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As part of our ongoing program to develop probes for the hormone binding domain of the
estrogen receptor-R (ERR), we prepared and evaluated a series of 17R,Z-(4-substituted-phenyl)-
vinyl estradiol derivatives. The results indicated that the relative binding affinities (RBAs) at
25 °C for the new compounds were significant (RBA ) 9-57) although less than that of estradiol
(RBA ) 100) or of the parent unsubstituted phenylvinyl estradiol (RBA ) 66). All of the
Z-compounds were full agonists in the uterotrophic assay, indicating that the ligands formed
estrogen-like complexes with the estrogen receptor-R hormone binding domain (ERR-HBD).
Comparison of corresponding Z- and E-4-substituted phenylvinyl ligands complexed with the
ERR-HBD indicated small but significant differences in binding modes that may account for
the differing trends seen in the structure-activity relationships for the two series.

Introduction

The estrogen receptor (ER), a member of the nuclear
receptor (NR) superfamily, regulates a wide range of
developmental and physiological responses including
reproductive functions, cardiovascular modulation, and
bone density.1-4 This receptor, similar to the other NRs,
is characterized by a distinctive structural homology
consisting of six domains (A-F) that include the
N-terminal transcription activation function-1 (AF-1)
domain, a DNA-binding domain (DBD), a hinge region,
a hormone-binding domain (HBD), and a transcription
activation function-2 (AF-2) domain. Sequencing and
cloning studies revealed that the DBD utilized two zinc
fingers to recognize the cognate portion of the ER-
response element (ERE), while selective components of
the HBD provided the binding site for the hormone.
Subsequent studies have generated an increasingly
complex picture of how the interactions of hormone
agonists and antagonists with the ER initiate intracel-
lular events that eventually express the pharmacological
response.5-8 Differential expression of ERR and ERâ
subtypes, coupled with variable coactivator or corepres-
sor proteins, may contribute to the explanation of how
the same hormonal ligand can elicit a variety of effects
in different tissues. These newer models of estrogen
action help to understand the roles of the hormone in
pathological states, such as carcinoma of the breast, in
which cellular growth and differentiation have been
altered.9,10

Our research program has focused on the develop-
ment of novel estradiol derivatives, both as probes for

the estrogen receptor hormone binding domain
(ERR/â-HBD) and as potential therapeutic agents for
the treatment of hormone-responsive disorders, includ-
ing breast cancer. Observations that ERR is overex-
pressed in most breast cancers (>75%) and that acti-
vation of that receptor stimulates breast cancer cell
proliferation strongly suggested that agents that selec-
tively block hormone-initiated processes would have
significant therapeutic potential.11-13 Other investiga-
tors have described efforts to develop selective estrogen
receptor modulators (SERMs) as potential chemothera-
peutic agents.14-22 Additional studies23,24 highlighting
the linkage between the estrogen receptor and tumor
progression have made identification of new estrogen
receptor ligands that clarify the activation process an
important research target.

Our previous publications in the field described the
identification of the 17R-phenyl-X-vinyl or halovinyl
estradiols as potential ER ligands and synthetic meth-
ods for their preparation.25-29 Subsequent studies sug-
gested that modifications on structurally similar hor-
mone receptor ligands may elicit subtle changes in
receptor conformations that modulate the biological
responses of these compounds.30-34 Our recent evalua-
tion of the series of 17R,E-(2-, 3-, 4-trifluoromethylphe-
nylvinyl) estradiols in the uterotrophic assay indicated
a range of estrogenic potencies that was only partially
accounted for by the relative binding affinities (RBAs)35

(Figure 1). On the basis of these observations, we
prepared a series of new ER ligands encompassing a
number of 17R,E-(4-substituted-phenyl)vinyl estradiols
as probes for the interactions between the ligand and
binding site of the ERR-HBD (Figure 2).36 Understand-
ing those interactions would allow us to design and
prepare compounds having higher affinity for the recep-
tor, possessing selectivity for specific subtype and
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expressing a more appropriate transcriptional response.
The results from this work described the synthetic
feasibility of Pd(0)-catalyzed reactions. The molecular
modeling methods used for the docking studies sug-
gested that the steroidal portion of the compounds
bound in a manner similar to estradiol in the published
crystal structures. However, the 17R-substituent oc-
cupied a space bounded by phenylalanine-525 and three
methionine residues, a region not normally accessed by
other steroidal and nonsteroidal ligands. This docking
process generated calculated binding energies that gave
a strong correlation with the observed RBA values. In
this study we report the extension of the synthetic
methods to the preparation of 17R,Z-(4-substituted-
phenyl)vinyl estradiols, their evaluation as estrogenic
agents, and the use of molecular modeling to describe
their use as probes for the ERR-HBD. As the results
indicate, these compounds are potent estrogenic agents
with structure-activity relationships that differ from
those of
17R,E-analogues. This difference can be explained by
an alternative binding mode as determined by docking
studies.

Results

Synthesis of Estrogenic Ligands. The target com-
pounds selected in this study were the Z-isomers of the
17R,E-(4-substituted-phenyl)vinyl estradiols from the
previous series.36 We had observed in earlier studies
that synthesis of the Z-phenylvinyl estradiols was more
complex that of the E-isomers. The requisite Z-tri-n-
butylstannylvinyl estradiol was more difficult to obtain
in high yields and, being the thermodynamically less
favored product, was also much more prone to pro-
teolytic decomposition. Therefore, different synthetic
strategies were used to prepare the target compounds
(Scheme 1).

The initial approach, method A, was a variation of
that used for the E-isomers. Hydrostannation of ethynyl
estradiol 3-acetate 1 with tri-n-butyltin hydride using
triethylborane as the radical initiator gave reasonable
yields of the Z-vinylstannane 2 when tin/alkyne ratios
were low (<2), when the reaction was run at ambient

temperature, and when the reaction time was relatively
short (<4 h). The isolated yields for 2 were 30-40%,
with the E-isomer 3 being present in 5-15% yields. The
remaining material under these conditions was mostly
unreacted ethynyl estradiol 3-acetate 1 accompanied by
small amounts of the proteodestannylated 4. Efforts to
increase the conversion to the Z-isomer by modifying
this method gave higher yields of the E-isomer. Al-
though there are other literature methods for preparing
Z-vinylstannanes,37,38 we did not investigate them
because we could obtain sufficient quantities of pure
intermediate for our immediate studies.

The Z-stannylvinyl estradiol 3-acetate 2 was then
coupled to the corresponding aryl iodide or bromide
using the Stille coupling conditions.36 As the results in
Table 1 indicate, yields of the Z-phenylvinyl estradiol
3-acetates 5a,c-h were low using this method (2-35%).
Under these conditions some starting material 2 was
recovered and the coupled products accounted for only
a small percentage of the reaction mixture. The major
product was the protiodestannylated vinyl estradiol
3-acetate 4. The coupled intermediates 5 were hydro-
lyzed with sodium hydroxide-methanol to give the
target 17R,Z-(4-substituted-phenyl)vinyl estradiols 6a,c-
h, which were characterized by 1H and 13C NMR and
elemental analysis. The Z-stereochemistry was estab-
lished by 1H NMR, where the coupling constant for the
vinylic protons was J ) 12-13 Hz. No isomerization of
products was noted during the reaction or purification
steps.

The low yields and difficulties encountered in separa-
tion led us to examine alternative synthetic methods.
We previously reported the essentially quantitative
conversion of the 17R,E- and Z-stannylvinyl estradiols
to the corresponding 17R,E- and Z-iodovinyl estra-
diols.25,29 We anticipated that Z-iodovinyl estradiol 7
would then participate in the reverse coupling reaction
with either the arylstannane (reverse Stille coupling,
method B) or arylboronic acid (Suzuki coupling, method
C). Although iododestannylation proceeded quantita-
tively, the product 7 proved to be photosensitive, requir-
ing protection against ambient exposure to light. The
iodovinyl estradiol 7 was purified by flash chromatog-
raphy and used immediately with the arylstannane or
arylboronic acid. One reverse Stille coupling with the
4-tributylstannylacetophenone was performed to dem-
onstrate the feasibility of this method. Although aryl-
boronic acids are more readily available and more stable
than the stannanes, only one Suzuki coupling was
performed with 4-fluorophenylboronic acid. Yields of the
Z-phenylvinyl estradiol 3-acetates 5b,i were 34% and
52%, respectively, although the vinyl estradiol 4 was
still a significant component of the reaction mixture. The
intermediates were hydrolyzed to remove the 3-acetyl
group, and the products 6b,i were characterized by
NMR spectrometry and elemental analysis.

Relative Binding Affinities. Our evaluative strat-
egy involved an initial screening of the new compounds
and standard ligands for their relative binding affinities
(RBAs) at 4 and 25 °C using the ERR-HBD isolated from
the transfected BL21 cells.39 Competitive radiometric
binding assays using this protein have provided repro-
ducible RBA values for ERR-HBD. Ligands that dem-
onstrate significant affinity (RBA > 10) for the ER-HBD

Figure 1. Phenyl ring isomers.

