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The actions of estrogens are mediated through the two estrogen receptors, ERa and ERpS.
Compounds that interact selectively with ERa or ERf are of interest because they could be
used to explore the biological roles of these ER subtypes and they might be interesting estrogen
pharmaceuticals. In a new approach to develop ER subtype-selective ligands, we have
embellished the 1,1-diarylethylene motif, common to many nonsteroidal estrogens, with various
bridged bicyclic or tricyclic cores, including ones based on bicyclo[3.3.1]nonane, bicyclo[2.2.1]-
heptane, and selected bi- and tricyclic terpenoids. This design leads to three-dimensional ER
ligands of unusual structure that we have used to probe the size and shape of the ligand binding
pocket of ERa and ERS. Many of these compounds have high binding affinities, with the best
having a bicyclo[3.3.1]Jnonane core and binding 3—5 times better than estradiol to both ER
subtypes. Some of the compounds show significant affinity selectivity in favor of ERS (4- to
5-fold), and in cell-based assays for transcriptional activity most are partial agonists on ERa

and full antagonists on ERJ.

Introduction

The estrogen receptor (ER)2 is a ligand-regulated
transcription factor that mediates many of the actions
of estrogens. The principal endogenous ligand for ER
in most species is 175-OH estradiol (E2). Over the years,
many synthetic and natural ligands have been investi-
gated as potential analogues of E2,3% in the search for
agents that that would be useful in regulating fertility,
in preventing and treating breast cancer, and for
menopausal hormone replacement.

The pharmacology of estrogens is complex, and be-
cause certain estrogens show tissue selectivity, it is
difficult to classify a particular estrogen as being an
agonist or an antagonist, without specific reference to
a particular response. Thus, the term selective estrogen
receptor modulators or SERMs’ has been coined to
emphasize the fact that what an ER ligand does is bind
to the ER and stabilize a specific protein conformation.
It is the subsequent interactions that this SERM—ER
complex has with cell- and promoter-specific factors that
then determine whether the ligand has an agonist or
an antagonist effect.8-10

There are two ER subtypes: ERo and ERfS. They have
significant homology in their ligand-binding domain, but
their tissue distribution is different.1* For example, ERo
is expressed primarily in breast and uterine tissues
whereas ERf is found mainly in the brain, bone, and
vascular epithelium. The gene regulatory activities of
the two subtypes are also different. ERa knockout mice
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have reduced fertility and show greatly muted uterine
development, whereas ERj knockout mice show impair-
ment of cognitive function yet retain normal function
in the breast and uterine tissue.l? Thus, it is possible
that some of the tissue-selective pharmacology of es-
trogens could be achieved by selective binding to and/
or activation of one or the other of these two ER
subtypes. This possibility has spawned a major effort
in academic and industrial labs to identify ER subtype-
specific ligands.13-20

Structural studies on the ERs have suggested that
there is ample unoccupied space within the ligand
binding pocket,?! leading one to hypothesize that an ER
ligand with an overall three-dimensional topology would
be better able to utilize this available structural space.
In fact, a number of recent reports have described both
steroidal?? and nonsteroidal estrogens, such as those
derived from ferrocene,?® carboranes,?*2> and polycy-
clics,?® made up of structural elements having a pro-
nounced overall three-dimensional topology.

In light of these recent reports and in continuation
of our interest in nonsteroidal estrogens, we have taken
a novel approach to probe the ligand binding pockets
in the two ERs. We have started with the 1,1-diaryl-
ethylene unit, a motif common to many nonsteroidal
estrogens and exemplified in the well-known nonste-
roidal estrogen cyclofenil (Figure 1),2” and embellished
it with various bridged bicyclic or tricyclic cores (see the
bicyclo[3.3.1]nonane example, Figure 1). These bicyclic
and tricyclic cores present unusual sizes and geometries
that can be used to probe the size, shape, and flexibility
of the ERa and ERg ligand binding pockets. In particu-
lar, this design results in ER ligands having an inherent
three-dimensional topology that is much more pro-
nounced than that of the endogenous estrogen, estradiol,
and of cyclofenil (compare the three stereo structures
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Figure 1. Comparison of the structural motifs for ER ligands. Two- vs three-dimensional ligand cores and their stereo

representations.

in Figure 1), as well as that of most other known
nonsteroidal estrogens. Thus, our approach here differs
from our prior investigations in ER ligand design that
have been based on cores that are inherently two-
dimensional 31720 Many of the analogues we have
prepared have high ER binding affinities, and some
show distinct size and shape discrimination between the
two ER subtypes, in some cases favoring ER/ in affinity
by up to 5-fold. In cell-based assays for transcriptional
activity, certain analogues are also more efficacious on
ERa than on ERp, but they are more potent as antago-
nists on ERp.

Results and Discussion

Synthesis. The synthetic methods used to prepare
the bicyclic core estrogens were tailored to the steric
demands of the compounds. For sterically unencum-
bered ketones, the McMurry coupling?® was the shortest
and most successful route (Scheme 1). As is well
precedented, this reductive cross-coupling is most ef-
ficient when one of the reactants is a diaryl ketone, in
which case the cross-coupled alkene is the predominant
or sometimes exclusive product formed.?° Several com-
pounds with a 1,1-diphenylethylene motif were synthe-
sized starting from benzophenones containing either

protected or unprotected phenolic groups and the ap-
propriate bicyclic ketone (Scheme 1).

The McMurry coupling is rather sensitive to steric
factors, and it failed with very hindered ketones,
camphor (24) and fenchone (25). To overcome this
problem, we investigated an alternative synthetic route
(Scheme 2) involving conversion of the cyclic ketone into
a gem-dibromo olefin, followed by a double Suzuki
arylation reaction. Indeed, in a model experiment with
9-ketobicyclo[3.3.1]nonane, this reaction sequence did
give the desired product, albeit in low yield. Unfortu-
nately, we were unable to convert either camphor or
fenchone into their respective gem-dibromo olefins by
this method, presumably again for steric reasons.

Thus, to prepare the most sterically hindered alkenes,
we used the 2-fold extrusion strategy developed by
Barton and Kellog,®° as outlined in Scheme 3. In the
first step, the hindered ketones were converted to their
thioketo derivatives using tin-assisted sulfuration meth-
odology developed by Steliou and Mrani.3! The thioke-
tones derived from the hindered bicyclic ketones fen-
chone and camphor are relatively stable and readily
underwent reaction with a diphenyldiazomethane (pro-
duced by the MnO, oxidation of a hydrazone)3232 to give
the thiadiazoline precursor. The subsequent loss of
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nitrogen to produce the episulfide was facile and even
occurred at room temperature, though the desulfuriza-
tion step proved to be somewhat problematic. In our
hands, the latter step was best accomplished by using
the more nucleophilic tributylphosphine rather than
triphenylphosphine.

Purification of alkene 31, a solid, was easily ac-
complished by recrystallization from methanol, but
alkene 30, an oil, required repeated chromatography to
produce an analytically pure sample. Finally, removal
of the methyl protecting groups with boron trifluoride/
methyl sulfide afforded the phenolic bicyclic compound.

In attempts to reduce the double bond in tetrasub-
stituted alkene 23, we found that hydrogenation at
atmospheric pressure as well as ionic hydrogenation
with triethylsilane/TFA gave only recovered starting
material. Hydrogenation at elevated pressures (45 psi)
and transfer hydrogenation with ammonium formate in
refluxing acetic acid gave a mixture of the product and

starting material. Fortunately, however, reduction with
lithium in liquid ammonia,®*35 using aniline as the
quenching agent (Scheme 4A), gave very good yields of
the reduced product, which after deprotection furnished
the saturated analogue 34.

Compound 35, which bears a structural resemblance
to bisphenol A, was prepared (Scheme 4B) by the
condensation of the commercially available bicyclic
ketone 7 with phenol in the presence of either HCI gas
or BF3;-OEt, and a catalytic amount of butane thiol.36
Presumably, the thiol serves to convert the ketone into
a thioketal, which then undergoes displacement by
phenol to give the product.

