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I. Introduction
In recent years, the need for agents for the treat-

ment of hormone-responsive cancers and the mecha-
nistic toxicological studies of environmental pollut-
ants have sparked a great deal of scientific interest
and research into the chemical and biological inter-
actions between estrogen receptors and their ligands.
Breast cancer is the most frequently diagnosed
cancer in women and a major cause of cancer.1 Since
estrogens are known to play a role in the develop-
ment and growth of many breast cancers, a logical
approach for the treatment of estrogen-sensitive
breast cancer is the use of antiestrogens that block
the interaction of estrogens with their specific
receptor. Several classes of antiestrogens have been
developed for the treatment of breast cancer, but
unfortunately, although the initial response of breast
cancer to hormone therapy can be substantial, resis-
tance to estrogen antagonist therapy often devel-
ops.2,3 Tamoxifen (Nolvadex), the antiestrogen most
frequently used in breast cancer hormone therapy
has mixed agonist-antagonist properties; other more
recently developed antiestrogens, such as ICI
182,780, are pure antiestrogens and may prove to be
more effective in breast cancer treatment.4 Anties-
trogens are also being studied as agents to prevent
breast cancer in women at high risk.5

Estrogens are also widely prescribed in meno-
pausal women as hormone replacement therapy to
maintain bone mineral density and preserve cardio-
vascular health. The use of agents, such as Raloxifene
(Evista), that have a favorable balance of agonist
activities in certain tissues (bone, liver, vasculature)
and antagonist activities in other tissues (uterus and
breast)6,7 is favored for such uses because of their
reduced risk in promoting tumor development and
growth in these tissues, and there are many active
programs of research in academic and industrial
laboratories aimed at the development of such tissue-
selective estrogens.

The finding that compounds from the environment,
of both synthetic and natural origin, can interfere
with sexual development and reproductive function
has led to intense investigations of these endocrine-
disruptive substances.8 Many (though not all9,10)
endocrine disrupters are estrogens and exert agonist
and antagonist effects through the estrogen recep-
tor: those that are synthetic include pesticides, food
antioxidants, and metabolites of nonionic surfac-
tants;11 naturally occurring ones are plant secondary
metabolites and mold metabolites.8 Among the latter
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category are common natural secondary plant
metabolitessflavanoids and ligninssthat are present
at high levels in common foods, especially those
derived from soy and whole grains; these compounds
are considered to be beneficial to human health.

The estrogen receptor (ER), the target of these
agents, is a ligand-modulated transcription factor
that regulates the activity of certain genes.12 A
member of the nuclear hormone receptor gene su-
perfamily, ER has a multidomain structure, with two
conserved domains that are responsible for DNA
binding on one hand, and ligand binding, dimeriza-

tion, and transcriptional activation on the other.12

The binding of ligands to the hormone-binding do-
main of ER stabilizes the interaction of the receptor
with target sequences in the regulatory region of
these genes. This binding may be either directly to
specific DNA enhancer sequences or, in some cases,
to AP1 enhancers through the AP1 transcription
factors Fos and Jun. The activation or repression of
these genes by the ligand receptor complex is then
mediated by the recruitment by ER of a variety of
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coregulatory proteins that interact with components
of the basal transcriptional complex and have enzy-
matic activity that alters the architecture of chro-
matin.13

There are two estrogen receptors, designated es-
trogen receptor R and â (ERR and ERâ).14-16 These
receptor subtypes are related in both structure and
function but have somewhat different tissue
distributions.17-19 Ligands of remarkable structural
diversity (these include steroidal analogues, nonste-
roidal compounds such as stilbenes, triarylethylenes,
phenylindoles, phenylindenes, and coumarins20-25)
bind to the estrogen receptor, in many cases with
good affinity, a fact that has remained a curiosity for
many years.

Recently, the X-ray crystal structure of the ligand-
binding domain of ERR, complexed with estradiol and
the nonsteroidal selective estrogen antagonist Ral-
oxifene, was reported.26 Like other members of the
nuclear hormone receptor superfamily, the ligand-
binding domain of ER has the canonical antiparallel
R-helical triple sandwich topology, with the ligand
being completely engulfed within the lower portion
of the domain.26-30 The polar ends of the ligand
estradiol are involved in hydrogen bonds with the
only polar residues within this binding pocket; E353
and R394 are the hydrogen-bonding partners for the
A-ring phenol, and H524 for the 17â-hydroxyl group.
While the A- and D-ring ends of the ligand are held
rather tightly by the receptor, the B- and C-ring
regions are surrounded by considerable empty vol-
ume, especially below the B-ring and above the
C-ring, a situation that was predicted on the basis
of a limited analysis of ligand structure-affinity
relationships.31 These voids surrounding the ligand,
which are almost as large as the ligand itself, are
lined with nonpolar residues and are thought to
permit the sort of molecular compliance required to
accommodate ligands of different structure.26

The immediate interest of some of us in estrogens
comes from the study of the toxic action of phenols
to rapidly growing cells, although activity probably
is not mediated by the estrogen receptor. In a first
analysis of data from Oglesby et al.26a at the EPA,
we found that the malformation of rat embryos in
vitro by simple phenols is correlated with the Ham-
mett parameter σ+.32,33 We decided to follow up this
finding by studying the action of a set of simple 3-
and 4-substituted phenols on rapid growing cancer
cells of L1210 leukemia. From this analysis, it was
clear that σ+ was the most important parameter and
that log P (octanol/water partition coefficient) played
a small but significant role. We then decided to
examine some estrogens in this assay: 4-octylphenol,
4-nonylphenol, bisphenol A, diethylstilbestrol, and
estradiol. The activity of these hormones fit the same
equation as the simple phenols (see eq 27). It was
necessary to estimate σ+ for the last three of the
above compounds. To circumvent this problem, how-
ever, we used AM1 calculations to establish the
LUMO-HOMO gap for the simple and complex
phenols, and we found this to give a slightly better
correlation.33a We have recently found that three of
the four components of the drug Premarin are also
well fit, esterone was too insoluble to test (unpub-
lished results).

With this background in the quantitative structure
activity relationship (QSAR) analysis of estrogens,
we became interested in undertaking a wider inves-
tigation of the interaction of estrogens with the
estrogen receptor. In building our C-QSAR database
(which at present contains 12 500 examples),34 we
have derived a number of QSAR equations based on
the interactions between the estrogen receptor and
its ligands. Although in these experiments, different
receptor preparations (e.g., mouse, rat, lamb, and calf
uterine cytosol) and different ligands were used,
there seems to be a common feature among these
QSAR equations, that is, the lack of a positive
hydrophobic parameter, except at the 11â-position of
estradiol derivatives. This is surprising, considering
the fact that the ligand-binding domain in the
estrogen receptor is very hydrophobic26,31 and that
the ligand binding pocket is lined with residues that
are, except for a few, all hydrophobic.26 Thus, our
results show that the interactions between the recep-
tor and the substituents of the ligands can, in many
cases, be quantitatively explained simply by steric
and electronic parameters. However, hydrophobicity
does appear to play a role for 11â-substituted estra-
diols, as well as in the in vivo activities of estrogens.

II. Methods

The binding affinity of estrogen receptor ligands
has been collected from the literature (see individual
data set for detailed references). These binding
affinity determinations, which have often been done
by different competitive binding affinity assay meth-
ods, using different receptor preparations (see above),
were all placed on a common “relative binding affin-
ity” (RBA) scale. Values on this scale were calculated
as a percent from the ratio of IC50 values of test
compounds to that of estradiol to displace 50% of [3H]
estradiol from estrogen receptor preparations (gener-
ally uterine cytosol fractions, which are largely
estrogen receptor-R). Thus, on the RBA scale, estra-
diol by definition has a value of 100, with lower
affinity ligands having lower values and higher
affinity ligands, higher values. It probably does not
make a great difference what species and target
tissue is used as the source of the estrogen receptor
for these binding studies, because there is little
evidence for species difference in structure-affinity
relationships, and, in most of the target tissues used,
the estrogen receptor-R subtype will predominate.16,19

In each case, however, we note the species and tissue
source of the receptor. Competitive binding affinity
assays, however, are sometimes run at different
temperatures, 0 or 25 °C (and sometimes higher), and
for different incubation times; the lower tempera-
tures are used to maintain receptor stability, but the
higher temperatures allow more rapid equilibration
of the binding of both the competing ligand and the
labeled tracer. RBA values for the same compound
can be quite different at different temperatures,
which is thought to be largely the result of incomplete
equilibration of the assay at the lower temperature,
a problem that can be especially severe with high-
affinity ligands for which dissociation as well as
association rates can be rather slow.35 In each cor-
relation, however, we have specified the assay tem-
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perature, and we treat data from assays at different
temperatures separately.

All of the physicochemical parameters were auto-
matically loaded from our C-QSAR database, and the
QSAR regression analyses were executed with the
C-QSAR program. The utility of the QSAR program
in correlation analysis has been discussed.34,36 In-
cluded in the program are all of the commonly used
substituent parameters.37

The parameters used in this report have been
discussed in detail along with their applications.41

Here we provide a brief definition. ES is the classic
Taft parameter derived from the rate of hydrolysis
of aliphatic esters. It is normally most useful for
intramolecular steric effects, but with relatively small
substituents, it sometimes accounts for intermolecu-
lar interactions. MR is calculated as follows:

where n is the refractive index, MW is the molecular
weight, and d is the density of a substance. Since
there is rather little variation in n, MR is largely a
measure of volume with a small correction for polar-
izability. We have scaled our values by 0.1. MR can
be used for a substituent or for the whole molecule.
MgVol is the molar volume calculated by the method
of McGowan. B1, B5, and L are the sterimol param-
eters for substituents. B1 is a measure of the width
of the first atom of a substituent, B5 is an attempt
to define the overall volume, and L is for substituent
length. ClogP is the calculated80 octanol/water parti-
tion coefficient. The electronic parameters σ, σ+, and
σ- apply to substituent effects on aromatic systems,
and σ* applies to aliphatic systems. RBA stands for
relative binding affinity. The numbers in parentheses
in the QSAR equations are for the 95% confidence
intervals. All of these parameters and their applica-
tions have been discussed.41

III. Results

1. Estradiol Derivatives
A number of estradiol derivatives have been syn-

thesized and their relative binding affinities with
estrogen receptors have been evaluated over the
years. We have derived the following QSAR from
these studies.

A. Relative Binding Affinities (RBA) of 16R-Substituted
Estradiols with Rat Uterine Estrogen Receptor at 0 °C
(Table 1)38

The compounds in this series have a variety of

substituent groups at the 16R-position; some of them
were prepared in radiohalogen labeled form, for in
vitro ligand binding assays39,40 and for in vivo imag-
ing of estrogen receptor-positive breast tumors. The
best prediction of their binding affinity is made with
the parameter MR, for molar refraction. MR is
essentially a measure of the volume of the substitu-
ent X, with a small correction for the polarizability
of this group.41 We found poor correlation with the
hydrophobic parameter π, although there is some
collinearity between π and MR (r2 ) 0.74), so some
component of hydrophobicity is embodied in the MR
term. From the negative term in eq 1, it is evident
that the estrogen receptor has a limited tolerance to
steric effects at the 16R-position. Since the relation-
ship with MR is linear, this implies that the receptor
has some flexibility at this site. In this regard, it is
of note that, in the two X-ray structures of the
estrogen receptor ligand binding domain, the two
bound ligands, the steroidal ligand estradiol and the
nonsteroidal ligand Raloxifene, have rather different
structures in the D-ring portion.26 The receptor
accommodates both ligands well by minor reposition-
ing of residues surrounding the D-ring region of the
ligand.

All of the terms in all of the equations except one
term in eq 20 and one in eq 24, pass the F test at the
0.95 level of significance. In the case of the two
examples where one term fails, the overall F test
passes the 0.95 level.

(n2 - 1
n2 + 2)(MW

d )

log RBA ) -0.48((0.10)MR + 2.08((0.28)
n ) 22 r2 ) 0.84 s ) 0.432 F1,20 ) 102 (1)

Table 1. Relative Binding Affinities of 16r-Substituted
Estradiol Derivatives38

log RBA

substituents obsd
calcd

from eq 1 ∆ MR

Br 2.09 1.65 0.44 0.89
H 2.00 2.03 -0.03 0.10
Cl 2.00 1.79 0.21 0.60
CH2Br 1.97 1.44 0.53 1.34
F 1.91 2.04 -0.13 0.09
I 1.90 1.40 0.49 1.39
CH2I 1.88 1.18 0.70 1.86
CH2N3 1.81 1.49 0.32 1.22
CN 1.80 1.78 0.02 0.63
CH2Cl 1.74 1.58 0.16 1.05
CH2CtCH 1.64 1.46 0.18 1.29
CH2CHdCH2 1.58 1.38 0.20 1.45
OH 1.28 1.95 -0.67 0.29
CH2CH(Me)F 0.85 1.40 -0.56 1.41
CH2CHdCHCH2OC6H5

a 0.85 -0.09 0.94 4.49
C3H7 0.70 1.40 -0.66 1.41
CH2CH(Me)F 0.70 1.36 -0.59 1.50
CH2C6H5 0.70 0.63 0.07 3.00
CH2CtCCH2NH-NAPa 0.58 -0.81 1.39 5.97
CH2OHa 0.38 1.74 -1.36 0.72
CH2CH2CH2CNa -0.05 1.14 -1.19 1.94
CH2CH2CH2CH2NHCOMe -0.10 0.54 -0.64 3.19
CH2CHdCHCH2NH-NBD -0.52 -0.72 0.20 5.80
CH2CH2CH2CH2NH-NBDb -0.70 -0.86 0.16 6.07
CH2CHdCHCH2NH-NAPb -0.70 -0.74 0.04 5.83
CH2CtCCH2NH-NBD -1.00 -0.68 -0.32 5.70

a Data points not used in deriving equation. b NBD and
NAP:
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B. Relative Binding Affinities of 11â-Substituted Estradiols
with Mouse Uterine Estrogen Receptor (Tables 2 and 3)42

Compounds in this series include some of the
highest affinity ligands for the estrogen receptor and
ligands that have been developed as estrogen an-
tagonists,43 high potency pharmaceuticals,44 or tumor
imaging agents.45 QSAR 2 and 3 are derived from the
binding affinity of 11â-substituted estradiol deriva-
tives determined at 0 and 25 °C, respectively (see
Methods). They indicate that the receptor has certain
tolerance for size and preference for hydrophobic
character with ligand substituents at this site.

