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Introduction. The carboranes (dicarba-closo-dodeca-
boranes)! exhibit remarkable thermal stability, are
resistant to attack by most types of reagents, and are
generally biologically inactive. Their icosahedral geom-
etry, in which the carbon and boron atoms are hexaco-
ordinated, accounts for these unusual properties, which
make such molecules and their carbon and boron
derivatives uniquely suitable for several specialized
applications, including synthesis of polymers for high-
temperature use and neutron-shielding purposes.? In
the field of medical and pharmaceutical sciences, incor-
poration of large numbers of boron atoms into tumor
cells for boron neutron capture therapy (BNCT)3 has
attracted much interest in recent years. For this pur-
pose, various compounds have been synthesized by
adding carborane units to nucleic acids,* amino acids,®
etc. In contrast, little attention has been paid to the
possible use of carboranes as components of biologically
active molecules. The exceptionally hydrophobic char-
acter and spherical geometry of carboranes may allow
their use as a hydrophobic pharmacophore in biologi-
cally active molecules which interact hydrophobically
with receptors. Recently, we have reported the first
example of design, synthesis, and biological evaluation
of retinoids containing a carborane cage as a hydropho-
bic pharmacophore.® In this article, we describe the
synthesis and biological evaluation of novel carborane-
containing estrogenic agonists which are more potent
than 173-estradiol.

Estrogen (17p-estradiol, 1) is an important hormone
that mediates a wide variety of cellular responses
through its binding to a specific nuclear estrogen
receptor (ER). The hormone-bound ER forms an active
dimer, which functions as a transcription factor that
mediates biological response by binding to specific
promoter elements of DNA to initiate gene transcription.
Compounds that either induce or inhibit cellular estro-
gen responses have potential value as biochemical tools
and candidates for drug development.

Since the discovery of the nonsteroidal estrogen
diethylstilbestrol,” many stilbene derivatives and tri-
arylethylenes have been synthesized and shown to
possess estrogenic activity, and some have been devel-
oped for clinical use as estrogen agonists or antagonists.8
Estrogenic activity was found in a huge range of
structural prototypes, including nonsteroidal compounds

10.1021/jm9900725 CCC: $18.00

Chart 1
H
- &
AV
H
R
7 LAY R 7R
AW KR
AV AVA
HO HO
2aR=H 3aR=H
2b R = CH,OH 3b R = CH,OH
2c R = COOH 3¢ R = COOH
2d R = NH,
HO

11

isolated from plants, such as flavonoids, genistein, and
coumesterol.® There is currently much debate over the
health risks associated with the estrogenic activity of
compounds that are either present in the environment
or used as chemicals.’® One of the reasons for the
estrogenic activity of such a wide variety of organic
chemicals appears to be that ER binding is primarily
the result of interaction between the receptor and a
phenolic residue. However, high-binding affinity for ER
and the appearance of substantial estrogenic activity
require a phenolic ring, an appropriate hydrophobic
group adjacent to the phenolic ring, and another hy-
droxyl group located at a suitable position on the
molecule.

These considerations led us to synthesize and biologi-
cally evaluate compounds having carborane as a hydro-
phobic moiety, with a hydrophilic group on the carbo-
rane cluster (2 and 3), as shown in Chart 1. In
icosahedral cage structures throughout this paper,
closed circles () represent carbon atoms and other
vertexes represent BH units.

Chemistry. The syntheses of the designed molecules
are summarized in Scheme 1. Compounds 2a—d were
prepared from 1,12-dicarba-closo-dodecaborane (4). Cou-
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a(a) (1) n-BuLi, CuCI/DME, (2) p-iodoanisole/pyridine reflux; (b) BBrs/CH,Cly; (c) (1) n-BuLi/benzene—Et;0, (2) CICOOCHs3; (d) LiAIH4/
THF; (e) KOH/H,O—THF; (f) DPPA, EtsN, DMAP/t-BuOH, reflux; (g) CF3COOH/CH,Cl,.

