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Abstract—High binding affinity for estrogen receptor and the appearance of estrogenic activity require a phenolic ring and an
appropriate hydrophobic group adjacent to the phenolic ring. A quantitative structure–activity relationship analysis based on the
values of logP and the pKa of the phenolic group showed that the hydrophobicity of these compounds is highly correlated to the
estrogen receptor a (ERa)-binding affinity. These results should be useful for application of these spherical boron clusters (dicarba-
closo-dodecaboranes; carboranes) as hydrophobic pharmacophores in drug design, as well as for microscopic analysis of ER–ligand
interactions.
# 2003 Elsevier Ltd. All rights reserved.
The icosahedral carboranes (dicarba-closo-dodecabor-
anes)1 have characteristic properties, such as high boron
content, remarkable thermal and chemical stability,
spherical geometry and exceptional hydrophobic char-
acter. We have focused on the possibility of using car-
boranes as a hydrophobic component in biologically
active molecules, which interact hydrophobically with
receptors. Recently, we have reported examples of the
design, synthesis and biological evaluation of nuclear
receptor ligands (estrogens2,3 and retinoids4) and other
biologically active molecules5 containing a carborane
cage as a hydrophobic pharmacophore. In view of the
potential application of carboranes in the design of a
wide range of drugs, we have also experimentally mea-
sured the partition coefficients, logP, for carbor-
anylphenols by means of an HPLC method, and
determined the values of the Hansch–Fujita hydro-
phobic parameter p of various carboranyl groups. The
values (p=2.71–4.47) depend on the position of sub-
stitution on the carborane cage and the isomeric form
(o-, m-, p-carboranes).6 In the work, we selected eight
carboranylphenols (1–8) for the determination of the
hydrophobic parameter p of the carboranyl group,
because measuring partition coefficients of phenol
derivatives is a fundamental method for determination
of ‘aromatic’ substituent constants,7 and because these
carboranylphenols themselves exhibit potent estrogenic
activity.2 The potency of compound 1 was almost the
same as that of 17b-estradiol, and was significantly
higher than that of known estrogenic 4-alkylphenols8

and 4-cycloalkylphenols9 that are either present in the
environment, or used as chemicals. Further, alteration
of the position of substitution on the carborane cage
affects the biological activities. The carboranylphenols
(1–8) have the same molecular geometry and do not
have conformational factors which would have to be
considered in a structure–activity study. On the other
hand, the acidity of the phenolic group may affect the
binding affinity for ER through hydrogen-bonding, in
addition to the hydrophobicity of the carboranes.
Therefore, we considered that two parameters, logP and
pKa, would be sufficient for quantitative structure–
activity relationship analysis in this system. We describe
here measurements of pKa and binding affinity to ERa
for eight carboranylphenols (1–8), and we present
quantitative structure–activity relationships based on
logP and pKa (Fig. 1).

The logP values of the carboranylphenols and the aro-
matic hydrophobic parameters p of the carboranyl
groups, which have been reported in our previous paper,6

are shown in Table 1. It is apparent that C-substituted
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carboranyl groups [p-carboran-1-yl (1), o-carboran-1-yl
(2), m-carboran-1-yl (3)] are more hydrophobic than m-
carboran-2-yl (4) and p-carboran-2-yl (5) groups. The
later two compounds are comparable to the adamantyl
group. The hydrophobicity of other phenols decreases
in the following order: o-carboran-3-yl (6)> -m-car-
boran-9-yl- (7)>o-carboran-9-ylphenol (8). The o-car-
boran-9-yl group is less hydrophobic than a cyclohexyl
group. The p values of the test compounds were in the
range of 2.71–4.47, which corresponds to those of var-
ious types of hydrocarbon groups (n-alkyl, cycloalkyl,
etc.), even though all the carboranyl groups have the
same molecular shape.