The large, positive coefficient for the substituent
parameter π in QSAR 3 (from the data at 25 °C)
indicates that hydrophobic substituents are favored,
whereas the large, negative coefficient of MR indi-
cates, as was the case in QSAR 1, that sterically
bulky substituents lower the binding affinity. With
these parameters, when the substituents become
larger, the negative steric interaction becomes domi-
nant and affinity drops. Although there is some
collinearity between MR and π (r2 ) 0.65), eq 3 is
much better than an equation that is parabolic in
either MR or π. The coefficient with π is what we
have come to expect when complete desolvation of the
substituent occurs.46

The X-ray crystal structure of the receptor shows
that there is some very hydrophobic space above the
B-ring of the ligand at position 11,26 presumably
sufficient to accommodate groups of moderate size
without contacting the binding surface of the recep-
tor; larger substituents would require some move-
ment of ligand or receptor for a complex to form.
Thus, the conclusions from QSAR at the 11â site are
similar to those made from an earlier analysis of
structure-affinity relationships.31 Others have noted
the presence of a possible hydrophobic pocket at the
11â-position.86,87

As was noted in Methods, the measured receptor
binding affinity can be a function of both equilibrium
time and temperature.35 It is interesting that QSAR
2, obtained from assays at 0 °C, indicates that affinity
measurements at this temperature are rather insen-
sitive to substituent size at the 11â-position and that
no compounds have affinities substantially greater
than that of estradiol. This may be symptomatic of
incomplete equilibration of the ligands in the assay
at this temperature, where the relative fraction of
unlabeled competitor and labeled tracer that are
bound to the receptor reflects the rather similar rates
of association of all of these ligands, the distribution
of receptor-bound ligands being, in essence, a kinetic
one. By contrast, when binding assays were run at
25 °C, the relative binding affinities of some of the
compounds turned out to be higher than that of
estradiol. One would imagine that, at the higher
temperature, the ligands would reach a complete
thermodynamic equilibrium, such that the very low
dissociation rates of the high-affinity ligand would
lead to the occupation of a greater fraction of the
binding sites than was the case when true equilib-
rium had not been reached. Assays performed under
these latter conditions (25 °C) are, therefore, more
sensitive to ligand structure.

C. Relative Binding Affinities of 17R-Substituted Estradiols
with Rat Uterine Estrogen Receptor at 0 °C (Table 4)47,48

Salman et al.47,48 published two sets of relative
binding affinities for 17R-substituted estradiol de-
rivatives; compounds in this series include the orally
active 17R ethynyl estrogens as well as other ana-
logues developed to evaluate the potential for fluo-

Table 2. Relative Binding Affinities of 11â-Substituted
Estradiol Derivatives at 0 °C42

log RBA

substituents obsd
calcd

from eq 2 ∆ MR

H 2.05 2.05 0.00 0.103
n-C3H7 1.98 1.95 0.03 1.496
CH2CHdCH2 1.97 1.95 0.02 1.449
CHdCH2 1.96 1.98 -0.02 1.099
CHMe2 1.92 1.95 -0.03 1.496
CH2C6H5 1.89 1.84 0.05 3.001
2-thienyl 1.88 1.88 -0.00 2.404
C6H4-4-OMe 1.79 1.83 -0.04 3.174
C6H4-2-OMea 1.18 1.83 -0.65 3.174

a Data points not used in deriving equation.

Table 3. Relative Binding Affinities of 11â-Substituted
Estradiol Derivatives at 25 °C42

log RBA

substituents obsd
calcd

from eq 3 ∆ π MR

n-C3H7 2.86 2.90 -0.17 0.00 1.496
CHMe2 2.85 2.88 -0.04 1.55 1.496
CH2CHdCH2 2.74 2.46 0.29 1.53 1.449
CHdCH2 2.62 2.49 0.13 0.82 1.099
H 2.39 2.56 -0.17 1.10 0.103
2-thienyl 1.96 2.10 -0.14 1.82 2.404
C6H4-4-OMe 1.82 1.59 0.23 1.26 3.174
CH2C6H5 1.72 1.96 -0.23 1.61 3.001
C6H4-2-OMe 0.93 0.98 -0.05 2.01 3.174

a. binding at 0 °C (2 h)
log RBA ) -0.07((0.03)MR + 2.06((0.06) (2)

n ) 8 r2 ) 0.86 s ) 0.032 F1,6 ) 38

b. binding at 25 °C (5 h)
log RBA ) 1.08((0.50)π - 0.96((0.28)MR +

2.66((0.42) (3)

n ) 9 r2 ) 0.92 s ) 0.207
F1,7 ) 9.22(MR) F1,6 ) 8.42(π)
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rescence assays of the estrogen receptor. We com-
bined these two sets of data and derived eq 4.

In this equation, I is an indicator variable for any
substituent groups containing oxygen atoms (i.e., I
) 1 for the presence of oxygen and 0 for other
substituents). From the QSAR equation, we can see
that the estrogen receptor has a limitation for the
size of the substituents at the 17R-position. There is
a negative MgVol (calculated molecular volume by
McGowan’s method49) term in this equation as well.

There is high collinearity between MR, log P, and
MgVol so that one cannot say that one particular
parameter is the proper one. We have used MgVol
simply because it yields a slightly better correlation.
We believe that a negative steric effect is operative
for this set of congeners. However, the fact that
correlation with I is large and negative, which
indicates that any compound with a polar oxygen
group has a markedly lower binding affinity, suggests
that this region still does not favor substituents that
are very polar. Although the portion of the estrogen
receptor that accommodates the D-ring region of
ligands appears to be more polar than the regions
more interior in the ligand binding pocket,26 there
are probably insufficient possibilities for hydrogen
bonding and other productive interactions for stabi-
lizing polar functions to compensate for the desolva-
tion energy that must be expended for these substit-
uents to leave water and enter the ligand-binding
pocket of the receptor.

D. Relative Binding Affinities of 17R-XCHdCH-estradiols
with Rat Uterine Estrogen Receptor (Tables 5 and 6)50

Compounds in this series include radiohalogen-
labeled estrogens that are being developed for imag-
ing estrogen receptor-positive breast tumors.39,40 In
eqs 5 and 6, which were developed from the data at
0 and 25 °C, respectively, I is an indicator parameter
for geometric isomerism (I ) 1 for Z-isomers and 0
for E-isomers). B5 is a sterimol steric parameter;36,37

Table 4. Relative Binding Affinities of 17r-Substituted
Estradiol Derivatives47,48

log RBA

substituents obsd
calcd

from eq 4 ∆ MgVol I

CtCH 2.02 1.76 0.25 2.40 0
H 2.00 2.13 -0.13 2.20 0
Me 1.86 1.87 0.00 2.34 0
CH2CtCH 1.69 1.50 0.19 2.54 0
CtCMe 1.51 1.50 0.00 2.54 0
CtCI 1.49 1.29 0.20 2.65 0
CH2CtCI 1.45 1.03 0.42 2.79 0
CH2CHdCH2 1.26 1.42 -0.17 2.58 0
C6H5 1.08 1.00 0.08 2.81 0

0.92 0.33 0.59 2.73 1

0.90 0.89 0.01 2.43 1

CtCCtCC6H5 0.85 0.28 0.58 3.20 0
CtCH2OH 0.81 0.58 0.23 2.59 1
CtC6H5 0.76 0.64 0.13 3.00 0
C3H7 0.69 1.35 -0.65 2.62 0
C4H9 0.67 1.08 -0.41 2.76 0
CtCC4H8I 0.67 0.24 0.43 3.22 0
CH2C6H5 0.63 0.74 -0.11 2.95 0

0.60 -0.63 1.23 3.25 1

CtCC6H11 0.51 0.40 0.11 3.13 0
CtCCtCC5H11 0.40 0.10 0.30 3.30 0

0.32 0.62 -0.30 2.57 1

CH2CH2CHOH 0.15 0.42 -0.28 2.68 1
CH2CtCC5H11 0.04 0.20 -0.16 3.24 0
CH2CtCC6H13 0.04 0.14 -0.10 3.27 0
CH2CtCCtCC4H9 0.04 0.10 -0.06 3.30 0
CtCC6H13 -0.05 0.20 -0.24 3.24 0
CtCC6H12I -0.10 -0.28 0.18 3.50 0

-0.28 0.62 -0.90 2.57 1

CH2CHdCHC5H11 -0.30 0.12 -0.42 3.28 0
CH2CtCCtCC6H5 -0.40 0.02 -0.41 3.34 0
CH2OC6H13 -0.70 -0.62 -0.08 3.24 1

-0.96 -0.79 -0.17 3.34 1

a Data points not used in deriving equation.

log RBA ) -0.18((0.28)I - 1.85((0.2)MgVol +
6.20((0.94) (4)

n ) 31 r2 ) 0.85 s ) 0.310
F1,29 ) 55.8(MgVol) F1,28 ) 36.5(I)

Table 5. Relative Binding Affinities of
17r-XCHdCH-estradiol Derivatives at 0 °C50

log RBA

substituents obsd
calcd

from eq 5 ∆ I B5

I(Z) 2.31 2.16 0.14 1 2.15
Br(Z) 2.29 2.19 0.10 1 1.95
Cl(Z) 2.10 2.21 -0.11 1 1.80
SC6H5(Z)a 2.07 1.63 0.44 1 6.42
Cl(E) 2.01 1.97 0.04 0 1.80
estradiol 2.00 2.07 -0.07 0 1.00
Br(E) 1.89 1.95 -0.06 0 1.95
I(E) 1.89 1.92 -0.04 0 2.15
SeC6H5(E) 1.51 1.39 0.12 0 6.42
SeC6H5(Z) 1.49 1.63 -0.14 1 6.42
SC6H5(E) 1.39 1.39 0.00 0 6.42

a Data points not used in deriving equation.

Table 6. Relative Binding Affinities of
17r-XCHdCH-estradiol Derivatives at 25 °C50

log RBA

substituents obsd
calcd

from eq 6 ∆ I B5

I(Z) 2.89 2.59 0.30 1 2.15
Br(Z) 2.82 2.61 0.21 1 1.95
Cl(Z) 2.30 2.63 -0.33 1 1.80
SC6H5(Z) 2.03 2.21 -0.18 1 6.42
estradiol 2.00 1.97 0.03 0 1.00
Cl(E) 1.90 1.89 0.01 0 1.80
I(E) 1.79 1.86 -0.07 0 2.15
Br(E) 1.75 1.88 -0.13 0 1.95
SC6H5(E) 1.71 1.47 0.24 0 6.42
SeC6H5(E) 1.40 1.47 -0.07 0 6.42
SeC6H5(Z)a 1.39 2.21 -0.82 1 6.42

a Data points not used in deriving equation.
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it measures the bulkiness, more or less, in terms of
the width of the substituent. Both of the QSAR
equations have small but negative coefficients with
B5, indicating a small negative steric effect. Again,
there is no evidence for a role for substituent hydro-
phobicity at this site.

It is interesting that the receptor has a stereospeci-
ficity preference for vinyl substituents at the 17R-
position: All of the Z-isomers have higher affinity
than the E-isomers. With the increase in tempera-
ture, the receptor becomes more sensitive to the
stereospecificity (coefficient with I increases from

0.24 to 0.73 in eq 5 vs 6); this may also reflect the
“affinity leveling effect” in binding assays that are
conducted (at 0 °C) without sufficient equilibration
times, which was noted above for the 11â-substituted
estrogens, in QSAR 2 vs 3. Equations 5 and 6 are
not very satisfying since almost all of the information
is correlated by the I term. It does, however, bring
out in numerical form the overriding importance of
cis-trans isomerism.

E. Relative Binding Affinities of 11â-, 16R-, and
17R-Substituted Estradiols with Lamb Uterine Estrogen
Receptor (Table 7)51

A set of relative binding affinity data at 0 °C for
various 11â-, 16R-, and 17R-substituted estradiols has
been published by Napolitano et al.51 We analyzed
the data (Table 7) and obtained QSAR eq 7. In this
equation, I is an indicator variable for compounds
containing a 16R-OH that takes the value of 1 for
the presence of the OH group (i.e., the estriol series).

It is gratifying that for this series of multiply
substituted compounds we see at the 11â-position the
same hydrophobic preference (positive correlation
with π) and steric interference effects (negative
correlation with MR) as we saw for the 11â singly
substituted analogues in eq 3. As expected, the polar
16R-OH group reduces binding affinity (negative I
term). There is no evidence for significant substituent
effects at position 17R, although the size range of 17R

Table 7. Relative Binding Affinities of 11â-, 16r-, and 17r-Substituted Estradiols51

substituents log RBA

11â 16R 17R obsd calcd from eq 7 ∆ π,11 MR,11 I

Et H H 2.60 2.21 0.39 1.02 1.03 0
H H CtCH 2.05 1.81 0.24 0.00 0.10 0
H H H 2.00 1.81 0.19 0.00 0.10 0
H H CHdCHMe(CIS) 2.00 1.81 0.19 0.00 0.10 0
Et H CtCH 1.94 2.21 -0.26 1.02 1.03 0
Et OH Me 1.93 1.50 0.43 1.02 1.03 1
Et H Me 1.92 2.21 -0.29 1.02 1.03 0
Et OH CtCH 1.90 1.50 0.40 1.02 1.03 1
Et H CtCMe 1.82 2.21 -0.39 1.02 1.03 0
H H Me 1.76 1.81 -0.05 0.00 0.10 0
H H CtCMe 1.67 1.81 -0.14 0.00 0.10 0
H H C6H5 1.48 1.81 -0.33 0.00 0.10 0
Et OH H 1.45 1.50 -0.05 1.02 1.03 1
OMe H CHdCHMe 1.42 1.04 0.38 -0.02 0.79 0
H OH H 1.32 1.10 0.23 0.00 0.10 1
H OH CtCH 1.30 1.10 0.21 0.00 0.10 1
Et OH CtCMe 1.26 1.50 -0.24 1.02 1.03 1
OMe H CtCMe 1.26 1.04 0.22 -0.02 0.79 0
OMe H C6H5 1.18 1.04 0.14 -0.02 0.79 0
H OH Me 1.15 1.10 0.05 -0.02 0.10 1
OMe H CtCH 1.15 1.04 0.11 0.00 0.79 0
H OH C6H5 0.90 1.10 -0.19 0.00 0.10 1
OMe H H 0.90 1.04 -0.14 -0.02 0.79 0
OMe H Me 0.78 1.04 -0.26 -0.02 0.79 0
H OH CtCMe 0.70 1.10 -0.40 0.00 0.10 1
OMe OH C6H5 0.70 0.33 0.37 -0.02 0.79 1
OMe OH Me 0.60 0.33 0.27 -0.02 0.79 1
OMe OH H 0.00 0.33 -0.33 -0.02 0.79 1
OMe OH CtCH 0.00 0.33 -0.33 -0.02 0.79 1
OMe OH CtCMe -0.10 0.33 -0.43 -0.02 0.79 1

a. relative binding affinities at 0 °C
log RBA ) 0.24((0.17)I - 0.13((0.04)B5 +

2.19((0.17) (5)

n ) 10 r2 ) 0.91 s ) 0.111
F1,8 ) 26.2(B5) F1,7 ) 11.0(I)

b. relative binding affinities at 25 °C
log RBA ) 0.73((0.34)I - 0.09((0.08)B5 +

2.06((0.34) (6)

n ) 10 r2 ) 0.83 s ) 0.225
F1,8 ) 14.9(I) F1,7 ) 7.38(B5)
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substituents in this series is much smaller than that
in Tables 5 and 6.

