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R Y

INTRODUCTION, GOALS OF THE PROJECT AND APPROACH

[NOTE 1: This project was funded for three years, and a final report was submitted
September, 2000, covering the progress for the initial three year period. However, I received a
one-year no-cost extension on this project, to complete some of the studies that were still

ongoing on August 31, 2000. Thus, this "second" final report is largely the same as the

previous final report submitted in September, 2000. It has simply been updated to indicate the

additional progress that was made during the vear of the no-cost extension. To facilitate

review of this second final report, those sections that have been added or modified are so

indicated with underlining.]

[NOTE 2: For the purpose of continuity, the three Schemes in the attached Appendix have
been taken directly from the original proposal. The details of this final report are contained in
seven reprints and three manuscripts that are appended. Specific reference is made to these as
“Publications No. 1-10”.]

Antiestrogens such as tamoxifen are widely used in the treatment of hormone responsive
breast cancer and were recently shown to be effective in breast cancer prevention!-3, Tamoxifen,
however, as well as the pure ICI antiestrogens, are not ideal agents, because they cause vaginal
atrophy and menopausal host flashes, induce osteoporosis (pure antiestrogens), and may cause
endometrial and liver cancer (tamoxifen) 6-14. Thus, there is a need for the development of
selective antiestrogens with an improved endocrine profile for use in the treatment and

prevention of breast cancer 15-16,
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Recent advances in our understanding of the molecular pharmacology of estrogens and
the development of new selective antiestrogens for menopausal bone maintenance, suggest that
new selective antiestrogens of this type can be discovered 16-25, Up to now, however, this search
has not been approached in a systematic fashion 26, Furthermore, the structures of antiestrogens
that have been studied to date are quite complex and their synthesis sufficiently challenging, so
as not to be amenable to synthesis by solid-phase combinatorial means. Combinatorial synthesis
is the fastest growing new technology in pharmaceutical chemistry, and is proving to be a highly
expeditious and promising approach to new drug discovery 27-35,

In preparing for this project, we analyzed the structures of many selective antiestrogens
and found that they possess three common peripheral groups (a phenol, a second aromatic group,
and a basic side chain) attached to various core structures. Because the core structure appears to
function as a scaffold simply to hold these other appendages together, we then designed six novel
core structures that will perform the same scaffold function for the peripheral groups, yet are
sufficiently simple that they can be readily prepared by solid-phase combinatorial synthesis.

In this project, we proposed to prepare six novel classes of ligands for the estrogen
receptor, based on four functional group so far unexplored in the antiestrogen literature: a
carboxamide, a sulfonamide, a pyrazole, and an oxazole (and related thiazole and imidazole).
Solution-phase syntheses were first to be developed, and then adapted to solid-phase synthesis
using an acid-labile linker attached to the common phenol function. Libraries containing larger
numbers of the best of these classes were then to be prepared, and all of these compounds then to
be assayed for their binding affinity for the estrogen receptor. The estrogen agonist and
antagonist activity of those members with high affinity was then later to be determined in cell
transfection and proliferation assays, and those with the most appropriate endocrine activity
tested in a uterotrophic assay.

The combination of this novel structural insight leading to the design of new core
structures for estrogen receptor ligands that can be readily prepared by combinatorial synthesis,
together with a set of simple, but effective assays to establish their hormonal activity, should
assist in the discovery of novel selective antiestrogens for the treatment and prevention of breast

cancer.
T e 5
BODY

Experimental Approach
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A General Structural Description of Selective Estrogen Receptor Ligands Suggests Alternate

Core Structures that Can be Prepared by Solid Phase Combinatorial Chemistry Methods

As a class, selective antiestrogens can be envisioned as having four structural components
(Schemes 1 and 2 in attached Appendix [taken from the original proposal]): a core structure (A)
onto which are appended three other structural elements, a phenol (B), a second aromatic group
(C) and a basic side chain (D). The achievement of an appropriate balance of estrogenic vs
antiestrogenic activities in each of these series of selective antiestrogens appears to involve a
delicate interaction between these component parts of their structure. Curiously, whereas
components B, C, and D are rather similar in almost all of the selective antiestrogens (cf.
Scheme 1, selective antiestrogens), the central core structure A, which links together the other
three components like a scaffold, is quite variable. This suggests that other core structures could
replace this central component in selective antiestrogens.

In the original proposal we proposed to explore new antiestrogens specifically designed
to have novel core structures that are readily amenable to solid phase combinatorial synthesis and
which may prove to be more tissue selective and efficacious for breast cancer. As explained in
Scheme 3 in attached Appendix [taken from the original proposal], we identified three simple
structure motifs that are found in ER ligands, around which we designed six new classes of
potential ligands for the ER that are based on four new core structures (Scheme 3, right column).
We anticipated that these four core structures—a carboxamide, a sulfonamide, a pyrazole, and an
oxazole (and a related thiazole and imidazole)—would provide a suitable molecular scaffold for
the other three components typically found in selective antiestrogens—the phenol, the second
aromatic unit, and the basic side chain—so that these new structural classes would also have
selective antiestrogenic activity. The unique feature of these new core structures is that, unlike
most antiestrogens develop to date, they can be prepared by combinatorial chemistry means.

The first of the motifs, motif A is an anti-bibenzyl system, a structural subunit that is
found in the potent estrogen hexestrol, as well as in the antiestrogen hydroxytamoxifen (Scheme
3). The structural analogs of this motif that we planned to explore, the diphenylcarboxamide and
diphenylsulfonamide (Classes I and II), are well suited to three-component combinatorial solid
phase synthesis methods (see below and Scheme 6). Motif B is the homolog of the bibenzyl
motif, a substructure that is exemplified in the potent estrogen benzestrol and the selective
estrogen raloxifene, but is otherwise largely undeveloped. We planned to explore several
structural analogs of the homobibenzyl motif that are better suited for solid phase three-
component combinatorial synthesis, benzylic homologs of the carboxamides and sulfonamides
(Classes III and 1V) and pyrazoles (Class V) (see below and Schemes 6 and 7). Finally, Motif C,
a syn-bibenzyl system found in tamoxifen and centchroman, is the motivation for the three-
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component combinatorial synthesis of a series of heterocyclic analogs, oxazoles, thiazoles, and
imidazoles (Class VI, see below and Scheme 8).
As we discuss below, we have made good progress evaluating the synthetic feasibility
and ER binding affinity of members of all of these classes, as well as some others.

Results and Discussion for total project, years 1-3, plus one year no-cost extension.

The original statement of work for years 1-3 of this project are listed below.

ORIGINAL STATEMENT OF WORK
Project Period: July 1, 1997- June 30, 2000 (3 years)

Year 1
* Synthesis of representative members of Class I-VI ligands by solution phase methods.
» Isolate, purify, and fully characterize these members.
* Measure estrogen receptor binding affinity of representative members of Class I-VI ligands
* Begin to adapt solution phase syntheses to solid phase.

Year 2

» Complete adaptation of solution phase synthesis to solid phase.

» Isolate and fully characterize representative members produced by solid phase synthesis.
Determine yield and characterize impurities.

» Compare estrogen receptor binding of representative members of Class I-VI ligands
prepared by solution vs solid phase.

* Begin synthesis of full Class I-VI libraries.

* Begin cell proliferation and cell-based transfection assays.

Year 3
» Complete synthesis of full Class I-VI libraries.
» Complete estrogen receptor assay of full libraries at two concentrations.
* Reassay the members with detectable estrogen receptor binding affinity by quantitative
titration assay.
* Assay the members with high estrogen receptor binding affinity in the cell proliferation and

cell-based transfection assays.
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* Assay uterotrophic activity of the most promising members in rats.

Summary — Through the work we have engaged in on this project over the past three
years, we have completed all of the goals of the original proposal, as summarized in the original
Statement of Work. This has involved an exploration of the promise of all of the proposed
acyclic amide and 5-membered ring heterocyclic systems, and the development of solid phase
synthesis methods and large library synthesis and analysis. In addition, we have discovered in
the process that some of the most promising heterocyclic ligands, the pyrazoles, have high
affinity and potency selectivity for one of the estrogen receptor subtypes, ERo.. Because the
development of estrogen receptor subtype selective ligands is a very important issue and one of
great current interest, we have devoted considerable efforts in years 2, 3, and 4 to pursue this
further. We have completed a careful structure-activity relationship study on the pyrazoles,
obtaining ultimately a compound that is almost a completely specific activator of ERa., having
essentially no activity on ERp at doses where it maximally stimulated ERa, and, based on these
findings, we have developed a series of pyrazole basic side chain derivatives that hold
considerable promise as potency selective antagonists of ERa. Such compounds could be used
to block the action of estradiol through this receptor subtype without interfering with its effect on
ERp.

The work that we have done on this project has also spawned several related lines of
inquiry that are currently being pursued in my laboratory with independent support. These
include investigations of other 5-membered ring heterocyclic systems as estrogen receptor
ligands, namely furans, thiophenes, and pyrroles, as well as carbocyclic analogs,
cyclopentadienes and related cyclopentadienones. In addition, based on the favorable results of
the work under this project, we have begun to synthesize 6-membered ring heterocycles such as
pyrazines, pyrimidines, and pyridazines as estrogen receptor ligands. This work is now

beginning to mature, and we already know that we have compounds that show high affinity for

the receptor, showing high ER subtype selectivity, and are therefore potentially quite interesting,

because their structures are unique in the estrogen receptor field.

We certainly appreciate the support that has been provided to our research efforts in this
area through this US Army grant. It has served as a stimulus to us to thrust our laboratory
research into new directions that have proved to be very fruitful and potentially useful for the

prevention and treatment of breast cancer.
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The details of this final report are contained in seven reprints and three manuscript

that are appended. Specific reference is made to these as “Publications No. 1-10”.

Publication No. 1:

Publication No. 2:

Publication No. 3:

Publication No. 4:

Publication No. 5:

Publication No. 6:

Publication No. 7:

Publication No. 8:

B. E. Fink, D. S. Mortensen, S. R. Stauffer, Z. D. Aron, J. A.
Katzenellenbogen. Novel Structural Templates for Estrogen-Receptor
Ligands and Prospects for Combinatorial Synthesis of Estrogens. Chem.
& Biol., 1999, 6, 205-219.

S. R. Stauffer, J. Sun, B. S. Katzenellenbogen, J. A. Katzenellenbogen.
Acyclic Amides as Estrogen Receptor Ligands: Synthesis, Binding,
Activity, and Receptor Interaction. Bio. Med. Chem., 2000, 8, 1293-1316.
S. R. Stauffer, J. A. Katzenellenbogen. Solid-Phase Synthesis of Tetra-
Substituted Pyrazoles, Novel Ligands for the Estrogen Receptor. J. Comb.
Chem., 2000, 2, 318-329.

S. R. Stauffer, C. J. Coletta, J. Sun, B. S. Katzenellenbogen, J. A.
Katzenellenbogen. Pyrazole Ligands: Structure-Affinity/Activity
Relationships of Estrogen Receptor-a Selective Agonists. J. Med. Chem.,
2000, 43, 4934-4947.

S. R. Stauffer, Y. Huang, C. J. Coletta, R. Tedesco, J. A.
Katzenellenbogen. Estrogen Pyrazoles: Defining the Pyrazole Core

Structure and the Orientation of Substituents in the Ligand Binding Pocket
of the Estrogen Receptor. Bio. Med. Chem., 2001, 9, 141-150.

S. R. Stauffer, Y. R. Huang, Z. D. Aron, C. J. Coletta, J. Sun, B. S.
Katzenellenbogen, J. A. Katzenellenbogen. Triarlpyrazoles with Basic

Side Chains: Development of Pyrazole-Based Estrogen Receptor
Antagonists. Bio. Med. Chem., 2001, 9, 151-161.
Y. R. Huang, J. A. Katzenellenbogen. Regioselective Synthesis of 1,3,5-

Triaryl-4-alkylpyrazoles: Novel Ligands for the Estrogen Receptor. Org.
Lert, 2000, 2. 2833-2836.
D. S. Mortensen, A. L. Rodriquez, K. E. Carison, J. Sun, B. S.

Publication No. 9:

Katzenellenbogen, J. A. Katzenellenbogen. Synthesis and Biological

Evaluation of a Novel Series of Furans: Ligands Selective for Estrogen
Receptor Alpha. J. Med Chem., 2001, In Press.
D. S. Mortensen, A. L. Rodriguez. J. Sun, B. S. Katzenellenbogen, J. A.

Katzenellenbogen. Furans with Basic Side Chains: Synthesis and

Biological Evaluation of a Novel Series of Antagonists with Selectivity for
the Estrocen Receptor Alpha. Bioorg. Med. Chem. Letters. 2001, In Press
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Publication No. 10: J. Sun. Y. R. Huang, W. R. Harrington, S. Sheng, B. S. Katzenellenbogen,?
J. A. Katzenellenbogen. Antagonists Selective for Estrogen Receptor
Alpha. Endocrinclogy. 2001, Submitted

Investigation of Novel Core Structures of Estrogen Receptor Ligands [Publications No. 1
and 2]

In the first of these publications [Publication No. 1], we surveyed a series of heterocyclic
systems to identify which core structure from among those originally proposed (pyrazole,
imidazole, oxazole, thiazole, isoxazole and isothiazole classes) were capable of giving ligands
with high affinity for the estrogen receptor. This work definitively identified the pyrazole class
as the most promising one, and one tetrasubstituted pyrazole, in particular, had a binding affinity
that reached 19% that of estradiol, a truly remarkable finding. This compound is numbered 38d
in this publication.

The second of these publications [Publication No. 2] we surveyed a series of amides
(carboxamides, thiocarboxamides, and sulfonamides) as potential ligands for the estrogen
receptor. Again, we found that high affinity for the receptor was restricted to the
diphenylcarboxamide class and then only to those analogs having appropriate substituents. The
most promising agend, compound 16g in this publication, has an affinity 15% that of estradiol.
This work included extensive analysis of the conformation of these flexible ligands with the aim

of understanding how they fit into the ligand binding pocket.

Development of Solid Phase Synthesis Methods to Prepare the Most Promising Ligands
[Publication No. 3]

In this publication, we describe the systematic approach that we took to develop an
efficient method to synthesize the pyrazole system on a solid phase. In this included a careful
determination of the conditions required to attach the precursor to the support and to effect all of
the ensuing reactions, including cleavage of the final product. We used NMR and IR analysis
directly on the derivatized beads to assess the progress of the reactions. Finally, we used the
optimized methods to prepare a small library (12 members) and then a large library (96
members) of the tetrasubstituted pyrazole class. We also measured the receptor binding affinities
of these 96 compounds and thereby developed an interesting structure affinity relationship [See
Figure 6, Publication No. 3]. The highest affinity ligands are those in which at least two of the

aromatic rings bear a 4-hydroxy group.

Structure-Activity Relationships of Tetrasubstituted Pyrazoles and Development of an
Estrogen Receptor Alpha Specific Ligand [Publication No. 4]

10
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In this publication, we have taken the most favorable results from Publication Nos. 1 and
3 and extended further the structure-activity analysis of the tetrasubstituted pyrazole ligands. In
addition, we have assayed their affinity for the estrogen receptor subtypes ERa and ERf.
Remarkably, we find that some of the pyrazoles have especially high affinity for ERa, reaching
as high as 75% that of estradiol, yet very low affinity for ERP. The best of these compounds
[numbered 4g (PPT) in Publication No. 4] has a 410-fold affinity preference for ERa.. This
compound also shows extremely high potency selectivity for ERa in cell-based transcription
assays |Figure 2 in Publication No. 4]. This compound has proved to be of great interest to the
molecular endocrinology community as a probe for assessing the biological roles of ERa and
ERpB. We have supplied samples of this ERa selective ligand to more than 20 laboratories who
are engaged with use in collaborative studies. In this study we also endeavored to use molecular
modeling to supplement the results of our structure-activity study so as to be able to predict the
orientational mode with which these rather symmetrical pyrazole core ligands are bound by the

estrogen receptor. We also have developed a productive collaboration with Wyeth-Ayerst to

evaluate PPT further in a series of biological assays. such as uterotropic, bone mineralization,

neuroprotection model, hot flush model, ER-subtype specific gene induction in the brain, etc.

PPT functions as a full agonist in most of these assays. This work is still underway and is, so far

unpublished. A joint publication is anticipated once the studies have been completed.

Synthesis of Pyrazole Core Isomers in a Further Structure Activity Relationship Study of
Tetrasubstituted Pyrazole Estrogen Receptor Ligands [Publication No. 5]

Originally, we explored only one isomeric series of tetrasubstituted pyrazoles as ligands
for the estrogen receptor, ones in which the three aryl groups were at N-1, C-3 and C-5, and the
alkyl group at C-4. In this publication [Publication No. 5] we explore pyrazoles of the isomeric
series (i.e., 1,3,4-triaryl-5-alkyl). This required the development of a completely new synthetic
method, because the original method, when applied to the corresponding monoaryl 1,3-diones
underwent a Fischer indole reaction rather than a pyrazole cyclization. We were able to over
come this side reaction by performing the synthesis on a 1,3-dione of lesser substitution and then
to introduce the final aryl group by a Suzuki coupling method. The overall process proved to be
both regioselective for this series and efficient. The most interesting products from this study
were those listed a compounds 10a and 10b in Publication No. 5.

Investigation of Pyrazoles with Basic Side Chains as Potential Potency-Selective Estrogen
Receptor Alpha Antagonists [Publications No. 6 and 10]

Because of the high affinity and potency selectivity of certain of the pyrazoles as agonists
for ERa, we were interested in seeing whether we could convert them to ERa potency selective

11
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antagonists by adding a basic side chain to the pyrazole core structure. In this publication
[Publication No. 6}, we attached a basic side chain to the four substituent positions on the
tetrasubstituted pyrazoles, and we found that only one of these showed high affinity for the
estrogen receptor. This compound showed about a 10-fold potency preference as an antagonist
for ERa vs ERP [see compound 5 and Figure 3 in Publication No. 6]. It is the basis for
continued studies on pyrazole ligands with basic side chains, which stimulated in part the

development of the regioselective method for pyrazole synthesis discussed below. In addition

we have investieated further the biological activity of this series of pyrazoles with basic side

chains [Publication No. 101, and we have found that one of these, termed methyl-piperidinyl-

pyrazole (MPP), is an ERa-selective antagonist. This compound will be a useful

pharmacological tool for studying the biological roles of the two ER subtypes.

Development of a Regioselective Synthesis of Pyrazoles [Publication No. 7]

The method we originally devised for the synthesis of the pyrazoles involved the reaction
of a hydrazine with a 1,3-diketone and was, therefore, not regioselective. This increasingly
became a problem as we wanted to prepare more and more non-symmetrical pyrazoles. In this
publication, we have developed an efficient regioselective synthesis of these pyrazoles by the
addition of the hydrazine to an enone to give an pyrazoline intermediate. The corresponding
anion of this pyrazoline can be alkylated and then oxidized to produce unsymmetrical pyrazoles
in high yield and with complete regioselectivity. We have used this method to prepare more than
20 different unsymmetrical pyrazoles, including a variety of ones having different basic side

chain substituents on the position where it is most favorable (see discussion above).

Novel Furan Ligands for the Estrogen Receptor [Publication No. 8 and 9]

We have also developed novel ligands for ER based on a different heterocyclic system,

furans. In this system we also discovered high affinity ER ligands, some of which are very

selective for ERa, as well as basic side chain substituted analogs that are ERa-selective

antagonists. This work complements our studies on the pyrazoles.

B B B S X

KEY RESEARCH ACCOMPLISHMENTS

Progress in Relation to the Statement of Work

12




Contains Proprietary Data John A. Katzenellenbogen, August, 2001
Army Breast Cancer Annual Report

The complete three year Statement of Work, presented in the original proposal of July

1996, is shown below. Our accomplishments are noted in italics:

ORIGINAL STATEMENT OF WORK

Project Period: _September 1, 1997— August 31, 2001 (3 years, with a one-year no-cost

extension

Year 1
» Synthesis of representative members of Class I-VI ligands by solution phase methods.
completed
» Isolate, purify, and fully characterize these members. completed
* Measure estrogen receptor binding affinity of representative members of Class I-VI ligands.
completed
* Begin to adapt solution phase syntheses to solid phase. completed for the most promising

series (pyrazoles)

Year 2

* Complete adaptation of solution phase synthesis to solid phase. completed for the most
promising series (pyrazoles)

* Isolate and fully characterize representative members produced by solid phase synthesis.
completed for the most promising series (pyrazoles)Determine yield and characterize
impurities. completed for the most promising series (pyrazoles)

» Compare estrogen receptor binding of representative members of Class I-VI ligands
prepared by solution vs solid phase. completed for the most promising series (pyrazoles)

* Begin synthesis of full Class I-VI libraries. completed for the most promising series
(pyrazoles)

* Begin cell proliferation and cell-based transfection assays. completed for the most promising

series (pyrazoles)

Year 3
* Complete synthesis of full Class I-VI libraries. completed for the most promising series

(pyrazoles)
» Complete estrogen receptor assay of full libraries at two concentrations. completed for the

most promising series (pyrazoles)

13
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» Reassay the members with detectable estrogen receptor binding affinity by quantitative
titration assay. completed for the most promising series (pyrazoles)

* Assay the members with high estrogen receptor binding affinity in the cell proliferation and
cell-based transfection assays. completed for the most promising series (pyrazoles)

* Assay uterotrophic activity of the most promising members in rats. In vivo assays have been

completed through a collaboration with Wyeth-Averst.

Please see Summary at the conclusion of the preceeding section that outlines additional

accomplishments beyond those outlined in the original Statement of Work.

B e o B

REPORTABLE OUTCOMES

Seven papers have been published, two manuscripts have been accepted, and one has recently
been submitted. These publications are attached as the appendix and are listed as
Publications No. 1-10.

Presentations have been made at four American Chemical Society meeting by the PI and

principal co-workers, Shaun Stauffer and Deborah Mortensen, and by Stauffer at a meeting

on solid phase synthesis. Numerous seminars given by the PI have included work developed
under this project.

A PCT patent has been submitted to the US Patent Office covering the 5-membered ring
heterocyclic estrogens.

Shaun Stauffer, my principal co-worker on this project, has completed his Ph.D. degree in the
fall of 1999.

Deborah Mortensen, another major co-worker on this project, has completed her Ph.D.
degree in the fall of 2000.

After completing a very successful 2-year postdoctoral fellowship with Professor John

Hartwie at Yale University, supported by a postdoctoral fellowship from the National

Institutes of Health, Shaun Stauffer joined Merck. He had numerous offers from the best

pharmaceutical industries. The topic of Shaun’s NIH postdoctoral fellowship derived from

the experience he developed working on this project.
On the basis of a presentation that she gave at the ACS meeting in San Francisco. Deborah

Mortensen received two job offers. She is now working for Signal Pharmaceuticals in San

Diego on a nuclear receptor project.
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* Ying Huang, a postdoctoral fellow in my laboratory who worked on this project, has
completed her studies and has moved to a job in new drug discovery at Schering-Plough in
New Jersey.

* Rosanna Tedesco, a graduate student who has worked on this project, will complete her
Ph.D. studies in October, 2000, and she has moved to a position in new drug discovery at
SmithKline Beecham.

* Christopher Coletta and Zachary Aron, two undergraduate students who worked on this
project for their senior research, have graduated with high honors, based in part on their
excellent undergraduate theses. Chris is working as a B. S. Chemist in new drug discovery at
Pfizer, in Connecticut, and Zachary is in a Ph.D. graduate program at the University of

California, Irvine, working with Professor Larry Overman.

e

CONCLUSIONS [The Summary, presented earlier, is repeated for convenience}

Summary — Through the work we have engaged in on this project over the past three
years, we have completed all of the goals of the original proposal, as summarized in the original
Statement of Work. This has involved an exploration of the promise of all of the proposed
acyclic amide and 5-membered ring heterocyclic systems, and the development of solid phase
synthesis methods and large library synthesis and analysis. In addition, we have discovered in
the process that some of the most promising heterocyclic ligands, the pyrazoles, have high
affinity and potency selectivity for one of the estrogen receptor subtypes, ERa. Because the
development of estrogen receptor subtype selective ligands is a very important issue and one of
great current interest, we have devoted considerable efforts in years 2 and 3 to pursue this
further. We have completed a careful structure-activity relationship study on the pyrazoles,
obtaining ultimately a compound that is almost a completely specific activator of ERa, having
essentially no activity on ERp at doses where it maximally stimulated ERa., and, based on these
findings, we have developed a series of pyrazole basic side chain derivatives that hold
considerable promise as potency selective antagonists of ERa. Such compounds could be used
to block the action of estradiol through this receptor subtype without interfering with its effect on
ERB.

The work that we have done on this project has also spawned several related lines of
inquiry that are currently being pursued in my laboratory with independent support. These
include investigations of other 5-membered ring heterocyclic systems as estrogen receptor

ligands, namely furans, thiophenes, and pyrroles, as well as carbocyclic analogs,
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cyclopentadienes and related cyclopentadienones. In addition, based on the favorable results of
the work under this project, we have begun to synthesize 6-membered ring heterocycles such as
pyrazines, pyrimidines, and pyridazines as estrogen receptor ligands. This work is still in an
early state of development, but already we know that we have compounds that show high affinity
for the receptor and are therefore potentially quite interesting, because their structures are unique
in the estrogen receptor field.

We certainly appreciate the support that has been provided to our research efforts in this
area through this US Army grant. It has served as a stimulus to us to thrust our laboratory
research into new directions that have proved to be very fruitful and potentially useful for the

prevention and treatment of breast cancer.
+HHHH
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Scheme 1. Estrogens, Pure Antiestrogens, and Selective Antiestrogens — From the Original Proposal

Estrogens:
CH
w
oBAe
HO CH3
Estradiol Hexestrol Benzestrol

Pure Antiestrogens:

| FF RU 54,876

Hydroxytamoxifen Raloxifene Centchroman Zindoxitene Cyclofenit Derivative
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Scheme 3. Structural Motifs for Estrogen Receptor tigands
and Their Combinatorial Analogs — From the Original Proposal
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Novel structural templates for estrogen-receptor ligands and
prospects for combinatorial synthesis of estrogens
Brian E Fink, Deborah S Mortensen, Shaun R Stauffer, Zachary D Aron

and John A Katzenellenbogen

Introduction: The development of estrogen pharmaceutical agents with
appropriate tissue-selectivity profiles has not yet benefited substantially from the
application of combinatorial synthetic approaches to the preparation of
structural classes that are known to be ligands for the estrogen receptor (ER).
We have developed an estrogen pharmacophore that consists of a simple
heterocyclic core scaffold, amenable to construction by combinatorial methods,
onto which are appended 3-4 peripheral substituents that embody
substructural motifs commonly found in nonsteroidal estrogens. The issue
addressed here is whether these heterocyclic core structures can be used to
prepare ligands with good affinity for the ER.

Results: We prepared representative members of various azole core structures.
Although members of the imidazole, thiazole or isoxazole classes generally have
weak binding for the ER, several members of the pyrazole class show good
binding affinity. The high-affinity pyrazoles bear close conformational
relationship to the nonsteroidal ligand raloxifene, and they can be fitted into the
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ligand-binding pocket of the ER-raloxifene X-ray structure.

Conclusions: Compounds such as these pyrazoles, which are novel ER

Chemistry & Biology April 1999, 6:205-219
http://biomednet.com/elecref/1074552100600205

© Elsevier Science Ltd ISSN 1074-5521

ligands, are well suited for combinatorial synthesis using solid-phase methods.

Introduction

Estrogens arc endocrine regulators of the vertebrate repro-
ductive system that have important cffects in many non-
reproductive tissucs as well (bone, liver, cardiovascular
system, CNS and so on). Many estrogen pharmaceuticals,
bascd on both natural and synthetic substances, have been
developed as agents for regulating fertility, preventing and
controlling hormone-responsive breast cancer, and meno-
pausal hormone replacement. These substances display a
spectrum of agonist to antagonist activity that can show
remarkable dssuc and cell sclectiviey [1].

I'he molecular target of estrogens is the estrogen receptor
(ER), of which there are now known to be two subtypes,
ER-0 and ER-B, that have different patterns of tissue
expression and somewhat different ligand-binding speci-
ficitics [2,3]. ER is a transcription factor that binds to spe-
cific estrogen-response clements in the promoter region
of estrogen-regulated genes and whose activity is modu-
lated by the estrogen ligands [4]. The capacity of ER-
ligand complexes to activate gene transcription is medi-
ated by a series of co-regulator proteins [5]. These co-reg-
ulators have interaction functions that tether ER to the
RNA polymerase 11 preinitiation complex and enzymatic
activitics to modify chromatin structure [6]. It is the fact
that cach cell and cach gene presents to an ER(subtype)-
ligand complex a unique combination of these effector
components— various cstrogen-response clements and

co-regulators—that appears to underlie, in part, the cell
and gene sclectivity of various estrogens [7].

Among known ligands for ER, the natural estrogens are the
simplest of the steroidal hormones, distinguished by their
phenolic A-ring (Figure 1). Synthetic estrogens, especially
those of nonstcroidal nature, gencrally retain a phenolic
function (at least for those of high poteney), but otherwise
span a remarkable range of structural motifs that encom-
pass simple acyclic core structures of various lengths and
sizes, as well as a variety of ring-size fused and nonfused
carboeyelic and heterocycelic svstems [8-10]. T is clear from
many dccades of medicinal-chemistry investigations that
minor changes in the structure and stercochemistry of
these ligands can have profound effects on both their affin-
ity and their biocharacter (i.c. the agonist versus antagonist
balance in various tssues). Major efforts have been directed
at optimizing ER ligand structurc to obtain desired profiles
of tissuc sclectivity, but, even so, the idecal profile for
various uscs has not yet been achieved [1,11,12).

As currently explored, ER ligands are, by and large, not
well suited for synthesis using combinatorial approaches,
because their preparation generally involves a scries of
carbon—carbon bond forming reactions that do not give
uniformly high vields, nor arc they well adapted to solid-
phasc-synthesis methods. There are two examples of the
preparation of cstrogen combinatorial librarics on solid
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Figure 1
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phase, both involving stilbene-like structures [13,14], but
the application of combinatorial approaches for the prepa-
ration of KR ligands has, so far, been limited.

T'o expand possible combinatorial approaches to the syn-
thesis of KR ligands, we have begun investigating simple
structural motifs that mighe be used for the construction of
molccules with high affinity for ER. "The goal was to iden-
tify core structurcs that could be readily prepared by the
types of simple condensation reactions that typify those
used in solid-phasc combinatorial approaches for the prepa-
ration of drug-likc molccules, and from these to sclect
oncs that would support the development of high-affinity
ligands for IXR.

Here, we describe the investigation of prototype 1,2- and
1,3-azolc systems as potential ligands for the ER. We
examine the issuc of whether ER ligands can be considered

simply as an asscmbly of a phenol unit together with 2-3
auxiliary periphcral groups linked together by a functionally
inere core scaffold, or whether the core scaffold itself
plays an integral role in ligand binding. In the process, we
have discovered a ncw class of high-affinity ligands for ER,
4-alkyl-1,3,5-triarylpyrazoles, that bear an unexpected topo-
logical resemblance to the nonsteroidal estrogen raloxifene
and show an interesting structure-binding affinity pattern.

Results and discussion

Structural motifs found in estrogen-receptor ligands and
proposed heterocyclic surrogates

Sclected examples of nonsteroidal ligands for the estrogen
receptor are shown in Figure 1, together with an indication
of their ER-binding affinity and their agonist (Ag) versus
antagonist (Antag) character in a standard rat uterine weight
gain assay. Collectively, these molecules exemplify a recog-
nizable structural gestalt (Figure 2): a core structure (A) onto



Figure 2
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Estrogen ligand pharmacophore model.

which arc attached other, peripheral structural elements, a
phenolic unit (B) thac is always preserved, a second aromatic
group (C) that is usually present, and another substitucnt
(D) or two (ID%), one of which might be aromatic. In the case
of ER antagonists or mixed agonist/antagonists, one of the
substituents generally contains a basic or polar function.

Jomparisons of the various specific manifestations of this
basic structure (Figure 1) suggest that, to achieve high

Table 1
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ER-binding affinity, the peripheral substituents (B-1))
nced to be displayed in a certain geometric arrangement,
so that they will be ‘in register’ with their corresponding
subsites in the ligand-binding pocket in ER. It seems that
this peripheral group ‘display function’ can be accom-
plished by using core clements that encompass a consider-
ablc structural variety. This raises the interesting question
of whether the core element itself plays any direct role in
ER binding or whether it serves mercly as an inert mol-
ecular scaffold whose function is simply to display these
peripheral clements with appropriate topology. If the lateer
is true, it should be possible to replace the core scaffold
with a variety of other units, providing they also are able
to display the peripheral clements with the appropriate
geometry. Some of these core scaffolds, namely small-ring
heterocycles, could be assembled by facile condensation
reactions from simpler components, a situation that is
favorable for the development of large chemical libraries of
related compounds by combinatorial synthesis approaches.

In Table 1 we have outlined two (out of many possible)
manifestations of this conceptual approach, based on the
incorporation of certain substructural motifs into 1,2- and

Structural motifs found in ER ligands and proposed surrogates.

Estrogen-receptor ligand Structural motif

Combinatorial analog (class)

— —

Benzestrol

Motif A. Homobibenzy!*

Raloxifene

,,,,, /R3
N-N
. //
3,5-Diaryl pyrazoles Z
R
AN
HO
N-O
L = =
3,5-Diaryl isoxazoles A g,
Ry
HO
Ry

2,4-Diaryl imidazoles,
thiazoles, oxazoles

\
X
N Z 3
\1 RZ
HO

4,5-Diaryl imidazoles,

Motif B. Bibenzyl*

oxazoles, thiazoles

Ry

N=(

a X
HO

*These structural motifs are meant to highlight alternative atom connections between the phenol and a second aromatic substituent, without
specific consideration of conformational factors. Structural motifs found in ER ligands and proposed surrogates.
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Figure 3
HO
(CHx0), O O H
_86% _ B8 N
CHaCl, N/)
ot O
MeO HO
3
formamide
reflux
(i) NaH, THF BBrg
p-Anisaldehyde N (i) R-I, THF CHCl,
76%
MeO OMe MeO HO
4 5a R=H 6a R =H (68%)
b R=Et (86%) b R = Et (63%)
¢ R=Pr (79%) ¢ R = Pr(55%)
- © — o,
Chemistry & Biology d R=1Bu(84%) d R =Bu (46%)
Synthesis of imidazoles 3 and 6a—d.
1,3-azole systems. Here, the homobibenzyl motif A, exem-
plificd in the nonsteroidal ligands benzestrol and raloxifene,  Figure 4
1s represented inovarious 3,5-diarvl-1,2-azoles (pyrazoles
and 1soxazoles) and 24-diaryl-1,3-azoles (imidazoles, thia- { NS

zoles and oxazoles). Similarly, the bibenzyl modf B is rep-
resented in various 4,5-diaryl-1.3-azoles. In cach case, the
diazole N\N-systems (namely pyrazoles and imidazoles) can
accommodate up to four peripheral substituents, wherceas
the N,O- and N,S-hcterocyeles (oxazoles, isoxazoles and
thiazoles) are mited to three substituents.

Synthesis of representative diaryl and triaryl 1,2- and
1,3-azoles as potential ligands for the estrogen receptor
Imidazoles

The synthesis of representative
the imidazole class and cheir N-alkyl analogs was accom-
plished by a well-precedented approach [15] shown in
Figure 3. Refluxing 4,4’ -dimethoxybenzil (1) in formamide
in the presence of pare-formaldehyde afforded the 4,5-dis-
ubstituted imidazole 2 [16], which upon deprotection with
BBry in CILCI, afforded imidazole 3 in good yicld. A
similar reaction using 4-methoxvbenzaldehyde afforded the
2,4,5- wri-substituted imidazole 4 [17-19] in good yicld. To
prepare tetra-substituted systems, the sodium salt of imida-
zole 4 was alkylated with cthyl, propvl and burtyl iodide,
and then deprotected to afford free phenols 6a~d.

symmetrical members of

T'wo additional, unsymmetrical, imidazoles were synthe-

sized as outlined in FFigure 4. "T'he top reaction sequence
illustrates the synthetic approach to N-cthyl imidazole 12

Reaction of 4-methoxy-deoxybenzoin (7) [20] with bromine

(i) Et3N, CH,Cly, rt.

Besasiy

E18H:Me
17R=H

BF+SMe,
87%

(>

(i) TFA, THF, 0°C ’/\] A\
37% N
MeO ) O
OR
Bra, AICI, ,:. 7X=H RO
98% _ . 11 R =Me
NaN; 8 X =Br BFg SMeZE,
85% 9 X =Ng 95% 12R=H
p-An|S|d|ne
Acetone reflux \©\
41%
Benzoyl chloride
EtaN, DMAP
70%
NH4OAc
AcOH
25% \©\

15

Chemistry & Biology

Synthesis of imidazoles 12 and 17.
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Figure 5 Figure 6
Br. R 20 R=H s . .
' 13 R=Et R (i) n-BulLi
S S \ S (i) p-methoxy-
OMe N benzyl
NH, N 23 bromide
DMF , , 97%
MeO 19 refux RO OR j NCS, AgNO4
21a R=H, R' = Me (81%) Q p-anisaldehyde 99%
BBr 21b R = Et, R = Me (85%)
(43%) CHLOl 0 i) EtoN, G 0 OMe
2Cl 22a R=H, R = H (45%) N\ (i) EtsN, CH,Cly, rit.
22b R = Et, R = H (58%) N (i) TFA, THF, 0°C
CN 30%
MeO 28 R =Me Br529‘9§/|0|3[. e
18 Chemistry & Biology BF3'5M92E = N 26 X = Br
9% —29R-H e
= 85% 27X =N,
Synthesis of thiazoles 22a and 22b. O
. N
p-methoxybenzamide 78\
o s 26
and a trace of AlCI; in Er,O gave a-bromoketone 8 [21], toluene, reflux 0o O
which, upon reaction with sodium azide in acctone, afforded 52% RO OR

the corresponding azide 9. 'The azido-ketone 9 was treated
with onc cquivalent of Et;N and imine 10 in tetrahvdro-
furan (TTHIF). Removal of solvent and excess Eg;N fol-
lowed by treatment of the crude intermediate 2,5-dihydro-
2-hydroxyimidazole with T'FA in CH,CIL,, according to
the procedure of Patonay and Hoffman [22], resulted in
the formation of N-ethyl imidazole 11. Deprotection with
BF;sSMe, in CH,CI, produced imidazole 12 in good yield.

The synthesis of N-aryl substituted imidazole 17 is also
shown in Figurc 4. Refluxing 4’-methoxy-o-bromo-
butyrophenone (13) with p-anisidine in acctone gave the
o-amino-kctone 14, which was converted into the benza-
midc 15 upon reaction with benzoyl chloride and base.
Cyclization with ammonium acctate in refluxing acctic
acid afforded the 1,2,4,5 tetra-substituted imidazole 16,
which upon deprotection with BF;«SMc, in CH,CI,
produced the free phenol 17.

Thiazoles

The synthesis of representative thiazoles is shown in
Figure 5. Thioamide 19, derived from 4-methoxybenzoni-
trile (18) [23], was condensed with 4’-mcthoxy-a-bromo-
acctophenone (20) or 4-methoxy-o-bromobutyrophenone
(13) in refluxing DMF to give high yiclds of the 2.4-dis-
ubstituted thiazole 21a [24] or 2,4,5- tri-substituted thia-
zole 21b, respectively. Deprotection with BBry afforded
modecrate yiclds of the free phenols 22a and 22b.

Oxazoles

T'wo representative oxazoles were synthesized as shown
in Figure 6. Reaction of the lithium anion of dithianc 23
with p-methoxybenzyl bromide gave the alkylated product
24, which upon hydrolysis afforded 4’-methoxy-deoxy-
benzoin (25) [25] in excellent yield. Conversion to the

BFS.SMQZE 30R =Me

O
Chemistry & Biology 89% 31R=H

Synthesis of oxazoles 29 and 31.

bromide 26 [26] and azide 27 was accomplished as
desceribed for analogous compounds 8 and 9 above. The
azido-ketone 27 was then treated with one equivalent of
Et;N and p-anisaldehyde, and then with 'TFA to afford
oxazole 28 [27]. Oxazole 30 resulted from the condensa-
tion of bromo-ketone 26 with p-methoxybenzamide in
refluxing toluenc, analogous to the thiazole synthesis dis-
cussed above. Deprotection of 28 and 30 with BIF;»SMe,
gave oxazoles 29 and 31, respectively.

Pyrazoles

The synthesis of the pyrazoles involves the condensation
of a hydrazine with a 1,3-dikctone [28]. Using the method
of Beak and coworkers [29], we obtained 1,3-diketonc 33
from the reaction of the methyl thiocester 32 and lithium
tetramethylpiperidide in good yield (Figure 7). Condensa-
tion of the diketone with hydrazine hydrochloride or
N-substituted hydrazine hydrochlorides in refluxing DM/
THF (3:1) afforded the 3,5-disubstituted pyrazole 34a or
1,3,5- tri-substituted pyrazoles 34b—d; yiclds were higher
with aryl-substituted hydrazines than with  hydrazine
itsclf. Deprotection of 34a—d with BBr; afforded the free
phenols 35a-d in moderate yicld.

The introduction of a 4-alkyl substitcuent was accom-
plished through the alkylation of dikctone 33 with 'T'BAF
and ethyl iodide to afford 36 in modcrate yield [30,31].
Attempts to increase the yield of this alkylation were
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Figure 7

LiTMP R- NHNH2

(i) TBAF, CH,Cl,

36
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/
SMe THF, r.t. DMF/THE CHCly
4% reflux
OMe MeO OMe HO OH

(iiy Etl
56%
R R
N_
R-NHNH, BBra 7
[ —— /
saqeli Heaaolaicaes
reflux
MeO MeO OMe OH

BBr3

35a R=H (61%)
35b R= CGH5( 8%)

35¢ R = CH,CyH5 (66%)
35d R = p-HOCgHs (45%)

34a R =H (38%)
34b R= CSHS( 5%)

34c R = CH,CeHs (43%)
34d R = p-MeOCgHs (85%)

38a R = H (57%)
38b R = CgHg (54%)

38¢ R = CH,CgHs (54%)
38d R = p-HOCgHs (99%)

37a R=H (70%)

37b R = CgHs (89%)

37¢ R= CHQCGHS (31‘)/0)
37d R = p-MeOCgHj (23%)

Synthesis of pyrazoles 35a-d and 38a-d.

unsuccessful. Conversion of diketone 36 to the corre-
sponding pyrazoles was accomplished as with the unsub-
stituted case, to afford pyrazoles 38a—d.

Isoxazoles

T'he preparation of a single isoxazole is shown in Figure 8
[32]. Double deprotonation of the ketoxime 39 derived
from 4-mecthoxyacetophenone with nBulli, followed by
addition of methyl 4-methoxybenzoate afforded the 3,5-dis-
ubstituted isoxazole 40 in low yield [33]. Deprotection with
BBr; afforded the free phenol 41 in moderate yield [34].

Estrogen-receptor binding

T'he binding affinitics of the heterocyceles prepared above
for the estrogen receptor are shown in Tables 2-4, organized
according to heterocyelic core structure. "T'he binding values
were obtained from a competitive radiometric binding assay,
using [F1]estradiol as the tracer, dextran-coated charcoal

Figure 8
MR BuLi (2 N-O
| ‘(l_)vn uki ( eq.)» /i P
(if) methyl O
4-methoxy- OR
MeO benzoate O

BBrjy 40 R = Me
[ ainon

Chemistry & Biology

Synthesis of isoxazole 41.

to adsorb free tracer and lamb uterine cytosol as a source
of ER. The values are expressed as relative binding affini-
tics (RBA), with estradiol having an affinity of 100% [35].
In replicate assays, these values are reproducible with a
coefficient of variation of 30% (K.E. Carlson and J.AK.,
unpublished observations).

Imidazoles, oxazoles and thiazoles

The receptor-binding data for the imidazole scries arc
shown in Table 2. Although the members of this scries
have rather low affinity, there is an increase in RBA with
the addition of alkyl substicuents at the 1-position (R;,
6a—d); this trend reaches a maximum for propyl 6¢, revers-
ing for the butyl substituent 6d. Such trends, where affinity

Table 2

Estrogen receptor binding data for imidazoles 3, 6a~d, 12 and 17.

R2 R®
i N
R' N/)\ R*

Compound R’ R2 R3 R4 RBA*
3 4-HO-CH, 4-HO-CH, H H <0.001
6a 4-HO-C,H, 4’-HO-C4H, H 4-HO-C;H, 0.007
6b 4-HO-CH, 4-HO-CiH, C,Hy 4"HO-C,H, 038
6c 4-HO-CH, 4-HO-CjH, C,H, 4-HO-CiH, 0.62
6d 4-HO-CH, 4-HO-CgH, C,H; 4-HO-CH, 0.17
12 CoHs 4-HO-C;H, C,Hy 4-HO-C,H, 0.25
17 4-HO-C¢H, C,Hg 4-HO-CgH, CgHg 0.37

*RBA, relative binding affinity (estradiol = 100%).
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Figure 9

Estrogen receptor binding data for thiazoles 22a, 22b and
oxazoles 29 and 31.

R2
X-/(
o \
1
N R
HO
Compound X R R? RBA
22a S 4HO-CH, H 0.018
22b s 4HO-CgH, C,Hs 0.041
29 o 4-HO-C¢H, CeHs <0.001
31 o) CoHs #HO-CgH,  0.027

increases with substituent size up to a point, arc well known
both in steroidal systems (113- and 160-substituents) [36]
and in other non-steroidal ligand series (such as 2-phenylin-
doles [37], tetrahydrochrysenes [38] and so on), and proba-
bly represent the filling of preformed pockets of limited
volume in the receptor by these substituents [37]. The
principal difference in binding, however, is between the
tetra-substituted imidazoles (6b—d, 12 and 17) and the di- or
tri-substituted imidazole (3 and 6a), thc tetra-substituted
ones having much higher affinity. There is litde difference
in binding between imidazoles 12 and 17, which have a
different arrangement of nitrogen atoms in the heterocyclic
corc but display their four substituents in an identical
fashion (Figure 9). T'he overall low binding affinity of the
imidazoles as a class might be the result of the high inher-
ent polarity of this heterocyclic system as compared with
the pyrazoles, reflected by their higher chromatographic
polarity in both normal and reversed phases systems. It is
also of note that the dipole moment for imidazole is very

Table 4

Estrogen receptor binding affinity data for pyrazoles and an
isoxazole.

R
N—X
1
HO R OH

Compound X R R RBA
35a N H H 0.009
35b N CeHs- H 0.028
35¢ N CeHsCH,— H <0.007
35d N 4-HO-CgH,- H 0.059
38a N H C,Hs 0.015
38b N CeHs- C,Hg 14.0
38c N CeHsCHo- C,Hs 0.150
38d N 4’-HO-CgH - C,H; 19.0
4 0 - C,Hs 0.006

B

o
L0
HO K OH

12 (RBA 0.25)

@
NeagqeH

38b (RBA 14
Q/\INCL
RBA 0.37)
OH OH

Q

38d (RBA 19)

Y

oY
0
HO K OH

6b (RBA 0.38)
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Comparisons between ring pyrazoles (38b, 38d) and imidazoles (6b,
12 and 17).

large, 5.56 D [39], and this might be unfavorable for binding
to the estrogen receptor.

Table 3 shows the binding data for the two thiazoles and
oxazoles. Although affinitics are again very low, the more
highly substituted thiazole again has the higher affinity
(22a compared with 22b). The oxazole 29 has undetectable
affinity for ER. The isomer 31, however, docs have mea-
surable, albeit low, binding. In contrast to imidazoles, thia-
zoles and oxazoles do not have very high dipole moments
[39]; so overall polarity is not likely to be the cause of their
low ER binding affinity, although heteroatom orientation
appears to play a role (29 compared with 31). In the imida-
zole serics, the compounds with the highest affinitics were
all tetra-substituted, however. As it is only possible to tri-
substitute a thiazole or oxazole, this core structure might be
unable to present sufficient peripheral substituents to afford
ligands with good ER binding affinities, at least as far as we
have investigated.

The low binding affinities of the imidazoles, thiazoles and
oxazoles arc disappointing, although not surprising, con-
sidering the relatively poor affinity of the most closely
related benzothiazole reported by von Angerer [40]
(Figure 1). The sparsely substituted monocyclic or poly-
cyclic aromatic systems are also expected to be rather
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Figure 10 Figure 11
H
N-N
! =
:
35a OH
HO (0.009)
~twofold // " -threclold 35a
increase /7 increase
\ Y
~1600-fold - N A \
. / \
increase ( \) k. ,...4—-\
H pesny e
| /
N-N N-N
O ~ g OH O OH Chemistry & Biology
HO 38a Ho 35b
(0.015) (0.028)
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increase N increase
and proper match between the peripheral substituents and
several subsites on the receptor, and in the azole systems
we have explored, it appears that this requires a tetra-sub-
t Chemistry & Biology stituted ring (sce below). Consistent with this is the low

Comparison of the estrogen receptor binding affinity of four related
pyrazoles with increasing substitution.

planar. Tc 15 generally agreed chat good ligands for the
estrogen reeeptor need to have some degree of ‘thickness’
in the central portion of the ligand [38]. When alkyl sub-
stituents are added to cither the imidazoles or thiazoles,
their RBA increases (Tables 2,3). This increased binding
could be due to an increase in steric bulk around the
central portion of the molecule, the result, in part, of a
twisting of some of the aromatic substituents (sce below)
or to an increase in lipophilicity. Regardless, the effects
are not great, and in general the 1,3-azoles seem to present
some special challenges that might best be investigated
furcher by combinatorial approaches.

Pyrazoles and isoxazoles

The RBA data for the 1,2-azoles are presented in Table 4.
Immediately apparent is the relatively high binding affin-
ity of pyrazoles 38b und 38d. An interesting comparison can
be made among compounds 35a, 35b, 38a and 38b
(IFigure 10). "T'he disubstituted progenitor 35a has very low
affinivy; addition of a third substituent, 1-phenyl in 35b or
4-cthyl in 38a, causcs only a twofold or threefold increase
in binding affinity, respectively, By contrast, addition of
the fourth substituent (to give 38b) causes either an 900- or
500-fold increase in binding aftinity, respectively. Clearly,
this 1s not additive behavior—two groups that cach alone
raisc binding affinity twofold and threcfold, together raise
binding not sixfold but 1600-fold. "T'his suggests that to
achicve high binding affinity there needs to be a detailed

affinity of the isoxazole 41, whose affinity is similar to the
most closcly related tri-substituted pyrazole 38a.

T'here are other interesting trends in the pyrazole series:
replacement of the N-phenyl substituent (38b) with an
N-benzyl group (38c¢) causes a dramatic 100-fold reduction
in binding. Both of these compounds are tetra-substituted
pyrazoles, and they contain the homobibenzyl motif A that
was considered to be an important factor for receptor
binding (as do all of the other compounds in Table 1).
The decereasc in binding affinity in 38b compared with 38¢
again suggests the need for a detailed match between
ligand substituents and receptor subsites: the extra ‘kink’
in the benzyl substituent in 38¢c might be repositioning
the peripheral substituents in a less favorable gecometry.
T'he addition of a hydroxyl group at the para position of
the N-phenvl substituent (compound 38d compared with
38b) causcs a minor increase in binding, indicating that
polarity is well tolerated in this region of the receptor.

Structural comparisons between high-affinity pyrazole
ligands and other nonsteroidal ligands

The conformation of pyrazoles 35a,b and 38a,b was dcter-
mined by @b initio calculations at the 3-G21* level
(Figure 11). 'T’he action of A-strain is evident in these
structures: even in the disubstituted system 35a, the
5-phenyl group is twisted ~60° out of the plane; this twist-
ing increases as the third (35b, 38a) and fourth (38b) sub-
stituents are added to the pyrazole ring, so that in 38b the
5-phenyl substituent is nearly perpendicular to the pyra-
zole core. In this conformation 38b resembles the general
propeller-type conformation of the triarylethylene non-
steroidal estrogens such as tamoxifen [41].



Alchough the comparison of the conformations of tamoxifen
with pyrazole 38b might give some idea of the reason 38b
binds to KR with high affinity, it docs not adequately
cxplain why 35a, 35b and 38a have so much lower binding
affinitics. When the latter three pyrazoles are compared
with 38b, it is apparent that there is little difference in
conformation that could account for the large discrepancy
in binding within the scrics. The reasons for the marked
changes in RBA in response to very small changes in struc-
ture, noted especially for the pyrazole series, are therefore
not intuitively obvious from an examination of the structure
of the ligands alone, although they are not entirely unex-
pected on the basis of the behavior of other nonsteroidal
ligands and the detailed fit of these congeners in the ligand-
binding pocket of the estrogen receptor (sce below).

Analysis of the X-ray structure of the estrogen-receptor
ligand-binding domain complexed with estradiol and the
nonsteroidal ligand raloxifene

"The explanation that was previously proposed — that high-
affinity binding to ER derives from a proper match between
the peripheral substituents on the ligand and their comple-
mentary binding rcgions on the receptor—can now be
considered in some detail, because, recently, the Xeray
structures of the estrogen receptor-o¢ bound to estradiol and
the nonsteroidal ligand raloxifene have been reported [42].

I'he ligand-binding pocket in the ER—estradiol structure
has a volume of approximately 450 A3, which is ~200 A3
larger than the volume of estradiol [43] (Figure 12a). As a
result, there is a large hydrophobic space around the central
portion of the binding pocket, especially in the regions
corresponding to the 116 position and, to a lesser degree,
70 position (Figure 12a), which is consistent with the tol-
crance that ER shows for binding steroids with large
substitucnts at these positions [36]. A view of the ER~
raloxifene structure is shown in Figure 12b. The core of
this ligand is oriented in the same manner as estradiol and
occupics much of the same space in the binding pocket,
but the benzoyl substituent projects outward, askew of the
ligand core, with the piperidinyl sidechain extending into
an upper hydrophobic region, which is much more open
duc to the displacement of helix 12 [42].

Comparison between raloxifene and the tetra-substituted
pyrazole (38b)

The structure of the high-affinity pyrazole (38b) can be
overlayed onto the structure of raloxifene (Figure 13a). In
such a superposition, it is evident that the centroids of all
three aromatic rings lic quite close to one another. This
structural alignment can be used to place the pyrazole 38b
into the ligand-binding pocket of the ER-raloxifene struce-
ture (Figure 13b). With a minimal, energetically reasonable
rearrangement of ncarby residues (see Figure 13 legend),
this ligand can fit quite comfortably in the raloxifene pocket
(compare Figure 13b with Figure 12b).
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Figure 12
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Ligand binding pockets for (a) estradiol and (b) raloxifene. Structures
were prepared from the crystallographic coordinates [43] by generating
a solvent-accessible surface for the protein (green—blue dot surface)
and for the ligand (purple).

In the arrangement shown in Figure 13b, the two hydroxyl
groups arc positioned in such a manner that they could
engage the same protein hydrogen-bonding partners as
do the corresponding hydroxyl groups in raloxifene; the
3-(p-hvdroxyphenyl) substitucnt of 38b is mimicking the
estradiol A-ring surrogatc of raloxifene (.e. the fused
phenol of the benzothiophene unit) and the 5-(p-hydroxy-
phenyl) group of 38b is mimicking the pendant p-hydroxy-
phenyl group at position 2 of the benzothiophene (compare
with Figurc 12b). The 1-pheny! group of 38b overlics the
benzovl arene of raloxifene and projects into channel that
exists in roughly the 113 direction in the ER-raloxifenc
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Figure 13

& Biology

(a) Overlay of pyrazole 38b with raloxifene and (b) pyrazole 38b in the
binding pocket of the ER-raloxifene structure. {a) The overlay of the two
ligands was obtained by a least-squares multifitting seven atoms in each
molecule (rms=0.924 A): in each of the three benzene rings, the two
atoms selected were the ones at the site of attachment and the ones para
to this site; in addition, the p-hydroxy group on the 5-phenyl substituent in
pyrazole 38b was overlaid with the benzothiophene hydroxyl group.

(b) Pyrazole 38b was pre-positioned into the ER-raloxifene crystal
structure [42] from the overlay shown in (a). From this structure additional
docking studies using FlexiDock (Tripos, St Louis, MO) followed by a
three-step minimization using the TRIPOS Forcefield were conducted to
afford the final model (see the Materials and methods section). This
minimization caused only small changes in the protein and ligand, but
reduced the ligand—protein interaction energy to a reasonable level.

structure. T'he 4-cthyl substituent on pyrazole 38b projects
outwards from the heterocycle from a position that corre-
sponds roughly to the sulfur atom of the benzothiophene
ring system, and extends into an open pocket in the ER.

When analyzed in this manner, one can appreciate that
the pyrazole core can display these four substituents in a
manner congruent with the same regions in the binding
pocket of the estrogen receptor that accommodate corre-
sponding portions of raloxifene. In addition, the high
cost in binding affinity that results from the absence of

either the 1-phenyl or the 4-cthyl substituent (compare
with Figure 10) suggests that proper registration of cach
of the four peripheral substituents into its appropriate
binding subsite is supported by the interaction of the
other three. By this analysis, it is therefore not surprising
thac all of the other heterocyelic systems that were only
di-substituted or tri-substituted were low affinity ligands,
at least with the substituents we have thus far investi-
gated. The low-affinity of the tetra-substituted imidazoles,
however, most likely derives from their high polarity, as
noted (sec below).

The importance of core structural element in ligand
binding: passive or active?

The question raised initially—doces the core scaffold in
these novel ER ligands play only a passive role in their
binding, merely displaying the peripheral substituents in
an appropriate topology, or is its role more active or func-
tional?—can be answcred reasonably definitively from
the results we have obtained so far. Clearly, with the sub-
stituents we have examined, high-affinity binding was
obtained only with those azoles that afforded the possi-
bility of tetra-substitution. But of these, the 1,2-diazoles
(pyrazoles) and the 1,3-diazoles (imidazoles), only the pyra-
zoles gave good binding. Although there are not many
direct comparisons that can be made between these two
diazole systems, pyrazole 38b and imidazoles 12 and 17 arc,
in fact, just ring nitrogen isomers of one another, having
otherwise identical peripheral groups and functionality
(Figure 9). The samc is true for pyrazole 38d and imidazole
6b. In both cases, however, the pyrazole partner binds to
ER with ~30-36-fold higher affinity than the isomeric
imidazole(s). This would suggest that the core structure
docs play more than a passive role in ER binding, although,
as noted before, the high polarity and significant dipole
moment of the imidazole might be the principal reason for
the diffcrence in this case. The issue of the functional role
of the core scaffold in ER binding needs to be investigated
further in these and other heterocyclic systems.

. Significance

Compounds with a remarkable variety of structures bind
with high affinity to the estrogen receptor (ER), and
many nonsteroidal ligands have been prepared in the
search for agents that have improved tissue-selectivity
profiles. The application of combinatorial approaches to
the development of selective ER ligands, however, is still
in a state of infancy.

Based on a simple pharmacophore model consisting of a
core scaffold and various peripheral groups we have
designed systems that display the peripheral groups on
simple heterocyclic core systems, which are readily pre-
pared by simple condensation reactions. Here, we describe
the synthesis and ER-binding affinity of various substi-
tuted 1,2- and 1,3-azoles.




No significant binding was found for members of the imi-
dazole, thiazole or isoxazole classes, and this is rational-
ized either by the inherent polarity of these compounds
(imidazoles) or by their inability to carry a sufficient
number of the types of peripheral substituents we have
explored so far (thiazoles, oxazoles and isoxazoles).
Several members of the pyrazole class did show good
binding affinity, however, the best being a tetra-substi-
tuted pyrazole 38d. Both 38b and 38d bear an unexpect-
edly close conformational relationship to the nonsteroidal
ligand raloxifene.

Compounds such as 38b and 38d are well suited to com-
binatorial synthesis using solid-phase methods. The large
differences in binding affinity that result from small
structural changes suggest that a thorough investigation
of many possible combinations of core structures and
peripheral substituents will be needed to identify novel
high-affinity ligands for the ER that can be evaluated for
their selective biological activity. The solid-phase combi-
natorial synthesis of pyrazole libraries is currently
underway and has yielded other high-affinity ligands for
the estrogen receptor (S.R.S. and J.A.K., unpublished
observations). Some of these heterocycles have also
shown intriguing biological activity [43].

Materials and methods

General methods

All reactions using water- or air-sensitive reagents were conducted
under an Ar atmosphere with dry solvents. Solvents were distilled under
N, as follows: CH,Cl, from CaH,, tetrahydrofuran {THF) from sodium
benzophenone ketyl, dimethylformamide (DMF) from MgSO,, and
hexanes from CaSO,. Triethylamine was distilled over CaH,. All other
reagents were purchased from commercial suppliers and used without
further purification. Reactions were all monitored using thin-layer chro-
matography (TLC), performed on 0.25 mm silica gel glass plates con-
taining F-254 indicator. Visualization on TLC was achieved by UV light
(254 nm), iodine vapors, or phosphomolybdic acid indicator. Flash
chromatography was performed using Woelm 32-63 pm silica gel
packing unless otherwise noted.

"H NMR and '3C NMR spectra were recorded on a Varian U400,
Varian U500 or Varian INOVA 750. NMR spectra chemical shifts ()
are reported in parts per million downfield from TMS and referenced
with either TMS internal standard for CDCl,, acetone-dg, MeOD-d,, or
DMSO-d, solvent peak. NMR coupling constants are reported in
Hertz. Electron ionization (El) spectra were obtained using a Finnigan—-
MATCHS spectrometer at 70 eV. Fast atom bombardment (FAB) were
recorded on a VG ZAB-SE spectrometer. High-pressure liquid chro-
matography (HPLC) was performed on a SpectraPhysics P100
solvent delivery system with ultraviolet detection at 254 nm. Elemental
analysis was performed by the Microanalytical Service Laboratory at
the University of lllinois. All characterized compounds are chromato-
graphically homogeneous.

Relative binding affinities

Assays were performed as reported previously [44] using lamb uterine
cytoso! diluted to approximately 1.6 nM of receptor, which was incu-
bated with buffer of several concentrations of unlabeled competitor
together with 10 nM [*H]estradiol for 18-24 h. Free ligand was removed
by adsorption onto dextran-coated charcoal. Unlabeled competitors were
prepared in 1:1 DMF:TEA to ensure solubility.

Research Paper Novel estrogen-receptor ligands Fink etal. 215

Molecular modeling and docking studies

Solvent-accessible surfaces were generated (Figures 12 and 13} using
the QCPE Connolly Program module (Indiana University) in Sybyl 6.5
(Tripos, St. Louis, MO). Figure 13b: the pre-positioned pyrazole 38b was
used for additional docking studies using the Tripos FlexiDock module.
Both hydrogen-bond donors and acceptors within the pocket surround-
ing the ligand and the ligand itself in addition to select rotable torsional
bonds were defined in order to afford an optimal docked-structure prior
to molecular mechanics minimization. With the protein backbone held
rigid, the figand and the protein residues within 8 A of the ligand were
then minimized using a step-wise approach: first torsional bonds about
the ligand were minimized holding the receptor fixed, followed by mini-
mization of the receptor holding the ligand fixed, and then minimization of
both the ligand and receptor. Minimizations were done using the TRIPOS
Forcefield (as implemented in the program Sybyl) with the Powell gradi-
ent method and default settings (final RMS < 0.05 kcal/mol-A).

Representative chemical synthesis
4,5-Di(4-methoxyphenyl)-1H-imidazole (2). To 4,4’-dimethoxybenzil (1)
(2.0 g, 7.4 mmol) and p-formaldehyde (1.0 g, 11.1 mmol) was added for-
mamide (50 ml). The bright yellow suspension was heated to reflux
{220°C) for 2 h. The reaction mixture was then cooled to room tempera-
ture then to 0°C. The crystals that formed were filtered and recrystallized
from EtOAc to afford 2 (2.4 g, 86%). mp 183-184°C (lit [16] mp
183-184°C); 'H NMR (400 MHz, MeOH-d,) & 7.64 (s, 1H), 7.44 (d,
4H, J=7.50), 8.89 (d, 4H, J="7.50), 3.79 (s, 6H); 13C NMR (100 MHz,
MeOH-d,) & 158.4, 135.2, 129.1, 128.9, 122.6, 114.2, 55.3.

General demethylation procedure using BBr;. To a stirring solution of
the methyl-protected heterocycle (1 equiv) in CH,Cl, at ~78°C was
added a solution of BBr; (4-5 equiv) as a 1N solution in CH,Cl,. The
reaction were allowed to warm to room temperature and stirred for 18 h.
After quenching with H,O, the layers were separated and the aqueous
layer extracted with EtOAc (3 x5 ml). The combined organic layers
were dried over Na,SO,, fitered and concentrated to afforded the crude
phenals. Flash chromatography afforded the demethylated products.

4,5-Di(4-hydroxyphenyl)-1H-imidazole (3). Imidazole 2 (100 mg, 0.35 mmol)
afforded 3 (52 mg, 59%) by the general BBr; demethylation proce-
dure. TH NMR (400 MHz, CDCl,) & 14.56 (br s, 1H), 9.93 (br s, 1H),
9.24 (s, 1H), 7.24 (d, 4H, J=8.47), 6.82 (d, 4H, J=8.40); MS (FAB)
m/z (relative intensity, %) 253.1 (MH* 24), 169.2 (100).

2,4,5-Tri(4-methoxyphenyl)-1H-imidazole (4). A suspension of 4,4"-di-
methoxybenzil (1) (4.0 g, 15 mmol) and p-anisaldehyde (20 ml, 164 mmol)
and formamide (100 ml) was heated to reflux (220°C) for 2 h, during
which time the reaction mixture became homogeneous. The reaction was
then cooled to 0°C and the precipitated product 4 was filtered. The light
yellow powder was recrystallized from MeOH/H,O to afford 3.80 g of 4
[19] (66%). mp 89-91°C (lit [19] mp 88-94°C). 'H NMR (400 MHz,
Acetone-dg) 8 7.98 (d, 2H, /=8.88), 7.42 (d, 4H, /=18.62), 7.01 (d, 2H,
J=8.83), 692 (brs, 4H), 3.79 (s, 3H), 3.75 (s, 6H); '3C NMR
(100 MHz Acetone-dg) & 162.4, 1569.9, 1589, 145.4, 131.0, 1290,
128.9, 126.6, 132.8, 114.0, 113.7, 113.6; MS (El, 70 eV) m/z (relative
intensity, %) 386.2 (M*, 100), 371 (30), 280 (100), 265 (30); HRMS
calc'd for C,,H,gN,O4: 345.123800, found: 345.123918.

General N-alkylation procedure for imidazoles. A solution of imidazole 4
(200 mg, 0.52 mmol) in THF (10 ml) and DMF (1.5 ml) was cooled to
5°C. NaH (31 mg, 0.78 mmof) was added as 60% dispersion in mineral
oil. The reaction mixture was warmed to room temperature for 1 h and
respective alkyl halide (0.04 ml, 0.62 mmol) was added. The resulting
suspension was heated to reflux for 12 h, then cooled to room tempera-
ture. The light precipitate was filtered, and the filtrate was concentrated
under vacuum to a yellow solid which was flashed on silica (30%
EtOAc/Hexanes) to afford alkylated products 5b-d in 80-80% yields.

1-Ethyl-2,4,5-tri(4-methoxyphenyl)-imidazole (5b). 'H NMR (400 MHz,
CDCly) 8 7.60 (AAXX', 2H, Juy = B.88, Jyu = 2.51), 7.46 (AAXX', 2H,
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Jpx=8.97, Jyu=2.56), 7.32 (AA'XX’, 2H, Jo, = 8.88, J,, = 2.56),7.00
(AAXX', 2H, Jo =8.88, J,,=251), 6.99 (AA'XX', 2H, J,, =888,
Jya=2.56), 6.74 (AA'XX’, 2H, Juy=8.97, Jo,=2.56), 3.87 (g, 2H,
J=7.32), 3.87 (s, 3H), 3.85 (s, 3H), 1.00 (t, 3H, J=7.14); 13C NMR
(100 MHz, CDCl,) § 160.0, 159.7, 158.1, 146.8, 137.2, 132.4, 130.5,
127.9, 127.5, 123.8, 123.7, 1145, 114.0, 1135, 55.3, 55.2, 55.1,
39.5,16.2.