Figure 2. Para substitution on phenyl ring.
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would subsequently be evaluated for efficacy in the in
vivo rat uterotrophic growth assay.40 The products were
compared to both estradiol and the unsubstituted
phenylvinyl estradiol 6a using this assay in order to
evaluate the effects of substituents on both the basic
steroidal interactions and on the phenylvinyl group. The
results of the competitive binding assays, shown in
Table 2, indicated that all of the compounds retained
significant affinity for the estrogen receptor. In most
cases, the differences between the 4 °C RBA values
(kinetic) and the 25 °C RBA values (equilibrium) were
not dramatic.41 RBA values for the corresponding
E-isomers36 are included for comparison purposes.

As previously noted, the introduction of the
Z-phenylvinyl group at the 17R-position of estradiol

results in a modest reduction in the relative binding
affinity at 4 and 25 °C (RBA ) 57%, 66%) while the
E-isomer produces a more significant decrease
(RBA ) 16%, 9%). Introduction of substituents at the
para position of the phenyl ring leads to a further
reduction in the RBA values. Compounds 6d-f have
only 1/8 to 1/6 the binding affinity (RBA ) 9-12%) of the
unsubstituted compound, while compounds 6c,h,i are
approximately 30-40% as effective as 6a as estrogen
receptor ligands. Only two compounds in this series, 6b
and 6g, had affinities (RBA ) 39-57) greater than half
of the parent compound, and none were more potent.

Scheme 1. Synthesis of Z-17R-(4-Substituted-phenyl)vinyl Estradiols

Table 1. Yields of 17R-Z-(4-Substituted-phenyl)vinyl Estradiol
3-Acetates and 3-OH Products

X yield of -3-acetate, % yield of -3-OH, %

H 10 89
F 44 31
OH 10 55
CN 2 90
CH3 32 44
OCH3 25 94
NH2 35 68
COCH3 5 51

Table 2. Relative Binding Affinity for
17R-Z-(4-Substitituted-phenyl)vinyl Estradiols

RBA, %

compd X
at 4 °C
for Z

at 4 °C
for E

at 25 °C
for Z

at 25 °C
for E

6a H 57 16 66 9
6b F 43 24 44 22
6c OH 12 21 25 25
6d CN 20 9 12 27
6e CH3 10 10 9 18
6f CF3 5 5 9 8
6g OCH3 20 36 39 32
6h NH2 22 26
6i COCH3 22 53 29 60
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This is in contrast to the E-(4-substituted-phenyl)vinyl
estradiol series in which almost every compound had
an RBA value greater than that of the unsubstituted
parent compound. In that series the best derivatives
were 3-6 times more effective than the parent com-
pound. Therefore, while there is a general similarity
between the two series of compounds, i.e., the individual
RBA values rarely differed by more than a factor of 2,
there exist significant differences in ERR-HBD binding
that require reconciliation.

Uterotrophic Growth Assays. The second compo-
nent of our biological evaluation process involved as-
saying the compounds possessing significant RBA val-
ues for estrogenic efficacy. Initially we had selected RBA
> 10 as the criterion for in vivo evaluation; however,
because all of the compounds had appropriate binding
values, we elected to completely evaluate only three
compounds from each series for this study. The im-
mature rat uterotrophic growth assay is well-established
for demonstrating estrogenic and antiestrogenic re-
sponses mediated though ERR.40 Although reporter
assays have been developed more recently to define
estrogenic activity, they were not available at the time
to assay this series of compounds. Three compounds in
each series were evaluated over a 4 log dose range
(0.01-100 nmol) for their uterotrophic potency. All of
the compounds in the series were full agonists and at
the highest tested doses yielded uterotrophic growth
that was comparable to 10 nmol of estradiol. Therefore,
the complex that the compounds formed with the intact
receptor was competent to elicit a full agonist response.
The results for the uterotrophic assay are shown in
Table 3. Although the compounds are significantly less
potent than estradiol in this assay, the results indicate
two trends. First, the Z-isomers are generally more
potent than the E-isomers. Compounds 6b and 6f are
approximately 30 and 10 times more potent than the
corresponding E-isomer. The Z- and E-4-methylphenyl-
vinyl estradiols are essentially equipotent in this assay
(4.2 vs 5.5 nmol). The second trend is that there exists
essentially no obvious correlation between the RBA
values and the ED50 values obtained in this study. The
Z-4-methyl and 4-fluoro compounds had higher RBA
values than the Z-4-trifluoromethyl ligand but ex-
pressed roughly 1/2 to 1/4 the in vivo potency. The same
absence of a correlation between the in vitro binding
affinity and in vivo uterotrophic growth potency was
also observed for the E-4-fluoro and E-4-trifluoromethyl
compounds.

Molecular Modeling. The objectives of the molecu-
lar modeling component of the study were threefold. The
first aim was to determine the preferred ligand-HBD
conformation compared to estradiol. Then, on the basis
of that binding mode, the effect of the 4-substituent
could be evaluated. Third, we would compare the

binding interactions observed with the Z-isomers to
those predicted for the corresponding E-phenylvinyl
isomers. We used a molecular modeling approach simi-
lar to that described in our earlier study36 to evaluate
the interaction of the new probes with the ERR-HBD
and explain the observed biological effects. On the basis
of the known pharmacology of the Z-isomers, we selected
the estradiol-ERR-HBD complex (PDB code 1G50)42 for
which the coordinates were readily available. The
estradiol-ERR-HBD monomer was optimized using
molecular mechanics methods and then was used for
the binding studies. Our ligands were superimposed on
the estradiol structure (steroidal components), the estra-
diol was deleted, and the new complex was subjected
to a docking procedure previously described. Best dock-
ing poses, selected from the docking study, and ad-
ditional poses, where the steroidal skeleton was super-
imposed on estradiol and the phenylvinyl moiety had
different starting conformations, were optimized using
simulated annealing procedures. Alternative modes in
which the molecules were rotated around the 3-17 axis
were also examined.

The binding mode in which the steroid maintained
the “standard” orientation and the dihedral angle
between it and the vinyl group was about -80° had the
lowest binding energy (Figure 3). In this ligand-ERR-
HBD conformation, the steroidal portion of the ligand
occupies essentially the same position as estradiol, only
translated by about 1.4 Å toward Glu-353 and Arg-394
at the end of the binding pocket. This shift increases
the distance between the 17-OH and His-524, possibly
reducing the hydrogen-bonding effect at that site. The
phenyl ring is located in a hydrophobic pocket on the
R-face of the steroidal C,D-region, bounded by two
phenylalanine residues (-404 and -425), two leucines
(-391 and -402), isoleucine-424, and methionine-421.
This pocket is formed by the conjunction of the â sheet,
helices 3, 5, 6, 7 and the 6-7 loop. The leucines in
particular provide a cap to that portion of the binding
pocket juxtaposed to the para position of the phenyl
group. Therefore, we examined the influence of the
4-substituent on the ligand-receptor binding. Although
the 4-substituent had little effect on the ultimate
conformation of the ligand-HBD complex, interactions
between the 4-substituent and the leucine side chains
were observed. Even though all of the substituents
evaluated were sterically undemanding, still some
movement of the receptor side chains was required to
generate optimal binding.

Initial efforts to obtain a direct correlation between
the calculated binding energy and the observed RBA
values were not as successful as for the E-isomers
(r2 ) 0.83); nevertheless, a general trend existed indi-
cating that lower protein flexibility at this site led to
lower binding affinity (Figure 4A). However, when the
protein energy was factored in, the correlation between
the RBA values and the calculated binding energy was
more significant (r2 ) 0.96) (Figure 4B).

Because the correlations for this series were different
from those observed for the E-isomers, we compared the
two predicted binding modes. For this study we selected
the 4-fluorophenylvinyl estradiol isomers in their most
probable binding poses. The protein backbones were
superimposed, and residues that exhibited essentially

Table 3. Uterotrophic Growth Assay for Selected Z- and
E-Isomers

ED50,a nmol

R for Z for E

CH3 4.2 5.5
CF3 1.1 10.6
F 2.3 72

a ED50: dose equal to 50% response of 10 nmol estradiol.
ED50(estradiol) ) 0.06 nmol.
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no deviation were removed (Figure 5). The Z-4-fluoro-
phenylvinyl group occupies a hydrophobic pocket on the
R-face of the ligand binding pocket, roughly in the same
region as that observed for the E-4-fluorophenylvinyl
estradiol. However, the identity of the amino acids lining
the binding pocket for the 4-fluorophenylvinyl group is
different for each isomer. The Z-stereochemistry, coupled
with the torsional rotation around the 17R-vinyl bond,
forces the phenyl ring into a binding pocket bounded
by Phe-404 and -425, Leu-402 and -391, Ile-424, and
Met-421, as opposed to the Phe-425, Met-341, -342, and
-421, Leu-346 and -410, and Val-418 grouping previ-
ously identified for the E-isomers. Although the steroi-
dal portions of the two series occupy similar domains,
having a number of residues in common, the environ-
ment for the terminal phenyl rings is significantly
different. For example, the degree of interaction with
Met-421 is different for the two isomers and the pocket
termini are different.