The electronic effect of carboranes on a substituent
outside the cage indicates that the C-substituted carbor-
anes behave as electron-withdrawing groups in the
sequence ortho (sp=+0.38)>>meta (sp=+0.19)>para
(sp=+0.12)> , while some B-substituted carboranes
behave as weak electron-donating groups (9-substituted
o-carborane, sp=�0.19).10 The difference of the elec-
tronic effect of the various substitution types of carbor-
anes should affect the pKa values. The pKa values were
determined by measurement of the change of absor-
bance at lmax in the pH-dependent UV spectra of ionic
species in 20:80 (w/w) methanol–water*. The values of
pH obtained with the pH meter were corrected by using
the equation: pH*=pH (recorded)�d (d=0.01),11

because the measurements were performed in 20:80 (w/w)
methanol-water as a solvent. The values of pKa and the
Hammett substituent constant s�

p of the carboranyl
groups obtained in the present experiments (the pKa of
unsubstituted phenol used as a standard is 10.211), are
shown in Table 1. The pKa values of the test compounds
were in the range of one pH unit (pKa=9.16–10.25).
The most acidic phenol was o-carboran-1-ylphenol (2),
which corresponds to 3-chlorophenol12 (pKa=9.25).
The pKa values of the two C-substituted carboranyl
compounds, m-carboran-1-ylphenol (3) and p-carboran-
1-ylphenol (1), increased with decrease of electron-
withdrawing effect. The pKa values of B-substituted
phenols increases in the following order: o-carboran-3-
yl- (6)<m-carboran-2-yl- (4)<p-carboran-2-yl- (5)<m-
carboran-9-yl- (7)<o-carboran-9-ylphenol (8). The pKa

values of carboranylphenols 7 and 8 were almost the
same as that of unsubstituted phenol.

ERa binding assays were performed by measurement of
inhibition of [6,7-3H]17b-estradiol binding (Kd=0.4
nM) to human recombinant ERa (PanVera) at 4 �C,
using the nitrocellulose filter binding assay method. 4-
(p-Carboran-1-yl)phenol (1) showed strong affinity for
ERa; its potency was somewhat stronger than that of
17b-estradiol. The other C-substituted phenols, o-car-
boran-1-yl- (2) and m-carboran-1-ylphenol (3), exhib-
ited potent affinity for ERa. The ERa binding affinity of
B-substituted phenols decreased in the following order:
>o-carboran-9-yl (8)>p-carboran-2-yl (5)>m-car-
boran-2-yl (4)>m-carboran-9-yl (7)>o-carboran-3-yl
(6) derivatives. The relative IC50 values based on com-
petitive inhibition of 3H-estradiol binding to ERa are
shown in Table 1.

Extensive quantitative structure–activity relationship
(QSAR) analysis of estrogens has been reported.13 In
general, selection of parameters is extremely important
in QSAR studies. However, steric and conformational
factors could be excluded, and two well-defined factors,
hydrophobicity and electronic effect, should explain the
variations of biological activity in the present system.
Figure 1. Designed carboranylphenols (1–8).
Table 1. Hydrophobic and electronic parameters, and ERa binding affinity of carboranylphenols (1–8)
Compd
 LogP
 pa
 pKa
 s�b
 IC50
c
 Log (1/IC50)
4-(p-Carboran-1-yl)phenol (1)
 5.89
 +4.47
 9.56
 0.67
 0.59
 0.229