2,4,5-Tri(4-hydroxyphenyl)-1H-imidazole (6a). According to the general
BBr, demethylation procedure above, imidazole 4 (8.0 g, 7.8 mmol)
afforded 6a as a green-orange solid that darkened upon exposure to air
(1.8 g, 68%). mp 203-205°C; 'H NMR (400 MHz, Acetone-dy) 8 7.93
(AA'XX’, 2H, Sy =8.97, Jyp=2.47), 7.40 (AA'XX', 4H, J,,=8.60,
Jya=2.47), 6.89 (AA'XX', 2H, Jp=8.97, J,, = 2.47), 6.80 (AA'XX,
OH, Joy =8.60, Jyp =2.47); 13C NMR (100 MHz, Acetone-d) 5 157.9,
156.4, 145.9, 129.0, 126.8, 124.0, 123.4, 121.3, 115.0, 114.7; MS
(FAB) m/z (relative intensity, %) 345.1 (M+H*, 10), 353 (10), 169 (100);
HRMS calc'd for Gy, H,¢N,Oq: 345.123800, found: 345.123918.

1-Ethyl-2,4,5-tri(4-hydroxyphenyl)-imidazole  (6b). According to the
general BBr; demethylation procedure above, imidazole 5b (185 mg,
0.46 mmol) afforded 5b (107 mg, 62%). mp 150-153°C; 'H NMR
(400 MHz, Acetone-dg) 8 7.51 (AA'XX’, 2H, Jux =862, J,,=2.42),
7.34 (AA'XX, 2H, Uy =871, J,,=239), 7.24 (AAXX', 2H,
Dy =883, Jyp=2.41), 6.97 (ANXX’, 2H, J,y =8.58, Jy, = 2.31), 6.90
(AAXX', 2H, 1, =8.75, J,,= 2.31), 6.64 (AA'XX’, 2H, J,, =8.96,
Jaa=243), 3.93 (q, 2H, /=17.19), 0.98 (t, 3H, /=7.12); 13C NMR
(100 MHz, Acetone-dg) § 168.2, 167.9, 156.9, 146.5, 136.8, 1325,
130.3, 127.9, 127.8, 126.6, 122.5, 122.4, 116.0, 115.4, 114.8, 17.9,
15.4; MS (FAB) m/z (relative intensity, %) 372.1 (MH*, 100), 343 (15),
275 (10), 214 (25), 162 (30), 148 (30); HRMS calc'd for
Cy3H N, O4: 372.147251, found: 372.147393.

1-Ethyl-2,5-(4-methoxyphenyl)-4-phenyl imidazole (11). Azido-ketone
9 (50.0 mg, 0.187 mmol) and imine 10 (92.0 mg, 0.564 mmol) were
dissolved in THF (15 ml}. Et;N (29.0 u}, 0.208 mmol) was added via
syringe and reaction stirred at room temperature for 48 h. The reac-
tion mixture was then poured into H,O and extracted with CH,Cl,,
organic fractions were pooled, dried over Na,SO,, filtered and solvent
removed under reduced pressure. The intermediate, 2,5-dihydro-
2-hydroxyimidazole, used in next step without further purification or
characterization, was taken up CH,CI, (10 ml). Solution was cooled
to 0°C and TFA (14.4 pl, 0.187 mmol) was added via syringe. Reac-
tion stirred at 0°C for 36 h. The mixture was diluted with CH,Cl,
(10 ml) and washed with H,O, sat. NaHCO,, and sat. NaCl succes-
sively. The organic fraction was dried over Na,SQO,, filtered and solvent
removed under reduced pressure. Purification by flash column chro-
matography (1:2 EtOAc:Hexanes) and recrystallization from CH,Cl,/
Hexanes afforded imidazole 11 as a white solid (24.6 mg, 34% yield
from azide 9). "H NMR (600 MHz, CDCl,) § 7.63 (AA'XX’, 2H, Joy =
8.81, Jyy. = 2.58), 7.54 (m, 2H), 7.34 (AA'XX’, 2H, Juy = 8.80, Jyy. =
2.45), 7.20 (m, 2H), 7.12 (m, 1H), 7.02 (AA’XX’, 2H, Jo =8.78, J,,
= 2.54), 7.01 (AA'XX', 2H, J,x=8.43, J,,=2.57), 3.90 (g, 2H,
J=17.08), 3.89 (s, 3H), 3.87 (s, 3H), 1.02 {t, 3H, J=7.17); 13C NMR
(125 MHz, CDCl,) § 200..8, 160.0, 159.8, 147.0, 134.8, 132.3 (2),
130.5 (2), 129.3, 128.9, 128.0 (2), 126.6 (2), 126.0, 123.6, 114.5
(2), 114.0 (2), 55.33, 55.28, 36.4, 16.2; MS (El, 70 eV) m/z 384.2
(M*); Anal. calc’d for CygH,,N,O,, C: 78.10%, H: 6.29%, N: 7.29%,
found, C: 77.91%, H:6.28%, N: 7.28%.

General demethylation procedure using BF;*SMe,. To a stirring solu-
tion of the methyl protected heterocycle (1 equiv) in CH,Cl, (8 ml) at
room temperature was added BF;*SMe, complex (75 equiv). After stir-
ring for 24 h, solvent and excess reagent were evaporated under nitro-
gen stream in hood. Residue was taken up in EtOAc and washed with
H,O and sat. NaCl. Organic extract was dried over Na,SO,, filtered
and solvent removed under reduced pressure. The resulting residue
was purified though a silica plug, eluting with EtOAc. Solvent evapora-
tion afforded the deprotected products.

1-Ethyl-2,5-(4-hydroxyphenyl)-4-phenyl imidazole (12). Imidazole 11
(12.0 mg, 0.031 mmol) was demethylated according to the general
BF;+SMe, procedure to afford imidazole 12 as an off-white powder
(10.6 mg, 95%). "H NMR (500 MHz, Acetone-dg) & 7.80 (AA'XX’, 2H,
Jax =881, Sy = 2.44), 7.47-7.49 (m, 2H), 7.44 (AA'XX’, 2H, J,,=8.65,
Jyy=2.44),7.37-7.40 (m, 3H), 7.14 (AA'XX', 2H, J,, =8.80, J,p=2.43),
7.06 (AA'XX’, 2H, J,,=8.68, Jyo=2.46), 4.25 (q, 2H, J="7.28), 1.17
{t, 3H, /=7.29); MS (FAB) m/z 357.2 (M+H*); HRMS calc'd for
CysH, N, O,: 357.160303, found: 367.160000.

5-Ethyl-1,4-(4-methoxyphenyl)-2-phenyl imidazole (16). Keto-amide 15
(110.0 mg, 0.273 mmol) and ammonium acetate (105.0 mg, 1.362 mmol)
were heated to reflux in acetic acid (10 ml) for 48 h. Acetic acid was
removed under reduced pressure, resulting residue was taken up in
EtOAc, washed with sat. NaHCO,, H,O, and sat. NaCl. Organic extracts
were dried over Na,SOQ,, filtered and solvent removed. Product was
purified by flash column chromatography (1:4 EtOAc:Hexanes) and
recrystallization from CH,Cl,/Hexanes to give imidazole 16 as a white
solid (25.7 mg, 25%). 'H NMR (500 MHz, CDCl,} & 7.72 (AA’XX’, 2H,
Jpy=18.29, . =2.55), 7.14 (m, 2H), 7.21 (m, 3H), 7.19 (AA'XX’, 2H,
Jax=9.33, Jy,.=2.71), 6.98 (AA'XX’, 2H, J,, =8.48, J,, =252), 6.96
(AA'XX', 2H, J, =8.62, J,,,=2.74), 3.87 (s, 3H), 3.85 (s, 3H), 2.67
(q. 2H, J=7.48), 1.01 (t, 3H, J=7.45); MS (El, 70 eV) m/z 384.2 (M*).

5-Ethyl-1,4-(4-hydroxyphenyl)-2-phenyl imidazole (17). imidazole 16
(25.0 mg, 0.066 mmol) was demethylated as outlined in general BF;*SMe,
procedure above to give deprotected imidazole 17 as an off-white
powder (20.2 mg, 87%). 'H NMR (400 MHz, Acetone-d) & 9.04 (br s,
1H), 8.51 (br s, 1H), 7.64 (AA’XX’, 2H, J,x=8.73, Jyx.=2.51), 7.50-
7.47 {m, 2H), 7.31-7.27 (m, 5H), 7.01 (AA'’XX’, 2H, J,x=8.94,
Jap=2.76), 6.94 (AA'XX’, 2H, Sy =8.73, Jyo=2.52), 2.69 (g, 2H,
J=17.48),1.02 {t, 3H, /=7.49); MS (FAB) m/z 357.1 (M+H*); HRMS
calc'd. for C,3H,,N,O,: 357.1603, found 357.1602.

2,4-Di(4-methoxyphenyl)-thiazole (21a). A suspension of thicamide 19
(1.3 g, 7.9 mmol) and a-bromo-4’-methoxy-acetophenone (20) (1.8 g,
7.9 mmol} in DMF (10 ml) was heated to reflux for 1h, until it became
homogeneous. The heat was removed and the reaction was stirred for
15 h at room temperature. The reaction mixture was poured into H,O
(50 ml) and the solid precipitate was filtered to afford crude 21a.
Recrystallization from CH;NO, afforded pure 21a as light yellow crys-
tals (1.8g, 81%). 'H NMR (400 MHz, CDCl,) & 7.98 (AA'XX’, 2H,
Sy =887, Ju,=253), 7.63 (AAXX', 2H, Jo =8.94, J,, =2.48), 6.86
(AA'XX, 2H, S,y =8.87, J,,=2.53), 6.85 (AA'XX, 2H, J, =8.94,
Jpa= 2.48), 7.26 (s, 1H), 3.86 (s, 3H), 3.85 (s, 3H); 3C NMR
(400 MHz, CDCl,) 3 167.5, 160.9, 169.4, 155.6, 127.9, 127.6, 127.4,
126.6, 114.1, 113.9, 109.9, 55.3, 65.2; MS (El, 70 eV) m/z (relative
intensify, %) 297.1 (M*, 100), 282.1 (10}, 164.1 (30), 149.1 (55), 133.1
(10), 121.1 (25), 77.1 (15); HRMS calc'd for C,,H,sNSO,: 297.082469,
found: 297.082351.

2,4-Di(4-hydroxyphenyl)-thiazole (22a). Thiazole 21a (1.0 g, 3.6 mmol)
was demethylated using BBr; as outlined in the general procedure
above to afford 22a (480 mg, 45%). mp 218-221°C; 'H NMR
(400 MHz, Acetone-d;) & 8.84 (br s, 2H), 7.92 (AA'XX’, 4H, J,x =857,
Jaa=2.17), 758 (s, 1H), 6.96 (AA'XX', 2H, Jyy =8.79, Jyu=251),
6.92 (AA'XX', 2H, J,=8.78, J,,=2.44); 3C NMR (100 MHz,
Acetone-d) & 168.2, 169.3, 157.2, 156.8, 127.7, 127.3, 126.2,
125.1, 115.2, 114.9, 109.3; MS (El, 70 eV) m/z (relative intensity, %)
206.1 (M* 100), 150.1 (27), 121.1 (11), 78.1 (8); HRMS calc'd for
CysH,{NSO,: 269.051163, found: 269.051051.

2,4-(4-Methoxyphenyl)-5-phenyl oxazole (28). Azido-ketone 27 (0.18 g,
0.673 mmol) and p-anisaldehyde (0.25 ml, 2.05 mmol) were dissolved
in THF (15 mi). Et;N (94.0 pl, 0.674 mmol) was added via syringe and
reaction stirred at room temperature for 48 h. The reaction mixture was
then poured into H,0O and extracted with CH,Cl,, organic fraction was
dried over Na,SO,, filtered and solvent removed under reduced pres-
sure. Resulting intermediate 2,5-dihydro-5-hydroxyoxazole, used in next



step without further purification or characterization, was taken up
CH,Cl, (10ml). Solution was cooled to 0°C and TFA (54.0 pl,
0.701 mmol) was added via syringe. Reaction stirred at 0°C for 36 h.
The mixture was diluted with CH,Cl, (10 ml) and washed with H,0O,
sat. NaHCO,, and sat. NaCl successively. Organic extracts were com-
bined, dried over Na,SO,, filtered and solvent removed under reduced
pressure. Purification by flash column chromatography (1:2 EtOAc:
hexanes) and recrystallization from CH,Cl,/Hexanes afforded oxazole
28 as a white solid (72.4 mg, 30% yield from azide 27). mp 125-
128°C (lit. [27] mp 126-127°C); 'H NMR (500 MHz, CDCl,) & 7.84
(AA'XX’, 2H, Jox=8.89, Jy,,=2.47), 7.43 (AA'XX’, 2H, J,,=8.83,
Jy=2.48), 763 (m, 2H), 7.32 (m, 2H), 7.26 (tt, 1H, J= 7.03, 1.42),
6.97 (AA'XX’, 2H, J, =8.85, J,, = 2.53), 6.88 (AAXX’, 2H, J,, =8.70,
Jyn=2.53),3.84 (s, 3H), 3.81 (s, 3H).

2,4-(4-Hydroxyphenyl)-5-phenyl oxazole (29). Oxazole 28 (22.0 mg,
0.062 mmol) was demethylated according to the general BF;*SMe,
procedure above to give deprotected oxazole 29 as an off-white
powder (18.8 mg, 93%). "H NMR (500 MHz, Acetone-d) 8 9.43 (br s,
1H), 8.90 (br s, 1H), 8.08 (AAXX", 2H, J5x=9.06, Jy,,=2.62), 7.61
(m, 2H), 7.49 (m, 3H), 7.44 (AA'XX’, 2H, Juy =8.97, Jyy.=2.44), 7.12
(AAXX!, 2H, Juy=8.87, J,,=250), 6.95 (AA'XX’, 2H, J,,=8.86,
Jaa=2.42); MS m/z 329.1 (M*); HRMS calc'd. for C,,H,;NO,:
329.1052, found 329.1285.

2,5-(4-Methoxyphenyl)-4-phenyl oxazole (30). A solution of bromo-
ketone 26 (87.0 mg, 0.285 mmol) and p-methoxybenzamide (43.0 mg,
0.285 mmol) in toluene was heated to reflux for 36 h. Toluene was
removed under reduced pressure and resulting residue purified by
flash column chromatography (1:4 EtOAc:Hexanes). Recrystallization
of desired product from CH,Cl,/hexanes afforded oxazole 30 as a col-
orless solid (62.9 mg, 52%). mp 147-149°C; 'H NMR (500 MHz,
CDCl,) 5 8.08 (AA'XX!, 2H, Joy=8.58, Jyy=2.24), 7.72 (m, 2H), 7.59
(AAXX’, 2H, Joy=8.72, Jy.=2.31), 7.39 (m, 2H), 7.33 (m, 1H), 6.99
(AAXX', 2H, Ly =863, J,,=2.26), 6.92 (AA'XX’, 2H, J,,=8.68,
Jaa=2.87), 3.88 (s, 3H), 3.85 (s, 3H); '3C NMR (100 MHz, CDCl,) &
161.2, 159.9, 159.7, 145.1, 135.3, 132.9, 128.6 (2), 128.1 (2), 128.0
(2), 127.96 (2), 127.9, 121.7, 120.3, 114.2 (2), 114.1 (2), 55.4, 65.3;
MS m/z 367.2 (M+).

2,5-(4-Hydroxyphenyl)-4-pheny! oxazole (31). Oxazole 30 (22.0 mg,
0.062 mmol) was demethylated according to the general BF;*SMe,
procedure above to give deprotected oxazole 31 as an off-white
powder (18.1 mg, 89%). 'H NMR (500 MHz, Acetone-d;) & 8.93 (br s,
1H), 8.77 (br s, 1H), 7.99 (AA'XX’, 2H, J,x=8.83, Jy=2.41), 7.72
(m, 2H), 7.53 (AA’XX’, 2H, J,x=8.77, Jy\,=2.46), 7.40 (m, 2H), 7.34
(tt, 1H, J=7.36, 1.33), 6.99 (AA'XX’, 2H, J,x=8.70, J 5 =2.40), 6.92
(AAXX, 2H, J,4x=8.83, J,,=246); MS m/z 329.1 (M*); HRMS
calc'd for C,,H 5NO,: 329.1052, found 329.1055.

General procedure for pyrazole synthesis. A suspension of diketone
(1 equiv) and appropriate hydrazine hydrochloride (3~5 equiv) in a 3:1
mixture DMF:THF was heated to reflux for 16—24 h with reaction progress
being monitored by TLC for disappearance of starting material. The
reaction mixtures was cooled to room temperature and poured into
iced sat. LiCl solution (10 ml) and EtOAc (10 ml). The layers were sep-
arated and the organic layer was washed with brine (10 ml), dried over
MgSO,, filtered and concentrated. Purification using flash column
chromatography (EtOAc/hexanes systems) afforded the pyrazoles.

38,5-di(4-methoxyphenyl)-1H-pyrazole (34a). Diketone 33 (91 mg,
0.32 mmol) and hydrazine (0.1 ml, 3.2 mmol) were reacted as outlined
in general pyrazole procedure to afford 34a [45] as an off-white solid
(32.6 mg, 38%). mp 172-175°C (lit [45] mp 174°C); *H NMR (400 MHz,
CDCl,) 8 7.73 (AA'XX’, 4H, Jox = 8.73, J,, = 2.42), 6.97 (AA'XX’, 4H,
Jax =873, J,,=2.42), 6.80 (s, 1H), 3.72 (s, 6H); 13C NMR (100 MHez,
CDCI3) & 159.9, 148.3, 126.8, 123.0, 112.9, 98.6, 54.5; MS (FAB)
m/z (relative intensity, %) 281 (MH*, 100).
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1-Phenyl-3,5-di(4-methoxyphenyl)-pyrazofe (34b). Diketone 33 (100 mg,
0.35 mmol) and phenyt hydrazine hydrochloride (600 mg, 3.5 mmol) were
reacted as outlined in general pyrazole procedure above to afford 34b
[46] (30mg, 25%). mp 159-161°C (it [46] mp 163°C); 'H NMR
(400 MHz, CDCl,) § 7.82 (AA'XX’, 2H, J,, =8.96, Jy,=2.44), 7.24~
7.20 (m, 5H), 7.20 (AA'XX’, 2H, J,x =8.79, Jo,=2.486), 6.99 (AAXX,
OH, Jpy=8.79, Jou=2.46), 6.84 (AAN'XX’, 2H, Juy =8.96, Jo, = 2.44),
6.70 (s, 1H), 3.84 (s, 3H), 3.80 (s, 3H); 13C NMR (100 MHz, CDCly) &
150.4, 1515, 144.1, 140.0, 129.9, 128.8, 127.2, 126.9, 125.5, 125.2,
1229, 113.9, 113.8, 104.1, 55.2, 55.1; MS (E}, 70 eV) m/z (relative
intensity, %) 356 (M*, 100), 341 (19), 135 (89); HRMS calc'd for
CogHyoN,O,: 356.15241, found: 356.152478,

3,5-Di(4-hydroxyphenyl)-1H-pyrazole (35a). Pyrazole 34a (20 mg,
0.07 mmol) was demethylated with BBr, according to the general pro-
cedure to afford 35a [47] as an off-white solid (11 mg, 63%). 'H NMR
(400 MHz, Acetone-dg) 3 8.58 (br s, 2H), 7.75 (AA’XX’, 4H, J,, = 8.95,
Jpp=2.46), 6.93 (AA'XX’, 4H, Ly =8.95, J,, =2.46), 6.83 (s, TH); 13C
NMR (100 MHz, Acetone-dg) 8 157.1, 148.3, 126.5, 123.0, 115.3, 97.5;
MS (CI, CH,) m/z (relative intensity, %) 253.1 (MH*, 100), 237(10),
161 (5), 123 (15).

1-Phenyl-3,5-di(4-hydroxyphenyl)-pyrazole (35b). Pyrazole 34b (20 mg,
0.06 mmol) was demethylated with BBr, according to the general proce-
dure to afford 34b [47] as an off-white solid {11.5 mg, 58%). 'H NMR
(400MHz, CDCl,) & 8.64 (s, 1H), 8.45 (s, 1H) 7.79 (AA'XX’, 4H,
Jax=8.78, J,,=2.38), 7.36 (m, 5H), 7.14 (AA'XX’, 4H, J,, = 8.60,
Jaa=2.47),6.90 (AA'XX', 2H, J,x =8.78, J,, = 2.38), 6.81 (AA'XX’, 2H,
Jax=8.78, J,,=247), 8.80 (s, 1H); '3C NMR (100 MHz, CDCl,) &
157.5, 157.3, 151.3, 144.1, 140.6, 129.9, 128.6, 126.8, 126.7, 124.9,
122.2,122.1,115.2, 115.1, 103.7; MS (El, 70 eV) m/z (relative intensity,
%) 362.1 (M+, 85), 328.1 (100).

4-Ethyl-3,5-di(4-methoxyphenyl)-1H-pyrazole (37a). Diketone 36 (100 mg,
0.32 mmol) and hydrazine (0.12 ml, 3.2 mmol) were reacted as outlined
in the general pyrazole procedure above to afford 37a as a while solid
(69mg, 70%). 'H NMR (400 MHz, CDCly) & 7.50 (AA'XX’, 4H,
Jux =8.84, Jy, =2.48), 6.94 (AA'XX’, 4H, Jpy =8.90, J,, = 2.50), 3.85
(s, 3H), 2.71 (q, 2H, J=7.38), 1.07 (t, 3H, J=7.44); 13C NMR (100
MHz, CDCl,) 8 159.4, 129.0, 127.4, 124.1, 116.8, 113.9, 55.1, 16.6,
15.3; MS (El, 70 eV) m/z (relative intensity, %) 308.1 (M*, 100), 293.1
(73), 160.1 (7), 134 (8).

1-Phenyl-4-ethyl-3,5-di(4-methoxyphenyl)-pyrazole (37b). Diketone 36
(100 mg, 0.35 mmol) and phenyl hydrazine hydrochloride (140 mg,
0.96 mmol) were reacted as outlined in the general pyrazole procedure
above to afford 37b as an orange solid (109 mg, 87%). 'H NMR
(400 MHz, CDCly) 8 7.72 (AAXX’, 2H, Jo = 9.08, J,, = 2.44), 7.24 (m,
3H), 7.20 (m, 2H), 717 (AA'XX’, 2H, Jyy=8.79, J,,=2.44), 6.99
(AA'XX!, 2H, 1,y =8.79, J,,=2056), 6.90 (AA'XX, 2H, J,x=8.79,
Jaa=2.44), 3.86 (s, 3H), 3.83 (s, 3H), 2.63 (q, 2H, J=7.57), 1.04 (1,
3H, J=7.57); 13C NMR (100 MHz, CDCl,) 8§ 159.6, 1594, 150.8,
141.2, 140.5, 131.5, 129.3, 128.8, 127.0, 126.7, 124.8, 123.5, 120.7,
114.2, 114.1,55.5, 65.4, 17.3, 15.8; MS (El, 70 eV) m/z (relative inten-
sity, %) 356 (M*, 100), 341 (100), 328 (15), 196 (25), 77 (40); HRMS
calc'd for Cy5H,,N,O,: 384.183582, found: 384.183778.

4-Ethyl-3,5-di(4-hydroxyphenyl)-1H-pyrazole (38a). Pyrazole 37a (69 mg,
0.22 mmol) was demethylated according to the general BBr, proce-
dure to afford 38a as a white solid (35 mg, 57%). *H NMR (400 MHz,
Acetone-dg)  7.49 (AA'XX’, 4H, J,y = 8.85, J,, = 2.46), 6.93 (AA'XX,
4H, Jyx =8.64, J,, =2.40), 2.73 (q, 2H, /=7.39), 1.07 (t, 3H, /="7.47);
13C NMR (100 MHz, Acetone-dy) 8§ 156.9, 128.8, 124.3, 122.2, 115.4,
116.2, 16.5, 14.9; MS (Cl, CH,) m/z (relative intensity, %) 282.1
(M+H*, 100), 263.1 (10), 187.1 (20).

1-Phenyl-4-ethyl-3,5-di(4-hydroxyphenyl)-pyrazole (38b). Pyrazole 37b
(100 mg, 0.26 mmol} was demethylated according to the general BBr,
procedure to afford 38b as a white solid (50 mg, 54%). 'H NMR




218 Chemistry & Biology 1999, Vol 6 No 4

(400 MHz, MeOH-d,) 8 7.51 (AA'XX’, 4H, = 8.67, J,, = 2.47), 7.24—
7.42 (m, 5H), 7.05 (AA’XX’, 4H, Jx=8.81, JAA=2.4O), 6.88 (AA’XX’,
OH, Jpy =8.67, iy =2.46), 6.78 (ANXX’, 2H, Joy =8.81, Ju, = 2.40),
2.60 (q, 2H, /=7.53), 0.98 (t, 3H, /=7.39); MS (El, 70 eV) m/z (relative
intensity, %) 356.1 (M*, 100), 341.1 (100}, 328.1 (15), 196.1 (25), 77
(40); HRMS calc'd for C,,Hy,N,0,: 357.161168, found: 357.160303.

3,5-Di(4-methoxyphenyl)isoxazole (40). To a solution of oxime 39
(1.0g, 6 mmol) in THF (20 mL) at 0°C was added nBuLi (9.11 ml,
13.3 mmol) as a solution in hexanes. The clear solution was stirred for
30 min at 0°C then methyl 4-methoxybenzoate (498 mg, 3 mmol) was
added as a solution in THF (5 ml) over 5 min. The reaction mixture was
stirred at 0°C for 30 min, then warmed to room temperature. 5 N HCI
(10 ml) was added and the biphasic reaction mixture was brought to
reflux overnight (12 h). Upon cooling to 0°C, isoxazole 40 precipitated
[83] and was collected via filtration (450 mg, 27%). mp 174-177°C (lit
[33] mp 176-177°C); 'H NMR (400 MHz, Acetone-d;) & 7.66 (AA'XX’,
2H, Jyx =8.88, Jy,=2.44), 7.63 (AA'XX’, 2H, J;x=9.1, J,,=2.15),
6.86 (AA'XX’, 2H, Jo, = 8.88, J,, = 2.44), 6.85 (AA'XX", 2H, J5 = 9.1,
Ja=2.44), 657 (s, 1H), 3.73 (s, 3H), 3.72 (s, 3H); 13C NMR (100
MHz, Acetone-d;) 6 169.8, 162.3, 160.8, 160.7, 127.9, 127.1, 121.5,
120.0, 114.1, 114.0, 95.7, 55.1, 565.0; MS (El, 70 eV) m/z (relative
intensity, %) 281.1 (M*, 5), 150.1 (20), 135.1 (100).

3,5-Di(4-hydroxyphenyl)isoxazole (41). Isoxazole 40 (300 g, 1.1 mmol)
was demethylated according to the general BBr, procedure to afford 41
[34] as a white solid (152 mg, 56%). mp 267-269°C (it [34] mp
255°C); 'H NMR (400 MHz, Acetone-dy) 8 10.07 (s, 1H), 9.91 (s, 1H),
7.90 (d, 4H, /=8.79), 7.21 (s, 1H), 6.88 (4H, t, /=19.38); '3C NMR
(100 MHz, MeOH-d,) 3 170.3, 162.8, 159.1, 127.7, 126.9, 119.9,
118.7, 116.3, 115.1, 95.3, 95.0; MS (El, 70 eV) m/z (relative intensity, %)
253.1 (M+, 60), 133.1 (25), 121.1 (100}, 93.0 (20), 77.0 (10), 65.0 (30).

Supplementary material available

Experimental detail regarding the preparation of all intermediates dis-
cussed in the synthesis of the above heterocycles is available with the
online version of this paper.
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Abstract—We have prepared a series of bisphenolic amides that mimic bibenzyl and homobibenzyl motifs commonly found as
substructures in ligands for the estrogen receptor (ER). Representative members were prepared from three classes: N-phenyl benz-
amides, N-phenyl acetamides, and N-benzyl benzamides; in some cases the corresponding thiocarboxamides and sulfonamides were
also prepared. Of these three classes, the N-phenyl benzamides had the highest affinity for ER, the N-phenyl acetamides had lower,
and the N-benzyl benzamides were prone to fragmentation via a quinone mcthide intermediate. In the N-phenyl benzamide serics,
the highest affinity analogues had bulky N-substituents: a CF5 group, in particular, conferred high affinity. The thiocarboxamidces
bound better than the corresponding carboxamides and these bound better than the corresponding sulfonamides. Binding affinity
comparisons suggest that the p-hydroxy group on the benzoate ring, which contributes most to the binding, is playing the role of
the phenolic hydroxyl of estradiol. Computational studics and NMR and X-ray crystallographic analysis indicate that the two
anilide systems studied have a strong preference for the s-cis or exo amide conformation, which places the two aromatic rings in a
syn orientation. We used this structural template. together with the X-ray structure of the ER ligand binding domain, to elaborate
an additional hydrogen bonding site on a benzamide system that elevated receptor binding further. When assayed on the individual
ER subtypes, ERa and ERP, these compounds show modest binding affinity preference for ERa. In a reporter gene transfection
assay of transcriptional activity, the amides generally have full to nearly full agonist character on ERa, but have moderate to full
antagonist character on ER. One high affinity carboxamide is 500-fold more potent as an agonist on ERo than on ERP. This work
illustrates that ER ligands having simple amide core structures can be readily prepared, but that high affinity binding requires an
appropriate distribution of bulk, polarity, and functionality. The strong conformational preference of the core anilide function in
all of these ligands defines a rather rigid geometry for further structural and functional expansion of these series. © 2000 Elsevier
Science Ltd. All rights reserved.

Introduction

Recent advances in nuclear hormone receptor pharma-
cology and mechanism of action have redefined the
classification of estrogen reccptor (ER) ligands.! The
selective estrogen receptor modulator class, or SERMs,
are considered to be very important because of the
potential of SERMs for maintaining bone mineral den-
sity and cardiovascular health, and for treating and
preventing breast cancer and other hormone-dependent

*Corresponding author. Tel.: +1-217-333-6310; fax: -+1-217-333-
7325; e-mail: jkatzene(@ uiuc.cdu

disorders, without adverse stimulation of the uterus and

breast.> SERMs comprise several structurally diverse
classes, including the triarylethylenes, triarylnaph-
thalenes, benzo[b]furans, benzopyrans, and various
other tetracyclic manifestations of these core structures.’
Collectively, SERMs display a wide range of tissue-
selective agonist and antagonist activities, but major
efforts continue to be directed toward optimizing ER
ligand structure in order to obtain desired tissue-specific
properties with minimal side-effects, which is an important
concern in maintaining efficacy and patient compliance.*

In connection with our interests in novel templates for
ER ligands, especially ones that might be suitable for

0968-0896/00/% - sce front matter @ 2000 Elsevier Science Ltd. All rights reserved.
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combinatorial development,® we wondered whether
acyclic tertiary amides might be developed as mimics of
common structural motifs found at the core of many
ER ligands and thus support a combinatorial approach
to SERM discovery and optimization. In this report, we
describe the design and synthesis of three types of
amide-core ER ligands, and we investigate their molecular
structure, their structure binding-affinity relationships,
and their activity in ERo and ERP transactivation
assays. A number of interesting trends and high aflinity
amides were discovered during this investigation. One
high affinity amide in particular (16g) was found to be
an ERa-potency sclective agonist.

Results and Discussion

Rationale and design

To the best of our knowledge, only two examples of ER
ligands containing, either partially or exclusively, an
amidc core structurce are known in the public literature.
Hartmann and co-workers studied a small serics of bis-
phenolic carboxamides®™” containing an invariant N-
(1,1, 1-trifluoro-2-propyl}) substituent (e.g.. 1) and found
them to be anti-estrogens with wecak to moderate
potency. An early cxample of an N-ethyl benzene sulfon-
amide (2)* was also reported and shown to be weakly
estrogenic in vivo. Neglecting amide bond stereoisomers
for the moment, these ligands represent potential
mimics (1) for either the anti- or syn-bibenzyl motifs A
and B, respectively (Fig. 1, right), that arc found in
many common ER ligands (Fig. 1, left). In addition to
the bibenzyl structural template of these leads, we envis-
toned two homologues (II and III, Fig. 2, right) which
mimic the /omo-bibenzyl motif C (Fig. 2, TI-1II), a
structural clement that is also well represented in high
affinity ligands for the ER (Fig. 2, left).

MEYCFB OH Me OMe
YQ S
5 d o
HO MeO
1 2

From this analysis, model para-substituted bis-phenolic
carboxamides, sulfonamides and thicamides containing
N-alkyl and trifluoroalkyl substituents (R and R’) were
considered as potential templates for combinatorial
development (Fig. 3). Preparation for many of these
compounds is straightforward and thus not unreason-
able for adaptation to combinatorial library synthesis.

Chemical syntheses

N-Phenyl benzamides and benzene sulfonamides. To
synthesize simple N-alkyl amide analogues in an expe-
ditious manner, we used catalytic phase transfer condi-
tions (Scheme 1). Thus, N-alkylation of the known
secondary benzene sulfonamide 3% proceeded under
mild conditions using n-BuyNSO4H, NaOH, and excess
alkyl halide in CH,CI,/H>0.° The target N-alkylated
sulfonamides Sa—¢ were then obtained after deprotec-
tion. The less acidic carboxamide 6 was alkylated using
a solid-liquid two-phase system, consisting of powdered
NaOH and cat. n-BuyNBr in refluxing benzene, to afford
the tertiary amides 9a—e in good yield.®'° Carboxamides
9f and 9g were conveniently prepared from the second-
ary anilines 7 and 8. Aniline 7 was prepared via reduc-
tive alkylation of the corresponding aldimine using a
modified literature procedure.!' Aniline 8 was obtained
by reductive amination, using NaBH(OAc);, p-anisidine,
and 3-methyl-2-butanone. Thioamides were prepared in
relatively good yield by treating the carboxamide (9a-g)
with Lawesson’s reagent.!? Deprotection with BBr; or

Estrogen Receptor

Structural Motif

Combinatorial Analog

Ligand (Class)
H 3% H R
i T
m /©/.\T Benzamide (I)
HO CHj HO
. o %
Hexestrol Motif A. anti-Bibenzyl Ea : Ro
NS
O g
HO \’ 0

R
O

SOl g
HO/©/.\

Motif B.—syn-Bibenzyl

(or SO, or CS in place of CO)

EM-652

Figure 1. Sy and anti-bibenzyl motifs and proposed acyclic amide analogues.
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Figure 2. Homo-bibenzyl motif and proposed acylic amide analogues.
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Figure 3. Potential amide ER ligand scaffolds for combinatorial chemistry (X =0, S).
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Scheme 1. Synthesis of N-phenyl benzamides.
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cthancthiolate afforded the target benzamides 10a—f and
thiobenzamides 11a-g.

CF;-containing N-phenyl benzamides. To further explore
the cflect that a trifluoromethyl group would have on
receptor binding affinity, we prepared scveral carbox-
amidc and thioamide analogues related to the weak anti-
estrogen (1) reported by Hartmann and co-workers.® The
synthetic route to CFi-amide analogues. depicted

Scheme 2, was adapted from that reported by Hartmann
and required introduction of the CF;-alkyl substituent at
the aniline stage in two steps starting from the corre-
sponding iminophosphorancs. The starting trifluoro-
methylketones were commercially available. with the
exception of 2,2, 2-trifluoro-1-(3-mcthoxyphenyl)ethanone,
which was prepared from 3-bromoanisole according to
the procedures described by Hatanaka et al. and references
therein.'? Ylides 12a and 12b werc readily obtained by
trcatment of the corresponding azides with PhsP.'#!3 Sub-
sequent Staudinger reaction to afford the CFs-substituted
imincs 13a d, followed by LAH reduction, furnished the
desired secondary anilines 14a--d in good overall yield.
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Amidation in warm toluene procecded satisfactorily to
provide carboxamides 15a—e; however, unactivated ani-
lines 14¢ and 14d required 1,2-dichlorobenzene as sol-
vent and higher temperatures to afford benzamides 15f
and 15g in satisfactory yields. Subsequent deprotection
using BBr; afforded the desired phenols 16a--g as before.
Thionation of the protected, CF;-substituted carbox-
amides proceeded in significantly lower yield (20-51%)
than did those with simple N-alkyl substitution
(>79%). Alternative thionation conditions, such as
P,S5 and POCI;/(TMS),S, did not give improved yields.
Nevertheless, the two thioamides 17a and 17b could be
obtained after deprotection with BBrs.

N-Phenyl acetamides and N-benzyl benzamides. Acet-
amides were attractive because they offer an additional
site for structural diversity that is not available in ben-
zamides (Scheme 3). N-Ethylation of amide 18 using
PTC conditions as before afforded 19 in excellent yield.
Subsequent wa-alkylation using LDA at —78°C then
afforded the disubstituted carboxamides 20a—b in high
yield. Thionation and/or deprotection as before furnished

o
a2 e, A' R?
N. CHgHg 80°C, 2h N CFa 0.5 eq. LiAH 4 14a OMe  CH, (76%)
*PPhy \\(2 \R( 14b OMe  CgH, (69%)
H1 , R R Etgo reflux 2 - 3h 14c H CeHs (59%)
RZ = CHy. CoH, 14d H m-MeO-Cea (80%)
. m-MeO-CgH, (80-100%)
12a R' = MeO 13a-d
12b R'=H R' R? R®
FsC_ _R? FaC. _R? 16a OH CH3 pOH (62%)
\'L/ o N o 16b OH CgHs  p-OH  (63%)
aroyl chloride o,
pyridineksCOy BBr, 16c OH CgHs H (95%)
' T 16d OH CeHs m-OH  (77%)
toluene (80 - 110 °C) o R Z R = 16e OH  CgHs oOH (59%)
1,2-dichlorobenzene (120 -150 < C) I I
6-16h (51 - 85%) N3 S Ngs 16 H  CgHy  pOH (95%)
15a-g 169  H m-MeO-CeHa p-OH (quant.)
FaC R2
1. Lawesson's Reagent
80-100 °C, 8h (20 - 51 %)
/©/ 17a R = CH3 (63%)
17b R = Ph (74%)
2. BBr3
Scheme 2. Synthesis of Cl;-containing N-phenyl benzamides.
H
N_ O BugNBr / KOH \I
/©/ E /©/ )LDA, -78 'C THF N. O
MeO 3 } Etl or BnBr /©
CgHg 80 °C 4h MeO R
18 OMe 19 {98%) 20a = Et (89%) OMe
20b = Bn (86%)
BBr, BBr3
or or
1) Lawesson's Heagent 1) Lawesson's Reagent
2) BBra 2) BBr3
o
H R
21a X = O (quant.) 22a X =0, R = Et (70%) OH

21b X =S (50%)

Scheme 3. Synthesis of N-phenyl-acctamides.

22b X =S, R = Et (91%)
22¢c X =S, R =Bn (47%)
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the desired bis-phenolic amides 21a-b and 22a-—¢ with-
out complication.

The N-benzyl-N-alkylbenzamides 24 (Scheme 4), which
are essentially amide isomers of the acetamide class, and
related benzenesulfonamides (not shown), were also
investigated. These N-benzyl amides, protected as
methy! ethers, could be prepared by routes that are
analogous to those used in Schemes 1-3. However, these
systems proved to be unstable to various deprotection
conditions: BBrs, ethanethiolate, HBr/AcOH and TMSI
all led to decomposition. The only isolatable products
were the corresponding secondary amides, presumed to
result from an elimination of the 4-hydroxy-N-benzyl
substituent via a quinone-methide intermediate (Scheme
4). Due to their propensity for elimination, additional
efforts were not made to prepare members of the N-
benzyl benzamide class.

CF;-containing /N-phenyl acetamides. Incorporation of
the CFs-group was also explored in the acctamide
serics, and the synthesis of a-substituted acetamides
containing an N-(1,1,1-triflnoro-2-propyl) substituent is
shown in Scheme 5. Thus, the N-(1,1,1-trifluoro-2-propyl)
substituted aniline 12a was treated with 4-methoxy-
phenylacetyl chloride to afford carboxamide 25. o-
Alkylation as before using LDA at —78°C and Mel
proceeded in excellent yield to give 26 as a ~1:1 mixture
of diastereomers as indicated by '"H NMR and HPLC
analysis. Demethylation then afforded the di-substituted
phenylacetamide 27 in good yield. Unfortunately,

OH

R (6] K
/©)\Afu\©\ 5-10 mol%n-BusNBr
H I
MeO OMe E

benzene, 80 'C
(74 - 92 %)

R = H, n-Bu, +Bu, p-MeOCgH,
23

attempts to thionate 26 with Lawesson’s reagent failed;
however, treatment of the unsubstituted phenyl-
acetamide 25 with Lawesson’s reagent did give thio-
amide 28, in albeit low yield. Repeated attempts using
other reagents (P,Ss and POC;/(TMS),S) or higher
temperatures failed to provide thioamide 26 or to
improve the yield of 28. Increased steric hindrance
about the C=0 bond is thought to be responsible for
the lack of reactivity of the CFi-substituted N-phenyl
acetamides towards O-S replacement, as lower yields
for thionation were also observed for the CF3-contain-
ing benzamides (Scheme 2).

Molecular conformation

As was noted in Figure 1, bibenzyl motifs in ER ligands
are well represented as both syn and anti conformations.
Since N-aryl-benzamides share a similar bibenzyl-like
two-atom connection between two aromatic rings, we
were interested in their conformational preference to
establish which structural motif they might be mimick-
ing. From early '"H NMR studies of N-substituted ani-
lides, there is known to be a surprisingly strong
preference for the exo-isomer (N-phenyl group trans to
carbonyl oxygen).'® Even simple N-methyl and N-
ethylformanilides, where steric considerations would
place the bulkier alkyl group next to the formyl hydro-
gen in an endo preference, have a 95% exo preference in
solution.!” This so-called ‘exo-rule’ is quite general, and
it has been stated that for N-substituted anilides other
than formyl, the exo-isomer dominates to the exclusion

R O R O
deprotect
MeQ ) OMe HO ) OH
24

@)

wzﬂj/j”*@w “_“’Kj ' )VKQ

Scheme 4. Attempted synthesis of N-benzyl-benzamides.
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N CF3
: o] o
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Scheme 5. Synthesis of CF;-containing N-alkyl-phenylacetamides.
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of the endo-isomer.'® The endo-isomer is detectable only
when large ortho substituents are present on the N-
phenyl ring or when R/=H.

.
A jl”' R‘N’ko

T O

exo -favored endo-disfavored
(5-cis) {s-trans)

Molecular modeling studics on both carboxamide 16a
and thiocarboxamide 17a that we have performed using
molccular mechanics (MM2) were in agreement with the
reported NMR observations, and indicated the exo or
s-c¢is conformer as being energetically more favorable
(Fig. 4). In the case of carboxamide 16a. a substantial
AH of 5.3 kcal/mol between the global minimum energy
cis and rrans isomers was found, the major encrgetic
difference being due to additional electrostatic con-
tributions in the s-zrans conformation. Thiocarbox-
amide 17a has a smaller AH of 0.9 kcal/mol between the
global minimum encrgy cis and trans isomers (not
shown). This result is in accord with destabilization
of the s-cis (exo) thioamide conformer relative to the
s-trans (endo) conformer because of additional steric
repulsions between sulfur and the N-alkyl substituent
that arise from the larger covalent radii of sulfur versus
oxygen (1.4A for sulfur, 0.74 A for oxygen) and its
longer bond length (C=S 1.64 A; C=0 1.24 A).

Dircct structural studies of N-substituted thioanilides,
let alone hindered systems containing a CF3-substituent,
have not been reported, as far as we have found. For
this rcason and because of the relatively small energy
difference found from molecular modeling for 17a. we
obtained an X-ray crystallographic structure of the
methyl ether derivative of 17a to firmly establish its
preferred stercochemistry about the amide bond. In

addition, for comparison, a crystallographic structure
was determined on the less hindered N-(i-propyl)-car-
boxamide 10b. ORTEP representations of these mol-
ecules are shown in Figure 5.

As can be seen in Figure 5, both the i-propyl carbox-
amide and CFj-substituted thioamide were found to
crystallize in the lower energy s-cis conformation. Prom-
inent torsion angles are indicated in Table . Com-
parison of the amide torsional bonds (torsion A) reveals
greater deviation of the N-aryl ring from the amide
plane in thiocarboxamide 17a compared to 10b (18°
versus 9.7°), consistent with the greater steric hindrance
anticipated in the amide plane of the thioamide system.
The greater distortion in the thicamide bond planarity
1s also evident from its improper torsion (torsion E) and
its N-alkyl torsion B. Both structures also show a twist-
ing of the phenyl rings out of the amide plane (C and
D), with the thioamide being more planar. This differ-
ence appears in part to be due to additional nearby non-
bonding interactions with the CF3-group in thioamide
17a.

Solution VT 'H NMR experiments (Fig. 6) were also
conducted, and the results were found to be consistent
with a single amide conformer. Shown in Figure 6 is the
'H NMR spectrum of the aromatic region for thio-
amide 17a at —60, +23, and +55°C in MeOD. The
spectra at —60°C and room temperature are very simi-
lar. Interestingly, there is a slow rotation about the N-C
bond of the N-phenyl group, which results in distinct
signals for the ortho and meta ring protons of the
N-phenyl ring. Assignments are based on COSY cross
couplings. Upon heating to +55°C, no new signals are
observed for either the CH; group (not shown), which
remains a doublet at all three temperatures, or the aroyl
protons. However, the ortho and meta signals of
the N-phenyl ring coalesce. This type of slow N-C rota-
tion is well known in N-phenyl carboxamides and is
analogous to hindered bi-phenyl rotations.'® The lack of

16a (s-cis, exo)

16a (s-trans, endo)

Figure 4. Capped-stick models of lowest encrgy c¢-cis and s-trans conformers of caboxamide 16a. This s-cis conformer (left) has lower energy

(AH=5.3Kkcal/mol).

v
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Figure 5. Molccular structures for thiocarboxamide 17a (left) and carboxamide 10b (right) (ORTEP; ellipsoids drawn at the 35% probability level).

Table 1. Prominent torsion angles found in carboxamide 10b and
thiocarboxamide 17a

Torsion Compound 17a Angle Compound 10b Angle
thioamide carboxamide
1-4 atoms 1-4 atoms
A C(2)-C(9) 18° C(2)-C(8) 9.7°
B C(16)-S(1) 7.8° C(14)-0O(1) 3.2°
C C(H-C(10) 76° C(1)-C(9) 80°
D C(3)-N(1) 50° C(3)-N(1) 62°
E N-improper torsion 5.4°  N-improper torsion 4.6°

additional signals indicates that there is a single amide
conformer in solution, which we presume, on the basis of
the computational and X-ray structures, to be the s-cis.
Furthermore, for thioamides, it is worthy to note that
the barner for cis—trans inter-conversion is generally 2—
S5kcal greater than it is for the analogous carboxamides.
The traditional ‘resonance model’ used to rationalize
the origin of the higher cis—trans barriers in thioamides
has recently been challenged'® and is currently under
debate.!%22 Nevertheless, from these studies we believe
that it is reasonable to conclude that sterically hindered
N-aryl thiobenzamides also have a strongly preferred
s-cis conformation, similar to N-substituted oxoeanilides.
Therefore, these systems can be considered as mimics of
the syn-bibenzyl substructural motif.

Receptor binding affinities and structure—binding affinity
relationships

Binding affinities for the estrogen receptor and octanol-
water partition coefficients (Log P°") determinations of
the benzamides we have prepared are shown in Table 2
and are organized according to the substituent on the
amide nitrogen (either N-alkyl/aryl or N-CF; contain-
ing alkyl/aryl). Binding affinities and Log P°" determi-
nations for phenylacetamides are presented in Table 3.
Binding affinities were obtained from a competitive
radiometric binding assay, using [*H]estradiol as tracer
and lamb uterine cytosol as a source of ER, and they
are expressed as relative binding affinities (RBA), with
estradiol having an affinity of 100%. Additional binding

23 °C

+55 °C

T T Y Y] e 57 [} s T T e

Figure 6. VT-'H NMR for 17a, aromatic region.

assays of select compounds for receptor subtypes ERa
and ERP, as well as ERa and ERp transcriptional acti-
vation profiles in human endometrial cancer (HEC-1)
cells using an estrogen-responsive reporter gene con-
struct, are also shown in Table 4. Log P/ determina-
tions were obtained according to the method of Minick,
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Table 2. Estrogen reeeptor relative binding aftinity RBA  (estra-
diol= 100) and log octanol -walter partition cocflicient (log P° ™) data
for N-phenyl-benzamides

R
|
HW OOH

Compound  Core structure R group RBA*  Log pP°®
5a -CSO:R- Et 0.23 2.76
5b n-Bu 0.13 3.66
5¢ Bn 0.053 4.62
10a -CONR- Et 0.062 2.40
10b i-Pr 0.009 2.31
10¢ n-Bu 0.042 -
10d i-Bu 0.020 3.15
10¢ CH,Ph 0.089 —
10f CH(C,H:)CH; 045 3.96
I1a -CSNR- Et 0.62 2.80
11b i-Pr (.83 2.97
¢ n-Bu 1.3 3.99
11d i-Bu 1.5

e CH-Ph 0.15 —
1f CH(CeHs)CH; 2.5 3.98
g CH(CH)(i-Pr) 4.6 4.31

“Relative binding aflinitics are the average of duplicate determinations
(CV 0.3). measured in lamb uterine cytosol. For estradiol. RBA = 100.
For details, sce Experimental.

Table 3. Estrogen receptor relative binding aftinity RBA  (estra-
diol== 100) and log octanol -water partition cocflicient (log P°™) data
for N-CFi-substituted benzamides

Compound X R! R2 R} RBA*  Log Po™
162 0 HO CH, p-HO  0.49 3.29
16D O HO CoHs »HO 9.0 451
16¢ O HO CHs H 0.063 4.46
16d O HO CoHjs m-HO 0.45 —
16¢ O HO CeHs 0-HO 0.068  —
16f O H CoHs p-HO 89 4.97
16g O H m-HOC,H,;  p-HO 15 4.63
17a S HO CH, p-HO 75 3.99
17b S HO CeHs p-HO 14 5.40

*Relative binding aftinitics are the average of duplicate determinations
(CV 0.3), measured in lamb uterine cytosol. For estradiol. RBA =100.
IFor details, sce Experimental.

using a standardized Chromecgabond MCS8 reverse
phase HPLC system.>?

Binding affinity of /V-phenyl benzamides. The recceptor
binding aflinities for N-phenyl benzamides arc shown in
Table 2. The sulfonamides and carboxamides all have
rather low aflinity, the highest being carboxamide 10f.
Within the carboxamide series (10a-f), it is interesting
to compare the effect of branching near the amide core.
For example, the cthyl (10a) and benzyl (10e) com-
pounds have similarly low affinities, and likewisc the
branched i-propyl amide 10b has very low affinity.
However, amide 10f, which contains both an o-phenyl
and mcthyl substituent. shows a significant, 5- to 7-fold
increase in aflinity compared to either monosubstituted
amide 10a or 10e. Overall, the analogous N-alkyl

Table 4. Estrogen receptor relative binding affinity RBA (estra-
diol = 100) and log octanol-water partition cocfficient (log P°/™) data
for N-phenyl phenylacetamides

Compound X R! R? RBA*  Log P/
2la O CH,CH; H 0.006 2.68
22a O CH,CH; CH,CH;  0.004 3.52
27 O CH(CH)CF;)  CHy 0010 _
28 S CH(CH;)(CF3) H 0.66 —
21b S CH,CH; H 0.20 3.40
22b S CH,CH,; CH,CH;  0.089 4.27
22¢ S CH,CH; CH,Ph 0.34 —

*Relative binding affinitics are the average of duplicate determinations
(CV 0.3), measured in lamb uterine cytosol. For estradiol, RBA = 100.
For details. see Experimental.

thioamides (11a—g) bind with affinity 2- to 90-fold
greater than their carboxamide counterparts, which is
presumably due to their greater hydrophobic character,
although there are not great differences in the Log P/
values, where comparisons can be made. A related trend
is also observed in other non-steroidal ligands contain-
ing heteroatoms, such as benzo[blfurans and benzo-
[b]thiophenes, with benzo[b]thiophenes displaying
higher affinity than benzo[b]furans.?*2>

The beneficial effect of placing more sterically encum-
bered groups near the amide core on receptor affinity is
also evident in the thioamide series, because the same
relative affinity increases which occurred for carbox-
amides (10a <10e < 10f) are also reflected in the thio-
amides (1le<1la<11f). Replacement of the phenyl
substituent in 11f with an i-propyl group to afford
thioamide 11g results in even greater crowding near the
amide plane, enhancing the relative affinity to 4.6%, the
highest observed for any simple N-phenyl benzamide.

Binding affinity of CF;-containing /N-phenyl benzamides.
The RBA data for the CF;z-containing benzamides are
presented in Table 3. Immediately apparent is the
relatively high binding affinity for thioamide 17b and
carboxamide 16g, and to a lesser extent amides 16b, 16f
and 17a. Compound 16a, reported by Hartmann and co-
workers, is included for comparison.® In general, all the
CF5-substituted benzamides show affinity enhancements
relative to their non-fluorinated amide counterparts
(Table 2).

Shown in Figure 7 arc four dircct comparisons of RBA
and Log P data for benzamides from Tables 2 and 3.
These four pairs of compounds clearly show the rela-
tionship between core structure (O and S substitution)
and peripheral group presentation (methyl to phenyl,
and methyl to trifluoromethyl) and how these compo-
nents alter ER affinity.

Comparison of the relative RBAs for these four pairs of
amides, starting from the /-propyl pair (upper left)
to the CF;-containing phenethyl pair (lower right),
shows a diminishing effect of sulfur—oxygen replacement
as binding affinity increases and as larger substituents
arc added near the amide core. The sulfur-oxygen
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Figure 7. Comparison of the relative binding affinities of the principal carboxamides and thiocarboxamides.

enhancement is greatest in the parent i-propyl system
(10b versus 11b), where the overall affinity is lowest, and
is least when the substituents arc phenyl and trifluoro-
methyl (16b versus 17b), where the overall affinity is
highest. In addition, there is a general increase in bind-
ing affinity with incrcasing lipophilicity. The observed
parallel afhnity--lipophilicity increase within the series is
not too surprising in light of what is known about the
hydrophobic character of the ER ligand binding
pocket.2

CF3 effect: lipophilic, steric or electrostatic effects? The
effect of adding a CF; group in place of methyl on
the RBA may be the result of several factors, including
lipophilic, steric and/or electrostatic effects. In terms of
steric effeets, a recent review by O'Hagan and Rzepa?’
cites several studies which place an upper size limit of a
CF5-group being closc to that of i-propyl. The greatest
increases in RBA for CH; to CF5 substitution are found
in the carboxamide class (20- to 50-fold, versus 5- to 8-
fold for thioamide). with the highcst being the i-propyl
compounds (Fig. 7, 16a versus 10b). In order to test
whether or not RBA increases associated with CF;-
replacement arc the result of its steric or its electronic
property, the branched CH(CH»)(i-Pr) thioamide 11g
was prepared to compare with the CF; analogue 17a.
Based on the above-mentioned studies, if steric effects
alonc operate, compound 11g would be expected to
have an RBA closc to that of the CFi-substituted
thioamide 17a (7.5%). The observed RBA, however, for
compound 11g was only 4.6%. This indicates that an
additional effect may be contributing to the binding
encrgy, cither lipophilic or electrostatic. The fact that

the Log P°" values for 11g and 17a are quite similar,
with 11g being somewhat higher, suggests that the dif-
ference in binding aflinity is probably not due to a lipo-
philic component. Thus, based on this data it would
seem that the additional component has, in addition to
its steric effect, an electronic effect as well.

Optimization of binding orientation and hydroxylation
pattern. For unsymmetrical non-steroidal ER ligands, a
common approach to determining which phenol is
mmitating the crucial A-ring phenol of estradiol is to
prepare and test the corresponding mono-phenolic
derivatives.”® The highest affinity mono-phenolic ana-
logue is then presumed to be the A-ring mimic, because
the hydroxyl substituent at this position is known to
be very important in binding to the ER. Many non-
steroidal ER ligands benefit from a second hydroxyl
hydrogen bonding partner and appear to do so in an
anti-bibenzyl motif, which places the hydroxyl oxygen—
oxygen interatomic distances approx. 10-12 A. Thus, it
was apparent to us that the rigid s-c¢is benzamide con-
formation (syn-bibenzyl motif) in our amides was likely
not benefiting from a second hydrogen bonding inter-
action. because its hydroxyl oxygen-oxygen interatomic
distance was only 7.4 A. The importance for this second
hydrogen bond is evident in the recent non-steroidal
diethylstilbestrol and raloxifene ERw LBD crystal
structures.?®2 Both of these complexes have an expec-
ted A-ring phenol mimic and a second phenol imitating
the D-ring 17B-hydroxyl group of estradiol. In both
cases, the second phenol uses the same hydrogen bond
interaction with Hisssy as does the 17B-hydroxyl group
of estradiol.
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To obtain an optimal hydroxylation pattern and discern
which ring phenol was imitating the A-ring phenol of
estradiol, we prepared benzamides 16¢-g. The results of
these studics (Table 3) clearly show a pattern indicative
of a preferred A-ring phenol mimic. For example,
removal of the 4-hydroxyl phenol on the benzamide ring
and retention of the 4-hydroxyl of the N-phenyl in
compound 16¢ Icad to a nearly completc loss in binding
affinity compared to the parent di-hydroxy compound
16b (RBA =0.063% versus 9.0%). In contrast, removal
of N-phenyl hydroxyl and retention of the benzamide
4-hydroxyl result in an analogue 16f, which retains a
binding affinity cquivalent to that of the parent com-
pound. These findings clearly implicate the benzoyl ring
phenol as the A-ring mimic of estradiol. In addition, as
might be expected, positioning the hydroxyls elsewhere
on the benzoyl ring is not well tolerated, as both the
ortho- and meta-hydroxy analogues 16d and 16e have
little or no affinity for the receptor.

Having discerned which phenol in the benzamide system
was important for binding, we wished to explore alter-
native positions for a second hydroxyl group in order
to benefit from the second hydrogen bonding interac-
tion which is found in the raloxifenc and DES ER
binding pockets. Depicted in Figure 8 is a schematic
representation of the predicted binding mode and phe-
nol interactions for benzamide 16f in the binding pocket
of ER. This rudimentary model was derived from the
interactions that were described to be present in the
estradiol (E,) X-ray crystal structure in the ERa LBD,
the coordinates of which, at the time of our considera-
tion, were not released.?® Based on this view, we pro-
posed that a hydroxyl substituent on the phenethyl ring
might be positioned in the binding subpocket near
HiS534.

Hi5524
OH -- r\i/\g
Ly
(e} H
o,
~0
394Arg -—+NH3/ E,
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The choice of positioning the second OH at the meta
position on the phenethyl substituent seemed somewhat
obvious, since modeling showed that alternative OH
substitution on the N-phenyl ring fails to provide O-O
interatomic distances much greater than in the para-
substituted system 16b. Furthermore, the binding mode
depicted in Figure 8 actually places the N-phenyl group
more closely in the 11 subpocket of the ligand binding
site, rather than the D-ring subpocket. In choosing the
ring-substitution for the hydroxyl on the phenethyl ring,
we considered both the para and meta isomers. How-
ever, in light of the problems encountered with quinone
methide elimination in the N-benzyl benzamide series
bearing a para-methoxy protecting group, we opted not
to prepare the para-hydroxy analogue of 16f, since the
electron withdrawing CF; group would presumably
exacerbate quinone methide elimination.

With the recent release of the E, ERa LBD crystal
structure coordinates, we performed molecular docking
studies of the proposed meta-hydroxybenzamide (16g)
using TRIPOS’ Flexidock routine (see Experimental),
to see whether or not the proposed binding mode in
Figure 8 was reasonable and whether a meta-hydroxy
derivative could participate in a hydrogen bonding
interaction with Hissng.

The final docked and minimized model, using the S-
enantiomer of 16g, is depicted in crossed-stereo in Fig-
ure 9. The R-enantiomer (not shown) was also modeled
in the same manner but resulted in a higher energy
complex. The final S-enantiomer model converged to
an RMS of <0.05kcal/mol-A with a reasonably favor-
able binding energy. In this conformation, the benzoyl
phenol is comfortably accommodated in the A-ring
pocket, and the N-phenyl group projects into what

CF3 H 524

@fG

3% Arg .t Hydroxy analog of 16f

Figure 8. Putative binding mode for N-phenyl benzamide template with A-ring mimie interactions and a proposed site for second HO-group.
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Figure 9. Crossed-sterco view of 16g docked and minimized in ER% LBD binding pocket showing select residucs within 3 A of the benzamide.
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Figure 10. Depiction of solvent accessible surfaces for 16g in ERx
binding pocket.

would resemble the 1 pocket of the ER%-E, structure.
Interestingly, the amide bond occupies a region of the
binding pocket similar to that of the isosteric ethylene
unit of DES in the recently solved ER#-DES crystal
structure.?’

Using the above model, we generated Connolly solvent
accessible surfaces for the ligand and binding pocket to
visualize closc contacts (Fig. 10). This view reveals
mostly favorable interactions within acceptable van der
Waals radii. The ligand itself has a volume of 296 A%,
which is 51 A3 greater than E,, but is well under the
total volume of 450 A? for the binding pocket as repor-
ted in the ERw-E, crystal structure.?®

We were grateful to find that the bis-(phenolic) benza-
mide 16g had an RBA of 15%. the highest of any car-
boxamide ER ligand. This value represents a 1.6-fold
incrcasc over the affinity of the corresponding mono-
phenolic benzamide 16f and is close to what onc might
expect: in E> and other non-steroidal ER ligand systems.
removal of the 17 hydroxyl. as in E,, or the second

D-ring hydroxyl mimic, as in raloxilene, result in a
0.6 kcal/mol reduction in binding encrgy, which corre-
sponds to a 3-fold drop in aflinity.*® The fact that the
addition of the second hydroxyl does not give a full 3-
fold increase may be due to a somewhat unfavorable
hydrogen bond trajectory in the binding pocket. From
our model, the distance between the m-hydroxyl sub-
stituent and Hissyy (3.69 A) is sufficiently close for some
hydrogen bonding interaction, but is not ideal either in
terms of distance or geometry. A sccond more likely
explanation may have to do with stercochemical issues:
This compound (I6g) was tested as a racemate, so only
onc cnantiomer is likely to be able to benefit from the
second hydrogen bonding intcraction. The ERa and
ERPB RBAs and the transcriptional activation profile for
rac-16g in HEC-I cells arc discussed below.

N-Phenyl acetamides as ER ligands. The RBA and
Log P°™ data for N-alkyl- and CFz-containing acet-
amides are shown in Table 4. Disappointingly, none of
these compounds were found to show appreciable affi-
nity for the ER. Several direct comparisons can be made
to other series in this investigation, which suggest that
acctamides may not provide viable scaffolds for further
combinatorial consideration, despite their potential to
support greater structural diversity than the benza-
mides. Even the CFs-containing acetamide 27 and
thioacetamide 28 have affinitics less that 1%, which are
50- and 1l-fold lower, respectively, than their benza-
mide counterparts 16a and 17a.

One possible explanation for the low aflinity in the
acetamide class may lie in their conformation. Monte
Carlo conformational studies of compound 27 and the
unsubstituted analogue 27b, using molecular mechanics
methods, show a distinct preference for a syn con-
formation, as shown in Figure 11. The syn-conformer
for 27 is predicted to be Skcal/mol lower in energy than
the anti-conformer; even without the o-methyl sub-
stituent, which eliminates possible alkyl-N-phenyl steric
repulsions, the syn-conformer is predicted to be favored
by 2.5kcal/mol (not shown). It is also noted that the
barrier to rotation about the acetyl bond was estimated

Figure 11. Conformational analysis of N-penyl-penylacetamide 27.
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to be between 4 and S kcal/mol for 27, based on MM2
dihedral drive calculations.

As in the benzamides. in the acetyl conformations of 27
the exo-rule is upheld: this places the N-phenyl group
exo with respeet to the amide C=0, making the amide
configuration s-cis. This exo-cffect may also be opera-
tive for the a-phenyl substituent as well. since it also
prefers to be essentially exe to the amide C=0 rather
than endo. Since the hydroxyl O-O interatomic distances
for many cstrogens requires a minimum of approxi-
mately 10.5A, the syn-conformation is excluded as a
structure that is likely to fit in the ER binding pocket.
Based on these studies and the RBA data available at
this time, further investigations of the acctamide serics
did not appear to be warranted.

ERo/ERf binding affinity, transcriptional activity and
cnantiosclectivity

Shown in Table § arc the RBA values of select benza-
mides for purificd ERa and ERB. along with their tran-
scriptional activity in HEC-1 cells using an estrogen-
responsive reporter gene construct (ERE);-pS2-CAT)
with expression vectors for cither ERa or ERB and
benzamide at 10 © M. It is apparent that binding aflin-
itics show sclectivity for ERo., mostly in the range of
2- to 8-fold; compound 16g has the highest sclectivity
for ERa of 21-fold (27% versus 1.3%). The cnantio-
mers of 17b, which were separated using chiral HPLC
(ChiralPak AD column), also showed interesting RBA
differences between the two receptor subtypes. For
cxample, enantiomer ent>-17b was found to have greater
sclectivity for ERa than enantiomer enz-17b by more
than 5-fold, indicating that the individual binding
pockets for ERe and ERP arc uniquely sensitive to
subtle changes in ligand shape.

In the transcription assays,?' agonism is measured with
1 M of compound alone and is expressed as the percent
of transcriptional activity with I nM E, (high values
indicate agonist activity); antagonism is measured with
1M compound together with InM E, (low valucs
indicate antagonist activity). All of the benzamides
tested were full or ncarly full agonists through ERa.
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Figure 12. Transcription activation by ERo and ERP in response to
benzamide 16g. Human endometrial cancer (HEC-1) cells were trans-
fected with expression veetors for ERa or ERP and an (ERE);-pS2-
CAT reporter gene and were treated with the indicated concentrations
of benzamide 16g for 24 h. CAT activity was normalized for B-galac-
tosidase activity from an internal control plasmid. Values arc the mean
+SD for three or more scparate experiments, and arc expressed as a
percent of the ER% or ERf response with 1 nM E,.

whereas some were cffective partial antagonists through
ERP. Compound 16g was a full agonist on ERa and
ERp.

Because of the high activity of amide 16g at 10~° M on
both ERo and ERP, a full dose-response curve was
determined to see whether any potency selectivity exis-
ted for either ERa or ERB. As shown in Figure 12,
benzamide 16g behaves as an ERa potency selective
agonist, displaying a 500-fold higher potency for acti-
vation of ERa over ERP. It is of note that this high
potency selectivity for ERa is greater than the 21-fold
ERa aflinity selectivity of this compound (cf. Table 5).

Conclusions

Through an analysis of potent non-steroidal estrogens,
we have identified common substructural bibenzyl and
homobibenzyl motifs in the structure of ER ligands.
Based on this simple pharmacophore model, we have

Table 8. Benzamide ER» and ERp binding afhinitics and transciptional activity

Compound RBA (%) (uteringe) RBA (%) Agonism® % CAT Act. Antagonism® % CAT Acl. +E,
LRz ERf /B ratio ERx ERp ERa ERp
1g 4.6 14 24 5.8 65 20 90 40
17a 7.5 23 15 1.5 60 20 65 45
16b 9.0 17 27 6.3 75 15 90 35
rac-17h 14 25 8.9 2.8 80 30 83 35
ent-17h 10 18 11 1.6 85 30 80 48
ent>-17b 22 40 4.8 8.3 80 10 90 40
16g 5 27 1.3 21 99 99 100 97

“Relative binding aflinitics are the average of duplicate determinations (CV 0.3). determined with purifed RDa and ERf preparations. For estradiol,
RBA = 100. For details, see Experimental.