Discussion

Chemistry. The choice of Z-(4-substituted-phenyl)-
vinyl estradiols was based on the biological activity
expressed by the corresponding Z-halovinyl and
Z-phenyl(seleno or thio)vinyl estradiols. However, the
chemistry of C-C coupling reactions with Z-vinylstan-
nanes, especially functionalized vinylstannanes is less
well-described than for E-vinylstannanes. Our studies
were hampered by the fact that hydrostannation under
radical conditions gave the Z-isomer as the minor
product unless the time, temperature, and stoichiometry
of the reaction were carefully controlled. Under kineti-
cally dominating conditions we were able to isolate the
Z-vinylstannane as the major product although in
modest yields. The second problem involved the ap-

propriate coupling conditions that were developed for
the more stable E-vinylstannanes. The use of the
standard Pd(0) catalyst [tetrakis(triphenylphosphine)-
palladium(0)] to provide the Z-coupled materials
(2-35% isolated yields) required reaction conditions,
usually elevated temperatures, that gave the protiodest-
annylated material 4 and other unidentified compounds
as the major products. Recent studies of Pd(0)-catalyzed
coupling reactions suggest that more sterically hindered,
electron-rich phosphines may be even better Pd(0)
ligands.43,44 These catalysts are compatible with aryl
chlorides, opening this methodology to a wider variety
of substrates. We also were able to demonstrate that
the target compounds were accessible by alternative
means. Stille coupling in the reverse fashion (method
B), with vinyl iodide and arylstannane, was also suc-
cessful as was the Suzuki coupling (method C) with the
vinyl iodide and arylboronic acid. Substituted arylstan-
nanes and boronic acids are commercially available and
therefore also provide access to many substituted phe-
nylvinyl estradiols. However, should more highly sub-
stituted phenylvinyl derivatives become necessary, meth-
ods B and C would be limited by the availability or
synthesis of the requisite arylstannanes and boronic
acids. Efforts to improve coupling yields remain to be
done, but the concept is valid. As in the case of the
E-isomers, saponification of the 3-acetate intermediates
was uneventful and gave the final products in yields of
31-94%. The Z-stereochemistry of the olefin was es-
tablished by 1H NMR, which gave a coupling constant
of J ) 12.5-13.5 Hz.

Biological Evaluation. The results of the biological
assays indicated that the Z-(4-substituted-phenyl)vinyl
estradiol derivatives that we prepared were potent
estrogenic ligands both in vitro and in vivo. The range

Figure 3. Docking of Z-4-fluorophenylvinyl estradiol (green) and estradiol (purple) in ERR-LBD. An approximate 1 Å translation
of the steroid ring yields movement of Arg-394 and Glu-353 but permits positioning of substituted phenylvinyl group in a
hydrophobic pocket bounded by Phe-, Leu-428, Leu-402 residues.
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of RBAs at 25 °C was from 9 to 66, and these values
were, except for 6d (X ) CN), equal to or greater than
the values obtained at 4 °C. Although there was a
variation in the order of potencies, the binding behavior
was generally similar to that expressed by the corre-
sponding E-isomers (Table 2) Where differences existed,
e.g., X ) F, CN, CH3, and COCH3, the magnitude was
usually less than a factor of 2. The data suggested that
the compounds may interact with the receptor in similar
binding modes.

On the basis of the in vitro data, three pairs of
compounds from the Z- and E-series were selected for
evaluation in the immature female rat uterotrophic
growth assay. In this case, there was no obvious direct
relationship between the RBAs and the in vivo response.
Comparing the corresponding E- and Z-phenylvinyl
isomers is illustrative. Both 4-fluorophenyl isomers are
potent in vitro ER-HBD binding agents (Z RBA ) 44
vs E RBA ) 22), but the Z-isomer is more potent in vivo
by a factor of 30-fold (Z ED50 ) 2.3 nmol vs E ED50 )
72 nmol). The two trifluoromethyl isomers have es-
sentially the same in vitro RBA values (RBA ) 9 vs 8);

however, the Z-isomer is 10 times more potent in vivo
(Z ED50 ) 1.1 nmol vs E ED50 ) 10.6 nmol). On the other
hand, of the methylphenyl isomers, the E-isomer has a
higher RBA value but the compounds are essentially
equipotent in vivo. Even within the isomeric series, the
order of ED50 values does not match the order of RBA
values. As has been suggested by others,45 results from
ER-HBD studies do not necessarily reflect the intact ER.
The presence of the additional functional group at the
para position and the stereochemistry of the vinyl group
may influence the orientation of the peptide backbone
or the surface features. Such minor alterations in
secondary or tertiary structure may affect the ability
of the ER-HBD to elicit appropriate conformational
adaptations of the other domains of the intact ER
responsible for dimerization and DNA recognition.
Therefore, evaluation of the data provide important
information not only for structure-activity relationships
in this series and its relationship to the corresponding
E-series but also for understanding the effect of ligand
binding on the subsequent biological response.

Structure-Activity Relationships in the Z-(4-
Substituted-phenyl)vinyl Estradiols. We prepared
and evaluated the E-(4-substituted-phenyl)vinyl estra-
diols as part of our program to develop chemical probes
to explore the binding pocket of the estrogen receptor-
R. Because the compounds demonstrated significant
ERR-HBD affinity, we believed that interactions be-
tween the ligand and the residues within the binding
pocket could be evaluated by molecular modeling. Other
investigators have applied a variety of computational
methods to evaluate ligand binding to the estrogen
receptor subtypes.46-52 We had synthesized several
Z-phenylvinyl estradiols and examined their preferred
solution and gas-phase conformations using a combina-
tion of NMR and computational methods.53 Those
results suggested that the Z-isomers should exhibit
different binding modes compared to the E-isomers.

The first relevant finding from this study was that
all of the 4-substituted derivatives that were evaluated
retained significant affinity for the ER-HBD. Although
previous studies indicated that Z-phenyl-(X)-vinyl estra-
diols generally displayed reasonable affinity for the
receptor, the effect of para substitution had not been
examined. The data clearly indicate that the presence
of a 4-substituent did not disrupt receptor binding.
However, in contrast to the E-isomers, where substitu-
tion generally increased receptor affinity compared to
the unsubstituted parent compound, in the Z-series all
of the substituted derivatives had RBA values less than
the parent compound. Because individual electronic,
hydrophobic, or steric parameters of the substituents
did not correlate directly with the observed order of
binding affinity, our interpretation of the results re-
quired evaluation of the presumed binding modes as
determined by molecular modeling and its comparison
with our previous modeling study.

Docking studies were performed with the E- and
Z-(4-fluorophenyl)vinyl estradiol isomers as a basis for
interpreting the observed biological results. Both iso-
mers adopted low-energy complexes with the ERR-HBD
structure, with the steroidal rings essentially overlap-
ping the estradiol skeleton (Figure 3). The most notable
effect for the steroidal component was an approximately

Figure 4. (A) Calculated binding energy vs RBA at 25 °C
without p-CH3. (B) Sum of (0.2)(protein) plus binding energies
vs RBA at 25 °C without p-CH3.
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1.4 Å translational movement toward the Arg-394, Glu-
353 residues that hydrogen-bond to the A-ring phenolic
hydroxyl. Such movements have been observed in the
crystal structures of other ER-HBD complexes and
apparently are well-tolerated.48 Other amino acids
intimately associated with estradiol binding and the
agonist response, His-524, Phe-404, and Met-342, -343,
421, undergo only minor perturbations, i.e., <1 Å. The
movement of the ligand along that axis allows the
Z-phenylvinyl ring to adopt a conformation that inserts
the aromatic ring into a previously unidentified hydro-
phobic pocket similar but not identical to that occupied
by the E-phenylvinyl moiety (Figure 5). The pocket that
surrounds the terminal phenyl group comprises Phe-
404 and -425, Leu-391 and -402, Ile-424, and Met-421.
Unlike the binding pocket for the E-isomer, the presence
of an amino acid residue (Leu-402) immediately juxta-
posed to the para position imposes significant steric
constraints. As the receptor binding values (RBAs) with
the ERR-HBD suggest, introduction of the 4-substituent
causes a reduction in binding affinity. That binding is
not affected more indicates that the phenylvinyl group
or the binding pocket or both can adapt to achieve a
lower energy complex. The influence of protein energy
on ligand binding is reflected in its contribution to the
correlation between calculated binding energies and
observed RBA values (Figure 4). It is notable that for
the E-isomers where no receptor residue is juxtaposed
to the para substituent and steric factors are not
significantly involved, there was essentially no contri-
bution of the protein energy to the correlation equation.

