.27

We have been investigating the structure–activity relationships
of 3a around the cyanophenyl moiety and have explored novel bio-
isosteres of the cyano group. A wide range of the structure–activity
relationship studies on 3a is needed to aid the development of use-
ful carborane-containing ligands, and docking simulation studies
of 3a with hAR LBD are also expected to be helpful for understand-
ing the significance of the carborane cage in AR ligands. Here, we
describe X-ray crystal structure analysis, docking studies with
hAR LBD, and the structure–activity relationships of a number of
novel analogues of 3a.

2. Results and discussion

2.1. X-ray crystal structure of 3a

The potent AR antagonist, 3a, was obtained according to the
reported procedure.22 Single crystals of 3a were grown from a



Figure 2. Various views of the X-ray structure of 3a; Atom colors are C (gray), H (white), B (pink), N (blue), and O (red) (a) Ortep structure of 3a. (b) Structure of OH� � �O and
OH� � �N hydrogen bond networks; the distances between hetero atoms, O(H)� � �O and O(H)� � � N, are 2.686 and 2.800 Å, respectively. (c) Structure of interaction networks via
weak hydrogen bonds, such as C–H� � �O and C–H� � �N; the distances of C–H� � �O and C–H� � �N, are 2.565 and 2.730 Å, respectively.
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solution in CHCl3 by slow evaporation of the solvent, and the solid-
state structure was confirmed by single-crystal X-ray diffraction
analysis. Compound 3a crystallizes in the triclinic space group
P�1. The crystal included two different structures of 3a (Fig. 2a),
which were designated as structure A and structure B (C(1)–
C(10) and C(11)–C(20), respectively). Selected geometrical
parameters of each structure are shown as Table 4 in Experimental
section. All of the bond distances of structure A, except for C(8)–
O(1), are shorter than those of structure B. The bond length of
C(8)–O(1) of structure A is longer than the corresponding bond
length of structure B owing to a more obtuse angle of
C(9)–C(10)–O(1). The distance between the two carbon atoms,
C(8) and C(9), of the p-carborane cage is 3.119 Å, which is 0.3 Å
longer than the diameter (2.810 Å) of the benzene ring, C(3)–
C(6). The distances between the hydrogen bonding acceptors,
N(1)–O(1) and N(2)–O(2), which are essential for ligand-receptor
binding, are 11.013 and 11.116 Å, respectively.

In the crystal packing of 3a, the primary hydroxyl group forms
two hydrogen bonds with a hydroxyl group and a cyano group of
neighboring 3a (Fig. 2b). The hydrogen of the hydroxyl group is
used for formation of an O(H)� � �N hydrogen bond with a cyano
group, and the oxygen of the hydroxyl group interacts with a hy-
droxyl group of neighboring 3a, forming an O� � �(H)O hydrogen
bond. The O� � �O and O� � �N distances are 2.686 and 2.800 Å, respec-
tively. The methylene C–H hydrogen is activated by the electron-
withdrawing character of the p-carborane cage and can behave
as a hydrogen-bonding donor. Figure 2c shows a set of hydrogen-
bonding networks, including classical and non-classical hydrogen
bonds, in the crystal structure of 3a. Both C–H hydrogens of a
methylene group interact with the oxygen atom of the hydroxyl
group and the cyano group of a neighboring 3a via non-classical
hydrogen bonds with distances of 2.565 and 2.730 Å, respectively.
The steric bulkiness of the p-carborane cage has no effect on inter-
molecular hydrogen bond formation by the cyano and the
hydroxymethyl groups of 3a.

2.2. Docking study of 3a with hAR

Several studies on the three-dimensional structure of the com-
plex formed by AR ligand and the hAR LBD have revealed the struc-
tural requirements for the appearance of agonist/antagonist
activity. Docking simulation study of the potent AR antagonist 3a
is likely to be of great significance for the development of carbo-
rane-containing AR ligands with various biological profiles, such
as partial agonists, selective androgen receptor modulators
(SARMs), and pure AR antagonists for numerous mutated ARs.
However, there is no report of docking simulation studies of carbo-
rane-containing AR ligand with hAR LBD. Initially, a docking simu-
lation of wild-type hAR LBD with the carborane-containing ligand,
3a, using the co-crystal structure of hAR LBD with the AR antago-
nist, metribolone (PDB: 1E3G), was performed with an automatic
docking program (FlexX). Arg752 and Gln711 in hAR LBD, which
are essential amino acid residues for receptor-ligand binding,
interact directly with the cyano group of 3a, with N� � �N distances
of 2.49 and 2.86 Å, respectively (Fig. 3). The primary hydroxyl
group of 3a interacts with the carbonyl group of Asn705 and the
hydroxyl group of Thr877, with O� � �O distances of 3.09 and
2.78 Å, respectively. Two C–H hydrogens of the methylene group
of 3a showed no clear interaction with amino acid residues of
hAR LBD. The highly hydrophobic p-carborane cage is located in
the hydrophobic pocket of the receptor. Four hydrogen bonds
and the hydrophobic interaction in the ligand-receptor complex
appear to be essential for high binding affinity of 3a to the hAR.
The p-carborane cage of 3a is close to Met895, which is a part of
helix-12, and it seems that the steric bulkiness of the p-carborane
cage causes helix-12 to move from the agonist to the antagonist
form. In our previous study, compounds with a hydroxyl group
and a hydroxyethyl group instead of the hydroxymethyl group of
3a showed much weaker binding affinity than that of 3a.22 It
would appear that the spatial arrangement among the hydrogen-
bonding functional groups and the p-carborane cage of 3a is the
most appropriate for forming the necessary hydrogen bonds and
hydrophobic interaction with hAR LBD.