F. Relative Binding Affinities of 7R-Undecylestradiol
Derivatives with Calf Uterine Estrogen Receptor (Table
8)52

DaSilva and van Lier52 studied the relative binding
affinities of 7R-undecylestradiol derivatives at 4 °C
(Table 8). From their data we derived eq 8, which
shows a correlation with L, the sterimol parameter
for substituent length. The negative coefficient with
L indicates a detrimental effect of the length of
substituent groups on receptor-ligand binding. It is
surprising that the substituent X that is 11 carbons
removed from the core of the estrogen still appears
to contact the receptor. This suggests that the ligand
is bound deeply within the receptor, so that even
lengthy substituents are still within the protein. This
view is consistent with the crystal structure of the
estrogen receptor ligand binding domain.26 It is of
particular interest that the large phenoxyl group is
fit as well as the smaller halogens using L calculated
by Verloop et al.36,37 The angular attachment of the
OC6H5 group of the 7R-undecylestradiol derivative
means a shorter effective L value.

G. Relative Binding Affinities of Multisubstituted Estradiols
with Receptors of Mouse Mammary Epithelial Cells (Table
9)53

Gantchev et al.53 studied the relative binding
affinities of estradiol derivatives with multiple sub-
stitutions at 2-, 4-, 7R-, 11â-, and 17R-positions with
estrogen receptor in the cytosol of mouse mammary
epithelial cells at 0 °C. They did a 3-D analysis with
CoMFA, which revealed the importance of electro-
static and steric fields. From their data we obtained
eq 9.

It seems that groups at positions ortho to the 3-OH
group (at C-2 and C-4) have strong detrimental
effects on the receptor-ligand binding, as indicated
by the negative coefficient with MR,(2&4). This is not
surprising, considering that the A-ring of estradiol
is tightly constrained within the ligand binding
pocket of the estrogen receptor.26 With this series,
similar hydrophobic (π) and steric (MR) effects of
substituents at the 11â-position were obtained, al-
though the coefficients were much lower than the
ones contained in eqs 3 and 7.

In summary, from the results of eqs 1-9, we can
see that the estrogen receptor has a certain limited
tolerance to steric effects of the substituents. In all
of the equations, the only place that we see positive
hydrophobic interactions is at the 11â-position. Why
is there a lack of hydrophobic interactions at other
sites between a hydrophobic binding domain in the
receptor site26,31 and these very hydrophobic ligands?
The answer might be that most of the hydrophobic
area of the ligand binding pocket is, in fact, already
well covered by the steroid portion of the ligand,
leaving little hydrophobic space for the substituents
except at the 11â-position. The X-ray structure of the
estrogen receptor ligand binding domain and estra-
diol speaks otherwise, however.26 There is, in fact,
nearly 200 Å3 of empty volume surrounding the
ligand, and much of it is above the B- and C-rings
near 11â, but there is other space below the B-ring
near 7R. However, for substituents at the 7R-position
(eq 9), we find no term for hydrophobicity; only H
and Me are involved in this correlation, but we find
no consistent difference between the two substitu-
ents.

Table 8. Relative Binding Affinities of
7r-Undecylestradiol Derivatives52

log RBA

substituents obsd calcd from eq 8 ∆ L

OH 0.30 0.22 0.08 2.74
F 0.18 0.29 -0.11 2.65
Cl -0.16 -0.35 0.20 3.52
Br -0.70 -0.58 -0.12 3.82
I -1.00 -0.88 -0.12 4.23
OC6H5 -1.00 -1.09 0.09 4.51

log RBA ) 1.38((0.32)π,11 - 1.08((0.39)MR,11 -
0.71((0.23)I + 1.92((0.24) (7)

n ) 30 r2 ) 0.82 s ) 0.300
F1,28 ) 10.6(I) F1,27 ) 18.5(π,11)

F1,26 ) 34.7(MR,11)

log RBA ) -0.74((0.25)L + 2.25((0.92) (8)

n ) 6 R2 ) 0.94 s ) 0.155 F1,4 ) 66.5

log RBA ) 0.55((0.34)π,11 - 0.49((0.19)MR,11 -
1.78((0.23)MR,(2&4) + 2.09((0.13) (9)

n ) 48 r2 ) 0.85 s ) 0.231
F1,46 ) 145(MR, 2&4) F1,45 ) 296(MR,11)

F1,44 ) 10.8(π,11)
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2. Nonsteroidal Compounds

A. Metahexestrol and Hexestrol Derivatives

Hartmann et al.54,55 synthesized and measured the
relative binding affinity of metahexestrol and hex-
estrol derivatives with estrogen receptors of calf
uterine cytosol at 4 °C (Tables 10 and 11). We have
derived eqs 10 and 11 for metahexestrol and hex-
estrol derivatives, respectively:

Table 9. Relative Binding Affinities of Multisubstituted Estradiol Derivatives53

substituents log RBA

2 4 7R 11â 17R obsd calcd from eq 9 ∆ π,11 MR,11 MR,(2&4)

H F H H CtCH 2.08 1.69 0.38 0.00 0.10 0.20
H H H H H 2.00 1.67 0.33 0.00 0.10 0.20
H H H H CHtCH 2.00 1.67 0.33 0.00 0.10 0.20
H H H Et H 1.89 1.78 0.12 1.02 1.03 0.20
H F H H CHdCH2 1.87 1.69 0.18 0.00 0.10 0.20
H H Me H CtCH 1.86 1.67 0.20 0.00 0.10 0.20
H F H H CHdCHI(Z) 1.83 1.69 0.13 0.00 0.10 0.20
F H H H CtCH 1.81 1.75 0.06 0.00 0.10 0.20
H H H Me H 1.81 1.69 0.12 0.56 0.57 0.20
H F Me H CtCH 1.80 1.69 0.10 0.00 0.10 0.20
H F H H CHdCHI(E) 1.75 1.69 0.06 0.00 0.10 0.20
F H H H CHdCHI(Z) 1.73 1.69 0.04 0.00 0.10 0.20
H H H H CtCCl 1.73 1.67 0.06 0.00 0.10 0.20
H H H H CHdCHI(Z) 1.70 1.67 0.02 0.00 0.10 0.20
H H H H CHdC(I)Cl 1.69 1.67 0.00 0.00 0.10 0.20
H H Me H CHdCHI(Z) 1.65 1.67 -0.02 0.00 0.10 0.20
H H Me H CHdCHI(E) 1.64 1.67 -0.04 0.00 0.10 0.20
H H H Et CHdCHI(E) 1.63 1.78 -0.14 1.02 0.10 0.20
H H H H CHdCHI(E) 1.60 1.67 -0.07 0.00 0.10 0.20
H F H OMe CHdCHI(Z) 1.58 1.34 0.24 -0.02 0.79 0.20
H H Me H CtCCl 1.58 1.67 -0.09 0.00 0.10 0.20
H F Me H CHdCHI(Z) 1.57 1.69 -0.13 0.00 0.10 0.20
H H Me H CHdC(I)Cl 1.57 1.67 -0.11 0.00 0.10 0.20
H F Me H CHdCHI(E) 1.56 1.69 -0.13 0.00 0.10 0.20
H H H OMe CHdC(I)Cl 1.54 1.32 0.22 -0.02 0.79 0.20
F H Me H CtCH 1.52 1.69 -0.17 0.00 0.10 0.20
H H H OEt CtCCl 1.52 1.32 0.20 0.38 1.25 0.20
H H H OMe CHdCHI(Z) 1.51 1.32 0.18 -0.02 0.79 0.20
H H H OEt CHdC(I)Cl 1.50 1.32 0.18 0.38 1.25 0.20
H H H OMe CtCCl 1.47 1.32 0.15 -0.02 0.79 0.20
F H Me H CHdCHI(Z) 1.46 1.69 -0.24 0.00 0.10 0.20
F H H OMe CHdCHI(Z) 1.45 1.34 0.10 -0.02 0.79 0.20
H H H OMe CHdCHI(E) 1.44 1.34 0.10 -0.02 0.79 0.20
H F H OMe CHdCHI(E) 1.44 1.32 0.12 -0.02 0.79 0.20
H H H OEt CtCH 1.32 1.32 0.00 0.38 1.25 0.20
F H H H CHdCH2 1.25 1.69 -0.45 0.00 0.10 0.20
H H H OEt CHdCHI(E) 1.23 1.32 -0.08 0.38 1.25 0.20
H F H OMe CtCH 1.22 1.34 -0.12 -0.02 0.79 0.20
F H H OMe CtCH 1.20 1.34 -0.14 -0.02 0.79 0.20
H H H OMe CtCH 1.19 1.32 -0.14 -0.02 0.79 0.20
F H H OMe CHdCHI(E) 1.13 1.34 -0.21 -0.02 0.79 0.20
F H Me H CHdCHI(E) 1.08 1.69 -0.60 0.00 0.10 0.20
H H H OEt H 1.00 1.31 -0.32 0.38 1.25 0.20
H H H OMe H 0.85 1.32 -0.48 -0.02 0.79 0.20
F H H H CHdCHI(E)a 0.79 1.69 -0.89 0.00 0.10 0.20
H Br H H H 0.70 0.28 0.42 0.00 0.10 0.99
Br H H H H 0.08 0.28 -0.20 0.00 0.10 0.99
I H H H H -0.40 -0.63 0.23 0.00 0.10 1.50
H I H H H -1.00 -0.63 -0.37 0.00 0.10 1.50
a Data point not used in deriving equation.

relative binding affinity of metahexestrol derivatives

log RBA ) -1.25((0.20)L,4 - 2.85((0.50)B5-5 -
0.48((0.35)σ- + 6.23((0.94) (10)

n ) 14 r2 ) 0.97 s ) 0.226 F1,12 ) 6.6(L,4)

F1,11 ) 108(B5-5) F1,10 ) 9.4(σ-)

relative binding affinity of hexestrol derivatives

log RBA ) -0.62((0.34)L,2 - 1.25((0.64)B1-3 -
0.58((0.18)B5-3 - 0.73((0.44)σ- +

4.78((1.53) (11)

n ) 20 r2 ) 0.89 s ) 0.320 F1,18 ) 19.3(B5-3)
F1,17 ) 14.7(σ) F1,16 ) 15.5(L,2)
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The only substituents examined in this correlation
were ones on the phenolic rings, and for these the
receptor-ligand interaction equations contain only
steric and electronic parameters. As expected for
aromatic ring substituents, steric bulk interferes with
binding. However, it seems that electron-donating
groups have a weak effect favoring receptor binding.
Electron-donating groups will increase the electron
density on the phenyl ring, but will also make the
phenolic hydroxyl less acidic. Thus, the increased
affinity of the derivatives with electron-donating
groups could be due to (a) an increased electron-
transfer interaction between receptor and ligands or
(b) an effect on the electron density on the OH. From
the crystal structure of the estrogen receptor ligand
binding domain, both effects are reasonable,26 as the
A-ring of estradiol is tightly surrounded by residues
and the phenolic hydroxyl group donates one hydro-
gen bond (which would be weakened by the increased
electron density) but accepts two hydrogen bonds.26

From these two equations, one also can see that
substituents that are ortho and meta to the phenolic
hydroxy group tend to decrease the receptor binding.
Hydrophobicity of the substituents as defined by
ClogP or π does not play any significant role in the
receptor binding of these two sets of compounds.

Katzenellenbogen’s group synthesized a series of
4-substituted deoxyhexestrol derivatives and mea-
sured their relative receptor binding affinities with
estrogen receptor in lamb uterine cytosol at 0 °C56-58

(Table 12). From this set, we obtained eq 12, which
has negative correlations with the size parameter MR
and an electronic term σ. It also contains a small
negative hydrophobic term (ClogP). This equation
also indicates that the estrogen receptor has limited
tolerance to the size of its ligands. The coefficient
(-1.19) with σ,z again indicates that high electron
density will facilitate receptor binding, an indication
of a possible charge-transfer interaction between the
receptor and the second phenyl ring.

B. Indenes and Indenones
Anstead and Katzenellenbogen59,60 have studied

the relative binding affinity of a series of indenes and
indenones with rat uterine cytosol estrogen receptors
at 0 °C (Tables 13 and 14).

