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A series of 1,3,5-triazine-based estrogen receptor (ER) modulators that are modestly selective
for the ERâ subtype are reported. Compound 1, which displayed modest potency and selectivity
for ERâ vs ERR, was identified via high-throughput screening utilizing an ERâ SPA-based
binding assay. Subsequent analogue preparation resulted in the identification of compounds
such as 21 and 43 that display 25- to 30-fold selectivity for ERâ with potencies in the 10-30
nM range. These compounds profile as full antagonists at ERâ and weak partial agonists at
ERR in a cell-based reporter gene assay. In addition, the X-ray crystal structure of compound
15 complexed with the ligand binding domain of ERâ has been solved and was utilized in the
design of more conformationally restrained analogues such as 31 in an attempt to increase
selectivity for the ERâ subtype.

Introduction

Estrogen replacement therapy is currently one of the
most effective treatments for menopausal symptoms
such as hot flushes and urogenital atrophy and has also
shown utility in the prevention and management of
postmenopausal osteoporosis.1 In addition, some exist-
ing data suggest that estrogens also exert beneficial
effects on both the cardiovascular system and central
nervous system, leading to a potential utility for estro-
gens in the treatment of atherosclerosis2 and Alzhe-
imer’s disease.3 Despite the beneficial effects of estro-
gens, there is evidence to suggest an increase in
reproductive tissue cancer,4,5 which leads to both a
restriction of widespread use and long-term compliance
issues. This liability has resulted in a large research
effort within the scientific community devoted to the
discovery of agents that can maintain the benefits of
estrogens while avoiding the risks. Drugs such as
raloxifene and tamoxifen (Figure 1) that have tissue-
selective estrogen agonist or antagonist effects are
examples of such agents that hold the promise of a safer
alternative to estrogen.6,7 There continues to be a
tremendous amount of effort to understand the molec-
ular basis for the tissues-specific effects of these “anti-
estrogens”,8 which are now commonly referred to as
selective estrogen receptor modulators (SERMs).

Estrogens exert most of their biological effects via
interaction with the estrogen receptor (ER), a member
of the nuclear hormone receptor superfamily. These

receptors are ligand-activated transcription factors that
couple the interaction with their cognate hormones to
the modulation of gene expression. Until recently es-
trogen signaling was thought to occur through a single
nuclear receptor. However, the discovery in 1996 of a
second ER subtype, termed ERâ,9,10 has increased the
level of complexity of estrogen signaling. The two
receptor subtypes (ERR and ERâ) show significant
sequence homology in their DNA and ligand binding
domains; however, they exhibit differences in their
tissue distribution patterns, ligand selectivity, and
transcriptional properties.11,12 Additionally, studies with
receptor subtype specific knockout mice13,14 and double-
knockout mice15 suggest that the two ER subtypes may
have distinct biological roles.

While these studies with knockout mice have provided
some understanding of the differential pharmacology
exhibited by ERR and ERâ, the availability of subtype-
selective ligands would greatly assist in probing the
pharmacology associated with the two receptor sub-
types. The comparative binding affinities and functional
responses at ERR and ERâ for a number of steroidal
and nonsteroidal estrogens have been reported.12,16-19

These studies reveal that most of the estrogens tested
bind to both ER subtypes with very similar affinity,
usually within the range of 10-fold binding selectivity
for a given receptor subtype. This is not surprising in
light of the high degree of homology between the amino
acid residues lining the ligand binding domains (LBDs)
of ERR and ERâ.12 Interestingly, there have been
observed differences in both potency and response
(agonist vs antagonist) in cell-based transcriptional
assays with several steroidal and nonsteroidal estrogen
ligands,16,20 which suggests it may be possible to develop
functionally subtype-selective estrogen receptor modu-
lators. Indeed, functional selectivity of greater than 100-
fold for ERR has been observed with certain ligands.20
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However, potent and highly selective ligands for ERâ
have remained fairly elusive. Selectivities on the order
of 10-fold have been reported for certain phytoestrogens
such as genistein and in a series of arylbenzthiophenes.21

Notably, a recent report from Katzenellenbogen dis-
closed compounds with up to 70-fold higher relative
binding affinity for ERâ.22 Importantly, all of these ERâ-
selective ligands profile as agonists in functional assays;
we are unaware of any reports in the literature to date
describing ERâ-selective functional antagonists.