It is of note that of the chiral ligands, compounds 16
and 19 are racemates and compounds 21, 32, and 33
are derived from enantiomerically pure natural prod-
ucts, (+)-camphor (24), (—)-fenchone (25), and (—)-
isolongifolenone (19). The correct enantiomers are shown
for the enantiopure compounds.
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Estrogen Receptor Binding Affinity. The binding
affinity of ER ligands prepared in this study for purified
human ERa and ERp receptors was determined using
a competitive radiometric binding assay, according to
our published procedure.?” Binding is expressed as
relative binding affinity (RBA), where estradiol has an
affinity of 100%. The RBA values are listed in Table 1.
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In general, the majority of the compounds show very
high binding affinity to both ERa and ERf, having RBA
values that are in the 10—500% range for both ER
subtypes. The highest affinity is shown by the ligands
having the bicyclo[3.3.1]nonane core linked to the 1,1-
diarylethylene unit. Bisphenol 8, the best of this series
with an ERa RBA of 500 and ERp of 300, serves as a
convenient benchmark for all of the others in terms of
presenting structure—binding affinity relationships.

The effect of the phenolic functions on binding affinity
is evident from a comparison of the bisphenol 8 with
compounds 9—11. Removal of one phenolic hydroxyl (8
vs 10) or its conversion to a fluoro substituent (8 vs 9)
results in a 10- to 20-fold reduction in binding affinity
to both ERa and ERf. These large changes in affinity
suggest that both phenols are playing important roles
in binding with both ER subtypes, an issue that is
discussed in the next section. By contrast, introduction
of an additional phenolic hydroxyl (8 vs 11) or movement
of one phenol from a para to a meta position (8 vs 12)
has a more moderate effect: ERa binding is lowered 5-
to 10-fold, but ERp binding is less affected so that the
catechol 11 and the isomeric phenol 12 have a moderate
affinity preference for ERp.

Changes to the size and shape of the bicyclic unit in
these ligands (compounds 14, 16, 18, 21, 32, 33, and
36) have interesting but unpredictable effects on ER
binding affinity and subtype selectivity. Simply adding
a methylene bridge, which constrains the bicyclo[3.3.1]-
nonane system as an adamantane (8 vs 14), has a
minimal effect on ERa binding (2-fold reduction) and
no effect on ERp binding, giving a ligand that has now
lost ERa binding preference. By contrast, the ligand
with the smaller bicyclo[2.2.1]heptane core (compound
16) shows a far greater drop in ERa than in ERf
binding, giving the compound that has the highest ER/
binding preference of the ligands in this series. When
the bicyclo[2.2.1]heptane core of compound 16 is altered,
binding characteristics continue to change in various
ways. Methyl substitution as in the camphor analogue
(16 vs 32) has minimal effect, and ERf selectivity is
maintained, but the isomeric methylation as in the
fenchone analogue (33) markedly lowers affinity and
eliminates the ERp selectivity. This is also the case with
the isolongifolene-derived analogue (21).
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Table 1. Relative Binding Affinity (RBA) of 1,1-Diarylethylene Analogues for Estrogen Receptors o and 5 Determined by a
Competitive Radiometric Binding Assay with [*H]Estradiol and Full Length Human ERa and ERp, Using Methods Described in the

Experimental Section®

# Compound ERo ERpB Brou | # Compound ERo ERB | B/o
OH OH
8 513+17 | 301 +£54 | 0.59 | 21 ‘z 9+2 13+£3 1.4
AT BOReS
3 OH
9 “ 40+0 52+11 1.3 |32 57+8 189+15 | 3.3
o ST
O OH
10 O S | 3143 35+7 1.1 |33 10£0.5 8+1.5 [0.80
HO " O P
OH OH
OH
11 O 108+£26 | 187+44 | 1.7 |34 O 15+4 131 | 0.87
= <
HO O o HO O =
®
0.31£0. | 0.250.
12 ) ® S | 4622 | 890 | 19 |35 oy 081
HO
OH OH
14 243428 | 317431 | 1.3 |36 O 68+18 |334+54 | 4.9
‘I I‘ LT O
OH [oT]
16 O 47413 | 211£57 | 4.5 |37 O 32+0.5 | 9+1.5 | 2.8
N
HO O ‘ HO O ‘
OH
18 O N ‘ 97+5 125422 | 1.3
HO
9

a The RBA of estradiol is 100. Values represent the average + range or SD of two to three independent determinations.

The other analogues that we have prepared are ones
in which different aspects of the diphenylethylene
system itself are altered, either by elimination of the
double bond or by the way in which the two phenols
are attached to the bicyclic system. In both cases we
have studied, elimination of the double bond (i.e., 34 vs
8, and 37 vs 36) has a remarkable effect on binding
affinity, with RBA values dropping 20- to 30-fold for
both ER subtypes. While at first glance it might seem
curious to see such a large decrease in affinity for what
is apparently only a small structural change, elimina-
tion of the double bond has a significant effect on the
preferred conformation of the ligand. Whereas the
alkene fixes the relative orientation of the bisphenol
system to the bicyclic (8) or monocyclic cores (36), in
the more conformationally mobile alkane analogues (i.e.,
34 and 37, respectively), the preferred conformations
are quite different, and considerable steric repulsion is

encountered if the aryl rings in the alkanes are con-
strained to their alkene-like conformations.

Attachment of the phenols directly to the bicyclo-
[3.3.1]nonane system (35 vs 8) has an even more drastic
effect on binding affinity (>1000-fold reduction). This
suggests that both ERs have a “constriction” (or at least
a limited deformability) somewhere in the middle of the
ligand binding pocket.2! In compound 35, the bisphe-
nylmethylene unit and the bicyclic unit are simply too
close together, and they crowd this constriction site. We
believe that a similar effect is noted, though to a lesser
degree, in comparing the ligand with the simple bicyclo-
[2.2.1]heptane (16) with that derived from the fenchone
analogue (33). In the latter analogue, two of the methyl
groups are crowding this middle region (constriction
site), whereas these methyl groups are more remote
from this site in the camphor analogue (32). The
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Figure 2. (A) Estradiol (E2) and diethylstilbestrol (DES) and their hydrogen bonding partners in ERa. (B) Schematic illustration
of the three different binding modes for compounds containing a 1,1-diphenylethylene motif in the ligand binding pocket of the

ER.

crowded isolongifolene-derived analogue (21) also en-
counters this constriction.

An important factor that needs to be taken into
account with ligands containing the 1,1-diarylethylene
moiety is the torsion angle between the two phenyl
groups and the double bond. Owing to steric interactions
between the ortho protons and the allylic bridgehead
atoms (A1,3-strain), the two aromatic rings are not
coplanar. In fact, an early study by Miquel observed a
correlation between the estrogenic effects of certain 1,1-
diarylethylenes and the torsion angle for the aryl
groups.3 This direct dependence of the RBA values on
the torsion angle was attributed to an increase in the
overall “thickness” (surface area or volume),3 which
leads to enhanced hydrophobic interactions with nearby
protein residues and thus contributes favorably to the
RBA values.

A notable exception to the above statement is found
in the series of ligands we have examined based on the
bicyclo[2.2.1]heptane core (compounds 16, 32, and 33).
In this series, the Al,3-strain increases in a progressive
manner. The calculated dihedrals (determined in MAC-
ROMODEL) are 53°, 71°, and 80° for the unsubstituted
(16), camphor-derived (32), and fenchone-derived (33)
systems, respectively. From X-ray analysis, the experi-
mentally determined value for compound 31, the di-
methyl ether of 33, is 87° (for details, see Supporting
Information). Thus, if there were a simple linear cor-
relation between torsion angle and the binding affinity,
then compound 33 should have a higher RBA value than
either 32 or 16. In our series, however, the relationship
between torsion angle and binding affinity is reversed
from that in the earlier Miquel study.®® This indicates
that other factors, such as a nonoptimal orientation of
the phenyl rings and lack of steric complementarity in
the binding pocket, are playing dominant roles rather
than simply exposing the hydrophobic surface area.

Overall then, the size and shape of the bicyclic core
unit in these ER ligands, as well as the disposition of
the appended phenols, all prove to be factors in deter-
mining their affinity for the ER subtypes. High affinity
is generally found when the diarylmethylene unit is
attached to the bicyclic core at a site that is not
excessively crowded. Crowding (as in 21 and 33),
reduction of the double bond (as in 34 and 37), and
direct aryl attachment to the bicyclic core (as in 35) all
reduce affinity markedly. ERa selectivity at a modest
level is found in only one case (e.g., 8), but ERj
selectivity is substantial when the cyclic portion is
relatively small and unencumbered (e.g., 16 and 36),
as well as in one case that is more hindered (e.g., 32).
The variations in the binding affinities presumably
reflect not only the differences in the overall volume of
the ligand binding pockets but also its adaptability to
accommodate various ligand shapes.