Equation 13, for the 2,3-diarylindenes, is similar
to eqs 10 and 11 in that electron-donating groups
were found to enhance the receptor binding. Substit-
uents at the ortho position in the pendant C-2 phenyl
ring (the Z substituent) facilitate the binding. This

Table 10. Relative Binding Affinity of Metahexestrol
Derivatives54,55

log RBA

substituents obsd
calcd

from eq 10 ∆ L,4 B5-5 σ-

6-Me 1.17 0.89 0.28 2.06 1.00 -0.17
H 1.00 0.81 0.19 2.06 1.00 0.00
6-F 0.84 0.82 0.02 2.06 1.00 -0.03
6-Cl 0.62 0.72 -0.09 2.06 1.00 0.19
4-F 0.04 0.09 -0.04 2.65 1.00 -0.03
4-Me -0.14 -0.12 -0.01 2.87 1.00 -0.17
4-NH2 -0.28 0.21 -0.49 2.78 1.00 -0.63
4-Cl -1.15 -1.11 -0.05 3.52 1.00 0.19
4-Et -1.39 -1.66 0.27 4.11 1.00 -0.19
4-Br -1.52 -1.62 0.09 3.82 1.00 0.25
4-CH2OMea -1.52 -2.54 1.02 4.78 1.00 -0.10
4-CH2OH -1.52 -1.51 -0.01 3.97 1.00 0.08
5-Cl -1.52 -1.65 0.12 2.06 1.80 0.37
4-NO2 -1.70 -1.52 -0.18 3.44 1.00 1.27
5-OH -2.00 -1.90 -0.11 2.06 1.93 0.12

a Data point omitted in deriving QSAR.

Table 11. Relative Binding Affinity of Hexestrol
Derivatives54,55

log RBA

substituents obsd
calcd

from eq 11 ∆ L,2 B1-3 B5-3 σ-

2-OH 1.51 1.14 0.37 2.74 1.00 1.00 0.12
H 1.43 1.65 -0.22 2.06 1.00 1.00 0.00
3-OH 1.30 0.94 0.36 2.06 1.35 1.93 -0.37
3-F 1.20 1.03 0.18 2.06 1.35 1.35 -0.03
2-Me 0.93 1.20 -0.27 2.87 1.00 1.00 -0.07
3-Me 0.91 0.52 0.39 2.06 1.52 2.04 -0.17
2-F 0.81 1.03 -0.22 2.65 1.00 1.00 0.34
3-NH2 0.75 1.11 -0.36 2.06 1.35 1.97 -0.63
2-C2H5 0.57 0.42 0.15 4.11 1.00 1.00 -0.07
2-Cl 0.34 0.47 -0.13 3.52 1.00 1.00 0.37
2-Br 0.25 0.27 -0.01 3.82 1.00 1.00 0.39
3-Cl 0.20 0.04 0.16 2.06 1.80 1.80 0.19
3-C2H5 0.08 -0.12 0.20 2.06 1.52 3.17 -0.19
3-CH2OH -0.15 -0.05 -0.10 2.06 1.52 2.70 0.08
3-CH2OMe -0.26 -0.40 0.14 2.06 1.52 3.40 0.01
3-Br -0.60 -0.28 -0.33 2.06 1.95 1.95 0.25
3-CH2OC2H5 -0.75 -1.01 0.27 2.06 1.52 4.45 0.01
3-I -0.77 -0.66 -0.11 2.06 2.15 2.15 0.27
3-NO2 -0.85 -0.99 0.14 2.06 1.70 2.44 1.27
3-CH2NMe2 -1.39 -0.80 -0.60 2.06 1.52 4.08 0.01

log RBA ) -0.17((0.14)ClogP -
0.63((0.13)MR-z,sum - 1.19((0.25)σ,z -

1.39((1.33)σ-,x + 2.67((0.76) (12)

n ) 33 r2 ) 0.89 s ) 0.268
F1,31 ) 24.9(σ,z) F1,30 ) 5.50(MR-z,sum)

F1,29 ) 15.9(ClogP) F1,28 ) 4.6(σ-,x)

relative binding affinity of 2,3-diarylindenes
log RBA ) -1.31((0.41)σ,z +

1.42((0.58)B1-z,2 - 0.67((0.68) (13)

n ) 12 r2 ) 0.90 s ) 0.264
F1,10 ) 12.2(σ,z) F1,9 ) 30.6(B1-z,2)

relative binding affinity of 2-arylindenes and
indenones

log RBA ) 1.94((0.64)I,x + 1.53((0.63)I,y -
1.61((0.63) (14)

n ) 14 r2 ) 0.84 s ) 0.514
F1,12 ) 8.8(I,x) F1,11 ) 28.4(I,y)
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may result from the substituent filling a pocket on
the receptor. Alternatively, such substitution results
in a sterically enforced twisting of the C-2 phenyl
group that would restrict the conformational freedom
of this ligand. B1-z,2 is the sterimol parameter B1
for the ortho substituents on the 2-phenyl ring.

Equation 14 is not a good QSAR because of the poor
substituent selection. I,x and I,y are indicator vari-
ables for hydroxy groups at the X and Y positions.
This equation simply shows that both of the phenolic
hydroxy groups are important factors in estrogen
receptor binding of the 1-arylindenes and indenones.
Considering the confidence limits on these two terms,
however, one cannot be sure that there is much
difference in their affinity. It is significant that in

the crystal structure of the estrogen receptor com-
plexed with the structurally related benzothiophene
Raloxifene, both phenolic hydroxyl groups are in-
volved in hydrogen bonds to the receptor.26

C. 2-Phenylindole Derivatives

von Angerer et al.61 reported the relative binding
affinities of a series of 2-phenylindoles with calf
uterine estrogen receptor at 4 °C (Table 15). Equation

Table 12. Relative Binding Affinity of 4-Substituted Deoxyhexestrol Derivatives with Lamb Uterine Estrogen
Receptor56-58

substituents log RBA

X Y Z obsd calcd from eq 12 ∆ ClogP MR,z σ-,x σ,z

H H 4-OH 2.48 1.99 0.48 5.11 0.39 0.00 -0.37
H H 2-F,4-OH 2.31 1.92 0.39 5.35 0.39 -0.03 -0.31
H F 4-OH 2.11 2.12 -0.01 4.38 0.39 0.00 -0.37
H Cl 4-OH 2.05 2.04 0.01 4.82 0.39 0.00 -0.37
H H 4-NH2 1.98 2.27 -0.30 4.55 0.65 0.00 -0.66
H Br 4-OH 1.85 2.02 -0.17 4.96 0.39 0.00 -0.37
F H 2-F,4-OH 1.81 1.89 -0.08 5.59 0.38 -0.03 -0.31
H I 4-OH 1.78 1.95 -0.17 5.35 0.39 0.00 -0.37
H H 4-CH2OH 1.60 1.34 0.26 4.74 0.82 0.00 0.00
H H 4-OCH2CH2OH 1.32 1.27 0.05 4.82 1.42 0.00 -0.27
H H 4-OMe 1.28 1.46 -0.18 5.70 0.89 0.00 -0.27
H H 2-Br,4-OH 1.20 1.22 -0.02 5.99 0.39 0.25 -0.14
H H 2-I,4-OH 1.15 1.22 -0.08 6.18 0.39 0.27 -0.19
H H 4-NO2

a 1.04 0.27 0.77 5.52 0.84 0.00 0.78
H H 4-CH2Br 0.97 0.48 0.49 6.56 1.44 0.00 0.14
H H 4-CH2Cl 0.90 0.72 0.18 6.34 1.15 0.00 0.12
H H 4-OCH2(CHOCH2) 0.87 0.96 -0.09 5.26 1.80 0.00 -0.27
H H 4-OCH2CH(OH)CH2OH 0.84 0.97 -0.13 4.00 2.13 0.00 -0.27
H H 4-N3 0.76 0.81 -0.05 6.22 1.12 0.00 0.08
H H 4-OCH2CHdCH2 0.73 0.82 -0.09 6.27 1.71 0.00 -0.25
H H 4-CN 0.72 0.53 0.18 5.21 0.74 0.00 0.66
H H 4-CH2OEt 0.69 0.51 0.18 6.08 1.77 0.00 0.01
H H 4-OCH2CH(OH)Me 0.63 0.87 -0.24 5.13 1.98 0.00 -0.27
H H 4-COMe 0.61 0.42 0.20 5.22 1.22 0.00 0.50
H H 4-OCH2CH(OH)CH2Cl 0.60 0.55 0.05 5.20 2.47 0.00 -0.27
H H 4-OCH2CH(OH)CH2Br 0.51 0.35 0.15 5.34 2.75 0.00 -0.27
I H 2-I,4-OH 0.51 0.23 0.28 7.25 1.68 0.27 -0.19
Br H 2-Br,4-OH 0.42 0.58 -0.16 6.87 1.17 0.25 -0.14
H H 4-SO2N3 0.26 -0.08 0.34 3.42 1.72 0.00 0.91
H H 4-COOH 0.26 0.69 -0.44 5.52 0.80 0.00 0.45
H H 4-COCH2Br 0.04 -0.02 0.06 5.47 1.84 0.00 0.50
H H 4-O(CH2)2O(CH2)2Cl -0.05 0.12 -0.16 6.04 2.93 0.00 -0.27
H H 4-COCH2Cl -0.36 0.13 -0.49 5.33 1.64 0.00 0.50
H H 4-SO2F -0.48 -0.04 -0.45 5.94 0.97 0.00 0.91
a Data point omitted in deriving QSAR.

Table 13. Relative Binding Affinity of
2,3-Diarylindenes59,60

log RBA
substituents

X Y Z obsd
calcd

from eq 13 ∆ σ,z B1-z,2

H 4-OH 2-CF3 1.58 1.45 0.13 0.54 1.99
H 4-OH 2-Me 1.48 1.72 -0.24 -0.17 1.52
H H 4-OH 1.45 1.24 0.21 -0.37 1.00
H 4-OH 4-OH 1.17 1.24 -0.07 -0.37 1.00
Me H H 1.08 0.76 0.32 0.00 1.00
H H H 0.95 0.76 0.19 0.00 1.00
H 4-OH H 0.67 0.75 -0.08 0.00 1.00
H 4-OH 4-CN 0.00 -0.11 0.11 0.66 1.00
H 4-OH 4-Br -0.12 0.45 -0.67 0.23 1.00
H 4-OH 4-NO2 -0.16 -0.27 0.11 0.78 1.00
H 4-OH 3-NO2 -0.22 -0.18 -0.04 0.71 1.00
H H 4-NO2 -0.34 -0.27 -0.07 0.78 1.00

Table 14. Relative Binding Affinity of 2-Arylindenes
and Indenones59,60

log RBA
substituents

R X Y R1 obsd
calcd

from eq 14 ∆ I,x I,y

Et OH OH Me,H 1.91 1.86 0.05 1.00 1.00
Et OH OH Et,H 1.89 1.86 0.03 1.00 1.00
C6H5 OH H Oa 1.77 0.33 1.44 1.00 0.00
Et OH OH H2 1.20 1.86 -0.66 1.00 1.00
C6H5 OH H Me,H 1.08 0.33 0.75 1.00 0.00
Et H OH Et,Ha 0.97 -0.08 1.05 0.00 1.00
C6H5 OH H H2 0.95 0.33 0.62 1.00 0.00
Et H OH O 0.66 -0.08 0.74 0.00 1.00
Et H OH H2 0.36 -0.08 0.44 0.00 1.00
Et OH H Et,H 0.34 0.33 0.01 1.00 0.00
Et OH H O 0.08 0.33 -0.25 1.00 0.00
Et OH H H2 -0.24 0.33 -0.57 1.00 0.00
C6H5 H OH O -0.35 -0.08 -0.27 0.00 1.00
C6H5 H OH H2 -0.44 -0.08 -0.36 0.00 1.00
C6H4-4-

OH
H H H2 -1.77 -1.61 -0.16 0.00 0.00

C6H5 H H O -2.02 -1.61 -0.41 0.00 0.00

a Data point omitted in deriving QSAR.
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15 is derived for this data set. I,y is an indicator
variable (I ) 1 for 3-OH). There may be a hydrogen-
bonding interaction between the receptor and the OH
group on the 2-phenyl ring, and the p-OH is more
geometrically favorable for hydrogen-bonding than
m-OH. Interestingly, we see a positive steric effect
for substituents on the 1-position, i.e., substituents
on the nitrogen. ES is the Taft steric parameter,41 all
values of which (except H ) 0) are negative; there-
fore, the negative correlation with the ES term
indicates a preference for steric bulk at this site. As
was the case with the indene derivatives above,
substituents at the 1-position may increase binding
by filling a pocket or by conformational restriction
that engenders a twist of the 2-aryl substituent.

Another set of data for 2-phenylindoles has been
reported by Mahboobi et al.62 (Table 16). The receptor

binding affinity was measured in calf uterine cytosol
at 0 ∼ 4 °C; eq 16 is derived for this set. I, the
indicator variable, equals 1 for compounds containing
a 4-OCOMe group at the para position of the 2-phenyl
ring. This equation contains two negative steric
parameters, B1 on the 1-position and MR on the
3-position. It is not clear why, with this set, we see
no favorable effect of substituents at these sites as
was the case with the indenes (eq 13) and the earlier
data set with the indoles (eq 15).

D. Benzothiophenes

Grese et al.63 published a large set of data on the
relative binding affinities with MCF-7 estrogen re-
ceptor at 4 °C and the growth inhibition of MCF-7
cells by benzothiophenes (Tables 17 and 18). We
derived eq 17 for the receptor binding and eq 18 for
the growth inhibition data.