To develop a greater understanding of the pharmacol-
ogy associated with subtype-selective modulation of
ERâ, we initiated a program to identify compounds that
show a high degree of selectivity for ERâ. A high-
throughput binding assay was developed to identify
ligands capable of binding to ERâ. Using this assay, we
identified a novel triazine-derived ER ligand (1, Figure
1) that showed modest selectivity for ERâ. In this paper
we report the medicinal chemistry efforts to improve the
potency and ERâ selectivity of this hit and in vitro
biological activity for this series of ER modulators. In
addition, we describe the X-ray crystal structure of a
member of this series (compound 15) complexed with
the LBD of ERâ and we describe our efforts utilizing
both this structure and molecular modeling to design
ERâ-selective ligands.

Chemistry

Compounds found in Tables 1-3 were synthesized via
the general route depicted in Scheme 1. Addition of 1
equiv of the requisite amine, thiol, or alcohol to cyanuric
chloride in dichloromethane at -20 to 0 °C in the
presence of 1 equiv of base afforded adduct A in which
a single chlorine has been displaced. Subsequent reac-
tion of this adduct with 1 equiv of the second nucleophile
at room temperature in acetonitrile or THF afforded
disubstituted adduct B. The final substituent was
introduced by reaction with an excess of the appropriate
amine nucleophile in refluxing 2-propanol, acetonitrile,
or acetonitrile/DMF mixtures. We found that addition
of substituents containing a phenol moiety to cyanuric
chloride resulted in formation of byproducts via compet-

ing nucleophilic addition of the free phenol; hence, the
phenol-containing substituent was introduced either
second or last. Apparently the reduced reactivity of the
mono- and dichlorotriazines A and B is sufficient to
suppress competing phenol addition in the presence of
the more nucelophilic sulfur and amine moieties. In
addition, often the first two addition reactions were
clean enough that the intermediates A and B were
carried on directly into the final addition reaction upon
simple workup without rigorous purification and char-
acterization. Compounds from Table 3 where the sub-
stituted piperazine was not commercially available were
prepared by reacting BOC-piperazine with intermediate
A or B, followed by addition of the third nucleophile (if
necessary), deprotection with 4 M HCl in 1,4-dioxane,
and subsequent alkylation (analogues 35, 38, 40-47),
acylation (analogues 48-53), or sulfonylation (ana-
logues 54-56) with the appropriate electrophile. Most
of these analogues were prepared via solution-phase
chemistry; however, solid-phase array synthesis of
analogues was also carried out via linkage of one of the
amine substituents to either a photocleavable or acid-
cleavable resin. The synthesis of 2,4,6-trisubstituted
triazines on solid support has been reported by other
groups;23-25 our protocols were similar and will be
reported in a separate publication. Synthetic routes and
procedures for preparation of the noncommercial amine
and thiol nucleophiles utilized in the construction of
final compounds are provided as Supporting Informa-
tion.

Biological Evaluation

Three in vitro assays were utilized to evaluate ER
binding affinity and functional activity. High-through-
put screening for compounds able to bind ERâ was done
utilizing a scintillation proximity assay (SPA) with
purified human ERâ LBD, using [3H]-17â-estradiol as
the radioligand. Details of the expression and purifica-
tion of the ERâ protein are reported in the Experimental
Section. Details of the assay development and data
analysis are similar to previously reported SPA assays
from our group.26 Attempts to obtain sufficient quanti-

Figure 1. Estrogen receptor ligands.