Molecular Modeling. As an aid to understanding
the structure—affinity relationships shown in Table 1,
we used molecular modeling. The first step in modeling
was an evaluation of the orientation that these ligands
might prefer to adopt in the binding pocket of the two
ER subtypes. At least three different binding modes
(Figure 2) can be postulated for compounds containing
a 1,1-diarylethylene motif. Each of these was examined,
with consideration of possible hydrogen bond formation,
using the binding affinity results (Table 1) as a guide.
Thus, ligand 8 was docked into the binding pocket of
the receptor, and the entire protein—ligand complex was
minimized.

In the first binding mode, an attempt was made to
have the two phenol rings act as mimics of the 3-OH
and the 173-OH of estradiol (or the two hydroxyls in
DES), with the bicyclic core contributing to the overall
hydrophobicity of the ligand. In the two remaining
binding modes, one phenol is used as the A-ring mimic,
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and the second phenol, depending on its orientation, was
extended into either the 7o or the 11p regions of the
binding pocket of the receptor. Because there are sizable
preformed or empty pockets in these regions of the
receptor,53%40 Jarge ligand substituents that project into
these regions are usually well tolerated and in most
cases engender high binding affinities.4142

A detailed evaluation of the three ligand-binding
modes suggested that mode 111 for ligand binding is the
most reasonable. Mode | does not appear to be preferred
because the second phenol cannot reach the residue
(histidine) that interacts with the 173-hydroxyl of
estradiol. In the remaining two modes, modeling sug-
gested that one of the phenols can function nicely as an
A-ring mimic, engaging in the two hydrogen bonds with
the glutamate and arginine residues (Figure 3). Mode
11, however, appears unlikely because the second phenol,
which projects into the 7a binding pocket, is not
apparently involved in any favorable interaction with
nearby protein residues. By contrast, in mode 111 the
second phenol on ligand 8 is oriented into the 11p
pocket, which (unlike mode I1) does contain at its edge
two polar residues near the N terminus of helix-3. In
ERa, this second —OH group is well positioned to
engage in hydrogen bonding with Thr 347 and Asp 351
(Figure 3), but in ERp, only Thr 299 is within hydrogen
bonding distance. Furthermore, comparison of the ener-
gies of the final minimized protein—ligand complexes
revealed that mode Il1 is favored in both receptor ER
subtypes by a considerable margin. Therefore, we
propose that ligands containing a 1,1-diarylethylene
motif bind in mode 111 and that contributions to their
high binding affinities are made largely by several
hydrogen bond interactions and the cumulative effects
of a number of hydrophobic contacts made by the bicyclic
core.

Our preference for mode |11 is also supported by the
following. (1) Deletion of one of the phenolic —OH groups
(as in compounds 9 and 10), which would lead to loss of
these hydrogen-bonding interactions, results in a very
significant loss in binding affinity in both ER subtypes.
(2) In this mode, the second phenol is placed in a
position known to be occupied by one of the phenyl
groups in the triarylethylene ER ligand hydroxytamox-
ifen.3®

Using the ligand fit of mode 11l as a guide, we can
see that the dramatic (25- to 30-fold) reduction in
binding affinity when the double bond in ligands 8 and

Journal of Medicinal Chemistry, 2003, Vol. 46, No. 9 1595

36 is reduced (producing ligands 34 and 37, respectively)
results from an alteration in ligand shape. When the
low-affinity, saturated compound 34 (in its minimum
energy conformation with the two hydrogens anti-
periplanar) is superimposed with the high-affinity,
unsaturated parent 8 in ERa and both complexes are
subjected to energy minimization, the reduced ligand
34 moves to a new position where it can no longer
interact optimally with key residues on the receptor (Glu
353, Arg 394, Thr 347, and Asp 351).

Activity of 1,1-Diarylethylene Estrogens on Gene
Transcription. To evaluate the activity of these bicyclic
estrogens as transcriptional agonists and antagonists,
cotransfection assays were conducted in human en-
dometrial (HEC-1) cells, using expression plasmids for
either ERa or ER/3 and an estrogen-responsive reporter
gene construct. In an initial screen, the agonist activity
of the new compounds was determined at two concen-
trations, 1078 and 10~¢ M, and antagonist activity was
assayed at 107% M but in the presence of 107° M E,. In
all cases, the transcriptional activity is normalized
relative to that obtained with 107° M estradiol, which
is set at 100%. These data are summarized in Table 2,
where the percent efficacy of the compounds tested as
agonists (at 1078 and 10~® M) and as antagonists (at
1076 M) is given.

On the basis of the level of efficacy achieved in the
agonist and antagonist modes, the compounds were
classified as “agonists” (nearly full efficacy, >80%),
“antagonists” (very little efficacy, <15%), “partial ago-
nists” (50—80% efficacy), or “partial antagonists” (15—
50% efficacy). In addition, compounds that failed to
reach a similar level of efficacy at 1078 M in both agonist
and antagonist modes were classifed as “weak”, whereas
those showing equivalent efficacy at 1078 and 1076 M
in agonist and 1076 M in antagonist modes are classified
as “potent”. Complete dose—response curves were also
obtained for seven compounds (8, 9, 11, 16, 18, 32, and
36) whose affinity and efficacy seemed most interesting
(Figure 4). Again, for convenience, comparisons have
been made with compound 8, the high-affinity bicyclo-
[3.3.1]nonane ligand, as well as with cyclofenil (36).

The general feature of the pharmacology of these
cyclic ER ligands is that they are all, with few excep-
tions, partial agonists on ERa and full antagonists on
ERp. Their potencies as agonists and antagonists are
also generally quite good but are not as high as might
be expected from their binding affinities. As is well-
known, estradiol is a full agonist on ERo and ERp
(Figure 4A), having ECso values of 10711 and 10710 M,
respectively. By contrast, where they are ERa agonists,
the bicyclo ER ligands typically have ECsg values of 107°
to 3 x 1078 M. Thus, it is curious that even though some
of the bicyclic ligands bind to ERa with affinities 5 times
greater than that of estradiol, their ECsy values are
nevertheless considerably higher than that of estradiol.
In their full antagonism on ERf, these compounds have
ICso values in the range 3 x 1072 to 3 x 1078 M, whereas
in their partial antagonism of ERq, they are less potent,
with ICs values that are typically 10- to 30-fold higher.
This is consistent with the generally higher affinity of
these ligands for ERp than for ERa.

Within these general pharmacological features, there
are a number of other interesting trends in the tran-
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Table 2. Transcriptional Efficacy of 1,1-Diarylethylene Bicyclic Estrogens and Analogues on ERa and ERf?

% efficacy on ERo

% efficacy on ERfP

agonist agoniste pharmacological agoniste agonistt (M) pharmacological
compd 1078 M 107 M 10°M characterd 1078 M 10°°M 10°6 characterd
8 25 22 23 potent partial antagonist 2 2 2 potent antagonist
9 58 63 65 partial agonist 7 10 16 partial antagonist
10 71 80 83 agonist 8 17 22 partial antagonist
11 15 20 38 weak partial antagonist 2 2 2 potent antagonist
14 20 20 19 potent partial agonist 2 2 2 potent antagonist
16 25 22 32 partial antagonist 3 3 3 potent antagonist
18 27 26 35 partial antagonist 2 2 2 potent antagonist
21 1 4 30 weak antagonist 1 1 15 weak antagonist
32 24 28 21 potent partial antagonist 3 4 4 potent antagonist
33 5 11 18 weak antagonist 2 3 13 weak antagonist
34 16 41 40 partial antagonist 21 50 55 partial agonist
35 1 6 43 very weak antagonist 2 4 78 very weak
36 9 12 22 weak partial antagonist 2 3 4 potent antagonist

a Transcriptional efficacy determined in cotransfection assay in HEC-1 cells using ERa or ERf expression plasmids and an estrogen-
regulated reporter gene plasmid (see Experimental Section for details). Values are percent of the transcriptional response of estradiol at
102 M. P Values are percent of the transcriptional response of estradiol at 107° M, and they represent the average of triplicate
determinations (CV < 0.15). ¢ Agonist assays are done with compound alone; antagonist assays are done with compound together with