2.3. Design and synthesis of novel AR ligands

It is of great interest to examine the structure–activity relation-
ships around the hydroxymethyl group of 3a since this group lies
near helix-12, according to the result of the docking study. Thus,
we designed novel AR ligands, compounds 7a–7d with a secondary
or tertiary hydroxyl group, to examine the role of the region around
Asn705, Thr877, and Met895 in hAR LBD (Fig. 4). We also designed



Figure 3. Docking model of 3a to the hAR LBD. (a) Hydrogen bondings of 3a with four amino acid residues in hAR LBD and the arrangements of Met895 (gold) and the p-
carborane cage (green) of 3a. (b) Stereoview of the overall picture of the docking model. Met895 and helix-12, carbon, and boron atoms are colored red, blue, and green,
respectively.

CN

OH

R1 R2

7a
7b
7c
7d

(R1 = H, R2 = CH3)
(R1 = H, R2 = Ph)
(R1 = CH3, R2 = CH3)
(R1 = CH3, R2 = Ph)

CN

O

CN

R3

O

8a
8b
8c

(R3 = H)
(R3 = CH3)
(R3 = Ph)

9

Figure 4. Design of new androgen receptor antagonists 7–9.

K. Ohta et al. / Bioorg. Med. Chem. 19 (2011) 3540–3548 3543
carbonyl compounds 8a–8c and epoxide 9, with hydrogen-bonding
acceptors instead of the primary hydroxyl group of 3a.

The synthesis of the designed compounds 7–9 is summarized in
Scheme 1. The potent AR antagonist, 3a, was treated with
Dess–Martin reagent in CH2Cl2 to afford the key intermediate 8a
in 91% yield.28 Compound 8a was reacted with Grignard reagents,
methylmagnesium bromide (CH3MgBr) and phenylmagnesium
bromide (PhMgBr), in THF at �78 �C to afford the secondary alco-
hols 7a and 7b in 84% and 77% yields, respectively, followed by oxi-
dation reaction with Dess–Martin reagent in CH2Cl2 to afford the
corresponding carbonyl compounds 8b and 8c in 90% and 93%
yields, respectively. Transformation of the aldehyde 8a into epox-
ide 9 was accomplished by Simmons-Smith reaction using diethyl-
zinc, chloroiodomethane and tetrahydrothiophene in 71% yield.29

The synthesis of the tertiary alcohols 7c and 7d is summarized
in Scheme 2. First, we tried the reaction of ketones 8b and 8c with
CH3MgBr but the starting materials were recovered, and the de-
sired products were not obtained. Next, the reactions of 8b and
8c with methyllithium (CH3Li) reagent were performed in THF at
�78 �C. The yields of the products 7c and 7d in this reaction are
summarized in Table 1.

Compound 8b was treated with 3.0-fold molar excess of CH3Li
to afford only the desired product 7c in 58% yield (Entry 2). Use
of 13.4-fold molar excess of CH3Li afforded not only the corre-
sponding tertiary alcohol 7c in 14% yield, but also the 3-acetylphe-
nyl derivatives 10 in 42% yield, which is generated by the reaction
of the benzonitrile moiety with CH3Li (Entry 3, Fig. 5). Since the ste-
ric bulkiness of the carborane cage hindered nucleophilic attack of
the lithium reagent on the aldehyde, an excess of lithium reagent
was necessary to obtain the desired compounds. When the steri-
cally crowded ketone 8c was used as a starting material, no reac-
tion was occurred with 3.0-fold molar excess of CH3Li (Entry 4).
Finally, the desired product 7b was obtained by the use of 8.9-fold
molar excess of CH3Li, in 81% yield (Entry 5). The corresponding
acetophenone derivative was not observed in this reaction. Com-
pounds 7a, 7b, 7d, and 9 have an asymmetric carbon and were
used for biological assays in racemic form.