PHEC-1 cells were transfected with either REx or ERB expression veetors and an (ERE);-pS2-CAT reporter gene. CAT activity was normalized for
B-galactosidase activity from an internal control plasmid and is expressed as a percent of the ER% or ERJ response with 1 nM E,. Benzamides were
tested at 10 © M concentration 1o test for agonism and at 10 M with 10 M E; (o test for antagonism. Thesc assays are gencrally reproductive
with a CV of 30% relative.

e
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madc a substantial exploration of the amide function-
ality as a corc replacement that might support com-
pound libraries for developing novel SERMs. Using this
approach, we prepared and tested representative exam-
ples of bis-phenolic amides which displayed both simple
N-alkyl substituents and CFs-containing N-alkyl sub-
stituents. Of the two classes examined, benzamides and
acctamides, the benzamides displayed the highest affin-
ity, in particular the CFj-containing benzamides. The
recent X-ray crystal structure of E> bound to ERx and
structurc-binding affinity rclationships have allowed us
to design a bis-phenolic benzamide 16g, which has the
highest affinity for any carboxamide ligand for the ER.
This compound is also an ER« potency-selective agonist
in cell-based assay of ER-mediated transcriptional
activity. This work illustrates that ER ligands based on
simple amide core structures can be readily prepared.
High affinity ER binding, however, requires an appro-
priate distribution of bulk and functionality. The strong
conformational preference of the basic anilide function
in all of these ligands defines the scope of further struc-
tural and functional expansion of these series.

Experimental

General

Melting points were determined on a Thomas-Hoover
UniMelt capillary apparatus and are uncorrected. All
reagents and solvents werc obtained from Aldrich,
Fisher or Mallinckrodt. Tetrahydrofuran was distilled
from sodium/benzophenone. Dimethylformamide was
vacuum-distilled prior to use, and stored over 4A
molecular sieves. n-Butyllithium was titrated with N-
pivaloyl-o-toluidine. All reactions were performed
under a dry N, atmosphere unless otherwise specified.
Reaction progress was monitored by analytical thin-
layer chromatography using GF silica plates purchased
from Analtech. Visualization was achieved by short-
wave UV light (254nm) or potassium permanganate.
Radial preparative-layer chromatography was performed
on a Chromatotron instrument (Harrison Resecarch, Inc.,
Palo Alto, CA) using EM Science silica gel Kieselgel 60
PF>s4 as adsorbent. Flash column chromatography was
performed using Woelm 32-63 yum silica gel packing.

Logarithms of octanol-water partition coefficients (Log
Py were determined using a standardized reverse
phase HPLC Chromegabond MC 8§ column.?* HPLC
scparation of thec enantiomers for 17b was performed on
an analytical ChiralPak AD (4.6x25cm) column from
Chiral Technologies using 10% i-propanol/hexanc as
solvent. '"H and '*C NMR spectra were recorded on
either a General Electric QE-300 (300 MHz)., Varian
Unity 400 or 500 MHz spectrometers using CDCl;,
McOD or (CD3)-SO as solvent. Chemical shifts were
reported as parts per million downfield from an internal
tetramethylsilane standard (§=0.0 for 'H) or from sol-
vent references. NMR coupling constants are reported
in Hertz. *C NMR were determined using either the
Attached Proton Test (APT) experiment or standard
13C pulse sequence parameters. Low resolution and high

resolution electron impact mass spectra were obtained
on Finnigan MAT CH-5 or 70-VSE spectrometers. Ele-
mental analyses were performed by the Microanalytical
Service Laboratory of the University of Illinois.

Unless otherwise stated, a standard procedure for
product isolation was used; this involved quenching by
addition of water or an aqueous solution, exhaustive
extraction with an organic solvent, washing the extracts,
drying over Na,SO,, and solvent evaporation under
reduced pressure. Quenching media, extraction solvents,
and aqueous washes used are noted parenthetically after
the phrase ‘product isolation’.

Biological procedures

Relative binding affinity assay. Ligand binding affinities
(RBAs) using lamb uterine cytosol as a receptor source
were determined by a competitive radiometric binding
assay using 10nM [*H]estradiol as tracer and dextran-
coated charcoal as an adsorbant for free ligand.*? Puri-
fied ERa and ERP binding affinitics were determined
using a competitive radiometric binding assay using
10nM [*Hlestradiol as tracer, commercially available
ER« and ERp preparations (PanVera Inc., Madison,
WI), and hydroxylapatite (HAP) to adsorb bound
receptor-ligand complex.*® HAP was prepared follow-
ing the recommendations of Williams and Gorski.** All
incubations were done at 0°C for 18-24h. Binding
affinities arc expressed relative to estradiol on a percent
scale (i.e. for estradiol, RBA =100%). All essays were
run in separate, duplicate expcriments which were
reproducible with a coefficient of variation of less than
30% relative.

Transcriptional activation assay. Human endometrial
cancer (HEC-1) cells were maintained in culture and
transfected as described previously.?' Transfection of
HEC-I cells in 60 mm dishes used 0.4 mL of a calcium
phosphate precipitate containing 2.5 pg of pCMVBGal
as internal control, 2 ug of the reporter gene plasmid,
100 ng of the ER expression vector, and carrier DNA to
a total of Spg DNA. CAT activity, normalized for the
internal control f-galactosidasc activity, was assayed as
previously described.?!

Molecular modeling

Small molecule modeling. Dihedral drive and Monte
Carlo conformational searches for N-phenyl benza-
mides 16a and 17a and N-phenyl acetamide 27 were
conducted using the MM2 force field as implemented in
Macromodel v.5.5 with CHCI; as a solvent model. All
generated conformers from Monte Carlo searches
underwent full matrix assisted minimization using the
PRCG function with a convergence criteria of
0.001 kcal/mol. Dihedral drives were conducted in 5°
steps with a convergence criteria of 0.05 kcal/mol using
1000 minimization steps. Analysis of the energy versus
torsion angle provided the estimated rotational barrier.

Receptor docking studies. The starting conformation
used for docking studies for 16g was obtained from a
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random conformational scarch using the TRIPOS® force
ficld (MAXIMIN) as implemented in the program
SYBYL. version 6.5.2 (Tripos Inc.. St. Louis. MO). The
cis global minima obtained for benzamide 16g was then
overlaid with E- in the Es-ERa LBD crystal structurc?®
using a least squares multifitting of five atoms: atoms
C(3). C10), C9), C(11). and C(12) of E, were fitted
with the I and 4 carbons of the benzamide phenyl ring.
the C=0 carbon, the nitrogen and the C(2) carbon of
the phencthyl group. respectively. The pre-positioned
benzamide was then optimally docked in the ER% bind-
ing pocket using TRIPOS® Flexidock. Both hydrogen-
bond donors and acceptors within the pocket sur-
rounding the ligand (Glusss, Argayy and Hisssy) and
the ligand itsclf, in addition to sclect torsional bonds
were defined. The best docked receptor ligand complex
from Flexidock then underwent a three-step minimiza-
tion: first non-ring torsional bonds of the ligand were
minimized in the context of the reeeptor using the tors-
min command, followed by minimization of the side-
chain residues within 8 A of the ligand while holding the
backbone and residues Glussy and Argsgg fixed. A final
third minimization of both the ligand and receptor was
conducted using the anncal function (hot radius 8 A,
interesting radius 16 A) while holding residucs Glusss
and Argsy fixed to afford the final model. Minimiza-
tions were done using the TRIPOS® Forceficld (MAXI-
MIN) with the Powell gradient mcthod and default
settings (final RMS <0.05 kcal/mol-A).

X-Ray crystallography

Cystallography details for 17a and 10b. Crystals of
17a were obtained by slow cvaporation from ether at
0°C. Crystals were mounted on glass fibers with Para-
tone-N oil (Exxon) and immediatcly cooled to —75°C
in a cold nitrogen gas strcam on the diflractometer.
Standard pcak scarch and indexing procedures gave
rough cell dimensions, and least squares refinement
using 5344 reflections yiclded the cell dimensions as
given in Table 6.

Data were collected with an area detector by using the
measurcment paramcters listed in Table 6. No systematic
absences arc noted for the P-1 space group. The measured
intensities were reduced to structure factor amplitudes and
their esds by correction for background, scan speed, and
Lorentz and polarization effects. While corrections for
crystal decay were unnecessary (the data were corrected
for crystal decay), a W-scan absorption correction was
applicd. the maximum and minimum transmission factors
being 0.991 and 0.876. Systematically absent reflections
were deleted and symmetry equivalent reflections were
averaged to yield the sct of unique data. All 5344 data
were used in the least squares refinement.

The structure was solved using direct methods
(sHELXTL). The correct positions for the C, N, O, S, and
F atoms werc deduced from an E-map. Subscquent
least-squares refinement and difference Fourier calcu-
Jations revealed the positions of the remaining non-
hydrogen atoms. The quantity minimized by the least-
squares program was Tw(F§—F2)2, where w=
{[o(F3)>+(0.883P)*} ! and P=(F§*2F2)/3. The analy-
tical approximations to the scattering factors were used,
and all structure factors werc corrected for both real
and imaginary components of anomalous dispersion. In
the final cycle of least squarcs, independent anisotropic
displacement factors were refined for the non-hydrogen
atoms and the aromatic, methyl, and methine hydrogen
atoms werc fixed in ‘idealized’ positions with C-
H=0.95 A for the aromatic hydrogens, C-H=0.98 A for
the methyl hydrogens, and C-H=1.00 A for the methine
hydrogen. Successful convergence was indicated by the
maximum shift/crror of 0.001 for the last cycle. Final
refinement parameters are given in Table 6. The largest
peak in the final Fourier difference map (0.795¢A =) was
located 1.64 A from C(18). A final analysis of variance
between obscrved and calculated structure factors
showed no apparent errors.

Single crystals of 10b werc grown from MeOH by slow
cvaporation at 23°C in a partially scaled scintillation

Table 6.  Crystal data and structure refinement for thiocarboxamide 17a and carboxamide 10b

Complex 17a 10b
Empirical formula C3H(F3NO-S CisH7NO;3
fw 369.39 271.31
Temperature 198(2) K 198(2) K
Wavelength 0.71073 A 1.54178 A
Cryst syst triclinic monoclinic
Space group P-1 P2i/n

a=9.5099(7) A
h=10.5351(8) A
e= 1L11278) A

Unit cell dimensions

Volume 868.07(11) A?
VA 2
Density, caled 1.413Mg'm?
Abs coefl 0.228mm !

No. of indep refins 5344 [R(int) =0.0293]
Refinement method full matrix lcast-squares on F-
No. of data/restraints/params 3727:0:226
Goodness-of-fit (Gool?) on I2 0.949

I'inat R indices (1 2a(1)) R1=0.0502. wR2=0.1393
R indices (all data) R1=0.0892, wR2=0.1533

a=18.248(4) A
h=9.054(2) A
c= 18.248(4) A
2916.4(10) A
8

1.236 Mg/m*
0.695 mm!
4796 (R(int) =0.0556)
full matrix least-squarcs on F?>
2727/0/362
1.062
R 1=0.0624, wR2=0.1662
R1=0.0767, wR2=0.1881

R
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vial. Crystals were mounted on glass fibers with Para-
tone-N oil (Exxon) and immediately cooled to —75°C in
a cold nitrogen gas stream on the diffractometer. Stan-
dard peak search and indexing procedures gave rough
cell dimensions. Initial inspection of the data suggested
a C-centered orthorhombic cell, but no successful solu-
tion could be found in any orthorhombic space group.
Eventually, a successful solution was found in a primi-
tive monoclinic cell of half the volume in the space
group P2;/n. The refincment stalled at wR,=0.63,
despite having located all atoms and refining the non-
hydrogen atoms anisotropically. The unusual equality
in the lengths of the @ and ¢ axes, combined with the
observation that F,o> Fo. for all the reflections in the
‘most disagreeable reflections’ list, suggested that the
crystal was twinned. A twin law involving mirror reflec-
tion through the (101) plane was assumed, and a refin-
able parameter describing the relative volume fractions
of the two twin individuals was added to the model. The
intensities were calculated from the relation Fiop=f
Fi+(1=f) Fiyy, where f is the volume fraction of
twin individual one and Fj,, and F3,., are the con-
tributions from the two twins (the twin law specifies that
W'k'l'=1kh). The scale factor refined to 0.500(3), and the
wR factor dropped to an acceptible value of 0.185.

In the final cycle of least squares, independent aniso-
tropic displacement factors were refined for the non-
hydrogen atoms and the aromatic, methyl, and methine
hydrogen atoms were fixed in ‘idealized’ positions with
C-H=0.95A for the aromatic hydrogens, C- H=0. 98 A
for the methyl hydrogens, and C-H=1. 00A for the
methine hydrogen. Successful convergence was indicated
by the maximum shift/error of 0.001 for the last cycle.
Final refinement parameters are given in Table 6. The
largest peak in the final Fourier difference map
(0. 795cA~ *) was located 1.64 A from C(18). A final
analysis of variance between observed and calculated
structure factors showed no apparent errors.

Chemical syntheses

4-Methoxyphenyl-4-methoxybenzene sulfonamide (3).°
To a mixture of 4-methoxybenzenesulfonylchloride
(1.0 equiv) and pyridine (1.1 equiv) in CH>Cl; (0.5M) at
0°C was added dropwise to a solution of p-anisidine
(1.5-5.0equiv) in CH,Cl, (1.5M) over 30min. The
reaction mixture was warmed to rt and stirred until
completion of reaction as indicated by TLC. Product
isolation (H,0, 2 N HCI) and recrystallized from EtOH
afforded product as light red crystals (91%): mp 91-
92.5°C, mp® 93°C.

General procedure for phase transfer V-alkylation of sul-
fonamides.” To a CH,Cl, (0.06 M) solution of sulfona-
mide (1.0 equiv) was added an equal volume solution of
NaOH (5equiv) and (#7-Bu)sNSO4H (0.1 equiv) in H>O.
Alkylhalide (2.0equiv) was then added directly to the
bi-phasic solution and stirred at rt. After 12h the layers
were separated. Product isolation (Na,CO;, brine)
followed by flash chromatography afforded the pure
N-alkyl benzene sulfonamide.

N-(4-Methoxyphenyl)- N-(ethyl)-4-methoxybenzene sulfo-
namide (4a).® Purification by flash chromatography
(20% EtOAc:hexane) afforded off-white powder (86%):
mp 95-7°C, mp? 100-104°C; '"H NMR (CDCls) § 1.06
(t, 311, J=7.1Hz), 3.52 (q, 2H, J=7.0 Hz), 3.81 (s, 3H),
3.84 (s, 3H), 6.82 (d, 211, J=8.8Hz), 6.94 (d, 2H, J=
8.0Hz), 6.96 (d, 2H, /=8.0 Hz), 7.54 (d, 2H, J=8.8 Hz).

N-(4-Methoxyphenyl)- N-(butyl)-4-methoxybenzene sulfo-
namide (4b). Purification by flash chromatography
(20%EtOAc:hexane) afforded transparent oil (81%):
'H NMR (CDCl3) 8 0.85 (t, 3H, J=7.2Hz), 1.34 (m,
4H), 3.46 (t, 2H, J=6.8 Hz), 3.80 (s, 3H), 3.86 (s, 3H),
6.81 (d, 2H, J=9.0Hz), 6.92 (app t, 4H, /=9.1 Hz), 7.51
(d, 2H, J=9.0Hz); MS (E1, 70eV) m/z 349 (M *); HRMS
caled for (C15H»3NO,S, 349.1347, found 349.1348).

N-(4-Methoxyphenyl)-V-(benzyl)-4-methoxybenzene sul-
fonamide (4¢). Recrystallization from 20% EtOAc/hex-
ane afforded flocculent white crystals (93%): mp 141-
142°C; 'H NMR (CDCly) & 3.72 (s, 3H), 3.87 (s, 3H),
4.67 (s, 2H), 6.89 (d, 2H, J=11Hz), 6.86 (d, 2H,
J=11.5Hz), 6.94 (d, 2H, J=11Hz), 7.21 (m, 5H), 7.59
(d, 2H, J=11Hz); 3C NMR (CDCls) § 55.1, 55.4, 55.8,
114.2, 127.7, 128.5, 128.7, 129.9, 130.4, 130.4, 131.7,
136.3, 158.9, 163.0; HRMS caled for C; H; NSOy,
383.1191, found 383.118.

General demethylating procedure using BBr3;. To a solu-
tion of methyl ether compound in CH,Cl, at —78°C
was added a 1.0M BBr; in CH,Cl; (3equiv) dropwise
over 15mm. The reaction was allowed to reach rt and
stir overnight or until disappearance of starting material
as indicated by TLC. The mixture was then cooled to
0°C. Product isolation (H,O, Et,O, brine) and puri-
fication via radial or flash chromatography or recrys-
tallization from an appropriate solvent afforded the
desired phenolic compounds.

General demethylating procedure using EtSH. To a stir-
red DMF solution of NaH (6.2equiv of a 60% w/w
dispersion) at 0°C was added dropwise 6.0equiv of
EtSH. After 30 min the mixture was warmed to rt and a
solution of the methyl ether protected compound in
5mL DMF was added dropwise. The reaction mixture
was heated to reflux for 4 h; then cooled in an ice-bath
and acidified with 2N HCI. Remaining product isola-
tion (EtOAc, brine) and purification afforded the phe-
nolic compounds.

N-(4-Hydroxyphenyl)-/V-(ethyl)-4-hydroxybenzene sulfo-
namide (5a). Deprotected according to BBr; procedure.
Si0, plug (30% EtOAc/hexane) to afford off-white
crystals (62%): '"H NMR ((CD3),SO) 6 0.98 (t, 3H
J=72Hz), 343 (q, 2H, J=6.8Hz), 6.67 (d, 2H, J=
8.7Hz), 6.76 (d, 2H, J=8.4Hz), 6.86 (d, 2H, J=
8.5Hz), 7.34 (d, 2H, J=8.7Hz); '3C NMR ((CD;),SO)
5 14.1 (CH3y), 45.2 (CH>»), 115.7 (ArCH), 115.8 (ArCH),
122.6 (ArC), 128.1 (ArC), 129.9 (ArCH), 130.1 (ArCH),
157.1 (ArC), 161.6 (ArC); MS (EI, 70eV) m/z 293
(M™*); HRMS caled for C4H | sNSOy, 293.0721, found
293.0722.
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N-(4-Hydroxyphenyl)-N-(butyl)-4-hydroxvbenzene sulfo-
namide (5b). Deprotected according to BBr; procedure
to afford tan crystals, recrystallized from EtOAc/hexane
(71%): mp 137 138°C; 'H NMR (CDCl3) & 0.86 (t, 3H,
J=7.0Hz), 1.35 (m, 4H), 3.48 (1, 2H, J=7.0Hz), 6.42
(d, 2H, J=8.8Hz), 6.87 (app , 4H, J=8.9Hz), 7.47
(d, 2H, J=9.0 Hz) "*C NMR (CD3),S0) & 13.8 (CH3).
19.2 (CH»), 29.9 (CHy), 49.7 (CH,). 115.6 (ArCH),
115.7 (ArCH), 122.6 (ArCH), 128.0 (ArC), 129.9
(ATCH), 130.0 (ArC), 157.0 (ArC), 161.6 (ArC); MS
(EL 70 ¢V) m/z 321 (M "); HRMS caled for C;¢Hy
NSOy, 321.1034, found 321.1035. Anal. (C4H 9N-0.3
H,0): C, 58.81; H, 6.05; N, 4.29. Found: C, 58.60; H,
6.03; N, 4.13.

N-(4-Hydroxyphenyl)-N-(benzyl)-4-hydroxybenzene sulf-
onamide (5¢). Deprotected according to BBr; procedure
to afford title compound after purification by radial
chromatography (10%): '"H NMR (CDCl;) § 4.65 (s,
2H), 6.66 (d, 2H, J=28.5 Hz). 6.80 (d, 2H, /=8.5 Hz),
6.96 (d, 2H, 8.8), 7.21 (br s, 5H), 7.59 (d. 2H, J=
8.9 Hz): MS (EI, 70 ¢V) m/z 355 (M ' ); HRMS caled for
CyH 7NSOy, 355.0878, found 355.0881.

N-(4-Methoxyphenyl)-4-methoxybenzamide (6).*° A CH»
Cl solution of p-anisidine (1.3 equiv) was added drop-
wise to a stirring CH-Cl, solution (2-3mL) of pyridine
(1.1equiv) and p-anisoyl chloride (1.0cquiv) at 0°C.
Upon complete addition of amine (30 mm) mixture was
allowed to reach rt, then re-cooled and vacuum filter to
afford the crude carboxamide. Recrystallization from
EtOH/benzene afforded the pure carboxamide as ofl-
white crystals (72%): mp 199 200.5°C, mp*> 202 -
203°C.

N-(1-Phenethyl)-4-methoxyaniline (7).” To a 0°C E(OH
solution containing p-anisidine (1.0 equiv) and catalytic
p-toluene sulfonic acid-H>O (0.05cquiv) was added
freshly distilled benzaldehyde dropwise. The mixture
was allowed to reach rt and complete imine formation
occurred within 0.5h. The crude mixture was con-
centrated in vacuo, and product isolation followed
(EtOAc, brine) to afford a dark brown powder. 'H
NMR confirmed imine which was directly used in the
next step without further purification. CH; addition:
Crude imine was dissolved in tolucne and cooled to
—78°C. To this was added McLi (1.0M toluene solu-
tion, 3equiv) dropwisec over t5mm. After 60min at
—=78°C, the crude mixture was warmed to rt and stirred
for an additional 2h. The reaction was then cooled in
an ice-bath and quenched with cold McOH followed by
addition of satd NH4Cl until neutral pH. Concentration
in vacuo followed by remaining workup (EtOAc, H-O,
brine) afforded amine as a red oil. Kiigelrohr distillation
provided pure product, which crystallized on standing
as a red orange powder (75%): '"H NMR (CDCl3) §
1.50 (d, 3H, J=7.0Hz), 3.69 (s, 3H), 441 (q. [H,
J=T7.0Hz), 647 (AA'BB’, 2H, J=9.0. 3.0Hz), 6.69
(AA’BB', 2H, J=9.0, 3.5Hz), 7.29 (m. 5H): 1*C NMR
(CDCI) 6 25.4 (CH3). 54.5 (CH), 559 (CH;). 114.7
(ArCH), 1149 (ArCH), 126.1 (ArCH), 127.0 (ArCH).
128.8 (ArCH), 141.7 (ArC), 145.7 (ArC), 152.1 (ArC);
MS (El, 70¢V) m/z 227 (M"); anal. (C;sH,7;NO): C,

79.26; H, 7.54; N, 6.16. Found: C, 79.31; H, 7.54; N,
6.27.

N-|2-(3-Methyl)butane|-4-methoxyaniline (8). To a THF
solution at 0°C containing p-anisidine (lequiv), 3-
methyl-2-butanone (1.0cquiv), and acetic acid (1.0
equiv) was added solid NaHB(OAc);. The mixture was
allowed to reach rt and stirred for 15h. The mixture
was re-cooled to 0°C; careful workup (H,O, EtOAc,
NaHCOQO;, brine, MgSQ,) and concentration in vacuo
afforded crude amine. Kiigelrohr distillation provided
pure product as light yellow oil (71%): bp 100°C
(0.3mm); '"H NMR (CDCl3) 8 0.93 (d, 3H, J=6.5Hz),
1.00 (d, 3H, J=6.5Hz), 1.10 (d, 3H, J=6.0Hz), 1.86
(m, 1H, J=6.5Hz), 3.23 (br s, 1H, ArNH), 3.28 (dq,
IH, J=7.0, 6.0Hz), 3.77 (s, 3H), 6.58 (d, 2H, J=
7.0Hz), 6.80 (d, 211, J=7.0 Hz); '*C NMR (CDCl5) &
16.5 (CH3), 17.3 (CH3), 19.3 (CH3), 32.1 (CH), 54.5
(CH), 55.8 (CH3), 114.6 (ArCH), 114.9 (ArCH), 142.1
(ArC), 151.7 (ArC); MS (EI, 70¢V) m/z 193 (M ™); anal.
(CoHoNO): C, 74.57; H, 9.91; N, 7.25. Found: C,
74.46; H, 9.76; N, 7.32.

General procedure for phase transfer N-alkylation of
carboxamides.”!" Alkylhalide (3cquiv) in benzene was
added dropwise to a stirring mixture of carboxamide
(lequiv), fincly powdered potassium hydroxide (2
equiv), and n-tetrabutylammonium bromide (0.05 cquiv)
in benzene (0.2 M) at rt. Reaction mixture was heated to
80°C and maintained at this temperature until dis-
appearance of starting material was observed by TLC
(1-3 h). The rcaction mixturc was then cooled to rt and
the salts removed by filtration. Product isolation (H,O,
brine), followed by flash chromatography (10-25%
EtOAc/hexane) afforded product, usually as an oil.

General amidation procedures for anilines 7-8 and CF3-
containing anilines 14a—d. A 0.18 M benzenc or tolucne
solution containing 1 equiv of aniline (14a, 14h, 7-8) in
addition to 3 equiv of dry powdered K,CO;5 and 1 equiv
of pyridine was trcated with 1.5cquiv of the corre-
sponding acid chloride and heated betwcen 80 and
110°C. The reaction was monitored by TLC and the
reaction cooled to rt upon completion. The crude mix-
turc was filtered, concentrated in vacuo and taken up in
Et,O. Product isolation (H,O, brine) and chromato-
graphic purification afforded the protected carboxamide
(15a-e and 9f and 9g).

Benzamides 15f and 15g werce preparced from anilines 14e
and 14d and the corresponding acid chloride (1.5 equiv)
using 1,2-dichlorobenzenc as solvent, 3equiv of dry
powdered K,CO; and heated to 120-150°C for 16h or
until disappearance of starting aniline. Reaction mix-
ture was cooled to rt and eluted over silica with hexane
to remove [,2-dichlorobenzene. Gradient chromato-
graphy with 10, 20, and 30% EtOAc/hexane afforded
the purc carboxamides 15f and 15g upon concentration.

N-(4-Methoxyphenyl)-V-(ethyl)-4-methoxybenzamide (9a).
Yellow oil (72%): '"H NMR (CDCIs) & 1.12 (t, 3H,
J=72Hz, CH3), 3.62 (s, 3H, OCH;), 3.65 (s, 3H,
OCHs), 3.84 (q. 2H, J=7.0Hz, CH,), 6.57 (d, 2H,

T
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J=8.9Hz. ArH ortho OCH;, meta RNCO). 6.68 (d, 2H,
J=8.9Hz, ArH ortho OCH;, meta CONR), 6.87 (d, 2H,
J=89Hz, ArH ortho RNCO), 7.20 (d, 2H, J=8.7 Hz,
ArH ortho CONR); *C NMR (CDClsy) & 12.7 (CH3),
45.5 (CH,), 55.0 (OCH3), 55.2 (OCHj;), 112.8 (ArCH),
114.2 (ArCH), 128.4 (ArC), 1289 (ArCH), 130.7
(ArCH), 136.3 (ArC), 157.8 (ArC), 160.2 (ArC), 169.6
(C=0); MS (EI, 70eV) m/z 285 (M "); HRMS calcd for
C7H yNO3;, 285.1365, found 285.1364.

N-(4-Methoxyphenyl)-N-(2-propyl)-4-methoxybenzamide
(9b). Amber oil (43%): '"H NMR (CDCl3) 8 1.16 (d, 6H.
J=6.5Hz), 3.72 (s, 3H). 3.75 (s, 3H), 5.09 (br s, 1H),
6.63 (d, 2H, J=8.5H2z), 6.74 (d. 2H, J=9.0 Hz), 6.93 (d.
2H, J=8.5Hz), 7.21 (d, 2H, J=8.5Hz): ""C NMR
(CDCl3) 6 21.2 (CHjy), 55.3 (CHj), 55.5 (CHa3), 113.0
(ArCH), 113.9 (ArCH), 129.1 (ArC), 130.4 (ArCH),
131.8 (ArCH), 132.5 (ArC), 158.6 (ArC), 160.1 (ArC),
170.5 (C=0); MS (EI, 70eV) m/z 299 (M™); HRMS
caled for C4H, INO3 299.1521, found 299.1521.

N-(4-Mcthoxyphenyl)- N-(butyl)-4-methoxybenzamide (9¢c).
Yellow oil (81%): '"H NMR (CDCl;) & 0.84 (1, 3H,
J=7.3Hz, CHj), 1.29 (sext, 2H, J=7.0Hz, CH;CH.,).
1.53 (quint, 2H, J=7.8 Hz, CH,CH,CH,), 3.62 (s, 3H.
OCH; ortho RNCO), 3.66 (s, 3H, OCHj ortho CONR),
3.78 (t, 2H, J=7.7Hz, CH,CH,N), 6.58 (d, 2H. J=
8.8 Hz, ArH ortho OCHj;, meta RNCO), 6.68 (d, 2H,
J=8.9Hz, ArH ortho OCHs;, and meta CONRY), 6.88 (d.
2H, J=89Hz ArH ortho RNCO). 7.19 (d. 2H, J=
8.9Hz, ArH ortho CONR); '*C NMR (CDCl3) & 13.7
(CH3), 20.0 (CHy), 29.5 (CH»), 50.3 (CH,), 54.9
(OCH3), 55.1 (OCH;), 112.7 (ArCH), 114.1 (ArCH),
128.4 (ArC), 128.6 (ArCH), 130.5 (ArCH), 136.5 (ArC),
157.6 (ArC), 160.0 (ArC), 169.6 (ArC); MS (EI, 70eV)
m/z 313 (M™); HRMS caled for CgH->3NOs3, 313.7794,
found 313.7879.

N-(4-Methoxyphenyl)- V-(benzyl)-4-methoxybenzamide
(9¢). White flakes (82%): mp 104-106°C; '"H NMR
(CDCl3) 8 3.72 (s, 3H, OCHj para RNCO), 3.74 (s, 3H,
OCH; para CONR), 5.09 (s, 2H, CH,Ph), 6.68 (d, 2H,
J=92Hz, ArH ortho OCH;, and mete RNCO), 7.31
(m, 9H, Ph and ArH); *C NMR (CDCly) 8§ 54.3
(PhCH,), 55.3 (OCH»), 55.5 (OCH;), 113.1 (ArCH),
114.3 (ArCH), 1274 (ArCH), 128.6 (ArCH), 128.3
(ArC), 128.7 (ArCH), 128.9 (ArCH), 131.1 (ArCH).
137.0 (ArC), 138.0 (ArC), 158.0 (ArC), 160.6 (ArC),
170.2 (ArC); MS (EI, 70eV) m/z 347 (M™); HRMS
caled for C55H» NO;3, 347.1521, found 347.1522.

N-(4-Methoxyphenyl)- NV-(1-phenethyl)-4-methoxybenz-
amide (9f). Prepared according to gencral procedure
above using aniline 7 and p-anisoyl chloride. Purifica-
tion by flash chromatography (2% (CH;),CO/CH,Cl,)
afforded product as clear oil (70%): '"H NMR (CDCl5)
8 1.48 (d, 3H, J=6.8 Hz), 3.67 (s, 3H), 3.69 (s. 3H). 6.38
(br q, 1H, J=06.8 Hz), 6.56 (br d overlapping br s, 4H).
6.62 (d, 2H, J=8.8Hz), 7.23 (d, 2H, J=8.5Hz), 7.29
(m, 5H); '3C NMR (CDCly) & 16.9 (CHj3), 53.3 (CH).
55.2 (CH3), 55.3 (CH3), 112.9 (ArCH), 113.6 (ArCH),
127.5 (ArCH), 128.2 (ArCH), 128.3 (ArCH). 129.2
(ArQC), 130.6 (ArCH), 131.5 (ArCH), 132.7 (ArC). 141.7

(ArC). 158.3 (ArC), 160.2 (ArC), 170.6 (C=0); MS (EI,
70eV) m/z 361 (M ™).

N-(4-Methoxyphenyl)-/N-(1-methyl-2-methyl-1-propyl)-4-
methoxybenzamide (9g). Preparced according to general
procedure above using aniline 8 and p-anisoyl chloride.
Purification by flash chromatography (25% EtOAc/
hexane) afforded product as light yellow oil (90%): 'H
NMR (CDCl3) & 0.93 (d, 6H, J=6.7Hz), 1.90 (sept,
IH, J=7.0Hz), 3.69 (s, 3H), 3.71 (s, 3H), 3.73 (d,
2H, J=7.0Hz), 6.62 (d, 2H, J=8.5Hz), 6.71 (d, 2H,
J=9.0Hz), 693 (d, 2H, J=8.6Hz), 7.20 (d, 2H,
J=8.9Hz); C NMR (CDCl5) 8 20.3 (CH3), 27.0 (CH),
55.2 (CH;), 55.4 (CH;), 57.2 (CH,), 113.0 (ArCH),
114.3 (ArCH), 128.7 (ArCH), 129.0 (ArC), 130.7
(ArCH), 137.1 (ArC), 157.8 (ArC), 160.3 (ArC), 170.3
(C=0); MS (EL, 70cV) m/z 313 (M ™).

N-(4-Hydroxyphenyl)-/N-(ethyl)-4-hydroxybenzamide (10a).
Deprotected according to BBr;y procedure to afford off-
white powder, recrystallized from McOH (70%): mp
208-209°C: 'H NMR ((CD3),SO) & 1.03 (t, 3H, J=
6.9Hz, CH3), 3.72 (q, 2H, J=7.1 Hz, CH3), 6.52 (d, 2H,
J=8.6Hz, ArH meta RNCO), 6.62 (d, 2H, J=8.5Hz,
ArH meta CONR), 6.86 (d, 2H, J=8.6Hz, ortho
RNCO), 7.06 (d. 2H, J=8.5Hz, ortho CONR), 9.48 (s,
1H, OH). 9.71 (s, 1H, OH); '3C NMR ((CD3),SO) &
12.6 (CH3), 39.1 (CH»), 114.3 (ArCH), 115.7 (ArCH),
127.1 (ArC), 129.1 (ArC), 130.5 (ArCH), 134.7 (ArQ),
155.7 (ArC), 158.3 (ArC), 168.9 (ArC); MS (EI, 70c¢V)
I”/: 257 (M ! ), HRMS calcd for C15H15N03, 257.1052,
found 257.1051.

N-(4-Hydroxyphenyl)-N-(2-propyl)-4-hydroxybenzamide
(10b). Deprotected according to BBr; procedure to
afford powder, recrystallized from MeOH (77%): mp
210-212°C; 'H NMR (MeOD) § 1.15 (d, 6H, J=
6.8 Hz), 4.94 (br s, 1H), 6.56 (br s, 2H), 6.67 (d, 2H,
J=8.4Hz), 688; MS (EI, 70eV) 271 (M™);, anal.
(C1eH|yNO3:0.1 H,0): C, 70.36; H, 6.36; N, 5.13.
Found: C, 70.35; H, 6.37; N, 4.90.

N-(4-Hydroxyphenyl)-/V-(butyl)-4-hydroxybenzamide (10c).
Deprotected according to BBr3 procedure and purified
by flash chromatography (25% EtOAc/hexane) to
afford off-white crystals (95%): mp 174-175°C; 'H NMR
((CD3),S0O) 6 0.84 (s, 3H), 1.25 (sext, 2H, J=7.6 Hz),
1.43 (quint, 2H, J=7.6 Hz), 3.69 (t, 2H, /=7.5Hz), 6.5]
(d, 2H, J=8.6Hz), 6.61 (d, 2H, J=8.7Hz), 6.85 (d,
2H, J=8.7Hz), 7.03 (d, 2H, J=8.5Hz); *C NMR
((CD3)-SO) 6 14.1 (CH3), 19.9 (CH»), 40.2 (CH»), 114.5
(ArCH), 1159 (ArCH), 127.4 (ArC), 129.2 (ArCH),
130.6 (ArCH), 135.1 (ArC), 155.8 (ArC), 158.4 (ArC),
MS (ElL, 70eV) m/z 285 (M™); HRMS (EI) caled for
C,7H1()N03, 2851365, found 28513()8, anal. (C|7H|«)
NO;-0.5 H>0): C, 69.37; H, 6.85; N, 4.76. Found: C,
69.30; H. 6.65: N, 4.57.

N-(4-Hydroxyphenyl)- N-(2-methyl-1-propyl)-4-hydroxy-
benzamide (10d). Dcprotected according to BBr;
procedure and purified by flash chromatography (25%
EtOAc/hexane) to afford white foam (quant): mp 166°C
dec.; '"H NMR ((CD;),SO) 8 0.93 (d, 6H, J=6.5Hz),
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1.82 (m, TH, J=06.5Hz). 3.66 (d. 2H. /=7.5Hz). 6.59
(d, 2H., J=8.5Hz), 6.68 (d. 2H. J=9 Hz). 6.94 (d. 2H,
J=8.5Hz). 7.10 (d. 2H. J=8.5Hz): MS (EL, 70¢V) m/=
285 (M '); anal. (C7H yNO5-1.0 H-0): C. 67.31; H.
6.98; N, 4.62. Found: C, 67.45; H, 6.74: N, 4.41.

N-(4-Hydroxyphenyl)- N-(benzyl)-4-hydroxybenzamide
(10¢). Decprotected according to EtSH procedure and
purified by flash chromatography (25% EtOAc/hexane).
which upon solvent concentration and recrystallization
from CHCI; afforded title compound as off-white flukes
(60%): mp 103 105°C; 'H NMR ((CD3),SO) & 4.95
(s, 2H. CH»,), 6.53 (d. 2H, J=6.3Hz. ArH meta
RNCO), 6.56 (d, 211, J=062Hz, ArH ortho RNCO),
6.77 (d, 2H, J=8.7Hz, ArH meta CONR). 7.13 (d. 2H,
J=8.7THz, AsH ortho CONR), 7.25 (m. 5H. Ph), 9.67
(broad s, 2H, OH); '*C NMR ((CD3),S0) & 53.1 (CH>),
114.2 (ArCH), 115.5 (ArCH), 122.3 (ArC). 126.6 (ArC),
126.9 (ArCH), 127.9 (ArCH), 128.3 (ArCH), 128.7
(ArCH), 130.6 (ArCH), 134.9 (ArC). 137.9 (ArC), 155.5
(ArC). 158.5 (ArC), 1694 (ArC); MS (EL. 70c¢V) m/z
319 (M '); HRMS (EI) caled for CoyH,7NO5. 319.1208,
found 319.1206; anal. (C>oH;sNO5-2.5 H,0): C. 65.92;
H. 6.09; N, 3.84. Found: C, 65.58; H. 5.81; N, 3.53.

N-4-Hydroxyphenyl-/N-(1-phencthyl)-4-hydroxybenzamide
(10f). Deprotected according to BBry procedure recrys-
tallized from McOH/CH-Cl, to afford white powder
(95%): mp 204 206°C; 'H NMR (McOD) 8 1.50 (d. 3H.
J=6.8Hz). 495 (s, under McOH), 6.24 (br s, 2H), 6.49
(brs, 2H), 6.54 (br s, 2H), 6.54 (d, 2H, /=8 Hz), 7.10 (d,
2H, J=8Hz). 7.28 (im, 5H); '3*C NMR (MeOD) § 17.4
(CH3), 49.0 (CH), 115.3 (ArCH), 115.9 (ArCH). 1249
(ArCH), 128.6 (ArCH), 1289 (ArC), 129.1 (ArCH),
129.3 (ArCH), 131.4 (ArCH), 132.4 (ArC). 132.7 (ArCH),
142.5 (ArC), 157.9 (ArC), 159.8 (C=0): MS (EI 70c¢V)
mfz 333 (M "); HRMS (EI) caled for C»H;4NOs;.
333.1365, found 333.1360; anal. (C>;HyNO3): C. 75.66;
H, 5.74;: N, 4.20. Found: C, 75.51; H, 5.80: N. 4.21.

General thionation procedure'?

The carboxamide (1.0 mmol) and Lawesson’s reagent
(0.51mmol) in 3mL of HMPA wecre heated to 80—
100 °C until the carboxamide had been consumed. After
disappecarance of carboxamide, the reaction mixture was
allowed to cool to rt and then poured onto 5mL of
water. Product was extracted repeatedly with Et,0,
dricd over Na»>SOy, rotary evaporated in vacuo and
purifiecd via flash chromatography. The protected
thioamides werce then directly used in the deprotection
step with minimal purification.

N-(4-Hydroxyphenyl)- N-(ethyl)-4-hydroxythiobenzamide
(11a). Dcprotected according to BBr; procedure and
purificd by flash chromatography (25% EtOAc/hexanc)
to afford yellow foam (63%): '"H NMR ((CD;).S0)$ 1.16
(t, 3H, J=06.8 Hz, CH;), 4.34 (q, 2H, J=06.8 Hz, CH,),
6.44 (d, 2h, J=8.4Hz. ArH meta RNCS), 6.59 (d. 2H,
J=89Hz, ArH mera CSNR), 6.87 (d. 2H, /=8.7Hz,
ArH ortho RNCS), 6.99 (d, 2H, J=8.6 Hz, ArH ortho
CSNR); PC NMR ((CD3)-SO) § 1.1 (CH3). 52.1 (CH>),
114.1 (ArH), 115.6 (ArH), 115.7 (ArH). 122.6 (ArH),

128.5 (ArH), 129.8 (ArH), 135.3 (ArC), 136.4 (ArC),
156.3 (ArC), 157.6 (ArC), 201.0 (CS); MS (E1, 70eV) m/z
273 (M ™): HRMS (EI) caled for C;sH,sNSO-, 273.0824,
found 273.0824; anal. (C;sHsNSO,-0.3 H,0): C, 64.63;
H, 5.64;: N, 5.02. Found: C, 64.51; H, 5.93; N, 4.64.

N-(4-Hydroxyphenyl)- N-(i-propyl)-4-hydroxythiobenz-
amide (11b). Deprotected according to BBr; procedure
and purified by flash chromatography (25% EtOAc/
hexane) to afford yellow foam (98%): '"H NMR (MeOD,
i-propyl rotamers [:4:1 ratio) & 1.15 (d, 1H, J=6.5Hz),
1.20 (d. 4H. J=6.5Hz), 1.27 (d, IH, J=6.5Hz), 6.00
(sept. 1H, J=6.5Hz), 6.46 (d, 2H, J=8.5Hz), 6.61 (d,
2H, J=9Hz2z), 6.81 (d, 2H, J=8.5Hz), 6.96 (d, 2H,
J=8.5Hz) additional minor ArCH resonances not lis-
ted; C NMR (MeOD) & 20.6 (CH3), 21.9 (CH3 minor),
54.8 (CH), 114.8 (ArCH}), 115.9 (ArCH), 130.1 (ArCH),
131.7 (ArCH), 133.4 (ArC), 137.8 (ArC), 157.9 (ArC),
158.0 (ArC), 204.4 (C=S); MS (EI, 70eV) m/z 287
(M*); HRMS, C¢H7NSO-, 287.0980; found, 287.0971.

N-(4-Hydroxyphenyl)-N-(n-butyl)-4-hydroxythiobenzamide
(11¢). Deprotected according to BBr3 procedure and
purified by radial chromatography (5% MeOH/
CH-Cl,) to afford yellow oil (10%): 'H NMR ((CD3),
SO) 6 0.84 (s, 3H, J=7.5Hz, CHj3), 1.27 (sext, 2H,
J=6.8Hz, CH;CH,), 1.61 (quint, 2H, J=8.0Hz, CH,;
CH,CH,), 4.30 (t, 2H, J=7.7Hz, CH,NCS), 6.43 (d,
2H, /=8.5Hz, ArH meta RNCS), 6.58 (d, 2H, J=
8.2Hz, ArH meta CSNR), 6.87 (d, 2H, J=8.2 Hz, ArH
ortho RNCS), 6.97 (d, 2H, J=8.5Hz, ArH ortho
CSNR); '*C NMR ((CD3),SO) § 14.2 (CH3), 19.7
(CH3), 27.9 (CH,), 56.8 (CH,), 114.1 (ArCH), 1159
(ArCH), 128.5 (ArCH), 129.9 (ArCH), 135.2 (ArC),
136.8 (ArC), 156.2 (ArC), 157.7 (ArC), 201.0 (C=S);
MS (EI, 70¢V), m/z 301 (M*); HRMS caled for
C7H oNO5S, 301.1136; found 301.1133.

N-(4-Hydroxyphenyl)-N-(i-butyl)-4-hydroxythiobenzamide
(11d). Deprotected according to BBry procedure and
purified by flash chromatography (35% EtOAc/hexane)
to afford yellow foam (86%): '"H NMR (CDClIs) & 0.98
(d, 6H, J=6.8Hz), 2.16 (m, 1H, J=6.8 Hz), 4.34 (d,
2H, J=7.6Hz), 6.41 (d, 2H, J=8.8 Hz), 6.60 (d, 2H,
J=8.8Hz), 6.79 (d, 2H, J=8.8Hz), 6.96 (d, 2H,
J=8.8 Hz); *C NMR (CDCl;) & 20.3, 26.9, 27.2, 50.8,
63.9, 1145, 116.1, 127.9, 129.5, 136.4, 137.7, 155.4,
156.5, 203.0; MS (EI, 70c¢V) m/z 301 (M™); HRMS
caled for C7H | oNO>S, 301.1136; found, 301.1144.

N-(4-Hydroxyphenyl)- V-(benzyl)-4-hydroxythiobenzamide
(11e). Deprotected according to EtSH procedure and
purified by flash chromatography (35% EtOAc/hexane)
to afford yellow foam (16%): '"H NMR ((CDCl»)) 8 5.76
(s, 2H, CH>), 6.59 (d, 2H, J=8.4 Hz, ArH meta RNCS),
6.61 (d, 211, J=8.3Hz, ArH meta CSNR), 6.77 (d, 2H,
J=8.8Hz, ArH ortho RNCS), 7.27 (m, 5H, Ph), 7.38 (d,
2H, J=6.4 Hz, ArH ortho CSNR); MS (EI, 70¢eV) m/z
335 (M ’ ), HRMS caled for Cz()HnNOQS, 335.0980;
found, 335.0984.

N-(4-hydroxyphenyl)-N-(1-phenethyl)-4-hydroxythiobenz-
amide (11f). Deprotected according to BBrj; procedure

N

*
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and recrystallized from CHCl; to afford lLight yellow
powder (quant): mp 174-175°C; '"H NMR (CDCls) &
1.55 (d, 3H, J=7.2Hz); 5.89 (br s, IH); 6.27 (br s, 1H)
60.44 (d, 2H, J=8.8 Hz), 6.5 (br s, IH), 6.71 (br s, 1H),
6.96 (d, 2H, J=88Hz), 7.32 (m, 5H), 7.52 (q. IH,
J=6.8Hz), MS (EI, 70¢V) m/z 349 (M"); anal.
(C5 H1yNO3S-0.4 H,0): C, 70.72; H, 5.60; N, 3.93.
Found: C, 70.88; H, 5.42: N, 3.98.

N-(4-Hydroxyphenyl)- V-|2-(3-methyl)-butyl]-4-hydroxy-
thiobenzamide (11g). Deprotected according to BBry
procedure and purified by flash chromatography (25%
EtOAc/hexane) to afford foam (37%, two steps from
carboxamide): '"H NMR (CDCl;) § (major methyl rota-
mer) 0.95 (d. 3H, J=6.6Hz), 1.14 (d, 3H, J=6.9 Hz),
.21 (d, 3H, J=6.3 Hz), 1.82 (br m, 1H), 5.82 (quin, IH,
J=7.4Hz), 630 (d, 2H, J=8.5Hz), 6.60 (br m, 4H),
6.83 (d, 2H, J=8.5Hz); '*C NMR (CDCls) & 17.1
(CH3), 19.8 (CHj3), 20.9 (CH), 32.5 (CH), 114.7 (ArCH),
115.6 (ArCH), 128.8 (ArCH), 129.5 (ArCH), 133.2
(ArC), 137.2 (ArC), 155.2 (ArC), 155.3 (ArC), 204.4
(C=8); MS (EI, 70eV) m/z 315 (M7); anal
(CigH2NO,S-0.8 H-0): C, 65.54; H, 6.91; N, 4.35.
Found: C, 65.15; H, 6.67; N, 3.91.

Triphenylphosphine-4-methoxyphenylimine  (12a).3¢  p-
Anisidine was diazotized in 50% H>SO4 and then added
to a NaNj-sodium acetate buffered solution.'> The
azide was extracted with diethyl ether and the phenolic
side-product removed by Na,CO; wash. Concentration
in vacuo afforded the crude azide which was dircctly
used in the next step. Ylide formation: to an etheral
solution of azide was added an equimolar solution of
PPh; at rt. After the solution was heated under reflux
for 2h and N, evolution ccased, the solvent was con-
centrated and resulting Ph;P=0 oxide removed. The
crude imine was passed over SiO, plug (ether) to remove
additional oxide. Final concentration and tituration
with hexancs afforded pure imine as orange crystals
(53% from p-anisidine): mp 116-117.5°C; mp?*?
119-120°C.

Triphenylphosphine-phenylimine (12b).'437 A cold aqu-
eous solution of NaNO; (1.2 equiv) was added dropwise
to a solution of aniline in 10% HC] at 0-5°C with vig-
orous stirring. The mixture was kept below 5°C for
30 min, and then a solution of NaNj; in water was added
dropwise while the temperature was kept below 5°C.
After 1h the reaction was warmed to rt and extracted
with diethyl ether. The extracts were dried over Na>SQ,
and concentrated to afford the crude azide!' as an oil,
which was directly used in the next step without addi-
tional purification. Ylide formation: same as described
for 12a to afford light yellow crystals upon solvent con-
centration (64% from aniline): mp 128-130°C (mp**
131-132°C).

N-(1,1,1-Trifluoro-2-propylidene)-4-methox yaniline (13a).¢
Ylide 12a and trifluoroacetone were heated to reflux in
CgHg for 12 h. The reaction was cooled to rt and con-
centrated in vacuo. The residuc was triturated with
Et,O to remove Ph;PO and the resulting filtrate con-
centrated followed by Kiigelrohr distillation under

reduced pressure to afford product as light yellow oil
(92%): bp 66°C (0.1 mm); '"H NMR (CDCI5) & 2.06 (s,
3H), 3.81 (s, 3H), 6.79, 6.92 (AA'BB’, 4H, J=8.8,
4.0Hz); *C NMR 8§ 14.6 (CH3), 55.6 (CHj), 114.5
(ArCH), 120.5 (q, CF;, J=273Hz), 121.1 (ArCH),
121.5 (ArCH), 140.5 (ArC), 157.1 (g, CCF,, J=33 Hz),
157.6 (ArC); MS (EI, 70eV) m/z 217 (M™); anal.
(CoH |oNF30): C, 55.30; H, 4.64; N, 6.45. Found: C,
55.59; H, 4.99; N, 6.64.

N-(1,1,1-Trifluoro-2-propyl)-4-methoxyaniline (14a).° To
a Et,0 solution of LiAIH4 (0.5 equiv) at 0°C was added
a Et,O solution of propylidene 13a dropwise over
30min. Upon complete addition the mixture was
refluxed for 2h. The mixture was then cooled to 0°C
and quenched using a 1:.1:3 work up (H,O:3M
NaOH:H-0). The resulting mixture was decanted into a
separatory funnel, the aqueous layer separated and
ether layer washed with brine, dried over MgSO, and
concentrated. Purification by Kiigelrohr distillation
provided pure amine as light red oil (64%): bp 80°C
(0.2mm); '"H NMR (CDCls) § 1.34 (d, 3H, J=7.0 Hz),
3.32 (brs, 1H), 3.72 (s, 3H), 3.87 (m, 1H), 6.61 (AA'BB/,
2H, J=8.8, 4.0 Hz), 6.77 (AA’BB’, 2H, J=8.8, 3.5Hz);
13C NMR (CDCl3) & 15.2 (CH3), 52.7 (q, CHCF;,
J=30Hz), 55.8 (CHj3), 115.1 (ArCH), 115.4 (ArCH),
126.5 (q, CF;, J=280Hz), 140.2 (ArC), 153.2 (ArC);
MS (EL. 70eV) m/z 219 (M ™).

N-(1,1,1-Trifluoro-2-phenethyl)-4-methoxyaniline  (14b).
Preparcd according to procedures outlined above from
ylide 12a and trifluoroacetophenone. The imine was
isolated then used directly in reduction step to afford the
title compound as a light yellow oil upon distillation
(69%): bp 110°C (0.1 mm); 'H NMR (CDCI5) & 3.72 (s,
3H), 4.10 (br s, IH), 4.81 (q, 1H, J=7.0Hz), 6.61
(AA'BB’, 2H, J=8.8, 4.0Hz), 6.75 (AA’BB/, 2H,
J=8.8, 3.5Hz), 7.40 (m, 5H); *C NMR (CDCl,) § 55.8
(CH3y), 62.0 (CHCFs, q, J=30Hz), 115.0 (ArCH), 115.9
(ArCH), 125.5 (q. CFi;, J=280Hz), 128.2 (ArCH),
129.1 (ArCH), 129.3 (ArCH), 134.5 (ArC), 139.7 (ArQ),
153.5 (ArC); MS (EIL, 70eV) mjz 281 (M™), anal.
(CsHuNF;0): C, 64.05; H, 5.02; N, 4.98. Found: C,
63.90; H, 4.84; N, 5.05.

N-(1,1,1-Trifluoro-2-phenethyl)-aniline (14¢). Prepared
according to procedures outlined above using ylide 12b
and trifluoroacetophenone. The imine was isolated then
used directly in reduction to afford the title compound
as a clear oil upon distillation (59%): bp 100°C
(0.5mm); '"H NMR (CDCl3) & 4.36 (d, 1H, J=6.5Hz,
NH), 4.96 (quint, 1H, J=7.0Hz), 6.68 (d, 2H, J=
8.0Hz), 6.82 (t, 1H, J=7.0Hz), 7.20 (d, 2H, J=7.0 Hz),
7.42 (m, 3H), 7.50 (d, 2H, J=6.5Hz), *C NMR
(CDCl3) 6 60.7 (g, CHCF3, J=29Hz), 114.1 (ArCH),
119.5 (ArCH), 122.5 (q, CF,;, J=278Hz), 128.1
(ArCH), 129.2 (ArCH), 129.4 (ArCH), 129.6 (ArCH),
134.3 (ArC), 1458 (ArC); MS (EI, 70eV) m/z 251
(M™); anal. (C14H;»F3N): C, 66.93; H, 4.81; N, 5.57.
Found: C, 66.79; H, 4.80; N, 5.54.

N-[1,1,1-Trifluoro-2-(3-methoxy)-phenethyl}-aniline (14d).
2,2,2-Trifluoro-1-(3-methoxyphenyl)-ethanone precursor) 3
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Meg turnings (1.25 g, S0 mmol), 3-mcthoxyphenyl bromide
(9.35g, 50 mmol), and anhydrous THF (50mL) were
gingerly heated until a vigorous reaction took place.
When all the Mg turnings were dissolved the rcaction
mixture was cooled to 0°C. A solution of N-tri-
fluoroacetylpiperidine (7.52 ¢, 45mmol) in anhydrous
THFEF (10 mL) was added to the Grignard reagent drop-
wise over 0.5h with stirring at 0°C. Upon complete
addition, ice-bath was removed and the mixture stirred
for 2. The reaction was quenched by the addition of
satd ag NH4C1 (5 mL), and the precipitates romoved by
filtration. The filtrate was dried over MgSO,. evapor-
ated n vacuo, and the crude ketone distilled to give
6.6 (72%) of a colorless liquid: bp 50 “C (0.5 mm) (bp?
84 85°C (12mm).

cthanone was then reacted with ylide 12a as described
previously. Imine isolation and LAH reduction afforded
the title compound as a light green oil upon distillation
(80%): bp 125°C (0.8 mm); '"H NMR (CDCly) 8 3.79 (s.
3H), 4.31 (br s, 1H), 4.87 (q. 1H, J=7.2Hz), 6.63 (d.
2H, J=T7.6Hz), 6.76 (1d, 1H, J=7.6, 0.8 Hz). 6.89 (dd.
IH, J=8.5, 2.4Hz). 699 (br s, IH), 7.03 (d. 1H,
J=T7.6Hz), 7.15 (m. 2H). 7.28 (1, 1H, J=8.0Hz); '°C
NMR (CDCl3) & 55.1 (CHj3). 60.3 (q. CHCF..
J=30Hz), 113.8 (ArCH). 114.1 (ArCH), 119.1 (ArCH).
120.1 (ArCH). 1249 (q. CF;, J=281Hz), 128.7
(ArCH), 1292 (ArCH), 129.8 (ArCH), 135.5 (ArC),
1454 (ArC), 159.8 (ArC). MS (El, 70eV) mj- 281
(M ") anal. (CsH 4F3NO): C. 64.05; H. 5.02: N. 4.98.
Found: C, 64.15: H, 4.99: N, 4.84.

N-(4-Mcthoxyphenyl)-N-(1,1,1-trifluoro-2-propyl)-4-meth-
oxybenzamide (152).° Prepared according to general
procedure for CFy-containing anilines and purified by
flash chromatography (25% EtOAc/hexance) to afford
product as white powder (68%): mp 85 86°C: '"H NMR
(CDCIl3) o 1.21 (d, 3H. J=7.0Hz), 3.69 (s. 3H). 3.73 s,
3H), 5.79 (sept, TH, J=06.5H7). 6.62 (d. 2H. J=8.5Hz),
6.75 (brs. 2H), 7.12 (br s. 2H). 7.22 (d. 2H, J=8.5Hz):
BC NMR (CDCIy) & 12.5 (CHj). 55.2 (CHj). 55.4
(CH3), 1131 (ArCH). 114.1 (ArCH), 125.2 (q. CF;,
J=282Hv), 128.0 (ArC), 130.6 (ArCH). 131.7 (ArC).
159.0 (ArC), 160.6 (ArC), 171.6 (C=0): MS (EI, 70eV)
mfz 353 (M ).

N-(4-Methoxyphenyl)-N-(1,1,1-trifluoro-2-phenethyl)-4-
methoxybenzamide (I5b). Prepared according to gencral
procedure for CF;-containing anilines and purified by
flash chromatography (25% FEtOAc/hexane) to afford
product as transparcnt oil (77%): '"H NMR (CDCls) §
3.68 (s, 3H), 3.69 (s, 3H), 6.05 (br s, 1H). 6.42 (br s,
IH), 6.61 (d overlapping br s, 3H. J=8.5Hz) 7.04 (br
q. 1H. Ji-= 6.5 Hz). 7.25 (m. 8H): '3*C NMR (CDCl»)

5 551 (CHy), 552 (CHj). 58.8 (ArCHCF;). 113.0
(ArCH), 113.6 (ArCH), 125.1 (q. CFi. J=281Hz)
1275 (ArC). 128.5 (ArCH). 129.0 (ArCH). 130.0

(ArCH), 130.7 (ArCH). 131.9 (ArC), 132.0 (ArCH),
132.9 (ArCH), 158.8 (ArC). 160.5 (ArC). 171.4 (C=0);
MS (EI, 70¢V) m/z 415 (M'). HRMS caled for
Ca3HooF3NO;5, 415.1395. Found. 415.1387.

N-(4-Methoxyphenyl)-V-(1,1,1-trifluoro-2-phenethyl)-ben-
zamide (15c¢). Prepared according to general procedure
for CFz-containing anilines and purified by flash chro-
matography (10% EtOAc/hexane) to afford product as
light yellow oil (73%): bp 125°C (0.3 mm); 'H NMR
(CDCl3) 6 3.61 (s, 3H), 6.01 (br s, 1H), 6.52 (2 over-
lapping brs. 3H), 7.12 (m, 4H), 7.26 (m, 6H); '*C NMR
(CDCl3) 6 55.4 (CH3), 58.1 (CHCFy), 113.6 (ArCH),
125.1 (q, CF;, J=282Hz), 127.9 (ArCH), 128.7
(ArCH), 129.2 (ArCH), 129.6 (ArCH), 130.2 (ArCH),
131.4 (ArC), 131.9 (ArC), 132.4 (ArCH), 135.7 (ArC),
159 (ArC). 172.1 (C=0); MS (EIL, 70eV) m/z 385 (M *);
anal. (CyH ¢F3NO»): C, 68.57; H, 4.71; N, 3.68.
Found: C, 68.22; H. 5.03; N, 3.68.

N-(4-Methoxyphenyl)- V-(1,1,1-trifluoro-2-phenethyl)-3-
methoxybenzamide (15d). Prepared according to general
procedure for CF;-containing anilines and purified by
flash chromatography (10% EtOAc/hexane) to afford
product as transparent oil (79%): 'H NMR (CDCI;) &
3.66 (2-s, 3H, ~1.2/1 ratio benzoyl rotamers), 3.88 (s,
3H). 6.78 (br d, I1H, J=8.5Hz), 6.8 (br s, IH), 7.03 (q,
IH, J=6.5Hz, CHCF3), 7.25 (m, 5H), 7.65 (dd, 1H,
J=8.5, 2.3Hz), 7.75 (app dt, 1H, J=7.6, 0.8 Hz); MS
(E1.70eV) m/z 415 (M ).

N-(4-Methoxyphenyl)- V-(1,1,1-trifluoro-2-phencthyl)-2-
methoxybenzamide (15¢). Prepared according to general
procedure for CFs-containing anilines and purified by
flash chromatography (10% EtOAc/hexane) to afford
product as transparent oil (36%, 84% corrected for
recovered anilinc); 'H NMR (CDCIy) & 3.63 (s, 3H),
3.68 (s, 3H), 6.10 (br s, 1H), 6.43 (br s, 2H), 6.58 (d, 2H,
J=8.5Hz), 6.72 (app t, 2H, J=8.5Hz), 7.21 (m, 7H);
MS (EI, 70eV) m/z 415 (M ™).

N-(Phenyl)- N-(1,1,1-trifluoro-2-phencthyl)-4-methoxy-
benzamide (15f). Prepared according to the general
procedure for CFj-containing anilines using 1,2-
dichlorobenzene as solvent and purified by flash chro-
matography (10% EtOAc/hexane) to afford product as
a transparent oil (54%): '"H NMR (CDCl;) 8 3.69 (s,
3H), 6.62 (d. 2H, J=8.5Hz), 7.11 (m, 3H), 7.25 (m,
9H); '*C NMR (CDCl3) 8 55.1 (CH3), 58.5 (CHCF3),
113.0 (ArCH), 125.2 (q, CF3, J=282Hz), 127.3 (ArC),
127.9 (ArCH). 128.6 (ArCH), 129.0 (ArCH), 129.9
(ArCH), 130.7 (ArCH), 130.9 (ArCH), 131.9 (ArQ),
139.5 (ArC), 161.0 (ArC), 171.2 (C=0); MS (EI, 70eV)
m/z 385 (M), anal. (Cy3HooNOsF5-1.1 CHCI3): C,
52.95: H, 3.89; N, 2.56. Found: C, 52.84; H, 3.90: N,
2.65.

N-(Phenyl)-N-|1,1,1-trifluoro-2-(3-methoxy)-phenethyl]-
4-methoxybenzamide (15g). Prcpared according to gen-
cral procedure for CFi-containing anilines using 1,2-
dichlorobenzene as solvent and purified by flash chro-
matography (10-25% EtOAc/hexanc) to afford product
as transparent oil (51%): '"H NMR (CDCl3) & 3.68 (s,
3H), 3.69 (s. 3H), 6.61 (d, 2H, J=8.5Hz), 6.77 (s, 1H),
6.88 (app td, 2H, J=8.5, 3.5Hz), 7.10 (m, 5H), 7.18
(app t. J=8.0Hz), 7.26 (d, 2H, J=8.5Hz); *C NMR
(CDCl3) 6 55.3 (CH3), 55.4 (CHj3), 58.7 (CHCFy), 113.1
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(ArCH), 115.0 (ArCH), 115.5 (ArCH). 122.5 (ArCH).
125.4 (q, CF3, J=281Hz), 127.5 (ArC), 128.1 (ArCH).
128.7 (ArCH), 129.7 (ArCH), 130.9 (ArCH). 131.1
(ArCH), 133.3 (ArC), 139.7 (ArC). 159.6 (ArC). 160.9
(ArC), 171.4 (C=0): MS (EL 70eV) m/= 415 (M ).

N-(4-Hydroxyphenyl)-N-(1,1,1-trifluoro-2-propyl)-4-
hydroxybenzamide (16a).® Deprotected according to
BBr; procedure and recrystallized from EtOAc/hexane
to afford white powder (62%): mp 203-205°C (mp®
207-207.5°C); 'H NMR (acetone-d¢) & 1.24 (d. 3H,
J=6.5Hz), 578 (q. IH, J=6.5Hz). 6.62 (d, 2H,
J=88Hz), 6.78 (br s, 2H), 7.05 (br s, 2H), 7.18 (d, 2H,
J=8.8Hz), 8.61 (s, IH), 8.70 (s, 1H); '*C NMR (ace-
tonc-dg) & 12.6 (CH3), 51.3 (q, CH, *Jy.g=30Hz), 114.9
(ArCH), 115.0 (ArCH), 116.2 (ArCH), 126.8 (q. CFs,
1Jep=282 Hz), 128.2 (ArC), 131.4 (ArCH), 131.6
(ArC), 157.7 (ArC), 159.3 (ArC), 171.8 (C=0); MS (EI,
70eV) mfz 325 (M *); anal. (CgH 4NOsF;): C. 59.08; H
4.34; N, 4.31. Found: C, 59.14; H, 4.37; N, 3.96.

N-(4-Hydroxyphenyl)- N-(1,1,1-trifluoro-2-phenethyl)-4-
hydroxybenzamide (16b). Deprotected according to
BBr; procedure and purified by radial chromatography
(25% EtOAc/hexane) to afford product as thick oil
(53%): '"H NMR (MeOD) 8 5.91 (br s, 1H) 6.32 (br s.
1H), 6.54 (d, 2H, J=8.8 Hz), 6.62 (br s, 1H), 6.94 (q.
IH, Jy:=92Hz), 7.13 (d. 2H, J=8.8Hz), 7.23 (m,
6H); '*C NMR (McOD) § 60.2 (CH), 113.9 (ArCH),
114.5 (ArCH), 125.0 (q. CF;, J=282Hz), 125.8 (ArC),
128.0 (ArCH), 128.7 (ArCH), 129.6 (ArCH) 130.0
(ArCH), 130.2 (ArC), 131.3 (ArC). 131.8 (ArC), 156.9
(ArC), 158.8 (ArC), 172.7 (C=0); MS (EI 70eV) m/z
387 (M™*); anal. (CH 4F3NO;3-0.1 H>O): C. 64.81; H,
4.20; N, 3.60. Found: C, 64.68; H, 4.30; N, 3.45

N-(4-Hydroxyphenyl)-N-(1,1,1-trifluoro-2-phenethyl)-
benzamide (16¢). Deprotected according to BBr; pro-
cedure and recrystallized from EtOAc/hexane to afford
white powder (83%): mp 158-159°C, 'H NMR (CDCl3)
5591 (brs, 1H), 6.30 (br s, 1H), 6.61 (br s, 1H), 6.74 (s,
1H), 6.95 (q, 1H, J=8.8Hz), 7.24 (m, 9H); MS (EI,
70eV) mjz 371 (M™); anal. (C, H4FiNO»): C. 67.92;
H, 4.34; N, 3.77. Found: C, 68.05; H, 4.35; N, 3.63.

N-(4-Hydroxyphenyl)-N-(1,1,1-trifluoro-2-phenethyl)-3-
hydroxybenzamide (16d). Deprotected according to
BBr; procedure and recrystallized from EtOAc/hexane
to afford off-white powder (77%): mp 163-164°C; 'H
NMR (CDCl3) 8 5.92 (br s, [H), 6.28 (br s, 1H), 6.64
(m, 2H), 6.96 (m, 3H), 7.31 (m, 7H); MS (EL. 70¢V) m/z
387 (M™); anal. (C5H(NO;F3-H,0): C, 62.52; H, 4.48;
N, 3.46. Found: C, 62.52; H, 4.17; N, 3.27.

N-(4-Hydroxyphenyl)- NV-(1,1,1-trifluoro-2-phenethyl)-2-
hydroxybenzamide (16e). Deprotected according to
BBr; procedure and recrystallized from EtOAc/hexane
to afford off-white powder (59%): mp 191.5-193°C; 'H
NMR (MeOD) & 6.10 (br s, 2H), 6.59 (app q. 2H,
J=7.6, 7.2Hz)., 6.96 (m, 3H), 7.32 (m, 6H); MS (EL,
70eV) m/z 387 (M™); anal. (Cy H,F3NO5-0.7 H,0): C,
63.06; H, 4.38; N, 3.50. Found: C, 63.04; H, 4.08; N,
3.50.