The adaptive response by the ligand and receptor
clearly occurs within the agonist conformation because
all of the compounds, E- and Z-isomers, generate full
estrogenic responses in vivo. The interaction between
the ligand and the intact receptor present within the
normal cell is not fully represented by the model

developed with the ER-HBD. This is apparent from the
lack of a clear correlation between the in vitro RBA
values and the in vivo ED50 values. The presence of the
other receptor domains in the full-length receptor and
the coregulatory (activator) proteins provides influences
that modify the biological response in ways not readily
accessible to computational analysis. Slight perturba-
tions in the receptor peptide backbone may enhance or
suppress the interactions between the DBD and the
ERE of the DNA. Similarly, perturbations at the surface
of the HBD can enhance, suppress, or modify the
selectivity of the coactivator protein binding required
for the transcriptional response. Therefore, it remains
an important consideration of binding studies not to
attach excessive significance to binding affinities and
computational modeling in predicting the in vivo bio-
logical activity of NR ligands.

The docking study does provide the basis for ad-
ditional considerations of these compounds as potential
ER-subtype selective ligands. Although the homology
between the ERR-HBD and ERâ-HBD is less than
60%,54 within the binding site itself there are only two
mutations. One of these, Leu-384 f Met- occurs on the
â-face of the steroid and would not be significantly
involved with interactions with the phenylvinyl group
of our compounds. The second, however, is Met-421f
Ile-, and this specific amino acid is one of three meth-
ionine residues that we predicted would line the hydro-
phobic pocket enfolding the E-phenylvinyl moiety. It is
also associated with the Z-phenylvinyl binding mode,
although not in the same manner. If our proposed
binding model is correct, the E-phenylvinyl estradiol
derivatives should display greater ER-subtype selectiv-
ity than the corresponding Z-isomers.

In summary, using three Pd(0)-catalyzed coupling
reactions, we have prepared and characterized a series
of unique probes for the ERR-HBD. Competitive binding

Figure 5. Docking of E- (purple) and Z--4-fluorophenylvinyl estradiols (green) in ERR-HBD. The position of steroid skeleton
within the binding pocket is similar for both isomers; however, the orientation of the 4-substituted phenylvinyl groups is different.
The E-isomer is bounded by Met-421, -341, -342 and Phe-425, whereas the Z-isomer is bounded by Phe-404 and -425 and Leu-402
and -428.
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assays indicated that the new substituted compounds
possessed significant receptor binding affinity compared
to the unsubstituted parent compound and to estradiol.
All of the new compounds expressed full estrogenic
activity in vivo, but potency levels did not correlate with
the observed in vitro RBA values. Molecular modeling
of the ligand-ERR-HBD complexes provided a rationale
for the observed binding results but not the in vivo
biological activity. The model suggests that the E- and
Z-substituted phenylvinyl estradiols access different
hydrophobic pockets within the ERR-HBD and that
these pockets are the result of an adaptive response by
the receptor to the presence of the ligand. Modeling of
the interactions between putative ligands and the
individual receptor subtype binding pockets provides the
basis for designing ligands with enhanced receptor
affinity and receptor subtype selectivity. Studies di-
rected toward these goals are in progress.

Experimental Section

General Methods. All reagents and solvents were pur-
chased from Aldrich or Fisher Scientific. THF and toluene were
distilled from sodium/benzophenone. Reactions were monitored
by TLC, performed on 0.2 mm silica gel plastic backed sheets
containing F-254 indicator. Visualization on TLC was achieved
using UV light, iodine vapor, and/or phosphomolybdic acid
reagent. Column chromatography was performed with 32-
63 µm silica gel packing. Melting points were determined using
an Electrotherm capillary melting point apparatus and are
uncorrected. NMR spectra chemical shifts are reported in parts
per million downfield from TMS and referenced to TMS
internal standard for deuterochloroform (DCCl3) or deutero-
acetone (CD3COCD3) solvent peak. Coupling constants are
reported in hertz. All compounds gave satisfactory elemental
analyses, (0.4% (Atlantic Microchemical Laboratories, Inc.,
Norcross, GA), unless otherwise stated.

Synthetic Methods. 3-Acetoxy-(17R,20Z)-21-(tri-n-bu-
tylstannyl)-19-norpregna-1,3,5(10),20-tetraene-17â-ol (2).
To a solution of 1 (6.76 g, 20 mmol) in tetrahydrofuran
(20 mL) was added tri-n-butyltin hydride (8.5 mL, 31 mmol)
and 1 M triethylborane (1 mL, 8.8 mmol). The reaction mixture
was stirred under nitrogen at room temperature for 10 h. The
THF was removed under reduced pressure, and the resulting
oil was separated via silica gel column chromatography using
hexane/ethyl acetate (5:1) as both the packing and eluting
solvent. The product 2 was isolated as an oil that solidified
upon standing (4.6 g, 36%; 63% based on recovered starting
material): Rf ) 0.68 (hexane/ethyl acetate 5:1); mp 80-82 °C;
1H NMR in CDCl3 δ 0.8-2.8 (m, b, 42H, steroid and tri-
butyltin), 2.89 (s, 3H, -OCOCH3), 5.87 (d, 1H, J20-21 )
13.2 Hz, 20-H), 6.78 (d, 1H, J21-20 ) 12.0 Hz, 21-H), 6.79
(s, 1H, 4-H), 6.84 (d, 1H, J2-1 ) 8.4 Hz, 2-H), 7.28 (d, 1H +
CDCl3, J1-2 ) 9 Hz, 1-H); 13C NMR in acetone-d6 δ 13.00
(-(CH2CH2CH2CH3)3), 14.07 (-(CH2CH2CH2CH3)3), 14.63
(C-18), 20.93 (-OCOCH3), 24.07 (C-15), 27.10 (C-11), 28.02
(C-7), 28.16 (-(CH2CH2CH2CH3)3), 29.01 (-(CH2CH2CH2-
CH3)3), 33.77 (C-12), 39.58 (C-16), 40.29 (C-8), 44.83(C-9), 47.69
(C-13), 50.47 (C-14), 85.43 (C-17), 119.59 (C-2), 122.37 (C-4),
124.99 (C-21), 126.98 (C-1), 138.55 (C-10), 138.72 (C-5), 149.72
(C-20), 151.45 (C-3), 169.69 (-OCOCH3). Further elution gave
3-acetoxy-(17R,20E)-21-(tri-n-butylstannyl)-19-norpregna-1,3,5-
(10),20-tetraene-17â-ol (3) (1.2 g, 10%; based on recovered
starting material, 26%).

Method A. Stille Coupling. General Procedure. A
mixture of the 4-substituted aryl bromide or iodide (1.0 mmol),
tetraksi(triphenylphosphine)palladium(0) (0.02 mmol), one
crystal of 2,6-di-tert-butyl-4-methylphenol, and 2 (0.9 mmol)
was stirred in anhydrous toluene (10 mL). The reaction
mixture was heated at reflux under a nitrogen atmosphere
and monitored for the disappearance of 2. The reaction mixture
was cooled to ambient temperature, a 10% KF-CH3OH

(10 mL) solution was added, and the mixture was stirred for
8 h. The mixture was partitioned between ethyl acetate and
water (100 mL:100 mL), and the Bu3SnF was removed by
filtration. The organic layer was separated, and the aqueous
layer was extracted twice with ethyl acetate. The organic
layers were combined, washed with NH4Cl/H2O (100 mL),
water (2 × 100 mL), and brine (2 × 100 mL), dried over
magnesium sulfate, and concentrated. The residue was puri-
fied by chromatography on silica gel using hexanes/ethyl
acetate (5:1) as the eluent. Evaporation of the solvent gave
the purified 5. In most cases the purified material was used
directly for the hydrolysis step.

3-Acetoxy-(17R,20Z)-21-(phenyl)-19-norpregna-1,3,5-
(10),20-tetraene-17â-ol (5a). A mixture of bromobenzene
(0.17 g, 1.1 mmol), tetrakis(triphenylphosphine)palladium(0)
(0.024 g, 0.02 mmol), one crystal of 2,6-di-tert-butyl-4-methyl-
phenol, and 4 (0.6 g, 0.9 mmol) was reacted using method A.
The residue was chromatographed on silica gel (16 g), using
hexane/ethyl acetate (5:1) to afford recovered 4 (0.1 g) and 5a
(0.06 g, 18%, based on recovered staring material): Rf ) 0.35
(hexane/ethyl acetate 5:1).