pling of the C-copper(l) derivative of 4, prepared from
the corresponding lithiocarborane, with 4-methoxyiodo-
benzene in dimethoxyethane in the presence of pyridine
gave the mono-C-arylated product 5a in 60% yield.1?
Demethylation of the methoxy group of 5a with boron
tribromide afforded 1-(4-hydroxyphenyl)-1,12-dicarba-
closo-dodecaborane (2a) in 93% yield. Compound 5a was
converted to the C-methoxycarbonyl derivative 6 by
reaction of the lithiate of 5a with methyl chloroformate
(91%). After reduction of 6 with LiAlH,, demethylation
of the methoxyl group gave 1-(hydroxymethyl)-12-(4-
hydroxyphenyl)-1,12-dicarba-closo-dodecaborane (2b) in
98% yield. Hydrolysis of the ester group of 6 followed
by demethylation afforded 12-(4-hydroxyphenyl)-1,12-
dicarba-closo-dodecaborane-1-carboxylic acid (2c) in 98%
yield. The acid 5c was converted to the C-tert-butoxy-
carbonylamino derivative 7 by means of the modified
Curtius rearrangement!? employing diphenyl phos-
phorazidate (DPPA), 4-N,N-(dimethylamino)pyridine
(DMAP), and tert-butyl alcohol in 41% yield. Deprotec-
tion of the Boc group of 7 followed by demethylation
gave 1-amino-12-(4-hydroxyphenyl)-1,12-dicarba-closo-
dodecaborane (2d) in a quantitative yield.
Compounds bearing a meta substituent on the car-
borane cage, 1-(4-hydroxyphenyl)-1,7-dicarba-closo-
dodecaborane (3a), 1-(hydroxylmethyl)-7-(4-hydroxy-
phenyl)-1,7-dicarba-closo-dodecaborane (3b), and 7-(4-
hydroxyphenyl)-1,7-dicarba-closo-dodecaborane-1-
carboxylic acid (3c), were prepared from 1,7-dicarba-
closo-dodecaborane (8) via 9a and/or 10 in the same
manner as described for the p-carboranyl isomers.
Biology. The estrogenic activities of the synthesized
compounds were examined by luciferase reporter gene
assay,!® in which rat ERa-expression plasmid'# and a
reporter plasmid, which contains five copies of estrogen
response elements, are transiently transfected into
COS-1 cells. 178-Estradiol at 1 x 107191 x 1078 M
induced the expression of luciferase in a dose-dependent
manner.'® This activation by 173-estradiol was depend-
ent upon the expression of ER and was completely
inhibited by estrogen antagonists (tamoxifen and ICI
164,384). Therefore, the assay system is ER-dependent
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Figure 1. Transcriptional activation by the test compounds.
COS-1 cells were transfected with EREX5-pGL-TK and pClI-
rERa and incubated with the compounds at the indicated
concentrations (107°—108% M). Results are shown by means
+ SD for triplicate transfections.

and sufficiently sensitive to identify estrogenic com-
pounds and antiestrogens. When cells were treated with
antiestrogens, however, the level of expressed luciferase
activity was lower than the control level (only ethanol
was added to the medium). This suggests that estrogenic
activity was not completely excluded from the assay
medium or was present intracellularly in the cells used
for the assay or that ER was partially activated in a
ligand-independent fashion under our assay conditions.

We then examined the estrogenic activity of our
carborane-containing molecules (2 and 3), and the
results are summarized in Figure 1. The compound
bearing p-carboranyl on the 4-position of phenol (2a)
exhibited a potent transcriptional activity in the con-
centration range of 1 x 1071°—1 x 108 M; its potency
is comparable to that of 174-estradiol. 4-(1-Adamantyl)-
phenol (11), in which the substituent resembles the
carborane cage in molecular size and shape, also showed
moderate activity. 1-Phenyl-1,12-dicarba-closo-dodeca-
borane, which lacks the hydroxyl group, showed com-
pletely no activity. The result indicates that the hy-
droxyl group on the benzene nucleus is essential for the
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Figure 2. Inhibition by estrogen antagonists. COS-1 cells
were transfected with EREx5-pGL-TK and pCI-rERa and
incubated with no agonist (ethanol) or with the agonists (10~°
or 10719 M) plus the antagonist tamoxifen (1078—10-¢ M).
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appearance of the activity. On the other hand, the
activity was increased by the introduction of a hy-
droxymethyl group or an amino group onto the carbon
of the carborane cage. The potency of the most potent
compound, 2b, was at least 10-fold greater than that of
17p-estradiol. Tamoxifen inhibited the activity of 2b, as
it did that of 173-estradiol, supporting the idea that the
activity of these carborane-containing compounds is
mediated by ER (Figure 2). The activity of 2d seemed
to be somewhat stronger than that of 175-estradiol, and
2c exhibited moderate activity. The activity of the
compounds bearing a meta substituent on the carborane
cage (3a,b) was weaker than that of the para-substi-
tuted compounds; however, the potency of 3b is similar
to that of 175-estradiol. On the other hand, 3c was
almost inactive and showed no antagonistic activity
(data not shown).