2.4. Biological evaluations

The binding affinity of the new carborane-containing com-
pounds for AR was evaluated by means of competitive-binding
assay using [1,2-3H]dihydrotestosterone ([3H]DHT) and hAR.30
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Table 1
Yields of the desired products 7 in the reaction of 8 with methyl lithiuma

Entry Compound R CH3Li (equiv) Yield (%)

1 8b CH3 1.0 0 (7c)
2 8b CH3 3.0 58 (7c)
3 8b CH3 13.4 14 (7c)b

4 8c Ph 3.0 0 (7d)
5 8c Ph 8.9 81 (7d)

a The reactions were performed at -78 �C for 30 min.
b 3-Acetylphenyl derivatives 10 was obtained in 42% yield.

OH

H3C CH3

O 10

Figure 5. Structure of the by-product 10 obtained from the reaction of 8b with
methyl lithium.

Table 2
Biological properties of the designed compounds 7–10

Compound Binding affinitya (%) IC50
b (lM)

7a 78 0.32
7b 71 1.80
7c 52 0.33
7d 54 0.61
8a 78 0.17
8b 16 0.48
8c 24 1.67
9 33 ntc

10 44 5.39
3a (BA341) 95 0.15

a Values are percentage displacement of [3H]DHT (4 nM) specific binding to hAR
by each compound at 10 lM. All binding assays were performed in duplicate (n = 2),
and the average value is indicated as the binding affinity.

b NIH3T3 cells were transiently transfected with hAR-expression plasmid, ARE/
Luci (firefly luciferase) and pRL/CMV (Renilla luciferase) plasmids, and treated with
the test compounds in the presence of DHT (1 � 10�10 M). IC50 values of the test
compounds were estimated from the sigmoidal dose–response curves using
GraphPad Prism 4 software.

c nt indicates not tested.
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Table 2 summarizes the binding affinity data of the synthesized
compounds: the values indicate the percent displacement of spe-
cific [3H]DHT binding to hAR by each compounds at the concentra-
tion of 10 lM. Compounds 7a, 7b and 8a showed high binding
affinity for hAR but were less potent binders than 3a. The binding
affinity of the synthesized compounds was affected by the hydro-
gen-bonding groups with Asn705 and Thr877 of AR LBD and the
size of the substituents R1, R2, and R3.
To evaluate the functional activity, agonist or antagonist, of the
synthesized compounds, except for 9, transcriptional assay was
done with hAR-expression plasmid, ARE/Luci (firefly luciferase)
and pRL/CMV in NIH3T3 cells.31 None of the synthesized com-
pounds exhibited AR-agonistic activity at the concentration of
1 � 10�5–1 � 10�8 M. These compounds dose-dependently inhib-
ited the transcriptional activation induced by 1 � 10�10 M DHT
and acted as AR antagonists. Table 2 summarizes the IC50 values
of 3a analogues 7–10 in AR transactivation assay. Compounds 7a
and 7c, which have methyl groups on the methylene carbon,
showed potent inhibitory activity for DHT-induced AR transactiva-
tion, and their IC50 values were 0.32 and 0.33 lM, respectively.
Although their inhibitory activities are two-fold weaker than that
of the parent compound 3a, methyl groups seem to be allowed at
that position. Meanwhile, introduction of a phenyl group on the
methylene carbon led to a marked decrease of DHT-induced AR
transactivation (Table 2; 7b and 7d).

Carbonyl-containing compounds 8a–8c showed similar struc-
ture–activity relationships to the alcohol derivatives, and their
activity was markedly decreased with increasing size of substituents
connected with the carbonyl group. Compound 10 with an acetyl



Table 3
Crystal data of 3a

Compound 3a
Formula C10H17B10NO
Mr 275.35
Recryst. solvent CHCl3

Crystal system Triclinic
Lattice parameter
a (A) 11.5045 (13)
b (A) 12.7194 (15)
c (A) 13.1240 (15)
a (�) 107.2910 (10)
b (�) 109.8900 (10)
c (�) 107.4630 (10)
V (Å3) 1542.5 (3)
Space group P�1
Z value 4
Pcalc (Mg/m3) 1.186
Absorption coefficient (mm�1) 0.063
Crystal size (mm3) 0.50 � 0.50 � 0.50
Temperature (K) 150
2h max (�) 56.5
Reflections collected 15282
Independent reflections 6589
Data/restraints/parameters 6589/0/483
Goodness-of-fit on F2 0.94
Residuals: R, Rw 0.0593, 0.1540
CCDC reference number 787463
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group instead of the cyano group showed weak AR antagonistic
activity and the highest IC50 value, 5.39 lM, among the evaluated
compounds. Compound 8a exhibited the most potent inhibitory
activity for DHT-induced AR transactivation (IC50 = 0.17 lM), and
its IC50 value is similar to that of 3a (IC50 = 0.15 lM). As regards
the biological activities of these derivatives, the alcohol derivatives
showed better biological profiles than the carbonyl derivatives (3a
vs 8a and 7a vs 8b). This can be explained in terms of the existence
or not of hydrogen bonding between the hydroxyl group of the
ligands and the carbonyl group of Asn705 in hAR LBD. From the
SAR studies of these compounds, it seems that Asn705 and Thr877
in hAR LBD require hydrogen-bonding donors and acceptors, respec-
tively, in the carborane-containing ligands for receptor-ligand bind-
ing. In addition, a large substituent, such as phenyl group, around
Thr877 is unfavorable for AR antagonistic activity.