3-Acetoxy-(17R,20Z)-21-[(4-hydroxy)phenyl]-19-norpre-
gna-1,3,5(10),20-tetraene-17â-ol (5c). A mixture of 4-iodo-
phenol (0.29 g, 1.4 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.024 g, 0.02 mmol), and 4 (0.41 g, 0.65 mmol)
in anhydrous toluene (25 mL) was reacted using method A.
The residue was chromatographed on silica gel (6 g) using
hexane/ethyl acetate (5:1) to afford recovered 4 (0.1 g) and 5c
as a mixture (0.04 g, 14%; based on recovered staring material,
19%): Rf ) 0.12 (hexane/ethyl acetate 5:1).

3-Acetoxy-(17R,20Z)-21-[(4-cyano)phenyl]-19-norpregna-
1,3,5(10),20-tetraene-17â-ol (5d). A mixture of 4-bromo-
benzonitrile (0.13 g, 0.7 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.016 g, 0.014 mmol), and 2 (0.31 g, 0.5 mmol)
in toluene (5 mL) was reacted under method A conditions for
72 h. The residue was chromatographed on silica gel (50 g)
and eluted with hexane/ethyl acetate (5:1) to yield 5d
(0.005 g, 2%).

3-Acetoxy-(17R,20Z)-21-[(4-methyl)phenyl]-19-norpre-
gna-1,3,5(10),20-tetraene-17â-ol (5e). A mixture of p-iodo-
toluene (0.32 g, 1.5 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.005 g, 0.004 mmol), 2 (0.69 g, 1.1 mmol), and
1 crystal of 2,6-di-tert-butyl-4-methylphenol were heated with
refluxing anhydrous toluene (15 mL) for 7 h using method A.
The residue was chromatographed on silica gel using hexane/
ethyl acetate (5:1) to afford 5e (0.14 g, 32%): Rf ) 0.25 (hexane/
ethyl acetate 5:1); 1H NMR in CDCl3 δ 0.90 (s, 3H, 18-CH3),
1.2-2.8 (m, 18H, steroid nucleus), 5.89 (d, 1H, J20-21 )
12.80 Hz, 20-H), 6.49 (d, 1H, J21-20 ) 12.72 Hz, 21-H), 6.56
(d, 1H, J4-2 ) 2.6 Hz, 4-H), 6.62 (dd, 1H, J2-1 ) 8.49 Hz, J2-4

) 2.73 Hz, 2-H), 7.14 (m, 3H, 1-H, 23-H, 27-H), 7.34 (d, 2H,
J24-23 and J26-27 ) 7.89 Hz, 24-H and 26-H).

3-Acetoxy-(17R,20Z)-21-[(4-methoxy)phenyl]-19-nor-
pregna-1,3,5(10),20-tetraene-17â-ol (5g). A mixture of
p-iodoanisole (0.93 g, 4 mmol), tetrakis(triphenylphosphine)-
palladium(0) (0.016 g, 0.014 mmol), 4 (1.26 g, 2 mmol), and
one crystal of 2,6-di-tert-butyl-4-methylphenol were heated in
refluxing anhydrous toluene (25 mL) for 12 h. The residue was
chromatographed on silica gel using with hexane/ethyl acetate
(4:1) to afford 5g (0.22 g, 25%): Rf ) 0.35 (hexane/ethyl acetate
4:1); 1H NMR in acetone-d6 δ 0.90 (s, 3H, 18-CH3), 1.2-2.8
(m, 15H, steroid nucleus), 3.79 (s, 3H, OCH3), 5.87 (d, 1H,
J20-21 ) 13.08 Hz, 20-H), 6.39 (d, 1H, J21-20 ) 13.08 Hz,
21-H), 6.82 (m, 4H, 2-H, 4-H, 24-H, and 26-H), 7.30 (d, 1H,
J1-2 ) 8.79).

3-Acetoxy-(17R,20Z)-21-[(4-amino)phenyl]-19-norpregna-
1,3,5(10),20-tetraene-17â-ol (5h). A mixture of p-iodoaniline
(0.22 g, 5.7 mmol), tetrakis(triphenylphosphine)palladium(0)
(0.028 g, 0.02 mmol), 4 (1.7 g, 2.8 mmol), and one crystal of
2,6-di-tert-butyl-4-methylphenol were heated in refluxing an-
hydrous toluene (25 mL) for17 h. The residue was chromato-
graphed on silica gel using hexane/ethyl acetate (4:1) to afford
5h (0.06 g pure and 0.5 g mixture, >35%): Rf ) 0.32 (hexane/
ethyl acetate 5:1); 1H NMR in acetone-d6 δ 0.97 (s, 3H,
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18-CH3), 1.2-2.9 (m, 15H, steroid nucleus), 5.98 (d, 1H, J20-21

) 13.2 Hz, 20-H), 6.46 (d, 1H, J20-21 ) 12.9 Hz, 21-H), 6.78 (d,
1H, J4-2 ) 2.1 Hz, 4-H), 6.84 (dd, 1H, J2-4 ) 2.4 Hz, J2-1 )
8.7 Hz, 2-H), 7.21 (d, 1H, J1-2 ) 7.2 Hz, 1-H), 7.30 (m, 4H,
24-H, 26-H and CDCl3 peak), 7.60 (d, 4H, J23-24 and J27-26 )
7.2 Hz, 23-H and 27-H), 7.62 (d, 2H, J23-24 and J27-26 ) 8.91
Hz, 23-H and 27-H); 13C NMR in acetone-d6 δ 14.43 (C-18),
20.80 (-OCOCH3), 23.65 (C-15), 27.02 (C-11), 27.80 (C-7),
28.89 (C-6), 32.50 (C-12), 38.19 (C-16), 40.20 (C-8), 44.57
(C-9), 48.60 (C-13), 49.82 (C-14), 55.25 (-OCH3), 83.68 (C-17),
113.53 (C-24 and C-26), 119.46 (C-2), 122.25 (C-4), 126.88
(C-1), 129.71 (C-21), 130.42 (C-22), 132.35 (C-23 and C-27),
134.92 (C-10), 138.34 (C-20), 138.61 (C-5), 149.53 (C-3), 159.36
(C-25), 169.58 (-OCOCH3).

3-Acetoxy-(17R,20Z)-21-(iodo)-19-norpregna-1,3,5(10),-
20-tetraene-17â-ol (7). To a solution of 2 (0.77 g, 1.22 mmol)
in chloroform/methylene chloride (1:1, 10 mL) was added a
slurry of N-iodosuccinimide (0.36 g, 1.6 mmol) in the same
solvent solution. The reaction mixture was stirred, under
aluminum foil, at -78 °C for 2 h. The reaction mixture was
washed with saturated sodium bicarbonate/water (20 mL).
Aqueous and organic layers were separated. The aqueous layer
was extracted with chloroform (20 mL × 2). Organic layers
were combined washed with water (20 mL × 2) and brine
(20 mL × 2), dried over magnesium sulfate, and concentrated.
The yellow oil (1.26 g) was purifed on a silica gel column
(40 g) and covered with aluminum foil, using hexane/ethyl
acetate (5: 1) as the eluting solvent to give 7 as a colorless
crystals (0.34 g, 83%): Rf ) 0.25 (hexane/ethyl acetate 5:1);
1H NMR in CDCl3-d6 δ 0.96 (s, 3H, 18-CH3), 1.2-2.9 (m, 15H,
steroid nucleus), 6.38 (d, 1H, J21-20 ) 8.73 Hz, 21-H), 6.79 (d,
1H, J4-2 ) 2.46 Hz, 4-H), 6.85 (dd, 1H, J2-4 ) 2.55 Hz, 2-H),
6.85 (d, 1H, J20-21 ) 8.52 Hz, 20-H), 7.27 (d, 1H and CDCl3

peak, J1-2 ) 8.31 Hz, 1-H); 13C NMR in CDCl3 δ 14.13 (C-18),
23.24 (-OCOCH3), 21.11 (C-15), 26.09 (C-11), 27.20 (C-7),
29.50 (C-6), 32.02 (C-12), 37.72 (C-16), 39.10 (C-8), 43.83
(C-9), 48.41 (C-13), 49.67 (C-14), 72.91 (C-21), 84.88 (C-17),
118.61 (C-2), 121.50 (C-4), 126.39 (C-1), 137.77 (C-10), 138.17
(C-5), 143.40 (C-20), 148.41 (C-3), 169.85 (-OCOCH3).

4-Tributylstannylacetophenone (8). A solution of
4-bromoacetophenone (1.08 g, 5.4 mmol), bis(tributyltin) (5 mL,
10 mmol), tetrakis(triphenylphosphine)palladium(0) (0.08 g,
0.07 mmol), and toluene (50 mL) was stirred under nitrogen
for 24 h at reflux. The black solution was concentrated and
chromatographed on a 45 g silica column packed with hexane
and eluted with 5:1 hexane/ethyl acetate to yield an oil 12
(1.22 g, 55%): Rf ) 0.82 (hexane/ethyl acetate 5:1); 1H NMR
in CDCl3 δ 0.8-1.7 (m, 27H, SnBu3), 2.58 (s, 3H, COCH3), 1.59
(d, 2H, J2-3 ) 8 Hz, 2-H and 6-H), 7.88 (d, 2H, J3-2 ) 8 Hz,
3-H and 5-H).