1079 M estradiol. 9 For a definition of these terms, see text.

scription data. (1) Most of the bicyclic compounds (8,
11, 14, 16, 18, and 32) have an ERo/ERf agonist/
antagonist balance that is very similar to that of the
parent compound cyclofenil (36); they have ca. 20—30%
efficacy on ERa and are complete antagonists on ERf
(Table 2 and Figure 4). (2) The potencies of these
compounds vary considerably, in some cases nicely
reflecting differences in their ERa vs ERf relative
binding affinities. For example, compounds 16, 32, and
36, which have the highest (3.3- to 4.9-fold) binding
preference for ERp, also show the greatest selectivity
in terms of more potent antagonism of ERj vs ERa. (ca.
50-fold) (see parts E, G, and H of Figure 4). This ERf
selectivity in antagonist potency is considerably greater
than that shown by the parent compound 8 (ca. 5-fold)
(Figure 4B), consistent with the fact that it does not
show ERpf affinity selectivity. (3) The two compounds
that lack a second phenolic hydroxyl group (9 and 10)
are the only compounds that show higher efficacy on
both ERa (ca. 60—70%) and ERp (ca. 20—30% efficacy)
compared to those enumerated in point 1 above (Table
2 and Figure 4C). Removal of the second phenol abro-
gates ligand hydrogen bonding with the helix-3 residues
(Asp and Thr), which might also release a constraint
on the conformation of this region of the ligand binding
domain that now allows helix-12 to pack more comfort-
ably in the agonist conformation, thus engendering the
increased level of agonist activity. Loss of this interac-
tion probably also accounts for the reduced binding
affinity of ligands 9 and 10, compared to the parent
ligand 8. (4) Three compounds (21, 33, and 35) are
essentially complete antagonists on both ERa and ERf
(Table 2). These compounds encompass those in which
the core structures are very bulky (21 and 33) or those
that lack the diarylethylene motif (35). These all have
the lowest affinities and potencies of the compounds we
have studied. (5) Compound 34, which is the saturated
analogue of the parent bicycle 8, is a mixed agonist—
antagonist with no particular ER subtype selectivity.
It is the only compound that shows marked agonism on
ERp, but it is of low potency (Table 2). (6) For the
bisphenolic compounds, the efficacy of transcription as
well as the ERa agonist selectivity remains relatively
constant despite an increase in the size of the bicyclic

core from a C; to a Cyp moiety; however, beyond a cer-
tain point, the level of transcriptional efficacy as well
as the ERa agonist selectivity decreases. For example,
compound 21, which contains the largest Cjs core
derived from a sesquiterpenoid, is an antagonist on both
ER subtypes (Table 2).

An intriguing point that emerges from our study of
bicyclic 1,1-diarylethylenes is that their biological profile
(partial agonist on ERa and antagonist on ERp) is very
reminiscent of some recently described ER ligands, the
tetrahydrochrysenes (THCs)!® and trisubstituted tri-
azines,!® yet there is very little structural similarity
between the bicyclic 1,1-diarylethylenes and these two
classes of ligands. The THCs, of note, even lack a basic
side chain, indicating that this functionality is not
obligatory for compounds to exhibit antagonism on ERf.
Perhaps the ERpj-selective antagonism of all of these
compounds is simply a reflection of the greater facility
with which helix 12 in the ERp ligand-binding domain
can be induced to adopt an antagonist conformation, a
process that we termed “passive antagonism” in a recent
structural study of THC complexes with ERa. and ERS.43
An X-ray analysis of the ERs bound to ligand 8 would
likely resolve this issue as well as confirm the orienta-
tion of the ligand in the binding pocket.

Conclusion

In summary, we have prepared novel ligands for the
estrogen receptor (ER) that combine a familiar 1,1-
diphenylethylene motif, found in the simple ligand
cyclofenil (36), with various bicyclic core structures to
probe the size, shape, and flexibility of the ligand
binding pockets of ERa and ERf. Most of these ligands
have very high affinity for the ERs. The best (compound
8) has a bicyclo[3.3.1]nonane core and binds 3—5 times
better than estradiol to both ER subtypes. Two ana-
logues based on the smaller bicyclo[2.2.1]heptane core
(compounds 16 and 32, as well as cyclofenil 36 itself)
show affinity selectivity for ERS as high as 4- to 5-fold.In
cell-based transcription assays, most of the compounds
were partial agonists on ERa and full antagonists on
ERp, and those that have preferential ERj binding
affinity are considerably more potent as ERfS antago-
nists than they are as antagonists of ERa.
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Figure 4. Transcription activation through ERa and ERf in response to compounds with a 1,1-diphenylethylene motif. Human
endometrial cancer (HEC-1) cells were transfected with expression vectors for ERa, ERp, and the estrogen responsive gene 2ERE-
pS2-Luc and were incubated with the indicated concentrations of estradiol (E2) or ligands 8, 9, 11, 16, 18, 32, 36 (solid lines) for
24 h. Antagonist activity was assayed in the presence of 1 nM E2 (dashed lines). The values given are the mean £ SD of three
or more experiments and are expressed as a percent of the ERa or ERS response with 107° M E2.

Experimental Section

Materials and Methods. *H NMR spectra were obtained
on a 500 MHz instrument. 3C NMR spectra were acquired at
125 MHz. The chemical shifts are reported in ppm and are
referenced to either tetramethylsilane or the solvent. Mass
spectra were recorded under electron impact conditions at 70
eV. Melting points were obtained on a Thomas-Hoover Melt-
emp apparatus and are uncorrected. Glassware was oven-
dried, assembled while hot, and cooled under an inert atmos-
phere. Unless otherwise stated, all reactions were conducted
in an inert atmosphere. Reactions using moisture- or air-
sensitive reagents were performed in anhydrous solvents,
which were collected when required using a solvent dispensing
system built by by J. C. Meyer based on a design developed
by Pangborn et al.** Benzophenones 4*°and 5% were synthe-
sized according to published procedures.

General Procedure A. McMurry Coupling. Titanium
tetrachloride (0.420 mL, 3.7 mmol) was added slowly at —10
°C to a stirred suspension of zinc (0.490 g, 7.5 mmol) in 10
mL of anhydrous THF. The cooling was removed, and the
reaction mixture was refluxed for 2.5 h. The reaction mixture
was then cooled to ~30 °C. At this point, a mixture of the two
ketones (1 mmol each) in 8 mL of THF was added and the
reaction mixture was refluxed again. After 1.5 h, the heating
was stopped and the reaction mixture was cooled to room
temperature and was poured slowly into a 10% K,COj3 solution.
The mixture was extracted with 50 mL of ether, washed with
brine, and dried on MgSO.. The solvent was evaporated to
provide the crude cross-coupled products, which were chro-
matographed using 10% EtOAc/hexane as the eluent.

General Procedure B. Deprotection of Methyl Ethers.
Boron trifluoride/dimethyl sulfide (10 equiv) was added slowly
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to a solution of methyl ethers (0.5 M solution in CH,CI;) and
was stirred at room temperature for 8—12 h. After the mixture
was cooled to 0 °C, ethyl acetate (20 mL) was added to dilute
the reaction mixture and the reaction was quenched by the
addition of 5 mL of 10% HCI. Extraction with an additional
20 mL of EtOAc, followed by evaporation of the solvent in
vacuo, furnished the crude phenols, which were subsequently
chromatographed using 30% EtOAc/hexane as the eluent.

9-[Bis(4-hydroxyphenyl)methylene]bicyclo[3.3.1]-
nonane (8). Following the general procedure A and using
ketones 6 and 7 as the reactants, the isolated yield of 8 was
0.240 g (78%). *H NMR (acetone-ds): 6 8.18 (s, 2H), 6.97 (d,
8.5 Hz, 4H), 6.75 (d, 8.5 Hz, 4H), 2.69 (br s, 2H), 2.09—-1.98
(m, 3H), 1.84—1.72 (m, 10H), 1.59—1.53 (m, 2H). *C NMR: 9§
156.2, 143.9, 135.2, 131.8, 130.7, 115.3, 34.6, 34.0, 22.0. MS
(El, 70 eV) m/z: 320 (M*, 100%). HRMS (EI, 70 eV) calcd for
C22H2402, 3201776, found, 320.1774.

9-[(4-Fluorophenyl)(4-hydroxyphenyl)methylene]-
bicyclo[3.3.1]nonane (9). Using ketones 2 and 7 as the
reactants and following the general procedure A, the isolated
yield of 9 was 0.210 g (67%). *H NMR (acetone-ds): 0 8.4 (br
s, 1H), 7.26 (dd, 9 Hz, 6.5 Hz, 2H), 7.12 (t, 9 Hz, 2H), 7.09 (d,
9 Hz, 2H), 6.87 (d, 8.5 Hz, 2H), 2.81 (bs. s, 1H), 2.70 (br s,
1H), 2.18—2.09 (m, 2H), 1.93—1.82 (m, 8H), 1.67—1.63 (m, 2H).
13C NMR (acetone-dg, 125 MHz): ¢ 162.6, 160.7, 156.3, 145.3,
140.1, 140.08, 134.4, 131.3, 131.2, 130.8, 130.6, 115.3, 115.1,
114.9, 34.6, 34.4, 33.8, 21.9. HRMS (EI, 70 eV) calcd for CyoH2s-
FO, 320.1733; found, 320.1730.