N-(Phenyl)-N-(1,1,1-trifluoro-2-phenethyl)-4-hydroxybenz-
amide (16f). Deprotected according to BBr3 procedure
and recrystallized from EtOAc/hexane to afford off-
white powder (quant): mp 114-116°C; 'H NMR
(CDCI5) 8 6.48 (d, 2H, J=8.4Hz), 7.0 (m, 4H) 7.15 (d,
2H, J=8.4Hz), 7.26 (d, 6H), 7.72 (s, 2H, exchangc with
D-,0); '*C NMR (MeOD) § 50.8 (CH), 114.9 (ArCH),
1250 (q. CF3, Jep=281Hz), 1263 (ArC), 1282
(ArCH), 128.6 (ArCH), 129.3 (ArCH), 130.0 (ArCH),
130.8 (ArCH), 131.0 (ArCH), 131.6 (ArC), 139.2 (ArC),
158.2 (ArC), 172.6 (C=0); MS (EI, 70eV) m/z 371
(M™*); anal. (C51H | (F3NO»-0.5 H,0): C, 66.31; H, 4.50;
N, 3.68. Found: C, 66.19; H, 4.27; N, 3.57.

N-(Phenyl)-N-(1,1,1-trifluoro-2-(3-hydroxyphenethyl))-4-
hydroxybenzamide (16g). Deprotected according to
BBr; procedure and recrystallized from CHCI; to afford
small off-white crystals (95%): mp 163-165°C; 'H NMR
(CDCL) 6 6.43 (d, 2H, J=8.5H2), 6.67 (d, 1H, /= 8.0
Hz). 6.82 (dd. tH, J=8.5, 2Hz), 6.91 (s, 1H), 7.08 (m,
8H), 7.62 (s. 1H); 3C NMR (CDCl;) 114.9 (ArCH),
116.6 (ArCH), 117.0 (ArCH), 121.2 (ArCH), 124.6 (q,
CF;, J=226Hz), 126.1 (ArC), 128.3 (ArCH), 128.6
(ArCH), 129.8 (ArCH), 130.6 (ArCH), 132.6 (ArC),
138.8 (Ar(), 156.3 (ArC), 157.8 (ArC), 173.0 (C=0); MS
(EI. 70eV) mjz 387 (M™); anal. (CsHgF3sNO3): C,
65.12; H,4.16: N, 3.62. Found: C, 64.78; H, 4.18; N, 3.38.

N-(4-Hydroxyphenyl)-V-(1,1,1-trifluoro-2-propyl)-4-
hydroxythiocbenzamide (17a). Deprotected according to
BBr; procedure and recrystallized from ether to afford
yellow powder (93%): '"H NMR (MeOD) & 1.33 (d, 3H,
J=7.5Hz), 647 (d, 2H, J=8Hz), 6.58 (d, IH, J=
6.5Hz), 6.64 (d, 1H, J=6Hz), 6.79 (d, 1H, J=8.5H2z),
6.96 (d, 1H, J=8.0Hz), 7.01 (d, 3H, J=8.5Hz; ArCH
ortho C=0 and CHCF;); MS (EL, 70eV) m/= 341 (M ™1);
anal. (C1¢H 4F3NO>S-0.1 H,O): C, 56.00; H, 4.17; N,
4.08. Found: C, 55.76; H, 4.13; N, 3.74.

N-(4-Hydroxyphenyl)-~N-(1,1,1-trifluoro-2-phenethyl)-4-
hydroxythiobenzamide (17b). Dcprotected according to
BBr; procedure and purified by chromatography (5%
MeOH/CH,Cl,) to afford title compound as yellow
foam (74%): '"H NMR (CDCl3) 8 5.47 (br s, 1H, OH),
5.58 (br s, IH, OH), 5.86 (d, 1H, J=5.5Hz, ArH ortho
to OH on aniline ring), 6.25 (d, 1H, J=5.5Hz, ArH
ortho to OH on aniline ring), 6.36 (d, 2H, /=8 Hz, ArH
ortho to OH on benzamide ring), 6.57 (d, 1H, /J=06Hz,
to C=8), 6.98 (d, 1H, J=6Hz, ArH ortho to N-C=5),
8.39 (q, IH, Jur=9Hz); *C NMR (CDCl;) & 63.8
(CHCF;), 114.6 (ArCH), 115.0 (ArCH), 115.5 (ArCH),
125.1 (q. J=163Hz, CF;), 129.0 (ArCH), 1293
(ArCH), 129.8 (ArCH), 129.9 (ArCH), 131.4 (ArC),
133.4 (ArC), 136.3 (ArC), 155.3 (ArC), 155.7 (ArC),
208.3 (C=S); MS (EI, 70eV) m/z 403 (M™"); HRMS
caled for C5 H,,F3NO,S, 403.0853, found 403.0858;
anal. (C»HF3NO,S-0.3 H>O): C, 61.70; H, 4.09; N,
3.43. Found: C, 61.68; H, 3.92; N, 3.25.

N-(4-Methoxyphenyl)-4-methoxyphenylacetamide  (18).
To a 0°C CH,Cl, solution of p-anisidine (1.3 equiv)
and pyridine (1.1 equiv) was added dropwise a CH,Cl,
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solution (2 SmL) of 4-methoxyphenylacetyl chloride
(1.0cquiv). Upon complete addition (15min) mixture
was allowed to reach rt. Upon completion of the reac-
tion, the mixture was diluted with CH,Cl> folowed by
product isolation (H-O, CuSO,, brinc). Recrystalliza-
tion from EtOAc/hexanc afforded the title carboxamide
as small white erystals (82%): mp 127128 °C; '"H NMR
(CDCl3) & 3.65 (s. 2H), 3.76 (s. 3H)., 3.82 (s. 3H), 6.80
(d, 2H, J=9.0Hz), 6.92 (d, 2H, J=8.5Hz). 7.07 (s, 1H),
7.23 (d, 2H, J=9.0Hz), 7.30 (d. 2H, J=8.5Hz): '*C
NMR (CDCly) & 43.7 (CHa,), 55.3 (CH-), 55.5 (CH>3),
114.1 (ArCH), 114.6 (ArCH). 121.8 (ArCH), 126.5
(ArC), 130.7 (ArCH), 130.8 (ArC), 156.5 (ArC). 159.0
(ArC), 169.7 (C=0); MS (EL. 70¢V) m/z 271 (M "),
anal, (CyH 7NO3): C, 70.83; H. 6.32: N, 5.16. Found:
C, 70.87; H, 6.29; N, 5.29.

N-(4-Methoxyphenyl)-/V-(ethyl)-4-methoxyphenylacetamide
(19). Prepared according to phase transfer catalysis
conditions described above for carboxamides. Purifica-
tion by cither Kiigelrohr distillation or flash chromato-
graphy (25% EtOAc/hexance) afforded product as red-
orange oil (quant): bp 150°C (0.2mm): 'H NMR
(CDCI3) 6 1.08 (t, 3H, J=7.0Hz). 3.33 (s. 2H). 3.70 (q.
2H, J=7.1Hz), 3.78 (s, 3H). 3.84 (s, 3H). 6.77 (d, 2H,
J=8.5Hz), 6.79 (d, 2H. J=8.5Hz). 6.97 (d overlapping.
2H. J=8.5H7), 6.98 (d overlapping, 2H. J=8.5Hz);
3C NMR (CDCIl3) & 13.2 (CHj). 40.5 (CH,). 444
(CH>»), 55.4 (CH;0), 55.7 (CH;0). 113.9 (ArCH). 114.8
(ArCH), 127.9 (ArC), 1299 (ArCH). 130.2 (ArCH),
135.2 (ArC), 158.4 (ArC). 159.2 (ArC), 171.2 (C=0):
MS (EL, 70¢V) m/z 299 (M '): anal. (C4sH>NO3-0.1
CHCly): C, 69.83: H. 6.83: N, 4.50. Found: C. 69.82: H,
6.98; N, 3.98.

N-(4-Methoxyphenyl)-N-(ethyl)-x-ethyl-4-methoxyphenyl-
acetamide (20a). #-BuLi in hexane (1.56 M. 2.0 cquiv)
was added dropwise to a —78°C THF (i-propyl)>-NH
(2.2 cquiv) solution, then warmed to 0°C. After 0.5h at
0°C the mixture was re-cooled to —78°C and a THF
solution of acctamide 19 (1.0c¢cquiv) added dropwise.
After 20min Etl (1.3 cquiv) was added 1in one portion
and the mixture allowed to rcach rt. Product isolation
(H,0, Et;0, Na,SO,) and purification by flash chro-
matography (25% EtOAc/hexane) as light yellow oil
(95%): '"H NMR (CDCl3) 8 0.78 (t, 3H. J=7.5Hz, CH;
a-cthylacetamide), 1.05 (1, 3H. J=7.0 Hz. CH; N-cthyl).
1.60 (dquint, 1H. /= 14.0. 7.0 Hz. 2-CH>»). 2.04 (dquint,
IH, J=14.0, 7.0Hz, o-CHa.), 3.27 (dd. 1H., J=8.5,
7.0 Hz, CH o-benzylic). 3.67 (m. 2H. -NCH-CH;), 3.77
(s. 3H), 3.85 (s, 3H), 6.75 (d. 2H. J=8.8 Hz), 6.87 (br s,
4H), 6.98 (d. 2H. J=8.8 Hz): *C NMR (CDCI3) 8 12.5
(CHS3;), 13.1 (CHj3), 28.5 (CH>), 44.3 (CH»). 55.2 (CH3).
55.6 (CH3), 113.7 (ArCH). 114.5 (ArCH), 129.2 (ArCH),
132.9 (ArC), 135.0 (ArC). 158.4 (ArC). 159.0 (ArC).
173.5 (C=0); MS (El. 70¢V) m/z 327 (M"): anal.
(CopH»sNOz): C, 73.37; H, 7.70; N, 4.28. Found: C,
72.84; H, 7.56; N, 3.59.

N-(4-Methoxyphenyl)- N-(ethyl)-x-benzyl-4-methoxy-
phenylacetamide (20b). Preparation as described in 20a
and purification by flash chromatography (15% EtOAc/
hexane) afforded title compound as an oil (86%): 'H

NMR (CDCly) 8 0.94 (t, 3H, J=7.2Hz, NCH,CH3),
2.75 (dd, 1H, J=12.8, 4.8 Hz, methine H), 3.43 (m, 2H,
NCH-,CH3;), 3.58 (dd, 1H, J=10.2, 5.1 Hz), 3.70 (dd,
IH, J=13.3, 7.1 Hz) 3.76 (s, 3H), 3.79 (s, 3H), 6.15 (br
s. IH), 6.75 (d. 2H, J=8.3Hz), 6.78 (d, 2H, J=6.7 Hz),
7.09 (m, 4H), 7.24 (m, 3H); '*C NMR (CDCl;) § 12.8
(CH,), 41.5 (CH»), 44.2 (CH,>), 50.3 (CH), 55.2 (OCH3),
554 (OCH;), 113.7 (ArCH), 1143 (ArCH), 126.2
(ArCH), 128.2 (ArCH), 129.1 (ArCH), 129.4 (ArCH),
130.0 (ArCH), 132.4 (ArC), 134.6 (ArC), 140.1 (ArC),
158.5 (ArC), 158.9 (ArC), 172.5 (C=0); MS (EI, 70eV)
m/z 389 (M™).

N-(4-Hydroxyphenyl)- NV-(ethyl)-4-hydroxyphenylacetamide
(21a). Deprotected according to BBr3 procedure and
purified by chromatography (50% EtOAc/hexane) to
afford tan foam (quant): mp 75°C dec.; 'H NMR
((CD3),S0) & 0.96 (t, 3H, J=7.5Hz), 3.16 (s, 2H), 3.36
(q. 2H, J=7.5H2z), 6.59 (d, 2H, J=8.5Hz), 6.78 (m,
4H), 6.97 (d, 2H, J=8.5Hz), 9.18 (br s, 1H), 9.62 (br s,
1H); MS (EI, 70eV) m/z 271 (M™); anal. (C;sH,y
NO;-0.9 H,O): C, 66.84; H, 6.59; N, 4.87. Found: C,
66.95; H, 6.20: N, 4.77.

N-(4-Hydroxyphenyl)-/NV-(ethyl)-4-hydroxyphenylthioace-
tamide (21b). Deprotected according to BBr; procedure
and purified by chromatography (50% EtOAc/hexane)
to afford tan powder (84%): mp 156-157°C; 'H NMR
((CD3)-S0) 6 1.08 (t, 3H, J=7.0Hz), 3.67 (s, 2H), 4.14
(q. 2H. J=2Hz), 6.54 (d, 2H, J=8.5Hz), 6.75 (app ¢,
4H, J=8.0Hz). 6.87 (d, 2H, J=8.5Hz), 9.17 (s, OH),
9.78 (s, OH). MS (El, 70eV) m/z 287 (M"); HRMS
caled for C¢H7NO,S. 287.0980; found, 287.0977; anal.
(C1H[7NO5S-0.2H,0): C, 66.04; H, 6.03; N, 4.81.
Found: C, 65.97; H, 6.03; N, 4.78.

N-(4-Hydroxyphenyl)-/V-(ethyl)--ethyl-4-hydroxyphenyl-
acetamide (22a). Dcprotected according to BBr; pro-
cedure and purified by chromatography (50% EtOAc/
hexane) to afford white foam (70%): 'H NMR (CDCls)
8 0.76 (t, 3H. J=7.5Hz), 1.04 (1, 3H, J=7.0Hz), 1.54
(m. TH, CH, B-amide), 1.94 (m, 1H, CH, B-amide),
3.27 (&, 1H, J=7.0Hz, CH «-amide), 3.62 (m, 2H,
-NCH»>CH3), 6.63 (d, 2H, J=8.8Hz), 6.79 (d, over-
lapping br s, 2H, J=8.8 Hz), 7.05 (br s, 4H); '*C NMR
(CDCI3) & 12.5 (CH3), 13.0 (CH3), 28.2 (CH,), 44.8
(CH»), 50.7 (CH), 116.1 (ArCH), 128.6 (ArCH), 129.3
(ArCH), 131.7 (ArCH), 133.7 (ArC), 155.4 (ArC), 156.8
(ArC), 174.7 (C=0); MS (El, 70eV) m/z 299 (M ™),
HRMS caled for C;3H> NO3, 299.1521, found
299.1520.

N-(4-Hydroxyphenyl)-V-(ethyl)-x-ethyl-4-hydroxyphenyl-
thioacetamide (22b). Dcprotected according to BBrj;
procedurc and purified by chromatography (25%
EtOAc/hexane) to afford yellow residue (95%): 'H
NMR (McOD) & 0.73 (t, 3H, J=7.3Hz), 1.14 (t, 3H,
J=72Hz). 1.76 (m, 1H, CH, B-amide), 2.17 (m, 1H,
CH, f-amide), 3.62 (dd. 1H, /=78, 7.0Hz, CH «-
amide). 4.16 (m, 1H, CH, «-NCO), 4.30 (m, |H, CH, a-
NCO), 6.56 (dd, 1H, J=8.4, 2.6 Hz), 6.56 (AA’BB/, 2H,
J=8.7, 2.3Hz). 6.75 (dd, IH, J=28.4, 2.8 Hz), 6.91 (dd,
1H, J=8.6, 2.7Hz), 6.94 (AA'BB’, 2H, J=8.5, 1.9 Hz),
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7.0 (dd, 1H, J=8.7, 2.8 Hz); '*C NMR (CDCl;) § 11.4
(CH3y), 12.6 (CH3), 13.9 (CH>»), 52.3 (CH»). 56.2 (CH),
115.0 (ArCH), 116.3 (ArCH), 128.5 (ArCH), 129.1
(ArCH), 129.9 (ArCH), 133.5 (Ar(C), 136.5 (ArC). 154.6
(ArC), 155.9 (ArC), 207.5 (C=S); MS (EI, 70eV) m/z
315 (M™*); HRMS caled for CgH; NO,S. 315.1293;
found, 315.1301.

N-(4-Hydroxyphenyl)-/N-(ethyl)-x-benzyl-4-hydroxyphenyl-
thioacetamide (22c¢). Deprotected according to BBr;
procedure and purified by chromatography (15%
EtOAc/hexane) to afford yellow residue (47%): 'H
NMR (MeOD) 6 1.05 (t, 3H, J=7.2Hz), 2.90 (dd, 1H,
J=12.9, 49 Hz, PhCH,). 3.66 (dd. 1H, J=12.9, 9.5Hz,
PhCH,), 3.95 (m, 1H, CH;CH,), 4.05 (dd, 1H, J=9.3,
5.2Hz, PhCH,CH-), 4.30 (m, 1H, CH;CH,), 6.02 (dd,
IH, J=8.4, 2.7Hz), 6.56 (d, 2H, J=8.3Hz), 6.66
(overlapping dds, 2H, J/=9.2, 3.1 Hz), 6.75 (dd, 1H,
J=8.8, 3.0Hz), 7.00 (d, 2H, J=8.7Hz), 7.10 (m, SH);
HRMS caled for C,3H»3NSO>, 377.1449; found,
377.1443.

N-(4-Methoxyphenyl)-V-(1,1,1-trifluoro-2-propyl)-4-meth-
oxyphenylacetamide (25). Prepared according to gen-
eral amidation procedure for CF;-containing anilines;
product isolation and purification via flash chromato-
graphy (25% EtOAc/hexane) afforded title compound
as light yellow oil (40%): '"H NMR (CDCl3) 8 1.16
(d, 3H, J=THz), 3.32 (s, 2H), 3.76 (s, 3H), 3.84 (s,
3H), 5.61 (sept, 1H, J=7.6Hz), 6.77 (d. 2H,
J=89Hz), 6.90 (m, 3H), 6.92 (d, 2H, /=8.9Hz), 7.06
(m, 1H); '*C NMR (CDCl3) 8§ 12.5 (CHi), 40.7
(CH»), 50.1 (g, CHCF;, J=31Hz), 55.3 (CH;0), 55.6
(CH50), 113.9 (ArCH), 114.3 (ArCH), 114.6 (ArCH),
125.1 (q, CF;. J=283Hz), 127.0 (ArC), 129.9 (ArC),
130.2 (ArCH), 132.0 (ArCH), 158.6 (ArC), 159.9
(ArC), 172.8 (C=0); HRMS caled for CjoH29NF;0s.
367.1395, found, 367.1394; anal. (C;gH»9NF;03): C,
62.12; H, 5.49; N, 3.81. Found: C, 61.76; H, 5.58; N,
3.66.

N-(4-Methoxyphenyl)-N-(1,1,1-trifluoro-2-propyl)-cc-methyl-
4-methoxyphenylacetamide (26). #-Buli in hexane
(1.56 M, 2.0equiv) was added dropwisec to a —78°C
THEF (i-propyl)>NH (2.2 equiv) solution, then warmed
to 0°C. After 0.5h at 0°C the mixture was re-cooled to
—78°C and a THF solution of N-(1,1,1-trifluoro-2-pro-
pyl) substituted acetamide 25 (1.0equiv) was added
dropwise. After 20min Mel (1.3equiv) was added in
one portion and the mixture allowed to reach rt. Crude
product isolation (H,O, Et,O, Na,SO,) afforded an
amber oil (83%) which was determined by both 'H
NMR and HPLC to be an approx. 1:1 ratio of diastereo-
mers for the expected product: 'H NMR (CDCly) &
1.05 (2-ds, 3H, J=7.5Hz), 1.28 (2-ds, 3H, J=7.5Hz),
3.42 (overlapping qs, IH, J=7.5Hz), 5.58 (m, IH,
CHCF,), 6.44 (2-dds, 1H, J=8.8,2.8 Hz), 6.68 (dd. 0.5 H,
J=8.8, 2.8Hz), 6.70 (m, 2.5H)., 6.81 (m, 2H), 7.0l
(2-dds, 1H, J=8.4, 2.3Hz), 7.20 (2-dds, 1H, J=8.4,
2.3Hz); HPLC (254 nm) 25% EtOAc/hcxane, Micropac
Si0O, column: 5.82min. (46.2%), 7.19min. (53.7%),
sd+5%.

N-(4-Hydroxyphenyl)-V-(1,1,1-trifluoro-2-propyl)-oc-methyl-
4-hydroxyphenylacetamide (27). Deprotection using
BBr; procedurc and chromatography (35% EtOAc/
hexane) afforded title compound as a white powder
(95%) with a 1:] ratio of diastercomers as found by 'H
NMR: mp 165-170°C; 'H NMR (McOD) & 1.10
(overlapping ds, 3H, J=7.5 Hz), 1.25 (overlapping ds,
3H, J=7.5 Hz), 3.49 (overlapping qgs, 1H, J=7.5 Hz),
5.52 (m, 1H, CHCF;), 6.43 (2-dds, 1H, J=8.8, 2.8 Hz),
6.57 (dd. 0.5H, J=8.8, 2.8 Hz), 6.64 (m, 2.5H), 6.72 (m,
2.5H), 6.86 (app td, 1H, J=8.4, 2.3 Hz), 7.07 (2-dds, 1H,
J=8.4, 2.3Hz); MS (EI, 70eV) m/z 353 (MT); HRMS
caled for CgHsNF;03, 353.1238; found, 353.1235.

N-(4-Hydroxyphenyl)-N-(1,1,1-trifluoro-2-propyl)-4-hy-
droxyphenylthioacetamide (28). Carboxamide 25 (0.3
mmol, 100 mg) was treated with Lawesson’s reagent as
outlined in general procedure. Product isolation (H,O,
Et,0, Na,SO,;) and radial chromatography (20%
EtOAc/hexane) afforded 5mg of protected thiocarbox-
amide in low yield (5%). Subsequent deprotection using
BBr; procedure afforded the title compound as a light
yellow residue upon SiO, purification (30% EtOAc/
hexane, quant): '"H NMR (MeOD) & 1.24 (d and m,
3H, J=7.8 Hz), 3.85 (ABq, 2H, J=13Hz), 5.56 (sept,
IH, J=7.8Hz), 6.72 (m, 4H), 6.85 (m, 4H); HPLC:
Whatman Ci8 column, 90%MeOH:10%H,O R =
3.123>98% pure at 254 nm.
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Most ligands for the estrogen receptor (ER) are not well suited for synthesis by combinatorial means, because
their construction involves a series of carbon—carbon bond forming reactions that are not uniformly high
yiclding. In prcvious work directed to overcoming this limitation, we surveyed various phenol-substituted
five-membered heterocycles, hoping to find a system that would afford both high ER binding affinity and
whosc synthesis could be adapted to solid-phase methods (Fink et al. Chem. Biol. 1999, 6, 206—219.) In
this report, we have developed a reliable and efficient solid-phase method to prepare the best of these
heterocycles, the tetrasubstituted pyrazoles, and we have used this methodology to produce small, discrete
libraries of these novel ER ligands. We used a combination of FT-IR and nanoprobe 'H NMR-MAS to
characterize intermediates leading up to the final pyrazole products directly on the bead. We also developed
a scavenging resin, which enabled us to obtain products free from inorganic contaminants. We prepared a
12-member test library, and then a 96-member library, and in both cases we determined product purity and
ER binding affinity of all of the library members. Several interesting binding affinity patterns have emerged
from these studies, and they have provided us with new directions for further exploration, which has led to

pyrazoles having high affinity and potency as agonists and antagonists toward the ERa subtype.

Introduction

In recent years, combinatorial chemistry, with its ability
to gencrate a large sct of structurally related analogues, has
become a bona fide tool for increasing productivity in the
functional asscssment of compound librarics and the rapid
development of structurc—activity relationships.! Combina-
torial techniques for preparing peptide librarics arc well
cstablished, but methods for the combinatorial synthesis of
small-molecule libraries for the devclopment of useful
pharmaccuticals remains a formidable challenge. Small
moleccules arc gencrally not oligomeric, and a diverse range
of chemical transformations may be required for their
synthesis. Thercfore, the development of an appropriate
parallel synthesis format is not always straightforward. This
limitation is increasingly encountered in the quest for
chemical diversity, because the fidelity of a given library
member can be compromised when the building block
components arc not uniformly reactive. Consequently, there
has been an active quest to develop the sort of truly gencral,
high yiclding transformations nccessary to maintain high
quality in the preparation of small-molecule libraries.

Novel estrogens having tissue selective action suitable for
menopausal hormone replaccment or the treatment and
prevention of breast cancer are actively being sought by the
pharmaccutical industry.? These agents, often referred to as
sclective estrogen receptor modifiers or SERMs, generally
consist of a mnonsteroidal core structure onto which is

* Address correspondence to: John A. Katzenellenbogen, Department
of Chemistry, University of Illinois, 600 South Mathews Avenue, Urbana,
Minois 61801; 217 333 6310 (phonc); 217 333 7325 (fax); jkatzene @uiuc.edu
(c-mail).
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Figure 1. Estrogen receptor-a selective pyrazole discovered from
a solution-phase study. RBA is relative binding affinity for the
estrogen receptor; for estradiol, RBA = 100%.

appended a basic or polar function.* Most ligands for the
estrogen rcceptor (ER), however, are not well suited for
synthesis by combinatorial means, because their construction
generally involves a series of carbon—carbon bond forming
reactions that arc not uniformly high yielding, nor necessarily
easily adaptable to solid-phase synthesis methods. Two small
combinatorial libraries of nonsteroidal ER ligands have been
reported,*® but these efforts produced either low affinity
ligands or ones of limited structural diversity.

To circumvent these current limitations and to expand the
possible combinatorial approaches to ER ligands, we have
proposed a novel modular ER pharmacophore consisting of
a wariable core structure, onto which are linked four
independent substituents of defined variability. Using this
paradigm, we have investigated core structures consisting
of five-membered heterocycles, as well as other functional-
itics.® Among the five-membered systems that we have
studied to date, we found that 1,3,5-triaryl-4-alkyl-pyrazoles,
such as compound 1 (Figure 1), showed high binding affinity
for the estrogen receptor, and intriguingly this compound
had 100-fold higher potency as an agonist in a cell-based
transcription assay through ERa than through ERB.” Com-
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Scheme 1. Routes for the Preparation of the 12-Member and the 96-Member Pyrazole Libraries
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pounds that show high ER subtype selectivity are in great
demand as agents to define the biological roles of these
subtypes® and as potential tissue-selective estrogens for the
uses noted above.

Because of these interesting initial findings, we wished
to use a combinatorial approach to explore this pyrazole
template further, to gain a better understanding of its
structurc—binding affinity pattern with the ER and to
discover additional compounds with ER subtype selectivity.
In particular, we hoped that such an expanded study would
enable us to determine the preferred binding orientation for
these pyrazoles in the ER, an issue that was not settled by
our initial investigations.5 We required this information to
guide our future placement of pharmacophore elements in
the design of sclective antiestrogens (Stauffer, S. R., Huang,
Y., Aron, Z., Coletta, C. J., Sun, J., Katzenellenbogen, B.
S., Katzenellenbogen, J. A., unpublished).

As we had noted in their original conception® the
tetrasubstituted pyrazoles offer an attractive template for the
combinatorial development of ligands for the estrogen
receptor. Their heterocyclic nucleus provides a core upon
which several common substructural motifs found in high
affinity ER ligands can adequately be displayed in several
possible configurations, and their synthesis involves simple
condensation reactions, some of which have already been
demonstrated on solid phase, although mostly for trisubsti-
tuted pyrazole derivatives.” 12

This work describes our efforts in the design and prepara-
tion of libraries of tetrasubstituted pyrazoles as ER ligands
and our evaluation of the binding affinities of the library
members. These studies have led us to a new series of high
affinity compounds that display very high ERa agonist
sclectivity in cell-based transactivation assays, the details of
which will be reported elsewhere (Stauffer, S. R., Sun, J.,
Katzenellenbogen, B. S., Coletta, C. J., Katzencllenbogen,
J. A., unpublished).

Results and Discussion

Library Strategy. It was our intention to prepare discrete
analogues (96-member libraries) of our tetrasubstituted
pyrazole pharmacophore, noted above, in a parallel split-
split format to produce material for ER binding affinity
assays. Synthetically, the classical 1,3-dione-hydrazine con-
densation route (illustrated in Scheme 1) seemed attractive,
because it is well precedented and can be accomplished under
conditions that are potentially adaptable to solid-phase
synthesis.® Also, the 8-diketone component can be readily
generated from a crossed-Claisen condensation reaction.

Using this route, we can introduce molecular diversity in
the target pyrazole in either the alkylphenone, the ester, or
the hydrazine component. Our choice to introduce the C-4
alkyl group early on within the ketone, rather than by
alkylating the B-diketone intermediate, was based on solution
feasibility studies; in contrast to the pyrazole synthesis
strategy reported by Marzinzik and Felder,” we found that
alkylation was not general for the preparation of 1,3-diaryl-
propane-1,3-diones. Our approach is also attractive because
many of the 4’-methoxy-alkylphenone precursors are com-
mercially available or can be produced in one step via
Friedel—Crafts acylation reactions.

Linker. We selected the phenol component as the site for
attachment of the pyrazole to the polymer support because
it is convenient and it is the one functional group that is
present in all of the pyrazoles. Merrifield’s resin was used
as the solid support, so the tethered phenol became attached
to the resin as a p-substituted benzyl ether.

Our overall linker strategy is advantageous for two
reasons: First, we knew from solution studies for tetrasub-
stituted pyrazoles of this type that a robust linker would be
required to withstand the conditions for pyrazole formation
(DMF/THF 120 °C).5 Thus, we expected that the stable
benzyl ether link would be more satisfactory than other more
labile linkers. Second, we anticipated that the strong acidic
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Figure 2. Components for 12-member library.

conditions required for product cleavage from the resin (i.e.,
BBr3) could be adjusted to cleave, as well, any methyl ethers
protecting other phenolic components. This approach is
similar to that reported by Green for the preparation of
lavendustin analogues,'? but different in that our linker is a
benzyl ether rather than a benzyl ester.

Method Development. The adaptation of the pyrazole
synthesis from solution phase to solid phase required
extensive optimization and later modification. Our initial
routc is shown in Scheme 1, and it was used for the
preparation a small 12-member library, which was intended
to scrve as a standard for later, larger library design. In
addition, this smaller library was developed to evaluate the
generality of the reaction conditions by using various
electronically demanding building blocks (Figure 2). The
conditions described below were initially devcloped using
our original lead compound 1 as a model.

Few starting alkylphenones (2, Scheme 1) are available
commercially, but they were readily prepared via Friedel—
Crafts acylation, using anisole and the desired acid chloride.
Thus, the protected p-methoxy-alkylphenone 2 was obtained
and then demethylated using AlCI; to afford 3, which was
subscquently loaded onto Merrifield’s resin (Novabiochem
Inc., 1.39 mmol/g), according to the method of Ellman and
co-workers.!* Formation of the resin-bound ketone 4 was
ascertained using standard techniques (FT-IR, null %Cl
combustion analysis), and a portion was cleaved with BF;—
SMe; to determine the loading capacity based on mass
recovery. After minimal workup, the expected ketone was
cleanly observed by 'H NMR and HPLC (purity >99%),
and the loading capacity was found to be between 0.9 and
1.1 mmol/g.

Following kectone immobilization, we used a crossed-
Claiscn condensation reaction to form the requisite S-di-
ketones (6). This transformation proceeds satisfactorily using
cxcess lithium hexamethyldisilazide (LHMDS) and activated

NHNH,-HCI
,:/©/ ‘—!—NHNHZ-HCI

p-nitrophenyl esters (5a,b,d) in THF. Other bases, such as
NaNH; or KOr-Bu, were less effective, particularly with
higher alkylphenones (e.g., propiophenone and higher). In
addition, p-nitrophenyl activated esters proved to be most
general in providing high yields of the dione. In most cases,
the active ester could be present in the reaction vessel during
the addition of base. However, esters with electron with-
drawing groups, such as compound 5d (Figure 2), required
preformation of the resin-bound enolate prior to the addition
of the ester, because of competing nucleophilic addition of
the disilamide anion to the activated ester.

We found nanoprobe 'H NMR-MAS to be an indispen-
sable too] for following B-dione formation on solid-phase
and for optimizing reaction conditions. Although FT-IR was
useful for monitoring ketone immobilization, we did not find
it satisfactory for evaluating the progress of dione formation.
We had expected that a shift in the C=0 stretch of the
alkylphenone at 1675 cm™! would occur as the dione formed
and equilibrated with its intramolecularly hydrogen bonded
enol tautomer. We were surprised, however, when the 'H
NMR spectrum of 1,3-bis(4-methoxyphenyl)-2-ethyl-1,3-
propanedione showed that these a-substituted 8-diketones
exist exclusively in the diketo tautomeric form in solution.
We presume that this is due to the A-strain present in these
substituted molecules, because 'H NMR analysis shows that
the less hindered 1,3-diaryl-1,3-propanediones, which do not
bear a 2-alkyl substituent, exist as mixtures of both enol and
diketo tautomers. In most cases FI-IR revealed a C=0
doublet for the dione. However, the intensity of this signal
was often weak and variable, and thus was not a reliable
indicator of reaction progress. In contrast, by using '"H NMR-
MAS and nanoprobe technology, we were able to conve-
niently and quickly ascertain the level of 8-diketone forma-
tion.

Shown in Figure 3 panel A (top) is the spectrum for the
starting resin-bound 4-hydroxy-butryophenone, and in panel
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Figure 3. Panel A (top): 'H NMR-MAS of polymer-bound
butryophenone derivative 11. Panel B (bottom): 'H NMR-MAS
of B-diketone product 12b after Claisen condensation reaction.

B (bottom) is the spectrum for the expected dione product
after Claisen condensation with 4-methoxy-(4’-nitrophenyl)-
benzoate. Because we are using a short linker, which holds
these molecular segments close to the rigid polystyrene
backbone, the line widths for these signals remain fairly large
(20 Hz), and as a result, coupling information is unavailable.
Despite this limitation, however, we can readily discern
diagnostic chemical shift differences between the product
and starting material, so that we confidently assess the
success or failure of the reaction.

To form the tetrasubstituted pyrazole on solid phase, we
first tried conditions that had been successfully used for the
solution-phase synthesis (hcating the dione and hydrazine
hydrochloride salt to 110—120 °C in DMF/THF solutions
for up to 16 h), as well as conditions developed my Marzinzik
and Felder for solid-phase pyrazole synthesis (DMA as a
solvent at 80 °C).° Unfortunately, even with extended
heating, neither of these methods gave the desired hetero-
cycle. When we used triethylamine (TEA) to neutralize the
hydrazine hydrochloride and DMF as solvent, we obtained
low yields of the desired product, but purity after cleavage/
deprotection was less than 35%. Ultimately, we found that
toluenc as solvent with the addition of TEA was effective,
affording the pyrazole product 1 in >90% purity after
cleavage/deprotection. One should note that subsequently we
found that these reaction conditions, which involved heating
toluene to 80 °C for 9 h, were not compatible with our 96-
well reaction plate (Polyfiltronics 96-well Unifilter plate).
Nevertheless, at the time we used these conditions to prepare
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Table 1. HPLC Purity Determination and Estrogen Receptor
Binding Affinities (RBA Values) of C(4) i-Butyl Pyrazole
Library

R
NN
T
HO Ry
8a -1
compd R R, HPLC purity® (%) % RBAb
8a H Ph V 80 0.38/0.13¢
8 H  p-OHCeH. 67 9.3/0.86°
8c H p-FCgH4 92 0.04
8d H -Bu 29 047
8e OH Ph 62 54
8f OH p-OHC¢H4 >99 1.6
8g OH p-FC6H4 90 4.0
8h OH Bu 23 3.8
8i Br Ph 75 0.76/0.01¢
8j Br p-OHC6H4 >85 33
8k Br p-FCsHy >80 0.17
81 Br t-Bu 28 0.90

a RP-HPLC, 80% MeOH:H;0, flow rate of 1.0 ml/min, detection
at 254 nm (performed before purification by radial chromatography).
b Relative Binding Affinity (RBA) values determined by a modi-
fication of our standard competitive binding assay using only three
concentrations of ligand; all compounds tested were at >80% purity.
¢ Independent assays performed on the two individual regioisomers.

a 12-member library of pyrazoles and then later modified
the pyrazole-forming step to make it compatible with our
96-well reaction plate (see below).

The diones (6) needed for this (and the larger library) were
prepared in a single batch, using a homemade reaction block
capable of holding 16—20 mL sealed conical polypropylene
tubes as reaction vessels. The block was rotated in an oven
at 40 °C for 4 h, using a modified rotary evaporator motor.
After washing the resins and drying them overnight, we
verified dione formation by nanoprobe 'H NMR-MAS. Each
dione resin was then split into the appropriate number of
portions and reacted with the appropriate hydrazine, the
cyclization products then being cleaved/deprotected with
BBr;. For this smaller 12-member library, the cleaved
material was collected, treated to a minimal workup (MeOH,
passage through a SiO; plug), and analyzed for purity by
HPLC.

Shown in Table 1 are the HPLC-evaluated purities and
the ER binding affinities for the C-(4)-iso-butyl pyrazoles
(8a—1)) in the 12-membered library. The HPLC purity values
listed were obtained on the pyrazoles after only minimal
workup, yet some of these are quite high (>90%). The
pyrazoles derived from tert-butylhydrazine were of the lowest
quality. The major byproduct in those having lower purity
was the corresponding S-diketone intermediate, and in some
cases small amounts of the starting ketone. Prior to binding
affinity determination, all compounds were purified by radial
chromatography, so that their purities were at least 80%. The
molecular ions of all purified pyrazoles in the C(4) i-butyl
scries were also verified by ES-MS.

The binding affinities of these pyrazoles were determined
in a competitive radiometric binding assay (for details see
Experimental Section), using [*H]estradiol as tracer and lamb
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uterine cytosol as a source of ER, and they are expressed as
relative binding affinity values (RBA), with estradiol having
an RBA of 100%. In the past, we have found that repeat
determinations of binding affinities by this assay have a
coefficient of variation of 0.3.

We werc concerned that even small amounts of contami-
nants in the purified pyrazoles might be affecting the RBA
determinations. To test this, we examined the effect of
dihydroxyphenyl dione 9 on the affinity determination of
pyrazolc 1. This dionc (9) itself binds to the ER only very
weakly (RBA = 0.012%), and when it was added to pyrazole
1 at 10, 20, and 30%, we noted no effect on the RBA value
obtained for pyrazole 1. Thus, we believe that the binding
affinity values we have determined for all of these pyrazoles
(Table 1) arc valid.

0 0
!
HO ‘ ‘ OH
9 RBA=0.012%

Overall, the i-butyl pyrazoles bind to ER with reasonable
affinity (Table 1), and even within this small set of
compounds some structure—affinity trends are apparent.
Clcarly, there is a primary preference for hydroxy substitution
at R, as in most cases, and the pyrazoles in the 8e—h series
bind better than those in the 8a—d and 8i—1 series. Bromine
substitution (scries 8i—1) is unusual for nonsteroidal ligands,
but pyrazolc 8j (1.4:1 ratio of regioisomers) has a reasonable
affinity of 3.3%. Thc reasonable affinity of the terr-butyl
pyrazolc 8h suggests that bulky substituents other than phenyl
arc tolerated at R,. The highest affinity members of this small
pyrazole library, 8b and 8f, contain two and three hydroxyl
substituents, respectively. The similar but lower affinity
diphenolic pyrazole 8e suggests that two distinct binding
oricnlations may exist for 8e and 8b.

In thosc cascs where more than one regioisomer was
expecled and they could be separated by HPLC, two RBA
values arc indicated. In three cases where we could do this,
onc regioisomer showed a higher affinity: In both the
monohydroxy pyrazole 8a and dihydroxy pyrazole 8b, a
3—10-fold preference was found for one regioisomer, and
in the casc of pyrazolc 8i, this preference is much greater.

At this point, we could not make a definitive assignment
of the structure of thesc regioisomers, but these results
suggeslt that only onc of them is providing an effective mimic
of the A-ring of estradiol. In other work, we have carried
out independent, regioselective syntheses of single pyrazole
rcgioisomers in a relaled scrics, and we have conducted
molccular graphics modeling studics of how these isomers
might fit into the ligand binding domain of ER (Stauffer, S.
R., Huang, Y., Coletta, C. J., Katzencllenbogen, J. A.,
unpublished). These studics suggest that there are indeed
preferred orientations of these regioisomers within the ER
binding pocket. However, it appears that the preferred
oricntation may switch, depending on the substituent display.

Adaptation to a 96-Well Format. To prepare the 96-
member library, we used the Polyfiltronics 96-well Unifilter
platc. The Unifilter platc contains a single underlying

Stauffer and Katzenellenpogen

membrane which is designed to hold back most organic
solvents, except when a vacuum is applied. Unfortunately,
the Polyfiltronics plate did not withstand our conditions for
pyrazole formation, using prolonged heating with toluene at
80 °C.

In our scarch for alternate conditions for pyrazole forma-
tion which the Polyfiltronics plate would withstand, we used
pyrazole 1 as a model, and we explored a greater number of
solvents and solvent mixtures for pyrazole formation (THF,
BuCN, HC(OMe)3;, CH3NO,, and alcohols) with and without
various additives (TiCly, Na,SOy, and 4 A molecular sieves),
at room temperature and at elevated temperaturcs. Ultimately,
only alcohol solvents proved to be effective in forming the
pyrazole product and were compatible with the Unifilter
plate.

In this larger library, we also wanted to develop an
expedited method for product isolation, whereby we could
quench the cleavage/deprotection reagent BBr; and neutralize
the HBr generated without introducing water, thereby avoid-
ing cumbersome liquid—liquid phase extractions. Our ap-
proach was to develop a scavenger resin to neutralize the
HBr and remove the inorganic contaminants by sequestration.
Our initial efforts were based on work by Cardillo and co-
workers,!? involving the use of macroreticular carbonate resin
as a reagent in the hydrolysis of alkyl halides.

Resin 10a (Scheme 2), which is readily prepared from the
chloride form of the ion exchange Amberlyst A-26 resin,
was effective in quenching the BBr3, but not surprisingly
the final product was contaminated with NaBr. However,
by modifying the resin to a sodium-free, bicarbonate form,
we could still neutralize the HBr, but now with the liberation
of only CO,; and H,O. Moreover, the polymer-bound
quaternary ammonium groups sequestered any bromide ions
from solution. Thus, by treating the crude cleaved/depro-
tected product with this bicarbonate resin, we could remove
all of the inorganic contaminants, leaving the desired
pyrazole remaining in solution together with only MeOH
(bp 65 °C), B(OMe); (bp 58 °C), and a small amount of
HO0, so that solvent removal gave the product free from any
reagent contamination.

Two methods were used to prepare the bicarbonate form
of A-26 resin (Scheme 2). Both resins (10b and 10c¢) afford
the product pyrazole in reasonable purity, but the bicarbonate
resin which was prepared using NaHCO; (10b) still contained
small amounts of Na ions, risking product contamination with
NaBr. The preferred method to prepare Na ion-free resin
was first to convert the chloride form of the A-26 resin to
the hydroxide form and then generate the bicarbonate resin
by bubbling CO, through an aqueous suspension of the resin.
This ensured that there was no Na ion contamination, and
this material (10¢) afforded the pyrazole product with
somewhat better purity. Shown in Scheme 1 is the overall
optimized solid-phase synthesis routc to the 96-member
pyrazole library. The notable modifications from the original
route used to prepare the 12-member library are the condi-
tions for the pyrazole-forming step and final workup
procedure involving the bicarbonate resin 10c.

The individual components chosen for the 96-member
library are shown in Figure 4. The components used to
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Scheme 2. Development and Use of Bicarbonate Resin for HBr Neutralization
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Figure 5. HPLC puritics for 96-member ER library.

prepare the i-butyl library (Figure 2, Table 1) were again
included as standards to measurc the success and reproduc-
ibility of the synthesis and to verify the RBA assays. The
progress of pyrazole formation for suspected “worst-case”
combinations, such as CF3-phenyl and rerz-butyl hydrazines
rcacting with halogen-substituted diones, was monitored
using FT-IR. The disappearance of the C=0 signal at 1670
cm™! was a rcliable marker for determining the progress of
individual reactions. Unfortunately, for several CFs-substi-
tuted hydrazines we were unable to drive the reaction to
completion, even after subjecting these resins to fresh reagent
and heating for an additional 20 h. In any event, cleavage/
deprotection with BBr; followed, and reactions were carefully
quenched with MeOH and then incubated with bicarbonate
resin 10¢ for 1 h at 50~60 °C to ensurc completc HBr
ncutralization and bromide ion sequestration. After being
cooled, the pyrazole products were collected and concen-
trated, then reconstituted in 1 mL McOH and analyzed using
a standard, stcep gradient elution on a high throughput
reversc-phasc HPLC column. Because the pyrazoles are
uniformly fluorescent, we used fluorescence detection in
tandem with UV detection to identify which of the eluted
pcaks was the pyrazole. This proved to be a robust approach
to characterizing product purity. After obtaining the purity
for each member, we determined the ER binding affinity in
a simplificd, three-point assay (see Experimental Section for
details).

Purity and ER Binding Affinity Relationships. A
summary of thc HPLC puritics for the final pyrazoles is
shown in Figure 5, according to gray scale coded ranges.
The average purity for the library was 50% (+15%). This is
not an unreasonable level of purity when you consider that
this library included components, such as tert-butyl hydrazine
hydrochloride, which we have found to be less reactive than
thc aromatic hydrazines. As before, the principal impurities
could be identificd as the unreacted dione precursors, which
we had previously shown did not affect the results of the
binding assay (scc above). On the basis of product yields,

p-CFs-substituted phenyl hydrazines appear to be even less
reactive than ¢-butyl hydrazine hydrochloride, because this
group of pyrazoles had the lowest overall purity of the whole
library. Where regioisomers were expected within this series
(sec above), it was difficult to assign the product peaks, even
with the help of fluorescence as a marker. In these cases,
we assumed the purity to be 30%.

Shown in Figure 6 are the relative binding affinity (RBA)
values for the 96-member library, indicated as ranges
according to a gray scale coded legend. Several members of
the library showed appreciable affinity for the ER. Particu-
larly gratifying was the fact that most members of the 12-
member i-butyl control library (Table 1) had RBA values
which were reproduced quite well in the larger library (i.e.,
within 30%, relative), with the exception of 8f (7.6%) vs
B-8 (23%). A repeat assay 8f showed that its determination
in the original 12-member library was low. The binding
affinity of 16 additional select members was also re-tested
after chromatographic purification (>80%), and the RBA
values for these members also agreed quite well with the
original determinations on the crude isolated products.

The use of an affinity array chart in Figure 6 permits a
rapid, visual assessment of binding affinity patterns. For
cxample, it is readily apparent that, for pyrazoles in both
the R, ethyl and i-butyl series (column 2 and 8), those with
HO substituents at R, have, overall, the highest affinity.
Within these two series (columns 2 and 8), a number of
substituents are tolerated at Rs, the best being p-HO—C¢Hy,
for which the two highest affinity pyrazoles are represented,
pyrazole B-2 (14%) and B-8 (23%). For pyrazoles with R3
= p-HO—Ce¢H,; (row B), a number of substituents are
tolerated to varying degrees; those with fluorine substituents
on R, for both the ethyl and i-butyl series bind moderately
well (RBA = 1-5%). For members with R; = i-butyl and
R3; = p-HO—CgH,, even more polar substituents appear to
bind well. Particularly noteworthy is the m-HO analogue B-9,
which has a relative binding affinity of 6.8%, and the fluoro
derivative B-11. By contrast, few other R substitucnts are

-
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Figure 6. ER binding affinity for 96-member pyrazole library. (In unsymmetrical systems, i.e., R, = p-OH, the average regioisomer ratio

was 1.4t0 1)

well tolerated by the ER, one exception, however, being the
tert-butyl pyrazoles H-2 and H-8, which each have affinities
of 6—7%. As was the case with pyrazole 8j from the 12-
member i-butyl library, several pyrazoles with p-bromo
substituents at R, have reasonable affinity (~2—3%). How-
ever, these affinities are much lower when R; = ethyl (RBA
<1%), than when R; = i-butyl.

In investigations to be reported elsewhere (Stauffer, S. R.,
Coletta, C. 1., Sun, J., Katzenellenbogen, B. S., Katzenel-
lenbogen, J. A., unpublished), we have made other analogues
based on the high affinity 1,3,5-p-hydroxyphenyl-pyrazole
template, and we have found a compound with an RBA of
30% that shows very high affinity and potency selectivity
for ERa.. We have also prepared other pyrazoles that act as
ERa potency selective antagonists (Stauffer, S. R., Huang,
Y., Aron, Z. D., Coletta, C. J., Sun, J., Katzenellenbogen,
B. S., Katzenellenbogen, J. A., upublished).

Conclusions

We have developed a consistent and efficient method to
prepare and isolate tetrasubstituted pyrazoles using a solid-
phase strategy, and we have used this approach for the
production of small, discretc libraries of estrogen receptor
(ER) ligands. A combination of FT-IR and nanoprobe 'H
NMR-MAS allowed us to characterize intermediates leading
up to the final pyrazole products directly on the bead. We
also developed a scavenging resin to afford the cleaved/
deprotected products free from inorganic contaminants. Using
this approach, we prepared a 12-member test library, and
then a more extensive 96-member library, and we determined
product purity and ER binding affinity of all the library
members. Several interesting binding affinity patterns emerged
from these studies, and they have provided us with clear
directions for further exploration of these tetrasubstituted
pyrazoles, through which we have found a high affinity and
high potency agonist with excellent selectivity for ERa and
pyrazoles that sclectivity antagonize ERo..

Experimental Methods

General. Melting points were determined on a capillary
apparatus and are uncorrected. All reagents and solvents were
obtained from Aldrich, Fisher, or Mallinckrodt. Tetrahydro-
furan was freshly distilled from sodium/benzophenone.
Dimethylformamide was vacuum distilled prior to usc and
was stored over 4 A molecular sieves. Et;N was stirred with
phenylisocyanate, filtered, distilled, and stored over 4 A
molecular sieves. All reactions were performed under a dry
N; atmosphere unless otherwise specified. Radial preparative-
layer chromatography was performed on a Chromatotron
instrument (Harrison Research, Inc., Palo Alto, CA) using
EM Science silica gel Kieselgel 60 PF,s4 as adsorbent. Flash
column chromatography'® was performed using Woelm 32—
63 um silica gel packing. Resin bound ketone 11 was
prepared according to procedure outlined in Scheme 1 from
commercially available 4’-methoxybutyrophenone or from
anisole and the acid chloride.

'H and *C NMR spectra were recorded on 400 or 500
MHz spectrometers, using CDCl; or MeOD as solvent.
Chemical shifts were reported as parts per million downfield
from an internal tetramethylsilane standard (6 = 0.0 for 'H)
or from solvent references. NMR coupling constants are
reported in hertz. *C NMR data were determined using either
the Attached Proton Test (APT) experiment or standard *C
pulse settings. Low resolution electrospray mass spectrometry
was performed using a VG Quattro (quadrupole-hexapole-
quadrupole, QHQ) mass spectrometer system (Fisons Instru-
ments, VG Analytical; Manchester, U.K.).

FT-IR Analysis and Nanoprobe 'H NMR-MAS Spec-
tra. FT-IR analysis was performed on an FTIR spectrometer,
and absorption bands are reported in cm™!. Infrared analysis
was accomplished by placing approximately 1—2 mg of resin
between two NaCl plates, swelling the beads in CHCls, and
immediately recording an FT-IR spectrumn. Solid-phase NMR
spectra were obtained on a Varian 500 MHz wide-borc
spectrometer using a nanoprobe. The polystyrene-bound
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dionc intermediates 12a—1 were characterized using 2 mg
or less of resin in a pre-swollen CDCl; solution (nanotube,
approximately 40 uL total volume). The sample was spun
about the magic angle (54.7 °C) at 2.3—2.5 kHz, and four
scans were collected for each 'H experiment, using a pulse
width of 15 us and delay time of 4 ms. Tetramethylsilane
was used as an internal reference.

Relative Binding Affinity Assay. Ligand binding affini-
ties (RBAs) using lamb uterine cytosol as a receptor source
were determined by a competitive radiometric binding assay.
This assay is conducted in 96-well microtiter plates in a total
volume of 70 4L, using ca. 1 nM of estrogen receptor binding
cquivalents, 10 nM [*Hjestradiol as tracer, and dextran-coated
charcoal as an adsorbent for free ligand.!” On the basis of
interspecics comparison, lamb uterus is thought to contain
predominantly estrogen receptor subtype o.'®1% All incuba-
tions were done at 0 °C for 18—24 h. Binding affinities arc
cxpressed relative to estradiol (RBA = 100%) and are
reproducible with a cocfficient of variation of 0.3. RBA
determinations for the 96-member library were performed
using a three-point assay, at ligand concentrations of 1074,
1076, and 1078 M and were corrected for individual purity
level.

Chemical Syntheses. 4'-Methoxy-4-methyl-valerylophe-
none (2). To a stirred solution of AlCl; (6.4 g, 48 mmol) in
1,2-dichlorocthane at 0 °C was added 4-methyl-valeryl
chloride (5.3 g, 39.0 mmol) dropwise over approximately
10 min. The resulting solution was warmed to room
temperature, stirred for 0.5 h, then re-cooled to 0 °C, and a
1,2-dichlorocthane solution of anisole (5.1 mL, 46 mmol in
20 mL) was added dropwise. The reaction was stirred at room
temperature for 9 h, then cooled to 0 °C, quenched with H,O,
and cxtracied with CH,Cl,. The organic layer was washed
with saturated NaHCO; and brine, then dried over MgSOs,
and concentrated to afford product as a pale yellow oil (6.0
g, 75%): 'H NMR (CDCl;) 6 0.94 (d, 6H, J = 6.0), 1.60
(m, 3H, overlapping methine and 8-CHy), 2.90 (t, 2H, J =
6.8), 3.87 (s, 3H), 6.92 (d, 2H, J = 8.8), 7.90 (d, 2H, J =
8.8); 13C NMR (CDCl3) 6 22.6, 28.5, 33.9, 36.4, 55.2, 113.5,
130.2, 163.6, 198.7; MS (EI, 70 eV) m/z 206.1 (M™"). Anal.
(Ci3H1g05): C, 75.69; H, 8.80. Found: C, 75.63; H, 8.59.

4’-Hydroxy-4-methyl-valerylophenone (3). To a stirred
solution of AICl; (19.4 g, 145 mmol) in benzene (300 mL)
at 0 °C was added a benzene solution (60 mL) of ketone 2
over 20 min. The reaction mixture was then brought to reflux
for 2 h. After cooling to room temperature the mixture was
pourcd over 400 mL of water, and then the organic layer
washed with saturated NaHCO; and brine. The organic layer
was then dried over NaSOy4 and concentrated to afford the
phenolic product as a tan solid which was then used directly
in the next step to functionalize Merrifield’s resin (8.97 g,
96%): 'H NMR (CDCl3) 6 0.94 (d, 6H, J = 6.0) 1.27 (m,
3H, overlapping methine and $-CH,), 2.90 (1, 2H, J = R),
6.87 (d, 2H, J = 8.5), 7.91 (d, 2H, J = 9.0).

Alkylphenone Loading onto Merrifield Resin (4, 11).
To a solution of the phenolic ketone (28.0 mmol, either 3 or
4’-hydroxy-butyrophenonc) in DMF (144 mL) at 0 °C was
added NaH as a 60% oil dispersion (1.05 g, 26.4 mmol).
The reaction mixture was rcturned to room temperaturc;
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Merrifield resin (5.74 g, 1.39 mmol/g Novabiochem, Inc.)
was added, and the reaction was heated to 55 °C for 22 h.
The solution was then cooled to room temperature and
quenched by addition of methanol (150 mL). The resin-bound
product was then isolated via vacuum filtration and rinsed
with methanol/DMF 1:1 (1 x 300 mL), DMF (3 x 350 mL),
CH,Cl; (3 x 350 mL), and methanol (3 x 350 mL). The
resulting salmon-colored resin was then dried in vacuo for
18 h to afford >6 g of immobilized ketone. FT-IR analysis
revealed the C=0 stretch at 1670 cm™!, which verified that
the resin-bound ketone was produced. In addition, %Cl
analysis was performed to verify the absence of halogen,
indicating that most of the chloromethyl sites were substi-
tuted. Loading capacity, which ranged from 0.9 to 1.1 mmoVl/
g, was determined from the mass recovery of expected
product by cleaving a small portion of the ketone resin using
BF3"‘SM62.

General Procedure for Preparation of p-Nitrophenyl
Benzoate Esters (Sa—f). To a mechanically stirred solution
of the substituted benzoic acid (52.6 mmol), p-nitrophenol
(22.2 g, 157.8 mmol), and DMAP (3.2 g, 26.3 mmol) in
100 mL CH,Cl; at 0 °C was added diisopropylcarbodiimide
(57.9 mmol) dissolved in CH,Cl, (100 mL) dropwise over
10 min. The resulting solution was allowed to stir for 18 h
at room temperature. The reaction mixture was filtered, and
the filtrate was concentrated under reduced pressure. The
crude esters were recrystallized from EtOH or EtOAc to
afford the desired ester (55—95%). Products were judged
pure by comparison to literature melting points?® and then
used in the next step of the synthests.

2-Ethyl-1,3-bis-(4-hydroxyphenyl)-propane-1,4-dione (9).
The methoxy-protected derivative of 1 (prepared in 95%
yield from 4-methoxybutyrophenone and the p-nitrophenyl-
benzoate ester using LHMDS, under the same conditions
used for the solid-phase synthesis; see 12a—1, and purified
by flash chromatography (ethyl acctate/hexanes)) was treated
with 5 equiv of 1.0 M BBr; in CH,Cl, at 0 °C. The mixture
was allowed to reach room temperature and stir for 5 h. The
reaction was then re-cooled to 0 °C and carefully quenched
with water and repeatedly extracted with Et,O. The combined
organic layers were dried over Na,SO,, and upon solvent
removal the title compound was afforded as a tan foam: 'H
NMR (MeOD) 6 0.99 (t, 3H, J = 7.5), 2.01 (g, 2H, J =
7.5)5.32 (t, 1H, J = 1.5), 6.81 (AA’BB’, 2H, J = 7.0, 3.0),
7.90 (AA'BB’, 2H, J = 6.5, 3.0); 3C NMR (MeOD) 6 114,
23.0, 56.6, 115.1, 128.0, 130.9, 162.8, 195.9; MS (EI, 70
eV) miz 284 (M*). Anal. (C;2H,604): C, 71.28; H, 5.67.
Found: C, 70.90; H, 5.57.

Preparation of Bicarbonate Form of Amberlyst A-26
Resin Using NaOH/CO; (10c). A medium sintered glass
filter containing 15 g of Amberlyst A-26 resin in the chloride
form (average capacity ~3.7 mequiv/g) was treated portion-
wise with 1 L of an aqueous 1.0 M NaOH solution. The
resin in the hydroxide form was then dried under aspirator
vacuum and suspended in a 150 mL water solution. A flow
of CO, gas was bubbled into the aqueous solution for
approximately 30 min with gentle mixing. The resin was
then washed sequentially with MeOH, acetone, and ether,
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and then extensively dried in vacuo. Elemental analysis
indicated essentially no Na ion contamination (0.02%).

Solid-Phase Conditions Used To Prepare 12-Member
Pyrazole Library (8a—1). A THF suspension for each of
the six dione resins (50 mg, loading capacity 0.92—0.98
mmol/g, prepared according to procedure below), one of the
four appropriate hydrazine hydrochlorides (15 equiv), and
triethylamine (15 equiv) in toluene (2 mL) were heated to
80 °C for 9 hin a glass cell culture tube with a Teflon-lined
screwed cap. Mixing was achieved using a rotating reaction
block via a modified rotary evaporator motor. The reaction
mixtures were cooled to room temperature and then isolated
via vacuum filtration in coarse sintered glass frits. The
product resins were rinsed with methanol/DMF 1:1 (2 x 5
mL), DMF (3 x 5 mL), CHxCl; (3 x 10 mL), and methanol
(2 x 5 mL). The resulting resins were dried in vacuo for 18
h and then pre-swollen in a 2 mL CH,Cl, solution under N;
at —78 °C, using 10 mL conical vials, each containing a
magnetic stir bar. Pyrazole cleavage/deprotection was fol-
lowed by addition of 1 M BBr3; (5 equiv, 0.7 mL) in CHy-
Cly. The reaction was allowed to warm to room temperature
and stir for 6 h and was quenched at 0 °C by the addition of
CH;0H (2 mL). The resins were isolated by vacuum filtration
and rinsed twice with 5 ml portions of CH3;0H. The
individual filtrates were concentrated in vacuo, dissolved in
MeOH, and concentrated once again. This procedure was
repeated twice, prior to RP-HPLC analysis. Pyrazoles 8a—1
were then purified to >80% HPLC purity by radial chro-
matography (10—20% MeOH/CH,Cl,) and submitted for ES-
MS and RBA analysis. The expected molecular ion pattern
by electrospray was observed in all cases: (8a) ES-MS calcd
for CysHo4N; 368.4, found MH?" 370.1 (individual isomers
separately measured); (8b) ES-MS calcd for CisH24N>0;
384.5, found MH* 385.2 (individual isomers separately
measured); (8¢) ES-MS calced for CosHa3FN>O 386.5, found
MH* 387.2; (8d) ES-MS calcd for Cy3HsN,O 348.5, found
MH™ 349.1; (8e) ES-MS cacld for CasH,4N,0; 384.5, found
MH?** 386.2; (8f) ES-MS calcd for CysH4N,03 400.5, found
MH™ 401.1; (8g) ES-MS calcd for CpsHp3FN,0, 402.5, found
MH* 403.1; (8h) ES-MS calcd for Cy3H»N>05 364.5, found
MH™ 365.2; (8i) ES-MS calcd for CpsH3BrN,O 446.1, found
MH" 447.0 (individual isomers separately measured); (8f)
ES-MS caled for CpsHy3BrN,O, 462.1, found MH* 463.1;
(8k) ES-MS calcd for CpsHy,BrFN,O 464.1, found MH*
465.1; (81) ES-MS calcd for C53H;BrN,0 426.1, found MH*
427.2.

General Procedure for Batch Dione Synthesis (12a—
1). Twelve conical polypropylene cell culture tubes (20 mL)
were charged with 400 mg of ketone resin (4 and 11,
approximately 0.38 mmol, six tubes per ketone), p-nitro-
phenyl esters (5.76 mmol, Sa—c¢), and 15 mL of THF. Each
tube was then purged with a nitrogen atmosphere using a
14/20 septa and then chilled in an ice bath. A 1.0 M THF
solution of LHMDS (3.84 mmol) was added dropwise via
syringe to each tube; the rcaction was then sealed with a
screw cap and shaken vigorously. Esters Sd—f could not be
present during cnolate formation due to their reactivity
toward LHMDS and thus were added in one portion 30 min
after addition of LHMDS. All 12 reaction tubes were then
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loaded into a homemade reaction block, which was slowly
rotated within a 40 °C oven using a modified rotary
evaporator motor. After 5 h, the resins were transferred to
coarse sintered glass filters using CH,Cl,. A rinse procedure
followed involving methanol/DMF 1:1 (1 x 30 mL), DMF
(3 x 20 mL), CH,Cl, (3 x 20 mL), and methanol (2 x 20
mL). The resins were then dried in vacuo, and the level of
product formation was determined by nanoprobe 'H NMR-
MAS. In all 12 cases, disappearance of the ketone o-protons
occurred, and a new signal at approximately d 5—5.3 was
observed for the a/o” methine proton, indicating successful
dione formation. Diagnostic chemical shifts are reported
below (note: aromatic resonances from dione which overlap
with polystyrene backbone in addition to the resin backbone
signals themselves are not listed; for purposes of naming,
polystyrene is abbreviated “PS”; integration values are
approximately =15%).
1-PS-(4-Benzyloxyphenyl)-2-ethyl-3-phenyl-propane-
1,3-dione (12a): ¢ 1.02 (3H, CH,CH,), 2.15 (2H, CH;CH,),
4.95 and 5.05 (two overlapping s, 3H, PS-ArCH,0 and o/o!’-
CH), 7.95 (4H, ArCH ortho-C=0).
1-PS-(4-Benzyloxyphenyl)-2-ethyl-3-(4-methoxyphenyl)-
propane-1,3-dione (12b): 6 1.01 (3H, CH5CHy), 2.15 (2H,
CH;CH,), 3.74 (3H, OCH,), 4.98 (s, 3H, ArCH, and o/o’-
CH), 7.95 (4H, ArCH ortho-C=0).
1-PS-(4-Benzyloxyphenyl)-2-ethyl-3-(3-methoxyphenyl)-
propane-1,3-dione (12¢): ¢ 1.02 (3H, CH3CH,), 2.14 (2H,
CH;CH,), 3.72 (3H, OCHs), 5.05 (two overlapping s, 3H,
PS-ArCH,0 and o/o’-CH), 7.51 (2H, ArCH), 7.96 (2H,
ArCH). :
1-PS-(4-Benzyloxyphenyl)-2-ethyl-3-(4-bromophenyl)-
propane-1,3-dione (12d): ¢ 1.01 (3H, CH3;CHy), 2.13 (2H,
CH3CH,), 4.97 (s, PS-ArCH,0 and a/o’-CH); 7.50 (ArCH),
7.79 (ArCH), 7.95 (ArCH).
1-PS-(4-Benzyloxyphenyl)-2-ethyl-3-(4-fluorophenyl)-
propane-1,3-dione (12¢): 6 1.01 (3H, CH;CH,), 2.14 (2H,
CH;CH,), 4.97 (s, PS-ArCH,0 and o/o’-CH), 7.97 (4H,
ArCH).
1-PS-(4-Benzyloxyphenyl)-2-ethyl-3-(3-fluorophenyl)-
propane-1,3-dione (12f): 6 1.01 (3H, CH5CHy), 2.13 (2H,
CH;CH,), 4.97 (s, PS-ArCH,0 and o/o’-CH), 7.64, 7.69,
7.95 (three s, 4H, ArCH).
1-PS-(4-Benzyloxyphenyl)-2-iso-butyl-3-phenyl-propane-
1,3-dione (12g): 6 0.96 (6H, (CH;),), 2.01 (6-CH>), 4.95
(2H, PS-ArCH;0), 5.24 (1H, w/o’-CH), 7.39 (3H, ArCH),
7.48 (ArCH), 7.97 (3H, ArCH).
1-PS-(4-Benzyloxyphenyl)-2-iso-butyl-3-(4-methoxy-
phenyl)-propane-1,3-dione (12h): 6 0.95 (6H, (CH3)2),
2.02 (3-CH,), 3.76 (3H, OCH3), 4.93 (2H, PS-ArCH,0), 5.17
(1H, a/o’-CH), 7.97 (4H, ArCH).
1-PS-(4-Benzyloxyphenyl)-2-iso-butyl-3-(3-methoxy-
phenyl)-propane-1,3-dione (12i): J 0.96 (6H, (CHs;),), 2.00
(B-CH>), 3.74 (3H, OCHs), 4.95 (2H, PS-ArCH,0), 5.23 (1H,
o/a’-CH), 7.29 (ArCH), 7.52 (2H, ArCH), 7.97 (2H, ArCH).
1-PS-(4-Benzyloxyphenyl)-2-iso-butyl-3-(4-bromo-
phenyl)-propane-1,3-dione (12j): J 0.95 (6H, (CHs),), 1.97
and 2.05 (overlapping s, 8-CH,), 4.95 (2H, PS-ArCH,0),
5.14 (1H, wo’-CH), 7.51 (2H, ArCH), 7.81 (2H, ArCH),
7.96 (3H, ArCH).
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1-PS-(4-Benzyloxyphenyl)-2-iso-butyl-3-(4-fluorophenyl)-
propane-1,3-dione (12k): 6 0.95 (6H, (CH;),), 1.99 and
2.05 (overlapping s, 8-CHy), 4.95 (2H, PS-ArCH,0), 5.16
(1H, a/a’-CH), 7.98 (4H, ArCH).

1-PS-(4-Benzyloxyphenyl)-2-iso-butyl-3-(3-fluorophenyl)-
propane-1,3-dione (121): J 0.95 (6H, (CHs)z), 1.95 and 2.07
(overlapping s, 8-CH,), 4.97 (2H, PS-ArCH,0), 5.18 (1H,
o/o’-CH), 7.66 (ArCH), 7.73 (ArCH), 7.97 (4H, ArCH).