Method B. Reversed Stille Coupling. 3-Acetoxy-(17R,-
20Z)-21-[(4-acetyl)phenyl]-19-norpregna-1,3,5(10),20-tet-
raene-17â-ol (5i). A mixture of 12 (0.40 g, 1 mmol), tetrakis-
(triphenylphosphine)palladium(0) (0.009 g, 0.008 mmol), and
8 (0.24 g, 0.51 mmol) was stirred under nitrogen in anhydrous
toluene (20 mL) at reflux for 15 min. The reaction vessel was
protected from light by wrapping it in aluminum foil. A 10%
KF/H2O (20 mL) solution was added, and the mixture was
stirred for 1 h. The solution was partitioned between ethyl
acetate and water (100 mL:100 mL), and the precipitate
(SnBu3F) was filtered off. The aqueous layer was extracted
with ethyl acetate (2 × 100 mL). Organic layers were combined
and washed with water (100 mL) and brine (2 × 100 mL), dried
over magnesium sulfate, and concentrated. The residue was
chromatographed on a silica gel column (30 g), using hexane/
ethyl acetate (5:1) to afford 5i (0.012 g, 5%): Rf ) 0.05 (hexane/
ethyl acetate 5:1); 1H NMR in CDCl3 δ 0.91 (s, 3H, 18-CH3),
1.2-2.8 (m, 21H, steroid nucleus), 6.01 (d, 1H, J20-21 )
12.93 Hz, 20-H), 6.52 (d, 1H, J21-20 ) 13.1 Hz, 21-H), 6.79 (d,
1H, J4-2 ) 2.4 Hz, 4-H), 6.86 (dd, 1H, J2-1 ) 8.3 Hz, J2-4 )
2.46 Hz, 2-H), 7.29 (d, 1H, J1-2 ) 8.79 Hz, 1-H), 7.54 (d, 2H,
J23-24 and J27-26 ) 8.40 Hz, 23-H, 27-H), 7.90 (d, 2H, J24-23

and J26-27 ) 8.31 Hz, 24-H and 26- Hz,).

Method C. Suzuki Coupling. 3-Acetoxy-(17R,20Z)-21-
[(4-fluoro)phenyl]-19-norpregna-1,3,5(10),20-tetraene-
17â-ol (5b). To a solution of 7 (0.46 g, 1 mmol) in THF
(15 mL) was added tris(dibenzylideneacetone)dipalladium
(0.15 g, 0.17 mmol), sodium bicarbonate (0.43 g, 4 mmols,
4 equiv, in 10 mL of water), and 4-fluorobenzene boronic acid
(0.29 g, 2.1 mmol). The reaction mixture was protected from
light and stirred at room temperature for 14 h. The mixture
was extracted with ethyl acetate (2 × 50 mL), washed with
water (2 × 100 mL) and brine (2 × 100 mL), dried over
magnesium sulfate, filtered, and concentrated to yield a brown
gummy residue. The residue was chromatographed on a silica
gel column (30 g) using 98:2 chloroform/methanol as the
eluting solvent to give 5b as a crude product (0.19 g, 44%):
Rf ) 0.45 (chloroform/methanol 98:2); 1H NMR in CDCl3 δ 0.97
(s, 3H 18-CH3), 1.2-2.9 (m, b, 15H, steroid nucleus), 5.90 (d,
1H, J20-21 ) 13.08 Hz, 20-H), 6.45 (d, 1H, J21-20 ) 12.7 Hz,
21-H), 6.78 (d, 1H, J4-2 ) 2.0 Hz, 4-H), 6.83 (dd, 1H, 2-H), 6.9
(∼t, 2H, 24-H and 26-H), 7.04 (d, contaminant), 7.26 (d, 1H
and CDCl3 peak, 1-H), 7.4 (m, 2H, 25-H and 27-H), 7.6-7.7
(m, contaminant). Further elution yielded the E-isomer 5o
(0.8 g, 17.5%).

Hydrolysis of 3-Acetoxy Intermediates. General Pro-
cedure. Compound 5 (0.3 mmol) was stirred in methanol
(10 mL) with 10 N sodium hydroxide (0.1 mL) for 20 min. The
solution was reacidified with a few drops of acetic acid. The
methanol was removed under vacuum, and the residue was
partitioned between ethyl acetate and water (100 mL:100 mL).
The aqueous layer was extracted with ethyl acetate. Organic
layers were combined, washed with water (100 mL), dried over
magnesium sulfate, and concentrated to yield 6. Recrystal-
lization from acetone/hexane afforded colorless crystals
(50-90%).

(17R,20Z)-21-(Phenyl)-19-norpregna-1,3,5(10),20-tet-
raene-3,17â-diol (6a). Compound 5a (0.06 g, 0.15 mmol) was
deprotected to yield an off-white powder (0.057 g, 0.15 mmol,
100%). Recrystallization in ethyl acetate afforded a white
powder (0.05 g, 0.13 mmol, 89%): Rf ) 0.03 (hexane/ethyl
acetate 5:1); mp 125-127 °C; 1H NMR in CDCl3 δ 0.90 (s, 3H,
18-CH3), 1.2-2.9 (m, 15H, steroid nucleus), 4.58 (s, 1H,
17-OH), 5.93 (d, 1H, J20-21 ) 12.78 Hz, 20-H), 6.53 (d, 1H,
J21-20 ) 12.81 Hz, 21-H), 6.57 (s, 1H, J4-2 ) 2.19 Hz), 6.62
(dd, 1H, J2-1 ) 8.58 Hz and J2-4 ) 2.7 Hz, 2-H), 7.17 (d, 1H,
J1-2 ) 8.79 Hz, 1-H), 7.25 (1H and CDCl3, m, 24-H), 7.27 (t,
2H, J ) 7.71 and 7.05 Hz, 23-H and 25-H), 7.44 (d, J )
7.35 Hz, 22-H and 26-H); 13C NMR in CDCl3 δ 14.07 (C-18)
23.30 (C-15), 27.46 (C-11), 29.67 (C-7), 26.52 (C-6), 32.58
(C-12), 38.62 (C-16), 39.66 (C-8), 43.83 (C-9), 48.04 (C-13),
49.72 (C-14), 85.09 (C-17), 112.71 (C-2), 115.27 (C-4), 126.55
(C-25), 127.13 (C-1), 127.91 (C-24 and C-26), 128.10 (C-23 and
C-27), 129.09 (C-21), 136.04 (C-22), 132.78 (C-10), 137.44
(C-20), 138.33 (C-5), 153.65 (C-25), 153.34 (C-3).

(17R,20Z)-21-[(4-Fluoro)phenyl]-19-norpregna-1,3,5(10),-
20-tetraene-3,17â-diol (6b). The crude acetylated product 5b
(0.19 g, mmol) was deprotected to yield 6b (0.053 g, 31%):
Rf ) 0.15 (hexane/ethyl acetate 5:1); mp 105-108 °C; 1H NMR
in CDCl3 δ 0.91 (s, 3H, 18-CH3), 1.2-2.9 (m, 15H, steroid
nucleus), 4.6 (s, b, 17-OH), 5.90 (d, 1H, J20-21 ) 12.84 Hz,
20-H), 6.45 (d, 1H, J21-20 ) 12.72 Hz, 20-H), 6.56 (d, 1H, J4-2

) 2.67 Hz, 4-H), 6.63 (dd, 1H, J2-1 ) 8.46 Hz, J2-4 ) 2.67 Hz,
2-H), 7.00 (ddd∼t, 2H, 24-H and 26-H), 7.16 (d, 1H, J1-2 )
8.31 Hz, 1-H), 7.26 (s, CDCl3), 7.45 (dd∼t, 2H, 23-H and
27-H); 13C NMR in CDCl3 δ 14.04, (C-18), 24.25 (C-15), 27.45
(C-11), 27.41 (C-7), 29.65 (C-6), 32.35 (C-12), 38.45 (C-16),
39.59 (C-8), 43.76 (C-9), 48.02 (C-13), 49.55 (C-14), 84.88
(C-17), 112.68 (C-2), 114.81 (d, JCCF ) 21 Hz, C-24 and C-26),
115.25 (C-4), 126.54 (C-22), 127.26 (C-1), 131.03 (C-21), 131.08
(d, JCCCF ) 7.7 Hz, C-23 and C-27), 132.61 (C-10), 135.86
(C-20), 138.29 (C-5), 153.34 (C-3), 161.88 (d, JC-F ) 246 Hz,
C-25); 19F NMR in acetone-d6 δ -16.42;