In eq 17, the QSAR for receptor binding, I is an
indicator variable for compounds containing 6-OH or

Table 15. Relative Binding Affinities
of 2-Phenylindoles61

log RBA

substituents
X Y obsd

calcd
from
eq 15 ∆ I,y ES-x,1

6-OH,1-Et-3-Me 4-OH 1.52 0.83 0.69 0 -1.31
5-OH,1-Et-3-Et 4-OH 1.36 0.83 0.53 0 -1.31
6-OH,1,3-Et2 4-OH 1.32 0.83 0.49 0 -1.31
6-OH,1-C3H7,3-Et 4-OH 1.28 1.03 0.25 0 -1.43
5-OH,1-C3H7 4-OH 1.26 1.03 0.22 0 -1.43
6-OH,1-Et 4-OH 1.20 0.83 0.38 0 -1.31
5-OH,1-C3H7,3-Me 4-OH 1.20 1.03 0.17 0 -1.43
6-OH,1-C3H7,3-Me 4-OH 1.11 1.03 0.08 0 -1.43
6-OH,1-CHMe2,3-Me 4-OH 1.11 1.51 -0.39 0 -1.71
6-OH,1,3-Me2 4-OH 1.00 0.71 0.29 0 -1.24
5-OH,1-Et,3-Me 4-OH 0.98 0.83 0.15 0 -1.31
6-OH,1-C3H7 4-OH 0.93 1.03 -0.10 0 -1.43
5-OH,1-C3H7,3-Me 3-OH 0.87 0.46 0.41 1 -1.43
6-OH,1-Me,3-Et 4-OH 0.77 0.71 0.06 0 -1.24
5-OH,1-Et 4-OH 0.76 0.83 -0.07 0 -1.31
5-OH,1,3-Me2 4-OH 0.66 0.71 -0.05 0 -1.24
5-OH,1-C4H9,3-Me 4-OH 0.66 1.38 -0.71 0 -1.63
6-OH,1-C4H9 4-OH 0.63 1.38 -0.74 0 -1.63
6-OH,1-Me 4-OH 0.58 0.71 -0.13 0 -1.24
5-OH,1-CHMe2,3-Me 4-OHa 0.54 1.51 -0.97 0 -1.71
6-OH,1-C3H7,3-Me 3-OH 0.54 0.46 0.08 1 -1.43
6-OH,1-Et,3-Me 3-OH 0.48 0.26 0.22 1 -1.31
5-OH,1-C5H11,3-Me 4-OHa 0.36 1.39 -1.03 0 -1.64
5-OH,1-Et,3-Me 3-OH 0.34 0.26 0.09 1 -1.31
5-OH,1,3-(C3H7)2 4-OHa 0.23 1.03 -0.80 0 -1.43
6-OH,1-Et 3-OH 0.23 0.26 -0.03 1 -1.31
5-OH,1-Et 3-OH 0.23 0.26 -0.03 1 -1.31
5-OH,1-Me 4-OH -0.10 0.71 -0.81 0 -1.24
5-OH,1,3-Me2 3-OH -0.22 0.14 -0.36 1 -1.24
6-OH,1,3-Me2 3-OH -0.26 0.14 -0.40 1 -1.24
6-OH,3-Et 4-OH -0.89 -1.41 0.52 0 0.00
6-OH,3-Me 4-OH -1.22 -1.41 0.18 0 0.00
5-OH,3-Me 4-OH -1.22 -1.41 0.18 0 0.00
7-OH,1-Et,3-Me 4-OHa -1.70 0.83 -2.53 0 -1.31
6-OH 4-OH -2.00 -1.41 -0.59 0 0.00
5-OH 4-OH -2.00 -1.41 -0.59 0 0.00

a Data points not used in deriving equation.

log RBA ) -0.57((0.35)I,y - 1.71((0.30)Es-x,1 -
1.41((0.37) (15)

n ) 32 r2 ) 0.83 s ) 0.409
F1,30 ) 94.8(Es-x,1) F1,29 ) 11.3(I,y)

log RBA ) -2.36((1.12)B1-x,1 -
1.05((0.24)MR-x,3 + 0.46((0.37)I +

4.66((1.76) (16)

n ) 23 r2 )0.85 s ) 0.313 F1,21 ) 46.5(MR-x,3)
F1,20 ) 10(B-1-x,1) F1,19 ) 6.9(I)

log RBA ) 1.17((0.18)I + 0.57((0.64)MR-y,2 -
0.41((0.13)MR-y,4 -0.68((0.47)L-x,4 +

1.33((1.02) (17)

n ) 51 r2 ) 0.83 s ) 0.278
F1,49 ) 73.2(I) F1,48 ) 38.9(MR-y,4)

F1,47 ) 7.2(L-x,4) F1,46 ) 3.7(MR-y,2)

log 1/C ) 1.03((0.51)ClogP -
1.23((0.78)log(â10ClogP + 1) +

1.96((0.34)I -0.58((0.27)MR-y,4 -
0.28((0.23)σ+,y - 0.06((3.32) (18)

n ) 46 r2 ) 0.81 s ) 0.464
F1,44 ) 37.1(I) F1,43 ) 28.3(MR-y,4)

F1,42 ) 10.9(ClogP) F1,40 ) 9.88(bilin(ClogP))

F1,39 ) 4.5(σ+,y)
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Table 16. Relative Binding Affinities of 2-Phenylindoles62

substituents log RBA
X Y obsd calcd from eq 16 ∆ B1-x,1 MR-x,3 I

6-OCOMe,1-Et,3-Cl 4-OCOMe 1.18 0.91 0.28 1.52 0.603 1
5-OCOMe,1-Et,3-Cl 4-OCOMe 1.02 0.91 0.12 1.52 0.603 1
6-OH,1-Et,3-CHO 4-OH 0.81 0.35 0.46 1.52 0.688 0
6-OH,1-CH2C6H5,3-CHO 4-OH 0.74 0.35 0.38 1.52 0.688 0
5-OH,1-Et 4-OH 0.72 0.97 -0.25 1.52 0.103 0
6-OH,1-C3H7,3-CHO 4-OH 0.64 0.35 0.28 1.52 0.688 0
6-OCOMe,1-Et,3-CHO 4-OCOMe 0.60 0.82 -0.21 1.52 0.688 1
5-OH,1-CH2C6H5,3-CHO 4-OH 0.54 0.35 0.18 1.52 0.688 0
5-OH,1-C3H7,3-CHO 4-OH 0.34 0.35 -0.01 1.52 0.688 0
6-OH,1-Et,3-COMe 4-OH 0.28 -0.10 0.37 1.52 1.118 0
6-OH,1-Me,3-CHO 4-OH 0.08 0.35 -0.27 1.52 0.688 0
6-OH,1-Et,3-CH2CH(CN)2 4-OH -0.07 -0.41 0.34 1.52 1.419 0
6-OH,1-Et,3-CH2OH 4-OH -0.15 0.32 -0.47 1.52 0.719 0
5-OH,1-Et,3-CHO 4-OH -0.16 0.35 -0.52 1.52 0.688 0
6-OCOMe,1-SO2C6H5,3-Cl 4-OCOMe -0.25 -0.30 0.05 2.03 0.603 1
5-OCOMe,1-SO2C6H5,3-Cl 4-OCOMe -0.35 -0.30 -0.05 2.03 0.603 1
6-OCOMe,1-Et,3-CH2OCOMe 4-OCOMe -0.37 -0.19 -0.18 1.52 1.648 1
6-OH,1-Et,3-CHdCHNO2 4-OH -0.51 -0.65 0.14 1.52 1.642 0
6-OH,1-Et,3-CH(CH2NO2)2 4-OHa -0.60 -1.66 1.06 1.52 2.615 0
5-OH,1-Et,3-CHdCHNO2 4-OH -0.70 -0.65 -0.05 1.52 1.642 0
5-OH,1-Et,3-CH2CH(CN)2 4-OH -0.85 -0.41 -0.44 1.52 1.419 0
5-OH,1-Et,3-CHdCH(CN)2 4-OH -0.96 -0.99 0.03 1.52 1.972 0
6-OH,1-Et,3-CHdCH(CN)2 4-OH -1.30 -0.99 -0.31 1.52 1.972 0
6-OH,3-CHO 4-OHa -1.52 1.58 -3.11 1.00 0.688 0
5-OH,1-Et,3-CH(CH2NO2)2 4-OH -1.52 -1.66 0.14 1.52 2.615 0
5-OH,1-Et,3-COMe 4-OHa -2.00 -0.10 -1.90 1.52 1.118 0

a Data points not used in deriving equation.

Table 17. Relative Binding Affinities of 2-Phenylbenzothiophenes63

substituents log RBA
X Y obsd calcd from eq 17 ∆ I MR-y,2 MR-y,4 L-x,4

6-OH 2-Me,4-OH 1.61 1.31 0.31 1 0.565 0.285 2.06
6-OH 2-Me 1.60 1.38 0.22 1 0.565 0.103 2.06
6-OH 3-F 1.46 1.12 0.34 1 0.103 0.103 2.06
6-OH 3-F,4-OH 1.30 1.04 0.26 1 0.103 0.285 2.06
6-OH 4-F 1.28 1.12 0.16 1 0.103 0.092 2.06
6-OH 3-OH 1.20 1.12 0.08 1 0.103 0.103 2.06
6-OH 2-OMe,4-OH 1.20 1.44 -0.23 1 0.787 0.285 2.06
6-OH 3-Me,4-OH 1.11 1.04 0.07 1 0.103 0.285 2.06
6-OH 3-Cl,4-OH 1.08 1.04 0.04 1 0.103 0.285 2.06
6-OH 3,5-Me2,4-OH 1.08 1.04 0.04 1 0.103 0.285 2.06
6-OH 4-CtCH 1.08 0.77 0.31 1 0.103 0.955 2.06
5-OH 4-OH 1.00 1.04 -0.04 1 0.103 0.285 2.06
6-OH 4-CHdCH2 1.00 0.70 0.29 1 0.103 1.099 2.06
5-F,6-OH 4-OH 0.99 1.04 -0.05 1 0.103 0.285 2.06
6-OH 4-COMe 0.87 0.63 0.17 1 0.103 1.118 2.06
6-OH 4-OMe 0.86 0.84 0.03 1 0.103 0.787 2.06
6-OH 4-Me 0.84 0.93 -0.08 1 0.103 0.565 2.06
5-Me,6-OH 4-OHa 0.84 -0.13 0.97 0 0.103 0.285 2.06
6-OH 4-CH2SEta 0.84 0.18 0.67 1 0.103 2.412 2.06
6-OH 4-COOMe 0.84 0.63 0.21 1 0.103 1.287 2.06
6-OH H 0.79 1.12 -0.33 1 0.103 0.103 2.06
6-OH 4-COOEt 0.78 0.45 -0.33 1 0.103 1.747 2.06
6-OH 2-OH 0.76 1.22 -0.46 1 0.285 0.103 2.06
4,6-(OH)2 4-OH 0.70 0.58 0.12 1 0.103 0.285 2.74
5,6,7-(OMe)3 4-OMea 0.70 -0.34 1.04 0 0.103 0.787 2.06
6-OH 4-NO2 0.70 0.86 -0.16 1 0.103 0.736 2.06
6-OH 4-Cl 0.66 0.91 -0.25 1 0.103 0.603 2.06
6-OH 4-SMe 0.60 0.60 0.01 1 0.103 1.380 2.06
6-OH 4-CONMe2 0.60 0.39 0.21 1 0.103 1.880 2.06
6-OH 4-CONH2 0.59 0.76 -0.17 1 0.103 0.981 2.06
6-OH 4-CHMe2 0.48 0.55 -0.07 1 0.103 1.496 2.06
6-CtCH 4-OH 0.46 -0.13 0.59 0 0.103 0.285 2.06
7-OH 4-OH 0.30 -0.13 0.43 0 0.103 0.285 2.06
6-OH 4-CONHMe 0.20 0.56 -0.36 1 0.103 1.457 2.06
6-OH 4-Et 0.08 0.74 -0.66 1 0.103 1.030 2.06
6-OH 4-COOHa 0.08 0.88 -0.80 1 0.103 0.693 2.06
6-OH 4-C6H5 0.04 0.12 -0.08 1 0.103 2.536 2.06
5,6-(OH)2 4-OH 0.00 -0.13 0.13 1 0.103 0.285 2.06
6-OH 4-C4H9 0.00 0.36 -0.36 1 0.103 1.959 2.06
6-OMe 4-CH2OH 0.00 -0.31 0.31 0 0.103 0.719 2.06
6-COOMe 4-OH 0.00 -0.13 0.13 0 0.103 0.285 2.06
6-CONH2 4-OH 0.00 -0.13 0.13 0 0.103 0.285 2.06
6-PO3Et2 4-OH 0.00 -0.13 0.13 0 0.103 0.285 2.06
6-OH 4-PO3Et2 0.00 -0.11 0.11 1 0.103 3.116 2.06
6-OMe 4-OH -0.10 -0.13 0.03 0 0.103 0.285 2.06
6-OH 4-CF3

a -0.10 0.95 -1.05 1 0.103 0.502 2.06
6-COMe 4-OH -0.10 -0.13 0.03 0 0.103 0.285 2.06
H 4-OMe -0.22 -0.34 0.11 0 0.103 0.787 2.06
6-Cl 4-OH -0.22 -0.13 -0.09 0 0.103 0.285 2.06
5,7-Me2,6-OH 4-OH -0.30 -0.13 -0.17 0 0.103 0.285 2.06
6-NMe2 4-OH -0.40 -0.13 -0.27 0 0.103 0.285 2.06
H 4-OH -0.52 -0.13 -0.39 0 0.103 0.285 2.06
H H -0.70 -0.06 -0.64 0 0.103 0.103 2.06
6-OMe 4-OMe -0.70 -0.34 -0.36 0 0.103 0.787 2.06
4-OH 4-OH -0.70 -0.60 -0.10 0 0.103 0.285 2.74
4,7-Me2,6-OH 4-OH -0.70 -0.68 0.02 0 0.103 0.285 2.87

a Data points not used in deriving equation.
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5-OH (I ) 1) without ortho substituents larger than
F. From this analysis, the OH group at the 5- or
6-position mimics the 3-OH of the estradiol molecule
in receptor binding, a fact that is confirmed by the
recent crystal structures of these ligands bound to
the estrogen receptor.26 Ortho substituents larger
than F will have a detrimental effect on receptor-
ligand binding as seen in eq 9. Sterically demanding
groups are preferred at the ortho position of the
2-phenyl substituent, indicated by a positive correla-
tion with MR-y,2. This is reminiscent of the confor-
mational restriction effect that appeared with related
substituents in the indenes (eq 13) and indoles (eq
15). Groups on the para position of the 2-phenyl ring,
however, lower the receptor binding affinity because
of steric effects.

We obtained eq 18 by analysis of the MCF-7 cell
growth inhibition data (Table 18). It is similar to eq

17 in that there is a negative steric effect with para
substitution on the 2-phenyl ring. It is interesting to
note that there is a small negative correlation with
the σ+ value of the Y substituent in this equation that
we did not see in the receptor binding data. The more
favorable growth promoting potency of compounds
with electron-donating groups at this site could be
the result of increasing the polarization of the car-
bonyl group. However, the crystal structure of the
estrogen receptor-Raloxifene complex does not show
any particular polar interaction with this carbonyl
group,26 and it can be replaced by other functions that
link the rings together, such as an ether.64 There is
a bilinear hydrophobic term (ClogP) in this equation,
which may arise from a pharmacokinetic factor
related to the penetration of these compounds through
cell membranes.