3. Conclusions

We have established the molecular structure of the carborane-
containing potent AR ligand 3a by means of X-ray crystal structure
analysis, and examined the binding mode of 3a with hAR LBD by
means of computational docking study using the FlexX program.
As expected, the cyano group of 3a interacts with Arg752 and
Gln711, and the hydroxymethyl group forms hydrogen bonds with
Thr877 and Asn705. The p-carborane cage is located along the
hydrophobic surface of hAR LBD and lies close to Met895, which
is associated with helix-12. Compound 3a derivatives designed
based upon the docking study showed potent AR-binding affinity
and AR antagonistic activity. The hydrogen bonds between the car-
borane-containing ligands and the four amino acid residues in hAR
LBD are important for the receptor-ligand binding, and the steric
repulsion of p-carborane cage with helix-12 results in the AR
antagonistic activity of carborane-containing AR ligands. These
findings are expected to be helpful for the development of novel
carborane-containing anti-androgens, having a different spectrum
of ligand responsiveness from other therapeutic agents.

4. Experimental

4.1. General considerations

Melting points were determined with a Yanagimoto micro
melting point apparatus without correction. 1H NMR, 13C NMR
and 10B NMR spectra were recorded with JEOL JNM-LA-400 and
JNM-FX-400 spectrometers. Chemical shifts for 1H NMR spectra
were referenced to tetramethylsilane (0.0 ppm) as an internal stan-
dard. Chemical shifts for 13C NMR spectra were referenced to resid-
ual 13C present in deuterated solvents. Chemical shift values for 11B
spectra were referenced to external BF3�OEt (0.0 ppm, with nega-
tive values upfield). The chemical shifts are reported in ppm (d
scale) and all coupling constant (J) values are given in hertz (Hz).
The splitting patterns are designated as follows: s (singlet), d (dou-
blet), t (triplet), q (quartet), m (multiplet) and br (broad). Mass
spectra were recorded on a JEOL JMS-DX-303 spectrometer. Ele-
mental analyses were performed with a Perkin Elmer 2400 CHN
spectrometer. Unless otherwise noted, the reagents and solvents
were purchased from Aldrich Chemical Co., TCI, Kanto Chemicals,
or Wako Chemicals, Inc. and were used as received. p-Carborane
was purchased from Katchem s.r.o. (Prague, Czech Republic). Com-
pound 3a was prepared according to the literature.23

4.2. X-ray crystallography

Details of data collection and structure refinement for 3a are gi-
ven in Table 3. Diffraction data were obtained with a Rigaku AFC7S
four-circle diffractometer with graphitemonochromated Mo Ka
radiation (k = 0.71073 Å). Generally, indexing was performed from
three oscillation images exposed for 4.0 min, and a total of 15 oscil-
lation images within the 2h value of 50.0� were collected with the
imaging plate area detector. The structure was solved by direct
methods using SHELXS-9732 and refined by the full matrix least-
squares technique on F2 using SHELXL-97.

4.3. Docking study

The most stable model for 3a was estimated using the auto-
matic docking program FlexX version 1.233 implemented in SYBYL
6.91 (Tripos, Inc., St. Louis, MO). For the docking calculation, the
quantum-chemically optimized structure of ligand 3a was used
as the initial structure. The optimization of the crystal structure
of 3a was carried out with B3LYP/6-31G(d,p) using GAUSSIAN 98
(Gaussian, Inc., Wallingford, CT). The structure of the hAR LBD
was obtained from the crystal structure of the hAR LBD-metribo-
lone complex (PDB code: 1E3G) by removing the metribolone mol-
ecule. All hydrogen atoms that are missing in the crystal structure
but should exist in the protein structure were computationally lo-
cated at appropriate positions by use of the Biopolymer module of
SYBYL 6.91. The active site of hAR LBD was defined as the collection
of amino acids for which at least one atom was closer than 6.5 Å to
any atom of the bound metribolone. For FlexX calculation, the
maximum number of generated poses was set to 500 and the
parameter MAX_OVERLAP_VOL was expanded to 8.0 Å3. Default
values were used for other parameters, and the treatment of the li-
gand molecule was the same as in a previous study. 21 The gener-
ated docking poses were evaluated by means of a consensus
scoring scheme using the CScore module of SYBYL 6.91, and the
top-ranked pose which won the highest number of votes was
selected.