(17R,20Z)-21-[(4-Hydroxy)phenyl]-19-norpregna-1,3,5-
(10),20-tetraene-3,17â-diol (6c). Compound 5c (0.04 g,
0.09 mmol) was deacetylated using the hydrolytic procedure
to yield a yellow powder (0.023 g, 63%). Recrystallization in
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acetone/hexane afforded an off-white powder (0.020 g, 55 %):
Rf ) 0.03 (hexane/ethyl acetate 4:1); mp 133-136 °C; 1H NMR
in acetone-d6 δ 0.96 (s, 3H, 18-CH3), 1.2-2.9 (m, 15H, steroid
nucleus), 5.83 (d, 1H, J20-21 ) 12.93 Hz, 20-H), 6.35 (d, 1H,
J21-20 ) 12.93 Hz, 21-H), 6.55 (s, 1H, J4-2 ) 2.34 Hz), 6.60
(dd, 1H, J2-1 )8.4 Hz and J2-4 ) 2.43 Hz, 2-H), 6.77 (d, 2H,
J23-24 ) 8.64 Hz, 23-H and 27-H), 7.11 (d, 1H, J1-2 ) 8.31 Hz,
1-H), 7.53 (d, 2H, J24-23 ) 8.61 Hz, 24-H and 26-H), 8.01 (s,
1H, 3-OH), 8.43 (s, 1H, 25-OH); 13C NMR in acetone-d6 δ 14.27
(C-18) 23.52 (C-15), 28.11 (C-11), 28.16 (C-7), ∼29 under
acetone peak (C-6), 32.39 (C-12), 38.00 (C-16), 40.58 (C-8),
44.57 (C-9), 48.62 (C-13), 50.14 (C-14), 83.36 (C-17), 113.31
(C-2), 114.95 (C-24 and C-26), 115.66 (C-4), 126.80 (C-23 and
C-27), 127.82 (C-1), 129.20 (C-21), 131.32 (C-22), 132.32
(C-10), 134.22 (C-20), 138.16 (C-5), 153.65 (C-25), 154.00
(C-3).

(17R,20Z)-21-[(4-Cyano)phenyl]-19-norpregna-1,3,5(10),-
20-tetraene-3,17â-diol (5d). Compound 5d (0.005g) was
hydrolyzed to yield 6d (0.004 g, 90%): Rf ) 0.22 (hexane/ethyl
acetate 3:1); mp 99-105 °C; 1H NMR in acetone-d6 δ 0.90 (s,
3H, 18-CH3), 1.2-2.8 (m, 15H, steroid nucleus), 6.15 (d, 1H,
J20-21 ) 13.20 Hz, 20-H), 6.48 (d, 1H, J21-20 ) 13.20 Hz,
21-H), 6.54 (d, 1H, J4-2 ) 2.79, 4-H), 6.60 (dd, 1H, J2-4 ) 2.8
Hz, J2-1 ) 8.32 Hz, 2-H), 7.11 (d, 1H, J1-2 ) 8.31 Hz, 1-H), (d,
2H, J23-24 and J27-26 ) 8.58 Hz, 23-H and 27-H) (d, 2H, J24-23

and J26-27 ) 8.55 Hz, 24-H and 26-H), 7.96 (s, 1H, 3-OH); 13C
NMR in acetone-d6 δ 14.42 (C-18), 23.81 (C-15), 27.23 (C-11),
28.16 (C-7), ∼29 under acetone peak (C-6), 32.93 (C-12), 38.91
(C-16), 40.67 (C-8), 44.46 (C-9), 48.87 (C-13), 50.17 (C-14),
84.51 (C-17), 110.23 (C-25), 113.46 (C-2), 115.80 (C-4), 119.52
(-CN), 126.91 (C-24 and C-26), 127.80 (C-1), 131.58 (C-21),
131.71 (C-23 and 27), 131.85 (C-10), 138.27 (C-5), 140.41
(C-20), 143.61 (C-22), 155.82 (C-3).

(17R,20Z)-21-[(4-Methyl)phenyl]-19-norpregna-1,3,5-
(10),20-tetraene-3,17â-diol (6e). Compound 5e (0.14 g,
0.32 mmol) was hydrolyzed to yield 6e (0.060 g, 48%). Recrys-
tallization in chloroform afforded a white powder (0.055 g,
44%): Rf ) 0.38 (hexane/ethyl acetate 4:1); mp 95-96 °C;
1H NMR in CDCl3 δ 0.90 (s, 3H, 18-CH3), 1.2-2.8 (m, 18H,
steroid nucleus), 5.89 (d, 1H, J20-21 ) 12.81 Hz, 20-H), 6.50
(d, 1H, J21-20 ) 12.75 Hz, 21-H), 6.56 (d, 1H, J4-2 ) 2.46 Hz,
4-H), 6.62 (dd, 1H, J2-1 ) 8.40 Hz, J2-4 ) 2.82 Hz, 2-H), 7.15
(m, 3H, 1-H, 23-H, 27-H), 7.34 (d, 2H, J24-23 and J26-27 )
8.19 Hz, 24-H and 26-H); 13C NMR in CDCl3-d6 δ 14.07
(C-18), 21.18 (C-28), 23.26 (C-15), 26.48 (C-11), 27.44 (C-7),
29.68 (C-6), 32.49 (C-12), 38.49 (C-16), 39.61 (C-8), 43.79
(C-9), 47.99 (C-13), 49.58 (C-14), 85.08 (C-17), 112.70 (C-2),
115.26 (C-4), 126.55 (C-24 and C-26), 127.91 (C-1), 128.87
(C-21), 129.01 (C-23 and C-27),132.66 (C-10), 134.31 (C-22),
135.46 (C-25), 136.95 (C-20), 138.30 (C-5), 153.38 (C-3).

(17R,20Z)-21-[(4-Methoxy)phenyl]-19-norpregna-1,3,5-
(10),20-tetraene-3,17â-diol (6g). Compound 5g (0.14 g,
0.314 mmol) was hydrolyzed using the general procedure to
yield 6g (0.125 g, 98%), and recrystallization in acetone/hexane
afforded white crystalline needles (0.120 g, 94%): Rf ) 0.21
(hexane/ethyl acetate 4:1); mp 164-165 °C; 1H NMR in
acetone-d6 δ 0.97 (s, 3H 18-CH3), 1.2-2.9 (m, b, 15H, steroid
nucleus), 3.79 (s, 3H, OCH3), 5.87 (d, 1H, J20-21 ) 12.96 Hz,
20-H), 6.38 (d, 1H, J21-20 ) 12.96 Hz, 21-H), 6.53 (d, 1H, J4-2

) 2.55 Hz, 4-H), 6.62 (dd, 1H, J2-4 ) 2.43 Hz, J2-1 ) 8.43 Hz,
2-H), 6.86 (d, 2H, J24-23 and J26-27 ) 8.91 Hz, 24-H and 26-H),
7.11 (d, 1H, J1-2 ) 8.26 Hz, 1-H), 7.62 (d, 2H, J23-24 and J27-26

) 8.64 Hz, 23-H and 27-H), 7.95 (s, 1H, 3-OH); 13C NMR in
acetone-d6 δ 14.50 (C-18), 23.71 (C-15), 27.27 (C-11), 26.16
(C-7), ∼29 under acetone peak (C-6), 32.60 (C-12), 38.26
(C-16), 40.73 (C-8), 44.52 (C-9), 48.70 (C-13), 49.87 (C-14),
55.29 (-OCH3), 83.78 (C-17), 113.46 (C-2), 113.58 (C-24 and
C-26), 115.81 (C-4), 126.95 (C-1), 129.67 (C-21), 130.52 (C-22),
131.89 (C-10), 132.37 (C-23 and C-27), 135.06 (C-20), 138.32
(C-5), 155.80 (C-3), 159.41 (C-25).