9-[(4-Hydroxyphenyl)phenylmethylene]bicyclo[3.3.1]-
nonane (10). Following the general procedure A and using
ketones 3 and 7 as the reactants, the isolated yield of the cross-
coupled product was 0.26 g, (82%). 'H NMR: 6 7.34 (t, 8 Hz,
2H), 7.25 (s, 1H), 7.24 (d, 8 Hz, 2H), 7.16 (d, 8.5 Hz, 2H), 6.89
(d, 8.5 Hz, 2H), 3.84 (s, 3H), 2.82 (br s, 1H), 2.76 (br s, 1H),
2.65—2.06 (m, 2H), 1.96—1.82 (m, 9H), 1.69—1.65 (m, 2H). 13C
NMR: ¢ 157.8, 145.3, 143.3, 135.5, 130.7, 130.3, 129.2, 127.9,
125.8, 113.3, 55.0, 34.1, 34.02, 33.7, 21.6. MS (El, 70 eV) m/z:
318 (M*, 100%). HRMS (EI, 70 eV) calcd for C3H260, 318.1984;
found 318.1984.

Deprotection. Starting from 0.1 g (0.31 mmol) of the
McMurry coupling product and using the general procedure
B, 0.082 g (87%) of compound 10 was obtained. *H NMR
(acetone-dg): 0 8.2 (br s, 1H), 7.26 (d, 8 Hz, 2H), 7.12 (t, 9 Hz,
2H), 7.09 (d, 9 Hz, 2H), 6.87 (d, 8.5 Hz, 2H), 2.81 (bs. s, 1H),
2.70 (br s, 1H), 2.18—2.09 (m, 2H), 1.93—1.82 (m, 8H), 1.67—
1.63 (m, 2H). C NMR (acetone-ds, 125 MHz): ¢ 161.6, 160.5,
155.3, 143.3, 142.1, 139.08, 131.4, 130.3, 130.2, 129.8, 129.6,
113.3, 112.1, 111.9, 33.6, 32.4, 31.8, 20.9. HRMS (ElI, 70 eV)
calcd for C;2H240, 304.1827; found, 304.1827.

9-[(3,4-Dihydroxyphenyl)(4-hydroxyphenyl)methylene]-
bicyclo[3.3.1]nonane (11). Following the general procedure
A and using ketones 4 and 7 as the reactants, the isolated
yield of the cross-coupled product was 0.210 g (67%). ‘H
NMR: 6 7.08 (d, 8.5 Hz, 2H), 6.81 (d, 8.5 Hz, 2H), 6.78 (d, 8.5
Hz, 1H), 6.69 (dd, 8.5 Hz, 1.5 Hz, 1H), 6.67 (d, 1.5 Hz, 1H),
3.85 (s, 3H), 3.82 (s, 3H), 3.77 (s, 3H), 2.71 (br s, 2H), 2.08—
2.00(m, 4H), 1.85—1.78 (m, 8H), 1.61—1.55 (m, 2H). 3C NMR:
0 157.7, 148.2, 147.1, 144.9, 136.2, 135.5, 130.4, 130.2, 121.4,
113.2,112.6, 110.6, 55.6, 55.0, 34.24, 34.21, 34.02, 33.72, 33.70,
21.6. MS (El, 70 eV) m/z: 378 (M*, 100%), 347 (M — 31, 14%).
HRMS (El, 70 eV) calcd for CisH3003, 378.2195; found,
378.2193.

Deprotection. Starting from 0.1 g (0.26 mmol) of the
McMurry coupling product and using the general procedure
B, 0.075 g (85%) of compound 11 was obtained. 'H NMR-
(acetone-dg): 0 6.97 (d, 8.5 Hz, 2H), 6.75 (d, 8 Hz, 1H), 6.73
(d, 8.5 Hz, 2H), 6.62 (d, 2 Hz, 1H), 6.51 (dd, 8 Hz, 2 Hz, 1H),
2.75 (br s, 1H), 2.67 (br s, 1H), 2.07—1.98 (m, 3H), 1.84—1.71
(m, 8H), 1.58—1.52 (m, 2H). *C NMR (acetone-dg): 6 155.9,
144.7, 143.7, 143.5, 135.7, 134.9, 131.7, 130.4, 120.9, 116.6,
114.9, 34.3, 33.7, 21.8. HRMS (EI, 70 eV) calcd for Cz;H2403,
336.1725; found, 336.1720.

9-[(4-Hydroxyphenyl)(3-hydroxyphenyl)methylene]-
bicyclo[3.3.1]nonane (12). Following the general procedure
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A and using ketones 5 and 7 as the reactants, the isolated
yield of the cross-coupled product was 0.21 g (61%). 'H NMR:
0 7.19 (t, 8 Hz, 1H), 7.11(d, 8.5 Hz, 2H), 7.09 (d, 8 Hz, 1H),
6.78 (d, 8.5 Hz, 1H), 6.74 (s, 1H), 3.79 (s, 3H), 3.78 (s, 3H),
2.74 (m,1H), 2.71 (m, 1H), 2.09—2.00 (m, 2H), 1.88—1.77 (m,
8H), 1.63—1.58 (m, 2H). 13C NMR: 6 159.2, 157.8, 145.4, 144.8,
135.3, 130.6, 130.3, 128.8, 121.8, 115.0, 113.3, 111.1, 55.1, 55.0,
34.2, 33.9, 33.7, 21.6. HRMS (El, 70 eV) calcd for Cz4H250,,
348.2089; found, 348.2080.

Deprotection. Starting from 0.1 g (0.26 mmol) of the
McMurry coupling product and using the general procedure
B, the yield of compound 12 was 0.064 g (69%). *H NMR: ¢
7.17 (t, 8 Hz, 1H), 7.15 (d, 8.2 Hz, 2H), 7.07 (d, 8 Hz, 1H), 6.58
(d, 8.5 Hz, 1H), 6.74 (s, 1H), 2.73 (m,1H), 2.69 (m, 1H), 2.08—
2.00 (m, 2H), 1.85-1.74 (m, 8H), 1.61—1.52 (m, 2H). 13C
NMR: 6 158.2, 156.8, 145.1, 144.8, 134.6, 129.6, 129.3, 128.5,
120.5, 113.9, 113.4, 111.3, 34.1, 34.0, 33.4, 21.5. HRMS (El,
70 eV) calcd for CxH240,, 320.1776; found, 320.1772.

2-[Bis(4-hydroxyphenyl)methylene]adamantane (14).
Following the general procedure A and using ketones 1 and
13 as the reactants, the isolated yield of the cross-coupled
product was 0.190 g (54%). *H NMR: ¢ 7.05 (d, 8.5 Hz, 4H),
6.82 (d, 8.5 Hz, 1H), 3.79 (s, 6H), 2.81 (br s, 2H), 2.1-1.84 (m,
9H). 3C NMR: ¢ 157.7, 145.7, 135.8, 130.6, 129.5, 113.2, 55.1,
39.5, 39.2, 37.4, 37.1, 28.2. mp 145—146 °C.

Deprotection. Starting from 0.1 g of the McMurry coupling
product and using the general procedure B, the yield of
compound 14 was 0.085 g (93%). *H NMR: ¢ 7.00 (d, 8 Hz,
4H), 6.71 (d, 8 Hz, 1H), 2.86 (br s, 2H), 2.0—1.84 (m, 9H). 13C
NMR: ¢ 153.7, 140.7, 133.8, 130.5, 128.7, 113.0, 39.4, 39.1,
36.4, 38.1, 28.7. HRMS (El, 70 eV) calcd for Cy3H240o,
332.1776; found, 332.1774.