4.4. Synthesis

4.4.1. 3-(12-Formyl-1,12-dicarba-closo-dodecaboran-1-
yl)benzonitrile (8a)

To a solution of 3a (146 mg, 0.53 mmol) in 3 mL of dry CH2Cl2

was added Dess–Martin periodinate (450 mg, 1.06 mmol). The
reaction mixture was stirred for 8 h at room temperature under



Table 4
Comparison of selected geometrical parameters of
each structure of 3a

Distance and angle Structure A Structure B

C(1)–C(7) 1.435 1.440
C(3)–C(6) 2.810 2.804
C(3)–C(8) 1.506 1.509
C(8)–C(9) 3.119 3.130
C(9)–C(10) 1.534 1.541
C(8)–O(1) 5.401 5.386
C(10)–O(1) 1.400 1.424
C(7)–N(1) 1.142 1.146
C(10)–N(1) 10.054 10.077
B(1)–B(9) 3.373 3.373
N(1)–O(1) 11.013 11.116
C(9)–C(10)–O(1) 113.43 111.72
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an Ar atmosphere, then filtered through Celite and the filtrate was
concentrated. The residue was purified by silica gel column chro-
matography (eluent: n-hexane/AcOEt 20:1) to afford 129 mg
(89%) of compound 8a as a colorless solid; Colorless cubes
(CH2Cl2/n-hexane); mp 127.5–128.5 �C; 1H NMR (270 MHz, CDCl3)
d (ppm) 1.0–3.5 (br m, 10H), 7.33 (m, 1H), 7.44 (dt, J = 1.3 Hz,
8.2 Hz, 1H), 7.48 (m, 1H), 7.55 (dt, J = 1.3 Hz, 7.6 Hz, 1H), 8.87 (s,
1H); 13C NMR (68 MHz, CDCl3) d (ppm) 81.9, 84.1, 112.6, 117.7,
129.1, 130.4, 131.1, 132.1, 137.2, 185.4; MS (EI) m/z 273 (M+,
100%); Anal. Calcd for C10H15B10NO: C, 43.94; H, 5.53; N, 5.12.
Found: C, 44.19; H, 5.61; N, 5.26.

4.4.2. 3-[12-(1-Hydroxyethyl)-1,12-dicarba-closo-dodecaboran-
1-yl]benzonitrile (7a)

To a solution of 8a (100 mg, 0.37 mmol) in 4 mL of dry THF was
added CH3MgBr (2.8 mL, 2.59 mmol) at -78 �C under an Ar atmo-
sphere. The reaction mixture was stirred for 21 h at the same tem-
perature, then quenched with saturated aqueous NH4Cl solution,
and extracted with AcOEt. The organic solution was washed with
water and brine, dried over MgSO4, and concentrated. The residue
was purified by silica gel column chromatography (eluent: n-hex-
ane/CH2Cl2 1:2 to n-hexane/AcOEt 10:1) to afford 58 mg (54%) of
compound 7a as a colorless solid; Colorless cubes (CH2Cl2/n-hex-
ane); mp 114–115 �C; 1H NMR (270 MHz, CDCl3) d (ppm) 1.0–3.5
(br m, 10H), 1.12 (d, J = 6.3 Hz, 3H), 1.73 (br s, 1H), 3.75 (quint,
J = 6.3 Hz, 1H), 7.30 (m, 1H), 7.45 (m, 1H), 7.50 (m, 1H), 7.51 (m,
1H); 13C NMR (68 MHz, CDCl3) d (ppm) 22.9, 69.3, 81.0, 87.7,
112.6, 118.1, 129.1, 130.8, 131.5, 131.9, 137.6; MS (EI) m/z 289
(M+, 100%); Anal. Calcd for C11H19B10NO: C, 45.65; H, 6.62; N,
4.84. Found: C, 45.79; H, 6.64; N, 4.93.