General Solid-Phase Conditions Used To Prepare 96-
Member Pyrazole Library. Pyrazole Formation: Each of
the above diones (12a—I1) werc divided into eight ap-
proximately 50 mg portions and distributed across each row
of an 8 x 12 Polyfiltronics Unifilter plate. After charging
each well with the appropriate dione, the 12 commercially
available hydrazine components (Figure 4) were carefully
added as prewcighed solids to the appropriate wells while
carcfully blocking off neighboring wells in order to avoid
cross-contamination. The bottom of the platc was then
securcd in a reaction clamp (Polyfiltronics Combiclamp) with
two Viton gaskets. To cach well was added 1.5 mL of EtOH
and approximatcly 100 uL. of TEA. The top of the platc was
scaled and the assembly agitated and heated to 65 °C in an
oscillating cell culture oven. The reaction was monitored by
FT-IR using scveral suspected “worst-casc” scenarios (H-2,
F-2, and E-5 and our lead compound, A-2) by observing
the diminishing intensity of the C=0 signal at 1670 cm™!,
After 38 h, the plate was cooled to room temperature, and
the crude mixturcs were filtered within the reaction block
by vacuum aspiration (Polyfiltronics filter/collection vacuum
manifold). The resin-bound pyrazoles were then rinsed with
mcthanol/DMF 1:1 (2 x 2 mL), DMF (3 x 2 mL), CH,Cl,
(3 x 2 mL), and methanol (3 x 2 mL) and then dried in
vacuo overnight in a desiccator.

Deprotection/Cleavage: In a Nj-charged glovebag at
room temperature, the resins were suspended in 0.5 mL of
CH,Cl; and treated dropwise with a 1.0 M CH,Cl; solution
of BBr; (500 uL). The reaction block was scaled as beforc
and allowed to stand at room temperaturc with occasional
mixing. After § h, the resins were carefully quenched with
cold MeOH (0.5 mL), and then approximately 100 mg of
bicarbonate resin 10¢ was added to each well. After 20 min,
when most of the CO, evolution ceased, the reaction top
was rescaled and the block heated to 50—60 °C for 1 h. Upon
cooling to room temperature, the released library members
were collected in a 96-well 2 mL collection plate, and the
solvent cvaporated to dryness (a 96-pin manifold capable of
providing a gentle overhead stream of N» to each well in
addition to gentle warming using a hot plate allowed for the
removal of most of the McOH; the remaining residual
volatiles were removed in vacuo). Each member was then
reconstituted in 1 mL of McOH and analyzed by RP-HPLC.

Characterization of 96-Member Pyrazole Library. RP-
HPLC analysis was performed on an analytical HPLC system
with an autosampler. UV detection was performed at 254
nm and a flow ratc of 1.0 mL/min using a C-18 CombiScreen
analytical column (YMC, Inc., 4.6 mm x 50 mm) with a
MecOH:H;O gradient solvent system (40—90% MecOH, 0—5
min, total run time = 10 min). A fluorometer HPLC flow

Stauffer and Katzenellenbogen

detector was used to aid in identification of the expected
pyrazole peak. An excitation wavelength of 306 nm and
emission wavelength of 364 nm were used, based on the
fluorescence properties of pyrazole 1. After RP-HPLC
analysis, the library members were transferred from au-
tosampler vials to tared 7 x 40 mm flat bottom vials (8 mm
crimp tops), and the solvent was then removed using a Savant
vacuum centrifuge. After further drying in vacuo the sample
weight was recorded, and a modified three-point competitive
binding assay was then performed. Authentic HPLC traces
obtained for 8a—1 (Table 1) were used to help confirm their
later synthesis in the 96-member library. These controls
represent 13% of the total library members produced. The
RBA values of these “controls” from this library were
equivalent to those obtained for the same compounds in the
12-membered library, within the statistical limits of the
binding assay (coefficient of variation is 0.3).
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We have found that certain tetrasubstituted pyrazoles are high-affinity ligands for the estrogen
receptor (ER) (Fink et al. Chem. Biol. 1999, 6, 205—219) and that one pyrazole is considerably
more potent as an agonist on the ERa than on the ERf subtype (Sun et al. Endocrinology
1999, 140, 800—804). To investigate what substituent pattern provides optimal ER binding
affinity and the greatest enhancement of potency as an ERa-selective agonist, we prepared a
number of tetrasubstituted pyrazole analogues with defined variations at certain substituent
positions. Analysis of their binding affinity pattern shows that a C(4)-propyl substituent is
optimal and that a p-hydroxyl group on the N(1)-phenyl group also enhances affinity and
selectivity for ERa. The best compound in this series, a propylpyrazole triol (PPT, compound
4g), binds to ERa with high affinity (ca. 50% that of estradiol), and it has a 410-fold binding
affinity preference for ERo. It also activates gene transcription only through ERa. Thus, this
compound represents the first ERa-specific agonist. We investigated the molecular basis for
the exceptional ERa binding affinity and potency selectivity of pyrazole 4g by a further study
of structure—affinity relationships in this series and by molecular modeling. These investiga-
tions suggest that the pyrazole triols prefer to bind to ERa with their C(3)-phenol in the estradiol
A-ring binding pocket and that binding selectivity results from differences in the interaction
of the pyrazole core and C(4)-propyl group with portions of the receptor where ERa has a smaller
residue than ERf. These ER subtype-specific interactions and the ER subtype-selective ligands
that can be derived from them should prove useful in defining those biological activities in
estrogen target cells that can be selectively activated through ERa.

ally quite easy to imagine the orientation that this
ligand is likely to adopt when it is bound by ER.3#4 ER
mutagenesis studies,? and the recent X-ray crystal-
lographic structures of ER complexed with both estra-

Introduction

The estrogen receptor (ER) displays a remarkable
capacity for binding nonsteroidal ligands with high

affinity.! Many of these ligands have been developed
into hormonal agents having mixed agonist—antagonist
and tissue-selective activities that are useful in meno-
pausal hormone replacement, in fertility regulation, and
in the prevention and treatment of breast cancer.
Because of their unusual pharmacology, some of these
agents have been termed selective estrogen receptor
modulators (SERMs).2 To understand the molecular
basis of the tissue selectivity of these SERMs, it would
be helpful to know in detail how they are interacting
with the ER. However, short of performing X-ray
crystallographic analysis of ER complexes with each
ligand, it can be a challenge to obtain such information.

If the nonsteroidal ligand bears a reasonable struc-
tural relationship with steroidal estrogens, it is gener-
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diol and three nonsteroidal ligands (raloxifene, hydroxy-
tamoxifen, and diethylstilbestrol), provide additional
guidance in the selection of reasonable binding orienta-
tions for ligands of this type.%® However, when the
nonsteroidal estrogens have structures that are more
divergent from those of steroidal estrogens, it becomes
a greater challenge to predict ligand-binding orienta-
tion.”

The recent characterization of a second ER gene,
encoding ERp, places a further premium on our under-
standing of the details of ligand —receptor interaction,??
because it would be especially interesting to have
ligands that could activate or inhibit each of the ER
subtypes with high selectivity. Such ligands would be
valuable tools to define the biological effects that are
mediated by ERa and ERf. So far, however, there have
been only a few reports of ER subtype-selective estro-
gens, and in many cases, the selectivity has been
relatively modest.1°

Recently, we investigated various heterocyclic diazole
structures as core elements for nonsteroidal estrogens

© 2000 American Chemical Society
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Figure 1. Pyrazole core optimized for high-affinity ER binding
(X =H, OH; R = alkyl).

of novel design.!112 Our aim was to identify systems that
would be amenable to combinatorial assembly and
library synthesis. From among the several systems we
studied that included imidazoles, oxazoles, thiazoles,
and isoxazoles, we found that high-affinity ER ligands
could be obtained by appropriate substitution on a
pyrazole core. Subsequently, we used a parallel, solid-
phase synthesis approach to prepare some combinatorial
pyrazole libraries of moderate size.!® In the cases we
investigated, high-affinity binding required tetrasub-
stitution of the pyrazole core and an appropriate display
of aromatic, phenolic, and aliphatic groups.'t12 An
example of this optimal pattern of substitution that we
have thus far delineated for pyrazoles includes three
aromatic groups at the 1-, 3-, and 5-positions, specifi-
cally phenols at the 3- and 5-positions, and an alkyl
group at the 4-position (Figure 1). Initial studies on one
of these compounds (Figure 1; X = H, R = Et) showed
that it acted as an agonist on both ER subtypes, but it
was considerably more potent on ERa than on ERA.14
Thus, this pyrazole was termed an ERo potency-
selective agonist.

In this report, we have investigated structure—
activity relationships in these tetrasubstituted pyrazoles
to delineate two aspects of their behavior: (1) the C(4)-
alkyl substituent and phenol hydroxyl pattern that
provide optimal ER subtype selectivity and (2) the
extent to which the ERa-selective binding affinity and
potency of these pyrazoles can be understood in the
context of crystal structures of the ERa ligand-binding
domain (LBD) and models for ERf derived from these
structures. Our studies provide new information on
these issues, and in the process, we have identified a
pyrazole that shows complete ERa selectivity in tran-
scription activation by the receptor.

Results and Discussion

Chemical Syntheses. The compounds we have stud-
ied have various C(4)-alkyl substituents and have either
a phenyl or 4-hydroxylphenyl substituent on N(1).
Shown in Scheme 1 is the route used for the synthesis
of the pyrazoles 4a—1i. The starting alkylphenones 1a—f
were readily prepared in good yields by Friedel—Crafts
acylation of anisole. The requisite f-diketones 2a—e
were then produced in moderate to good yields by acyl-
ation of the corresponding lithium enolates with 4-ni-
trophenyl 4-methoxybenzoate. Because the pyrazoles
are sterically crowded, rather harsh conditions were
required for their formation (>16 h at reflux at 110—
120 °C in DMF/THF solution). Nonetheless, these
conditions served quite well for pyrazole formation in
solution. Several of the pyrazole intermediates protected
as methyl ethers were isolated in good yield. However,
with the trimethoxy pyrazoles 3g—i, it was difficult to
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Scheme 1. Synthesis of C(4)-Alkylpyrazole Analogues
0 0
. o
+ R R
MeO MeO

AICI3 (X = Cl)

or PPA (X = OH)

(75 - 99%) 1a R=Me
b R=Et
¢ Rs=nPr
d R=/Bu
e R=nBu
f R=iPr
LHMDS, THF e 9 ArNHNH,*HCI
THF/DMF (1:3)
o ORAGER:"
2 O 0 MeO OMe 120°C
O
2a R=Me
OMe b R=Et (53 - 87 %)
¢ R=nPr
(69 - 95%) d R=Au
e R=nBu
X X
3 8!
N-N CH,Cla
4

3a  R=MeX=H 4a  R=MeX=H

b R=E,X=H b A =E,X=H

¢ R=nPr,X=H ¢ R=nPr,X=H (PPD)
d  R=/BuX=H d  R=/iByX=H

e R=nBuX=H e R=pBuX=H

f  R=EtX=0Me f R=EtX=O0H

g9 R=nPr,X=0Me 9 R=nPrL,X=0H (PPT)
'] R = FBu, X = OMe b R-iBy X=0H

i i

R = n-Bu, X = OMe R = nBu, X=0H

separate the protected product from traces of the
diketone precursor by chromatography. So, in these
cases the crude material was passed through a short
silica gel column and, without further purification, was
then deprotected using BBrs. Pyrazoles 3d,e were also
treated in this manner. The final phenolic pyrazoles
4a—1i were isolated in 30—98% yield after purification
by recrystallization and/or chromatography.

In addition to the final pyrazole products 4a—i, we
wished to prepare the isopropyl analogue derived from
ketone 1f. However, we encountered difficulties in the
preparation of this hindered dione because of significant
O-acylation that occurred during the Claisen condensa-
tion. Separation of the O-acylated byproduct from the
desired dione proved to be difficult. Moreover, once the
dione was isolated, the pyrazole condensation failed
using the conditions described above, which had been
optimized for solution-phase synthesis. To avoid these
problems, we utilized a solid-phase synthesis according
to the methodology that we had previously developed,!?
and in this manner we were able to obtain the isopro-
pylpyrazole 6 starting from the resin-bound ketone 5,
as shown in Scheme 2, although the overall yield was
relatively low.

To prepare a complete series of all of the possible
diphenol and monophenol analogues of the C(4)-ethyl
triphenol 4f, we also synthesized monophenols 7a—¢
and the remaining diphenols 8a,b (all mono- and
diphenols are shown in Scheme 3, top). Monophenol 7a
was prepared from dibenzoylmethane (9) and 4-meth-
oxyphenylhydrazine by the usual sequence!' (Scheme
3, middle). The synthesis of the remaining two mono-
phenols (7b,e) by a regioselective route has been de-
scribed elsewhere (not shown).!® The two remaining
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Scheme 2. Synthesis of C(4)-Isopropylpyrazole 6 by Solid-Phase Methodology!?
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diphenols (8a,b) were also prepared by this regio-
selective method, as shown in Scheme 3 (bottom). The
two chalcones (12a,b) are treated with p-methoxy-
phenylhydrazine under anerobic conditions to give the
pyrazolines 13a,b. The corresponding anions, generated
by treatment with LDA, were ethylated, and the C(4)-
ethylpyrazolines 14a,b were then oxidized to the pyra-
zoles 15a,b and deprotected to the desired bisphenols
8a,b.

ER Binding Affinity of Tetrasubstituted Pyra-
zoles. The ER binding affinity of pyrazoles 4a—i, 6, 7a—
¢, and 8a,b was determined in a competitive radiometric
binding assay using purified full-length human ERa and
ER/f5, as previously deseribed.’®1” The affinities are
cxpressed as relative binding affinity (RBA) values and
are presented in two tables: Table 1, which is discussed
here, covers the effect of the nature of the C(4)-alkyl
substituent on the binding affinity and ER subtype
selectivity of pyrazoles in the triphenol and the principal
3,5-diphenol series; the data in Table 2, which compares
the affinity of the three possible mono- and diphenols
with the triphenol in the C(4)-ethylpyrazole series,
relates to the issuc of ligand orientation and is discussed
in a later section.

Two interesting trends are notable in the binding
affinity data presented in Table 1. In both the diphenol
series (X = H, 4a—e, 6) and the triphenol series (X =
OH, 4f—i), optimal binding affinity for ERa requires a
C(4)-alkyl substituent that is not too long (n-Bu: 4e,i)
or too short (Me: 4a), the highest affinity being found
with the intermediate size substituents: Et (4b,f), n-Pr
(4c,g), and i-Bu (4d,h). Thus, it appears that the
subpocket that is accommodating this group has a
limited size and relatively narrow shape. A more
significant trend evident in this series has to do with

6 (11%, three steps from ketone)

the effect of the phenolic substituent on the N(1)-phenyl
group. In each case where a comparison can be made
(namely, Et, Pr, i-Bu, or n-Bu), the triphenols (X = OH,
4f—i) have higher affinity on ERa and/or lower affinity
on ERpS than do the diphenols (X = H, 4a—e). As a
result, the triphenols consistently have higher ERa
affinity selectivity than do the corresponding 3,5-di-
phenols.18 In fact, some of the members show a remark-
able selectivity in their binding affinity for ERa vs ERS,
which is 30—40 for some of the pyrazole diols (4e,d) and
as high as 200—400 for some of the pyrazole triols (4f,g).
The increased ERa binding affinity of the triphenols
is not expected, because additional polar substituents
are generally poorly tolerated in the center of the ligand-
binding pocket of ER, at least in most nonsteroidal
ligand systems that have been examined, such as the
benzolb]thiophenes!® and 2,3-diarylindans.” One excep-
tion is found with certain triphenylacrylonitriles, where
addition of a third hydroxyl increases binding affinity.20
We have previously reported binding affinities for one
of these pyrazoles (4b), using receptor preparations
containing only the LBDs of human ERa and ERf,
rather than full-length human ERa and ERA.} The
values obtained previously were higher but less ERa-
selective (60 4 16 for ERa and 18 + 4 for ERf). At this
point, the reasons for these affinity differences between
full-length ER and the ER LBD are not clear, although
they have been seen, as well, in a structurally different
class of ER ligands.!” However, it is of note that the
higher ERW/ERS affinity ratio that we obtain for pyra-
zole 4b with the full-length ERs is more consistent with
the 120-fold potency ratio we described in transcription
assays than was the 3-fold ERoW/ERS affinity ratio
obtained with ERs containing only the LBDs.14
Transcriptional Activity and Potency of Tetra-
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*Scheme 3. Synthesis of the Remaining Mono- and Diphenolic C(4)-Ethylpyrazoles
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substituted Pyrazoles. For investigation of transcrip-
tion activation ability, we selected two compounds: the
pyrazole having the highest ER0W/ERS affinity selectivity
(410-fold, the propylpyrazole triol 4g, called PPT for
convenience) and the corresponding pyrazole in the diol
series (4¢, called propylpyrazole diol or PPD). These two
pyrazoles were assayed for estrogen agonist activity in
transactivation assays using human endometrial cancer
(HEC-1) cells transfected with expression plasmids for
ERc and ERf and an estrogen-responsive reporter gene
plasmid. The dose—response curves for these compounds
are shown in Figure 2.

Both compounds are potent in activating gene tran-
scription through ERa, but the PPD (4¢) is weak in
transcriptional activation through ERf and PPT (4g)
is completely inactive in stimulating transcription via
ERpS. Thus, PPT (4g) is an ERa-specific agonist. This
pharmacological profile is reminiscent of the behavior
of the C(4)-ethyl analogue of pyrazole 4c¢ (namely,
pyrazole 4b), that we have previously described as an

(90-100 %)

N—N

Y Et 4

15a X, Y=OMe;Z=H

b Y=H;X, Z=0Me BBry
8a X, Y=0H;Z=H (35-70%)
b Y=H;X, Z=0H

agonist that is more potent on ERa than on ERf. This
compound (4b) had an ECsp of ca. 1 nM on ERa and
showed a 120-fold potency selectivity for this ER sub-
type.* However, in cell transfection assays both PPT
and PPD are nearly 10-fold more potent than the
original pyrazole 4b on ERq, and they are much more
ERo-selective.

As we had noted in our earlier study on pyrazole 4b,4
and is clearly evident here as well, the ERa selectivity
of these pyrazoles in terms of their pofency in transcrip-
tion assays is substantially greater than their affinity
selectivity in binding assays. For example, the ERa
affinity selectivity of PPD (4¢) is 32, yet its potency
selectivity is ca. 1000 (cf. Figure 2). Likewise, the ERa
affinity selectivity of PPT (4g) is 410, and its potency
selectivity, which although is difficult to accurately
evaluate (cf. Figure 2), is probably greater than 10000.
Such a discordance between affinity and potency might
be explained in the context of “tripartite receptor
pharmacology”, a concept that we advanced some time
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Table 1. Relative Binding Affinity Data for C(4)-Alky!l
Triphenol and 3,5-Diphenol Pyrazole Analogues®

X
2 Q
N—N
kY4 P 5
T
HO R OH
ERWER/
compd R X RBAER«” RBAERA® RBA ratio
3,5-Diphenols
4a Me H 0.76 +0.18 0.28 £ 0.16 2.7
4b Et H 31+15 1.1+0.2 28
6 i-Pr  H 56 +2 0.86 + 0.11 6.5
4¢ (PPD) n-Pr H 16.8 £0.3 0.5240.03 32
4d i-Bu H 56 + 6 1440 40
4e n-Bu H 87+20 047401 19
1,3,5-Triphenols
4f Et OH 36+6 0.15 + 0.014 240
4g (PPT) n-Pr OH 49 + 12 0.12 £ 0.04 410
4h i-Bu  OH B+6 0.89 + 0.06 84
4i n-Bu OH 14+ 4 0.18 + 0.09 77

@ Relative binding affinity (RBA), where estradiol is 100%.
Values are the mean of at least 2 and more typically 3 or more
independent determinations (£SD).?? ¢ Competitive radiometric
binding assays were done with purified full-length human ERa
and ERp (PanVera Inc.), using 10 nM [*HJE; as tracer and HAP
for adsorption of the receptor—tracer complex.16.17

ago.?! Binding measured in vitro with purified ERs
involves only the interaction between ligand and recep-
tor, whereas transcription measured in cells involves
the additional interaction of the ligand—receptor com-
plex with coactivators and other cellular components.
Thus, compared to their relative affinities for ERa and
ERp, the relative potency of two ligands can be modu-
lated by differences in the strength with which their
respective ligand—receptor complexes bind to coactiva-
tors or are modified by other cellular elements, although
other factors, as well, might be involved. In this case, it
appears that the pyrazole complexes with ERa are
better able to bind coactivators than are the ERf—
pyrazole complexes, as we have documented in a recent
study.??

A Model for the Binding of Pyrazoles with the
ER Subtypes. The high affinity, and particularly the
high selectivity, with which these pyrazoles bind to ERa
raises the important issue of what molecular features
underlie the differences in their interaction with ERa
vs ERS. Without crystal structures available for the
comparison of any of these pyrazoles complexed with
both ERa and ERf, we are currently limited to inves-
tigating this issue by molecular modeling.

1. Structure—Affinity Relationships and the
Orientation of Pyrazoles in the Ligand-Binding
Pocket of ERc. Because the pyrazoles we have studied
here are rather symmetrical and are polyphenolic, it is
not obvious which orientation these ligands might prefer
to adopt within the ligand-binding pocket of ER. In
principle, the triphenolic pyrazoles could adopt six
orientations (see Figure 4): Each of the three phenolic
rings could play the role of the A-ring of estradiol, and
in each case the remainder of the pyrazole could adopt
two orientations about the bond connecting the A-ring
phenol mimic to the pyrazole core (darkened bond).

Stauffer et al.

These six binding modes are given the designations:
N(1), N(1y, C(3), C3), C(5), and C(5)".

A classical approach that has been used to try to
ascertain which orientation di- and triphenolic com-
pounds adopt within the ER binding pocket has been
to systematically delete the phenolic hydroxy! group and
examine the effect of this deletion on the binding
affinity.” Because the hydroxy group on the phenol that
corresponds to the A-ring of estradiol is thought to make
the major contribution to ligand-binding affinity, the
greatest reduction in binding should occur when this
hydroxyl group is the one deleted.? We have undertaken
such an analysis by comparing the affinities of pyrazoles
in which the three phenols in the triphenol 4f were each
singly deleted (diphenol set: 4b, 8a,b) or were deleted
in three pairs (monophenol set: 7a—c). The affinities
of these three diphenols and three monophenols, to-
gether with the triphenol parent 4f, are listed in Table
2. Because we had prepared the most pyrazoles in the
C(4)-ethyl series, we chose to do this structure—affinity
study in this series.

The simplest analysis we can make of the structure—
binding affinity pattern shown in Table 2 is the follow-
ing: In the monophenol set (7a—e), the N(1)- and C(3)-
phenols (7a,b) have comparable affinities, but the C(5)-
phenol (7¢) binds ca. 100-fold less well. Because of the
very low affinity of the C(5)-monophenol (7¢), we believe
that the C(5)-phenol cannot function as the mimic of
the A-ring of estradiol, in essence, eliminating orienta-
tions C(5) and C(5)" as possibilities. (It is of note that
these two “eliminated” binding modes project bulky
groups simultaneously in directions that correspond to
C(7) and C(11) of estradiol; cf. Figure 3.) Elimination of
the C(5)-phenol leaves the N(1)- and C(3)-phenols as
potential estradiol A-ring mimics, but the very similar
affinities of both of these monophenols suggest that each
one may function as the A-ring mimic.

Analysis of the binding affinity pattern of the bis-
phenols is somewhat more ambiguous, but suggestive,
nevertheless: Deletion of the N(1)-phenol from the
triphenol has only a minor effect on the binding affinity
(4b vs triphenol 4f), which means that in the context of
the triphenol in ERa, the N(1)-phenol is not contributing
significantly to binding affinity. Thus, one would expect
that the C(3)-phenol is likely to be the more important
of the two and thus that the orientations C(3) and C(3)
are more likely than the orientations N(1) and N(1)" .
Deletion of either the C(3)-phenol or the C(5)-phenol
results in a 4—5-fold decrease in binding (8a,b vs 4f).
The fact that the N(1),C(3)-bisphenol (8b) still binds
quite well is not surprising, because the C(3)-phenol is
still available to be the estradiol A-ring mimic. However,
the fact that the N(1),C(5)-phenol (8a) also binds quite
well might seem surprising, because this diphenol lacks
the important C(3)-hydroxyl.

We believe that the reasonably good affinity of di-
phenol 8a suggests that this pyrazole can bind with the
N(1) group as the estradiol A-ring mimic, meaning that
the N(1) and N(1)" ligand orientations are also possible,
though, based on the minimal effect of the N(1)-phenol
deletion, they are probably not significantly populated
when a C(3)-phenol is available. (It seems unlikely that
diphenol 8a would bind with the C(5)-phenol in the
A-ring pocket, because of the very low affinity of the
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Figure 2. Transcription activation by ERa (left) and ERS (right) in response to pyrazoles 4¢ (PPD) and 4g (PPT). Human
endometrial cancer (HEC-1) cells were transfected with expression vectors for ERa or ERf and an (ERE)3-pS2-CAT reporter
gene and were treated with the indicated concentrations of ligand for 24 h. CAT activity was normalized for f-galactosidase
activity from an internal control plasmid. Values are expressed as a percent of the ERa or ERf response with 1 nM E,, which is

set at 100%.32
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Figure 3. Potential pyrazole binding relative to estradiol. Both modes A and A" have the C(3)-phenol oriented to project in to the
estradiol A-ring binding pocket. Modes A and A’ are related to one another by rotation of the pyrazole core around the darkened

bond.

C(5)-monophenol 7¢.) Thus, the phenol deletion/binding
affinity approach has only reduced the number of
possible ligand orientations in the binding pocket from
six to four, with a suggested preference for two orienta-
tions, C(3) and C(3)". As described in the section below,
we have tried to narrow down the possible ligand
orientations even further by molecular modeling.

The conclusions thus far that the C(3)-phenol is the
preferred A-ring mimic but that the N(1)-phenol is a
possible alternative are consistent with two other stud-
ies that we have recently completed. In a related but
more limited investigation of the orientation of ligand
binding in two isomeric pyrazole series, we concluded
that the orientation with the C(3)-phenol as the A-ring
mimic was most likely in the pyrazole series that is the
same as the one studied here and that in the isomeric
series the phenol that occupied topologically congruent
substituent position also functioned as the A-ring
mimic.?® In another investigation in which we worked

to convert these pyrazoles from agonists to antagonists
by appending a basic side chain onto the four substit-
uents on these pyrazoles, we found that high affinity
was retained only when this group was attached to the
C(5)-hydroxyl.?* On the basis of this structure—affinity
pattern, as well as some molecular modeling and
consideration of the structure of the ER LBD complexes
with antagonists, we concluded in that study that the
most likely orientation of these basic side chain-
substituted pyrazoles was N(1).2¢ In this orientation, the
basic side chain could project outward through the 1153-
channel that forms in the ER LBD complexes with
antagonists.%8

2. Molecular Modeling of the Orientation of
Pyrazole Triols in the Ligand-Binding Pocket of
the ERs. We have previously done modeling of the
pyrazole ligands in the ER LBDs, first in our initial
study on these ligands!! and, more recently, in connec-
tion with a study of the orientation of these ligands in
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Figure 4. Crossed-stereoview of propylpyrazole triol (PPT, 4g) docked and minimized in ERa LBD pocket according to binding
mode A, showing selected residues close to the ligand. The pyrazole ligand is shown with standard atom colors. The residues in
ERa are identified and shown in yellow. At the two positions where the ERfS sequence differs from ERa, the ERf residues are
shown in red (Met in ERf in place of ERa Leu384 and Ile in ERf in place of ERo Met421).

Table 2. Relative Binding Affinity Data for C(4)-Ethylpyrazole
Tri-, Di-, and Monophenols®

X Y Z ERWER/
compd N(1) C(3) C(5) RBAERa’ RBAERA® RBA ratio
Monophenols
7a OH H H 31+05 1.5+ 0.2 2.1
7b H OH H 26+01 061+0.2 4.3
7c H H OH 0.04-+0.11 0.06 £0.01 0.67
Diphenols
4b H OH OH 3115 1.1+0.2 28
8a OH H OH 7.0+06 0.80+0.09 9
8b OH OH H 89+06 0321001 28
Triphenols
4f OH OH OH 36x6 0.15 £ 0.014 240

@ Relative binding affinity (RBA), where estradiol is 100%.
Values are the mean of at least 2 and more typically 3 or more
independent determinations (+SD).% # Competitive radiometric
binding assays were done with purified full-length human ERa
and ERf (PanVera Inc.), using 10 nM [PH]E, as tracer and HAP
for adsorption of the receptor—tracer complex. 1617

the binding pocket.?? As a result of this latter study,??
we have come to appreciate that there are some ambi-
guities in how polyphenolic ligands such as these
pyrazoles might be accommodated by ER, at least at the
level at which we are currently able to model. Such
ambiguity is echoed in the results of the structure—
binding affinity considerations discussed above. There-
fore, for the purposes of this paper, we have chosen to
illustrate a binding mode for these pyrazoles in which
the C(3)-phenyl group is placed in the ER LBD pocket
that normally binds the A-ring of estradiol (Figure 3,
see C(3) and C(3)"), as this appeared to be the most likely
orientation for these polyphenolic systems (see above
and ref 23). We have, however, also examined the other
four possible orientations.

We conducted a ligand docking/binding minimization
routine by placing PPT (4g) in ERa in both orienta-
tions: mode C(3) and mode C(3)" (Flexidock routine
within Sybyl; see Experimental Section, Molecular

Modeling). During the course of the ligand docking
routine, the PPT that began in orientation mode C(3)
became reoriented into mode C(3), whereas the one that
began in mode C(3) remained in mode C(3). Therefore,
mode C(3)" was not considered further. After the dock-
ing/minimization routine, the PPT in mode C(3) was
nicely accommodated in this orientation, with only
minimal changes in the side chain conformations of
some of the residues that line the ligand-binding pocket.
We also modeled the four other possible orientations of
this pyrazole using the same routine (not shown), but
we found that none of them gave a fit as good as that of
the pyrazole orientation illustrated as mode C(3) in
Figure 3. The fact that the N(1) and N(1) modes did
not score well in our modeling, although they seemed
possible on the basis of the structure—affinity consid-
erations above, suggests either limitations in our model-
ing method or the fact that these modes are not
important in the triphenolic pyrazoles and only become
important when certain phenols are missing (see above)
or a basic side chain is appended.?*

In Figure 4, we show a crossed-stereoview skeletal
model illustrating PPT (4g) in the ERa structure,
oriented in binding mode C(3), after the ligand docking/
minimization routine. For clarity and for the ERa and
ERf comparison below, only selected residues from ER
are shown. In this orientation, the N(1)-phenyl group
of PPT (4g) projects into a region of the binding pocket
which represents the C/D-subpocket that is normally
occupied by portions of the C- and D-rings and the 18-
methyl substituent on estradiol (Eg). Despite the im-
portance of the N(1)-phenol in enhancing ERa binding
selectivity (see above and Table 1), there are no obvious
sites for its interaction in this subpocket. The N(1)- and
C(5)-aryl groups of PPT project somewhat more deeply
into the C/D-subpocket than do the corresponding
regions of estradiol. However, this region is known to
tolerate a variety of substituents,? and certain residues
have been repositioned by the docking/minimization
routine to make additional space for the pyrazole ligand.
It is of note that these residue conformational changes,
which allow for PPT binding in this mode, involve
relatively minimal alteration in the total protein energy.

3. Analysis of Interactions Between Pyrazole
Substituents and Amino Acid Residues in ERa
and ERpj. We have used the C(3) orientation mode
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Figure 5. Crossed-stereoview of ligand skeletal structures and receptor molecular surfaces for the ERo.— and ERS—propylpyrazole
triol (PPT, 4g) complexes. The PPT in ERa is shown with standard atom colors, and the ERa receptor surface is shown in yellow;
in the ER—PPT complex, both the ligand and receptor surface are shown in red. For further details, see text.

model derived above to try to understand the origins of
the high ERa affinity selectivity of PPT (4g), and to do
this, we have constructed a model for ERfS that is
derived from ERo LBD—diethylstilbestrol (DES) struc-
ture (see Experimental Section for details).® Although
the LBDs of ERa and ERfS have only 56% amino acid
identity, the residues that line the ligand-binding pocket
are nearly identical.?’ In fact, of the 22—24 residues that
are considered to be in contact with the ligand (i.e.,
within 4 A), all but two are identical in ERa and ERj.2
The only differences are at ERa position 384, where
ERa has a leucine but ERfS has a methionine, and at
ERa position 421, where ERa has a methionine but ERf3
has an isoleucine. It has been speculated that these
sequence differences, in particular, may underlie the
differences in the ERa and ERpS binding affinities of
ligands that have been studied so far.2> For clarity, we
have distinguished these residues in Figure 4 by color:
The residues common to ERa and ERf are illustrated
in yellow, but at the two positions where the ERpj
residues are different, the ERf residues, colored in red,
are superimposed over the ERa residues in yellow (see
Figure 4 and legend).

In this model with the most ERa potency-selective
ligand PPT (4g), we can see that the pyrazole core itself
has the closest contact with Leu384 in the case of ERa
and Met384 in the case of ERS. For the Met/Ile
discriminating residues at ERa position 421, the C(4)-
propyl group as well as the C(5)-aryl group appear to
have close contacts, although this interaction seems less
severe.

A model for PPT (4g) binding to ERS was generated
by changing the two residues in the ERa ligand-binding
pocket to those found in ERp, inserting the ligand
according to mode C(3), and then conducting the ligand
docking/minimization routine as was done before with
ERa (see Experimental Section). The comparative fit of
this pyrazole in the ligand-binding pocket of ERa and
ERJ can be appreciated by the composite receptor
surface model shown in Figure 5 in crossed-stereoview.

In this figure, we have displayed the pyrazoles in both
of the receptors as skeletal structures, and the two
pockets as colored surfaces. The ligand in the ERc
model is shown with standard atom colors and the ERa
surface in yellow; both the ligand and receptor in the
ERS model are shown in red. In this figure, the view
has been rotated, twisting the C(3)-phenol away from
the viewer; this orientation is the best we have found
to display differences between the two models.

The principal difference in the surface of the ligand-
binding pocket is at the site where ERa has a smaller
residue (Leu384) than ERj3 (Met384). This is illustrated
by the sharp red interpenetrating surface in the middle
left region of the pocket. The increased steric bulk in
ERp at this site makes contact with the pyrazole core
of this ligand, displacing it relative to the pyrazole
position in the ERo model. Because the C(3)-phenol
remains relatively fixed in the rather rigid A-ring
binding pocket, this pyrazole core displacement causes
a large shift in the position of the N(1)-phenol and a
significant but somewhat smaller shift of the C(5)-
phenol and the propyl group. The large shift of the N(1)-
phenol is intriguing, because this group contributes
significantly to the ERa affinity and potency selectivity
of these pyrazoles. However, we have been unable to
identify any interaction in the N(1)-phenol subpocket
that would favor the presence of a hydroxyl in ERo and
disfavor it in ERB.

The shift of the propyl group forces this substituent
to adopt a gauche conformation in ERfS (vs an anti
orientation in ERa); this is a change that would most
likely increase ligand internal energy and reduce bind-
ing affinity. The shift of the pyrazole position in the ERf
model moves the C(5)-phenol toward the site where the
smaller Ile residue in ERf replaces the bulkier Met421
in ERa. Thus, the different shape of the ligand-binding
pocket in ERf, in particular the increased bulk of the
ERfS Met residue where ERa has a Leu, appears to
interfere with the optimal binding of the pyrazole ligand
and is therefore thought to account for its lowered
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binding affinity. It is interesting to note that even after
extensive minimization, there is a substantial energy
difference between the two complexes, with the ERa
complex having greater stabilization by ca. 30 keal/mol.

Conclusions

A series of C(4)-alkyl tetrasubstituted pyrazole ana-
logues have been prepared and their RBA values
determined for the ER. These compounds show an
interesting binding affinity pattern, including high-
affinity selectivity for ERq, which for the propylpyrazole
triol (PPT, 4g) reaches 410-fold. This compound also has
very high potency selectivity for ERa in reporter gene
transcription assays in cells, and it is the first ERa-
specific agonist. Structure—affinity relationships in a
series of mono-, di-, and triphenolic pyrazoles and
molecular modeling suggests that these pyrazoles bind
to the ER with the C(3)-phenol in the A-ring binding
pocket. A model of PPT (4g) docked in the ERo. LBD—
DES crystal structure in the most likely binding orien-
tation suggests that the very high ERa binding selec-
tivity of this pyrazole derives from particular interactions
between the pyrazole core and the C(4)-propyl group
with a region on the ligand-binding pocket where ERa
has a smaller residue (Leu384) than ERj (Met384).
These interactions may serve as the basis for future
structure-based design of ERa- and ERfj3-specific ligands.

Experimental Methods

General. All reagents and solvents were obtained from
Aldrich, Fisher, or Mallinckrodt. Tetrahydrofuran was freshly
distilled from sodium/benzophenone. Dimethylformamide was
vacuum distilled prior to use and stored over 4 A molecular
sieves. Melting points were determined on a Thomas-Hoover
UniMelt capillary apparatus and are uncorrected. All reactions
were performed under a dry Ny atmosphere unless otherwise
specified. Reaction progress was monitored by analytical thin-
layer chromatography using GF silica plates purchased from
Analtech. Visualization was achieved by short-wave UV light
(254 nm) or potassium permanganate stain. Radial prepara-
tive-layer chromatography was performed on a Chromatotron
instrument (Harrison Research, Inc., Palo Alto, CA) using EM
Science silica gel Kieselgel 60 PFy;, as adsorbent. Flash eolumn
chromatography was performed using Woelm 32—63 ym silica
gol packing.?S Synthetic procedures for 1la—f and spectral data
for 1d,f are described below. Compounds 1a,?” 1b,?% 1¢,? and
1e* were spectroscopically identical to the reported com-
pounds. The synthesis of compounds 7b,e¢ has been described
clsewhere. ™

'H and '"*C NMR spectra were recorded on cither a Varian
Unity 400 or 500 MHz spectrometers using CDCl; or MeOD-
d; as solvent. Chemical shifts are reported as parts per million
downfield from an internal tetramethylsilane standard (0 0.0
for 'H) or from solvent references. NMR coupling constants
are reported in hertz (Hz)., 3C NMR were determined using
cither the attached proton test (APT) or standard C pulse
sequence parameters. Low- and high-resolution electron im-
pact mass spectra were obtained on Finnigan MAT CH-5 or
70-VSE spectrometers. Low- and high-resolution fast atom
bombardment (FAB) were obtained on a VG ZAB-SE spec-
trometer. Elemental analyses were performed by the Micro-
analytical Service Laboratory of the University of Illinois.
Those final components that did not give satisfactory combus-
tion analysis (i.c., 4b—d, 6, 8a) gave satisfactory exact mass
determinations and were found to be at least 98% pure by
HPIL.C analysis under normal and reversed-phase conditions.

RBA Assays. Purificd ERa and ERf; binding affinities were
determined using a competitive radiometric binding assay
using 10 nM [*HJestradiol as tracer, commercially available
ERa and ERy) preparations (PanVera Inc., Madison, WI), and
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hydroxylapatite (HAP) to adsorb bound receptor—ligand com-
plex.'®1" HAP was prepared following the recommendations
of Williams and Gorski.?! All incubations were done at 0 °C
for 18—24 h. Binding affinities are expressed relative to
estradiol (RBA = 100%) and are reproducible with a coefficient
of variation of 0.3.

Transcription Activation Assays. Human endometrial
cancer (HEC-1) cells were maintained in culture and trans-
fected as described previously.?? Transfection of HEC-1 cells
in 60-mm dishes used 0.4 mL of a calcium phosphate precipi-
tate containing 2.5 ug of pCMVfiGal as internal control, 2 ug
of the reporter gene plasmid, 100 ng of the ER expression
vector, and carrier DNA to a total of 5 g DNA. CAT activity,
normalized for the internal control f3-galactosidase activity,
was assayed as previously described.3?

Molecular Modeling for Pyrazole 4g. The starting
conformation for 4g used for receptor docking studies was
generated from a random conformational search performed
using the MMFF94 force field as implemented in Sybyl 6.6.
The resulting lowest-energy conformer was then used for
docking studies. Charge calculations were determined using
the MMFF94 method and molecular surface properties dis-
played using MOLCAD module in Sybyl 6.6.

Pyrazole 4g, generated as noted above, was prepositioned
in the DES—ERa LBD crystal structure (Protein Data Bank
code 3ERD)® using a least-squares multifitting of select atoms
within the DES ligand. Once prepositioned, DES was deleted
and ligand 4g optimally docked in the ERa binding pocket
using the Flexidock routine within Sybyl (Tripos). Both
hydrogen-bond donors and acceptors within the pocket sur-
rounding the ligand (Glu353, Arg394, and His524), the ligand
itself, and select torsional bonds were defined. The best docked
receptor—ligand complex from Flexidock then underwent a
three-step minimization: first nonring torsional bonds of the
ligand were minimized in the context of the receptor using the
torsmin command, followed by minimization of the side chain
residues within 8 A of the ligand while holding the backbone
and residues Glu353 and Arg394 fixed. A final third minimiza-
tion of both the ligand and receptor was conducted using the
Anneal function (hot radius 8 A, interesting radius 16 A from
pyrazole 4g) to afford the final model.

The ERfS molecular model was generated within Sybyl by
first modifying residues Leu384 to Met384 and Met421 to
Ile421 in the DES—ERa LBD crystal structure® and conducting
an initial minimization of these two residues while holding
the remaining atoms fixed. This was followed by a final
minimization using the Anneal function (hot radius 4 A,
interesting radius 8 A from Met384 and Ile421) using condi-
tions similar to above. The pyrazole 4g was introduced into
this ERS model and the Flexidock routine implemented as for
the ERa model (see above). All minimizations were done using
the MMFF94 force field with the Powell gradient method (final
rms < 0.02 kcal/mol-A).

Chemical Syntheses. General Procedure for Prepara-
tion of Alkylphenones Using AICl; (1a—c,f): Method A.
To a stirred solution of AlCl; (46.8 mmol) in 1,2-dichloroethane
(10 mL) at 0 °C was added the commercial acid chloride (39.0
mmol) dropwise over 10 min. The resulting solution was
allowed to come to room temperature for 20 min until all of
the AICI; had dissolved. The reaction mixture was cooled to 0
°C and a solution of anisole (5.1 mL, 46.8 mmol) in 1,2-
dichloroethane (20 mL) was then added dropwise over 30 min.
Upon completion, the reaction was allowed to reach room
temperature and stir for 8—15 h. The mixture was then
quenched by pouring over 100 g of ice and extracted with
CH.,Cl, (8 x 25 mL). The combined organic layers were washed
with water, NaHCOQj; (satd), brine, then dried over MgSO, and
concentrated under reduced pressure. Excess anisole was
removed in vacuo and then the ketone product distilled.

General Procedure for Preparation of Alkylphenones
Using PPA (1d,e): Method B. A mechanically stirred
mixture consisting of carboxylic acid (1.0 equiv), anisole (1.1
equiv) and polyphosphoric acid (PPA; 6.15 g/mL of anisole) was
heated to 90—100 °C for 1.5 h. Upon cooling to near room
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temperature, the dark mixture was poured over ice (100 g/0.1
mol) and extracted repeatedly with EtOAc. The organic layers
were then washed with satd NaHCOj; followed by brine. After
drying the extract over Na,SO, and removal of solvent, a crude
oil was obtained. The final products were purified by bulb-to-
bulb distillation.
1-(4-Methoxyphenyl)-4-methylpentan-1-one (1d). Pre-
pared according to method B outlined above to afford the title
compound as a pale yellow oil (75%): 'H NMR (CDCl;, 500
MHz) 6 0.94 (d, 6H, J = 6.0), 1.60 (m, 3H, overlapping methine
and f3-CHy), 2.90 (t, 2H, J = 6.8), 3.87 (s, 3H), 6.92 (d, 2H, J
= 8.8), 7.90 (d, 2H, J = 8.8); 3C NMR (CDCl3, 125 MHz)
22.6,28.5, 33.9, 36.4, 55.2, 113.5, 130.2, 163.6, 198.7; MS (EI,
70 eV) m/z 206.1 (M‘) Anal. (C]3H1802) C, H.
1-(4-Methoxyphenyl)-3-methylbutan-1-one (1f). Pre-
pared according to general method A outlined above to afford
the title compound as a pale yellow 0il (84%): *H NMR (CDCls,
500 MHz) 0 0.95(d, 6H, J = 6.7), 2.24 (sept, 1H, J = 6.6), 2.73
(d, 2H, J = 6.7), 3.81 (s, 3H), 6.88 (d, 2H, J = 8.9), 7.90 (d,
2H, J = 9.2); ¥C NMR (CDCl3, 125 MHz) 6 22.6, 25.2, 46.2,
55.2, 113.5, 130.2, 130.3, 163.1, 198.7; HRMS (EI, M*) caled
fOI‘ Clel(;Og 192.1150, found 192.1153.
2-Methyl-1,3-bis(4-methoxyphenyl)propane-1,3-di-
one (2a). To a solution of 1a (160 mg, 0.97 mmol) and
4-nitrophenyl 4-methoxybenzoate (prepared from p-nitro-
phenol and 4-methoxybenzoic acid using diisopropylcarbodi-
imide and 4-(dimethyamino)pyridine in THF (35 mL) at 0 °C
was added a 1.0 M solution of lithium hexamethyldisilamide
(3.03 mL, 3.03 mmol) dropwise over 5 min. The reaction was
warmed to room temperature and allowed to stir for 1.5 h. At
this time the reaction was quenched by the addition of H.O
(25 mL). The mixture was then repeatedly extracted with
diethyl ether. The organic layers were combined and washed
with H;O, then dried over Na,SO,4 and concentrated under
reduced pressure to afford a crude solid. Unreacted ester was
removed by adding a solution of 40% ethyl acetate/hexanes
and filtering off the insoluble ester. The remaining filtrate was
concentrated and subjected to flash chromatography (40%
ethyl acetate/hexanes) to afford the title compound as a light
yellow o0il (266 mg, 92%): 'H NMR (CDCls;, 500 MHz) 6 1.58
(d, 3H,J =17.3),3.85 (s, 3H), 5.13 (q, 1H, J = 7.2), 6.92 (d, 2H,
J =6.8), 7.93 (d, 2H, J = 7.0).
2-Ethyl-1,3-bis(4-methoxyphenyl)propane-1,3-dione
(2b).!! Prepared according to the procedure outlined above
from 1b and purified by flash chromatography (ethyl acetate/
hexanes) to afford a viscious oil (95%): 'H NMR (CDCl;, 500
MH?z) 6 1.01 (t, 3H, J = 7.4), 2.12 (quint, 2H, J = 7.1), 3.80 (s,
6H), 4.98 (t, 1H, J = 6.6), 6.87 (AAXX', 2H, J = 8.8, 2.1), 7.94
(AAXX', 2H, J = 8.5, 2.3); APT 13C NMR (CDCl;, 125 MHz)
12.9 (CHjy), 23.2 (CHy), 55.6 (CH), 58.8 (CH30), 114.0 (ArCH),
129.3 (ArC), 131.0 (ArCH), 163.8 (ArC), 195.0 (C=0); MS (EI,
70 eV) m/z 312.3 (M*).
2-Propyl-1,3-bis(4-methoxyphenyl)propane-1,3-dione
(2¢). Prepared according to the procedure outlined above from
1lc¢ and purified by flash chromatography (ethyl acetate/
hexanes) to afford product as a clear viscous oil (76%): 'H
NMR (CDCI13, 500 MHz) 6 0.95 (t, 3H, J = 7.4), 1.36~1.47 (m,
2H), 2.06-2.11 (m, 2H), 3.83 (s, 6H), 5.05 (t, 1H, J = 6.7) 6.90
(AAXX’, 2H, J = 9.0, 2.5), 7.95 (AA'XX’, 2H, J = 9.0, 2.5); 13C
NMR (CDCls, 125 MHz) o 14.0, 21.5, 31.6, 55.4, 57.1, 113.8,
129.0, 130.8, 163.5, 194.8; HRMS (EI, M) calcd for CoH2004
326.1518, found 326.1512.
2-Isobutyl-1,3-bis(4-methoxyphenyl)propane-1,3-di-
one (2d). Prepared according to the procedure outlined above
from 1d and purified by flash chromatography (ethyl acetate/
hexanes) to afford product as a clear viscious oil (77%): 'H
NMR (CDCls, 500 MHz) 6 0.96 (d, 3H, J = 6.5), 1.70 (m, 1H,
J =86.7),2.00 (br t, 2H, J = 6.9), 3.82 (s, 6H), 5.18 (t, 1H, J =
6.5), 6.89 (d, 2H, J = 8.6), 7.97 (d, 2H, J = 9.0); 3C NMR
(CDClg, 125 MHz) 6 22.8 (CHy), 27.2 (CH), 38.5 (CHy), 55.7
(CH30), 55.8 (CH), 114.2 (ArCH), 129.4 (ArC), 131.2 (ArCH),
163.2 (C=0); HRMS (EI, M*) caled for C13H1504 340.1674,
found 340.1679. Anal. (C;H,,04) C, H.
2-n-Butyl-1,3-bis(4-methoxyphenyl)propane-1,3-di-
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one (2e). Prepared according to the procedure outlined above
from le and purified by flash chromatography (ethyl acetate/
hexanes) to afford product as a light yellow 0il (69%): 'H NMR
(CDCl3, 500 MHz) 6 0.89 (t, 3H, J = 7.0), 1.37 (m, 4H), 2.11
(q,2H,J =17.1),3.85 (s, 6H), 6.91 (d, 4H, J = 9.0), 7.98 (d, 4H,
J =9.0); ¥C NMR (CDCl;, 125 MHz) § 14.0 (CHy), 22.9 (CH,),
22.7 (CHy»), 30.7 (CHy), 55.7 (CH;0), 57.7 (CH), 114.2 (ArCH),
129.5 (ArC), 131.2 (ArCH), 163.2 (C=0); HRMS (EI, M ") caled
for ClgH1804 340.1674, found 340.1675. Anal. (C13H1304) C, H.

General Procedure for Pyrazole Synthesis. To a DMF
(30 mL) and THF (10 mL) solution containing diketone (1.0
mmol) was added phenylhydrazine hydrochloride (3—5 equiv).
The mixture was brought to reflux (oil bath temperature 120
°C) until disappearance of diketone as evident by TLC analysis
(8—20 h). The reaction mixture was then allowed to cool to
room temperature and diluted with H;O (30 mL). The product
was extracted repeatedly with ethyl acetate (3 x 25 mL) and
the organic layers combined and washed sequentially with a
satd LiCl solution (25 mL), satd NaHCO; (25 mL), and brine
(25 mL). The oganic layer was dried over NaySO, and
concentrated under reduced pressure to afford the crude
product in the form of an oil, which was purified by flash
chromatography or by passage through a short silica plug
eluting with an ethyl acetate/hexane solvent system.

3,5-Bis(4-methoxyphenyl)-4-methyl-1-phenyl-1H-pyra-
zole (3a). The diketone 2a (250 mg, 0.84 mmol) was reacted
with phenylhydrazine hydrochloride (423 mg, 2.94 mmol)
according to the general procedure above. Upon purification
by flash chromatography (40% ethyl acetate/hexanes) the title
compound was obtained as a tan solid (220 mg, 71%): mp 142—
143 °C; 'H NMR (CDCls, 500 MHz) 6 2.21 (s, 3H), 3.83 (s, 3H),
3.86 (s, 3H), 6.89 (AA'XX’, 2H, J = 8.9, 2.5), 6.99 (AA'XX’, 2H,
J =8.9,25), 7.15 (AAXX’, 2H, J = 8.8, 2.5), 7.19-7.32 (m,
5H), 7.74 (AA’XX’, 2H, J = 8.9, 2.5); 13C NMR (CDCls, 125
MHz) 6 10.2, 55.2, 55.3, 113.6, 113.9, 113.9, 123.1, 124.7, 126.5,
126.6, 128.7, 129.1, 131.3, 140.4, 141.2, 150.9, 159.2, 159.4;
MS (EI, 70 eV) m/z 370 (M™). Anal. (CsH2:N202) C, H, N.

4-Ethyl-3,5-bis(4-methoxyphenyl)-1-phenyl-1H-pyra-
zole (3b).!! Diketone 2b and phenylhydrazine hydrochloride
were reacted as outlined above to afford 3b as an orange solid
after flash chromatography purification (87%): 'H NMR
(CDC1l;, 400 MHz) o 1.04 (t, 3H, J = 7.6), 2.63 (q, 2H, J =
7.6), 3.83 (s, 3H), 3.86 (s, 3H), 6.90 (AA'XX', 2H, J = 8.8, 2.4),
6.99 (AAXX’, 2H, J = 8.8, 2.6), 7.17 (AAXX’, 2H, J = 8.8,
2.4), 7.20 (m, 2H), 7.24 (m, 3H), 7.72 (AAXX’, 2H, J = 9.0,
2.4); ¥C NMR (CDCls, 100 MHz) 6 15.8, 17.3, 55.4, 55.5, 114.1,
114.2, 120.7, 123.5, 124.8, 126.8, 127.0, 128.8, 129.3, 131.5,
140.5, 141.2, 150.8, 159.4, 159.6; HRMS (EI, M*) caled for
Cy5HaN202 384.1835, found 384.1837.
3,5-Bis(4-methoxyphenyl)-1-phenyl-4-propyl-1H-pyra-
zole (3¢). Diketone 2¢ (200 mg, 0.61 mmol) was reacted with
phenylhydrazine hydrochloride (444 mg, 3.07 mmol) according
to the general procedure to afford 3¢ as an orange oil (130
mg, 53%) after purification by flash chromatography (40%
ethyl acetate/hexanes): 'H NMR (CDCl;, 500 MHz) 6 0.79 (t,
3H, J = 7.4), 1.42 (sext, 2H, J = 7.7), 2.57 (t, 2H, J = 8.0),
3.83 (s, 3H), 3.86 (s, 3H), 6.90 (AAXX, 2H, J = 8.6, 2.5), 6.99
(AAXX’, 2H, J = 8.8, 2.5), 7.18-7.32 (m, 5H), 7.15 (AA'XX,
2H, J = 8.6, 2.5), 7.72 (AA'’XX’, 2H, J = 8.8, 2.5); 13C NMR
(CDCly, 125 MHz) 6 14.05, 23.79, 25.86, 55.09, 55.15, 113.74,
113.85, 118.87, 118.86, 122.86, 124.60, 126.52, 129.49, 131.17,
139.66, 141.31, 150.36, 159.14, 159.33; HRMS (EI, M") caled
for CosH26N202 398.1994, found 398.2000.
4-Isobutyl-3,5-bis(4-methoxyphenyl)-1-phenyl-1H-pyra-
zole (3d). Diketone 2d was reacted with phenylhydrazine
hydrochloride according to the general procedure to afford 3d
as an orange oil (85%) after a short silica plug (20% ethyl
acetate/hexanes). The purified material was then directly used
in the subsequent deprotection step.
4-Butyl-3,5-bis(4-methoxyphenyl)-1-phenyl-1H-pyra-
zole (3e). Diketone 2e was reacted with phenylhydrazine
hydrochloride according to the general procedure to afford 3e
as a reddish oil (86%) after purification by flash chromatog-
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raphy (20% ethyl acetate/hexanes). This material was then
dircetly used in the subsequent deprotection step.
4-Ethyl-1,3,5-tris(4-methoxyphenyl)-1H-pyrazole (3f).
Diketone 2b (400 mg, 1.28 mmol) was reacted with 4-meth-
oxyphenylhydrazine hydrochloride (1.11 g, 6.40 mmol) accord-
ing to the genceral procedure. The crude product was purified
by flash chromatography (2% acetone/CH,Cl,) to afford 3f as
an oil (351 mg, 66%). 'H NMR (CDCl;, 500 MHz) 6 1.06 (t,
3, J = 17.5), 2.65 (q, 2H, J = 7.5), 8.73 (s, 3H), 3.79 (s, 3H),
3.83 (s, 3H), 6.78 (AA'XX’, 2H, J = 9.0, 2.8) 6.89 (AA'XX’, 2H,
J = 8.8, 2.4), 6.69 (AAXX’, 2H, J = 8.8, 2.4), 7.16 (AA'XX’,
2H, J = 8.8,2.4), 7.21 (AAXX’, 2H, J = 9.0, 2.7), 7.74 (AA'XX’,
2H, J = 8.7, 2.4); "C NMR (CDCl;, 125 MHz) 06 15.52, 17.09,
55.05, 55.10, 55.22, 113.65, 113.80, 113.83, 119.78, 123.11,
125.96, 126.78, 128.95, 131.18, 133.45, 140.84, 149.94, 158.99,
157.97, 159.22; HRMS (EI, M) caled for CocHosN2O3 414.1943,
found 414.1942.
1,3,5-Tris(4-methoxyphenyl)-4-propyl-1H-pyrazole (3g).
Diketone 2¢ (500 mg, 1.52 mmol) was reacted with 4-meth-
oxyphenylhydrazine hydrochloride (800 mg, 4.59 mmol) ac-
cording to the general procedure to afford 362 mg of 3g as a
red oil (67%) after a short silica plug (20% ethyl acetate/
hexanes). This material was then directly used in the subse-
quent deprotection step.
4-Isobutyl-1,3,5-tris(4-methoxyphenyl)-1H-pyrazole (3h).
Diketone 2d was reacted with 4-methoxyphenylhydrazine
hydrochloride according to the general procedure to afford 3h
as a light orange oil (85%) after a short silica plug (20% ethyl
acctate/hexancs). The purified material was then dircctly used
in the subsequent deprotection step.
4-Butyl-1,3,5-tris(4-methoxyphenyl)-1H-pyrazole (3i).
Diketone 2e was reacted with 4-methoxyphenylhydrazine
hydrochloride according to the general procedure to afford 3i
as a light orange oil (87%) after a short silica plug (20% ethyl
acetate/hexanes). The purified material was then directly used
in the subscquent deprotection step.

General Demethylation Procedure. To a stirred solution
of methyl-protected pyrazole (1 equiv) in CH,Cl, at —78 °C
was added dropwise a 1 M BBr; solution in CH,Cl, (3—5
equiv). Upon complete addition of BBry, the reaction was
maintained at —78 °C for 1 h and then allowed to reach room
temperature and stir for an additional 16 h. The mixture was
cooled to 0 °C and carefully quenched with H,O (15-25 mlL).
The product was then repeatedly extracted with EtOAc and
the organic layers dried over Na,SO,. Upon solvent removal
the erude phenolic products were purified by flash chroma-
tography and/or rccrystallization from MeOH/CH,Cl; mix-
tures.

3,5-Bis(4-hydroxyphenyl)-4-methyl-1-phenyl-1H-pyra-
zole (4a). A stirred CH,Cl; solution of 3a (200 mg, 0.54 mmol)
was deprotected using BBr; according to the general demeth-
ylation procedure. Purification by flash chromatography (5%
CH3OH/CH.Cl») afforded the title compound as a tan solid (54
mg, 30%): mp 225-230 °C; '"H NMR (MeOD-d,, 500 MHz) 6
2.13 (s, 3H), 6.76 (AA'XX’, 2H, J = 8.4, 2.7), 6.93 (AA'’XX’, 2H,
J = 8.7, 2.5), 7.01 (AA'XX’, 2H, J = 8.8, 2.5), 7.54 (AA'XX’,
2H, J = 8.6, 2.4), 7.35—7.22 (m, 5H); ¥C NMR (MeOD-d,, 125
MHz) 8.7, 112.8, 114.7, 114.8, 120.9, 1244, 124.8, 126.7, 128.3,
128.9, 130.9, 139.8, 151.4, 157.1, 157.4; MS (EI, 70 V) m/z
342. Anal. (CHQHHNZOZI‘IZO) C, H, N

4-Ethyl-3,5-bis(4-hydroxyphenyl)-1-phenyl-1H-pyra-
zole (4b)."" A stirred CH.Cl, solution of 3b (100 mg, 0.26
mmol) was deprotected using BBr; according to the general
demethylation procedure. Purification by flash chromatogra-
phy (6% CH;OH/CH.Cly) afforded the title compound as a
white solid (50 mg, 54%): mp 247—-248 °C; 'H NMR (McOD-
dy, 400 MHz) 0 0.98 (t, 3H, J = 7.4), 2.60 (q, 2H,J = 7.5),6.78
(AA'XX', 2H, J = 8.8, 2.4), 6.88 (AAXX’, 2H, J = 8.7, 2.5),
7.05 (AA'XX', 2H, J = 8.8, 2.4), 7.24-7.42 (m, 5H), 7.51
(AAXX’, 2H,J = 8.7, 2.5); HRMS (EI, M) caled for Co3HsN,O-
357.1611, found 357.1603.

3,5-Bis(4-hydroxyphenyl)-1-phenyl-4-propyl-1H-pyra-
zole (4¢). A stirred CH.Cl, solution of 3¢ (107 mg, 0.27 mmol)
was deprotected using BBry according to the general demeth-

Stauffer et al.

ylation procedure. The crude product was purified by flash
chromatography (10% CH3;OH/CH,Cl,) to afford 4¢ as a tan
solid (85 mg, 86%): mp 240—245 °C; '"H NMR (MeOD-d,, 500
MHz) 0 0.72 (t, 3H, J = 7.4), 1.35 (sext, 2H, J = 7.5), 2.55 (t,
2H, J = 7.7), 6.77 (AA'XX’, 2H, J = 8.7, 2.5), 6.88 (AAXX,
2H, J = 8.5, 2.4), 7.03 (AA'XX’, 2H, J = 8.5, 2.4), 7.32—-7.27
(m, 5H), 7.50 (AA’XX’, 2H, J = 8.8, 2.5); 1*C NMR (MeOD-d,,
400 MHz) 0 12.73, 13.28, 25.28, 114.75, 114.89, 118.26, 121.13,
124,78, 124.82, 126.69, 128.26, 128.99, 131.02, 139.71, 142.12,
151.30, 157.08, 157.49; HRMS (EI, M*) caled for CosH2sN2Oy
370.1681, found 370.1676.

4-Isobutyl-3,5-bis(4-hydroxyphenyl)-1-phenyl-1H-pyra-
zole (4d). A stirred CH2Cl; solution of 3d (100 mg, 0.24 mmol)
was deprotected using BBr; according to the general demeth-
ylation procedure. The crude product was purified by flash
chromatography (10% CH;OH/CH.Cly) to afford 4d as a tan
powder (70 mg, 76%): mp 225 °C dec; 'H NMR (McOD-d,, 500
MHz) 6 0.63 (d, 6H, JJ = 6,5), 1.51 (m, 1H, J = 7.0), 2.51 (d,
2H, J = 7.5), 6.76 (AA'XX’, 2H, J = 9.0, 2.3), 6.87 (AAXX,
2H,J=8.9,2.3), 7.02 (AA'XX’, 2H, J = 8.5, 2.4), 7.26 (m, 5H),
7.49 (AA'XX’, 2H, J = 8.0, 2.3); '*C NMR (MeOD-d,, 125 MHz)
0 22.8,29.9, 33.8,116.4, 116.6, 119.1, 123.0, 126.6, 126.8, 128.4,
129.9, 130.9, 132.9, 141.5, 144.2, 153.4, 158.8, 159.2; FAB-
HRMS (M + 1) caled for CosHa;N2O, 385.1916, found 385.1916.

4-Butyl-3,5-bis(4-hydroxyphenyl)-1-phenyl-1H-pyra-
zole (4e). A stirred CH.Cl. solution of 8e (100 mg, 0.24 mmol)
was deprotected using BBr; according to the general demeth-
ylation procedure. The crude product was purified by flash
chromatography (30% EtOAc/hexanes) to afford a tan solid.
This material was subsequently recrystallized from 5-10%
MeOH/CH.Cl. to afford the title compound as small off-white
crystals (59 mg, 64%): mp 205.5—207.5 °C; 'H NMR (MeOD-
dy, 400 MHz) 6 0.72 (t, 3H, J = 7.2), 1.16 (sext, 2H, J = 7.2),
1.34 (quint, 2H, J = 7.2), 2.60 (t, 2H, J = 7.2), 4.95 (br s, 2H
exchange with D,0), 6.78 (d, 2H, J = 9.0), 6.91 (d, 2H, J =
8.0), 7.02 (d, 2H, J = 8.8), 7.26 (m, 5H), 7.53 (d, 2H, J = 8.4);
13C NMR (MeOD-d,, 125 MHz) ¢ 14.6, 23.9, 24.8, 34.3, 116.8,
116.9, 120.5, 123.2, 126.8, 128.7, 130.3, 131.0, 131.1, 133.1,
141.7, 144.0, 153.3, 159.0, 159.4. Anal. (Co;H24N0,-0.1H;0)
C, H,N.

4-Ethyl-1,3,5-tris(4-hydroxyphenyl)-1H-pyrazole (4f). A
stirred CHyCl, solution of 3f (200 mg, 0.48 mmol) was
deprotected using BBr; according to the general demethylation
procedure. A crude oil was isolated which was triturated with
a 10% CH;OH/CH,Cl, solution from which the desired product
precipitated. The white powder was collected by filtration and
recrystallized from CH;OH/CH,Cl, to afford the title compound
4f (175 mg, 98%): mp 210—215 °C; 'H NMR (MeOD-d,, 400
MHz): ¢ 0.96(t, 3H,J =7.5) 2.58 (q, 2H, J = 7.5) 6.70 (AA'XX,
2H,J = 8.8, 2.6),6.77 (AA’XX’, 2H, J = 8.6, 2.3), 6.87 (AAXX,
2H,J = 8.8,2.3),7.10 (m, 4H), 7.48 (AA'XX’, 2H, J = 8.6, 2.4);
BC NMR (MeOD-d,, 100 MHz) 6 14.5, 16.6, 114.8, 114.9, 114.9,
119.2, 121.4, 125.0, 126.8, 129.1, 131.2, 131.9, 142.1, 150.5,
1567, 1571, 157.5. Anal. (CQ;Hg()Nzog'O7HQO) C, H, N

1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole (4g).
A stirred CH:Cly solution of 3g (200 mg, 0.48 mmol) was
deprotected using BBr; according to the general demethylation
procedure. A crude oil was isolated which was triturated with
a 10% CH;OH/CH,C]l, solution from which the desired product
precipitated. The white powder was collected by filtration and
recrystallized from CH;OH/CH,Cl, to afford the title compound
4g (125 mg, 68%): mp 230 °C dec; '"H NMR (MeOD-d.,, 400
MHz) 0 0.72 (t, 3H, J = 7.2), 1.33 (sext, 2H, J = 7.6), 2.54 (t,
2H, J = 8), 6.70 (AA'’XX’, 2H, J = 8.8, 2.4), 6.76 (AA'XX’, 2H,
J = 6.8, 2.0), 6.87 (AAXX', 2H, J = 8.8, 2.4), 7.02 (AA'XX,
2H,J = 8.8, 2.4), 7.05 (AA'XX’, 2H, J = 9.2, 2.4), 7.47 (AAXX,
2H, J = 8.8, 2.0); ¥C NMR (MeOD-d,, 100 MHz) ¢ 25.8 (CHj),
36.4 (CH,), 38.4 (CH,), 127.0 (C), 128.0 (C), 128.5 (C), 130.5
(CH), 134.3 (CH), 137.9 (CH), 138.9 (C), 140.3 (C), 141.3 (C),
142.8 (C), 143.3 (C), 144.1 (C),144.7 (CH), 155.3 (CH), 163.6
(CH), 169.5 (CH), 170.3 (CH). Anal. (C2,H32N,03-0.6H,0) C,
H, N.