Scheme 1a

a Reagents: (i) R1CH2X, N,N′-diisopropylethylamine or Proton Sponge, DCM, -20 to 0 °C, 2 h, (ii) R2NH2, N,N′-diisopropylethylamine,
DMF or THF, room temp, 4 h; (iii) R3R4NH, 2-propanol, CH3CN, or CH3CN/DMF, reflux, 18 h; (iv) 4 N HCl, 1,4 dioxane, room temp, 18
h (if necessary).
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ties of purified human ERR LBD in order to set up a
similar binding assay were unsuccessful. Therefore,
binding assays using crude ERR and ERâ proteins were
developed in order to make more meaningful ligand
affinity comparisons of the two receptors. Analogues
prepared from medicinal chemistry efforts were tested
for their ability to bind to crude ERR and ERâ via a
scintillation proximity assay using a bacterial lysate
containing overexpressed GST-hERR or GST-hERâ
LBD, again using [3H]-17â-estradiol as the radioligand.
The functional profiles of selected compounds were
evaluated in a transient transfection assay utilizing a
human breast carcinoma cell line (T47D) transfected
with expression vectors containing full-length hERR or
hERâ, â-galactosidase, and an estrogen-responsive re-
porter gene construct. Details of this assay are reported
in the Experimental Section.

Results and Discussion

The ER binds a wide range of steroidal and nonste-
roidal ligands with moderate to high affinity, with a
minimal requirement of at least one para-monosubsti-
tuted phenol as the basic pharmacophore. The struc-
tural diversity of nonsteroidal estrogens having affinity
for the ER is remarkable, with a number of chemically
distinct templates reported as ER ligands.6,7,22,27-36 A
fairly detailed understanding of the binding require-
ments and the mode of action of steroidal and nonste-
roidal ER ligands has been developed through the use
of molecular modeling, receptor sequence analysis, and
X-ray crystallographic analysis of agonist- and antago-
nist-bound ERR and ERâ.37-43 X-ray structures of ERR
bound to estradiol38,42 show that the A-ring hydroxyl
group makes hydrogen bonds with Arg394 and Glu353,
while the D-ring hydroxyl makes a single hydrogen bond
with His524. The A-ring hydroxyl group fits optimally
into the gap between Arg394 and Glu353, accepting a
hydrogen bond from the arginine and donating a
hydrogen bond to the glutamate. Arg394 and Glu353
effectively clamp the hydroxyl group in an orientation
that places the phenol benzene ring between Phe404
and Leu387, where its planar geometry fits well. By
contrast, the interaction with His524 is less demanding,
since the hydrogen bonding group could act as either a
donor or acceptor and can approach the histidine from
different angles. X-ray structures of ERR bound to the
nonsteriodal estrogens raloxifene,38 diethylstilbestrol
(DES), and 4-hydroxytamoxifen43 reveal a similar pat-
tern where the phenols that correspond to the A-ring
phenol in estradiol are positioned precisely between
Arg394 and Glu353 in each case, while the correspond-
ing “D-ring” hydroxyl can be repositioned, as in ralox-
ifene and DES, or omitted altogether, as in 4-hydrox-
ytamoxifen. The ligand binding pocket in ERR has a
total volume of 450 Å3, which is considerably larger than
the volume of estradiol, which is only 245 Å3.38 Thus,
while a phenol group appears to be a key moiety for
achieving strong binding to ERR, a precise fit to pocket
is evidently not required, consistent with the wide range
of steroidal and nonsteroidal compounds showing affin-
ity for the ER.

Whereas estradiol and DES function as agonists at
ERR as judged by cell-based reporter gene assays,
raloxifene and tamoxifen are functional antagonists at

ERR in these same assay systems. These antagonists
contain side chains with a basic amine group (Figure
1). In each case, the basic amine group lies near Asp351,
making a strong hydrogen bond in the raloxifene
structure and a weaker hydrogen bond in the tamoxifen
structure. The X-ray structures of ERR with raloxifene38

and tamoxifen43 revealed that these side chains pro-
trude into volume that is occupied by the C-terminal
AF2 helix in the agonist structures. On the basis of the
structural data to date, the hypothesis put forth to
explain the molecular basis of antagonism at ERR is
that the basic side chains present in these antagonists
effectively displace the AF2 helix out of a conformation
that facilitates the recruitment of transcriptional coac-
tivators and into an alternative conformation that does
not recruit coactivators.43