4.4.3. 3-[12-(1-Hydroxybenzyl)-1,12-dicarba-closo-
dodecaboran-1-yl]benzonitrile (7b)

To a solution of 8a (100 mg, 0.37 mmol) in 4 mL of dry THF was
added PhMgBr (0.72 mL, 0.74 mmol) at -78 �C under an Ar atmo-
sphere. The reaction mixture was stirred for 18 h at the same tem-
perature, quenched with saturated aqueous NH4Cl solution, and
extracted with AcOE. The organic solution was washed with water
and brine, dried over MgSO4, and concentrated. The residue was
purified by silica gel column chromatography (eluent: n-hexane/
AcOEt 10:1) to afford 100 mg (77%) of compound 7b as a colorless
solid; Colorless prisms (CH2Cl2/n-hexane); mp 135.5–137.0 �C; 1H
NMR (270 MHz, CDCl3) d (ppm) 1.0–3.5 (br m, 10H), 1.59 (s, 1H),
4.67 (s, 1H), 7.13–7.53 (m, 9H); 13C NMR (68 MHz, CDCl3) d
(ppm) 75.7, 81.5, 86.9, 112.5, 118.1, 126.7, 128.1, 128.8, 129.0,
130.8, 131.5, 131.9, 137.6, 139.9; MS (EI) m/z 351 (M+), 107
(100%); Anal. Calcd for C16H21B10NO: C, 54.68; H, 6.02; N, 3.99.
Found: C, 54.60; H, 6.10; N, 4.09.
4.4.4. 3-(12-Acetyl-1,12-dicarba-closo-dodecaboran-1-
yl)benzonitrile (8b)

Compound 8b was prepared by the same method as described
for the synthesis of 8a; 90% yield; Colorless prisms (CH2Cl2/n-hex-
ane); mp 108.0–108.5 �C; 1H NMR (270 MHz, CDCl3) d (ppm) 1.0–
3.5 (br m, 10H), 2.12 (s, 3H), 7.30 (dd, J = 7.5 Hz, 8.6 Hz, 1H), 7.45
(ddd, J = 1.2 Hz, 2.0 Hz, 8.1 Hz, 1H), 7.50 (t, J = 1.5 Hz, 1H), 7.54
(ddd, J = 1.3 Hz, 1.5 Hz, 7.6 Hz, 1H); 13C NMR (68 MHz, CDCl3) d
(ppm) 27.3, 83.1, 84.6, 112.6, 117.8, 129.1, 130.4, 131.2, 132.0,
137.2, 192.2; MS (EI) m/z 287 (M+, 100%); Anal. Calcd for
C11H17B10NO: C, 45.97; H, 5.96; N, 4.87. Found: C, 45.75; H, 5.81;
N, 4.78.

4.4.5. 3-(12-Benzoyl-1,12-dicarba-closo-dodecaboran-1-
yl)benzonitrile (8c)

Compound 8c was prepared by the same method as described
for the synthesis of 8a; 93% yield; Colorless cotton (CH2Cl2/n-hex-
ane); mp 143.5–144.0 �C; 1H NMR (270 MHz, CDCl3) d (ppm) 1.0–
3.5 (br m, 10H), 7.29–7.55 (m, 9H); 13C NMR (68 MHz, CDCl3) d
(ppm) 84.3, 112.6, 117.8, 127.8, 128.0, 129.0, 130.4, 130.7, 131.1,
131.9, 132.2, 135.9, 137.2, 189.1; MS (EI) m/z 349 (M+), 105
(100%); Anal. Calcd for C16H19B10NO: C, 54.99; H, 5.48; N, 4.01.
Found: C, 54.77; H, 5.45; N, 3.90.

4.4.6. 3-[12-(1-Hydroxy-1-methyl)ethyl-1,12-dicarba-closo-
dodecaboran-1-yl]benzonitrile (7c)

To a solution of 8b (100 mg, 0.35 mmol) in 5 mL of dry ether
was added CH3Li (1.02 mL, 1.05 mmol) at �78 �C under an Ar
atmosphere. The reaction mixture was stirred for 30 min at the
same temperature, quenched with saturated aqueous NH4Cl solu-
tion, and extracted with AcOEt. The organic solution was washed
with water and brine, dried over MgSO4, and concentrated. The
residue was purified by silica gel column chromatography (eluent:
n-hexane/AcOEt 20:1) to afford 61 mg (58%) of compound 7c as a
colorless solid; Colorless needles (CH2Cl2/n-hexane); mp 172.5–
174.0 �C; 1H NMR (270 MHz, CDCl3) d (ppm) 1.0–3.5 (br m, 10H),
1.23 (s, 6H), 2.05 (s, 3H), 7.30 (m, 1H), 7.45 (ddd, J = 1.3 Hz,
2.1 Hz, 8.4 Hz, 1H), 7.50 (m, 1H), 7.52 (ddd, J = 1.3 Hz, 1.5 Hz,
7.1 Hz, 1H); 13C NMR (68 MHz, CDCl3) d (ppm) 31.6, 70.9, 81.6,
92.8, 112.5, 118.0, 128.9, 130.7, 131.4, 131.8, 137.5; MS (EI) m/z
305 (M++2), 288 (100%); Anal. Calcd for C12H21B10NO: C, 47.50;
H, 6.98; N, 4.62. Found: C, 47.21; H, 6.85; N, 4.48.