4-Isobutyl-1,3,5-tris(4-hydroxyphenyl)-1H-pyrazole (4h).
A stirred CH,Cl, solution of 3h (250 mg, 0.56 mmol) was
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deprotected using BBr; according to the general demethylation
procedure. Recrystallization from CH;OH/CH:Cls afforded the
title compound 4h as an off-white powder (80 mg, 37%): mp
226—228 °C; '"H NMR (MeOD-d,, 500 MHz) 6 0.61 (d, 6H, J =
6.5), 1.50 (m, 1H, J = 7.0), 2.50 (d, 2H, J = 7.5), 4.87 (s, 3H,
OH), 6.70 (AA'XX’, 2H, J = 8.5, 2.0), 6.75 (AAXX', 2H, J =
8.5, 2.3), 6.85 (AA'XX/, 2H, J = 9.0, 2.3), 7.01 (AAXX’, 2H, J
= 9.0, 2.3), 7.05 (AAXX’, 2H, J = 9.0, 2.3), 7.45 (AA'’XX’, 2H,
J = 8.5, 2.3); ’'C NMR (MeOD-d,, 125 MHz) ¢ 22.9, 29.9, 33.9,
116.4, 116.5, 116.6, 118.3, 123.2, 126.9, 128.3, 130.9, 132.9,
133.5, 144.3, 152.7, 158.2, 158.6, 158.9. Anal. (Ca;H24N2O3:
0.7H,0) C, H, N.
4-Butyl-1,3,5-tris(4-hydroxyphenyl)-1H-pyrazole (4i). A
stirred CH.Cl; solution of 3i (200 mg, 0.45 mmol) was
deprotected using BBrs according to the general demethylation
procedure. Recrystallization from CH;OH/CH:Cl; afforded the
title compound 4i as an off-white powder (90 mg, 50%): mp
214—230 °C dec; '"H NMR (MeOD-d., 500 MHz) ¢ 0.71 (t, 8H,
J = 17.5), 1.13 (sext, 2H, J = 7.0), 1.30 (quint, 2H, J = 8.5),
2.57 (t, 2H, J = 8.0), 6.70 (AA'XX’, 2H, J = 9.0, 2.4), 6.76
(AA'XX’, 2H, J = 8.5, 2.3), 6.86 (AAXX', 2H, J = 9.0, 2.5),
7.02 (AA'XX’, 2H, J = 8.5, 2.3), 7.05 (AA'XX’, 2H, J = 8.5,
2.3), 7.46 (AA’BB’, 2H, J = 8.5, 2.3); 13C NMR (MeOD-d,, 400
MHz) ¢ 14.1, 23.5, 24.4, 33.9, 116.3, 116.4, 116.5, 119.3, 123.0,
126.7, 128.3, 130.7, 132.8, 133.5, 143.9, 152.4, 158.3, 158.7,
159.0. Anal. (CstmNgO;;'OBHzO) C, H, N.
4-Isopropyl-3,5-bis(4-methoxyphenyl)-1-phenyl-1H-
pyrazole (6)."* Upon solid support cleavage and solvent
removal, the crude solid was recrystallized from 25% ethyl
acetate/hexane to afford 6 as small cubic crystals (30 mg, 11%
over three steps): mp 225-230 °C; '"H NMR (MeOD-d,, 400
MHz) 6 1.09 (d, 6H, J = 7.0 Hz) 2.98 (septet, 1H, J = 7.11
Hz), 6.76 (AAXX’, 2H, J = 9.1, 2.6), 6.88 (AAXX’, 2H, J =
9.0, 2.6), 7.1 (AA'XX’, 2H, J = 8.7, 2.5), 7.20—7.30 (m, 5H),
7.39 (AA'XX’, 2H, J = 8.8, 2.40); '*C NMR (MeOD-d, 100 MHz)
0 22.5, 24.5, 114.5, 114.6, 121.6, 124.6, 125.0, 126.7, 128.2,
130.2, 131.8, 139.6, 141.3, 151.3, 157.2, 157.6; HRMS (EI, M*)
caled for Cy4H2:N2O, 370.1681, found 370.1674.
1,3-Bisphenylpropane-1,3-dione (10). To a stirred solu-
tion of diketone 9 (2g, 8.9 mmol) in freshly distilled THF (50
mL), was added 8.9 mL (8.9 mmol) of tetrabutylammonium
fluoride (1 M in THF) and stirred for 30 min. The solution
was concentrated under reduced pressure and dissolved in 50
mL of CHCls. Ethyl iodide (1.4 ml., 17.8 mmol) was added in
one portion and stirred at room temperature overnight. The
solution was concentrated and the crude was purified by flash
chromatgraphy (petroleum ether/CHCly, 1:1) to give 920 mg
of 19 as a white solid in 41% yield: 'H NMR (CDCl;, 400 MHz)
6 1.05 (t, 3H, J = 7.4), 2.17 (quint, 2H, J = 7.4), 5.12 (t, 1H,
J = 6.5) 7.42—7.58 (m, 6H), 7.94~7.98 (m, 411); 1*C NMR o
12.8, 22.9, 58.7, 128.5, 128.8, 133.4, 136.1, 196.1; MS (EI, 70
eV)m/z 252.1 (M").
4-Ethyl-1-(4-methoxyphenyl)-3,5-bisphenyl-1H-pyra-
zole (11). The diketone 10 (300 mg, 1.2 mmol) was reacted
with 4-methoxyphenylhydrazine hydrochloride (830 mg, 4.7
mmol) according to the general procedure for pyrazole syn-
thesis. The crude product was purified by flash chromatogra-
phy (petroleum ether/CH2Cls, 1:1) to afford 276 mg of 11 as a
yellow oil (65%): 'H NMR (CDCl3, 400 MHz) 6 1.04 (t, 3H, J
=17.5), 2.67 (q, 2H, J = 7.5), 3.77 (s, 1H), 6.77 (AAXX’, 2H, J
=1.0,2.2), 7.19 (AAXX’, 2H, J = 9.1, 2.2), 7.23—7.48 (m, 9H),
7.78 (AAXX’, 2H, J = 8.2, 2.5); ¥C NMR 0 15.6, 17.1, 55.4,
113.8,120.4, 126.1, 127.5, 127.9, 128.1, 128.41, 128.45, 130.1,
130.9, 133.4, 134.1, 141.2, 150.4, 158.2; MS (EI, 70 eV) m/z
354.2 (M™).
4-Ethyl-1-(4-hydroxyphenyl)-3,5-bisphenyl-1H-pyra-
zole (7a). A stirred CH,Cl; solution of 11 (274 mg, 0.77 mmol)
was deprotected with BBr; according to the general demeth-
ylation procedure. The crude was purified by flash chroma-
tography (CHsCly/acetone, 3:1) to give 84 mg of 7a as a white
solid (32%): mp 184185 °C; '"H NMR (CD;3;0D, 400 MHz) ¢
1.03 (t, 3H, J = 7.5), 2.66 (q, 2H, J = 7.5), 6.65 (AAXX', 2H J
= 8.8, 2.2), 7.09 (AAXX’, 2H, J = 9.0, 2,1), 7.2—-7.5 (m, 8H),
7.77 (AAXX’, 2H, J = 8.4); ¥*C NMR 0 15.5, 17.0, 115.8, 120.2,
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126.6, 127.7, 128.0, 128.2, 128.4, 128.5, 130.0, 130.6, 132.6,
133.8, 141.6, 150.5, 155.2; MS (EI, 70 V) m/z 340.2 (M*).
Anal. (C23H200N2) C, H, N.
1,3-Bis(4-methoxyphenyl)-5-phenyl-4,5-dihydro-1H-
pyrazole (13a). A mixture of commercially available 4'-
methoxychalcone (12a; 253 mg, 1.1 mmol) and 807 mg of
4-methoxyphenylhydrazine (4.6 mmol) in 10 mL of anhydrous
DMF was heated to 85 °C overnight. The reaction solution was
cooled to room temperature and partitioned with diethyl ether
and water. The organic layer was washed with water, dried
(MgS0y), and concentrated. The crude was then recrystallized
from a mixture of ethyl acetate and hexanes to give 198 mg of
13a as light yellow crystals (48%): 'H NMR (CDCl;, 400 MHz)
6 3.12 (dd, 1H, J = 16.7, 8.4), 3.74 (s, 3H), 3.86 (s, 3H), 3.74~
3.88 (m, 1H), 5.14 (dd, 1H, J = 11.9, 8.6), 6.8 (AA'XX’, 2H, J
=9.0), 6.94 (AA'XX’, 2H, J = 9.0), 7.04 (AA'XX’, 2H, J = 9.0),
7.26—7.42 (m, 5H), 7.68 (d, 2H, J = 9.0); *C NMR 0 43.9, 55.3,
55.6,65.8,114.0, 114.4, 114.8, 126.1, 127.5, 127.8, 128.0, 129.1,
140.1, 142.9, 146.9, 153.2, 160.0; HRMS (EI, M*) calcd for
C23H22N20, 358.1688, found 358.1681.
1,5-Bis(4-methoxyphenyl)-3-phenyl-4,5-dihydro-1H-
pyrazole (13b). A mixture of commercially available 4-meth-
oxychalcone (12b; 2 g, 8.4 mmol) and 7.3 g of 4-methoxy-
phenylhydrazine (42 mmol) in 80 mL of anhydrous DMF was
heated to 85 °C overnight. The reaction solution was cooled to
room temperature and partitioned with diethyl ether and
water. A yellow solid precipitated and was collected by
filtration to give 2.6 g of 13b (86%): 'H NMR (CDCls, 400
MHz) 6 3.1 (dd, 1H, J = 15.6,7.8), 3.72 (s, 3H), 3.78 (s, 3H),
3.8(d, 1H, J = 5.6),5.13 (dd, 1H, J = 12.0, 9.0), 6.76 (AA'XX’,
2H,J = 9.1, 2.3), 6.87 (AA'XX’, 2H, J = 8.7, 2.1), 7.01 (d, 2H,
J =9.0), 7.2-7.4 (m, 5H), 7.7 (d, 2H, J = 7.3); ¥C NMR ¢
43.7,55.2,55.6, 65.2, 114.4, 114.4, 114.9, 125.6, 127.3, 128.3,
128.5, 132.9, 134.7, 139.7, 146.3, 153.3, 158.9; MS (EI, 70 eV)
m/z 358.2 (M™).
4-Ethyl-1,3-bis(4-methoxyphenyl)-5-phenyl-4,5-dihydro-
1H-pyrazole (14a). To a solution of lithium diisopropylamide
in 20 mL of THF [prepared by dropwise addition of 0.88 mL
of n-BuLi (1.41 mmol) to 0.21 mL (1.5 mmol) of diisopropyl-
amine in 18 mL of THF at —78 °C] was added a solution of
317 mg (0.88 mmol) of pyrazoline 13a in 8 mL of THF dropwise
via syringe at —78 °C and stirred for 1 h. To the dark red
solution was added iodoethane (0.11 mL, 1.31 mmol) in one
portion and the resulting yellow solution was warmed to room
temperature overnight. The reaction was quenched with 5 mL
of brine, the aqueous layer was separated and extracted with
CH.Cls, the organic layer was dried (MgSQO,) and concentrated
in vacuo. The residue was purified by flash chromatography
(ether/hexanes, 3:2) to afford 262 mg of 14a as a yellow foam
(77%): TH NMR (CDCl;, 400 MHz) 6 0.8 (t, 3H, J = 7.3), 1.45
(tq, 1H, J = 4, 2), 1.55 (m, 1H), 3.2 (m, 1H), 3.25 (s, 3H), 3.3
(s, 3H), 4.8 (d, 1H, 3.4), 6.77 (AAXX’, 2H, J = 8.9), 6.82
(AA'XX’, 2H, J = 8.5), 7.0 (AAXX’, 2H, J = 8.7), 7.13 (AAXX,
2H, J = 8.5), 7.25~7.40 (m, 3H), 7.70 (AAXX’, 2H, J = 7.3);
13C NMR 6 10.5,25.4, 54.8, 55.1, 57.8, 69.7, 114.4, 114.4, 115.0,
125.8, 126.0, 127.5, 127.7, 129.3, 139.3, 142.8, 148.4, 153.6,
160.2; HRMS (EI, M*) caled for CosH2N202 386.1999, found
386.1994.
4-Ethyl-1,5-bis(4-methoxyphenyl)-3-phenyl-4,5-dihydro-
1H-pyrazole (14b). Prepared from lithium diisopropylamide
(4.65 mmol), pyrazoline 13b (1 g, 2.8 mmol), and ethyl iodide
(0.45 mL, 5.6 mmol) by the procedures used to prepare
pyrazoline 14a. The crude product was purified by flash
chromatography (hexanes/ether 3:2) to give 0.33 g (38%) of 14b
a yellow foam: 'H NMR (CDCls, 400 MHz) 6 1.03 (t, 3H, J =
7.3), 1.69 (tq, 1H, J = 4, 2), 1.85 (m, 1H), 3.37 (m, 1H), 3.73 (s,
3H), 3.75 (s, 3H), 4.91 (d, 1H, 3.4), 6.77 (AA'’XX’, 2H, J = 8.9),
6.82 (AA'XX’, 2H, J = 8.5), 7.0 (AAXX’, 2H, J = 8.7), 7.13
(AAXX’, 2H, J = 8.5), 7.25—7.40 (m, 3H), 7.70 (AA'XX’, 2H, J
= 7.3); BC NMR ¢ 10.5, 25.1, 55.2, 55.6, 57.3, 68.9, 113.9,
114.4, 114.5, 125.8, 126.8, 127.9, 128.5, 132.6, 134.1, 138.5,
148.5, 152.8, 158.8; MS (EI, 70 eV) m/z 386.2 (M™).
4-Ethyl-1,3-bis(4-methoxyphenyl)-5-phenyl-1H-pyra-
zole (15a). To a stirred solution of 14a (27.8 mg, 0.07 mmol)
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in 3 mL of benzene was added 78 mg (0.9 mmol) of MnOs. The
solution was heated to 100 °C with a Dean—Stark trap for 2
h, cooled to room temperature, filtered through Celite and
concentrated. The crude was chromatographed (EtOAc/hex-
anes, 1:10) to afford 28 mg of 15a (100%): 'H NMR (CDCl;,
400 MHz) 6 1.12 (t, 3H, J = 7.5), 2.65 (q, 2H, J = 7.5), 3.78 (s,
3H), 3.85 (s, 3H), 6.77 (AA'XX’, 2H, J = 9.0, 2.0), 7.0 (AAXX’,
2H, J = 8.8, 2.0), 7.2 (AA'XX’, 2H, J = 9.0, 2.0), 7.22—7.40 (m,
5H), 7.71 (d, 2H, J = 8.6, 2.0); '’'C NMR 615.5, 17.1, 55.2, 55 4,
113.8, 113.8, 120.1, 126.1, 126.8, 128.1, 128.4, 129.1, 130.1,
131.1, 133.5, 141.1, 150.2, 158.2, 159.1; HRMS (EI, M") caled
for Cstg/]NzOg 3851912, found 385.1916.

4-Ethyl-1,5-bis(4-methoxyphenyl)-3-phenyl-1H-pyra-
zole (15b). A mixture of 147 mg (0.37 mmol) of pyrazoline
14b and 127 mg (0.56 mmol) of dichlorodicyanoquinone in 10
mL of benzene was heated to reflux for 5 h. The mixture was
cooled to room temperature and filtered through a plug of
Celite with diethyl ether. The filtrate was concentrated in
vacuo and the residue was chromatographed (hexanes/ethyl
acetate, 4:6) to give 130 mg (90%) of 15b as a white solid: 'H
NMR (CDCly, 400 MHz) ¢ 1.04 (t, 3H, J = 7.5), 2.65 (q, 2H, J
= 7.5), 3.78 (s, 3H), 3.83 (s, 3H), 6.79 (AA'XX’, 2H, J = 8.9,
2.0), 6.89 (AA'XX', 2H, J = 8.5, 2.0), 7.16 (AA'XX’, 2H, J =
8.3, 1.8), 7.20 (AA'XX’, 2H, J = 8.7, 2.1), 7.3-7.5 (m, 3H), 7.77
(AAXX’, 2H, JJ = 8.8, 1.8); '"C NMR ¢ 15.6, 17.12, 55.2, 55.4,
113.7, 113.9, 120.2, 123.2, 126.1, 127.4, 127.9, 128.4, 131.3,
133.5, 134.27, 141.07, 150.3, 158.1, 159.3; MS (EI, 70 eV) m /=
384.2 (M").

4-Ethyl-1,3-bis(4-hydroxyphenyl)-5-phenyl-1H-pyra-
zole (8a). A stirred CH:Cl, solution of 15a (26 mg, 0.068
mmol) was deprotected with BBry according to the general
demethylation procedure. The crude was purified by flash
chromatography (CH,Cl,/McOH, 10:1) to give 17 mg of 8a as
a tan solid (70%): mp 225-227 °C; '"H NMR (CD3;0D, 500
MHz) 6 0.8 (t, 3H, J = 7.5), 2.5 (q, 2H, J = 7.5), 6.58 (AAXX’,
2H, JJ = 9.0, 2.2), 6.78 (AAXX’, 2H, J = 8.5, 2.0), 6.94 (AAXX’,
2H, J = 8.9, 2.0), 7.1-7.3 (m, 5H), 7.39 (AAXX’, 2H, J = 8.9,
2.0); C NMR 0 15.8, 17.9, 116.3, 116.4, 121.0, 122.6, 128.2,
128.9, 129.3, 129.6, 132.6, 133.2, 135.3, 143.8, 151.7, 158.2,
159.0; HRMS (EI, M') caled for Cy3HyoN2O2 356.1598, found
356.1603.

4-Ethyl-1,5-bis(4-hydroxyphenyl)-3-phenyl-1H-pyra-
zole (8b). A stirred CH.Cl, solution of 15b (130 mg, 0.34
mmol) was deprotected with BBrs according to the general
demethylation procedurc. The crude was purified by flash
chromatography (CH,Cl/acetone, 3:1) to give 42 mg of 8b as
a white solid (35%): mp 225-226 °C; 'H NMR (CD;0D, 500
MHz) 0 0.96 (t, 3H, J = 7.5), 2.62 (q, 2H, J = 7.5), 6.71 (AAXX’,
2H,J =9.1,2.2), 6.77 (AAXX’, 2H, J = 8.5, 2.0), 7.06 (AAXX’,
2H, J = 8.9, 2.1), 7.07 (AA'XX’, 2H, J = 9.1, 2.2), 7.35—7.47
(m, 3H), 7.67 (AA'’XX’, 2H, J = 8.9, 2.0); "'C NMR ¢ 15.8, 17.9,
116.3, 116.4, 121.0, 122.6, 128.2, 128.9, 129.3, 129.6, 132.6,
133.2, 135.3, 143.8, 151.7, 158.2, 159.0; HRMS (EI, M*) caled
for Cu3HyoN,Oy 356.151939, found 356.152478 Anal. (Cos-
H»0N.0,:0.75H.0) C, H, N.
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Abstract—Previously, we reported that certain tetrasubstituted 1.3,5-triaryl-4-alkyl-pyrazoles bind to the estrogen receptor (ER)
with high affinity (Fink, B. E.; Mortenson. D. S.; Stauffer. S. R.; Aron, Z. D.; Katzenellenbogen, J. A. Chem. Biol. 1999, 6, 205-219;
Stauffer, S. R.; Katzenellenbogen, J. A. J. Comb. Chem. 2000, 2, 318-329; Stauffer, S. R.; Coletta, C. J.; Sun, J.; Tedesco, R.;
Katzenellenbogen, B. S.; Katzenellenbogen. J. A. J. Med. Chem. 2000, submitted). To investigate how cyclic permutation of the two
nitrogen atoms of a pyrazole might affect ER binding affinity. we prepared a new pyrazole core isomer, namely a 1,3,4-triaryl-5-alkyl-
pyrazole (2), to compare it with our original pyrazole (1). We also prepared several peripherally matched core pyrazole isomer sets to
investigatc whether the two pyrazole series share a common binding orientation. Our efficient, regioselective synthetic route to these
pyrazoles relics on the acylation of a hydrazonc anion. followed by cyclization. halogenation, and Suzuki coupling. We found that the
ER accommodates 1,3.4-triaryl-pyrazoles of the isomeric scries only somewhat less well than the original 1.3,5-triaryl series, and it
appears that both series share a common binding mode. This preferred orientation for the 1,3.3-triaryl-4-alkyl-pyrazoles is sup-
ported by binding affinity measurements of analogues in which the phenolic hydroxyl groups were systematically removed from each
of the three aryl groups. and the orientation is consistent. as well, with molecular modeling studies. These studies provide additional
insight into the design of heterocyclic core structures for the development of high affinity ER ligands by combinatorial methods.

@ 2000 Elscvier Science Ltd. All rights rescrved.

Introduction

The estrogen receptor (ER) binds a remarkably wide
range of non-steroidal ligands,! and the diverse core
structures of these ligands span a wide range of synthetic
accessibility.? We have been intrigued, in particular, by the
design of non-steroidal ligand cores that might be easily
prepared and thus would be well suited to combinatorial
expansion. As part of this investigation, we identified
pyrazoles as favorable heterocyclic core building blocks,?
and we found that by attaching a sufficient number of
appropriate substituents onto this core system, we could
obtain high affinity ligands for the ER.*°

An issue which had interested us initially about these
systems was whether the heterocyclic core structure
itself plays an active role in ligand-receptor interaction,
or whether it acts merely as a inert scaffold, simply dis-
playing groups in a gcometry appropriate for filling the

*Corresponding author, Tel.: +1-217-333-6310: fax: +1-217-333-7325:
c-mail: jkatzene@ uiuc.edu

various subpockets that make up the ligand cavity of
ER.? Interestingly, we found that there were large dif-
ferences in binding affinity (up to 50-fold) for ligands
that had identical peripheral substitution patterns but
different core structures (e.g. the two diazoles, imidazoles
versus pyrazoles; Figure 1).? Clearly, our initial thought
that the ligand core structure might be acting as a passive
entity—simply to position peripheral substituents—was
not true. In the case shown below, the lower ER binding
affinity for the imidazoles compared to the pyrazoles
was attributed, at least in part, to the significantly
greater dipole moment of the imidazoles.?

In further consideration, we wondered whether the dis-
tribution of heteroatoms within the same heterocyclic
system would also have a significant effect on ER binding
affinity. In the two imidazoles shown in Figure 1, the dif-
ferent position of the nitrogen atoms had little effect on
their binding affinity. However, we were curious whether
the related cyclic permutation of the two nitrogen atoms
of a pyrazole might have a more significant effect on ER
binding affinity.

0968-0896/01/$ - sce front matter : 2000 Elsevier Science Ltd. All rights reserved.
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Figure 1. Eficet of different core structures of selected five-member

heterocycles (diazoles) on their estrogen receptor relative binding afli-
nity (RBA).

To investigate this issuc, we have prepared a new pyrazole
core isomer, namely a [,3.4-triaryl-5-alkyl- pyrzlmle (2),
to compare it with our original 1,3,5-triaryl-4-alkyl-
pyrazole (1) (Fig. 2). This new compound (2) represents
the only other possible pyrazole system capable of dis-
playing the same relative substitution pattern of aryl,
alkyl, aryl, and phenyl groups as does our original pyra-
zole 1. To extend this investigation further, we synthesized
several other peripherally matched core pyrazole isomer

Q

1
(Series I
Y0
HO OH

2
(Series Il)

Figure 2. Original |.3.5-triaryl-pyrazole 1 (the basis of Series 1) and
the new 1.3 4-triaryl-pyrazole isomer 2 (the basis of Series 11).

O
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1. Attempted synthesis of MeO-protected pyrazole isomer.

3, (78 %)

Scheme

scts, in which some of the phenolic hydroxyl groups are

systematically dcleted, to cstablish more definitively
which core isomer is most favored and to investigate
whether they share a common binding orientation.

Results and Discussion

Synthesis of 1,3,4-triaryl-5-alkyl-pyrazoles

Our initial attempts to synthesize the pyrazole isomer 2
involved conditions similar to thosc used in previous
studies (Scheme 1).* We first prepared diketone 3 in
high yield. starting from the deoxybenzoin and pro-
pionic anhydride. However, our attempts to generate
the pyrazole by condensation of the dionc with 4-meth-
oxyphenylhydrazine were unsuccessful and resulted in a
complex mixture that contained the two possible retro-
Claisen condensation products from clcavage of the 1,3-
dione.

Because of these difficultics and the fact that this route
was not likely to be regiosclective, we investigated an
alternative, potentially regioselective approach that
involved a one-pot acylation and cyclization procedure
starting from an appropriate hydrazone, as illustrated in
Figure 3. Unfortunately, we could not isolate thc
hydrazonc (4), because it rapidly underwent Fischer
indole cyclization to the 2,3-diaryl-indole product (5).
Even under mild conditions, we obtained only starting
matcrial or indole product, but no hydrazone. Appar-
ently, the 4-mcthoxyphenyl substituent in the deoxy-
benzoin starting material facilitates the [3,3]-sigmatropic
cyclization of the enc-phenylhydrazole intcrmediate by
stabilizing the transition stale through a stilbene-like
structure (Fig. 3).

We wondered whether we could avoid this competing
cyclization by omitting the 4-methoxyphenyl substituent
during the synthesis of the pyrazole (Fig. 4). Of course,
this approach would entail adding an aryl group later to
the completed heterocycle, but this could presumably be
done using an appropriate Pd(0)-mediated coupling reac-
tion. This synthetic strategy was also attractive because it
allows for the introduction of additional structural diver-
sity into these systems at a late stage, just before phenol
deprotection, an attractive feature for combinatorial
library expansion.®

According to this approach, we were able to successfully
synthesize pyrazole 2 as well as analogues 10a-d (Scheme
2). Initial formation of hydrazones 6a-¢ by reaction of

OMe

£
.

HCI » NHoNHAr \\

DMF/THF 120 °C \\ O

OMe
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Figure 3. Attempted synthesis of pryazole isomer using an acylation—
cyclization.
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Figure 4. Rctro-synthetic strategy for Pd(0)-mediated coupling
approach to pyrazoles.

the acetophenone compounds with either the hydro-
chloride salt of 4-methoxyphenylhydrazine or phe-
nylhydrazine occurred in moderate yields, and as we
had hoped, no competing cyclization to the indole
occurred with this less stabilized system. Hydrazones
6a—c were then treated with butyllithium to form the
corresponding dianion, which was acylated with an alkyl
anhydride and then cyclized upon addition of HC1.® The
yiclds shown for pyrazole formation are based on the
anhydride and are typical for this reaction.

To introduce the last aromatic substituent, the tri-sub-
stituted pyrazoles 7a-d were iodinated by treatment with
a solution of KI and I,,” and then subjected to Suzuki
coupling conditions with either phenylboronic acid or p-
methoxyphenylboronic acid. Initial conditions involved
using Pd(PPh;3), as a Pd(0) catalyst and DME/H,0 as
solvent (9¢ 52%, 72 h); however, by using Pd(OAc), as a
pre-catalyst and an n-PrOH/H,0 solvent mixture, we
were able to obtain the tetra-substituted pyrazoles
(9a,b,d,e) with slightly improved yields (60-71%) and
shorter reaction times (1-14h).® The protected pyrazole
isomers were subsequently demethylated using BBr; to
afford the desired phenolic products 10a-d and 2.

Comparison of the estrogen receptor binding affinities of
the isomeric 1,3,4-triaryl-pyrazoles (Series 1I) and the
original 1,3,5-triaryl-pyrazoles (Series I)

The binding affinities of the pyrazoles for ER were
assayed in a competitive radiometric binding assay; this
assay has been described previously,” and affinities are
expressed as relative binding affinity (RBA) values,
where estradiol has an affinity of 100% (Table 1). The
1,3.4-triaryl-pyrazole 2, which is the nitrogen ring iso-
mer of our original 1,3,5-triaryl-pyrazole 1, has a very
significant affinity of 5.8%, but is 2.6-fold less than the
original pyrazole 1. To determine whether the 1,3,4-
triaryl-pyrazole binds to ER in the same mode as pyra-
zole 1, we investigated the binding affinity of several
other 1,3.4-triaryl-pyrazoles (10a—d) and compared their
affinities with those of their corresponding 1,3,5-triaryl-
pyrazole isomers (11a,b* and 11¢,d!?).

When examining the first three sets of isomeric pyr-
azoles (the other two are discussed below), the pyrazoles
in the new isomeric Series II (1,3,4-triaryl-pyrazoles)
have somewhat lower affinity than those in the original
Serics 1 (1.3,5-triaryl-pyrazoles), but only by an average
of 2-fold. Within the original pyrazole series (Series I),
certain changes to the peripheral substituents resulted in
an increase in RBA. For example, when a hydroxyl
group is added to the N(1)-phenyl substituent (i.c. from
pyrazole 1 to 11a), a slight increase in affinity occurs. A
similar increase in RBA upon hydroxyl substitution is
observed in the isomeric Series I1, going from pyrazole 2
to 10a.

Previously, we also showed that modification of the
alkyl chain at C(4)-position of the initial pyrazole Series
I from an ethyl 1 to a propyl substituent 11b results in a
1.6-fold increase in affinity, indicating a more favorable
hydrophobic interaction. However, this favorable inter-
action ended at propyl, as the n-butyl isomer experi-
enced a significant drop in binding affinity.* In Series 11,
going from R3;=Et (2) to n-propyl (10b) results in a
similar but somewhat larger increase in affinity than it
does in Series 1 (2.7-fold versus 1.6-fold).

Because the structure-binding affinity patterns observed
for both pyrazole isomers (Serics I and II) are quite
similar, we postulated that these distinct core structure
pyrazole isomers would be binding in the same orienta-
tion in the ER binding pocket.
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R;=Hor OMe 6a Ry = OMe, R, = OMe (66%)
6b Ry = H, R, = OMe (59%)

6c Ry =H, Ry = H (53%)

ArB(OH),, Pd(OAc),
PPhg (or Pd(PPh3)4)

N-N
{ A Na,COj3, n-PrOH/H,0 O
3 {or DME/H,0) R
A, I 80°C,1-14h

9a Ry = OMe, Ry = OMe, R = Et, Ry = OMe (70%)
9b Ry = H, Ry = OMe, Ry = Pr, Ry = OMe (71%)

9¢ Ry = H, Ry = OMe, R; = Et, Ry = OMe (53%)

9d Ry=H, Ry =OMe, Ry=Et, Ry =H (60%)

9e Ry =H, R;=H, R; = Et, Ry = OMe (70%)

8a Ry = OMe, Ry = OMe, Ry = Et (87%)
8b Ry = H, R, = OMe, R = Pr (65%)

8¢ Ry =H, Ry = OMe, Ry = Et (83%)

8d Ry =H, Ry = H, Ry = Et (74%)

Scheme 2. Synthesis ol 1.3.4-triaryl-S-alkyl-pyrazoles.

Table 1. Binding aflinity data for pyrazole isomers and original pyr-

azole serics

Ry, R» R; R; Compound RBA Compound RBA

(D n® an ("
I OH FEt OH 1 15343 . 2 5.8£0.3
OH OH Et OH 1la 20.3£3 10a 7.8+4
H  OH »-Pr OH 11b 2540.01 10b 16.0%1
H OH Et H e 0.46 10c¢ 0.43+0.07
H H Lt OH 11d 0.007 10d 0.008%0.005

“Competitive radiometric binding assays were done using 10nM
[FHES as tracer and lamb uterine cytosol as receptor source: for
details, sce Experimental. Compounds 11a d were prepared as deseri-

bed elsewhere 10

Elucidation of the aryl group in the pyrazole that mimics
the A-ring of estradiol: Inferring pyrazole orientation in
the ligand binding pocket from the binding affinity of
isomeric monophenols

To further support the hypothesis that both pyrazole
isomers have the same binding mode and to more con-
fidently establish which phenolic group is playing the
role of the A-ring phenol in estradiol, we prepared the
individual monophenolic derivatives of pyrazole 1
(Table 1. Scrics 1. 11e and 11d) and pyrazole 2 (Table 1,
Serics 11, 10¢ and 10d). Systematic phecnol deletion is a
standard approach that has been used in the past to
determine which phenol in an unsymmetrical bisphenolic
non-steroidal ER ligand mimics the crucial A-ring phenol
of estradiol (E,).'"'? The monophenolic analoguc having
the highest affinity is then presumed to have preserved
the phenol that is acting as the estradiol A-ring mimic,
because the hydroxyl substituent at this position is known
to be essential for high affinity binding to the ER.!3 (At
the outset, it is of note that removal of onc of the phe-
nols from the R position (pyrazole 1 versus 11a in Scries
[, and pyrazole 2 versus 10a in Series 1) has little effect

3YHCI ,_N
MRS
Ry H

1) BuLi, THF R,

LA O
Rg (0] Rg K|/|2, NaOAc

N

H0, 100 °C

7a Ry = OMe. Ry = OMe, Ry = Et (44%)
7b Ry = H, R, = OMe, R; = Pr (42%)

7¢ R; = H, Rz = OMe, R = Et (35%)

7d Ry = H, Ry = H, Ry = Et (40%)

BBrs I

Z R
Ra " omer, O s
Q0

10a Ry = OH, R, = OH, Ry = Et, Ry = OH (70%)
10b Ry = H, Ry = OH, Ry = Pr, Ry = OH (71%)

2 R, =H, Ry = OH, Rs = Et, Ry = OH (53%)
10c Ry=H, Ry = OH, Rs= Et, Rg=H (60%)
10d Ry =H, Rz = H, Rs = Et, Ry = OH (70%)

on binding affinity, suggesting that thesc rings arc not
the ones that correspond to the A-ring of estradiol.)

The route in Scheme 2 was used to prepare both the
N(l) and the C(4) monophenolic pyrazole Series 11
analogues 10¢ and 10d, regioselectively and in good
yield. The RBA of pyrazole isomer 10¢ is 0.43%,
whercas that of pyrazole isomer 10d is only 0.008%.
When these affinities arc comparcd to that of the
bisphenolic pyrazole 2 (5.8%) (Table 1), onc can sec
that removal of the phenolic hydroxyl from the N(1)
phenyl ring results in a 725-fold decreasc in affinity,
whereas removal of the hydroxyl from the C(4) phenyl
group results in only a 13-fold decrease. Thus, the 56-
fold greater decrease in affinity that results from delet-
ing the phenolic hydroxyl from the N(1) phenyl group
versus from the C(4) phenyl group strongly suggests
that the N(1)-phenolic substituent in the Serics 11 pyr-
azoles is acting as the A-ring mimic (Fig. 5).

Initial attempts to prepare the C(3) and C(5) mono-
phenol pyrazole analogues for Series 1 (11¢ and 11d)
regiosclectively using the acylation—cyclization strategy
were unsuccessful. However, these compounds could
successfully be prepared via the corresponding pyr-
azolines by a new regioselective route (not shown) that
will be described elsewhere.!® The binding affinities for
the Series I monophenolic isomers 11d and 1l¢ are
0.007% and 0.46%, respectively. Compared to the cor-
responding bisphenolic pyrazole 1 (15.3%) (Table 1), a
much greater decreasc in binding affinity results when
the hydroxyl group is removed from C(3) phenol (2185-
fold, 11d) than from the C(5) phenol (33-fold, 11¢). The
difference in affinity loss that results from the alternative
hydroxy group deletion in this series (i.e. 2185/33- or 66-
fold) is comparable to that found in Series 11 (56-fold).
This result indicates that in Seties 1 the C(3) phenol is
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Figure 5. Preferred orientation and proposed A-ring mimic for Series 1
and Series 11 pyrazoles.

mimicking the A-ring of E,. Thus, because the C(3)
phenol in Series 1 and the N(1) phenol in Series II are
positioned in a congruent fashion, we believe that the
pyrazoles of both Series I and II share a single common
binding mode, as illustrated in Figure 5. According to
this mode, the other two aryl groups are displayed
within a region of the binding pocket resembling the C/
D region of E,, which is known to tolerate a large
number of substituents.'?

Modeling pyrazole orientation in the ligand binding
pocket

In our original study of pyrazole 1, we used molecular
modeling to show that this compound could bind in an
orientation in which the C(5) phenol mimicked the A-
ring of estradiol;? this is different from that shown in
Figure 5. However, in this earlier study, we had based
our model on the ERa crystal structure with the
antagonist ligand raloxifene.'* Upon further considera-
tion, we now think that the ERax crystal structure we
used previously was not an appropriate one for model-
ing ligands like pyrazole 1, because unlike raloxifene,
these pyrazoles are ER« agonists, not antagonists.* !>

We have recently completed a more extensive modeling of
a pyrazole triphenol that corresponds to pyrazole diphe-
nol 11b,* using as a starting point an X-ray structure of
ERo complexed with the agonist diethylstilbestrol, a non-
steroidal estrogen agonist with an RBA of 98%.' In
this study, we considered six possible starting orienta-
tions (the three phenols placed in the A-ring pocket and
in each case the two alternative orientations of the
remaining two phenols that come from rotation about
the bond linking the A-ring phenol and the pyrazole
core). From this recent study,* the orientation in which
the C(3) phenol of the Series I pyrazole mimics the A-
ring of estradiol gave the lowest energy structure and
appcared to be quite reasonable on steric grounds,
although it is difficult to rigorously eliminate some of
the other possible orientations. This is the orientation
shown in Figure 5 for the Series I pyrazole.

GLU3S3

HISS24

PHE404

ARG384

Figure 6. A model for pyrazole 10a docked and minimized in the
DES-ER«-LBD. The surface of the ligand is shown in ycllow, and the
solvent accessible surface of ER as purple dots.

In the present study, we have used this approach to
examine the six possible binding orientations of the
ethyl triphenol Series Il pyrazole 10a. Again, the orien-
tation in which the N(1) phenol is the mimic of the A-
ring of estradiol (cf. Fig. 5) is well accommodated by the
structure and has a reasonable binding energy, although
an alternative orientation with the C(4) phenol in this
position cannot be ruled out by binding energy con-
siderations. Nevertheless, this latter orientation seems
unlikely, given the much higher experimental binding
affinity of monophenol 10¢ versus 10d (Table 1).

Thus, on the basis of the experimental determinations of
monophenol binding affinities and molecular modeling,
we suggest that the preferred binding modes of the pyr-
azoles in the estrogen receptor correspond to those illu-
strated in Figure 5. A pictorial representation of
pyrazole 10a in this orientation is shown in Figure 6.

Conclusions

To explore the effect of core structure on the ability of
pyrazole ligands to bind to ER, we developed an effi-
cient, regioselective, and flexible route to a new isomeric
series of pyrazoles (1,3,4-triaryl-5-alkyl-pyrazoles), and
we evaluated their binding affinity to ER. The synthesis
relies on the acylation of a hydrazone anion, followed,
after cyclization and halogenation, by a Pd(0) Suzuki
coupling strategy. We found that the ER accommodates
1,3.4-triaryl-pyrazoles of the new isomeric series (Series
II) only slightly less well than the original 1,3,5-triaryl
series (Series I), and on the basis of the binding affinity
of the corresponding monophenols and molecular
modeling studies, both isomers appear to share a com-
mon binding mode. In this binding mode, the putative
A-ring mimic is the C(3) phenol in Series I and the N(1)
phenol in Series II. Thus, as in the case of the imida-
zoles discussed earlier (Fig. 1), it does appear possible
to permute the position of heteroatoms in the azole
ring without having a major effect on the ER binding
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aflinity, provided that the peripheral  substituents
remain disposed with the same gecometry and provided
that one remains in the same azole series (i.c. 1.2-azoles
[pyrazoles] not 1,3-azoles [imidazoles]). so that com-
pounds with cquivalent dipole moments and polarities
arc being compared. These studies provide additional
insight into the design of heterocyclic core structures {or
the development of high affinity ER ligands by combi-
natorial methods.

Experimental

General

Melting points were determined on a Thomas-Hoover
UniMecll capillary apparatus and arc uncorrected. All
recagents and solvents were obtained from Aldrich,
Fisher or Mallinckrodt. Tetrahydrofuran was freshly
distifled from sodium/benzophenone. Dimethylforma-
mide was vacuum distilled prior to usc, and stored over
4 A molccular sicves. n-Butyllithium and r-butyllithium
were titrated with - N-pivaloyl-o-toluidine.  Etz;N was
stirred with phenylisocyanate, filtered. distilled. and
stored over 4 A molecular sicves. All rcactions were
performed under a dry N, atmosphere unless otherwise
specificd. Reaction progress was monitored by analy-
tical thin-layer chromatography using GF silica plates
purchased from Analtech. Visualization was achieved
by short wave UV light (254 nm) or potassium perman-
ganate. Flash column chromatography was performed
using Wocelm 32 63 um silica gel packing.'”

'H and '*C NMR spectra were recorded on either a
Varian Unity 400 MHz or 500 MHz spectrometer using
CDCl;. McOD or (CD3),SO as solvent. Chemical
shifts were reported as parts per million downficld
from an internal tetramethylsilane standard (8 0.0 for
'"H) or from solvent references. NMR coupling con-
stants arc reported in Hertz. '3C NMR spectra were
determined  using cither the Attached Proton Test
(APT) or standard '*C pulse sequence parameters. Low
resolution and high resolution electron impact mass
spectra were obtained on Finnigan MAT CH-5 or 70-
VSE spectrometers. Elemental analyses were performed
by the Microanalytical Service Laboratory of the Uni-
versity  of llinois. Hydrazones 6a-¢ arc pronc (o
decomposition and therefore could only be stored for 2—
3 days at 0°C. Once the hydrazone products were con-
firmed by '"H NMR they were typically used directly in
the acylation cyclization step without further char-
aclerization.

Biological procedures: relative binding affinity assay

Ligand binding aflinitics (RBAs) using lamb uterine
cytosol as a receptor source were determined by a com-
petitive  radiometric  binding assay using 10nM
[*H]estradiol as tracer and dextran-coated charcoal as
an adsorbent for free ligand.” All incubations were donc
at 0°C for 18 24h. Binding aflinitics arc cxpressed
relative to estradiol (RBA =100%) and arc reproducible
with a cocflicient of variation of 0.3.

Molecular modeling of pyrazole 10a

The protocol for modcling followed that recently
described for a related pyrazole triphenol. The starting
conformation for pyrazole 10a used for receptor dock-
ing studies was generated from a random conformational
scarch performed using the MMFF94 force field as
implemented in Sybyl 6.6. The resulting lowest energy
conformer was then used for docking studies. Charge
calculations were determined using the MMFF94
method and molecular surface properties displayed
using MOLCAD module in Sybyl 6.6.

Pyrazole 10a. generated as noted above, was pre-posi-
tioned in the DES-ER-LBD crystal structure'® using a
least squares multifitting of sclect atoms within the DES
ligand. Once pre-positioned, DES was deleted and
ligand 10a was optimally docked in the ERa binding
pocket in six orientations (as specificd in the text) using
the Flexidock routine within Sybyl (Tripos). Both
hydrogen-bond donors and acceptors within the pocket
surrounding the ligand (Glusss, Argags, and Hissyy), the
ligand itself and sclect torsional bonds were defined.
The docked receptor ligand complexes from Flexidock
then underwent a three step minimization. First, non-
ring torsional bonds of the ligand were minimized in the
context of the receptor using the torsmin command.
This was followed by minimization of the side chain
residues within 8 A of the ligand, while holding the
backbone and residues Glussy and Argsgg fixed. A final
third minimization of both the ligand and receptor was
conducted using the Anncal function (hot radius 8 A,
interesting radius 16 A from pyrazole 10a) to afford the
final model.

Chemical syntheses

5-Ethyl-1,4-bis-(4-methoxyphenyl)-3-phenyl-1H-pyrazole
(2). A stirred solution of 9¢ (46mg, 0.16 mmol) in
CH-Cl, (I5mL) was treated with BBr; (1.62mL,
1.62 mmol) according to the general demethylation pro-
cedure. After work up and an SiO» plug (30% EtOAc/
hexanes) a white solid was isolated (40 mg, 94%): mp
220 225°C;'H NMR (MeOD-d4. 400 MHz) § 0.90 (t, 3H,
J=7.5).2.62(q. 2H, J=17.5), 6.79 (XX’ of AA’XX’, 2H,
Jax=8.3, Jxx=2.3), 6.94 (XX’ of AA'XX', 2H, Jax=
8.6, .])()(:2,7)7 7.04 (AA, of AA’XX/, 2H, JAX:8.2,
Jan=2.4),7.20-7.27 (m, 2H), 7.34 (AA’ of AA’XX’, 2H,
Jax =838, Jaa=2.6), 7.37-7.44 (m, 3H); “C NMR
(MeOD-d,. 100MHz) 6 12.4, 17.2, 114.8, 115.2, 118.5,
124.3, 126.9, 127.4, 127.5, 127.6, 131.0, 131.0, 132.9,
144.1, 148.9, 156.2, 157.8; MS (EI, 70¢V) m/z (relative
intensity, %): 356 (M™, 100); Anal calcd for Cy3Hsg
N-0O--H-0: C, 73.78; H, 5.92; N, 7.48. Found: C, 73.82;
H, 5.95: N. 7.69.

4'-Methoxyacetophenone-4-methoxyphenylhydrazone (6a).
An E{OH (40 mL) solution of 4-methoxyacetophenone
(g, 6.67mmol), sodium acctate (1.09g, 13.34mmol),
and 4-methoxyphenylhydrazine hydrochloride (1.74g,
10.0 mmol) was heated to 80°C for 3.0h. The reaction
mixture was cooled to room temperature and concentrated
under reduced pressure. The residue was dissolved in ethyl
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acctate (30 mL) and washed with water (40 mL) and brine
(2x40mL). After drying over MgSO, and solvent con-
centration a red and white heterogeneous solid formed.
The product was collected by filtration and rinsed with
cold cthanol (20 mL) to afford 6a as a white solid (1.18 g,
66%) which was uscd directly in the next step.

Acetophenone-4-methoxyphenylhydrazone (6b). A solution
of acctophenone (250 mg, 2.00 mmol) and 4-mcthoxy-
phenylhydrazine hydrochloride (349 mg. 2.00 mmol)
was reacted similarly to conditions used for 6a to afford
a red and white heterogeneous sold. Cold ethanol
(20 mL) was added and the remaining solid collected via
vacuum filtration to afford 6b as a white solid (1.41 g,
59%Y) which was uscd directly in the next step.

Acetophenonephenylhydrazone (6¢). A solution of accto-
phenone (1.8 g. 15mmol), phenylhydrazine hydrochlo-
ride (2.17g, 15mmol), and sodium acetate (1.23 g,
15.0 mmol), in anhydrous ethanol (40 mL), was reacted
similarly to conditions used for 6a to afford a yellow
and white heterogeneous solid. Cold cthanol (20mL)
was added to the solid and the product collected via
vacuum filtration to afford 6c as a white solid (1.67 g,
53%) which was used dircctly in the next step.

General acylation—cyclization procedure (7a—d). To a
stirred solution of hydrazone (3.05mmol) in THF (10
mL) at 0°C was added 129 M BuLi (4.73mL,
6.10 mmol) dropwise. The resulting deep red solution
was allowed to stir at 0°C for 0.25h, then room tem-
perature for 0.25h, and re-cooled to 0°C, whereupon a
THF solution (2.0 mL) of the appropriate alkyl anhy-
dride (1.53mmol) was added dropwise. This mixture
was stirred at 0°C for 0.25h, then treated with 3 M HCI
(6mL, 18 mmol) and refluxed for 1.5h. The biphasic
mixture was cooled to room temperaturc and the aqu-
eous layer scparated and neutralized with saturated
NaHCO;. The neutralized solution was extracted with
ethyl acetate (3x20mL) and the organic laycrs com-
bined with the THF layer from the reaction mixture.
The final organic layers were washed with satd
NaHCO; (3x20mL), dried over MgSO,. and con-
centrated to afford a red oil. The crude o1l was purified
by flash chromatography.

5-Ethyl-1,3-bis-(4-methoxyphenyl)- 1H - pyrazole (7a).
Following the general procedure above hydrazonc 6a
(824 mg, 3.05mmol) was acylated with propionic anhy-
dride (198 mg, 0.20 mL, 1.53 mmol) and cyclized with HCI.
Flash chromatography (25% EtOAc/hexancs) afforded an
inscparable mixture of 4-methoxyacetophenone and 7a
(474 mg). The phenonc was reduced by the dropwise
addition of a solution of NaBH, (27.3mg. 0.72) in H,O
(5mL) to a solution of the product mixture in ethanol
(5mL). The solution was stirred for 18 h at room tem-
perature and poured over 1 M HCI (20mL). Upon
product isolation (EtOAc. satd NaHCOs;, brine) and
solvent removal under reduced pressure an orange oil
was isolated, which upon addition of 25% EtOAc/hex-
anes resulted in sclective crystallization of pyrazole 7a
as finc white crystals (200 mg, 44%): '"H NMR (CDCl;,
400 MHz) & 1.24 (t, 3H, J=17.6), 2.64 (q, 2H, J=7.5).

3.83 (s, 3H) 6.45 (s, 1H), 3.85 (s, 3H), 6.98 (XX’ of
AA/XX,, 2H, JAX:8.9, JXX:2'4)a 7.09 (XX/ of AA'
XX, 2H, Jax=9.0, Jxx=2.7), 7.39 (AA’ of AA'XX’,
2, Jax=8.9, Jaa=2.7), .79 (AA’ of AA’XX', 2H.
Jax =89, Jaa=2.8); BC NMR (CDCls, 100 MHz) &
13.0, 19.6, 55.1, 55.4, 101.2, 113.7, 114.1, 126.2, 126.8,
126.8, 133.0, 146.5, 150.8, 158.9, 159.1.

1-(4-Methoxyphenyl)-3-phenyl-5-propyl-1H-pyrazole (7b).
Following the general procedure above hydrazonc 6a
(1.37 g, 5.71 mmol) was acylated with butyric anhydride
(452mg, 0.47mL, 2.86mmol) and cyclized with HCL
Flash chromatography (30% EtOAc/hexancs) afforded
the title compound as a yellow oil (710 mg, 42%): 'H
NMR (CDCl;, 400 MHz) 8 0.96 (t, 3H, J=7.5) 1.66
(sext, 2H, J=7.5), 2.61 (t, 2H, J="7.7), 3.85 (s, 3H), 6.54
(s, 1H), 6.99 (XX’ of AA’XX’, 2H, Jox=8.7, Jxx=2.7),
7.31 (app tt, 1H, J=7.3, 1.5), 7.38--7.43 (m, 4H), 7.89
(AA" of AA'XX', 2H, Jax=7.2, Jax = 1.3); 13C NMR
(CDCl;, 100MHz) 8 13.7, 21.9, 27.1, 554, 102.2, 114.1,
125.5, 126.9, 127.5, 128.4, 132.9, 133.4, 145.2, 150.9,
159.1; HRMS (EI, M *) caled for CioH5oN,O: 292.1576.
Found: 292.1569.

5-Ethyl-1-(4-methoxyphenyl)-3-phenylpyrazole (7¢). Fol-
lowing the general procedure above hydrazone 6b
(4.50 g, 18.75 mmol) was acylated with propionic anhy-
dride (1.22g, 1.20 m L, 9.38 mmol) and cyclized with
HCI. Upon solvent removal a crude orange solid was
isolated. The crude solid was recrystallized from 20%
ethyl acetate/hexanes to afford the title compound as
pale yellow needles (1.82¢g, 35%): mp 70-75°C; 'H
NMR (CDCls, 400 MHz) & 1.25 (t, 3H, J=1.5), 2.65 (q,
2H, J=17.5), 6.53 (s, 1H), 3.86 (s, 3H), 6.99 (AA’XX,
2H, J=8.6, 2.6), 7.28-7.33 (m, 1H), 7.37-7.43 (m, 4H),
7.85-7.90 (m, 2H); '*C NMR (CDCl;, 125MHz) § 13.0,
19.6, 55.4, 101.6, 114.2, 125.5, 126.8, 127.5, 128.4, 132.9,
133.3, 146.6, 151.0, 159.0; MS (EI, 70eV) m/z (relative
intensity, %): 278 (M™, 100). Anal. caled for CgH g
N,O: C, 77.67; H, 6.52; N, 10.06. Found: C, 77.62; H,
6.49; N, 10.05.

1,3-Diphenyl-5-propyl-1H-pyrazole (7d). Following the
general procedure above hydrazone 6¢ (1.30 g, 6.19 mmol)
was acylated with propionic anhydride (403 mg, 0.40
mL, 3.10 mmol) and cyclized with HCI. Flash chroma-
tography (20% dicthyl ether/hexanes) afforded the title
compound as a yellow oil (600mg, 40%): 'H NMR
(CDClIs, S00MHz) 6 1.28 (t, 3H, J=17.4), 2.72 (q, 2H,
J=7.4), 6.58 (s, 1H), 7.32-7.53 (m, 8H), 7.91 (d, 2H,
J=17.5); C NMR (CDCl;, 100MHz) & 13.2, 19.9,
102.3, 125.7, 127.8, 127.9, 128.8, 129.1, 133.4, 140.0,
146.7, 151.5; HRMS (EI, M") caled for C,;H(Nx:
248.1313. Found: 248.1312.

General iodination procedure (8a~d). To a refluxing
solution of pyrazole (0.59 mmol) and sodium acetate
(107mg, 1.13mmol) in H,O (4.00mlL) was added a
solution of KI (591 mg, 3.56mmol) and 1, (301 mg,
1.19 mmol) in H,O (4mL) dropwise. The resulting dark
brown solution was allowed to reflux for 3h and then
was cooled to room temperaturc and the product
extracted with diethyl ether (3x25mL). The organic




148 S. R. Stauffer et al. | Bioorg. Med. Chem. 9 (2001) 141150

layers were combined, washed with NaS->O» (3x20mL),
NaHCO; (2x20mL), brinc (2x20mL) and then dried
over MgSQO, and concentrated under reduced pressure
to afford the crude iodo-pyrazoles. The products were
purified by rccrystallization from hexanes or by flash
chromatography on silica gel.

5-Ethyl-4-iodo-1,3-bis-(4-methoxypheny!)-1H -pyrazole
(8a). Pyrazole 7a (153 mg, 0.59mmol) was iodinated
according to the genceral procedure above. A crude tan
solid was isolated and recrystallized from hexancs to
afford the title compound as a white solid (224 mg.
87%). 'H NMR (CDCls;, 400 MHz) & 1.13 (. 3H.
J=7.4),2.73 (q, 2H, J=17.5), 3.84 (s, 3H). 3.85 (s, 3H),
6.94 7.02 (m, 4H), 7.36 (AA'XX', 2H. J=9.0, 2.7), 7.83
(AA’XX', 2H, J=838, 2.5); C NMR (CDCl;,
125MHz) ¢ 13.1, 20.1, 55.1, 55.4, 60.1, 113.4, 114.2,
125.4,126.9, 129.4, 132.6, 147.2, 151.4, 159.4, 159.5.

4-lodo-1-(4-methoxyphenyl)-3-phenyl-5-propylpyrazole
(8b). Pyrazole 7b (660 mg, 2.26 mmol) was 1odinated
according to the gencral procedure above. A crude oil
was 1solated and purified by flash chromatography
(25% cthyl acetate/hexanes) to afford a mixture of
unrcacted pyrazole 7b and product 8b as a pale-yellow
oil (yield as determined by NMR: 65%: resonancces lis-
ted for product only): 'H NMR (CDCl;, 400 MHz) &
0.90 (t, 3H, J=7.4) 1.56 (scxt, 2H, /=7.6). 2.70 (1, 2H,
J=17.8), 3.86 (s, 3H), 6.99 (XX’ of AA’XX', 2H, Jox =
8.7, Jxx'=2.8), 7.90 (AA" of AA'XX', 2H, Jax=28.3,
Jan=1.6). 7.26 7.46 (m, 5H); 3C NMR (CDCl;. 100
MHz) 8 13.8, 21.9, 28.4, 55.4, 60.9, 114.2, 127.1, 128.0,
128.0, 128.2, 132.8, 146.2, 151.5, 159.5; HRMS (EI,
M ') caled for CiyH 9N->OI: 418.0542. Found: 418.0550.

5-Ethyl-4-iodo-1-(4-mcthoxyphenyl)-3-phenyl-1H-pyra-
zole (8¢). Pyrazole 7¢ (500 mg, 1.80 mmol) was iodinated
according to the general procedure above to afford the
title compound as a white solid (603 mg, 83%): mp 70-
73°C; '"H NMR (CDCl;, 500MHz) & 1.14 (t, 3H,
J=1.5), 2.74 (q. 2H, J=17.5), 3.86 (s. 3H). 6.99 (AA’
XX, 2H, J=8.6, 2.9), 7.34-7.47 (m, SH). 7.86-7.92 (in,
2H); MS (El, 70cV) m/z (relative intensity, %): 404
(M, 100). Anal. caled for C,sH;7N-OI: C, 53.48: H,
4.24; N, 6.93. Found: C, 53.66; H, 4.24: N, 6.89.

5-Ethyl-4-iodo-1,3-diphenyl-1H-pyrazole (8d). Pyrazole
7d (248 mg, 1.13 mmol) was iodinated according to the
general procedure above to afford a crude orange solid.
Recrystallization from hexanes afforded 8d as small
white crystals (312mg, 74%): mp 82 85°C; 'H NMR
(CDCl;, 500 MH2z) 6 1.61 (1, 3H, J=7.5), 2.78 (q. 2H,
J=17.5), 7.35 7.55 (m, 8H), 7.86-7.91 (m, 2H). '3C
NMR (CDCls, 125MHz) & 13.3. 20.3. 61.1, 125.6,
128.2, 128.3, 128.4, 128.6, 129.3, 132.9. 139.9, 147.3,
152.1: HRMS (E1. M ') caled for Ci7H,sN,I: 374.0280.
Found: 374.0277.

General procedure for Suzuki coupling (9a,b.d,e). To a
stirred solution of iodo-pyrazole (0.43 mmol) in n-propa-
nol (2mL) were added the appropriate boronic acid
(0.45 mmol), Pd(OAc)> (3mg, 0.013 mmol), PPh; (10 mg,
0.039 mmol), 2 M Na,CO; (0.47mL. 0.95mmol), and

H->O (0.5mL). The heterogencous solution was heated
to reflux for 5h, cooled to room temperature, and fil-
tered through Celite (EtOAc 4x5mL). The filtrate was
concentrated and partitioned in diethyl cther and water
and the aqucous layer scparated and extracted twice
more with ether. The combined organic layers were
washed with brine, dried over MgSO, and concentrated
under reduced pressure. The tetrasubstituted pyrazoles
were subsequently purified by flash chromatography.

5-Ethyl-1,3,4-tris-(4-methoxyphenyl)-1H-pyrazole (9a).
lodo-pyrazole 8a (187 mg, 0.43 mmol) was coupled with
4-methoxyphenylboronic  acid (68 mg, 0.45mmol)
according to the general procedure above to afford a
crude brown oil. Flash chromatography (40% ethyl
acetate/hexanes) furnished the title compound as a clear
oil (124 mg. 70%): '"H NMR (CDCls, 400 MHz) § 0.93
(t, 3H, J=17.5), 2.63 (q, 2H, J=1.5), 3.77 (s, 3H), 3.85
(s, 3H), 3.87 (s, 3H), 6.78 (AA'XX', 2H, J=8.9, 2.5),
6.93 (AA’XX’, 2H, J=8.7, 2.5), 7.01 (AA’XX’, 2H,
J=89, 2.6), 7.20 (AA'XX', 2H, J=8.6, 2.5), 743
(AA'XX', 2H, J=8.8, 2.4), 7.46 (AA'XX', 2H, J=38.9,
2.6): *C NMR (CD;0D, 100 MHz) 6 13.7, 17.8, 54.9,
55.0,55.4,113.3, 113.8, 114.1, 125.9, 126.4, 127.1, 127 .4,
128.9, 131.3, 133.1, 143.5, 148.7, 158.3, 158.7, 159.1;
HRMS (EI, M™") caled for ChHaN>Os3: 414.1943.
Found: 414.1937.

1,4-Bis-(4-methoxyphenyl)-3-phenyl-5-propyl-1H-pyra-
zole (9b). lodo-pyrazole 8b (300mg, 0.72mmol) was
coupled with 4-methoxyphcnylboronic acid (115mg,
0.75 mmol) according to the general procedure above.
Flash chromatography (25% EtOAc/hexancs) afforded
the title compound as a glassy solid (203 mg, 71%): 'H
NMR (CDCl;, 500MHz) & 0.70 (t, 3H, J=7.4), 1.31
(sext, 2H, J=17.6), 2.59 (t, 2H, /=7.9), 3.84 (s, 3H), 3.86
(s. 3H), 6.92 (AA'XX', 2H, J=8.4, 2.4), 7.00 (AA’XX’,
2H, J=8.5, 2.5), 7.16-7.27 (m, SH), 7.45 (AA’XX’, 2H,
J=8.7, 2.4), 7.48-7.54 (m, 2H); '*C NMR (MeOD-d,,
100 MHz) & 13.8, 22.2, 26.5, 55.2, 55.5, 113.9, 114.3,
114.6, 126.4, 127.2, 127.3, 127.9, 128.1, 131.5, 133.3,
133.4, 142.6, 149.0, 158.5, 159.3; HRMS (EI, M *) caled
for C>cH»7N>05: 398.1994. Found: 398.1991.

5-Ethyl-1,4-bis-(4-methoxyphenyl)-3-phenyl-1H-pyrazole
(9¢). To a degassed solution of 2 M Na,CO5 (0.55mL,
1.09 mmol; 0.5mL H,0), and DME (3.0 mL) was added
4-methoxyphenylboronic acid (83 mg, 0.55mmol) and
pyrazole 8c (200mg, 0.45mmol). To this solution
Pd(PhsP)4 (27 mg, 0.025 mmol) was added and the mix-
ture heated to 80°C for 72 h. The reaction mixture was
then cooled to room temperature and filtered through
Celite. The filtrate was transferred to a separatory funnel
and the aqueous layers extracted with Et;O (3x5mL).
The organic layers were combined and concentrated
under reduced pressure. Flash chromatography (25%
EtOAc/hexanes) afforded 9¢ as a white solid (100 mg,
53%). 'H NMR (CDCl;, 400 MHz) & 0.93 (t, 3H,
J=17.5), 2.64 (q, 2H, J=7.6), 3.85 (s, 3H), 3.86 (s, 3H),
6.93 (AA'’XX', 2H, J=8.7, 2.4), 7.00 (AA’XX', 2H,
J=9.2,2.7), 7.18-7.27 (m, 5H), 7.46 (AA’XX’', 2H,
J=9.0,2.7), 7.49-7.53 (m, 2H); HRMS (EI, M ™) calcd
for C,sH»4N»O5: 384.1834. Found: 384.1838.
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5-Ethyl-1-(4-methoxyphenyl)-3,4-diphenyl-1H-pyrazole
(9d). Todo-pyrazole 8¢ (400 mg, 0.99 mmol) was cou-
pled with phenylboronic acid (144mg, 1.04mmol)
according to the general procedure above to afford a
crude brown oil. Flash chromatography (15% THEF/
hexanes) furnished the product and a mixture of the
product and unreacted starting material. The mixture
was treated to a second column under the same condi-
tions to afford additional 9d (50mg combined, 14%
isolated yield: 217 mg for remaining mixture, 60% total
yield as determined by NMR): '"H NMR (MeOD-d,.
500 MHz) & 0.94 (t, 3H. J=7.4), 2.66 (q. 2H. J=17.5),
7.02 (AA’XX'. 2H, J=8.9, 2.7), 7.17-7.53 (m, 12H); '*C
NMR (McOD-d,, 100 MHz) 6 13.7, 17.8, 55.4, 114.1,
118.7, 126.6, 127.2. 1279, 127.9, 128.3, 130.2, 132.8,
133.1, 133.9, 143.7, 148.8, 159.3.

5-Ethyl-4-(4-methoxyphenyl)-1,3-diphenyl-1H-pyrazole
(9¢). lodo-pyrazole 8d (244 mg. 0.65 mmol) was coupled
with 4-methoxyphenylboronic acid (105mg, 0.69 mmol)
according to the gencral procedure above to afford a yel-
low oil. Flash chromatography (15% EtOAc/hexanes)
was performed to afford a pale yellow oil which was
then recrystallized from hexanes to afford the title com-
pound as white crystals (160mg, 70%): 'H NMR
(McOD-d,. 500 MHz) & 0.94 (t, 3H, J=7.5), 2.70 (q,
2H, J=1.5), 3.85 (s, 3H). 6.94 (AA’XX', 2H, J=8.8,
2.6), 7.19-7.28 (m, 5H), 7.43 (app tt, 1H. J=74, 1.7),
7.48-7.55 (m, 4H), 7.55-7.60 (m, 2H): ""C NMR
(McOD-dy, 125MHz) 6 13.7, 17.9, 55.1, 113.8, 118.8,
125.7, 126.1, 127.2, 127.8, 127.9, 129.0, 131.3, 133.2,
140.0, 143.6, 149.3, 158.4.

General procedure for demethylation using BBr5 (2, 10a—d).
To a stirred solution of pyrazole (9a—e, 0.28 mmol) in
CH,Cl, (10mL) at —78°C was added BBr;y (2.82mlL.
2.82 mmol) dropwise as a 1 M solution in CH,Cl,. The
mixture was allowed to warm to room temperature and
stirred for 3 h. The reaction was quenched at 0 °C by the
addition of H-O (10 mL). The resulting solid was solu-
bilized by the addition of ethyl acetate and the resulting
biphasic solution transferred to a separatory funnel and
the aqueous layer isolated. The aqueous layer was acid-
ified with 3 M HCl (3mL) and extracted with ethyl
acctate (2x15mL). The combined organic layers were
washed with brine and dried over MgSO,. The solvent
was removed under reduced pressurc and the phenolic
products purificd by flash chromatography and/or crys-
tallization.

5-Ethyl-1,3,4-tris-(4-hydroxyphenyl)-1H-pyrazole (10a).
A stirred solution of 9a (46 mg, 0.11 mmol) in CH,Cl,
(5mL) was treated with BBr; (1.10mL, 1.10 mmol)
according to the general demethylation procedurc. After
work up a reddish brown oil isolated. The oil was dis-
solved in methanol and concentrated under reduced
pressurc. No effort was made to remove trace amounts
of methanol remaining in the sample. The residue was
triturated by adding CH,Cl, dropwise until a precipitate
formed. The precipitate was isolated by vacuum filtra-
tion to afford 10a as a white solid (40mg. 93%): 'H
NMR (Me¢OD-d,. 400 MHz) 3 0.89 (t, 3H, J=7.6) 2.59
(q. 2H, J=7.5), 6.65 (d, 2H, J=8.4), 6.79 (d, 2H,

J=8.4), 6.93 (d, 2H, J=8.8), 7.03 (d, 2H. J=8.8), 7.21
(d, 2H, J=84), 7.32 (d, 2H, J=8.8); "C NMR
(McOD-d,, 100MHz) 6 12.4, 17.2, 1143, 114.8, 115.1,
118.0, 124.2, 124.6, 127.4, 128.9, 131.0, 131.2, 143.9,
149.1, 156.0, 156.6, 157.7, HRMS (EI, M *) caled for
Cz}Hz()NgOgi 372.1474. Found: 372.1468.

1,4-Bis-(4-hydroxyphenyl)-3-phenyl-5-propyl-1H-pyrazole
(10b). A stirred solution of 9b (100 mg, 0.25 mmol) in
CH,Cl, (10mL) was treated with BBr3 (2.50mL,
2.50 mmol) according to the general demethylation pro-
cedure. After work up a red solid was isolated. The solid
was recrystallized from 10% CH,OH/CHCI; to afford
10b as small white crystals (75mg, 81%). mp 233-
236°C; '"H NMR (MeOD-d,, 400 MHz) & 0.67 (t, 3H,
J=7.3). 1.29 (sext, 2H, J=17.5), 2.59 (t, 2H, J=1.9),
6.79 (AA'XX/, 2H, J=84, 2.2), 6.94 (AA'XX', 2H,
J=8.6, 2.5), 7.03 (AA'XX', 2H, J=8.3, 2.1), 7.20-7.26
(m. 3H). 7.31-7.43 (m. 4H); "*C NMR (MecOD-d,,
100 MHz) § 12,4, 21.5, 25.9, 114.9, 115.2, 119.1, 124.4,
127.0, 127.4, 127.5, 127.6, 131.1, 131.2, 1329, 142.8,
1489, 156.2. 157.8; HRMS (EI, M™) caled for
Cr4H55N>04: 370.1681. Found: 370.1685.

5-Ethyl-1-(4-hydroxyphenyl)-3.4-diphenyl-1H-pyrazole
(10c). A stirred solution of 9¢ (37mg, 0.10mmol) in
CH-Cl; (5ml) was treated with BBry (1.00mL, 1.00
mmol) according to the general demethylation proce-
dure. After work up a brown oil was afforded. The
crude oil was purificd by flash chromatography (5%
CH;OH/CH,ClI,) to afford 10¢ as a white solid (30 mg,
86%): mp 210-220°C; 'H NMR (MeOD-d,, 400 MHz)
8 0.90 (t, 3H, J=7.60Hz), 2.65 (q, 2H, J=7.4), 6.95
(AA'’XX', 2H, J=9.1,2.7), 7.19-7.26 (m, 5H), 7.31-7.42
(m, 7H); 3C NMR (MeOD-d4, 100 MHz) § 13.8, 17.8,
116.5, 118.8, 126.8, 127.5, 127.6, 128.1, 128.1, 128.5,
130.3, 132.1, 132.9, 133.9, 144.2, 149.1, 156.5; HRMS
(EI. M*) caled for C,3H,zN-O: 340.1576. Found:
340.1576.