The 530-residue ERâ sequence is approximately 50%
identical to the full-length 595-residue ERR sequence,
with 97% identity in the 66-residue DNA binding
domain (DBD) and 61% identity in the 236-residue LBD,
where in this comparison the LBD was defined to
exclude the nonconserved C-terminal tails of the F
domain. The sequence identity is considerably higher
than 61% in the ligand binding pocket, consistent with
the fact the both ERR and ERâ recognize estradiol and
other estrogenic ligands. In the ERR/estradiol X-ray
structure, only two of the residues within 5 Å of
estradiol are different in ERâ. These residues are ERR
Leu384 in helix-5, which corresponds to Met336 in ERâ,
and ERR Met421 in helix-7, which corresponds to Ile373
in ERâ. These residues lie roughly above and below the
plane of ER-bound estradiol (i.e., on the â- and R-faces
of the steroid), respectively. Initial modeling work, based
on the published X-ray structures of ERR, suggested
that the mutation of Met421 to isoleucine would open a
methylene-sized hole in the ERâ ligand binding pocket,
near the R-face of the D ring of estradiol. In principle,
a ligand that occupied this volume might be selective
for ERâ, since it would be expected to make repulsive
contacts with Met421 in ERR. By contrast, the mutation
of Leu384 to methionine in ERâ would effectively close
a methylene-sized pocket that exists in ERR near the
â-face of the C and D rings of estradiol. A ligand that
occupied this volume might show selectivity for ERR.
Alternatively, in each case these selectivity effects could
be reversed by making favorable stereoelectronic inter-
actions with the methionine side chain. The modest
change in both the steric and stereoelectronic nature of
these two mutations suggests that highly selective
agents might not be achieved simply by targeting of
these two residues alone or in concert. In addition, ERR
appears to be highly mobile,43 and small conformational
adjustments in the protein could compensate for the
mutations, rendering the ERR and ERâ pockets virtu-
ally indistinguishable.

Triazine 1 emerged from a high-throughput screen
of our compound collection as having submicromolar
affinity for ERâ. Interestingly, structurally related
s-triazine herbicides such as atrazine, simazine, and
propazine have been studied for their endocrine-disrup-
tive and tumor-promoting properties, which appear to
be xenoestrogenic in their nature. However, these
molecules have no affinity for the estrogen receptor in
vitro44 and recent studies suggest that their estrogenic
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effects are a result of induction of aromatase, the rate-
limiting enzyme in the conversion of steriodal androgens
to estrogens, rather than via direct interaction with
ER.45,46 Resynthesis and testing against both ER sub-
types confirmed the affinity for ERâ at 200 nM (Table
1) and revealed a modest binding selectivity of ap-
proximately 7-fold for ERâ over ERR. We then system-
atically explored the three substituents off the central
triazine core in an attempt to increase the potency and
selectivity for ERâ. Structure-activity relationships for
these two parameters were developed and pursued
primarily on the basis of binding affinities for the two
ER subtypes rather than on activity of compounds in
the cell-based functional assay. Interpretations of po-
tency can be complicated in the latter assay because of
compound differences in cell penetration, metabolism,
and potential differences in the ability of the two ER
subtypes to interact with coactivator or corepressor
proteins.47

Table 1 outlines the structure-activity relationships
of the tyramine substituent attached to the triazine core

of lead compound 1. Aside from 1, all of the analogues
in Table 1 have an N-methylpiperazine group rather
than a free N-H piperazine at the third point off the
triazine core. However, comparison of 1 vs 2 (Table 1)
and 17 vs 34 (Tables 2 and 3) suggests that methylation
has only a minor effect on potency at either receptor
subtype. Removal of one methylene unit in the chain
(compound 3, Table 1) led to >10-fold decrease in
binding affinity at both receptor subtypes. A similar
decrease in affinity was observed when the hydroxyl
moiety was moved to the meta position (compound 4)
relative to the side chain. This loss of affinity upon
repositioning of the phenol moiety is consistent with
structure activity relationships reported in other non-
steroidal templates.48,49 Various ring-constrained ana-
logues (5-8) of the aminoethyl side chain provided no
increase in ERâ affinity or selectivity; in fact, compound
7 was the only analogue to retain any activity at either
ER subtype, showing potency and selectivity equal to
1. This limited dataset suggested that this side chain
prefers to be in a partially extended conformation with