(17R,20Z)-21-[(4-Amino)phenyl]-19-norpregna-1,3,5(10),-
20-tetraene-3,17â-diol (6h). The crude acetylated product 5h
(∼0.5 g) was deprotected to yield a dark-orange solid 6h
(0.34 g, 75.3%) followed by three recrystalizations from

acetone/chloroform to yield a light-orange powder (0.31 g,
68%): Rf ) 0.47 (1:1 hexane/ethyl acetate); mp 140-142 °C;
1H NMR in CDCl3 δ 0.91 (s, 3H, 18-CH3), 1.2-2.9 (m, 15H,
steroid nucleus), 3.8 (s, b, 2H, -NH2), 4.6 (s, b, 17-OH), 5.79
(d, 1H, J20-21 ) 12.90 Hz, 20-H), 6.40 (d, 1H, J21-20 ) 12.60
Hz, 20-H), 6.56 (d, 1H, J4-2 ) 2.7 Hz, 4-H), 6.64 (m, 4H, 2-H,
4-H, 24-H and 26-H), 7.16 (d, 1H, J1-2 ) 8.4 Hz, 1-H), 7.26 (s,
CDCl3), 7.32 (d, 2H, J ) 8.4 Hz, 23-H and 27-H); 13C NMR in
acetone-d6 δ 15.04 (C-18), 24.17 (C-15), 27.79 (C-11), 28.66
(C-7), under acetone peak (C-6), 32.94 (C-12), 38.51 (C-16),
41.25 (C-8), 45.03 (C-9), 49.12(C-13), 50.12 (C-14), 83.99
(C-17), 113.90 (C-2), 114.58 (C-24 and C-26), 116.25 (C-4),
127.41 (C-1), 131.14 (C-21), 132.33 (C-10), 132.66 (C-23 and
C-27), 133.03 (C-20), 138.76 (C-5), 150.02 (C-25), 156.29
(C-3).

(17R,20Z)-21-[(4-Acetyl)phenyl]-19-norpregna-1,3,5(10),-
20-tetraene-3,17â-diol (6i). Compound 5i (0.012 g,
0.026 mmol) was hydrolyzed using the general procedure to
yield 6i (0.0056 g, 51%): Rf ) 0.12 (hexane/ethyl acetate 5:1);
1H NMR in CDCl3 δ 0.91 (s, 3H, 18-CH3), 1.2-2.8 (m, 18H,
steroid nucleus), 6.01 (d, 1H, J20-21 ) 12.99 Hz, 20-H), 6.51
(d, 1H, J21-20 ) 12.81 Hz, 21-H), 6.57 (d, 1H, J4-2 ) 2.7 Hz,
4-H), 6.64 (dd, 1H, J2-1 ) 8.3 Hz, 2-H), 7.16 (d, 1H, J1-2 )
8.31 Hz, 1-H), 7.55 (d, 2H, J23-24 and J27-26 ) 8.46 Hz, 23-H,
27-H), 7.90 (d, 2H, J24-23 and J26-27 ) 8.37 Hz, 24-H and 26-
H); 13C NMR in CDCl3 δ 14.04 (C-18), 23.31 (C-15), 26.43
(-COCH3), 26.62 (C-11), 27.43 (C-7), 29.63 (C-6), 32.45 (C-12),
38.69 (C-16), 39.59 (C-8), 43.75 (C-9), 48.10 (C-13), 49.68
(C-14), 85.07 (C-17), 112.71 (C-2), 115.26 (C-4), 126.55 (C-21),
127.31 (C-1), 127.91 (C-23 and C-27), 129.52 (C-24 and C-26),
132.53 (C-10), 135.50 (C-25), 137.77 (C-20), 138.27 (C-5), 142.69
(C-22), 153.37 (C-3), 197.71 (-COCH3).

Molecular Modeling and Dynamics. We initially evalu-
ated the conformations of our ligands 6a-i using the Builder
module from Insight II. Potentials for each atom were assigned
automatically or manually, when necessary. Low-energy con-
formations were generated using the molecular mechanics
method (Discover program, 100 steps, 0.001 final convergence)
and compared to solution conformations determined by NMR.39

The ERR-HBD used in our study was obtained from the
Protein Data Bank (PDB code 1G50, wild-type ERR-HBD
cocrystallized with estradiol). From the available monomers
(A, B), monomer A from the A/C homodimer was selected for
the docking and molecular dynamics studies. All water mol-
ecules present in the crystal structure were deleted. The
monomer contains all the amino acid residues between ASN
304 and HIS 550. All manipulations were performed using the
Builder module in Insight II. The complex of the ERR-HBD
monomer and estradiol bound within the binding cavity was
minimized using the molecular mechanics method with re-
straints applied to the backbone atoms of the protein (Dis-
cover_3 module, CVFF force field, dielectric constant 2.0,
conjugate gradient minimization 10 000 steps or until 0.001
final convergence). All ligands used in this study were con-
structed using the Builder module from Insight II. Potentials
for each atom were assigned automatically or manually when
necessary. Each ligand was optimized using the molecular
mechanics method as done with the receptor. Partial charges
for each atom were calculated using the Mopac program from
the Ampac/Mopac module in the Insight II package. In
addition, ligands were further optimized using the semi-
emperical method (calculation method. PM3; calculation type,
optimization; optimizer type, native).

The Affinity program within the Docking module in In-
sightII was used to perform the docking studies of the ligands
with the ERR-HBD.55 This module includes elements from
Monte Carlo, simulated annealing, and minimization for
automatically docking and finding the best structures of the
ligand complexed to the receptor based on the energy of the
ligand-receptor complex. The ligand was superimposed on the
estradiol molecule (A-ring over A-ring), and the estradiol was
then deleted. The complex was subjected to energy minimiza-
tion to obtain a starting structure in which bad steric contacts
are removed and internal energies are relieved. During the
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docking procedure both the ligand and the protein residues
within the ligand binding cavity (amino acids within 15 Å of
the ligand as well as all amino acids in helix-12, loops 11-12,
1-3, 6-7) were allowed to flex while the backbone atoms and
the rest of the protein were restrained in their original
positions. In addition, the phenylvinyl side chain of the ligand
was rotated by a maximum of 180° increments in order to more
fully explore the potential binding modes of the conformational
choices of the ligand. After each docking procedure, structures
within 10 kcal/mol of the lowest energy structure and with an
rms distance of greater than 0.125 Å were selected and used
in simulated annealing studies. At the beginning of each run,
the ligand-receptor complex was minimized over 5000 steps
or until 0.001 final convergence. Then each structure was
heated from 300 to 500 K over 5000 fs and allowed to
equilibrate for and additional 5000 fs. Each structure was
allowed to cool to 300 K in 20 stages with 10 K decrements
for each stage and 100 fs long equilibration periods for each
stage. The structure at the end of the final stage was recorded
in an archive file and further minimized with 200 steps. Each
of the dynamics and simulated annealing cycles was repeated
10 times. During these calculations additional restraints were
applied to amino acids facing the outer surface of the protein.
All calculations involving docking and refinement of generated
structures were performed with a dielectric constant of 2.0.

Results of the docking studies were analyzed using a
combination of modules: Analysis, Discover_3, Docking, and
Viewer. Each structure generated during the docking, simu-
lated annealing, and dynamics runs was analyzed in terms of
binding energy, ligand energy, and protein energy. Values of
the binding energy ∆Ebinding were calculated as the difference
between the potential energy of the complex (Ecomplex) and the
potential energy of the ligand (Eligand) and receptor (Ereceptor).52,56

Binding energy calculations were performed using the Energy
Analysis macro in the Discover_3 module.

Receptor Binding Studies. In Vitro Competitive Bind-
ing Assay. The compounds were screened for their affinity
for the ERR-HBD isolated from BL 21 cells that overexpressed
the 33 kDa PER-23d ERG vector. The cells were induced with
0.6 mM isopropyl-â-thiogalactopyranoside for 3 h at room
temperature, pelleted by centrifugation, frozen, and stored at
-75 °C. The cells were thawed and lysed by sonication (4 ×
20 s) in four volumes of lysis buffer (50 mM Tris, 50 mM NaCl,
1 mM EDTA, 1 mM dithiothreitol, 1 M urea, pH 7.4) several
times. Clarified fractions, obtained at 30000g for 30 min, were
pooled, assayed for receptor binding, and diluted to 50 nM in
ER, and 100 µL aliquots were frozen and stored at -75 °C
until ready for use. Then 80 µL of the ERR-HBD-containing
extract was incubated with 10 µL of 10 nM 6,7-[H-3]estradiol
(specific activity of 51 Ci/mmol) and 10 µL of buffer, unlabeled
estradiol, or test ligand in 100 µL total volume. The final
concentrations were 1 nM 6,7-[H-3]estradiol, 2 nM unlabeled
estradiol (using 200 nM estradiol to define specific binding),
and 0.5-5000 nM of the test ligand. In all cases, 10 µL of each
incubation solution was removed for assay of the actual initial
concentration of [H-3]estradiol and the remainder was incu-
bated at 4 or 25 °C for 18 h. After incubation, 100 µL of
dextran-coated charcoal suspension (fines removed) was added
to adsorb the unbound [H-3]estradiol, incubated for 10 min,
and centrifuged, and 100 µL samples were taken from the
supernatant fraction for assay of radioactivity. The results
were calculated and plotted as % specific binding as a function
of log of competitor concentration using the best fit equation
for the binding inhibition to define the 50% inhibition level.
The relative binding affinity (RBA) was calculated as 100 times
[E]/[C], where [E] was the concentration of unlabeled estradiol
needed to reduce the specific binding of [H-3]estradiol by 50%
and [C] was the concentration of test ligand needed to reduce
the specific binding by 50%.
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