2-[Bis(4-hydroxyphenyl)methylene]bicyclo[2.2.1]-
heptane (16). Following the general procedure A and using
ketones 6 and 15 as the reactants, the isolated yield of the
cross-coupled product 16 was 0.19 g (65%). *H NMR: ¢ 8.12
(s, 1H), 8.10 (s, 1H), 7.12 (dd, 8 Hz, 2 Hz, 1H), 7.01 (d, 7 Hz,
2H), 6.86 (dd, 8.5 Hz, 2 Hz, 1H), 6.70 (d, 8.5 Hz, 1H), 6.70 (d,
8.3 Hz, 2H), 6.64 (dd, 8 Hz, 2.5 Hz, 1H), 1.86—1.81 (m, 2H),
1.72 (tt, 4.5 Hz, 11.5 Hz, 1H), 1.62 (br s, 1H), 1.52 (tt, 4.5 Hz,
12.5 Hz, 1H), 1.40 (td, 5 Hz, 12.5 Hz, 1H). 13C NMR: ¢ 156.05,
156.03, 154.2, 137.7, 136.6, 134.5, 131.5, 130.9, 129.9, 115.3,
114.6, 114.4,52.2, 50.6, 46.95, 46.93, 46.0, 37.7, 26.41. HRMS
(El, 70 eV) calcd for CaoH200,, 292.1463; found, 292.1460.

5-[Bis(4-hydroxyphenyl)methylene]octahydro-4,7-meth-
anoindene (18). Following the general procedure A and using
ketones 1 and 17 as the reactants, the isolated yield of the
cross-coupled product was 0.23 g, (64%). *H NMR: ¢ 7.14 (d,
8.5 Hz, 2H), 7.11 (d, 8.5 HZ, 2H), 6.84 (d, 9 Hz, 2H), 6.83 (d,
9 Hz, 2H), 3.82 (s, 3H), 3.80 (s, 3H), 2.70 (br s, 1H), 2.42 (dd,
16.5 Hz, 4.5 Hz, 1H), 2.22 (dd, 17 Hz, 8 Hz, 1H), 2.13 (d, 4.5
Hz, 1H), 1.98 (dd, 8 Hz, 17 Hz, 1H), 1.95—1.88 (m, 2H), 1.81
(dd, 3 Hz, 16.5 Hz, 1H), 1.70 (dt, 12 Hz, 6 Hz, 1H), 1.49 (d, 10
Hz, 1H), 1.31—1.21 (m, 3H), 1.04—0.95 (m, 2H). *C NMR: 0
157.63, 157.56, 144.0, 136.1, 135.9, 130.4, 130.3, 129.6, 113.26,
113.19, 113.14, 55.11, 55.09, 47.6, 47.2, 47.1, 40.9, 38.3, 33.2,
32.4, 31.6, 27.6. HRMS (El, 70 eV) calcd for CysH250o,
360.2089; found, 360.2086.

Deprotection. Using 0.1 g (0.27 mmol) of the product from
the McMurry reaction and using the general procedure B, the
yield of compound 18 was 0.082 g (90%). *H NMR (acetone-
de): 07.14 (d, 8.5 Hz, 2H), 7.11 (d, 8.5 HZ, 2H), 6.84 (d, 9 Hz,
2H), 6.83 (d, 9 Hz, 2H), 2.70 (br s, 1H), 2.42 (dd, 16.5 Hz, 4.5
Hz, 1H), 2.22 (dd, 17 Hz, 8 Hz, 1H), 2.13 (d, 4.5 Hz, 1H), 1.98
(dd, 8 Hz, 17 Hz, 1H), 1.95—1.88 (m, 2H), 1.81 (dd, 3 Hz, 16.5
Hz, 1H), 1.70 (dt, 12 Hz, 6 Hz, 1H), 1.49 (d, 10 Hz, 1H), 1.31—
1.21 (m, 3H), 1.04—0.95 (m, 2H). 3C NMR: ¢ 155.63, 156.5,
141.0, 136.1, 135.9, 130.4, 130.3, 129.6, 113.26, 113.19, 113.14,
55.09, 47.6, 47.2,47.1, 40.9, 38.3, 33.2, 32.4, 31.6, 27.6. HRMS
(El, 70 eV) calcd for Cy3H240,, 332.1776; found, 332.1774.

1,1,5,5-Tetramethyloctahydro-2,4a-methanonaphtha-
len-7-one (20). Lithium was added in three portions to liquid
ammonia at —78 °C. The dark-blue solution was stirred for
15 min. The enone 19 ((—)-isolongifolenone, 0.5 g, 2.3 mmol)
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in 5 mL of THF was then added, and the reaction mixture
was stirred at —78 °C for 10 min and quenched with solid NH,-
Cl (1 g). After complete evaporation of the ammonia, the
reaction mixture was diluted with ether, washed with water,
dried, and concentrated in vacuo. The residue was chromato-
graphed on silica gel using 5% EtOAc/hexane as the eluent to
give a white solid. Yield: 0.41 g (82%). 'H NMR: 6 2.29 (t, 14
Hz, 1H), 2.19 (d, 14 Hz, 1H), 2.09 (dd, 14.% Hz, 1H), 1.91 (dd,
14 Hz, 1.5 Hz, 1H), 1.83-1.79 (m, 2H), 1.69—1.59 (m, 1H),
1.51-1.45 (m, 1H), 1.39—1.32 (m, 2H), 0.96 (s, 3H) 0.92 (s,
3H), 0.9 (s, 3H), 0.77 (s, 3H). *C NMR (125 MHz): § 212.9,
54.6, 53.2, 49.4, 48.4, 48.3, 38.6, 36.5, 36.4, 36.3, 31.7, 26.1,
25.9, 24.6, 21.1, 20.3. Mp: 56—58 °C; reported, 60 °C.%"

7-[Bis(4-hydroxyphenyl)methylene]-1,1,5,5,-tetrame-
thyloctahydro-2,4a-methanonaphthalene (21). Following
the general procedure A and using ketones 20 and 6 as the
reactants, the isolated yield for compound 21 was 0.268 g
(67%). *H NMR: ¢ 6.94 (d, 8.5 Hz, 4H), 6.70 (d, 8.5 Hz, 4H),
2.19 (t, 14 Hz, 1H), 2.16 (d, 14 Hz, 1H), 2.07 (dd, 14.% Hz,
1H), 1.9 (dd, 14 Hz, 1.5 Hz, 1H), 1.81-1.79 (m, 2H), 1.68—
1.59 (m, 1H), 1.51—1.45 (m, 1H), 1.39—1.32 (m, 2H), 0.96 (s,
3H), 0.92 (s, 3H), 0.9 (s, 3H), 0.77 (s, 3H). *C NMR (125
MHz): ¢ 155.9, 144.7, 143.7, 143.5, 135.7, 134.9, 131.7, 130.4,
120.9, 116.6, 114.9, 54.6, 53.2, 49.4, 48.4, 48.3, 38.6, 36.5, 36.4,
36.3,31.7,26.1, 25.9, 24.6, 21.1, 20.3. HRMS (ElI, 70 eV) calcd
for CzsH3,0,, 400.2402; found, 400.2400.

9-Dibromomethylenebicyclo[3.3.1Jnonane (22). Bicyclo-
[3.3.1]nonanone (0.138 g, 1 mmol), carbon tetrabromide (0.67
g, 2 mmol), and triphenylphosphine (0.78 g, 2.9 mmol) were
mixed together in n-heptane, and the reaction mixture was
refluxed for 48 h. After the mixture was cooled to room
temperature, the white solid was filtered and the filtrate was
evaporated in vacuo to give a light-yellow oily residue. Chro-
matography on silica gel using hexane as the eluent gave 0.094
g of the product (38%) as an off-white solid. *H NMR: ¢ 3.1 (s,
2H), 2.03—1.93 (m, 2H), 1.82—1.70 (m, 8H), 1.51-1.46 (m, 2H).
13C NMR (125 MHz): 6 164.5, 151.4, 38.5, 32.2, 21.2. MS (El,
70 eV) m/z: 294, 211.9 (M — Br). HRMS (ElI, 70 eV) calcd for
Ci10H14Br, 291.9462; found, 291.9462. Mp: 77—79 °C.

9-[Bis(4-methoxyphenyl)methylene]bicyclo[3.3.1]-
nonane (23). To a solution of compound 22 (0.09 g, 0.31 mmol)
in toluene (5 mL) was added Pd(PPhs)s (0.034 g, 0.03 mmol)
and an aqueous solution of Na;CO3 (0.8 mL of a 1 M solution).
This was then followed by the addition of 4-methoxyphenyl-
boronic acid (0.103 g, 0.67 mmol). The mixture was refluxed
vigorously for 12 h and cooled to room temperature. After
oxidation of the unreacted residual boronic acid with 0.5 mL
of 30% H,0,, the product was extracted with CH,Cl,, washed
with brine, and dried on MgSO,. The residue after evaporation
of the solvent was chromatographed on silica gel using 5%
EtOAC/hexane to give 0.064 g (61%) of compound 23. 'H
NMR: 6 7.07 (d, 8.5 Hz, 4H), 6.82 (d, 8.5 Hz, 4H), 3.78 (s,
6H), 2.71 (br s, 2H), 2.08—1.98 9m, 2H), 1.86—1.75 (m, 8H),
1.61—1.56 (m, 2H). 13C NMR (125 MHz): § 157.7, 144.9, 135.8,
130.3, 130.2, 113.3, 55.1, 34.1, 33.7, 21.6. HRMS (ElI, 70 eV)
calcd for C,4H2502, 348.2089; found, 348.2087.