Table 1. In Vitro Binding of ER Ligands 1-8

a See figure. b The values for Ki were obtained from a least-squares fit of the concentration-response curves according to the equation
-b ) -b0/(1 + [L]/Ki) where b0 is the counts bound in the absence of test compound and b is the counts bound in the presence of test
compound at concentration [L] ( standard deviation (number of determinations). c Selectivity reported as Ki(ERR)/Ki(ERâ). N/A ) selectivity
not able to be accurately determined under assay conditions used.
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the nitrogen atom out of the plane of the phenyl ring
when bound to ER. Since the tyramine moiety was
clearly mimicking the A ring of estradiol and structural
data comparison of the two ER subtypes suggested little
opportunity within this region of the LBD for achieving
improved ERâ selectivity, we chose to abandon any
further efforts in this region of the molecule.

The structure-activity relationships that evolved
around the phenylpropylamino side chain of 1 are
detailed in Table 2. Initially we focused on the amino-
propyl portion of this substituent. Increasing the chain
length by one methylene unit to butyl (compound 9)
completely eroded ERâ selectivity, primarily through an
increase in affinity for ERR. Decreasing chain length
to ethyl also led to a loss of ERâ selectivity (compare 1
vs 10) but in this case mainly via a loss of affinity for
ERâ rather than an increase in affinity for ERR. Initial
attempts at conformationally constraining the propyl
side chain (compounds 11 and 12) led to a considerable
decrease in ER affinity. Replacement of the amino group
with sulfur consistently led to a 2- to 4-fold increase in
binding affinity at both ER subtypes (compare 1 vs 13,
15 vs 16, 18 vs 19 in Table 2). However, replacement
with oxygen led to a decrease in affinity (compare 1 vs
14). Replacement of the benzylic methylene with oxygen
also led to a decrease in binding at both receptor
subtypes (compare 18 vs 15, 19 vs 17) with the greater
loss appearing to be at ERâ, which resulted in a small
loss of the desired ERâ selectivity. Interestingly, me-
thylation of the amine nitrogen led to a modest but
reproducible improvement in ERâ selectivity (compare
16 vs 17), providing compound 17, which was now 20-
fold selective with an affinity of 15 nM at ERâ. Intro-
duction of a group larger than methyl at this position
led to a decrease in both affinity and selectivity for ERâ
(compare entries 17 and 20).

We also briefly explored the effects that phenyl ring
substituents had on ER affinity. Electron-withdrawing
groups such as chlorine or fluorine on the phenyl ring
provided roughly 4-fold improvement in ER affinity at
both receptor subtypes (compare 1 vs 16, 13 vs 15). The
position of the substituent appears to have little effect
on potency or selectivity (compare entries 17 vs 25) as
does the addition of a second electron-withdrawing
group on the ring (compare entries 21 vs 24, 17 vs 28).
Cyano and trifluoromethyl substituents appear to be
slightly less effective in increasing ER affinity than
simple halogens. Electron-donating substituents such
as methyl are generally equipotent to the unsubstituted
phenyl derivatives (compare entries 1 vs 26). Finally,
saturation of the phenyl ring (entry 29) led to a loss in
affinity at both receptor subtypes.