In vitro ERa binding assays were performed on the
three most active compounds (2a,b,d) and 173-estradiol
to confirm that the gene regulatory activity correlated
with the binding affinity for the ERa. The assays were
done by measurement of inhibition of [6,7-3H]-173-
estradiol binding (Kq = 0.4 nM) to human recombinant
ERa (PanVera), using the nitrocellurose filter binding
assay method. The ERa binding data for these com-
pounds are consistent with the results of the luciferase
reporter gene assay (Figure 3). Compounds 2a,d showed
strong affinity for ERq; the potency was almost the
same as that of 174-estradiol. The most active compound
in the luciferase reporter gene assay, 2b, also showed
the highest affinity for the ERq, and its affinity was
higher than that of 174-estradiol. The Kj's of 2a,b,d for
ERa were 0.40, 0.10, and 0.65 nM, respectively.

Discussion. Recent studies on the three-dimensional
structure of the complex formed by 173-estradiol and
the human estrogen receptor-a ligand binding domain
(hERaLBL) have revealed the structural requirements
for the appearance of estrogenic activity.6 173-Estradiol
is oriented in the hERa ligand binding pocket by two
types of contacts: hydrogen bonding at both ends and
hydrophobic van der Waals contacts along the body of
the skeleton. The phenolic 3-hydroxyl group is hydrogen-
bonded to the glutamate (Glu-353) of hERaLBD and the
176-hydroxyl group is hydrogen-bonded to the J-nitro-
gen of His-524.16 The phenolic hydroxyl group and
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Figure 3. Inhibition of specific [*H]estradiol binding with
human recombinant ERa.

the side of the phenolic ring. Bottom: Views from the face of
the phenolic ring.

hydroxymethyl group on the carborane cage of 2b may
play similar roles to the phenolic hydroxyl group and
174-hydroxyl group of 1, respectively, since their relative
positions appear to be very similar, as shown in Figure
4. Although the hydrophobic residues implicated in
direct binding in the hERoLBD and another steroid
receptor (hPRLBD) structures are conserved, a charac-
teristic feature of hERoLBD is the bulky side chain of
Leu-387, which seems to recognize the flat aromatic
A-ring and the absence of a 19-methyl group of 174-
estradiol. However, the hERa ligand binding pocket
seems to have some latitude around the C-ring and
D-ring of 175-estradiol, as indicated by a three-dimen-
sional quantitative structure—activity relationship study
of diethylstilbestrol derivatives using comparable mo-
lecular field analysis.l” The high activity of 2b suggests
that the carborane cage works as a hydrophobic group
for binding to the hydrophobic cavity of ER, and the
hydrophobic van der Waals contacts along the spherical
carborane cage produce a stronger interaction than that
in the case of 178-estradiol.'8

In summary, we have developed novel carborane-
containing molecules with potent estrogenic activity.
The unique character of biologically active molecules
containing a carborane skeleton may give rise to un-
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usual membrane transport characteristics and metabo-
lism, compared with conventional active molecules. The
superagonistic properties of the carborane-containing
compounds raise the possibility that structure—function
studies could lead to the development of more selective
estrogen agonists and antagonists, which could be useful
as therapeutic agents for a wide variety of conditions.

Supporting Information Available: Details of synthesis,
spectral data for compounds 2a—d and 3a—c, and experimen-
tal procedures of biological evaluations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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