5-Ethyl-4-(4-hydroxyphenyl)-1,3-diphenyl- 1H-pyrazole
(10d). A stirred solution of 9e (100 mg, 0.28 mmol) in
CH-Cl, (10mL) was trcated with BBry (2.82mlL,
2.82mmol) according to the general demethylation pro-
cedure. After work up a crude brown solid was isolated.
The solid was purified by flash chromatography (5%
CH;0H/CH,CI,) to afford 10d as a white solid (89 mg,
93%): '"H NMR (MeOD-d4, 500 MHz) & 0.93 (t, 3H,
J=1.5),2.68 (q, 2H, J=17.6), 6.78 (XX’ of XX'AA’, 2H,
JAX: 84, JXX/:2.5), 7.10 (AA/ of AAIXXI, 2H, JAX:
8.4, Jaar=2.5), 7.21-7.28 (m, 3H), 7.40-7.52 (m, 6H),
7.53-7.58 (m, 2H); '*C NMR (MeOD-d;, 100 MHz) §
13.7,17.9, 115.6, 119.1, 125.8, 125.9, 1274, 128.0, 128.1,
128.2, 129.2, 131.5, 133.0, 139.8, 143.9, 149.5, 154.9;
HRMS (EI, M) caled for Cs3H,gN>O: 340.1576.
Found: 340.1571.
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Abstract—Recently, we developed a novel triaryl-substituted pyrazole ligand system that has high affinity for the estrogen receptor
(ER) (Fink, B. E.; Mortenson. D. S.; Stauffer, S. R.: Aron, Z. D.; Katzenellenbogen, J. A. Chem. Biol. 1999, 6, 205). Subsequent
work has shown that some analogucs in this series arc very selective for the ERa subtype in terms of binding affinity and agonist
potency (Stauffer, S. R.; Coletta, C. J.; Tedesco, R.; Sun. J.: Katzencllenbogen, J. A. J. Med. Chem. 2000, submitted). We now
investigate how this pyrazole ER agonist system might be converted into an antagonist or a selective estrogen receptor modifier
(SERM) by incorporating a basic or polar side chain like those typically found in antiestrogens and known to be essential deter-
minants of their mixed agonist/antagonist character. We sclected an N-piperidinyl-ethyl chain as a first attempt, and introduced it at the
four possible sites of substitution on the pyrazole core structure to determine the orientation that the pyrazole might adopt in the ER
ligand binding pocket. Of these four. the C(5) piperidinyl-ethoxy-substituted pyrazole 5 had by far the highest affinity. Also, it bound to
the ER subtype alpha (ER%) with 20-fold higher affinity than to ERP. In cefl-based transcription assays, pyrazole S was an antagonist on
both ERa and ERf, and it was also more potent on ERz. Based on structure-binding affinity refationships and on molecular modeling
studies of these pyrazoles in a crystal structure of the ERz-raloxifene complex. we propose that pyrazoles having a basic substituent on
the C(5) phenyl group adopt a binding mode that is different from that of the pyrazole agonists that tack this group. The most favorable
oricntation appears to be one which places the N(1) phenol in the A-ring binding pocket so that the basic side chain can adopt an
orientation similar to that of the basic side chain of raloxifene. .: 2000 Elscvier Science Ltd. All rights reserved.

Introduction side chains of these ligands displace the C-terminal helix

(helix-12) from the position it normally occupies in ER-

The term SERM, or selective estrogen receptor modi-
ficr, is used to describe ligands for the estrogen receptor
(ER) that display an interesting balance of agonist and
antagonist activity that can vary from tissue to tissue.'
SERMs have particular utility in menopausal hormone
replacement and in the treatment and prevention of
breast cancer, although the pharmacological profiles of
the currently available agents are not optimal.

SERMs typically consist of a non-steroidal core structure
onto which is attached a side chain bearing a basic or
polar function. X-ray crystal structures of the ER ligand
binding domain (LBD) complexcd with the SERMs
raloxifene? or hydroxytamoxifen? show that the large

*Corresponding author at Department of Chemistry, University of 1li-
nois. 600 South Mathews Avenue, Urbana. IL 61801, USA. Tel.: +1-
217-333-6310; fax: + 1-217-333-7325; c-mail: jkatzenefe uinc.cdu

LBD complexes with agonists. In this antagonist con-
formation, helix-12 moves into a position where it
occludes a hydrophobic groove on the surface of the
receptor that normally functions as a tethering site for the
interaction of ER with coactivator proteins, an interaction
that is important in mediating agonist activity.?*

[t is clear, however, that more subtle changes in the
conformation of ER must underlic some of the phar-
macological differences among various SERMs.>¢
Recently, conformation-sensitive peptides have been
used to discriminate among these different ligand-
induced ER conformations.”® Nevertheless, it is not
completely clear how the ligand structure of the various
SERMs determines ER conformation, at least at this
level of detail. In addition, differential interaction of
SERMs with the two ER subtypes, ERa and ERS,
might also underlic certain aspects of their tissue-selec-
tive activity.'0-12

0968-0896/01/% - sce front matter ¢ 2000 Elsevier Science Ltd. All rights reserved.
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In recent studies of novel, heterocyclic non-steroidal
cstrogens amenable to combinatorial assembly and
library synthesis, we identified tetrasubstituted pyr-
azoles as a system that afTorded high affinity ligands for
ER."} Subscquently, we used parallel synthesis. as well
as dirccted synthesis, to characterize structure aflinity
relationships in this series.'*! In the process. we found
several high aflinity compounds. and in particular, some
that show very high binding affinity and transcriptional
eflicacy for the ER alpha subtype (ERx%).'* Although
some of these compounds were also agonists on the ER
beta subtype (ERP). their potency and binding aflinity
on this ER subtype was much lower.!s The high differ-
ence in ER-subtype binding aflinitics shown by some of
these pyrazoles raised an interesting prospect that this
system might be a favorable starting point for the devel-
opment of ERa potency-sclective antagonists or SERMs.
This would depend. of course. on whether these ligands
could be converted to antagonists by appropriate sub-
stitution of basic or polar side chains.

In this report, we describe the preparation of several ana-
logues of an ERa high-aflinity pyrazole which embody the
type of basic or polar side chain that is typically found in
SERMs. We evaluate how this substitution is tolerated in
terms of ER binding aflinity, and in some sclected cases,
we show it aflects the transcriptional cfficacy and potency
of these ligands. We also develop a model for how these
basic side chain-substituted pyrazoles arc likely to be
oricntated in the ligand-binding pocket of ER.

Results and Discussion

An example of a favorable pattern of substitution for high
aflinity ER pyrazoles ligands consists of three phenols at
the 1-, 3- and S-positions and an alkyl group at the 4-
position. and is shown in Figure I (pyrazole 1).'% ¢ The
piperidinyl-cthyl substituent. which is widely repre-
sented in many SERM classes (see, for example, Ralox-
ifenc, Figurc 1).%'7 was chosen in this study as a typical
basic side chain that might be cxpected to confer the
characteristic mixed agonist/antagonist activity of these
compounds. The question at hand, however, is at which
position on a pyrazole such as 1 should this basic sub-
stituent be attached. Molecular modeling studies using
the LBD crystal structures provided a starting point
towards answering this question.

From published crystal structures, it is known that the ER-
LBD adopts a different conformation when complexed
with agonists (E>, DES) versus antagonists (hydroxy-
tamoxifen, raloxifene).® In our initial molecular modeling
studics, we examined various binding modes for the pyra-
zole core structure (i.c. without a basic side chain) based on
the larger ligand binding pocket in the ER-LBD -ralox-
ifene (antagonist) complex.' However, in a subsequent
publication.'” knowing now that these pyrazoles were
agonists, we reexamined our initial predictions, this time
using the ER-LBID DES (agonist) structurc. As a result of
this additional modcling work, as well as further struc-
ture activity relationship studies we have done in this
serics of compounds.'? we now belicve that these core
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Figure 1. Pyrazole triol corc structure (1) and basic side chain-con-
taining pyrazoles (2- 5).

pyrazoles, which behave as agonists, bind in an orien-
tation in which the C(3) phenol plays a role analogous
to the critical A-ring of estradiol.!” We have illustrated
this binding orientation with the relative positions we
have chosen for pyrazole 1 and estradiol in Figure 1. The
orientation of the SERM raloxifene relative to estradiol,
known from X-ray crystallography,? is also displayed in
Figure 1. In this orientation, the benzothiophene ring
system of raloxifene mimics the AB ring system of
estradiol, so that the basic side chain is directed roughly
in the estradiol 11§ direction (Fig. 1), where it extends
outward to displace helix-12, as noted above.?

On the basis of our current model, we might have con-
sidered 1t unlikely that the pyrazole ligand could even
accommodate a basic side chain. When bound with the
ER-LBD in the agonist conformation, there is no position
on the pyrazole analogue where such a side chain could be
disposed so as to occupy a region of the ligand binding
pocket that is normally occupicd by this group in other
SERMs (i.e. the estradiol 11B region, Figure 1).2* How-
ever, because of the near symmetry of these triaryl pyr-
azoles and the known flexibility of the ligand-binding
pocket of the ER,>?* we were not convinced that the binding
orientation preferences of the smaller core pyrazole agonist
ligands would be retained. The additional bulk and polar-
ity of the basic side chain that we were adding to engen-
der antagonist activity might cause the ligand to adopt
an entirely different orientation in the binding pocket.

Thercfore, as an initial effort to develop pyrazole-based
SERMs, we preparced four pyrazoles in which the basic
piperidinyl-cthyl side chain is attached at four different
positions (2-5, Fig. 1), and we determined the binding
affinity of these derivatives for the ER. Each of these
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isomers serves as a model to determine which position
on the heterocycle scaffold can best accommodate the
SERM-defining basic side chain in the ER-LBD. Once
identified, such a site would obviously be a prime target
for further study through a series of pyrazoles in which
the structure of this basic substituent is varied.'®

The four basic side chain-containing pyrazoles (2-5)
shown in Figure | are designed to probe several poten-
tial ligand orientations within the binding pocket. For
example, pyrazole 2 was proposed on the basis of our
initial docking study of the N-aryl pyrazole 1 in the
ERo -raloxifene X-ray crystal structure'? (now revised,
as noted above'®), which placed the C(5) phenol in the
subpocket corresponding to the A-ring of E,. In this
mode, the N(1) basic side chain group resides in what
would be the estradiol 11p dircction. Pyrazole 3 was
envisioned to undergo a ligand “flipping” around the
bond between the pyrazole core and the C(3) phenol, to
place the C(4)-linked basic side chain in the estradiol
11p direction. Pyrazoles 4 and 5 are regioisomers that
have the basic side chain at the 3- and S5-positions,
respectively. Pyrazole 5, a C(5)-substituted analogue,
was predicted to have a potentially favorable interaction
with ER by way of a ca. 120° counterclockwise rotation
about an axis perpendicular to the pyrazole ring,
resulting in a binding mode that would make the N(1)
phenol the mimic of the A-ring in estradiol. Pyrazole 4,
a regioisomer of pyrazole 5, was considered unlikely to
have a favorable interaction with the ER, because the
phenols and the basic side chain groups are displayed in
a “long” orientation. This leaves the remaining two free
phenols too close to one another for proper intcraction
with the A-ring and D-ring subpockets in ER. Never-
theless, it was prepared for the sake of completeness.

Chemical syntheses

The synthesis of pyrazole 2 is shown in Scheme 1. For the
preparation of the required piperidinyl-ethoxy-substituted

OO
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phenylhydrazine, we initially investigated the classical
diazotization-reduction route, starting from the corre-
sponding substituted aniline 6. However, we had difficulty
isolating the desired hydrazine precursor. Fortunately, we
found the approach of Demers and Klaubert,'? involving
metallation of the corresponding aromatic bromide (7)
followed by reaction with an azodicarboxylate ester,
conveniently afforded the di-Boc protected hydrazine 8.
Because isolation of the free hydrazine proved to be
problematic, we performed the Boc deprotection and
pyrazole cyclization in one-pot, which gave pyrazole 9 in
65% yield. Selective demethylation using either AlCl;—
EtSH or BBr; afforded pyrazole 2 in 55-75% vyield.

The synthesis of the C(4) basic side chain-containing
pyrazole 3 is shown in Scheme 2. Introduction of a basic
side chain into the pyrazole structure at the 4-position
was done early in the synthesis, starting with Freidel-
Crafts acylation of anisole with 6-bromohexanoyl chlo-
ride. For this transformation, the temperature had to be
carefully maintained at —10°C to avoid reaction of the
product ketone 10 with a second equivalent of anisole, a
side reaction that results in the formation of a 1,1-di-
aryl-alkene by-product upon dehydration. The bromo-
ketone 10 was then aminated with excess piperidine in
DMF to afford amino-ketone 11 in high yield. Con-
densation with the p-nitrophenyl benzoate furnished the
B-diketone 12, which was cyclized with phenyl hydra-
zine hydrochloride to give the desired protected pyra-
zole 13. Deprotection using AlClL-EtSH vyielded the
final pyrazole 3.

The final pyrazoles 4 and 5 were initially prepared as an
approx. 1:1 mixture of regioisomers by the route shown
in Scheme 3. Starting from 4-hydroxybutryophenone,
we used a Mitsunobu reaction to prepare the piperidinyl-
ethoxy-substituted ketone 14. Claisen condensation
afforded the requisite p-diketone 15. Treatment with
phenylhydrazine hydrochloride followed by BBr;
deprotection afforded the desired pyrazoles 4 and 5 as a

NHNHQ
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Scheme 1. Synthesis of N(1) basic side chain-containing pyrazole 2.
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Scheme 3. Synthesis of C(3) and C(5) basic side chain-containing pyrazoles 4 and 5

I:1 mixture that could be scparated by chromatography.
Pyrazole 4 was further purified by reerystallization from
McOH, and definitive regiochemical assignment of this
isomer was made on the basis of a single crystal X-ray
analysis. An ORTEP diagram of this compound is
shown in Figure 2.

Isolation of the last pyrazole (5) proved to be more
problematical because we found that the basic side
chain of these pyrazoles undergoes partial cleavage
when BBrs is used as a deprotection reagent. This is a
signtficant problem, because the triphenolic by-product
resulting from this cleavage was difficult to separate from
the desired C(5) basic side chain isomer by chromato-
graphy and it has distinctly diflerent biological activity.!?
Later, we found that we could do this deprotection selec-
tively, without this side reaction, using the milder AICI;
FASH reagent. Ultimately, however, we used a regiose-
lective route (described elsewhere in detail'®) to produce
the desired pyrazole 5.

Estrogen receptor binding affinity of pyrazoles 2-5

The binding aflinity of pyrazoles 2-5 for ER was
assayed in a competitive radiometric binding assay as
described previously,?*2! and affinities are expressed as
relative binding affinity (RBA) values, where the affinity
of estradiol is considered to be 100% (Table 1). The
aflinity of all compounds was tested both in a natural
ER preparation from lamb uterine cytosol,?! which is
predominantly ERa.,'%'" as well as with purified recom-
binant human ER« and ERp (sce Experimental).?0

When uterine cytosol was used as a source of estrogen
receptor, pyrazole 2 had a relatively low binding affinity,
jJust 1.5% that of estradiol, a value which is 10-fold lower
than that of the parcnt N(1) aryl pyrazole (1).!315 Pyra-
zole 3 with the basic side chain on C(4) also displayed
very low affinity for the receptor. Apparently, even with
the recorientation proposed above, this analogue, in
which the basic side chain is attached to the pyrazole
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Figure 2. X-ray crystal structure for 4 (ORTEP: ellipsoids drawn at
the 35% probability level).

core solely through aliphatic linkages, does not fit well
in the ligand binding pocket of ER. More intriguing are
the two regioisomeric pyrazoles 4 and 5; they display
very distinctive preferences for binding to the ER, pyr-
azole 5 having a 65- to 90-fold higher affinity than pyr-
azole 4 in all three test systems. As noted previously, the
higher affinity of isomer 5 versus 4 was expected.

Pyrazole 5 has the highest affinity of all basic side chain
pyrazoles investigated thus far, and, in fact, is among
the highest affinity of all pyrazoles we have reported as
ER ligands.'*'> When we evaluated the binding affinity
of these pyrazoles with pure human ERa and ERB (Table
1),2° pyrazole 5 showed a distinctive prefcrence for bind-
ing to ERu (ca. 20-fold), a characteristic that it shares with
the parent pyrazole triol 1 (ca. 230-fold)."” Pyrazole 2
shows only a 5-fold affinity preference for ERa. Pyrazoles
3 and 4 had very low affinity for both ERa and ERp, and
they were not investigated further either for binding
affinity or transcriptional activity.

Transcription activity of pyrazole 5

Based on the promising ER« binding selectivity of pyr-
azole 5 and because of its piperidine side chain, we were
interested in whether this compound had antagonistic
propertics, and in particular, whether it might function
as an antagonist on one or both of the ER subtypes in a
potency selective manncr. Figure 3 shows the transcrip-
tional activity profiles of pyrazole 5 assayed in HEC-1
cells with either ERa or ERP. Cells were transfected with
an expression plasmid for ERa or ERp. together with an
estrogen-responsive reporter gene construct ((ERE)s-
pS2-CAT), and reporter gene expression was determined
at differcnt concentrations of ligand. Antagonism was

Table 1. Estrogen receptor binding aflinity of pyrazoles 1-5

Compound  Site of basic RBA lamb RBA RBA
side chain  uterine cytosol® hER%" hER(?

1 [none] 20.3+3 35.7+6 0.15£0.01

2 N(l) 1.5+0.4 0.65£0.13  0.13£0.03

3 C(4) 0.01740.006 0.05" 0.019"

4 C(3) 0.29+0.26 0.13% 0.01b

5 C(5) 24.5+1 11,541 0.65+0.02

“Relative binding aflinity (RBA) where estradiol = 100%. Values arc
the average of repeat determinations=£SD (1#2>3) or £range (n=2). For
details of the assay procedure. sce Experimental.

"Single determinations.
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Figure 3. Transcription activation profile for pyrazole 5 with ERa and
ERB. Human endometrial cancer (HEC-1) cells were transfected with
expression vectors for ERx or ER and an (ERE);-pS2-CAT reporter
gene and were treated with indicated concentrations of pyrazole 5
alone (solid lines) or pyrazole 5 in the presence of 1072M estradiol
(E») (dashed lines) for 24 h. CAT activity was normalized for B-galac-
tosidase activity from an internal control plasmid. Values arc the mean
+SD for three separate experiments, and are cxpressed as a percent of
the ER% or ERP response with 1072 M E,, which is set at 100%. For
some values. error bars are too small to be visible.

assayed at different concentrations of ligand in the pre-
sence of 1072 M E,.

Pyrazole 5 showed no stimulation of transcriptional
activity of ERa or ERp, and it was a full antagonist on
ERa and ER, completely antagonizing activity stimu-
lated by estradiol (Fig. 3). Thus, introduction of the
type of basic side chain typically found in the mixed
agonist/antagonist SERMs at the proper site on the
parent pyrazole 1, which is an agonist, converts this
pyrazole system into an antagonist (pyrazole 5). The
relatively good ERa binding affinity selectivity of pyra-
zole 5 (ca. 20-fold; cf. Table 1) is preserved to a con-
siderable degree in its potency as a transcriptional
antagonist. Its ICsy value is ca. 20nM on ERa and ca.
160 nM on ERp, which gives an ERa antagonist potency
selectivity of ca. 10-fold (Fig. 3).

In work to be presented elsewhere, we have prepared
additional analogues of pyrazole 5§ having other basic
and polar side chains as substituents on the C(5) phenyl
group.'® Some of these have very high affinity selectivity
for ERo over ERB, and they act as ERa potency selec-
tive antagonists (J. Sun et al., in preparation).

Binding models for pyrazoles 2 and 5 in the ERa-
raloxifene crystal structure

As previously mentioned, the low binding affinity of
pyrazole 4 was not surprising. The low affinity of pyra-
zole 3. however, was unexpected, because, as mentioned
earlier, when the pyrazole core is flipped, the basic side
chain attached to C(4) appears to be orientated properly
for this substituent to project through the 11 channel.

Pyrazole 2, in which the basic side chain is substituted on
the N(1) phenyl group, was initially believed to be the
most favorable candidate for interacting with ER. How-
ever, this turned out not to be the case; pyrazole 5 has the
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Figure 4. Pyrazoles 2 and § oriented with corresponding aryl rings
oriented in a congruent fashion.

highest affinity. These two pyrazoles have somewhat
related structures (cf. Fig. 1); the three aryl groups (two
unsubstituted and one side chain-substituted) can be
superimposed in a congruent fashion, as illustrated in
Figurc 4. When oricnted in this fashion. the only differ-
ence between these two isomers is the position of the
two ring nitrogen atoms and the C(4) ethyl substituent.

In an attempt to understand the 16-fold higher afhnity of
pyrazole 5 than pyrazole 2, we performed some docking
studics of these two ligands with the EReg raloxifene

/r’\ LEU525
HIS524

“».

\\*LEuszs

HIS524

S ARG394

crystal structure.” Both ligands were docked in the
ERo-raloxifene crystal structurc in a similar manner,
and they were subjected to a three-step minimization
protocol to generate the final receptor—ligand model
complexes shown (see Experimental, Molecular Model-
ing for details). Residue side chains that were close to
each ligand in its initial position were allowed to
undergo torsional movement during the docking opera-
tion, in order to obtain an optimal fit, prior to mini-
mization. A crossed-stereo view of pyrazoles 2 and 5 is
shown in Figure 5(A) and (B). The final models have
similar encrgies, which at least at this level of refine-
ment, simply indicates that they have no bad contacts or
unfavorable conformations.

In both of the views shown in Figure 5, the three aryl
groups displayed peripherally from the pyrazole core
are accommodated comfortably and in a very similar
manner within the ligand binding pocket. This was
achieved with only minimal and energetically favorable
movement of a few residues that were initially in close
contact with the ligand.

ASP351

Paaas
GLU 35 5 L SSLEUS25

HIS524

“:ARG394

2

1{){

&“ ARG394

Figure 5. Crossed-stereo views of pyrazole 2 (top) and 5 (bottom) docked and minimized in ERa-raloxifene structure ligand binding pocket showing
residues within 2.5 A of ligand. The pyrazoles were initially positioned with respect to certain reference atoms of the ligand raloxifene, and then
minimized together with the same contact residues in the protein using the Flexidock routine within SYBYL. For dctails, sce Experimental. The
yellow surface is a cutaway of the Connolly surface of the protein ligand-binding pocket.

-
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The most significant difference between the complexes
with pyrazoles 2 and 5 is the position of the ethyl group
(cf. Fig. 4). In Figure 5(B), the C(4) ethyl group of pyr-
azole 5 projects into a region of ER that accommodates
the 18-methyl of estradiol in the ER-E, complex.? In this
subpocket, the favorable van der Waals interaction that
normally occurs between Leu525 and the 18-methyl group
of E, is conveniently replaced by a similar interaction
with the ethyl substituent of pyrazole 5 (Fig. 5(B)).

By contrast, in the complex with pyrazole 2, the ethyl
substituent is oricnted in a different position (down-
ward), where it no longer benefits as much from a favor-
able hydrophobic—hydrophobic interaction, as was the
case in the complex with pyrazole 5. Leu525 is some-
what closer to the pyrazole core, where it interacts with
the N(1) pheny! ring. The closest residue for interaction
with the C(4) ethyl of pyrazole 2 (Fig. 5(A)) is Met388.
This residue is a somewhat “softer” partner for interac-
tion than Leu525, and may be less stabilizing. Other
differences between the ER complexes with pyrazoles 2
and 5 which could account for their differing binding
affinity may have to do with electronic effects and are
not considered in these models. As noted earlier (Fig. 4),
the positions of the nitrogen atoms arc different between
the two binding modes, so the electronic molecular sur-
faces that are presented to the receptor are predicted to
be quite different.

Conclusions

We have prepared a series of basic side chain-sub-
stituted pyrazoles as potential selective antagonists for
ER subtypes. The initial four analogues were designed
to explore the four possible orientations that the pyra-
zole core structure might adopt in the ER ligand bind-
ing pocket, and thercby to identify which site on the
pyrazole could best accommodate the rather large, basic
side chain substituent. Of the four analogues, the C(5)
piperidinyl-ethoxy-substituted pyrazole 5 was found to
have the highest aflinity for ERa, with an affinity among
the highest observed for all ER ligands of the pyrazole
type. It also shows considerable affinity selectivity for ERa.
versus ERB. Through cell-based transfection assays, we
found that pyrazole 5 was an antagonist on both ER« and
ERP, and that its potency on ERa was somewhat
higher, reflecting its ERa affinity selectivity. Modeling
studies using the crystal structure of the ERu—raloxifene
complex were used to compare potential binding modes
for pyrazoles 2 and 5. The binding modes appear to be
quite similar, and the origin of the higher affinity for
pyrazole § versus 2 may result from a more favorable
positioning of the ethyl group in the binding pocket in
the complex with pyrazole 5. In work to be presented
elscwhere, we have prepared additional analogues of
pyrazole 5 having other basic and polar side chains as
substituents on the C(5) phenyl group.'® Some of these
have very high affinity selectivity for ERa over ERJ,
and they act as ERa potency sclective antagonists (J.
Sun et al., in preparation). This work is the first effort
towards developing a novel SERM based on a pyrazole
core structure.

Experimental
General

Melting points were determined on a Thomas-Hoover
UniMelt capillary apparatus and are uncorrected. All
reagents and solvents were obtained from Aldrich,
Fisher or Mallinckrodt. Tetrahydrofuran was freshly
distilled from sodium/benzophenone. Dimethylforma-
mide was vacuum distilled prior to use, and stored over
4 A molecular sieves. n-Butyllithium was titrated with
N-pivaloyl-o-toluidine. Et;N was stirred with phenyliso-
cyanate, filtered, distitled, and stored over 4 A molecular
sieves. All reactions were performed under a dry N,
atmosphere unless otherwise specified. Reaction progress
was monitored by analytical thin-layer chromatography
using GF silica plates purchased from Analtech. Visua-
lization was achieved under illumination with short wave
UV light (254nm) or with a potassium permanganate
indicator spray. Radial preparative-layer chromato-
graphy was performed on a Chromatotron instrument
(Harrison Research, Inc., Palo Alto, CA) using EM
Science silica gel Kieselgel 60 PF»s4 as adsorbent. Flash
column chromatography was performed using Woelm
32-63 um silica gel packing. The preparation of pyra-
zole 5 by a regioselective route is described elsewhere.'®

'H and '3C NMR spectra were recorded on either a Var-
ian Unity 400 or 500 MHz spectrometers using CDCl; or
MeOD-d; as solvent. Chemical shifts were reported as
parts per million downfield from an internal tetra-
methylsilane standard (8 0.0 for 'H) or relative to solvent
peaks. NMR coupling constants are reported in Hertz.
13C NMR spectra were determined using either the
Attached Proton Test (APT) or standard '*C pulse
sequence parameters. Low-resolution and high-resolu-
tion electron impact mass spectra were obtained on Fin-
nigan MAT CH-5 or 70-VSE spectrometers. Elemental
analyses were performed by the Microanalytical Service
Laboratory of the University of Illinois. Single crystal X-
ray analysis on pyrazole 4 was performed to determine
connectivity. A rigorous analysis was not performed
because of the presence of a disordered solvent molecule
in the unit cell. However, for the purposes of regio-
chemical assignment, the analysis was satisfactory.

Biological procedures

Relative binding affinity assay. Ligand binding affinities
(RBAs) using lamb uterine cytosol as a receptor source
were determined by a competitive radiometric binding
assay using 10nM [*HJestradiol as tracer and dextran-
coated charcoal as an adsorbent for free ligand, as pre-
viously described.?! Binding affinities with purified
recombinant human ERa and ERPB were determined by
a competitive radiometric binding assay using 10nM
[*H]estradiol as tracer, commercially available ERa and
ERP preparations (PanVera Inc. Madison, WI), and
hydroxylapatite (HAP) to adsorb bound receptor-ligand
complex.?® HAP was prepared following the recom-
mendations of Williams and Gorski.?> All incubations
were donc at 0°C for 18-24h. Binding affinities are
expressed relative to estradiol (RBA =100%) and are
reproducible with a coefficient of variation of 0.3.
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Transcriptional activation assay. Human cndometrial
cancer (HEC-1) cells were maintained in culture and
transfected as described previously.?32 Transfection of
HEC-1 cclls in 60 mm dishes used 0.4mL of a calcium
phosphate precipitate containing 0.5 pg of pPCMVBGal
as internal control, 2 g of the reporter gene plasmid,
100 ng of the ER expression vector, and carrier DNA to
a total of Spg DNA. Compounds were added to the cell
culture media as cthanol solutions so as to yield a final
cthanol concentration of 0.1%. CAT activity. normal-
ized for the internal control B-galactosidase activity,
was assayed as previously described 23

Molecular modeling

Small molecule modeling. The starting structures of pyr-
azoles 2 and 5 used for the ER-LBD docking studics
were generated from random conformational searches
using the TRIPOS force ficld as implemented in Sybyl
6.5.2. Low cnergy conformers then underwent full
minimization until a convergence criterion of 0.001 keal/
mol was met using the AM1 semi-empirical force field.
Charge calculations were done using Gasteiger-Huckel
method and molecular surface propertics displayed
using MOLCAD module in Sybyl 6.5.2.

Receptor docking studies. The lowest energy conformers
for pyrazoles 2 and 5, gencrated as indicated above,
were used for docking studics. Prior to docking, a +1
formal charge and a proton were added to cach piper-
idinyl nitrogen. Ligands were then pre-positioned in the
crystal structure of the ERa raloxifene complex.? using
a least squares multifitting of the most congruent atoms
of the pyrazole and raloxifene. In raloxifenc this inclu-
ded the A-ring carbon atoms and the 1.4-carbon atoms
in both the 2- and 3-substituted phenyl groups. The
same fitting strategy was uscd in the pyrazoles. all six
carbon atoms in the ring corresponding to the A-ring
and the 1.4-carbon atoms of the other two aryl rings.
Once pre-positioned,  the raloxifene  structure  was
deleted and then the pyrazole ligand was optimally
docked m the FRo binding pocket using the TRIPOS
Flexidock routine. Hydrogen bond donors (Arg394,
His524) and hydrogen bond acceptors (Glu3S3, His524,
and Asp351) in ER were indicated in Flexidock. as well
as the hydrogen bond donors and acceptors in the ligand.
Side chains that were allowed to rotate during docking
of the pyrazoles 2 and 5 included Met543, Leu539,
Leu536, Leu3ds4, Asp3St, Trp383, all of which are near
the basic side chain group:; Phed04. Leu387. and Met388,
which arc ncar the A-ring mimic: Leu384. Leu34o,
Leud28, and Trp383, which are ncar the B/C ring
region: and 1le424, His524, and Leud25. which are near
the D-ring subpocket. Arg394 and Glu353. the hydro-
gen bonding partners of the critical A-ring phenol
mimic, were kept fixed during the entire docking and
minimization.

The best docked ligand ER-LBD complex from the
IFlexidock routine then underwent a three-step mini-
mization: First, non-ring torsional bonds of the ligand
were minimized in the context of the receptor, using the
torsmin command. This was followed by minimization

of the side chain residues within 8 A of the ligand while
holding the backbone and residucs Glu353 and Arg394
fixed. A final, third minimization of both the ligand and
receptor was conducted using the Anneal function (]0(
radius 8 A, interesting radius 16 A) again holding resi-
dues Glu3s3 and Arg394 fixed. The result of this was
considered to be the final model. Minimizations were
done using the TRIPOS Forcefield (MAXIMIN) with
the Powell gradient method and default settings (final
RMS <0.05kcal/mol-A). The total energy for the ERa
complex with pyrazole 2 was —806 kcal/mol and for the
complex with pyrazole 5 was —868 kcal/mol. At this level
of refinement, these numbers cannot be used to predict
relative binding affinitics. However, they indicate that
there are no scrious errors or unfavorable contacts in
the ER-LBD ligand models.

Chemical synthesis

1-4-(2-N-Piperidinyl-ethoxy)-phenyl]-3,5-di-(4-hydroxy-
phenyl)-4-cthyl-pyrazole (2). To a stirred solution of the
protected pyrazole 9 (100mg. 0.19mmol) in CH,Cl,
(1.0mL) at 0°C was added BBr; (1.0 M CH»Cl», 5 cquiv,
0.95mL) dropwise. The reaction was kept at 0°C for 4h
and then quenched with water. The solution was necu-
tralized with satd NaHCO; and then repeatedly extracted
with EtOAc. The combined organic layers were washed
with brine, dried over Na>SO, and concentrated to
afford a tan residue. Purification by flash chromato-
graphy (5% TEA and 5% MeOH in CH,Cl,) afforded 2
as an off-white powder (75%): mp 125-130°C (dccom-
po@cd) 'H NMR (CDCl;, 400MHz) & 0.98 (¢,
=7.3). 1.51 (brs, 2H), 1.62 (quint, 4H, J=5.5), 2. 58 (q,
711 7.5).2.67 (brs, 4H) 2.89(t, 2H, J=15.5), 4.13 (t, 2H,
J=5.5), 6.76 (d. 2H. J=8.5), 6.87 (d, overlapping, 2H,
J=8.5). 6.88 (d, overlapping, 2H, J=9), 7.03 (d, 2H,
I 8.5), 7.16 (d, 2H, J=9.0), 7.49 (d, 2H, J=8.5); APT
3C NMR (CDCls, 100 MHz) 8 9.9 (CH3), 18.5 (CH,),
24.8 (CH,). 26.2 (CH>), 54.1 (CH>), 56.1 (CH>), 58.8
(CH>), 116.1 (CH), 116.8 (CH), 116.9 (CH), 121.4 (C),
123.1 (C), 126.8 (C), 128.5 (CH), 130.9 (CH), 133.0
(CH). 135.2 (C), 144.0 (C), 152.6 (C), 159.1 (C), 159.4
(C), 159.5 (C); MS (EI, 70eV) m/z 483.3 (M); HRMS
(EI) caled for C}()H}}N}Oz (Mi‘i_l_]Bl‘): 483.2522.
Found: 481.2365 (M " —HBr-2).

4-(4-N-Piperdinyl-butyl)-3,5-di-(4-hydroxyphenyl)-1-phe-
nylpyrazole hydrochloride (3). To a stirred CH,Cl,
(1.0 mL) solution of the protected pyrazole 13 (72 mg,
0.15mmol) was added AICI; (116 mg, 0.87 mmol). The
mixture was cooled to 0°C and EtSH (55 uL, 0.73 mmol)
added dropwise. The mixture was then allowed to rcach
rt and stirred for an additional 0.5h. At this timc the
reaction was concentrated under a stream of nitrogen in
a fume hood, brought up in CH»CI, and concentrated
once again. The crude mixture was re-dissolved in
CH->Cl, and a mixture of THF (I mL), water (I mL),
and 6 M HC1 (0.25mL) added. The resulting precipitate
was isolated by vacuum filtration and was washed with
four SmL portions of watcr followed by four 5mL
portions of cther to afford pyrazole 3 as a white solid
(37mg. 54%): '"H NMR (McOD-d,, 500 MHz) § 1.30-
1.60 (m, 6H), 1.75 (br s, 6H), 2.73 (1, 2H, J=7.2), 2.78
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(L, 4H, J=8.1), 6.90 (XX' of AA’XX', 2H. Jox=8.8.
Jxxr=2.5). 707 (AA" of AAXX. 2H. Jax=8S8.
Jnnr=2.5).7.23 7.36 (m. SH). 7.32 (XX of AA’XX', 2H.
J/\X:8.6, JXX/:2.4), 7.52 (AA, of AA/XX,, 2H,
Jax =8.6, Jan =2.2). 3C NMR (McOD-d,. 125 MHz) §
21.5,22.5,22.3,23.0,27.0, 52.8, 56.6, 115.1, 115.2, 117.4,
121.1,124.8,124.9,127.0,127.3,128.5, 131.2, 139.8, 142 4,
151.5, 157.5, 157.9; MS (EI, 70¢V) m/= (relative intensity,
%): 467 (M' —~HCI, 21); HRMS (EI. M) caled for
C}()H}_}N}Oy_: 467.2573. Found: 467.2579.

1-(4-Hydroxyphenyl)-3-[4-(2- N-piperidinyl - ethoxy) -
phenyl|-4-ethyl-5-(4-hydroxy-phenyl)-1 H-pyrazole (4). A
CH,Cl, solution (10 mL) of the crude protected pyra-
zole isomers (300 mg. 0.60 mmol) prepared from the 1,3-
dionc 15 was cooled to 0°C and treated dropwise with
BBr; (I M in hexane, 5 equiv, 3mmol). The reaction
was allowed to reach temperature and stir overnight.
The mixture was re-cooled to 0°C and quenched with
Smb of McOH and the solvent removed under reduced
pressure. To the crude mixture 8 mL of H>O was added
and the aqucous layer neutralized with a satd aqueous
NaHCO; solution and cxtracted repeatedly with EtOAc
(5x20mL). The organic layers were washed with brine,
dried over Na,SO, and concentrated in vacuo to afford
a brown residue. Pyrazole 4 was cleanly separated from
the regioisomer 5 and other byproducts by flash chro-
matography (7% Et;N and 7% McOH in CH-Cl,). It
was further purified by recrystallization from MeOH to
afford the C(3) isomer (4) as small white crystals whose
structure was verified by X-ray analysis (23%). Pyrazole
4: mp 151-153°C; '"H NMR ((CD;).SO. 400 MHz) §
1.01 (t, 3H, J=17.6), 1.43 (m, 2H), 1.55 (m, 4H), 2.49 (br
s, 4H), 2.59 (q, 2H, J=17.6), 2.72 (t, 2H, J=5.6). 4.15 (t,
2H, J=06.0), 6.74 (d, 2H, J=8.4), 6.83 (d. 2H. J=8.4),
7.08 (apparent triplet due to three overlapping doublets.
6H, J=7.6), 7.67 (d, 2H. J=8.4), 9.71 (br s, 2H, OH
exchangeable with D,O); APT '*C NMR ((CDj3)-SO.
100 MHz) 6 15.4 (CH3), 16.8 (CH>), 23.9 (CH,), 25.6
(CH>»), 54.5 (CH>»), 57.5 (CHy), 65.6 (CH>). 114.5 (CH),
115.1 (CH), 1154 (CH), 118.7 (C), 120.9 (C), 126.1
(CH), 126.5 (C), 128.5 (CH), 131.2 (CH). 131.8 (C),
141.2 (C), 148.5 (C), 156.2 (C). 1574 (C), 157.9 (C);
HRMS (EI, M") caled for CioHizN;O;: 483.2521.
Found: 483.2516.

As was noted in the text, isolation of the other regio-
isomer (pyrazole 5) from this reaction mixture was
complicated by the fact that it could not be separated
effectively from the triphenolic byproduct that resulted
from partial cleavage of the basic side chain during the
BBr; deprotection. This compound was prepared in a
regioselective fashion by another route that is described
elsewhere.1®

1-Bromo-4-(2- N-piperidinyl-ethoxy)benzene (7). In a
250 mL flask charged with PhiP (35 mmol) in 60 mL of
THF at 0°C was added di-iso-propyl-azodicarboxylate
(DIAD, 35mmol) rcagent dropwise. The solution was
kept at 0°C and stirred for S0 min. At this time N-(2-
hydroxyethyl)-piperidine was added dropwise via syr-
inge. After 10 min, p-bromophenol (35 mmol) and TEA
(86.7 mmol) in 20mL THF werc added dropwise via

an addition funnel. After 1 h at 0°C the reaction was
warmed to rt and stirred for 6 h. The crude mixture was
then concentrated in vacuo and the Ph;PO byproduct
removed by vacuum filtration. The filtrate was again con-
centrated and the product purified by gradient flash chro-
matography using 5% TEA and 30% EtOAc in hexanes
up to 5% TEA and 50% EtOAc in hexanes to afford 7 as a
clear oil (85%):>* '"H NMR (CDCl;, 500 MHz) & 1.41 (m,
2H), 1.58 (m. 4H), 2.47 (br s, 4H), 2.72 (d, 2H, J=17.2),
4.05(d, 2H, J=17.6),6.79 (d, 2H, 8.3), 7.82 (d, 2H, J=8.1);
3C NMR (CDCl., 125MHz) & 22.1, 38.0, 67.5, 113.0,
116.5. 121.8, 123.8, 132.3, 136.6, 149.6, 158.0, 158.3; MS
(EL. 70 eV) m1/= 284 (M *).

N,N-di-fert-Butoxycarbonyl-/V-|4-(2- N-piperidinyl-ethoxy)
phenyllhydrazine (8). To a THF solution at —70°C con-
taining the substituted bromobenzene 7 (10.56 mmol)
was added n-BuLi (1.3 equiv) dropwise over 10min.
After 30 min. fert-butoxycarbonyl-azodicarboxylate (15.84
mmol) was added as a solid in one portion. The mixture
was then slowly warmed to rt and 1 equiv of dilute
AcOH added. After stirring the quenched mixture for
30min, the rcaction was partitioned between water
(30mL) and Et;O (50 mL). The layers were separated
and the aqueous layer extracted twice more with Et,0
(2x50mL). The combined organic layers were washed
with brine and dried over Na,SO,. Subsequent solvent
removal afforded 6.8 ¢ of a crude red oil. Flash chro-
matography (5% TEA and 25% EtOAc in hexanes)
produced 8 as a white solid (75%): mp 50--55°C; (note:
spectrum complicated by Boc rotamers); 'H NMR
(CDCl;, 400 MHz) 6 1.38 (s, 9H), 1.40 (overlapping s,
11H). 1.61 (m, 4H), 2.45 (m, 4H), 2.73 (t, 2H, J=5.6),
4.05(1,2H, J=5.3),6.82 (d, 2H, J=17.8), 7.25 (br s, 2H);
13C NMR (CDCl;, 100 MHz) § 24.2 (CH,), 24.8 (CH»),
28.2 (CHj3), 28.3 (CH3). 36.8 (CH»), 46.0 (CH,), 46.7
(CHa»). 55.1 (CH>), 57.8 (CH>»), 60.4 (CH,), 65.7 (CH»),
66.0 (CH»), 81.0 (CH»), 81.8 (CH»), 113.9 (CH), 114.6
(CH), 120.7 (CH), 129.4 (CH), 156.7 (C), 158.7 (C),
171.2 (C); MS (EI, 70eV) m/z 435.4 (M, 35%). Anal.
(Cr3H37N305): C, 63.42; H, 8.56; N, 9.65. Found: C,
63.20; H, 8.72; N. 9.47.

1-14-(2- NV-Piperidinyl-ethoxy)-phenyl]-3,5-bis-(4-methoxy-
phenyl)-4-ethyl-1H-pyrazole (9). To a stirred solution of
DMF (14mL), THF (6mL), and 1,3-bis-(4-mcthoxy-
phenyl)-2-ethyl-propanc-1,3-dione (500 mg, 1.52mmol)"?
was added hydrazine 8 in 3-fold excess (800mg, 4.59
mmol). The mixture was brought to reflux for 5h and
then recooled to rt. The THF was removed under
reduced pressure and the remaining residue dituted with
H>0 (30 mL) and extracted repeatedly with EtOAc. The
organic layers were washed with brine, dried over
Na,SO,4 and concentrated to produce a crude red-
orange oil. Flash chromatography using 10% TEA and
20% EtOAc in hexancs afforded the pure product 9 as
an orange oil (65%): 'H NMR (CDCls, 400 MHz)
1.03 (t, 3H, J=8.1), 1.42 (m, 2H), 1.58 (quin, 4H, J=6);
2.47 (br s, 2H), 2.61 (q, 2H, J=6.2), 2.72 (t, 2H, J=6),
3.79 (s, 3H), 3.82 (s, 3H), 4.04 (t, 2H, J=6.2), 6.76 (d,
2H. J=9.0), 6.86 (d. 2H, J=9.0), 6.96 (d, 2H, J=9.1),
7.13 (d, 2H. J=9.1), 7.16 (d, 2H, J=9.1), 7.69 (d, 2H,
J=9.0); *C NMR (CDCl;, 100 MHz) § 15.6 (CH3),
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17.2 (CHA), 24.3 (CH»), 26.0 (CH,). 55.1 (CH;). 55.2
(CH3), 57.9 (CH»), 66.2 (CH>). 113.8 (CH), 113.9 (CH),
114.5 (CH), 119.9 (C), 123.3 (C), 126.0 (CH). 126.9 (C),
129.0 (CH), 131.3 (CH), 133.6 (C), 141.0 (C). 150.1 (C),
157.4 (C), 159.1 (C), 159.4 (C): HRMS (EI, M ") caled
for C3>,H37N305: 511.2834. Found: 511.2825.

6-Bromo-1-(4-methoxy-phenyl)-hexan-1-one (10). To a
stirred solution of AICL (12.40¢g, 92.75mmol) in 1.2-
dichloroethane (30 mL) at 0°C was added 6-bromohex-
anoyl chloride (23.70g. 17mL. 111.30 mmol) dropwise
over 10 min. The resulting solution was stirred at rt for
0.5h. cooled to —15°C and a solution of anisole
(10.00 g, 10.05mL, 92.75mmol) in 1.2-dichlorocthane
(10 mL) was added dropwise over 20 min. The rcaction
mixture was allowed to stir at —15°C for 1h, then
quenched with H,O (50 mL). The aqueous layer was
isolated and extracted with CH»Cl, (2x350mL). and the
organic layers were combined and washed with H,O
(2x50mL). saturated NaHCO; (2x50mL). and brine
(2x50 mL). Subsequent drying over Na-SO, and solvent
removal in vacuo afforded a crude orange oil. Upon
standing at rt, large crystals formed after 48h. The
crystals were isolated and rinsed with cold hexanc to
aflord 10 (23 g. 87%): mp 50-52°C; '"H NMR (CDCl;,
400 MHz) 8 1.52 (quint, 2H, J=17.6), 1.76 (quint, 2H,
J=7.5), 1.91 (quint. 2H. J="7.1), 2.94 (1. 2H, J=7.3),
3.42 (t, 2H, J=06.7), 3.87 (s. 3H). 6.93 (d. 2H. J. 8.8).
7.94 (d, 2H, J=9.0); '*C NMR (CDCls. 100MHz) &
23.39, 27.79, 32.51, 33.59, 37.80, 55.34. 113.56, 129.88,
130.13, 163.24, 198.48; HRMS (EI. M ') caled for
C3H 70-Br: 286.0391. Found: 286.0394.

1-(4-Methoxy-phenyl)-6-(V-piperidinyl)-hexan-1-one (11).
To a stirred solution of ketone 10 (248 mg. 1.00 mmol)
in DMF (30 mL) at 0°C was added piperidine (170 mg,
0.20 mL, 2.00 mmol) dropwisc over 5min. The solution
was placed in a 70 °C oil bath for 4 h and then cooled to
rt. The crude mixture was concentrated under reduced
pressure to remove a majority of the DMF and excess
piperidine to afford an orange residuc. The residue was
taken up in CH,Cl, (30mL), washed with brine
(2x20mL), dricd over MgSO, and concentrated under
reduced pressure to afford 11 as a white solid (227 mg.
79%): mp 163 165°C; '"H NMR (CDCl;. 500 MHz) &
1.35 1.45 (m, 2H), 1.65-2.00 (m, 8H)., 2.26 (br q. 2H.
J=28),2.59 (brq,2H, J=7). 2.88 2.96 (mm, 4H), 3.51 (br
d, 2H), 3.88 (s, 3H), 6.93 (d, 2H, J_8.9), 7.93 (d. 2H,
J=8.9); C NMR (CDCl;. 100 MHz) & 22.1, 22.3, 23.3,
23.4, 26.4, 37.5, 53.1, 55.5, 57.2, 113.8. 129.9. 130.3.
163.5, 198.5; MS (EL. 70¢V) m/z (relative intensity. %):
289 (M1, 3); HRMS (EI, M™") caled for CjyH;7NO-:
289.2042. Found: 289.2060.

1,3-Bis-(4-methoxy-phenyl)-2-(4-N-piperidinyl-butyl)-pro-
pane-1,3-dione (12). To a solution of kectone 11 (350 mg.
1.2lmmol) and TMEDA (140.6mg. 0.18mL. 1.21
mmol) in THF (15mL) at 0°C was added a 1.0 M
solution of LIHMDS (3.02mL. 3.02mmol) dropwise.
The solution was allowed to stir at rt for 0.5h, then was
cooled back to 0°C. At this time a solution of 4-nitro-
phenyl 4-methoxybenzoate (990 mg, 3.63 mmol: prepared
from p-nitrophenol and 4-methoxybenzoic acid using

DIC and DMAP coupling conditions) in THF (SmL)
was added dropwise. The resulting solution was allowed
to stir for 15h at rt and 4h at reflux (oil bath tempera-
ture of 70°C). At this time the mixture was allowed to
come to rt and quenched by the addition of H,O (10 mL).
The organic layer was isolated and washed with H,O
(3x15mL). dricd over Na,SO,, and concentrated under
reduced pressure to afford a yellow solid. The remaining
ester was removed by warming the crude mixture in
15% ethyl acetate/hexancs and filtering off the excess
crystalline ester. The filtrate was concentrated under
reduced pressure and purified by flash chromatography
(10% TEA and 55% EtOAc in hexanes) to afford 12 as
a yellow oil (227mg, 51%): 'H NMR (CDCl;,
400 MHz) & 1.22-1.48 (m, 4H), 1.50--1.75 (m, 6H), 2.10
(q. 2H, J=17.5), 2.34 (t, 2H, J=9.8), 2.42 (br s, 4H), 3.83
(s, 6H), 5.05 (t, 1H, J=06.6), 6.89 (d, 4H, J-8.9), 7.94 (d,
4H. J=18.9); "C NMR (CDCl;, 100 MHz) § 24.0, 25.3,
26.1, 26.3, 29.3, 54.3, 554, 57.0, 58.7, 113.9, 128.9,
128.9, 130.8, 130.8, 163.6, 194.6.

3,5-Bis-(4-methoxyphenyl)-4-(4- N-piperidinyl-butyl)-1-
phenyl-1H-pyrazole (13). To a stirred solution of DMF
(45mL). THF (20mL), and B-diketone 12 (170 mg,
0.40 mmol) was added phenylhydrazine hydrochloride
(289 mg, 2.00 mmol). The solution was brought to reflux
(oil bath temperature between 110 and 120°C) for 22 h.
The reaction mixture was allowed to cool to rt, and the
THF was evaporated under reduccd pressure. The
remaining mixture was diluted with H,O (40 mL) and
extracted with EtOAc (3x40mL). The organic layers
were combined and washed with saturated LiCl
(3x40mL), saturated NaHCO; (2x40mL), H-O
(2x40mL), and brine (2x40 mL). The organic layer was
dried over MgSO,; and concentrated under reduced
pressure to afford a crude brown oil. Purification by
flash chromatography (10% TEA and 55% EtOAc in
hexanes) afforded 13 as a reddish oil (79 mg, 40%).
Compound 13 was verified by 'H NMR and uscd in the
next step of the reaction scheme without further char-
acterization.

1-|4-(2- N-Piperidinyl-ethoxy)-phenyl]-butan-1-onc (14).
To a solution of PPhy (10.05g, 38.31 mmol) in THF
(150mL) at 0°C was added diisopropyl azodicarbox-
ylate (7.5mL, 38.31 mmol) dropwisc. After stirring at
0°C for 50min, N-piperidinylethanol (5.09mL, 38.31
mmol) was added followed 10 min later by addition of a
solution of 4-hydroxy-butyrophenone (5.24g, 31.9
mmol) in Et;N (13.4mL, 95.8 mmol) and THF (30 mL).
The mixture was allowed to warm to rt and stirred
overnight and then concentrated in vacuo. To the crude
residuc was added Et,O (150mL) and the insoluble
Ph;PO by-product removed by filtration. The filtrate
was concentrated once again and the residue purified by
flash chromatography (10% TEA and 25% EtOAc in
hexanes) to afford an oil. This material was dissolved in
Et-O (60 mL) and acidified with HC] (4 M in dioxane,
6.3mL). The precipitate that formed was collected by
vacuum filtration and partitioned between saturated
NaHCO; (35mL) and cther (50 mL). The organic layer
was washed with brine, dried over Na,SO4 and con-
centrated under reduced pressure to give 14 as pale-yellow



S. R. Stauffer et al. | Bioorg. Med. Chem. 9 (2001) 151-161 161

crystals (3.05 g, 35%). An analytically pure sample was
obtained by recrystallization from hexane: mp 48-50°C;
'H NMR (CDCls;, 400MHz) & 0.99 (t, 3H, J=17.5),
1.43-1.49 (m, 2H), 1.64 (quint, 4H, J=15.9), 1.75 (sext,
2H, J=17.6), 2.55 (br s, 4H), 2.87 (t, 2H, J=15.9), 2.90 (t,
2H, J=1.2),4.19 (t, 2H, J=16.0), 6.93 (XX’ of AA'XX',
2H, Jax=8.9, Jxx=2.5), 7.93 (AA’ of AA'’XX', 2H,
Jax=9.0, Jaa=2.5); C NMR 8 14.1, 18.2, 24.2, 26.0,
40.4, 55.3, 57.9, 66.3, 114.4, 130.5, 162.7, 199.2; HRMS
calcd for C;7H,,NO,: 276.1963. Found: 276.1964.

2-Ethyl-1-(4-methoxyphenyl)-3-[4-(2- N-piperidinyl -
ethoxy)-phenyl]-propane-1,3-dione (15). To a THF
{25mL) solution of ketone 14 (500 mg, 1.82mmol) and
4-nitrophenyl  4-mecthoxybenzoate (745.3mg, 2.73
mmol) at 0°C was added LIHMDS (1M solution in
hexane, 4.55mL, 4.55mmol) dropwise. Upon complete
addition of LIHMDS the solution was allowed to warm
to rt and stir overnight. The reaction mixture was con-
centrated to near dryness and EtOAc (35mL) added.
The crude mixture was washed sequentially with satu-
rated NaHCOj; and brine. The solvent was dried over
Na,S0,, removed in vacuo and the resulting oil purified
via flash chromatography (10% TEA and 50% EtOAc
in hexancs) to give 15 as a viscous red oil (465 mg.
63%): "H NMR (CDCl;, 400 MHz) & 1.03 (t, J=7.31),
1.49 (br s, 2H), 1.70 (br s, 4H), 2.16 (quint, J=7.29 Hz,
2H), 2.63 (br s, 4H), 2.90 (br s, 2H), 3.85 (s, 3H), 4.25
(brs, 2H), 4.96 (t, J=6.76 Hz, 1H), 6.91 (d, J=9.05Hz,
4H), 7.95 (d, J=8.96 Hz, 2H), 7.96 (d, J=8.85Hz, 2H);
13C NMR (CDCl;, 125MHz) & 12.8, 23.1, 24.0, 25.8,
55.0, 55.4, 57.6, 59.0, 66.2, 113.9, 114.5, 116.5, 129.2,
129.3, 130.9, 131.0, 163.0, 163.7, 194.9; HRMS (EI,
M ™) caled for CosHy NOy: 409.2253. Found: 407.2096
(M™"-2).
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A regioselective synthesis of 4-alkyl-1,3,5-triarylpyrazoles has been developed for the preparation of unsymmetrically substituted systems of

interest as ligands for the estrogen receptor.

In our efforts to discover novel ligands for the estrogen
receptor (ER) that might act as selective estrogen receptor
modifiers (SERMs),' we found that 1,3,5-triaryl-4-alkylpyra-
zoles such as 1 and 2 (Scheme 1) were good ligands for
ER, demonstrating high binding affinities and transcriptional
efficacy that in some cases were very selective for the ER o
subtype (ERa).2? Initially, we synthesized these pyrazoles
by condensation of 2-alkyl-1,3-diketones with arylhydra-
zines.*~® Of course, when the 1,3-diketones were unsym-
metrical, this approach did not afford any significant regio-
selectivity. This lack of regioselectivity became of concern
when we needed the corresponding monophenols 3 and 4
for structure—activity studies to determine which phenol in
pyrazole 2 mimics the A-ring of estradiol. According to a
classical approach, the monophenol with the higher affinity
can be presumed to be the one that corresponds to the A-ring
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of estradiol.”® However, when the original 1,3-dione—
hydrazine condensation pyrazole synthesis was used to
prepare these monophenols, only an inseparable mixture of
the two regioisomers 3 and 4 was afforded (Scheme 1). Thus,
a regioselective approach to these and related compounds
was needed.

In a related effort, we wanted to develop these novel 1,3,5-
triaryl-4-alkylpyrazole ligands into the sort of mixed agonist/
antagonists that typically have SERM activity.>!® This
generally involves incorporating a basic or polar side chain
(such as a piperidinylethoxy group) onto either the C(3) or
C(5) phenyl groups. However, when pyrazoles 6 and 7 were
prepared by condensation of 4-methoxyphenylhydrazine with
unsymmetrical 1,3-diketone 5, we obtained the regiosiomeric
pyrazoles 6 and 7 in pure form only after exhaustive
chromatography, and we had to obtain an X-ray structure of
the more crystalline isomer 6 to establish the identity of these
regioisomers (Scheme 1).

The results from cell-based transcriptional assays showed
that pyrazole 7 has the desired antagonistic character typical
for a SERM. However, to examine this series further we
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pyrazole 7 and its analogues, we prepared o5 —unsaturated
ketone 21 by an aldol condensation of 4-methoxyacetophe-
none and p-hydroxybenzaldehyde, according to a literature
procedure'” with modifications (Scheme 4). Despite numer-
ous attempts, we were unable to obtain good yields in this
simple reaction. However, we were able to isolate the highly
crystalline enone 21 easily.

Enone 21, protected s its silyl ether (22), reacted with

d-methoxylphenylhydrazine o give pyrazoline 23, Thig
Il sy, Ao, il v s

/ J /
e p//di&///ié’fj J/ W /cg were 0///)/%) wilh 4'//})0/'
MnO; or DDQ to afford the desired pyrazoles 27-29.
Fluoride ion cleavage of the silyl group the gave the C(5)
phenolic pyrazoles 30—32. An X-ray structure of one of these
pyrazoles (31, Scheme 4) secured the structure of this
compound, in the process confirming the regioselectivity of
this route to pyrazoles. Instailation of the piperidinylethoxy
side chain was accomplished by a Mitsunobu reaction.
Although BBr; cleaved all three ether groups, AIC1;—EtSH
selectively cleaved only the methyl ethers, leaving the basic
side chain unaffected and giving pyrazoles 33—35 in very
high yield. A number of other side chain derivatives (36—
41) were prepared in the C(4) ethyl series. Pyrazole 41 was
prepared by a closely related route (not shown). We are
currently investigating the biological activities of all of the
new pyrazole compounds bearing the various polar/basic side
chains.

Basis of Regioselectivity. The regioselectivity of this
pyrazole synthesis derives from the initial enone—aryl-
hydrazine condensation, which results in the attachment of
the aryl-substituted hydrazine nitrogen to the enone /3-carbon
and the unsubstituted hydrazine nitrogen to the enone
carbonyl carbon. Two mechanisms seem plausible for this
transformation (Scheme 5), and they differ in the timing of
bond formation. In path a, the aryl-substituted nitrogen reacts
first, undergoing a Michael-type addition to the f-carbon of
the enonc which is followed by an intramolecular imine
formation between the carbonyl group and the free amine.
In path b, imine formation between the unsubstituted nitrogen
and the carbonyl group occurs first, this being followed by
a cyclization process to a zwitterionic species that undergoes
proton tautomerization to furnish the pyrazoline. Whereas
pathway b might first appear to be an ionic 5-endo-trig
process, it can more reasonably be considered to be a
concerted, symmetry-allowed closure of a 1,2-diaza analogue

Scheme 5.. Possible Mechanistic Pathways for the
Regiospecific Formation of Pyrazolines
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of a pentadieny! anion to a 1-azaallyl anion. No intermediates
are observed in this transformation. Thus, at this point, there
is no definitive basis for favoring one mechanism over the
other. However, the fact that a-substituted unsaturated
ketones (e.g., 8) fail to react under conditions where the
unsubstituted congeners (e.g., 10) react well (see Scheme
2) would be more consistent with mechanism a.
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Abstract

A variety of non-steroidal systems can function as ligands for the estrogen receptor (ER),
in some cases showing selectivity for one of the two ER subtypes, ERa or ER. We have
prepared a series of heterocycle-based ligands for the estrogen receptor, furans, thiophenes, and
pyrroles, and assessed their behavior as ER ligands. An aldehyde enone conjugate addition
approach and an enolate alkylation approach were developed to prepare the 1,4-dione systems
that were precursors to the tri-substituted and tetra-substituted systems, respectively. All of the
diones were easily converted into the corresponding furans, but formation of the thiophenes and
pyrroles from the more highly substituted 1,4-diones was problematical. Of the systems
investigated, the tetra-substituted furans proved to be most interesting. They were ERa binding-
and potency-selective agents, with the triphenolic 3-alkyl-2,4,5-tris(4-hydroxyphenyl)furans
(15a-d) displaying generally higher subtype binding selectivity than the bis-phenolic analogs
(15f-i). Binding selectivity for ERa was a high as 50-70 fold, and transcriptional activation
studies showed that several members of this series were ERa selective agonists, with the best
compound (3-ethyl-2,4,5-tris(4-hydroxyphenyl)furan, 15b) having full transcriptional activity on
ERa while being inactive on ERB. Comparative binding affinity analysis and molecular
modeling were used to investigate the preferred binding mode adopted by the furan ligands,
which appears to have the C(2) phenol mimicking the important role of the A-ring of estradiol.
These ligands should be useful in studying the biological roles of both ERa and ERf, and they

might form the basis for the development of novel estrogen pharmaceuticals.




The estrogen receptor (ER) is a ligand-regulated transcription factor whose activity as an
inducer or repressor of gene transcription depends upon the nature of the ligand with which it is
bound, as well as the nature of the co-regulator proteins with which it associates." Estrogen
action is important in many tissues, and ER is involved in the development and function of the
reproductive system and plays a role in bone density maintenance,* regulation of blood-lipid
proﬁles,3 7 and brain function.*® Not surprisingly, ER is a target for the discovery of new drugs
for treating or regulating a variety of hormone-related conditions.

There are two ER genes, the well known gene that produces subtype ERa and the more
recently discovered gene that produces the subtype ERB.'™'" The tissue distribution of ERc and
ERP differ, though the biological significance of this difference is not yet well understood.”” A
number of previously known ER ligands,'*'® as well as some recently developed novel ligand
systems,'® have different potencies'” or are able to effect different response levels through ERa
and ERB.18 Ligands having very high ER sub-type selectivity would be effective probes of the
respective biological roles of ERa and ERf, and might also function as tissue-selective agents
having improved endocrine profiles.

The ER sub-types a and $ have only fifty-five percent amino acid identity in the ligand
binding domain, yet all but two of the residues that define the ligand binding pocket are the
same.'” The two differences are conservative substitutions, with Met421 in ERa corresponding
to an isoleucine in ERf, and similarly Leu384 in ERa being replaced with a methionine in ER.
These subtle changes in the ligand-binding pocket of the two ER sub-types do not provide a
definitive basis for understanding the selectivity in either binding or potency that is seen with
some ligands; so, further structural analyses will be required.

In previous investigations, we found that certain pyrazoles, particularly those displaying a
1,3,5-triaryl-4-alkyl substitution pattern, were very selective for ERa, in terms of affinity,
potency and efficacy.?®* Pyrazole 1 was found to have the highest ERa binding affinity, but
pyrazole 2 had the greatest ERa subtype selectivity (Figure 1). While certain azoles, such as

oxazoles, thiazoles, isoxazoles, and imidazoles, did not produce good ER ligands in our hands,*




we wondered whether other five-membered ring heterocycles bearing only one heteroatom,
namely, furans, thiophenes and pyrroles, might provide ER ligands with interesting biological
character. Several furans (3-5) and pyrroles (6-8) have been described as potential anti-fertility
agents.*? Few, however, showed significant activity, the most active being the furans (3-5),
and binding and transcriptional activity were reported only in one instance.?

[Figure 1]

[Figure 2]

In this report we describe an investigation of single heteroatom-containing five-
membered ring heterocyclic analogs of the high affinity pyrazole ligands. We find that certain
furans are ER ligands that display ERa-selective biological character equivalent to that of the
pyrazoles. We have also developed a structure-activity relationship within the furan series to

optimize ligand affinity and selectivity, and to investigate the binding mode adopted by this class

of ligands.

Results
Synthesis of Ligands

While the literature provides a plethora of approaches to furans, thiophenes, and pyrroles,
we wished to prepare all three of these heterocycles from a common precursor, namely, a 1,4-
dione. The trisubstituted 1,4-diketones 10a-c¢ were prepared by the conjugate addition of an
aldehyde to an o,f-unsaturated ketone 9a-c (Scheme 1). Treatment of commercially available
acetophenones and aromatic aldehydes with ethanolic KOH afforded chalcones 9a-¢. The a,f-
unsaturated ketones 9a-c then underwent conjugate addition reactions with commercially
available aldehydes, utilizing Stetter’s thiazolium salt catalysts, either 3-ethyl-5-(2-
hydroxyethyl)-4-methyl-thiazolium bromide for aromatic aldehydes or 3-benzyl-5-(2-

0

hydroxyethyl)-4-methyl-thiazolium chloride for aliphatic aldehydes.”® The Stetter reactions

produced the desired 1,2,4-tri-substituted butane-1,4-diones 10a-¢ in good yields. However, all




of our attempts to use this approach with an a-substituted enone to produce the desired fefra-
substituted diones were unsuccessful.
[Scheme 1]

The 1,2,3,4-tetrasubstituted butanediones were instead prepared by the alkylation of an
enolate with an a-bromoketone (Scheme 2). Treatment of the 1,2-diaryl-ethanones 11a-d with
potassium hexamethyldisilyl amide (KHMDS), followed by the addition of an a-bromoketone
12a-f, provided the desired 1,3,4-triaryl-2-alkyl-butane-1,4-diones 13a-l1. These reactions
afforded the product diones as mixtures of diastereomers, which in some cases were separable by
crystallization. Separation was not required, however, because these centers become trigonal in
the final products. The a-bromoketones 12a-f were produced in nearly quantitative yields from
the parent ketones upon treatment with bromine and a catalytic amount of aluminum chloride.

[Scheme 2]

Furans: The 1,4-diketones were converted into furans upon treatment with catalytic p-
toluenesulfonic acid in refluxing toluene. Table 1 lists the yields for conversion of diones 13a-1
and 10a-b to furans 14a-n. The methyl ether protecting groups of furans 14a-n were removed
using boron trifluoride-dimethyl sulfide complex, to afford furans 15a-n as free phenols. The
demethylation reactions and yields for conversion of 14a-n to 15a-n are listed in Table 2.

[Table 1 and Table 2]

Thiophenes: Upon treatment with Lawesson’s reagent, diones 10a-b were converted into
thiophenes 16a-b.>"** Furan formation was found to be a competing process in these reactions,
sometimes giving as high as a 1:1 furan to thiophene ratio when the 1,4-diones were treated with
Lawesson’s reagent alone. Competing furan formation not only reduced yields, but the furan
byproducts could not be separated from the corresponding thiophenes by flash column
chromatography or recrystallization. Fortunately, the addition of solid potassium carbonate as an
acid scavenger minimized furan formation, so the thiophenes could be isolated in pure form.
Demethylation of 16a-b with boron trifluoride-dimethyl sulfide complex afforded the phenolic

thiophene analogs 17a-b in good yields (Scheme 3).