During our exploration of the structure-activity
relationships of this series, we were able to obtain a
cocrystal structure of the LBD of ERâ complexed with
one of the triazine analogues, compound 15 (Figure 2).
As expected, ERâ had the same overall fold as ERR. The
phenol group of 15 makes hydogen bonds with Arg346
and Glu305, corresponding to the interactions with
Arg394 and Glu353 in ERR. The piperazine ring of
compound 15 protruded into the volume normally
occupied by the AF2 helix, effectively displacing the AF2
helix into the coactivator binding groove. The outer
(basic) nitrogen of the piperazine ring makes a hydrogen

bond with ERâ Asp303, analogous to the hydrogen bond
between the piperidine nitrogen of raloxifene and ERR
Asp351. To facilitate comparison, the protein backbone
of the ERâ/15 structure was superimposed onto the
backbones of the earlier ERR structures. This superim-
position brought the phenol group of 15 into nearly
perfect coincidence with the phenol group of estradiol
and showed that the p-chlorophenyl ring corresponds
roughly to the D ring of estradiol (Figure 3). The
p-chlorophenyl ring fails to make any interaction with
His475, corresponding to His524 in ERR. It does,
however, fit against Ile373 in ERâ. This residue is
mutated to Met421 in ERR, and the p-chlorophenyl ring
would encounter some steric hindrance with the me-
thionine sulfur if the triazine and methionine remained
in the conformations observed in the ERâ structure and
in the estradiol structure, respectively. This could
provide a partial explanation for the ERâ selectivity,
since the interactions with Ile373 in ERâ are expected
to be more favorable than with Met421 in ERR. In
addition, the amine and first methylene from the phenol
arm of the triazine pack against Met336 in ERâ. This
packing arrangement gives a modestly favorable inter-
action, particularly since the S-CH3 dipole is oriented
opposite the N-H dipole. By contrast, the more lipo-
philic leucine residue at this position in ERR would fail
to make any favorable electrostatic interactions. During
our work with the ERâ/15 structure, reports of other
ligand/ERâ crystal structures appeared in the litera-
ture40 that were consistent with our structure, having
the AF2 helix displaced into the coactivator-binding
groove.

Detailed examination of the ERâ/15 complex allowed
us to rationalize some of the SAR we had observed thus
far. Analysis of data for the ring-constrained compounds
5-8 had suggested that the linker was partially ex-
tended, with the nitrogen out of the plane of the phenyl
ring. This was confirmed by the X-ray structure, and
molecular modeling indicated that the (R)-enantiomer
of aminotetrahydronaphthalenol derivative 7 overlaps
well with the conformation of compound 15 seen in the
X-ray structure. The crystal structure shows that the
propylthio linker to the p-chlorophenyl ring of 15 adopts
a highly twisted conformation that brings the phenyl
ring back into the D-ring pocket. The constrained linker
of 12 fails to turn the phenyl ring back into the pocket.
The double bond of 11 corresponds to a bond in 15 that
is rotated only 45° away from trans. Evidently, 11 can
assume this general conformation but with a loss of
potency corresponding to the redistributed conforma-
tional strain. The X-ray structure clearly shows space
to accommodate a five-atom linker, as in 9. The three-
atom linker of 10 can turn the phenyl ring partially back
into the pocket but leaves a significant empty void in
the bottom of this pocket, which may account for the
loss of potency relative to that of 1. By contrast, the
p-chlorophenylpropyl ring of 15 fills this pocket very
well. The crystal structure shows that there is just
barely enough space to accommodate a methyl group
on the nitrogen, so it is not surprising that the ethyl
substitution in 20 reduces the binding affinity relative
to that seen with 17. However, the X-ray structure does
not explain some of the subtleties within the SAR. For
example, it is not immediately clear why electron-
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Table 2. In Vitro Binding of ER Ligands 9-31

a See figure. b The values for Ki were obtained from a least-squares fit of the concentration-response curves according to the equation
-b ) -b0/(1 + [L]/Ki) where b0 is the counts bound in the absence of test compound and b isthe counts bound in the presence of test
compound at concentration [L] ( standard deviation (number of determinations). c Selectivity reported as Ki(ERR)/Ki(ERâ). N/A ) selectivity
not able to be accurately determined under assay conditions used.
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withdrawing groups on the phenyl ring tend to provide
a modest enhancement of binding affinity, since the
phenyl ring of 15 sits in a pocket that is entirely
lipophilic.