Table 18. Growth Inhibition of MCF-7 Cells by 2-Phenylbenzothiophenes63

substituents log 1/C
X Y obsd calcd from eq 18 ∆ ClogP I MR-y,4 σ+,y

6-OH 3-F-4-OH 9.52 8.72 0.81 6.19 1 0.29 -0.58
6-OH 2-Me 9.16 8.82 0.33 6.81 1 0.10 -0.31
6-OH 4-CtCH 9.09 8.18 0.99 6.88 1 0.96 0.18
6-OH 4-Cl 9.00 8.37 0.63 7.33 1 0.60 0.11
6-OH 3-Me-4-OH 9.00 8.89 0.11 6.46 1 0.29 -0.99
6-OH 2-Me-4-OH 8.70 8.89 -0.20 6.16 1 0.29 -1.23
6-OH 2-OMe-4-OH 8.70 8.66 0.04 5.49 1 0.29 -1.70
6-OH 4-F 8.64 8.76 -0.12 6.76 1 0.09 -0.07
6-OH 3-Cl-4-OH 8.64 8.78 -0.14 6.63 1 0.29 -0.55
6-OH H 8.60 8.73 -0.13 6.61 1 0.10 0.00
6-OH 3-Fa 8.60 0.24 -8.36 6.76 1 0.10 0.34
5-F-6-OH 4-OH 8.52 8.71 -0.19 5.93 1 0.29 -0.92
6-OH 3-OH 8.49 8.54 -0.05 5.96 1 0.10 0.12
6-OH 4-Et 8.30 8.19 0.11 7.64 1 1.03 -0.30
6-OH 4-CHdCH2 8.16 8.16 0.00 7.34 1 1.10 -0.16
6-OH 2-OH 8.00 8.69 -0.69 5.69 1 0.10 -0.92
6-OH 4-C4H9 8.00 7.44 0.55 8.70 1 1.96 -0.29
6-CtCH 4-OH 7.70 6.93 0.77 6.65 0 0.29 -0.92
6-OH 4-CONMe2

a 7.70 6.81 0.88 5.08 1 1.88 0.36
6-OH 4-CHMe2 7.52 7.84 -0.32 8.04 1 1.50 -0.28
6-COOMe 4-OH 7.52 6.91 0.61 6.41 0 0.29 -0.92
6-OH 4-COMe 7.49 7.89 -0.39 6.06 1 1.12 0.50
H 4-OH 7.46 6.90 0.56 6.38 0 0.29 -0.92
6-OH 4-CONHMe 7.39 7.29 0.11 5.35 1 1.46 0.36
6-OH 4-Mea 7.30 0.09 -7.21 7.11 1 0.57 -0.31
6-OH 4-COOMe 7.30 7.91 -0.61 6.59 1 1.29 0.49
6-OH 4-COOEt 7.30 7.63 -0.33 7.12 1 1.75 0.48
6-COMe 4-OH 7.22 6.74 0.48 5.90 0 0.29 -0.92
H 4-OMe 7.00 6.59 0.41 6.95 0 0.79 -0.78
5-OH 4-OH 7.00 0.65 6.35 5.96 1 0.29 -0.92
4,7-Me2-6-OH 4-OH 7.00 6.93 0.07 6.96 0 0.29 -0.92
6-OH 4-C6H5 7.00 7.12 -0.12 8.50 1 2.54 -0.18
6-OH 4-CH2SEt 7.00 7.44 -0.44 7.85 1 2.41 -0.60
6-OH 3,5-Me2-4-OHa 7.00 0.49 6.51 6.96 1 0.29 -1.06
4-OH 4-OH 6.72 6.62 0.10 5.96 0 0.29 -0.92
6-PO3Et2 4-OH 6.70 6.72 -0.02 5.86 0 0.29 -0.92
6-OH 4-CONH2 6.70 7.38 -0.68 5.14 1 0.98 0.36
6-OH 4-PO3Et2 6.68 6.73 -0.05 6.08 1 3.12 0.54
6-OMe 4-OH 6.60 6.90 -0.29 6.36 0 0.29 -0.92
H H 6.52 6.76 -0.24 7.02 0 0.10 0.00
6-OMe 4-OMe 6.52 6.59 -0.07 6.94 0 0.79 -0.78
6-Me 4-OH 6.52 6.93 -0.40 6.88 0 0.29 -0.92
7-OH 4-OH 6.52 6.77 -0.24 5.96 0 0.29 -0.92
6-OH 4-COOH 6.49 6.52 -0.03 4.09 1 0.69 0.42
4,6-(OH)2 4-OH 6.46 0.81 5.64 5.40 1 0.29 -0.92
5,6,7-(OMe)3 4-OMe 6.46 6.51 -0.05 5.74 0 0.79 -0.78
5,6-(OH)2 4-OH 6.39 6.46 -0.07 5.47 1 0.29 -0.92
5,7-Me2-6-OH 4-OH 6.30 6.92 -0.62 6.96 0 0.29 -0.92
6-OH 4-NO2

a 6.30 -0.17 6.47 6.36 1 0.74 0.79
6-OMe 4-CH2OH 6.22 6.27 -0.05 5.97 0 0.72 -0.04
6-OH 4-OMea 6.00 0.21 5.79 6.54 1 0.79 -0.78
6-Cl 4-OH 6.00 6.91 -0.91 7.11 0 0.29 -0.92
6-OH 4-CF3

a 6.00 -0.21 6.21 7.50 1 0.50 0.61
6-CONH2 4-OH 6.00 6.05 -0.05 4.98 0 0.29 -0.92
a Data points not used in deriving equation.

736 Chemical Reviews, 1999, Vol. 99, No. 3 Gao et al.



E. Triphenylacrylonitrile Derivatives (Tables 19 and 20)
This class of compounds is structurally related to

Tamoxifen, a known agent for the treatment and
prevention of breast cancer. The relative binding
affinities of these ligands with calf uterine estrogen
receptors are summarized in Tables 19 and 20.65

Equations 19 and 20 were derived for data obtained
at 0 °C for 2 h and 25 °C for 5 h, respectively. I,OH
is an indicator variable for compounds containing a
phenolic OH.

Equation 19 reveals that substituents on the Y and
Z positions favor receptor binding and that phenolic
hydroxy groups are the most important factor for the
receptor binding. These equations indicate no positive
contribution from substituent hydrophobic interac-
tions. As seen in the cases of estradiol derivatives,
different QSAR results were obtained with relative
binding affinity data acquired at the different incu-
bation temperatures: eq 20 was derived from the
data obtained at 25 °C for an incubation time of 5 h.
Surprisingly, a negative hydrophobic (ClogP) term
appears, indicating that there is no hydrophobic
contribution to the binding with the substituents
examined; most of the substituents, however, are
relatively polar and would not provide much op-
portunity for enhanced hydrophobic binding. Neither
eq 19 nor 20 contains electronic terms.

F. Increase in the Proliferation of MCF-7 Cells (EC50) with
Triphenylacrylonitriles (Table 21)

Triphenylacrylonitriles investigated by Bignon et
al.,65 like Tamoxifen, are partial agonist/antagonists.
They can stimulate the proliferation of estrogen
receptor positive cells such as the MCF-7 cell line and
also partially inhibit estradiol-induced cell prolifera-
tion. Equation 21 is derived for the agonistic activity
of triphenylacrylonitriles in the stimulation of MCF-7
cell proliferation (Table 21). This equation is very
similar to eq 19, with the indicator parameter I,OH,
for the presence of a hydroxyl group on two of the
phenyl groups, as the most important factor. These
results also indicate that, in this series of compounds,
the agonistic activity (eq 21) is parallel to receptor
binding affinity (eqs 19 and 20). However, again there

Table 19. Relative Binding Affinity of Triphylacrylonitriles at 0 °C65

substituents log RBA

X Y Z obsd calcd from eq 19 ∆ B1-z L,y I,OH

4-OH 4-OH H 2.10 1.85 0.25 1.00 8.02 1
4-OH 4-OH 4-Me 1.69 1.73 -0.04 1.52 2.74 1
4-OH 4-OH 4-OH 1.61 1.49 0.12 1.35 2.74 1
4-OH H H 1.61 0.88 0.73 1.00 2.06 1
4-OH 4-Me 4-OH 1.56 1.51 0.05 1.35 2.87 1
H H 4-OH 1.46 1.38 0.08 1.35 2.06 1
4-OH 4-Me H 1.46 1.02 0.44 1.00 2.87 1
4-OH 4-OH H 1.45 1.49 -0.04 1.00 2.74 1
4-Me 4-OH 4-OH 1.45 0.99 0.46 1.35 2.74 1
4-OH 4-OH 4-OH 1.43 1.38 0.05 1.35 2.06 1
4-OH 4-OMe H 1.40 1.19 0.21 1.00 3.98 1
H 4-OH 4-OH 1.28 1.49 -0.21 1.35 2.74 1
4-Me 4-OH H 0.91 0.99 -0.08 1.00 2.74 1
4-OH 4-OCHMe2 H 0.90 1.33 -0.43 1.00 4.80 1
4-OMe 4-OH H 0.78 0.99 -0.21 1.00 2.74 1
H 4-OH H 0.57 0.99 -0.42 1.00 2.74 1
4-OCH2CH2NEt2 4-OH H 0.56 0.99 -0.43 1.00 2.74 1
4-OCHMe2 4-OH H 0.48 0.99 -0.51 1.00 2.74 1
4-OCH2CH2NEt2 4-OCH2CH2NEt2 H -0.38 -0.28 -0.10 1.00 8.02 0
H H 4-OCH2CH2NEt2 -0.77 -0.94 0.17 1.35 2.06 0
4-OMe 4-OMe H -0.77 -0.76 -0.01 1.00 3.98 0
4-NMe2 4-NMe2 H -0.92 -1.01 0.09 1.00 3.53 0
H H H -1.40 -1.25 -0.15 1.00 2.06 0
4-OCHMe2 4-OCHMe2 Ha -2.00 -0.80 -1.20 1.00 4.80 0

a Data point omitted in deriving QSAR.

relative binding affinity of triphenylacrylonitriles
at 0 °C for 2 h

log RBA ) 1.41((0.85)B1-z + 0.16((0.10)L,y +
2.13((0.36)I,OH - 3.00((1.14) (19)

n ) 23 r2 ) 0.91 s ) 0.328 F1,21 ) 90.5(I,OH)
F1,20 ) 4.20(L,y) F1,19 ) 12(B1-z)

relative binding affinity of triphenylacrylonitriles
at 25 °C for 5 h

log RBA ) -0.81((0.45)ClogP + 0.30((0.18)L,y +
1.74((0.76)I,OH + 1.77((2.19) (20)

n ) 23 r2 ) 0.86 s ) 0.576
F1,21 ) 54.8(I,OH) F1,20 ) 3.16(ClogP)

F1,19 ) 12.8(L,y)
F1,20(ClogP) is not significant at 0.95 level
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is no evidence for hydrophobic interactions, as was
the case in eq 20.

G. 1,1-Diphenylethylenes (Table 22)

Gilbert et al.66 reported the relative binding affinity
of 1,1-diphenylethylene derivatives with estrogen
receptors in lamb uterus cytosol at 25 °C. Equation
22 was derived from their data. I is an indicator
parameter (I ) 1 for Z-isomer and 0 for E-isomer).
The phenolic OH is either on the Y position or on Z
position. The size of the X group (MR,x) has a
negative contribution to receptor binding.

log RBA ) 0.63((0.26)I - 0.64((0.21)MR,x +
0.36((0.52) (22)

n ) 13 r2 ) 0.86 s ) 0.204
F1,11 ) 8.7(MR,x) F1,10 ) 28.6(I)

Table 20. Relative Binding Affinity of Triphenylarylonitriles at 25 °C65

substituents log RBA
X Y Z obsd calcd from eq 20 ∆ ClogP L,y I,OH

4-OH 4-OH 4-OH 2.22 2.14 0.08 2.74 2.74 1
4-OH 4-OCH2CH2NEt2 H 2.03 2.01 0.02 4.89 8.02 1
4-OH 4-OH 4-Me 1.97 1.19 0.78 3.91 2.74 1
4-OH 4-Me 4-OH 1.89 1.23 0.66 3.91 2.87 1
4-OH H 4-OH 1.87 1.39 0.48 3.41 2.06 1
4-OH 4-OH H 1.79 1.60 0.19 3.41 2.74 1
4-OH H H 1.56 0.85 0.71 4.08 2.06 1
4-OH 4-Me H 1.45 0.70 0.75 4.58 2.87 1
4-OH 4-OMe H 1.23 1.50 -0.27 4.00 3.98 1
4-Me 4-OH 4-OH 0.96 1.19 -0.23 3.91 2.74 1
4-OH 4-OCHMe2 H 0.81 1.08 -0.27 4.84 4.80 1
H 4-OH 4-OH 0.78 1.60 -0.82 3.41 2.74 1
4-OCH2CH2NEt2 4-OH H 0.53 0.41 0.12 4.89 2.74 1
H H 4-OH 0.52 0.85 -0.33 4.08 2.06 1
4-Me 4-OH H 0.40 0.66 -0.26 4.58 2.74 1
H 4-OH H 0.34 1.06 -0.72 4.08 2.74 1
4-OMe 4-OH Ha -0.18 1.13 -1.31 4.00 2.74 1
4-OCH2CH2NEt2 4-OCH2CH2NEt2 H -0.40 -0.93 0.53 6.38 8.02 0
4-OCHMe2 4-OH H -0.44 0.45 -0.89 4.83 2.74 1
H H H -1.05 -1.42 0.37 4.75 2.06 0
4-NMe2 4-NMe2 H -1.40 -0.71 -0.69 5.14 3.53 0
4-OMe 4-OMe H -1.40 -1.29 -0.11 4.58 3.98 0
4-OCHMe2 4-OCHMe2 H -2.00 -1.81 -0.19 6.26 4.80 0
H H 4-OCH2CH2NEt2 -2.00 -2.08 0.08 5.56 2.06 0

a Data point omitted in deriving QSAR.