[Scheme 3]

Unfortunately, all attempts to convert the 1,2,3,4-fetra-substituted butanediones into
thiophenes afforded solely furan products. Even with the addition of potassium carbonate,
Lawesson’s reagent gave only quantitative yields of the furans. An alternate approach using
hydrogen sulfide-hydrogen chloride also failed to give the desired thiophenes, instead producing
furan in low yield and leaving unreacted starting material. It is known that these latter reagents
can be used to produce di-substituted thiophenes either from 1,4-diones*” * or directly from the
corresponding furans.*> However, these conditions were reported not to work for the conversion
of tetra-substituted systems, such 1,4-diaryl-2,3-dibromo-butane-1,4-diones, into the

3% While our failure to convert tetra-substituted 1,4-diones into

corresponding thiophenes.
thiophenes was disappointing, it is not surprising considering the ample precedent for
preferential furan formation from hindered 1,4-diones.>**® In fact, to our knowledge, there has
been only one report of the formation of thiophenes from 1,2,3,4-tetra-substituted-1,4-dicarbonyl
precursors.”’

Pyrroles: Treatment of diones 10¢ with p-anisidine and p-toluenesulfonic acid produced
pyrrole 18 in modest yield; however, unreacted dione may be recycled to increase production of
the desired heterocycle. Demethylation of 18 provided the target pyrrole 19 (Scheme 4). As was
the case with the thiophenes, all attempts to convert 1,2,3,4-tetrasubstituted-butane-1,4-diones

into pyrroles resulted in quantitative furan formation.

[Scheme 4]

Biological Studies

Relative Binding Affinities: The relative binding affinity of the heterocyclic ligands were
determined by a competitive radiometric receptor binding assay first using lamb uterine cytosol
as a source of receptor.’® (The uterus is thought to contain almost exclusively ERa.)'?> The

higher affinity ligands were then studied further with purified human ERoa and ER[3>.18’3 ? The




results of these studies, given as relative binding affinity (RBA) values where the affinity of
estradiol is considered to be 100%, are summarized in Table 3.

While the members of these series of heterocycles displayed somewhat lower affinities
for uterine cytosol ER than did those of the pyrazole class,”® they showed good affinity
nevertheless, with the highest RBA of 6.5% being observed for the 2,4,5-tris(4-hydroxyphenyl)-
3-ethyl furan 15b. As was the case with the pyrazoles,® the tri-substituted ligands, furans 15m,n
and thiophenes 17a,b, showed very low affinities and thus were not assayed further with ERa
and ERP. The one pyrrole we prepared (19) also had low affinity; this was unexpected,
considering that it is a tetra-substituted ligand that is a close structural analog to a high affinity
pyrazole (cf,, Fig 1).%

[Table 3]

All of the tetra-substituted furans (15a-1) were assayed for binding to ERa and ERf, and
a number of structure-affinity trends are of note. All of these furans had much higher affinity for
purified ERa than for ER from lamb uterine cytosol. We believe that this is due to reduced non-
specific binding of these relatively lipophilic ligands in the assays with the purified receptor,
ERa, which are performed at much lower total protein concentrations than are the assays using
uterine cytosol. While all of the furans proved to be ERa binding selective ligands, the data
indicates that the presence of a third phenolic hydroxyl is required to achieve the highest binding
selectivity for ERa versus ERf3 (compare tris-phenols vs the corresponding bis-phenols: 15¢ vs
15g, and 15b vs 15fh,i, respectively). As the size of the 3-alkyl substituent is changed in the
triphenols, the highest ERa binding affinity is found with the ethyl and propyl analogs (15b and
15¢ with of RBAs 100-140), but the highest ERa binding selectivity was found with the methyl
furan 15a (RBA ERo/ERP = 65). The symmetrical tetra-(4-hydroxyphenyl)furan (15e€) has
respectable ERa affinity and selectivity, but is not as good as the best of the 3-alkyl analogs.
The homologous series of bis-phenols (15f,h,i) and mono-phenols (15j-1) were prepared to
investigate the orientation of these furans in the ligand binding pocket of ER; their affinities are

lower, and the structure-affinity correlations are considered further in the Discussion section.




Transcriptional Activation Assays: Four high affinity tetra-substituted furan ligands
(15a,b,c,g) were assessed for transcriptional activation activity through both ERa and ERp.
These cotransfection assays are conducted in human endometrial carcinoma (HEC-1) cells, using
expression plasmids for full-length human ERa or ERP and an estrogen-responsive luciferase
reporter gene system.'® The results of these initial screening assays are summarized in Figure 3.

All four ligands tested were more potent on ERa than ERf, and they were fully
efficacious on ERa. On ERf, however, the three tri-phenols (15a-¢) were inactive, but the
bisphenol (15g) showed partial agonist activity. Thus, while having a third phenol on the C(5)
phenyl group is not essential for high ERa binding affinity (Table 3), it does appear to be
important to ensure that the furans are highly selective for ERa and not efficacious on ERp.

A full dose-response curve for transcriptional activation through ERa and ER for one of
the most selective of the ligands assayed, 3-ethyl-2,4,5-tris(4-hydroxyphenyl)furan (15b), is
shown in Figure 4. This furan is highly selective in its activation of ERa., having an ECsy = 0.33
nM for ERa and having essentially no agonist or antagonist activity on ERf at concentrations up
to 1 uM.

[Figure 3]
[Figure 4]

Discussion

We have prepared a series of aryl-substituted 5-membered ring heterocycles containing a
single heteroatom, namely, furans, thiophenes, and pyrroles, and we have assessed them as
ligands for the estrogen receptor (ER). Certain tetra-substituted furans proved to be very
selective for ERa, in terms of binding affinity and potency as agonists, with the triphenolic 3-
alkyl-2,4,5-tris(4-hydroxyphenyl)furans (15a-d) displaying generally higher subtype binding
selectivity than the bis-phenolic analogs (15f-i)(Table 3). The highest ERa binding selectivity
(65 fold) was obtained with the 2,4,5-tris(4-hydroxyphenyl)-3-methyl furan 15a, but the best

overall combination of high affinity and ERa selectivity was given by the corresponding 3-ethyl




and 3-propyl analogs, furans 15b and 15¢ (Table 3). The ethyl furan 15b is sufficiently ERa
selective, that it can be used to activate ERa fully at concentrations (10-100 nM) where it has no
agonist or antagonist activity on ERf (Figure 4).

Structure-Activity Relationships in the Triaryl-Furan Series: The heterocycles most
closely related to the furans, thiophenes, and pyrroles studied here are the pyrazoles that we have
investigated extensively (Fig. 1),°****° and certain features that we noted in the behavior of the
pyrazoles are also found with the new heterocycles. The triaryl-substituted systems have low
binding affinity, as was the case with the pyrazoles (and other related heterocycles), and high
affinity and ERa selectivity was engendered by having a fourth group that was aliphatic and
moderate in size.”’ With the furans, the most favorable substituents at this position were ethyl
and propyl, whereas with the pyrazoles it was a propyl substituent. The best furan (RBA 140 for
furan 15b) has considerably higher ERa binding affinity than the best pyrazole (RBA 75 for
pyrazole 1),** but in both series, the trend of affinity increasing with substituent size up to a

point, beyond which further increase proves detrimental, was noted. Such trends are well

40,41

precedented in both steroidal and non-steroidal systems, and they have been interpreted to

indicate the filling of a preformed pocket of limited volume within the receptor.*’

Where it is possible to make direct comparisons between furans and thiophenes (15m vs.
17a and 15n vs. 17b), it appears that the furans might be higher affinity ligands. However, this
comparison remains limited by difficulties we encountered in the preparation of tetra-substituted
thiophenes. We prepared only one pyrrole (19), and though it was tetrasubstituted, its affinity
was disappointing. Because it has strong structural analogy to other heterocycles that have high
aff'mity,20 we have no explanation for this fact.

Investigation of the Orientation of the Triaryl Furans in the ER Ligand Binding Pocket

We have been interested in the manner in which non-steroidal ER ligands having more
than one phenol are oriented within the ligand binding pocket of ER.** Most of the furans we
studied here that show high binding selectivity for ERa (15a-¢) have three phenols, any one of

which could be serving as the analog of the phenolic A-ring of estradiol, a ring that is known to
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be important for the high affinity of this natural estrogen (see Figure 5).% While multiple binding
modes could be operative, we used comparative binding affinity considerations and molecular
modeling to see whether we could determine which of these three phenols might most likely be
functioning as the A-ring mimic. One should note that for each of the three potential A-ring
mimics, there are two possible binding modes for the rest of the furan (i.e., the ligands could be
bound in the orientations shown in Fig. 4, or in alternative binding modes, flipped 180° around
the bond connecting the A-ring mimic phenol to the furan core, not shown, giving a total of six
basic binding orientations). *2
[Figure 5]

Comparative Binding Analysis: In the comparative binding affinity approach, we
prepared furan bis-phenols (15f,h,i) and monophenols (15j-1) to investigate the effect that
removing phenolic hydroxyl groups had on binding affinity. We imagined that deletion of the
hydroxy group from the furan phenol substituent that was playing the role of the A-ring of
estradiol would have the greatest effect on binding affinity.*® Also, if two phenols were deleted,
we imagined that the monophenol having the highest affinity would be the one that retained the
hydroxyl on the phenyl substituent in the furan that mimics the estradiol A-ring. The ERa
binding affinities of the mono and diphenols were given in Table 3, but are schematized here in
Figure 6 for ready analysis.

[Figure 6]

In the monophenols (15j-1) (See RBA values shown in boxes in Figure 6) the C(4)
monophenol (15k) has a very low affinity; so, it is unlikely that the C(4) aryl group is the mimic
of the estradiol A-ring. However, it is difficult to choose between the C(2) and C(5) phenols
(15j,]), because their affinities are quite comparable. So, from the monophenols, it appears that
either the C(2) or C(5) phenol rings could be the A-ring mimic. The highest affinity bis-phenol
(15f) (See RBA values shown in parentheses in Italics, Figure 6) has hydroxyl groups on both

the C(2) and C(4) phenyl groups, consistent with the importance of the C(2) phenol, noted above.
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However, the other two bis-phenols (15h,i) again have very similar affinities; so, a definitive
distinction cannot be made between the importance of the other two phenols, at C(4) and C(5).

Based on these data, we make the following tentative conclusions: (a) the C(4) phenol is
unlikely to be the A-ring mimic (based on the affinity pattern of the monophenols), (b) the C(2)
phenol is most likely to be the A-ring mimic (based on the higher affinity of the 2,4-bis-phenol
(15f) than the 2,5- and 4,5-bis-phenols (15h,i), but (¢) the C(S) phenol might also function as the
A-ring mimic. This tentative conclusion is the same as the one we reached in our analysis of the
binding orientations of the pyrazoles,”* and it is supported by further work we have done, both in
the pyrazole and the furan series, to develop ERa-selective antagonists by attaching basic side
chains to these heterocyclic systems.”* Thus, we believe that the furan triphenols bind with the
C(2) phenol in the A-ring binding pocket, but that the C(5) phenol can play this role in certain
analogs (notably furan antagonists).**

Molecular Modeling Studies: We have also used molecular modeling to investigate the
binding orientation of a furan ligand in ERa. Using the FlexiDock routine in the modeling
program SYBYL, according to a modification of the protocol we described previously for the
pyrazoles (See Experimental),”’ we docked the ERa-selective furan 15b into the ligand-binding
pocket of ERa, positioning the furan initially in each of six possible orientations (Cf., Fig 5, and
earlier discussion). In each case, the FlexiDock routine oriented the molecule so that the C(2)
phenol remained or returned to the position so as to be the A-ring mimic. With the C(2) phenol
in the A-ring orientation, we obtained the best fit when the C(3) ethyl group projected downward
in roughly the direction of a 6a or 7a-substituent in estradiol. The result of this docking-
minimization study is shown in Figure 7. The purple dots represent the solvent-accessible
surface of the ligand binding pocket, and the green surface is the molecular volume for the furan
ligand. At the right of the figure is an overlay of furan 15b (gray), onto estradiol (purple),
illustrating their relative position within the ligand binding pocket.

This final minimized model shows that the hydrogen bond contacts found between the

phenol and the Glu353 and Arg394 residues in the ERo/estradiol and ERa/diethylstilbestrol
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¥4 persist with the C(2) phenol of the furan ligand. However, because of the

crystal structures
overall greater length of the furan, we found that the phenol appears to be driven more deeply
into the A-ring binding pocket in the furan structure than in the estradiol structure. The second
phenol on C(4) of the furan makes a hydrogen bond with His524, as is also found with the distal
hydroxyl groups of ligands in the crystal structures.*** The third phenol on C(5) appears to be
making a hydrogen bond with the hydroxy group of Thr347, which is the only other polar
residue in the ligand binding pocket. As was the case with the pyrazoles, it is not clear what
interactions are responsible for the high ERa binding selectivity of this ligand, although this is

obviously a very interesting issue.**

[Figure 7]

The novel heterocyclic systems we have investigated here, the 3-alkyl-2,4,5-triarylfurans,
in particular, are ligands for the estrogen receptor that have very high selectivity for ERa in
terms of affinity and potency in transcription assays. These ligands should be useful in studying
the biological role of both of the ER subtypes, and they might form the basis for the development

of novel estrogen pharmaceuticals.

Experimental Section
General Methods

All reagents and solvents were purchased from Aldrich or Fischer. Solvents were
distilled prior to use. THF was distilled over sodium/benzophenone. Methylene chloride was
distilled over calcium hydride. Hexane was distilled over calcium sulfate. Triethylamine was
distilled over calcium hydride. Reactions were all monitored by TLC, performed on 0.25 mm
silica gel glass plates containing F-254 indicator (Merck). Visualization on TLC was achieved
by UV light or phosphomolybdic acid indicator. Column chromatography was performed with

Woelm 32-63 um silica gel packing. Melting points were measured using a Thomas Hoover
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capillary melting point apparatus and are uncorrected. NMR spectra chemical shifts are reported

in parts per million downfield from TMS and referenced with either TMS internal standard for
d,-chloroform or dg¢-acetone solvent peak. NMR coupling constants are reported in Hertz. All
compounds used in structure-activity relationship considerations gave either satisfactory
microanalyses or satisfactory exact mass determinations by high resolution mass spectrometry

and were shown to be pure by HPLC under two distinct reversed phase conditions.

Chemical Synthesis

General Procedure for the Preparation of Trisubstituted Butane-1,4-diones by the
Stetter Reaction. Aldehyde, o,p unsaturated ketone, triethlyamine, and either 3-benzyl-5-(2-
hydroxyethyl)-4-methyl-thiazolium chloride (with aliphatic aldehydes) or 3-ethyl-5-(2-
hydroxyethyl)-4-methyl-thiazolium bromide (with aromatic aldehydes) were combined and
heated to reflux in ethanol for 60-96 h. Solvent was removed under reduced pressure, the
resulting residue was taken up into CH,Cl, and extracted with 3M HCI (aq.), water, sat. NaCl,
and dried over sodium sulfate. Solvent was removed under reduced pressure and crude product
was purified by flash column chromatography and recrystallization to afford 1,4 diones.

General Procedure for the Preparation of Tetrasubstituted Butane-1,4-diones A
solution of KHMDS (1.1 equiv, 0.5 M in toluene) was added to a stirring solution of
diarylethanone (1 equiv) in THF (2-5 mL), at -78 °C. The mixture was stirred 1 h followed by
the dropwise addition of a-bromoketone (1.1 equiv). The reaction mixture was allowed to stir at
-78 °C for 1 h and then allowed to gradually warm to rt, stirring 5 h to overnight (monitored for
disappearance of starting material) and then quenched with the addition of H,O. The reaction
was further diluted with EtOAc and washed with H,O and sat. NaCl. Organic extract was dried
over NaySOy, filtered and solvent removed under reduced pressure. Purification by flash column
chromatography afforded diones as mixtures of diastereomers (by NMR).

General Procedure for Furans In toluene, the 1,4-dione and p-toluenesulfonic acid

monohydrate (cat. amount) were heated to reflux for 3-12 h. The reaction was the cooled,
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filtered and solvent removed under reduced pressure and the crude product was purified by flash
column chromatography.

General Demethylation Procedure Using BF3*SMe, To a stirring solution of the
methyl ether precursor (1 equiv) in CH>Cl, (~8 mL) at rt was added BF;*SMe, complex (75
equiv). After stirring for 12-18 h, solvent and excess reagent were evaporated under nitrogen
stream in hood. Residue was taken up in EtOAc and washed with H,O and sat NaCl. Organic
extract was dried over Na,SO,, filtered and solvent removed under reduced pressure. The
resulting residue was purified by silica gel flash column chromatography.

General Demethylation Procedure Using BBr; The methyl ether protected compound
was dissolved in CH,Cl, and stirred at rt. A solution of 1M boron tribromide in CH,Cl, was
added via syringe, and the reaction was left to stir over-night or until all starting material had
been consumed. The reaction poured into separatory funnel and extracted with HO (3x10 ml),
sat NaCl, and dried over sodium sulfate. Solvent was removed under reduced pressure and the
resulting crude product was purified by flash column chromatography and recrystallization to
afford deprotected phenols.

2,3,5-Tris-(4-hydroxy-phenyl)-4-methyl-furan (15a) Furan 14a (58.0 mg, 0.14 mmol)
was reacted according to the general demethylation procedure using BF;¢SMe; to afford crude
15a. The crude material was purified by flash column chromatography (1:2 EtOAc:hexanes) and
recrystallized from EtOAc:hexanes to give 15a (40.2 mg, 77% yield). mp 231-233 °C (decomp);
'H NMR (500 MHz, acetone-ds) & 2.05 (3H, s, CH3), 6.74 (2H, AA'XX', Jax= 8.77, Jaa = 2.48,
ArH ortho to OH), 6.94 (2H, AA'XX', Jax= 8.46, Jaa = 2.42, ArH ortho to OH), 6.95 (2H,
AA'XX', Jax= 8.83, Jaa = 2.49, ArH ortho to OH), 7.16 (2H, AA'XX', Jax= 8.81, Jxx = 2.39,
ArH meta to OH), 7.34 (2H, AA’XX', Jax= 8.99, Jxx = 2.50, ArH meta to OH), 7.61 (2H,
AA'XX', Jax= 8.77, Jxx = 2.46, ArH meta to OH), 8.44 (1H, bs, OH), 8.48 (1H, bs, OH), 8.51
(1H, bs, OH); "*C NMR (125 MHz, acetone-ds) & 10.5, 116.1(2), 116.4(2), 116.6(2), 117.5,
124.1, 124.6, 124.7, 125.8, 127.5(2), 127.7(2), 132.2(2), 147.4, 147.9, 157.4, 157.5, 157.7, MS
(E1, 70 V) m/z 358.1 (M™); HRMS calcd for Cp3H,504: 358.12051, found: 358.12040.
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3-Ethyl-2,4,5-tris(4-hydoxyphenyl)furan (15b) Furan 14b (28.0 mg, 0.07 mmol) was
reacted according to the general demethylation procedure using BF;*SMe; to afford crude 15b.
The crude material was purified by flash column chromatography (1:1 hexane:EtOAc) and
recrystallized from EtOAc:hexanes to give 15b (16.3 mg, 93% yield). mp 219-220 °C; 'H NMR
(500 MHz, acetone-dg) 8 1.01 (3H, t, J=7.52, CH;CH,), 2.51 (2H, q, J= 7.52,. CH;CH,), 6.72
(2H, AA'XX', Jax= 8.99, Jan = 2.52, ArH ortho to OH), 6.95 (2H, AA'XX', Jax= 8.85, Jaa =
2.54, ArH ortho to OH), 6.96 2H, AA'XX', Jax= 8.67, Jaa = 2.55, ArH ortho to OH), 7.17 (2H,
AA'XX', Jax= 8.89, Jxx. = 2.41, ArH meta to OH), 7.31 (2H, AA'XX', Jax= 9.01, Jxx. = 2.47,
ArH meta to OH), 7.60 (2H, AA’XX', Jax= 8.95, Jxx = 2.49, ArH meta to OH), 8.39 (1H, bs,
OH), 8.46 (1H, bs, OH), 8.49 (1H, bs, OH); "*C NMR (125 MHz, acetone-ds) & 14.1, 17.1,
115.2(2), 115.6(2), 115.7(2), 123.2, 123.4, 123.5, 123.6, 125.1, 126.5(2), 126.8(2), 131.3(2),
146.5, 146.7, 156.5, 156.7, 156.9; MS (EI, 70 eV) m/z 372.2 (M1); HRMS calcd for Cp4H200; :
372.136159, found: 370.136761; Anal. caled for C24H004 (+0.5 H,0), C: 74.43, H: 6.12.
Found, C: 74.82, H: 5.86.

2,3,5-Tris(4-hydroxyphenyl)-4-propylfuran (15¢) Furan 14c¢ (40.0 mg, 0.09 mmol)
was reacted according to the general demethylation procedure using BF;*SMe, to afford crude
15¢. The crude material was purified by flash column chromatography (1:1 hexane:EtOAc) to
provide 15¢ (32.0 mg, 93% yield) as a white powder. 'H NMR (500 MHz, acetone-ds) & 0.79
(3H, t, J=7.24, CH;CH,CH,), 1.42 (2H, m, CH3;CH>CH,), 2.48 (2H, m, CH3;CH,CH,), 6.73 (2H,
AA'XX', Jax= 8.89, Jaa = 2.53, ArH ortho to OH), 6.95 (4H, AA'XX', Jax= 8.55, Jaa = 2.53,
ArH ortho to OH), 7.16 (2H, AA'XX', Jax= 8.82, Jxx = 2.41, ArH meta to OH), 7.31 (2H,
AA'XX', Jax= 8.86, Jxx = 2.47, ArH meta to OH), 7.60 (2H, AA’XX', Jax= 9.02, Jxx = 2.42,
ArH meta to OH), 8.42 (1H, bs, OH), 8.48 (1H, bs, OH), 8.51 (1H, bs, OH); "*C NMR (125
MHz, acetone-ds) 814.4, 23.8, 26.8, 116.0(2), 116.4(2), 116.6(2), 122.9, 124.1, 124.4, 124.5,
126.1, 127.3(2), 127.7(2), 132.2(2), 147.5, 147.7, 157.4, 157.5, 157.7; MS (ElL, 70 eV) m/z
386.2 (M*); HRMS caled for CysH2,04: 386.15181, found: 386.15274.
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3-Butyl-2,4,5-tris(4-hydroxyphenyl)furan (15d) Furan 14d (50.0 mg, 0.11 mmol) was
reacted according to the general demethylation procedure using BF;*SMe; to afford crude 15d.
The crude material was purified by flash column chromatography (1:1 EtOAc:hexanes) to
provide 15d (39.5 mg, 88% yield) as a solid. A small amount of 15d for biological testing was
further purified by reverse phase HPLC; 'H NMR (500 MHz, acetone-ds) 8 0.76 (3H, t, J= 7.41,
CH;CH,CH,CHy), 1.22 (2H, sextet, J= 7.39, CH;CH>CH,CH>), 1.39 (2H, m, CH;CH,CH,CH,),
2.50 (2H, m, CH3CH,CH2CH), 6.72 (2H, AA'XX', Jax= 8.72, Jaa = 2.53, ArH ortho to OH),
6.949 (2H, AA'XX', Jax= 8.83, Jaa = 2.49, ArH ortho to OH), 6.952 (2H, AA'XX', Jax= 8.63,
Jaa= 2.53, ArH ortho to OH), 7.16 (2H, AA'XX', Jax= 8.67, Jxx. = 2.41, ArH meta to OR),
7.31 2H, AA'XX', Jax= 9.11, Jxx. = 2.45, ArH meta to OR), 7.60 (2H, AA'XX', Jax= 9.01, Jxx
=2.53, ArH meta to OR), 8.47 (1H, bs, OH), 8.52 (1H, bs, OH), 8.56 (1H, bs, OH); *C NMR
(125 MHz, acetone-ds) 8 13.9, 23.2,24.3, 32.7, 116.0(2), 116.4(2), 116.6(2), 123.0, 124.1, 124 .4,
124.5, 126.1, 127.3(2), 127.7(2), 132.2(2), 147.5, 147.6, 157.4, 157.5, 157.7; MS (EI, 70 eV)
m/z 400.2 (MT); HRMS caled for CosHp4O4: 400.16746, found: 400.16743.

2,3,4,5-Tetrakis-(4-hydroxy-phenyl)-furan (15¢) Furan 14e (40.0 mg, 0.10 mmol) was
reacted according to the general demethylation procedure using BF;*SMe; to afford crude 15e.
The crude material was purified by flash column chromatography (1:1 hexane:EtOAc) and
recrystallized from EtOAc:hexanes to give 15e (49.0 mg, 85% yield). mp 247-250 °C (decomp);
'H NMR (500 MHz, acetone-ds) & 6.76 (4H, AA'XX', Jax= 8.72, Jaa = 2.45, ArH ortho to OH),
6.77 (4H, AA'’XX', Jax= 8.65, Jaa = 2.45, ArH ortho to OH), 7.37 (4H, AA'XX', Jax= 8.62,
Jxx = 2.32, ArH meta to OH), 8.38 (4H, AA'XX', Jax= 8.73, Jxx = 2.44, ArH meta to OH),
8.38 (2H, bs, OH), 8.53 (2H, bs, OH); "*C NMR (125 MHz, acetone-ds) 8 116.08(4), 113.12(4),
123.9(2), 124.2(2), 125.5(2), 127.7(4), 132.4(4), 147.7(2), 157.4(2), 157.6(2); MS (EI, 70 eV)
m/z 436.2 (M1); HRMS calcd for CpgHy00s: 436.13107, found: 436.13124.

3-Ethyl-2,4-bis(4-hydroxyphenyl)-5-phenylfuran (15f) Furan 14f (20.0 mg, 0.05
mmol) was reacted according to the general demethylation procedure using BF;*SMe, to afford

crude 15f. The crude material was purified by flash column chromatography (1:1
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hexane:EtOAc) followed by recrystallization from CH,Cl,:hexanes to give 15f as a solid (17.4
mg, 94 % yield). mp 226-230 °C; "H NMR (500 MHz, acetone-dg) 6 1.02 (3H, t, J= 7.49,
CH;CHy), 2.53 (2H, q, J= 7.49, CH3CH,), 6.97 (2H, AA'XX', Jax= 8.74, Jaa = 2.60, ArH ortho
to OH), 6.98 (2H, AA'XX’, Jax= 8.70, Jaa = 2.45, ArH ortho to OH), 7.16 (1H, m, ArH para to
furan), 7.19 (2H, AA'XX', Jax= 8.75, Jxx = 2.48, ArH meta to OH), 7.24 (2H, m, ArH meta to
furan), 7.46 (2H, m, ArH ortho to furan), 7.64 (2H, AA'XX', Jax= 8.66, Jxx = 2.53, ArH meta
to OH), 8.55 (2H, bs, OH); C NMR (125 MHz, acetone-ds) $14.9, 17.9, 116.5(2), 116.7(2),
124.2, 124.6, 125.6(2), 125.7, 126.5, 127.5, 127.9(2), 129.2(2), 132.1(2), 132.3, 147.0, 148.4,
157.8, 157.9; MS (EL 70 eV) m/z 356.1 (M™); HRMS calcd for C4Hy05 : 356.14125, found:
328.14129.

2,4-Bis(4-hydroxyphenyl)-5-phenyl-3-propylfuran (15g) Furan 14g (30.0 mg, 0.075
mmol) was reacted according to the general demethylation procedure using BF;*SMe, to afford
crude 15g. The crude material was purified by flash column chromatography (2:1
hexane:EtOAc) and recrystallized from EtOAc:hexanes to give 15g (23.2 mg, 86% yield). 'H
NMR (500 MHz, acetone-dg) 6 0.80 (3H, t, /=7.39, CH;CH,), 1.44 (2H, m, CH3;CH,CH,), 2.49
(2H, m, CH,-furan), 6.969 (2H, AA’XX', Jax= 8.87, Jaa = 2.55, ArH ortho to OH), 6.972 (2H,
AA'XX', Jax= 8.55, Jaa = 2.41, ArH ortho to OH), 7.16 (1H, m, ArH para to furan), 7.18 (2H,
AA'XX', Jax= 8.78, Jxx. = 2.44, ArH meta to OH), 7.24 (2H, m, ArH meta to furan), 7.45 (2H,
m, ArH ortho to furan), 7.64 (2H, AA'XX', Jax= 8.68, Jxx = 2.62, ArH meta to OH), 8.52 (1H,
bs, OH), 8.57 (1H, bs, OH); 'C NMR (125 MHz, acetone-ds) 814.1, 23.6, 26.6, 116.3(2),
116.5(2), 123.0, 124.0, 125.4(2), 125.5, 126.5, 127.3, 127.7(2), 128.9(2), 131.9(2), 132.1, 146.7,
148.5, 157.6, 157.7; MS (ElL, 70 eV) m/z 370.2 (M™); HRMS caled for C,5H» 03 : 370.156890,
found: 370.15661.

3-Ethyl-2,5-bis(4-hydroxyphenyl)-4-phenylfuran (15h) Furan 14h (30.0 mg, 0.08
mmol) was reacted according to the general demethylation procedure using BF;*SMe; to afford
crude 15h. The crude material was purified by flash column chromatography (1:1

hexane:EtOAc) to provide 15h (25.8 mg, 93% yield) as a white powder. mp 127-132 °C
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(decomp); 'H NMR (500 MHz, acetone-ds) & 1.00 (3H, t, J= 7.47, CH;CH,), 2.52 (2H, q, J=
7.50, CH3CH)), 6.72 (2H, AA'XX', Jax= 8.86, Jaan = 2.48, ArH ortho to OH), 6.96 (2H,
AA'XX', Jax= 8.75, Jaa = 2.56, ArH ortho to OH), 7.27 2H, AA'XX', Jax= 8.91, Jxx = 2.47,
ArH meta to OH), 7.36 (2H, m, ArH ortho to furan), 7.41 (1H, tt, J= 7.51, 1.34, ArH para to
furan), 7.48 (2H, m, ArH meta to furan), 7.62 2H, AA'XX', Jax= 8.84, Jxx. = 2.46, ArH meta to
OH), 8.44 (1H, bs, OH), 8.54 (1H, bs, OH); "“C NMR (125 MHz, acetone-ds) & 14.9, 17.9,
116.1(2), 116.5(2), 123.8, 123.9, 124.0, 124.3, 127.5(2), 127.8(2), 128.3, 129.7(2), 131.1(2),
135.4, 147.6, 147.7, 157.5, 157.6; MS (EL, 70 eV) m/z 356.2 (M1); HRMS calcd for Cp4H20s5 :
356.14125, found: 356.14168.

3-Ethyl-4,5-bis(4-hydroxyphenyl)-2-phenylfuran (15i) Furan 14i (40.0 mg, 0.10
mmol) was reacted according to the general demethylation procedure using BF3;*SMe; to afford
crude 15i. The crude material was purified by flash column chromatography (1:1
hexane:EtOAc) and recrystallized from EtOAc:hexanes to give 15i (31.3 mg, 84% yield). mp
204-206 °C; "H NMR (500 MHz, acetone-ds) 8 1.04 (3H, t, J=7.53, CH;CH,), 2.57 (2H, q, J=
7.50, CH3CH)), 6.75 (2H, AA'XX', Jax= 9.14, Jaa = 2.46, ArH ortho to OH), 6.97 (2H,
AA'XX', Jax= 8.59, Jaa = 2.40, ArH ortho to OH), 7.18 2H, AA'XX', Jax= 8.79, Jxx = 2.32,
ArH meta to OH), 7.30 (1H, m, ArH para to furan), 7.34 2H, AA'’XX', Jax= 8.86, Jxx = 2.47,
ArH meta to OH), 7.47 (2H, m, ArH meta to furan), 7.77 (2H, m, ArH ortho to furan), 8.52 (1H,
bs, OH), 8.54 (1H, bs, OH); "*C NMR (125 MHz, acetone-ds) & 14.8, 18.0, 116.1(2), 116.6(2),
123.8, 124.4, 125.7, 125.9(2), 126.6, 127.5(2), 127.6, 129.6(2), 132.2(2), 132.7, 146.8, 148.5,
157.7, 157.8; MS (El, 70 eV) m/z 356.2 (M+); MS (CI, 130 eV) m/z 357.2 (MT+H); HRMS
caled for CpaHo005: 356.14125, found: 356.14045.

3-Ethyl-2-(4-hydroxyphenyl)-(4,5)-bisphenylfuran (15j) Furan 14j (40 mg, 0.11
mmol) was reacted according to the general demethylation procedure using BF;*SMe, to afford
crude 15j. The crude material was purified by flash column chromatography (75:25
hexane:EtOAc) and recrystallized from hexane:EtOAc to give 15j (21 mg, 55% yield) as a white
crystalline solid. mp 159-160 °C; 'H NMR (400 MHz, CDCls) & 1.04 (3H, t, J = 7.57, CH3),
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2.53 (2H, q, J = 7.51, CH,), 4.76 (1H, s, OH), 6.93 (2H, d, J = 8.34, ArH ortho to OH), 7.13-
7.47 (10H, m, ArH), 7.65 (2H, d, J = 8.75, ArH meta to OH); "*C NMR (500 MHz, CDCl;) &
14.6, 17.3, 115.6(2), 124.1, 124.8, 125.1(2), 126.7, 127.2(2), 127.4, 128.2(2), 128.8(2), 130.2(2),
131.1, 134.2, 146.6, 147.2, 154.6, 164.5; MS (EI, 70 EV) m/z 3402 (M"); HRMS calcd for
C24H200,: 340.14633, found: 340.14611.

3-Ethyl-4-(4-hydroxyphenyl)-(2,5)-bisphenylfuran (15k) Furan 14k (42 mg, 0.12
mmol) was reacted according to the general demethylation procedure using BF;*SMe; to afford
crude 15k. The crude material was purified by flash column chromatography (75:25
hexane:EtOAc) and recrystallized from hexane:EtOAc to give 15k (28 mg, 70% yield) as a white
powder. mp 144-147 °C 'H NMR (400 MHz, CDCl;) & 1.11 (3H, t, J = 7.45, CH3), 2.62 (2H, q,
J =17.36,CH,), 492 (1H, s OH), 6.97 (2H, d, J = 8.21, ArH ortho to OH), 7.28-7.49 (10H, m,
ArH), 7.8 (2H, d, J = 7.87, ArH meta to OH); *C NMR (500 MHz, CDCl3) 8 14.6, 17.4, 115.8,
125.1, 125.2(2), 125.4(2), 125.8, 126.4, 126.8, 126.9, 128.3(2), 128.6 (2), 131.1, 131.5(2), 131.6,
147.1, 147.2, 154.9; MS (EL 70 EV) m/z 340.2 (M"); HRMS calc. for CosH,00,: 340.14633,
found: 340.14649.

3-Ethyl-5-(4-hydroxyphenyl)-(2,4)-bisphenylfuran (151) Furan 141 (13.4 mg, 0.04
mmol) was reacted according to the general demethylation procedure using BF;*SMe; to afford
crude 151. The crude product was purified by flash column chromatography (95:5
hexane:EtOAc) and recrystallized from hexane:EtOAc to give furan 151 (10 mg, 78% yield) as a
light yellow powder. mp 133-136 °C "H NMR (400 MHz, CDCl;) § 1.06 (3H, t, J = 7.35, CH3),
2.57 (2H, q, J = 7.48, CH>), 4.65 (1H, s, OH), 6.69 (2H, d, J = 8.47, ArH ortho to OH), 7.26-
7.46 (10H, m, ArH), 7.74 (2H, d, J = 7.26, ArH meta to OH); “C NMR (500 MHz, CDCl;) 8
14.6, 17.4, 115.2(2), 124.7, 124.3, 125.4(2), 125.5, 126.8, 127.0(2), 127.4, 128.5, 128.6(2),
128.8(2), 130.3(2), 131.7, 134.2, 146.6, 154.6; MS (EI, 70 eV) m/z 340.2 (M"); HRMS calcd for
C24H200,: 340.14633, found: 340.14659.

2,5-Bis(4-hydroxyphenyl)-3-phenylfuran (15m) Furan 14m (22.0mg, 0.06 mmol) was

reacted according to the general demethylation procedure using BF;*SMe; to afford crude 15m.

20



The crude material was purified by flash column chromatography (1:1 EtOAc:hexane) followed
by recrystallization from CH,Cl,:hexanes to give 15m as a solid (18.7 mg, 92% yield). mp 167-
170 °C; "H NMR (500 MHz, acetone-ds) & 6.82 (2H, AA'XX', Jax= 8.77, Jaa = 2.32, ArH ortho
to OH), 6.83 (1H, s, furanH), 6.92 (2H, AA'XX', Jax= 8.90, Jaa = 2.52, ArH ortho to OH), 7.31
(1H, m, ArH para to furan), 7.39 (2H, m, ArH meta to furan), 7.43 (2H, AA'XX', Jax= 8.817,
Jxx = 2.45, ArH meta to OH), 7.46 (2H, m, ArH ortho to furan), 7.67 (2H, AA'XX', Jax= 8.93,
Jxx: = 2.44, ArH meta to OH), 8.56 (2H, bs, OH); BC NMR (100 MHz, acetone-ds) 6 107.3,
115.6(2), 115.9(2), 122.78, 122.81, 123.1, 125.4(2), 127.2, 127.8(2), 128.6(2), 128.8(2), 134.9,
147.5, 152.5, 157.36, 158.38; MS (FAB) m/z 328.2 (M*), HRMS caled for C»H ;405 :
328.10995, found: 328.10980.

3,5-Bis(4-hydroxyphenyl)-2-phenylfuran (15n) Furan 14n (65.0 mg, 0.18 mmol) was
reacted according to the general demethylation procedure using BF3*SMe; to afford crude 15n.
The crude material was purified by flash column chromatography (1:1 EtOAc:hexane) followed
by recrystallization from CH,Cly:hexanes to give 15n as a solid (46.0 mg, 77% yield). mp 160-
163 °C; 'H NMR (400 MHz, acetone-dg)  6.79 (1H, s, furanH), 6.89 (2H, AA’XX', Jax= 8.65,
Jaa = 2.47, ArH ortho to OH), 6.93 (2H, AA'XX', Jax= 8.82, Jaa = 2.45, ArH ortho to OH),
7.23 (1H, m, ArH para to furan), 7.30 (2H, AA'XX', Jax= 8.67, Jxx. = 2.53, ArH meta to OH),
7.32 (2H, m, ArH meta to furan), 7.66 (2H, m, ArH ortho to furan), 7.69 2H, AA'XX', Jax=
8.81, Jxx = 2.45, ArH meta to OH), 8.58 (2H, bs, OH); *C NMR (100 MHz, acetone-ds)
8108.7, 116.5(2), 116.6(2), 123.4, 125.63, 126.3(2), 126.5(2), 128.0, 129.3(2), 130.7(2), 132.4,
147.0, 153.7, 157.9, 158.36 (2); MS (EL 70 eV) m/z 328.2 (M*); HRMS calcd for CyH;60; :
328.10995, found: 328.10955.

General Procedure for Thiophenes The 1,4-dione and Lawesson's Reagent were
stirred in CH,Cl, at 40 °C until all 1,4-dione had been consumed by TLC (2-3 h). The reaction
mixture was then poured into separatory funnel and washed with H,O, 10% sodium bicarbonate,

sat. NaCl, and dried over sodium sulfate. Solvent was removed under reduced pressure, and the
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crude product was purified by flash column chromatography and recrystallization to afford
cyclized thiophenes.

2,5-Bis(4-hydroxyphenyl)-3-phenylthiophene (17a) Thiophene 16a (22.6 mg, 0.06
mmol) was reacted according to the general demethylation procedure using BBr; to afford crude
17a. The crude material was purified by flash column chromatography (1:1 hexane:EtOAc) to
give 17a as a solid (18.3 mg, 88% yield). mp 125-130 °C; 'H NMR (500 MHz, acetone-ds)
06.78 (2H, AA'XX', Jax= 8.73, Jaa = 2.47, ArH ortho to OH), 6.90 (2H, AA'XX', Jax= 8.78,
Jaa = 2.60, ArH ortho to OH), 7.14 (2H, AA'XX', Jax= 8.52, Jxx = 2.47, ArH meta to OH),
7.26 (1H, m, ArH para to thiophene), 7.32 (4H, m, ArH meta and ortho to thiophene), 7.34 (1H,
s, thiopheneH), 7.56 (2H, AA'XX', Jax= 8.79, Jxx. = 2.52, ArH meta to OH), 8.54 (1H, bs, OH),
8.57 (1H, bs, OH); C NMR (125 MHz, acetone-dg) 8 115.5(2), 115.8(2), 124.9, 125.5, 125.8,
126.7(2), 126.8, 128.3(2), 128.9(2), 130.3(2), 136.6, 136.9, 138.0, 141.9, 157.2, 157.4; MS (EI,
70 eV) m/z 344.1 (M™); HRMS calcd for C,H 6SO; : 344.08710, found: 344.08621.

3,5-Bis(4-hydroxyphenyl)-2-phenylthiophene (17b) Thiophene 16b (108.0 mg, 0.29
mmol) was reacted according to the general demethylation procedure using BF;*SMe, to afford
crude 17b. The crude material was purified by flash column chromatography (1:1
hexane:EtOAc) followed by recrystallization from CH,Cl,:hexanes to give 17b as a solid (85.1
mg, 85 % yield). mp 198-200 °C; 'H NMR (500 MHz, acetone-ds) 8 6.79 (2H, AA'XX', Jax=
8.66, Jaa = 2.47, ArH ortho to OH), 6.90 (2H, AA’XX', Jax= 8.80, Jaa = 2.60, ArH ortho to
OH), 7.17 (2H, AA'XX', Jax= 8.69, Jxx = 2.47, ArH meta to OH), 7.24-7.34 (SH, m, ArH
phenyl), 7.32 (1H, s, thiopheneH), 7.57 (2H, AA'XX', Jax= 8.72, Jxx = 2.52, ArH meta to OH),
8.50 (2H, bs, OH); "C NMR (125 MHz, acetone-dg) 8115.3(2), 115.8(2), 125.3, 125.7,
126.8(2), 127.2, 127.9, 128.5(2), 128.8(2), 130.1(2), 134.7, 134.9, 139.1, 142.6, 156.7, 157.5;
MS (EI, 70 eV) m/z 344.1 (M*); HRMS calcd for C5,H SO;: 344.08710, found: 344.08620.

General Procedure for N-Substituted Pyrroles In toluene, the 1,4-dione, amine and p-

toluene sulfonic acid monohydrate were heated to reflux for 24 h, using a Dean-Stark trap. The
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reaction was cooled, filtered, and solvent removed in-vacuo. Crude product was purified by
flash column chromatography and recrystallization to afford N-substituted pyrroles.

2-Ethyl-1,3-bis-(4-hydroxyphenyl)-5-phenylpyrrole (19) Methyl-ether protected
pyrrole 18 (38.8 mg, 0.10 mmol) and boron tribromide (0.6 mL, 0.6 mmol) were reacted as
outlined in general procedure for demethylation to give 29.0 mg brownish solid. Trituration with
hexane gave product as off-white solid, (21.8 mg), 60.8% yield. 'H NMR (500 MHz, acetone-
de) 60.90 (3H, t, J=7.42, CH3), 2.62 (2H, q, J=7.42, CH,), 6.43 (1, s, pyrroleH), 6.88 (2H,
AA'XX', Jax= 8.84, Jaa = 2.63, ArH ortho to OH), 6.90 (2H, AA'XX', Jax= 8.80, Jaa = 2.76,
ArH ortho to OH), 7.07 (1H, m, ArH para to pyrrole), 7.11 (2H, AA'XX', Jax= 8.70, Jxx. = 2.73,
ArH meta to OH), 7.15 (4H, m, ArH ortho and meta to pyrrole), 7.32 (2H, AA'XX', Jax= 8.63,
Jxx = 2.51, ArH meta to OH), 8.18 (1H, s, ArOH), 8.67 (1H, s, ArOH);. MS (EL, 70 eV) m/z
355.2 (M"). HRMS caled. for C4H, NO,: 355.1572, found: 355.1567.

Molecular Modeling

The protein structure used in the docking simulations was based on the X-ray
crystallographic structure of the human estrogen receptor ligand binding domain bound to
estradiol (entry lere in the Protein Data Bank). The crystal structure contains 3 homodimers
with 244 residues each. For modeling purposes only one monomer (chain A) was chosen. The
monomer contains several residues with missing atoms and five residues with alternate
conformations. Missing atoms were added using Insightll, and one conformation was selected
for each of the five residues. Several residues that are part of two loops were completely missing.
These two loops were modeled based on the crystal structure of the wild type estrogen receptor
ligand binding domain complexed to estradiol (entry 1gku) using Insightll. To eliminate bad
contacts and constraints due to crystal packing and loop reconstruction, the protein was energy
minimized for 1000 steps using the Powell algorithm in the presence of strong harmonic
constraints on the backbone, followed by an additional 1000 steps without constraints.

Minimization was done with the program SYBYL 6.6 and the MMFF94 force field. Furan 15b
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was docked into the minimized receptor using the FlexiDock routine, and the receptor-ligand

complex put through a minimization protocol as previously described.?*

Biological Procedures

Relative Binding Affinities. Ligand binding affinities (RBAs) using lamb uterine cytosol
as a receptor source were determined by a competitive radiometric binding assay using 10 nM
[*H]estradiol as tracer and dextran-coated charcoal as an adsorbant for free ligand.*® Purified
ERa and ER binding affinities were determined using a competitive radiometric binding assay
using 10 nM [*HJestradiol as tracer, commercially available ERa and ERB preparations
(PanVera Inc. Madison, WI), and hydroxylapatite (HAP) to adsorb bound receptor-ligand
complex.’® HAP was prepared following the recommendations of Williams and Gorski.*® All
incubations were done at 0 C for 18-24h. Unlabeled competitors were prepared in 1:1
DMEF:TEA to ensure solubility. Binding affinities are expressed relative to estradiol on a percent
scale (i.e., for estradiol, RBA = 100%). All essays were run in separate, duplicate experiments,

which were reproducible with a coefficient of variation of less than 0.3.

Transcriptional Activation Studies. Transactivation by ligands on ERa and ER was
tested in transfected human endometrial cancer (HEC-1) cells. HEC-1 cells, maintained in MEM
containing 5% CS and 5% FCS, were seeded into 24-well plates in transfection media (IMEM
containing 5% FCS, and transfected at about 50% confluency, using lipofectin-transferrin. For
each well, 1 ug 4ERE-TATA-LUC, 2.5 ug of pCMVpGal as internal control, 50-100 ng
pCMVS-ERa or pCMVS5-ERf were mixed with 5 ul lipofectin (GIBCO, BRL) and 1.6 ul
Img/ml transferrin in 150 ul HBSS. The mixture was applied to the cell with 350 pl serum-free
IMEM media for each well. The cell was incubated at 37° C in the 5% CO, containing incubator
for 6 h. Compounds were prepared as solutions in ethanol and were added to medium to give a
final ethanol concentration of 0.1%. The cell culture media was replaced by transfection media

containing different concentration of ligands. Cell were incubated for 24 h in the presence of
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ligand. The luciferase reporter assay system (Promega) was used for the luciferase activity
assay. The activity of E; (10 M) on ERa or ERP was set as 100%, and the relative activity was
adjusted based on the transfection efficiency which was monitored by the internal control B-

galactosidase activity, as previously described.'**’
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p-TsOH
toluene i/ /O
R2 O R® R
14a-n
Dione Furan R' R’ R’ R’ Yield
13a 14a OCH; OCH; CH; OCH; 74%
13b 14b OCH; OCH; C,Hs OH 70%
13¢ 14c OCH; OCH; CHy OCH; 85%
13d 14d OCH; OCH; CsHs OCH; 98%
13e 14e OCH;, OCH; PCH;0C¢Hy  OCH; 85%
13f 14f H OCH; C,H; OCH; 87%
13g 14g H OCH; C;H, OCH; 83%
13h 14h OCH; H C,H; OCH; 95%
13i 14i OCH; OCH; C,H; H 73%
13 14 H H C,H;s OCH; 42%
13k 14k H OCH; C,H;s H 75%
131 141 OCH; H C,Hs H 25%
10a 14m OCH; H H OCH; 88%
10b 14n H OCH; H OCH; 92%
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Table 2. Demethylation of furans 14a-n to 15a-n.

R1

Q)

BF3"SMe,

/ 3 CH.Cl, / f
R? O R O R R? O R O R

14a-n 15a-n
Furan l;eupr:’l:' R' R’ R’ R* Yield
14a 15a OH OH CH; OH 77%
14b 15b OH OH C,H;s OH 93%
14¢ 15¢ OH OH CsH, OH 93%
14d 15d OH OH C4Hy OH 88%
14e 15¢ OH OH pHOC:H, OH 85%
14f 15f H OH C,H; OH 94%
14g 15g H OH CsH, OH 88%
14h 15h OH H C,H; OH 93%
14i 15i OH OH C,H;s H 84%
14j 15j H H C,H; OH 55%
14k 15k H OH C,H;s H 70%
141 151 OH H C,H; H 78%
14m 15m OH H H OH 75%
14n 15n H OH H OH 77%
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Table 3. Relative Binding Affinity (RBA)" data for furans 15a-n, thiophenes17a-b, and pyrrole 19.

Ligand Cytosol ER-a ER-B o/P Selectivity
15a 2.9+0.09 40£6.5 0.62 +0.02 65 fold
15b 6.5+0.38 140 + 38 29+0.1 48 fold
15¢ 3.6+0.6 100 + 14 1.8 +0.65 56 fold
15d 1.3£0.7 21£0.6 39+1.1 5.4 fold
15¢ 0.84 +0.07 8.7+1.1 0.25+0.01 36 fold
151 46%05 82420 7.1+12 12 fold
15g 3.6+03 140+ 13 15+4.1 9.5 fold
15h 0.7+ 0 165+1.9 3.0+0.6 5.5 fold
15i 045+0 148+3.1 45+12 3.3 fold
15j 0.44 +0.09 10.8+2.6 34+£12 3.8 fold
15k 0.02+0.01 0.15+0.01 0.07 £0.02 2.1 fold
151 0.10 + 0.04 6.8+2.1 20+04 3.4 fold
15m 0.13 NA NA NA
15n 0.04 NA NA NA
17a 0.03 NA NA NA
17b 0.04 NA NA NA
19 0.50 NA NA NA

"Determined by a competitive radiometric binding assay with [*H]estradiol using methods described in the
Experimental Section. Where indicated, values represent the average (+ SD or range) of multiple

determinations. In our hands, RBA values are reproducible with a coefficient of variation of less than 0.3.
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¢ 10e $ 0
HO OH  Ho OH
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2
ERo = 75% ERa = 49%
ERP = 0.89% ERB = 0.12%
(84 fold) (408 fold)

Figure 1. Structures and binding affinity data pyrazoles 1 and 2.

b
R R3

3 R'=R%=H, R®*=0CH,CH,NCH»(CH,),CH,, R*=CgHs
| S
4 R'=R%=R*=H, R*=0OH
5 R'=R*=R*=H, R%= OCH,CH,NCH,(CH,),CH,
| S— |

O8O
"0

R3
6 R'= H, R?%=CH,, R3=0OH
7 R'= OCH;, R%=H, R*=0CH,CH,N(CH,CHs),
8 R'= OCH,CH,NCH,(CH,),CH,, R%=H, R3=H

— 1}

Figure 2. Representative furans and pyrroles explored as antifertility agents™?’
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Figure 3. Transcriptional activation data for furans 15a-¢ and 15g through ERa and ER§.

Human endometrial cancer (HEC-1) cells were transfected with expression vectors for
ERa or ERB and an estrogen responsive reporter gene and were treated with indicated

concentrations of estradiol or ligand for 24h to assay for agonism ( diagonal slashed bars)
or antagonism (cross-hatched bars). Transcriptional activity was normalized to an
internal B-gal control plasmid using the luciferase reporter assay system. Values are

expressed as a percent of the ERa or ERf response with 10 nM E;, which is set at 100%

2 . . .
(open bars). ? For details, see Experimental Section.
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Figure 4. Dose-response curve for transcriptional activation by furan 15b though ERa (solid

squares) and ERp (solid triangles). Antagonist activity through ERp (circles) was also
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assayed. The activation curves for estradiol on those two receptors is shown for

reference. (open squares and triangles, respectively; dotted lines) For details, see

Experimental Section.
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4 3
I J 3
@ 3 O @ 55072 O
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HO OH HO
C(4) Phenol A-ring C(5) Phenol A-ring

Figure 5. Three possible mimics for the A-ring of estradiol. Note, with each case A-ring mimic,

there are two possible orientations of the furan core (only one is shown).

(15)

Figure 6. Summary of ERa binding data for furan monophenols and bis-phenols for
comparative binding analysis. The binding affinity of the three monophenols is shown in the
shadowed box by each of the three hydroxyl groups, and the affinity of the three bis-phenols is
indicated by the italicized number in parentheses on braces linking two hydroxyl groups. For a

discussion, see text.
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Leud28”

Figure 7. (A) Model of furan 15b in ERa ligand binding pocket. The surface of the ligand is
shown as a continuous green shape; the surface of the ERa pocket is shown as purple dots. (B)

Comparison of the orientation of the furan (gray) with respect to that of estradiol (purple) in the

ERa ligand binding pocket. For details, see text and Experimental Section.
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H O
KOH L R3CHO
CH; O
EtOH 2 thiazolium cat.
R R? R R
83-86% 50-75%
R'=HorOCHy R%HorOCH; g R R2 10 R R2 R
a OCH; H a OCHy H p-CH30-CgHy
b OCH; OCH; b OCHs OCH3 CgHs
¢ H OCH3 ¢ H OCH3z CzHs

Scheme 1. Preparation of 1,2,4-trisubstituted diones 10a-c.
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R? :
1. KHMDS (1.1 equiv)

1 R R? 12 R® R? 13 R*
a H  OCHs a CH, OCH; a  OCH; OCH; CHy OCHs
b OCH; H b C,Hs OCHj, b OCH; OCH; CoHs OCH;
€ OCH; OCH; c CaHy OCH, € OCH; OCH; C3Hy OCH;
d H H d CsHg OCH,4 d OCH; OCH;3 CaHg OCHj;
e C,Hs H €  OCHz OCH; p-CH;0-CgHs OCH;
f p-CH30-CgHy OCH3 f H OCH; CoHs OCH3
g H OCH,4 C3Hy OCH,
h OCH3 H CoHs OCH;

i OCH; OCH; C,Hs H
i H H CoHs OCHjs

k H OCH; CoHs H

! OCHj, H CoHs H

Scheme 2. Preparation of 1,2,3,4-tetrasubstituted diones 13a-1.
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88-95% 172 OH H OH

17 OH OH j

Scheme 3. Preparation of thiophenes 17a-b.
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Scheme 4. Preparation of pyrrole 19.
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Abstract — 3-Alkyl-2,4,5-triarylfurans with basic side chain substituents were prepared as ligands for the estrogen receptor. Those analog
having the basic side chain on the C(4) phenol were high affinity, ERa-selective antagonists.

We have recently described the synthesis and biological
evaluation of a series of 3-alkyl-2.4,5-triaryl-substituted
furans, several of which proved to be ligands for the
estrogen receptor (ER) with very high selectivity for ERa
over ERB, both in terms of binding affinity and potency of
transcriptional activation.! Because there is great interest in
the development of antagonists as well as agonists that are
ER subtype-selective,”® we have investigated a way to
convert these ERa-selective furan agonists into ERa-
selective antagonists.

The antagonist character of the antiestrogens raloxifene
and hydroxy-tamoxifen (now more properly designated
“selective estrogen receptor modifiers” or SERMs)* relies
on a tertiary amino ethoxy substituent, termed a basic side-
chain (BSC). When these ligands are bound to ERa, this
bulky BSC projects outward from the ligand binding
pocket and effects a structural reorganization of the
receptor surface, repositioning helix 12 in a manner that
blocks the binding of coactivator proteins important in
mediating transcriptional activity.>® Thus, we surmised
that we might be able to impart antiestrogenic character to
the furan series of agonists ligands, by appending a BSC
through one of the three phenols of our furan ligands
(Figure 1). It is not immediately evident which attachment
site would be preferred, nor that the product BSC-furans
would retain the ERa selectivity of the parent furans,
because neither raloxifene nor tamoxifen is an ER subtype
selective antagonist. We were able to adapt the synthetic
route originally used to prepare the tetra-substituted furan
systems for the preparation of the BSC-analogs,' by

differential protection of the phenol functions in the
starting materials. We recently used a similar approach to
attach BSC groups to pyrazoles.” Here we report the
results of our efforts to identify the preferred furan position
for attachment of the BSC, to obtain ER antagonists that
have some sclectivity for ERa over ERf, and to elucidate
the orientation with which these furans bind to the
receptor.

NeggeWN's

Figure 1. Three potential antiestrogenic furan basic side chain (BSC)
derivatives.




Results and Discussion

Synthesis of Ligands

Treatment of the differentially protected 1,2-diaryl-
ethanones 1-2, ketone 3, or desoxyanisoin (4) with
potassium hexamethyl-disilyl-amide (KHMDS), followed
by the addition of an a-bromoketone 5a-e, provided the
desired, differentially protected 1,3,4-triaryl-2-alkyl-
butane-1,4-diones 6a-g in 66-98% yields (Scheme 1).
Although these diones were mixtures of diastereomers, no
separation was required, because these stereocenters
become trigonal in the furan products.

1. KHMDS
g
SOy
® o
R R Br
R R rR® R
1 OCH, OWBS 5a CH; OCH;
2 H O1BS 5b C,Hs OCH,
3 OTBS OCH, 5¢ C;H; OCH;
4 OCH, OCH, 5d CHs H

5¢ CH; OTPS

R'" R R ¥ R" R R R
6a OCH; OTBS CH; OCH; 7a OCH; OH CH; OCH;3
6b OCH; OTBS C,H; OCH; 7b OCH; OH  C,Hs OCH;,
6c OCH; OTBS C;H; OCH;  7¢ OCH; OH  CyH; OCH5
6d OCH; OTBS CHsH 7d OCH; OH CHg H
6e H OTBS CH;OCH; 7e H  OH GH; OCH,
6t OTBS OCH; C;Hs OCH, 71 OH OCH; CoHs OCH,

6g OCH, OCH; CyH OTPS
PPy, DIA!
r’?‘HF DJHO’\/O

70-98%

w (S
EtSH O
70 - 80% O ‘ O
, e RS
R 2 R R R R R K

9a OH OBSC CH, OH 8a OCH, OBSC CH; OCH,

9b OH 0BSC C,Hs OH
9c OH OBSC C,H, OH
9d OH OBSC C,H H

%e H 0BSC CH OH
of OH OCH, CH; OH

8b OCH; OBSC C,Hs OCH;
8c OCH; OBSC C3H; OCH,
8d OCH; OBSC C,Hg H

8e H  OBSC CH; OCH,
8t OBSC OCH; CyHs OCH;,

Scheme 1. Synthesis of basic side-chain furans 9a-f (BSC = CH,CH,-
piperidine).

Diones 6a-f were refluxed in toluene with a slight excess
of p-toluenesulfonic acid (TsOH) to effect furan formation
and desilylation, giving mono-deprotected furans 7a-f.
The piperidinyl-ethoxy side-chain was added using
Mitsunobu chemistry,! and the intermediates 8a-f were
demethylated using AlBr,/EtSH to afford BSC-furans 9a-
£4

In contrast to the behavior of diones 6a-f, when refluxed
with a catalytic amount of TsOH in toluene, dione 6g

cyclized to the furan but did not undergo TIPS
deprotection (Scheme 2). However, treatment of furan 10
with tetrabutylammonium fluoride at 0 °C did result in
desilylation, giving the mono-deprotected furan 11 that
was converted to BSC-furan 13, as described above.

Biological Studies

Binding Affinity and Ligand Orientation Studies:
The affinity of the BSC-furans 9a-f and 13 for the estrogen
receptor was assayed by a competitive radiometric binding
assay, using purified, full-length human ERa and ER
from recombinant sources.”® The results of these assays
are expressed as relative binding affinity (RBA) values,
where the affinity of estradiol is considered to be 100%,
and they are summarized in Table 1.

By comparison of the ERa affinities for the isomeric series
of 3-ethyl-substituted BSC-furans 9b, 9f, and 13, it appears
that the preferred position for the attachment of the BSC is
on C(4) phenol (9b); much lower affinities were observed
when it was attached to the C(2) or C(5) phenols (13 and
91, respectively). The BSC-modified furans did retain
much of the selective affinity for ERa shown by their
parent furans,' the most selective BSC-furan 9a having a
67-fold ERo/ERBbinding selectivity. Even the analogs
with low affinities for ERa maintained some of this
selectivity.

The initial series of BSC-furans we prepared have two free
phenols, either of which could be serving as the analog of
the A-ring of estradiol, a group that functions as a crucial
hydrogen-bonding partner in the ligand binding pocket and

p-TsOH
toluene
77%

6g

TBAF, THF, 0 °C
85%

PPh;, DIAD, THF
60%

OCH3

12 (R=CHy) AlBrs, EtSH
13(R=H) 79%

Scheme 2. Synthesis of basic side-chain furan 13.
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Table 1. Estrogen receptor relative binding affinity® data for basic side-
chain furans 9a-f and 13.

Ligand ER-a ER-B o/f
9a 329 047+ 0.1 67.2 fold
9b 75 %20 3.1+0.1 24.3 fold
9d 601 20£3.5 3.0 fold
9¢ 38+0.9 0.43 +0.04 8.8 fold
9f 2503 0.91+0.02 2.7 fold
13 036+0.11 0.06 = 0.02 6.1 fold

*Determined by a competitive radiometric binding assay with
[*Hjestradiol.

is essential for the high affinity of the natural estrogen.”
We sought to determine which of these phenols in the
C(4)-BSC-furans was playing this important role in
binding by deleting each of them in turn, and then
evaluating the effect that this had on their ERa binding

affinity.”

OH

Foon

O Estradiol
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N
OH IR
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X
o 8
HO S HO
Raloxifene Hydroxy-tamoxifen

N

)

Binding Mode B
C(5) Phenol A-ring
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O

Binding Mode A
C(2) Phenol A-ring

Figure 2. Two possible A-ring mimics of estradiol for furan 9b.

The X-ray crystal structures for ERa complexed with
either raloxifenc® or 4-hydroxy-tamoxifen® show that the
BSC on these ligands have a common orientation that
places them in roughly in the 11f direction with respect of
a standard steroid core, where a salt bridge can then form
between the teriary amine and aspartate 351 in helix-3.

Thus, as indicated in Figure 2, there are likely to be only
two binding modes for a C(4)-BSC-furan, such as 9b,
mode A, with the C(2) phenol in the A-ring binding
pocket, and mode B, with C(5) phenol mimicking the A-
ring.

Comparison of the ERa binding affinity of BSC-furans 9d
and 9e, mono-phenol analogs of the high affinity BSC-
furan diol 9b (Table 1), clearly shows that the phenol
attached at position C(5) serves as the A-ring mimic: There
was a 20-fold loss of affinity when this phenol deleted
(9e), whereas deletion of the C(2) phenol caused less than
a 1.3-fold drop (9d). Thus, we conclude that the highest
affinity furan with the basic side chain, ligand 9b, binds to
ER in orientation B (Figure 2), and that in this orientation,
having a second phenolic hydroxyl on the C(2) phenyl
ring, does not seem to be very important for high affinity
binding (9b vs 9d); this second phenol does, however, play
a significant role in the selective affinity of these BSC-
furans for ERa.

Transcriptional Activation Assays: We selected the BSC-
furans that combined high affinity with good ERa binding
selectivity (namely 9a-c) to be assayed for their capacity to
activate transcription through either ERa or ERp, or to
antagonize the transcriptional activity of estradiol through
these ERs. These assays were done by cotransfection in
human endometrial carcinoma (HEC-1) cells using a
luciferase reporter gene system;'® dose-response studies
with the BSC-furans alone were conducted to measure
agonist activity, and in the presence of 1 nM estradiol to
determine antagonist activity. The results are summarized
in Figures 3 and 4.

As expected, none of the three BSC-furans showed
appreciable agonist activity on either ERa or ER. The
methyl analog (9a) was a relatively weak antagonist on
both ERs, showing no selectivity; the propyl analog (9¢)
was somewhat more potent and showed a small degree of
selectivity in antagonizing ERa in preference to ERB. The
most potent and selective antagonist was the ethyl BSC-
furan, 9b, and a more complete dose response curve for
this compound (Figure 4) shows that at 0.1 pM, it almost
fully suppresses the transcriptional activity of estradiol
through ERa, yet it has no effect on ERf at this
concentration. The ICs, values for 9b on ERa and ERP
are approximately 6.5 x 10% M and 4.8 x 107 M,
respectively, which corresponds to a nearly 10-fold
antagonist potency selectivity for ERa over ERf.

We have shown that one can obtain an ERaselective
antagonist by adding a basic side chain (BSC) to the C(4)
phenol of 3-ethyl-2,4,5-tris(4-hydroxylphenyl)furan, a
ligand we have previously shown to be a very selective
ligands."> However, the BSC-pyrazoles retained a greater
degree of ERa-subtype selectivity in terms of both affinity
and antagonist potency than did the BSC-furans.'"
Through binding affinity correlations, we concluded that
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Figure 3. Transcriptional activity of the BSC-furans 9a-c and their antagonism of estradiol activity through ERa
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Figure 4. Full dose-response, showing that the ERa-selective

antagonism of BSC-furan 9b.

these BSC-furans bind to ERa with the C(5) phenol
playing the role of the important A-ring of estradiol; we
had reached a similar conclusion with the BSC-pyrazoles.’
It is of note in both the furan and pyrazole series that the
parent ligands appear to bind in a different orientation than
do the BSC-derivatives, placing the C(2) phenol of the
furan (and the corresponding phenol of the pyrazole) in the
A-ring binding pocket. The BSC derivatives of ERa-
selective ligands should prove to be useful agents to
investigate the biological functions of the two ER
subtypes.
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Pyrazoles Series

RBA
Cpd. No. R X
ERa ERP ERo/ERP
Me- 54 0.039 140
[ H- Et- 36 015 240
Pr- [PPT] 51 013 390
Bu- 14 018 78
N~ Me- [MPP] 11  0.05 220
I-A Q Et- 12 065 18
Pr- 6.8 0.54 13
/\/
B o(\ N Et- 95 008 120
GN/\/ Me- 12 0.05 24
I-C Et- 16 0.17 94
Me. A~
I-D N Et- 91 064 14
i Me
\
| LE EONTNT Me 78 005 156
| Et Et- 17 017 100
‘ 0
| IF &N/\/ Et- 13 043 30
OH

I-G Ho\)\/ Et- 7.0 025 28

Ar = p-hydroxyphenyl

Figure 1. Structures and estrogen receptor alpha and beta (ERa and ERp) binding affinities of
pyrazoles and basic side chain (BSC) pyrazoles. Binding affinities are determined in a
radiometric competitive binding assay, using [*Hestradiol as tracer and hydroxylapatite to
adsorb ligand-receptor complex. Receptor preparations were human ERa and ERp,
expressed in baculovirus and purified (PanVera). Values represent the mean of 2-3 repeat
determinations (CV 0.3). Note that a simple compound numbering neumonic is derived from
the pyrazole series (designated with a boldface Roman numeral I), the nature of the basic side
chain (designated as a boldface uppercase letter A-E, as noted in the figure), and the nature of
the C(4) substituent (boldface Me, Et, Pr)
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Relative Level of pS2 mRNA
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DEPARTMENT OF THE ARMY
US ARMY MEDICAL RESEARCH AND MATERIEL COMMAND

04 OAATY NTROOT
604 SCOTT STRELT

FORT DETRICK., MARYLAND 21702-5012

REPLY TO
ATTENTION OF:

MCMR-RMI-S (70-1y) 26 Aug 02

MEMORANDUM FOR Administrator, Defense Technical Information
Center (DTIC-OCA), 8725 John J. Kingman Road, Fort Belvoir,
VA 22060-6218

SUBJECT: Request Change in Distribution Statement

¢

1. The U.S. Army Medical Research and Materiel Command has
reexamined the need for the limitation assigned to technical
reports written for this Command. Request the limited
distribution statement for the enclosed accession numbers be
changed to "Approved for public release; distribution unlimited."
These reports should be released to the National Technical
Information Service.

2. Point of contact for this request is Ms. Kristin Morrow at
DSN 343-7327 or by e-mail at Kristin.Morrow@det.amedd.army.mil.

FOR THE COMMANDER:

. * ) N
Y ] L/ -
a L4¢fx;2vull&114j$/
Encl HYLIT M. RINEHART

Deputy Chief of Staff for
Information Management
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