4.4.7. 3-[12-(1-Hydroxy-1-phenyl)ethyl-1,12-dicarba-closo-
dodecaboran-1-yl]benzonitrile (7d)

To a solution of 8c (50 mg, 0.14 mmol) in 3 mL of dry THF was
added CH3Li (1.2 mL, 1.25 mmol) at �78 �C under an Ar atmo-
sphere. The reaction mixture was stirred for 30 min at the same
temperature, quenched with saturated aqueous NH4Cl solution,
and extracted with AcOEt. The organic solution was washed with
water and brine, dried over MgSO4, and concentrated. The residue
was purified by silica gel column chromatography (eluent: n-hex-
ane/AcOEt 10:1) to afford 42 mg (81%) of compound 7d as a color-
less solid; Colorless leaflets (CH2Cl2/n-hexane); mp 199.5–
201.0 �C; 1H NMR (270 MHz, CDCl3) d (ppm) 1.0–3.5 (br m, 10H),
1.65 (s, 3H), 7.2–7.6 (m, 9H); 13C NMR (68 MHz, CDCl3) d (ppm)
44.4, 74.0, 82.0, 82.9, 112.4, 118.0, 121.6, 125.5, 127.7, 128.9,
130.6, 131.4, 131.7, 131.8, 137.5; MS (EI) m/z 366 (M++1), 121
(100%); Anal. Calcd for C15H23B10NO: C, 55.87; H, 6.34; N, 3.83.
Found: C, 55.57; H, 6.36; N, 3.64.

4.4.8. 3-[12-(1,2-Epoxyethane)-1,12-dicarba-closo-
dodecaboran-1-yl]benzonitrile (9)

To a solution of tetrahydrothiophene (727 mg, 8.24 mmol) in
50 mL of dry CH2Cl2 was added chloroiodomethane (0.6 mL,
8.24 mmol), and the mixture was stirred for 30 min at room tem-
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perature under an Ar atmosphere. To the reaction mixture was
added 8a (1.13 g, 4.12 mmol), followed by a solution of Et2Zn
(1.0 M in hexane, 4.12 mL, 4.12 mmol). The reaction mixture was
stirred for 6.5 h at the same temperature, quenched with water,
and extracted with CH2Cl2. The organic layer was washed with
brine, dried over MgSO4, and concentrated. The residue was puri-
fied by silica gel column chromatography (eluent: n-hexane/AcOEt
10:1) to afford 843 mg (71%) of compound 9 as a colorless solid;
Colorless cotton (CH2Cl2/n-hexane); mp 124–125 �C; 1H NMR
(270 MHz, CDCl3) d (ppm) 1.0–3.5 (br m, 10H), 2.46 (dd,
J = 2.3 Hz, 4.9 Hz, 1H), 2.64 (dd, J = 3.4 Hz, 4.8 Hz, 1H), 2.88 (dd,
J = 2.3 Hz, 3.8 Hz, 1H), 7.31 (dt, J = 0.7 Hz, 7.6 Hz, 1H), 7.43
(ddd, J = 1.2 Hz, 2.1 Hz, 8.1 Hz, 1H), 7.48 (t, J = 1.5 Hz, 1H), 7.52
(ddd, J = 1.3 Hz, 1.5 Hz, 7.6 Hz, 1H); 13C NMR (68 MHz, CDCl3) d
(ppm) 48.1, 52.7, 79.3, 81.3, 112.8, 118.0, 129.4, 130.7, 131.6,
132.2, 137.5; MS (EI) m/z 287 (M+, 100%); Anal. Calcd for
C11H17B10NO: C, 45.97; H, 5.96; N, 4.87. Found: C, 45.81; H, 5.82;
N, 4.80.

4.4.9. 3-[12-(1-Hydroxy-1-methyl)ethyl-1,12-dicarba-closo-
dodecaboran-1-yl]acetophenone (10)