Table 21. Triphenylarylonitrile-Induced Increase of Proliferation of MCF7 Cells (EC50)65

substituents log 1/C
X Y Z obsd calcd from eq 21 ∆ L,x L,y I

4-OH 4-OCH2CH2NEt2 H 10.70 10.61 0.09 2.74 8.02 1
4-OCH2CH2NEt2 4-OH H 10.52 10.56 -0.04 8.02 2.74 1
4-OH 4-OH 4-OH 10.44 9.79 0.65 2.74 2.74 1
4-OH 4-OH H 10.23 9.79 0.44 2.74 2.74 1
4-OH H 4-OH 10.20 9.68 0.52 2.74 2.06 1
H 4-OH 4-OH 10.04 9.69 0.35 2.06 2.74 1
4-OH 4-Me 4-OH 9.98 9.81 0.17 2.74 2.87 1
4-OCHMe2 4-OH H 9.92 10.09 -0.17 4.80 2.74 1
4-OH 4-OH 4-Me 9.85 9.79 0.06 2.74 2.74 1
4-Me 4-OH 4-OH 9.85 9.81 0.04 2.87 2.74 1
4-OH 4-OCHMe2 H 9.75 10.11 -0.36 2.74 4.80 1
4-OH H H 9.72 9.68 0.04 2.74 2.06 1
4-OH 4-OMe H 9.72 9.98 -0.26 2.74 3.98 1
4-OMe 4-OH H 9.70 9.97 -0.27 3.98 2.74 1
4-OH 4-Me H 9.55 9.81 -0.26 2.74 2.87 1
4-OCH2CH2NEt2 4-OCH2CH2NEt2 H 9.55 9.18 0.37 8.02 8.02 0
H 4-OH H 9.40 9.69 -0.29 2.06 2.74 1
4-Me 4-OH H 9.38 9.81 -0.43 2.87 2.74 1
H H 4-OH 9.26 9.58 -0.32 2.06 2.06 1
4-OCHMe2 H H 8.30 8.21 0.09 4.80 4.80 0
4-NMe2 4-NMe2 H 7.92 7.82 0.10 3.53 3.53 0
H H 4-OCH2CH2NEt2 7.60 7.38 0.22 2.06 2.06 0
H H H 7.55 7.38 0.17 2.06 2.06 0
4-OMe 4-OMe H 6.99 7.96 -0.97 3.98 3.98 0
estradiol 10.70

log 1/C ) 0.15((0.12)L,x + 0.16((0.12)L,y +
2.20((0.40)I,OH + 6.75((0.62) (21)

n ) 24 r2 ) 0.87 s ) 0.386 F1,22 ) 54.8(I,OH)
F1,21 ) 13.6(L,y) F1,20 ) 7(L,x)
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H. Antiestrogenicity of 1,1-Diphenylethylenes (Table 23)
The antiestrogenicity of diphenylethylene deriva-

tives was tested in MVLN cells.66 The IC50 values
were expressed as the concentration of test com-
pounds leading to 50% inhibition of the luciferase
activity induced by 0.1 nM estradiol. Equation 23 was
derived for the antiestrogenicity data. Surprisingly,
eq 23 is similar to eq 22. The Z-isomer favors the
receptor binding, and the size of substituents at X
and Z positions decreases the binding. Similar to eq
21, we did not see a positive hydrophobic term as seen
in eq 18.

I. Estrogenic Activity of 4,4′-Dihydroxydiphenylmethanes
in Rats

Campbell67 reported the estrogenic activity of the
derivatives of 4,4′-dihydroxydiphenylmethane in rats
(Table 24). The estrogenic activity is defined as an
arbitrary rate unit (RBR), which is the minimum
total dose required to give 100% estrus response in

ovariectomized female rats when injected in six doses
of the compound as a sesame oil solution over 3 days.
In eq 24, RBR is the specific activity expressed as
units/mol. L-y,b and B1-y,b are the steric parameters
for the larger of the two Y substituents on the
methylene group that links the two phenols.

Equation 24 is similar to eqs 10 and 11 in terms of
negative contributions from steric parameters and
negative electronic terms. The positive hydrophobic
parameter (ClogP), which may be related to the
absorption and distribution processes (also in eq 18),

Table 22. Relative Binding Affinity of 1,1-Diphenylethylenes at 25 °C66

substituents log RBA
X Y Z obsd calcd from eq 22 ∆ I MR,x

CHMe2 OH OCH2CH2NEt2(Z) 0.00 0.03 -0.03 1 1.50
C4H9 OH OCH2CH2NEt2(Z) -0.13 -0.26 0.14 1 1.96
CH2C6H5 OH OCH2CH2NEt2(Z) -0.59 -0.93 0.34 1 3.00
C4H9 OCH2CH2NEt2 OH(E) -0.68 -0.89 0.21 0 1.96
C5H11 OH OCH2CH2NEt2(Z) -0.68 -0.56 -0.12 1 2.42
C5H11 OH OCH2CH2NMe2(Z) -0.70 -0.56 -0.14 1 2.42
CH2C6H5 OCH2CH2NEt2 OH(E)a -0.82 -1.55 0.73 0 3.00
CHMe2 OCH2CH2NEt2 OH(E) -0.89 -0.59 -0.29 0 1.50
C6H13 OH OCH2CH2NEt2(Z) -0.89 -0.86 -0.03 1 2.89
C5H11 OCH2CH2NEt2 OH(E) -1.00 -1.18 0.18 0 2.42
C5H11 C4H8N(CH2)2O OH(E) -1.10 -1.18 0.09 0 2.42
C5H11 OCH2CH2NMe2 OH(E) -1.16 -1.18 0.03 0 2.42
C8H17 OCH2CH2NEt2 OH(E)a -1.46 -2.07 0.62 0 3.82
C8H17 OH OCH2CH2NEt2(Z) -1.60 -1.45 -0.16 1 3.82
C6H13 OCH2CH2NEt2 OH(E) -1.70 -1.48 -0.22 0 2.89
a Data point omitted in deriving QSAR.

Table 23. Antiestrogenicity of 1,1-Diphenylethylenes in MVLN Cells66

substituents log 1/C
X Y Z obsd calcd from eq 23 ∆ MR,x MR,z I

CHMe2 OH OCH2CH2NEt2(Z) 6.30 6.13 0.17 1.50 3.39 1
C4H9 OH OCH2CH2NEt2(Z)a 6.30 6.04 0.26 1.96 0.29 1
C5H11 OH OCH2CH2NEt2(Z) 6.05 5.95 0.10 2.42 3.39 1
CH2C6H5 OH OCH2CH2NEt2(Z) 5.89 5.83 0.06 3.00 0.29 1
C4H9 OCH2CH2NEt2 OH(E) 5.82 6.04 -0.21 2.42 3.39 0
C5H11 OH OCH2CH2NMe2(Z) 5.82 5.76 0.07 1.96 0.29 1
CH2C6H5 OCH2CH2NEt2 OH(E) 5.77 5.85 -0.08 1.50 0.29 0
CHMe2 OCH2CH2NEt2 OH(E) 5.77 5.55 0.22 3.00 3.39 0
C5H11 OCH2CH2NMe2 OH(E) 5.75 5.66 0.08 2.42 0.29 0
C6H13 OH OCH2CH2NEt2(Z) 5.72 5.85 -0.13 2.89 2.47 1
C6H13 OCH2CH2NEt2 OH(E) 5.60 5.57 0.03 2.89 0.29 0
CHMe2 OCH2CH2NPr2 OCH2CH2NPr2(E) 5.51 5.46 0.05 1.50 3.39 0
C5H11 OCH2CH2NEt2 OH(E) 5.50 5.66 -0.17 2.42 0.29 0
C5H11 OCH2CH2NC4H8 OH(E) 5.48 5.66 -0.18 2.42 3.39 0
C8H17 OH OCH2CH2NEt2(Z) 5.46 5.67 -0.21 3.82 0.29 1
C8H17 OCH2CH2NEt2 OH(E) 5.33 5.39 -0.06 3.82 3.39 0
C5H11 OCH2CH2NEt2 OCH2CH2NEt2(E) 5.22 5.35 -0.13 2.42 0.29 0
C14H29 OH OCH2CH2NEt2(Z) 5.10 5.13 -0.04 6.49 3.39 1
C14H29 OCH2CH2NEt2 OH(E) 5.02 4.85 0.17 6.49 4.23 0
a Data point omitted in deriving QSAR.

log 1/C ) 0.59((0.25)I - 0.20((0.06)MR,x -
0.10((0.08)MR,z + 6.18((0.22) (23)

n ) 19 r2 ) 0.82 s ) 0.164 F1,17 ) 15.7(MR,x)
F1,16 ) 15(I) F1,15 ) 7.7(MR,z)

log RBR ) 0.52((0.20)ClogP - 0.31((0.14)L-y,b -
1.55((0.73)B1-y,b - 1.50((0.45)σ*,y-sum +

0.88((1.20) (24)

n ) 31 r2 ) 0.84 s ) 0.351
F1,29 ) 35.77(σ*,sum) F1,28 ) 7.62(B1-y,b)

F1,27 ) 29.7(L-y,b) F1,26 ) 26.91(ClogP)
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is an important finding. The parameter σ* models
the field/inductive effect of substituents.41

J. MCF-7 Cell Proliferation by Simple Phenols in Cells
Free of Natural Estrogens (Table 25)

Equation 21 for cell proliferation by the large
triphenylacrylonitriles shows no dependence on hy-
drophobic interactions. Presumably this is because

hydrophobic space is pre-empted by the large parent
structures so that substituents have little opportunity
to show hydrophobic interactions. In eq 24, the
dependence upon log P may be associated with drug
disposition in the rat and/or receptor binding. How-
ever, there are studies on small phenols that provide
insight73,74 on the hydrophobic nature of the ER.

Equation 25 derived from data of Soto et al.73 comes
from cells first treated with charcoal to remove
natural estrogens because the much more weakly
binding phenols would not be effective in displacing
them. They reported relative increases in cell prolif-
eration upon treatment with a standard dose of 10
µM phenol, from which eq 25 was formulated.

Hydrophobicity plays an important positive role up
to ClogP of about 5, after which the role is negative.
This is most apparent with nonylphenol. If this point
is omitted, another good correlation can be found with

Table 24. Specific Estrogenic Activity of 4,4′-Dihydroxydiphenylmethanes (units/mol) in Rats67

substituents log RBR

X Y obsd calcd from eq 24 ∆ ClogP L-y,b B1-y,b σ*,y-sum

H C3H7,C2H5 0.57 0.02 0.55 5.26 4.920 1.52 -0.21
H C3H7, C3H7 0.25 0.32 -0.07 5.79 4.920 1.52 -0.23
H i-C4H9,Me -0.03 -0.18 0.15 5.13 4.920 1.52 -0.12
H C3H7,Me -0.11 -0.40 0.29 4.73 4.920 1.52 -0.11
H Et,Et -0.11 -0.01 -0.10 4.73 4.110 1.52 -0.20
H C4H9,C3H7 -0.17 0.21 -0.38 6.32 6.170 1.52 -0.23
2-Me (Et)2CH,H -0.29 -0.38 0.09 6.16 4.720 2.13 -0.22
H Et,Me -0.38 -0.44 0.06 4.20 4.110 1.52 -0.10
2-Me i-C4H9,H -0.41 -0.67 0.26 5.63 4.920 1.52 0.38
H CH2C6H5,H -0.46 -0.91 0.45 4.69 4.620 1.52 0.28
2-Me (C3H7)2CH,H -0.52 -0.67 0.15 7.22 6.170 1.90 0.27
2-Me C3H7,H -0.78 -0.88 0.10 5.23 4.920 1.52 0.38
H Me,Me -0.80 -0.47 -0.33 3.67 2.870 1.52 0.00
H C4H9,Me -0.83 -0.49 -0.34 5.26 6.170 1.52 -0.13
2-Me i-C3H7,H -0.83 -1.16 0.33 5.10 4.110 1.90 0.30
2-Me C6H13 ,H -0.85 -1.06 0.21 6.82 8.220 1.52 0.36
H C6H5

a,H -0.87 -3.13 2.26 4.31 6.280 1.71 1.09
3-Me H,H -1.00 -0.78 -0.22 3.87 2.060 1.00 0.98
H C4H9,C4H9

a -1.02 0.53 -1.55 6.85 6.170 1.52 -0.26
2-Me Me,H -1.02 -0.95 -0.07 4.17 2.870 1.52 0.49
2-Me Et,H -1.15 -0.90 -0.25 4.70 4.110 1.52 0.38
H (C6H5)2CH,H -1.62 -0.79 -0.83 6.13 5.150 2.01 0.08
H C6H5,Me -1.86 -2.19 0.33 4.71 6.280 1.71 0.60
3-Me C3H7,C3H7 1.20 0.84 0.36 6.78 4.920 1.52 -0.23
3-Me C3H7,Et 1.13 0.54 0.59 6.26 4.920 1.52 -0.21
3-Me Et,Et 0.55 0.50 0.05 5.73 4.110 1.52 -0.20
3-Me C4H9,C3H7 0.49 0.72 -0.23 7.32 6.170 1.52 -0.23
3-Me C3H7, Me -0.06 0.11 -0.17 5.73 4.920 1.52 -0.11
3-Me Me,i-C4H9 -0.22 0.33 -0.55 6.13 4.920 1.52 -0.12
3-Me Me,Mea -0.81 0.04 -0.85 4.67 2.870 1.52 0.00
3-Me Me,Eta -0.83 0.08 -0.91 5.20 4.110 1.52 -0.10
3-Me Me,C4H9

a -0.87 0.03 -0.90 6.26 6.170 1.52 -0.13
3-Me H,i-C4H9 -1.00 -1.11 0.11 4.73 4.920 1.52 0.36
3-Me C4H9,C4H9

a -1.23 1.04 -2.27 7.85 6.170 1.52 -0.26
3-Me Et,H -1.50 -1.36 -0.14 3.80 4.110 1.52 0.38
3-Me Me,C6H5 -1.72 -1.68 -0.04 5.71 6.280 1.71 0.60
3-Me H,C6H13 -1.89 -1.52 -0.37 5.92 8.220 1.52 0.36
a Data points not used in deriving QSAR.