4-(o-Carboran-1-yl)phenol (2)
 5.75
 +4.33
 9.16
 1.07
 2.85
 �0.455

4-(m-Carboran-1-yl)phenol (3)
 5.71
 +4.29
 9.46
 0.77
 3.60
 �0.556

4-(m-Carboran-2-yl)phenol (4)
 5.53
 +4.11
 9.67
 0.55
 9.57
 �0.981

4-(p-Carboran-2-yl)phenol (5)
 5.46
 +4.04
 9.91
 0.32
 6.88
 �0.838

4-(o-Carboran-3-yl)phenol (6)
 5.16
 +3.74
 9.61
 0.62
 71.6
 �1.855

4-(m-Carboran-9-yl)phenol (7)
 4.62
 +3.20
 10.19
 0.04
 23.4
 �1.368

4-(o-Carboran-9-yl)phenol (8)
 4.13
 +2.71
 10.25
 �0.02
 3.92
 �0.593

aHydrophobic parameter p for each substituent calculated on a basis of standard logP value of unsubstituted phenol (logP=1.46).
bSubstituent constant s� for each substituent calculated on a basis of standard pKa value of unsubstituted phenol (pKa=10.23).
cRelative IC50 values based on competitive inhibition to 4 nM of 3H-estradiol binding to ERa.
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We anticipated that the principal factor for ERa bind-
ing affinity would be hydrophobicity, but the two car-
boranylphenols with low hydrophobicity, o-carboran-9-
yl- (8) and m-carboran-9-ylphenol (7), exhibited unex-
pectedly high binding affinity to ERa. First-order rela-
tionship between logP and the binding affinity was not
observed. Therefore, we fitted the data to the following
parabolic equation by regression analysis. This equation
(R2=0.923) shows that the principal factor determining
the ERa binding affinity of carboranylphenols is
hydrophobicity.
log ð1=IC50Þ ¼ 1:93ð�0:276Þ ðlogPÞ2

� 18:9ð�2:76Þ ðlogPÞ þ 44:4ð�6:80Þ

n ¼ 8; R2 ¼ 0:923; s ¼ 0:206

The following equation with regression coefficient
R2=0.980 was obtained by the addition of the electronic
factor, pKa (Table 2)
log ð1=IC50Þ ¼ 2:00ð�0:158Þ ðlogPÞ2

� 19:1ð�1:57Þ ðlogPÞ þ 0:779ð�2:30Þ ðpKaÞ

þ 36:3 ð�4:54Þ

n ¼ 8; R2 ¼ 0:980; s ¼ 0:117
In general, the biological activity increases as logP
increases until the maximum value is obtained. The
value of logP at the maximum represents the optimum
for biological activity. Beyond that point, further
increase in logP results in a decrease of biological
activity. It is apparent that the parabolic curve expres-
sed by the above eq 2 is the reverse of the usual para-
bolic curve. However, in the present system, membrane
transport and distribution do not affect the activity. Our
results may effectively represent the microscopic QSAR
at the ligand-binding cavity of the receptor. On this
basis, the experimental results can be explained as fol-
lows. Recent studies on the three-dimensional structure
of the complex formed by 17b-estradiol and the human
ERa ligand binding domain (hERaLBD)14 have
revealed the structural requirements for the appearance
of estrogenic activity. 17b-Estradiol is oriented in the
ligand-binding pocket by two types of contacts: hydrogen
bonding from the phenolic hydroxyl group to Glu-353
and Arg394, and from the 17-b-hydroxyl group to the d-
nitrogen of His-524, and hydrophobic interaction along
the body of the skeleton. The hydrophobic interaction
along the spherical carborane cage to hydrophobic resi-
dues (such as Leu384, Phe404, Leu428, Leu526) of the
receptor cavity seems to produce a stronger interaction
than that in the case of 17b-estradiol. This may be the
reason for the high activity of compound 1, which lacks
a hydroxyl group for hydrogen-bonding to His-524.
Therefore, it is reasonable that the ERa binding affinity
increases as logP increases, even in the high logP range.
The reason for increase of the activity in the low logP
range can be explained by the difference in the natures
of CH and BH on the carborane cage. The two carbon
vertices of carboranes bear relatively acidic protons
(pKa=21) and readily allow substitution with metals or
organic groups, and this characteristic is exhibited in the
sequence o->m->p-carborane. Recent studies on the
interaction of CH on the cage include a crystallographic
analysis of the hydrogen-bonding interactions between
cage CH and diaza-18-crown-6.15 Therefore, one CH on
the cage of o-carboran-9-ylphenol (8) and m-carboran-9-
ylphenol (7), which have two CH groups towards the out-
side, may have an electrostatic interaction with His-524.

In summary, we have measured pKa and binding affinity
to ERa for eight carboranylphenols and conducted a
simple QSAR analysis of carboranylphenols for ERa
binding affinity, employing logP and pKa as coefficients.
These results should be useful for application of car-
boranes in the design of a wide range of drugs, as well as
for microscopic analysis of ER-ligand interactions.
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