Thiofenchone (27). Boron trichloride (0.84 mL of a1 M
solution in hexane) was injected into a toluene solution
containing the tin sulfide (1.7 g mmol) and (—)-fenchone (0.152
g, 1 mmol). The reaction mixture was refluxed for 48 h. After
the mixture was cooled to room temperature, the solvent was
removed in vacuo and the residue was chromatographed on
silica gel using hexane as the eluent to give an orange oil that
gradually solidified on cooling (0.14 g, 85%). *H NMR: ¢ 2.31
(brs, 1H), 1.82 (dd, 8 Hz, 2 Hz, 1H), 1.77—1.73 (m, 3H), 1.66—
1.61 (m, 2H), 1.32 (s, 3H), 1.29—1.22 (m, 2H), 1.17 (s, 3H), 1.13
(s, 3H). °C NMR: ¢ 66.3, 57.7, 46.8, 43.6, 35.3, 28.6, 26.3,
24.9,19.1. Mp: 42—-46 °C.

4,4'-Dimethoxydiphenyldiazomethane (28). Hydrazine
hydrate (3 g, 60 mmol) was mixed with 4,4-dimethoxyben-
zophenone (2.43 g, 10 mmol) in 15 mL of absolute ethanol.
The reaction mixture was refluxed for 48 h, cooled to room
temperature, and filtered. The filtrate was then concentrated
in vacuo to yield an off-white solid, which was recrystallized
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from 95% EtOH. The colorless crystals were collected and dried
to give 2.14 g (83%) of 4,4'-dimethoxybenzophenonehydrazone.
IH NMR: 6 7.40 (d, 8.5 Hz, 2H), 7.22 (d, 8.8 Hz, 2H), 7.03 (d,
8.8 Hz, 2H), 6.81 (d, 8.5 Hz, 2H), 3.85 (s, 3H), 3.78 (s, 3H).
Mp: 82-83 °C (lit.,%? 83—85 °C).

Oxidation with MnO,.%? 4,4-Dimethoxybenzophenonehy-
drazone (0.263 g, 0.97 mmol) was dissolved in 10 mL of CH,-
Cl; and allowed to stir at room temperature. To this was added
activated MnO, (0.183 g, 2.12 mmol) in one portion. The
reaction mixture immediately attained a purple color. Stirring
was continued for 4.5 h, and the reaction mixture was filtered
through a 1 cm Celite pad. After the Celite pad was washed
with 75 mL of CH,Cl,, the volatiles were removed in vacuo to
yield 0.24 g (100%) of the crude diazoalkane as a purple solid,
which was used in subsequent reactions without any further
purification.

2-[Bis(4-methoxyphenyl)methylene]-1,3,3-trimethyl-
bicyclo[2.2.1]heptane (30). To the crude diazoalkane 28
(0.306 g, 1.2 mmol) in THF was added thiocamphor (0.110 g,
0.65 mmol). The reaction mixture was stirred at room tem-
perature for 14 h under a nitrogen atmosphere. Tri-n-bu-
tylphosphine (0.24 g, 1.1 mmol) was added, and the reaction
mixture was refluxed for 48 h. After the mixture was cooled
to room temperature, the solvent was removed in vacuo. The
residue was then dissolved in hexane (2 mL), and 1 mL of
iodomethane was carefully added to it at 0 °C. The cooling was
removed, and stirring was continued at room temperature for
2 h. The solvent was then removed in vacuo, and the residue
was chromatographed twice on silica gel using 2% EtOAc/
hexane as the eluent to give 0.16 g (67%) of compound 30 as
a colorless oil. *H NMR: ¢ 6.79 (d, 8.5 Hz, 2H), 6.78 (d, 8.5
Hz, 2H), 7.06 (d, 8 Hz, 2H), 7.05 (d, 8 Hz, 2H), 3.78 (s, 3H),
3.76 (s, 3H), 2.61 (dt, 16.5 Hz, 4.5 Hz, 1H), 1.85—1.62 (m, 5H),
1.22 (dt, 9 Hz, 4.5 Hz, 1H), 0.917 (s, 3H), 0.82 (s, 3 H), 0.48 (s,
3H). ¥C NMR: ¢ 157.8, 157.5, 147.0, 137.6, 136.0, 132.3,
130.75, 130.72, 129.64, 129.60, 129.2, 113.8, 113.5, 112.8, 55.1,
52.2,49.4, 441, 39.1, 35.9, 28.0, 20.2, 19.1, 14.8. HRMS (ElI,
70 eV) calcd for CsH300,, 362.2246; found, 362.2248.

2-[Bis(4-methoxyphenyl)methylene]-1,3,3-trimethyl-
bicyclo[2.2.1]heptane (31). The experimental procedure was
the same as described above for 30. The amounts of reagents
used were as follows: thiofenchone (0.1 g, 0.72 mmol), diphe-
nyldiazomethane (0.28 g, 1.0 mmol), tri-n-butylphosphine
(0.220 g, 1.0 mmol). The yield of desired product, 33, was 0.116
g (54%). Mp: 133—135 °C. *H NMR: ¢ 7.17 (dd, 8.5 Hz, 2 Hz,
1H), 7.08 (d, 8 Hz, 1H), 6.94 (dd, 8.5 Hz, 2 Hz, 1H), 6.77—6.76
(m, 3H), 6.71 (dd, 8.5 Hz, 3 Hz, 2H), 3.76 (s, 3H), 3.75 (s, 3H),
1.86—1.81 (m, 2H), 1.71—1.66 (m, 1H), 1.65—1.63 (m, 1H), 1.56
(s, 1H), 1.53 (tt, 1H), 1.43 (td, 11.5 Hz, 3.5 Hz, 1H), 1.09 (s,
3H), 0.79 (s, 3H), 0.66 (s, 3H). 13C NMR (125 MHz): ¢ 157.6,
154.8, 138.1, 137.1, 132.8, 130.9, 130.3, 129.3, 113.5, 112.7,
112.3, 55.1, 51.8, 50.0, 46.7, 45.7, 37.4, 29.8, 26.2, 25.5, 21.7.
MS (El, 70 eV) m/z: 362 (M*, 100%), 347 (M — 15, 46%).
HRMS (El, 70 eV) calcd for CzsH300,, 362.2246; found,
362.2250.

2-[Bis(4-hydroxyphenyl)methylene]-1,7,7-trimethyl-
bicyclo[2.2.1]heptane (32). Starting with 0.1 g (0.27 mmol)
of 30 and using the general procedure B, the yield of compound
32 was 0.78 g (85%). 'H NMR (acetone-ds): 6 6.78 (d, 8.5 Hz,
2H), 7.06 (d, 8 Hz, 2H), 7.05 (d, 8 Hz, 2H), 2.61 (dt, 16.5 Hz,
4.5 Hz, 1H), 1.85—1.62 (m, 5H), 1.22 (dt, 9 Hz, 4.5 Hz, 1H),
0.92 (s, 3H), 0.82 (s, 3 H), 0.48 (s, 3H). *C NMR: ¢ 157.8,
157.5, 147.0, 137.6, 136.0, 132.3, 130.75, 129.72, 129.64,
129.60, 129.2, 113.8, 113.5, 112.8, 52.2, 49.4, 44.1, 39.1, 35.9,
28.0, 20.2, 19.1, 14.8. HRMS (El, 70 eV) calcd for Cz3H2602,
334.1933; found, 334.1930.