To a solution of 8b (150 mg, 0.52 mmol) in 7 mL of dry THF was
added CH3Li (6.71 mL, 6.98 mmol) at �78 �C under an Ar atmo-
sphere. The reaction mixture was stirred for 30 min at the same
temperature, quenched with saturated aqueous NH4Cl solution,
and extracted with AcOEt. The organic solution was washed with
water and brine, dried over MgSO4, and concentrated. The residue
was purified by silica gel column chromatography (eluent:
n-hexane/AcOEt 20:1) to afford 70 mg (42%) of compound 10 as a
colorless solid and 19 mg (14%) of compound 7c as a colorless so-
lid; Colorless cotton (CH2Cl2/n-hexane); mp 108.5–109.5 �C; 1H
NMR (270 MHz, CDCl3) d (ppm) 1.0–3.5 (br m, 10H), 2.12 (s, 3H),
7.30 (dd, J = 7.5 Hz, 8.6 Hz, 1H), 7.45 (ddd, J = 1.2 Hz, 2.0 Hz,
8.1 Hz, 1H), 7.50 (t, J = 1.5 Hz, 1H), 7.54 (ddd, J = 1.3 Hz, 1.5 Hz,
7.6 Hz, 1H); 13C NMR (68 MHz, CDCl3) d (ppm) 26.6, 31.5, 70.7,
82.8, 92.1, 126.7, 128.1, 128.2, 131.4, 136.6, 136.7, 196.9; MS (EI)
m/z 320 (M+), 305 (100%); Anal. Calcd for C13H24B10O2: C, 48.73;
H, 7.55. Found: C, 48.43; H, 7.68.

4.5. Biological evaluation

4.5.1. Competitive-binding assay with hAR30

Binding affinities of test compounds for hAR (human androgen
receptor) were measured in competition experiments using
[3H]DHT and cytosolic fraction of hAR-LBD (hAR ligand-binding do-
main)-transformed Escherichia coli. hAR-LBD expression plasmid
vector encoding GST-hARLBD (627–919 aa, EF domain) fusion pro-
tein under the lac promoter (provided by Prof. S. Kato, University of
Tokyo) was transfected into E. coli strain HB-101. An overnight cul-
ture (10 mL) of the bacteria was added to 1 L of LB medium and
incubated at 27 �C until its optical density reached 0.6–0.7 at
600 nm. Following the addition of IPTG to a concentration of
1 mM, incubation was continued for an additional 4.5 h. Cells were
harvested by centrifugation at 4000g at 4 �C for 15 min and stored
at �80 �C until use. All subsequent operations were performed at
4 �C. The bacterial pellet obtained from 40 mL of culture was resus-
pended in 1 mL of ice-cold TEGDM buffer (10 mM Tris–HCl pH 7.4,
1 mM EDTA, 10% glycerol, 10 mM DTT, 10 mM sodium molybdate).
This suspension was subjected to sonication (10 � 10 s bursts) on
ice, and crude GST-hARLBD fraction was prepared by centrifuga-
tion of the suspension at 12,000g for 30 min at 4 �C. This crude
receptor fraction was diluted with buffer (20 mM Tris–HCl pH
8.0, 0.3 M KCl, 1 mM EDTA) to a protein concentration of 0.3–
0.5 mg/mL and used in binding assays as hAR-LBD fraction. Ali-
quots of the hAR-LBD fraction were incubated in the dark at 4 �C
with [3H]DHT (NEN, 4 nM final concentration), triamcinolone ace-
tonide (1 lM final concentration), and reference or test compounds
(dissolved in DMSO). Nonspecific binding was assessed by addition
of a 200-fold excess of nonradioactive DHT. After 15 h, a Dextran
T-70/c-globulin-coated-charcoal suspension was added to the
ligand/protein mixture (1% Norit A, 0.05% c-globulin, 0.05% Dex-
tran T-70 final concentration each) and the whole was incubated
at 4 �C for 10 min. The charcoal was removed by centrifugation
for 5 min at 1300g, and the radioactivity of the supernatant was
measured in Atomlight (NEN) by using a liquid scintillation
counter.

4.5.2. Transcriptional activation assays31

Assay of androgenic activity was performed by means of ARE-
luciferase reporter assay using NIH3T3 cells. Culture was con-
ducted in phenol red-free DMEM (SIGMA), supplemented with
dextran-coated charcoal-stripped FBS (sFBS) to deplete internal
stores of steroids, penicillin, and streptomycin for 2–3 days. Tran-
sient transfections of NIH3T3 cells were performed using Trans-
fast™ (Promega) according to the manufacturer’s protocol.
Transfections were done in 48-well plates at 2 � 104 cells/well
with 50 ng of pSG5-hAR, 300 ng of p(ARE)2-luc and 10 ng of pRL/
CMV (Promega) as an internal standard. Twenty-four hours after
addition of the sample (final concentration, 10�5–10�7 M) and
1 � 10�10 DHT, cells were harvested with 25 lL of cell lysis buffer
(Promega), and the firefly and Renilla luciferase activities were
determined with a Dual Luciferase Asaay Kit (Promega) by measur-
ing luminescence with a Wallac Micro-Beta scintillation counter
(Perkin-Elmer Life Sciences). Firefly luciferase reporter activity
was normalized to Renilla luciferase activity from pRL/CMV.
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