Table 25. Relative Proliferation Rate of MCF-7 Cells
by XC6H4OH73

log RBR

substituents obsd
calcd

from eq 25 ∆ ClogP σ+

H 0.00 -0.04 0.04 1.48 0.00
4-C2H3 0.11 0.20 0.09 2.50 -0.30
4-C3H7 0.30 0.49 0.19 3.02 -0.29
4-CH(Me)C2H5 0.73 0.65 0.08 3.43 -0.29
4-CMe3 0.71 0.65 0.06 3.30 -0.26
4-C(Me)2C2H5 0.85 0.78 0.07 3.83 -0.29
4-CH2CH2CHMe2 0.81 0.80 0.01 3.96 -0.30
4-OC4H9 -0.16 -0.26 0.10 3.16 -0.81
4-OC6H13 0.00 0.08 0.08 4.22 -0.81
4-C6H5 0.78 0.79 0.01 3.36 -0.18
4-C9H19 0.83 0.84 0.01 6.21 -0.31
4-C6H4-4-OHa 0.47 2.70 unknown

a Data point not utilized because of lack of σ+ value. Activity
corrected for presence of 2-OH groups.

log RBR ) 1.54((0.37)σ+ + 1.11((0.33)ClogP -
0.11((0.04)(ClogP)2 - 1.39((0.39) (25)

n ) 11 r2 ) 0.953 s ) 0.103 F1,9 ) 2.53(σ+)

F1,8 ) 11.82(ClogP) F1,7 ) 39.85((ClogP)2)
optimum log P ) 5.1(4.7-5.9)
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ClogP and σ+, with coefficients of 0.5 and 1.54,
respectively, and r2 ) 0.917. Nonylphenol is known
to be an active estrogen. Hence, it seems likely that
if the dose had been varied to attain a standard
response, the nonylphenol would have appeared to
be more active. Nonspecific cell toxicity is a linear
function of log P up to the range of log P ) 5-6, so
that testing lower concentrations of nonylphenol
would have mitigated toxicity. Most interesting is the
positive σ+. This means that phenols with negative
σ+ values would be toxic to the cells and, hence, show
little proliferation even though they possess the
requisite log P. This becomes very interesting in light
of eq 27, which correlates the toxicity of phenols to
leukemia cells. The σ+ terms are essentially the same
except for opposite signs in eqs 25 and 27. The
positive σ+ term in eq 25 inhibits the cell toxicity that
is shown so clearly by 4-OC4H9 and 4-OC6H13, which
have good log P values but negative σ+ values. Thus,
we believe that σ+ and (log P)2 in eq 25 are to be
associated with toxicity.

K. MCF-7 Cell Proliferation by 4-HOC6H4C(X)(Y)-
C6H4-4′-OH (Table 26)74

In this study, RBR represents a relative prolifera-
tion rate using cells treated with charcoal to remove
the natural estrogens.

In these examples, the substituents X and Y are
insulated from the aromatic rings so that no elec-
tronic term appears. The strong electron-attracting
CF3 function may be an exception causing its poor
fit to the model. Equation 26 is the clearest definition
of the hydrophobic character of the ER receptor.
Obviously there is an advantage in using cells
without a strong binding estrogen in place. Displac-
ing such an estrogen with others is a slow process
that may not reach equilibrium in the time allotted
for the experiment. The fact that QSAR obtained at
two different temperatures yield somewhat different
QSAR values (eqs 2, 3; 5, 6; 19, 20) illustrates this
point. Equations 25 and 26 suggest that more inter-
esting information on the relationship of binding by
smaller estrogens and their role in stimulating cell
growth as well as cell toxicity (eq 27) can be obtained

with cells free of natural estrogens. Using such a
system, one can use all sorts of probes to obtain, via
QSAR, a much better definition of the nature of the
receptor. All sorts of chemicals obviously unrelated
to the natural estrogens have been found to bind and/
or cause estrogenic-like effects. From a mechanistic
point of view, sets of similar compounds must be
studied before one attempts to lump many com-
pounds into a single QSAR.33 Simply obtaining a
statistically valid QSAR does not mean that one can
obtain mechanistic insight from it.

IV. Discussion

The estrogen receptor belongs to the steroid/thyroid
nuclear hormone receptor superfamily, a group of
structurally related, multidomain proteins that act
principally as ligand-modulated transcription factors
that regulate the expression of specific genes in
response to hormonal signals.68 After the hormonal
ligand binds to the receptor, the ligand-binding
domain undergoes a conformation change that results
in enhanced binding to DNA target sequences and
the recruitment of aggregates of coactivator or core-
pressor proteins that ultimately result in the activa-
tion or repression of these genes (for a more complete
description, see Introduction).

For a compound to have an estrogenic or anties-
trogenic activity through this complex pathway,
however, it must first bind to the estrogen receptor
protein. There are two estrogen receptors, ERR and
ERâ,14,16 and they have different tissue distributions
and somewhat different amino acid sequences in
their ligand-binding domains.19 Thus, these two ER
subtypes have somewhat different ligand-binding
characteristics and gene-activating activity,69 al-
though much less is known about ERâ than ERR.

Because estrogens can act through different ER
subtypes, and the ligand-ER complex can utilize
different genes, a variety of different response ele-
ments, and in different cells, varied levels of different
coregulatory proteins, it is not surprising that the
pharmacology of estrogenic compounds is complex.70

A compound may be an antagonist on one gene in
one tissue, but an agonist on another gene in another
tissue. The complexity of these interactions and the
differences in the components involved in mediating
the action of estrogens in different tissues and cells
and at different genes, is used to explain why
Tamoxifen, which acts as an antagonist by blocking
the growth of some breast cancer cells, can still act
like an estrogen in maintaining bone mineral density
and in stimulating the uterus, the latter activity
contributing to the increased risk of uterine cancer
that is found with prolonged Tamoxifen therapy.71

To complicate matters further, eqs 25 and 27 show
that toxicity must also be factored into the picture.
Despite these complexities, however, the signal event
in the biological action of estrogens is their binding
to the estrogen receptor.

From our analysis of the quantitative structure-
binding affinity relationships of many types of estro-
gen receptor ligands with the ERR, we can draw
several generalizations:

Table 26. Relative Proliferation Rate of MCF-7 Cells
by 4-HOC6H4C(X)(Y)C6H4-4′-OH74

log RBR
substituents obsd calcd from eq 26 ∆ ClogP

X Y
H H -3.00 -3.05 0.05 2.88
Me Me -2.00 -2.23 0.23 3.67
Me H -3.00 -2.64 0.36 3.27
C2H5 H -2.00 -2.09 0.09 3.80
C2H5 Me -2.00 -1.68 0.32 4.20
C2H5 C2H5 -1.00 -1.14 0.14 4.73
C3H7 C3H7 0.00 -0.05 0.05 5.79
CF3 CF3

a -2.00 -3.44 1.44 2.49
CH2OH Me -4.00 -4.12 0.12 1.84

a Data point not used in deriving equation.

log RBR ) 1.03((0.18)ClogP - 6.00((0.72) (26)

n ) 8 r2 ) 0.97 s ) 0.234 F1,6 ) 191.73

Comparative QSAR Analysis of Estrogen Receptor Ligands Chemical Reviews, 1999, Vol. 99, No. 3 741



(a) A phenolic hydroxy group, which mimics the
3-OH on the A-ring of estradiol (and at the corre-
sponding position of nonsteroidal estrogen ligands),
appears repeatedly as the most important factor in
receptor-ligand interactions.

(b) Substituents that increase the electron density
on the phenolic ring also appear to increase binding
affinity.

(c) There is, surprisingly, no consistent, positive
hydrophobic interaction between ligand substituents
and receptor (the same phenomenon has been shown
in the CoMFA analysis by Tong et al.72). The lack of
a consistent hydrophobic contribution from ligand
substituents needs to be tempered by the recognition
that the ABCD tetracyclic core structure of steroidal
estrogens (as well as the corresponding units in
nonsteroidal estrogens) is generally very hydrophobic
and may contribute to the bulk of ligand binding by
a hydrophobic mechanism.

(d) There is a hydrophobic interaction between ERR
and substituents on the 11â-position of estradiol. It
may be significant that substituents at the 11â-
position of estradiol project into the largest unfilled
pocket in the ERR ligand-binding domain that sur-
rounds the ligand.26,31

(e) In many cases, it is the steric character of
substituents, and in other cases their polar character,
that results in reduced ligand-binding affinity.

(f) In certain nonsteroidal ligands, substituents
that result in conformational restrictions, which in
all cases result in enforced deviations from planarity,
facilitate receptor-ligand binding.

(g) Positive correlations with potency and hydro-
phobicity appear frequently in the correlations be-
tween ligand structure and biological activity (in cell
growth studies, rather than ligand-binding affinity).
This is thought to be a reflection of hydrophobic
facilitation of membrane penetration.

Finally, one of the reasons that motivated our
undertaking this study was that we have discovered
that the activity of estrogenic phenols such as 4-oc-
tylphenol, 4-nonylphenol, diethystilbestrol, estradiol,
and estriol as inhibitors of the growth of L1210
leukemia cells is well fit by QSAR eq 27, which is
derived from simple phenols.33 This study has now
been extended to the four components of Premarin.
Except for estrone, which was too insoluble to test,
the others are well fit by eq 27.

Equation 27 holds only for substituents that have
negative σ+ values. With positive σ+ values, a differ-
ent type of toxicity is seen that depends only on log
P.33 The low coefficient with log P in this equation
suggests that the receptor for the toxic interaction
(which is not likely to be the ER) is not hydrophobic
and that the log P term is likely associated with cell
penetration. We now plan to test the effect of some
of the ligands discussed in this report on growth of
leukemia cells.

The problem of outliers is a tough one that has
received considerable thought from statisticians.75 In
much of the building of mathematical models, the
mechanism cannot be a means for identifying aber-
rant data points. In chemical-biological interactions,
comparative QSAR can be of mechanistic help. We
see four major causes for the misfit of datapoints: (1)
The shape of the mathematical model may be flawed.
(2) The parameters may be poorly designed or simply
contain errors in some instances. (3) There may be
experimental errors in the data. (4) Side reactions
may occur. By side reactions, we mean reactions with
receptors other than the principal one responsible for
the measured biological response.

The problem of the quality of the parameters is
serious, particularly that of log P and steric param-
eters. Because there are at least a half dozen com-
mercial programs, of varying quality, for calculation
of log P, few, indeed, take the time to experimentally
determine new values. Of course, in analyzing data
from the literature, the molecules are not normally
available and, hence, experimental log P values are
out of the question. From our experience, we believe
that while ClogP may be in error in terms of absolute
values, the numbers are surprisingly good in relative
terms.80 Hence, the error would largely be delegated
to the intercepts.

Steric parameters are most difficult to define. Two
approaches have been tried. We have attempted to
use measured or calculated values for the various
substituents. The problem with this approach is that
not knowing the shape of the receptor site (except in
rare examples46,76), the only guide is the empirical
quality of the QSAR. A more elegant approach is that
employed by CoMFA. Here one attempts, by trial and
error, to place the members of a data set in a proper
conformation from which steric interactions are
estimated by exploring the outer surfaces of the set
of “congeners”. Since the ligands are fixed, the give
in the system has to be the receptor wall. However,
we know from many examples that steric effects are
a linear function of the empirical parameters. That
is, as substituent size increases, activity gradually
falls. This more or less uniform decline in activity
could be due to two effects: the receptor wall could
give to some degree, or the positions of the ligands
could gradually move, or possibly both mechanisms
could operate. In our approach, we do not assume a
perfectly uniform mode of binding. Thus, coefficients
with steric terms may reflect the complex process of
displacement of the ligand and/or the receptor wall.

Of course, we feel that mechanistic-based compara-
tive QSAR will gradually provide more insight. Little
such work has been attempted with the CoMFA
approach, and as of the present, it does not seem
promising.79 Experimental errors in determining
activity are common and not easy to discover. We
have also found errors in the calculation of activities.

Probably the most important error is that of side
reactions that plague all of organic chemistry. All too
often in carrying out a “standard” reaction, one gets
yields of less than 50%. The possibilities for side
reactions are huge in biological work; even in a
simple cell, thousands of reactions are occurring that

log 1/C ) -1.58σ+ + 0.211 log P + 3.10 (27)
n ) 23 r2 ) 0.90 s ) 0.19

F1,21 ) 30.8(σ+) F1,20 ) 25.8(log P)
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may be more or less affected by some of the com-
pounds being tested. It is still surprising that one can
get quite useful information studying cells or even
mice with a set of 30-40, hopefully, congeners.
However, we are very slowly learning how to separate
two different types of reactions by different members
of closely related chemicals.33,77

Some perspective on outliers can be gained from
our present database. In the area of pure physical
organic chemistry, where one would expect the best
possible results, we are far from perfection. Of our
7170 QSAR from physical organic chemistry, 2561
have one or more outliers and 881 have two or more.
Most authors of such studies have used fewer than
10 datapoints. Out of 7170 sets, 5400 are based on
fewer than 11 data points. In our bio database of 5330
sets, 3543 have more than one outlier and 1170 have
more than two. More conservative, better designed
sets could do much to produce better QSAR, but
synthetic chemists still give little thought to this
problem. We believe that approaching the problem
with a better understanding of receptor structure and
mechanism will be most helpful.33,46,76,77,81

Finally, considerable work has been done using the
3-D CoMFA methodology.82-84,87,88 It is not at all easy
to compare this work with that reviewed by us. In
the first place, CoMFA, although termed QSAR, does
not qualify, as it is generally used, as quantitative
SAR. It is qualitative, or at best, semiquantitative.
Authors rarely attempt to discuss their results in
terms of numbers, but use 3-D pictures. These
pictures are not precise enough to be compared with
other results, in part because the terms used to
formulate a regression-based model are based on
principal components. Such terms will have different
compositions from data set to data set, so that
comparison is only possible via pictures that are not
easy to understand. This is not to say that CoMFA
cannot provide insight, but it cannot provide the kind
we are interested in for mechanistic comparisons.

Of course, hundreds of chemicals, one or a few at
a time, have been tested for their ability to bind to
the ER or effect some estrogenic-like activity of cells
or animals. Many of these do not contain a phenolic
OH as do most of the natural female estrogens. As
yet, we do not know how many ways chemicals can
bind to the ER or how many ways that they can effect
cell proliferation. Until some sets of truly congeneric
chemicals, but of basically different structures, have
been studied with chemicals where the parent struc-
ture does not preempt most of the hydrophobic space,
we do not think that it is profitable to compare these
small studies with QSAR studies. For instance, in
the data74 we used to formulate eq 26, several
compounds without phenolic OH groups were stud-
ied. They are much less active than the OH-contain-
ing compounds, and because they have no structural
features in common, we cannot include them in our
QSAR.

In conclusion, we believe that the results of this
study, when taken with previous analyses,33 provide
new perspective on how estrogens may affect biologi-
cal processes.
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