2-[Bis(4-hydroxyphenyl)methylene]-1,3,3-trimethyl-
bicyclo[2.2.1]heptane (33). Starting with 0.1 g (0.27 mmol)
of 31 and using the general procedure B, the yield of compound
33 was 0.082 g (89%). *H NMR: ¢ 8.12 (s, 1H), 8.10 (s, 1H),
7.12 (dd, 8 Hz, 2 Hz, 1H), 7.01 (d, 7 Hz, 2H), 6.86 (dd, 8.5 Hz,
2 Hz, 1H), 6.70 (d, 8.5 Hz, 1H), 6.70 (d, 8.3 Hz, 2H), 6.64 (dd,
8 Hz, 2.5 Hz, 1H), 1.86—1.81 (m, 2H), 1.72 (tt, 4.5 Hz, 11.5
Hz, 1H), 1.62 (br s, 1H), 1.52 (tt, 4.5 Hz, 12.5 Hz, 1H), 1.40
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(td, 5 Hz, 12.5 Hz, 1H), 1.09 (s, 3H), 0.81 (s, 3H), 0.67 (s, 3H).
13C NMR: ¢ 156.05, 156.03, 154.2, 137.7, 136.6, 134.5, 131.5,
130.9,129.9, 115.3, 114.6, 114.4, 52.2, 50.6, 46.95, 46.93, 46.0,
37.7, 26.41, 26.42, 25.9, 22.0. HRMS (EI, 70 eV) calcd for
Ca3H2602, 334.1933; found, 334.1933.

9-[Bis(4-hydroxyxyphenyl)methyl]bicyclo[3.3.1]-
nonane (34). Ammonia (25 mL) was distilled at —78 °C into
a 50 mL three-necked round-bottomed flask fitted with a
coldfinger condenser. The olefin 8 (0.120 g, 0.34 mmol) in 2
mL of THF and aniline, 2 mL, were then added to the liquid
ammonia, and the reaction mixture was stirred at —78 °C for
5 min. To this was added lithium in three portions. After
stirring for about 7 min at —78 °C, the reaction mixture turned
into a dark-blue solution. Stirring was continued for another
5 h, at which point TLC analysis showed complete disappear-
ance of the starting material. Solid NH4CI (1.5 g) was then
added in four portions, and the cooling was removed. The
ammonia was evaporated, and the reaction mixture was
diluted with 10 mL of moist THF and 20 mL of ether. The
organic layer was extracted with three 25 mL portions of 3 N
HCI to remove aniline. After evaporation of the solvent in
vacuo, the light-brown oily residue was chromatographed on
silica gel using 10% ethyl acetate/hexane as the eluent. The
reduced product was collected as a white crystalline solid.
Yield: 0.087 g, 72%. 'H NMR: 6 7.13 (d, 8.5 Hz, 4H), 6.69 (d,
8.5 Hz, 4H), 3.96 (d, 12.5 Hz, 1H), 3.63 (s, 6H), 2.08 (d, 12 Hz,
1H), 1.75 (m, 4H), 1.58 (m, 4H), 1.45 (m, 4H), 1.25 (d, 7 Hz,
2H). 13C NMR (125 MHz): ¢ 157.7, 136.9, 128.6, 113.8, 55.12,
55.11, 50.8, 45.2, 34.0, 28.8, 24.7, 22.5, 21.4. Mp: 158-159
°C. HRMS (EI, 70 eV) calcd for CaaHs300,, 350.2246; found,
350.2244.

Deprotection. Following the general procedure B and
starting with 0.06 g (0.17 mmol) of the reduced product above,
the yield of compound 34 was 0.051 g (93%). *H NMR (acetone-
de): 7.10 (d, 8.5 Hz, 4H), 6.78 (d, 8.5 Hz, 4H), 3.7 (d, 12.5 Hz,
1H), 2.08 (d, 12 Hz, 1H), 1.75 (m, 4H), 1.58 (m, 4H), 1.45(m,
4H), 1.25(d, 7 Hz, 2H). 3C NMR (125 MHz): ¢ 154.7, 135.9,
121.6, 113.8, 54.12, 50.9, 45.2, 31.0, 27.8, 23.7, 20.5, 19.4.
HRMS (El, 70 eV) calcd for CiH260,, 322.1933; found,
322.1932.

9,9-Bis(4-hydroxyphenyl)bicyclo[3.3.1]Jnonane (35).
Bicyclo[3.3.1]nonanone (0.138 g, 1 mmol) and phenol (0.895
g, 9.5 mmol) were heated to 60 °C. Anhydrous HCI gas was
then passed through the reaction mixture for 15 min. Heating
was continued for 3 h, at which point the reaction mixture
attained a dark-green color. After cooling to room temperature,
the reaction mixture was diluted with 100 mL of water,
extracted with ethyl acetate, and dried on magnesium sulfate
and the solvent was removed in vacuo. The residue was
chromatographed on silica gel to yield a colorless white solid,
which was recrystallized from hexane/ethyl acetate to give
0.206 g (67%) of the desired compound. *H NMR (CD,Cl,, CD4-
0D, 1:1): ¢ 7.17 (d, 7 Hz, 4H), 6.62 (d, 7 Hz, 4H), 3.08 (br s,
2H), 2.08—2.04 (m, 4H), 1.97—1.86 (m, 2H), 1.62—1.58 (m, 4H),
1.32 (m, 2H). 3C NMR (125 MHz): 6 154.1, 140.4,127.5, 115.5,
47.1,32.3,32.2,28.0, 21.6. MS (El, 70 eV) m/z: 308 (M, 100%).
HRMS (El, 70 eV) calcd for Cy1H240,, 308.1776; found,
308.1773.

Estrogen Receptor Binding Affinity Assays. Relative
binding affinities were determined by a competitive radiomet-
ric binding assay as previously described,®*® using 10 nM [°H]-
estradiol as tracer ([6,7-*H]estra-1,3,5,(10)-triene-3,17-5-diol,
51—53 Ci/mmol, Amersham BioSciences, Piscataway, NJ), and
purified full-length human ERo and ERf receptors were
purchased from Pan Vera (Madison, W1). Incubations were for
18—24 h at 0 °C. Hydroxyapatite (BioRad, Hercules, CA) was
used to absorb the receptor—ligand complexes, and free ligand
was washed away. The binding affinities are expressed as
relative binding affinity (RBA) values with the RBA of estra-
diol set to 100%. The values given are the average + range or
SD of two to three independent determinations. Estradiol
binds to ERa with a Kq of 0.2 nM and to ERfS with a Kq of 0.5
nM.

Muthyala et al.

Cell Culture and Transient Transfections. Human
endometrial cancer (HEC-1) cells were maintained in mini-
mum essential medium (MEM) plus phenol red supplemented
with 5% calf serum and 5% fetal calf serum. Cells were plated
in phenol-red-free improved MEM and 5% charcoal dextran-
treated calf serum (CDCS) and were given fresh medium 24 h
before transfection. Transfection assays were performed in 24-
well plates using a mixture of 0.35 mL of serum-free improved
MEM medium and 0.15 mL of Hank’s balanced salt solution
containing 5 uL of lipofectin (Life Technologies, Inc., Gaith-
ersburg, MD), 1.6 ug of transferrin (Sigma, St. Louis, MO),
0.5 ug of pPCMV p-galactosidase as internal control, 1 ug of
2ERE-pS2-Luc, and 100 ng of ER expression vector per well.
The cells were incubated at 37 °C in a 5% COj-containing
incubator for 5 h. The medium was then replaced with fresh
improved MEM supplemented with 5% CDCS plus the desired
concentrations of ligands. Cells were harvested 24 h later.
Luciferase and f-galactosidase activity were assayed as de-
scribed.*®

Molecular Modeling. Small-molecule geometry optimiza-
tion was carried out in either MACROMODEL or Sybyl
(version 6.7, Tripos). MM3 was the force field of choice in the
former case, whereas the MMFF94 force field was used in the
latter. For protein—ligand complexes, Sybyl (version 6.7) was
used exclusively. For ERa, the tamoxifen—ERo ligand binding
domain (3ERT) crystal structure was used. The ligand, 8, was
prepostioned by first overlaying it on tamoxifen using a least-
squares fit for select atoms. Tamoxifen was then deleted, and
in its place, ligand 8 was merged and docked into the receptor
using the Flexidock routine of Sybyl. For optimal docking, the
hydrogen bond donors/acceptors and select torsional bonds on
the ligand were defined. The best docked receptor—ligand
complex was then subjected to a three-step minimization
routine. In the first step, nonring torsional bonds were
minimized using the torsmin command. In the second step,
the side chains of amino acid residues within 8 A of the ligand
were minimized while holding the backbone and residues Glu
353 and Arg 394 fixed. In the final step, the protein—ligand
complex was minimized with the anneal command, using a
hot radius of 8 A and an interesting radius of 16 A. All
minimizations used the MMFF94 force field with the Powell
gradient (final rms < 0.1 kcal mol~* A-1). An identical routine
was followed for ERfS using the genistein—ERS complex
(1QKM).
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