While the initial straightforward attempts at confor-
mationally constraining the phenylpropylamino side
chain were unsuccessful (vide supra), the insight we had
obtained from analysis of the ERâ LBD/15 complex
allowed us to revisit this topic. Docking calculations
were carried out where the p-chlorophenylpropylthio
side chain of 15 was replaced by several hundred
different commercially available or “customized” pri-

mary amines. The p-chlorophenylpropylthio side chain
was removed from the X-ray structure of 15 to give a
“triazine core” within the ligand binding pocket for
subsequent computational elaboration. The MVP pro-
gram50 attached each of the amines to the triazine core
in turn, using a buildup procedure to “grow” the amine
side chains into alternative low-energy conformations
within the ERâ ligand binding pocket. The amines with
the most favorable calculated binding energies were
examined graphically using Insight-II51 looking for
features that might enhance the ERâ selectivity. This
analysis suggested that placement of a cis-cyclopropyl

Figure 2. X-ray crystal structure of ERâ LBD/15. A σ-weighted 2Fo - Fc electron density map was contoured at 1.5σ, which
allowed unambiguous placement of 15.

Figure 3. Binding modes of 15 and estradiol, showing selected side chains in ERâ. The ERR/estradiol X-ray structure38 was
overlaid onto the ERâ/15 X-ray structure by superimposing backbone atoms in the core helices of the proteins. Carbon atoms are
pale-blue in the ERâ protein, green in 15, and pink in estradiol. Hydrogen, nitrogen, oxygen, and sulfur atoms are shown in
white, blue, red, and yellow, respectively.
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group in the propyl chain as in compound 31 would help
fix the linker in a conformation that directed the phenyl
ring toward Ile373 in ERâ and into the volume occupied
by Met421 in ERR. Compound 31 consistently displayed
the highest selectivity (30-fold) for ERâ of any molecule
within this series, while the corresponding trans-cyclo-
propyl compound 30, which forces the phenylpropyl side
chain into an extended conformation, was considerably
less active at both receptor subtypes. However, the
modest increase in selectivity observed with this mol-
ecule vs nonconformationally constrained analogues was
disappointing. If our structural analysis is correct, then
much of the subtype selectivity would depend on achiev-
ing a good fit in ERâ, while forcing the substituent into
the volume normally occupied by Met421 in ERR.
However, even with the cyclopropyl ring constraint,
compound 31 still remains relatively flexible (Figure 4).
We conclude that the conformational flexibility inherent
in the basic structure of these ligands, the observed
mobility of the two ER proteins, and the high degree of
similarity in the ERR and ERâ ligand binding pockets
conspire to fundamentally limit the ERâ selectivity that
can be attained in this chemical series through structure-
based drug design.

Table 3 lists compounds in which the piperazine
moiety of 17 has been derivatized. Previous data on
analogues generated by solid-phase library synthesis
had indicated that acyclic amines at this position did
not have good affinity for the ER (data not shown);
hence, the more focused efforts were carried out with
the piperazine as a point of diversity. A limited number
of changes to the carbon framework of the piperazine
were explored. Addition of methyl groups flanking the
piperazine nitrogen eroded ERâ selectivity by increasing
affinity for ERR (compare 17 vs 32 in Table 3), while
the 2,5-diazabicyclo[2.2.1]heptane analogue 33 dis-
played approximately 5-fold lower affinity for both ER
subtypes vs the parent piperazine. The X-ray structure

of 15 reveals that the piperazine ring fits into the ERâ
protein in a similar fashion to the piperidine ring of
raloxifene in ERR,38 protruding out of the ligand binding
pocket and into the volume occupied by the AF2 helix
in agonist-bound structures. The AF2 linker region,
consisting of residues between helix-10 and the AF2
helix, packs loosely against the protein in the vicinity
of the piperazine ring and adopts different conforma-
tions in ERR and ERâ. This linker region contains a
single amino acid difference in the ER subtypes, where
ERR Leu536 is mutated to ERâ Val487. Although the
ERâ Val487 side chain lies only 6 Å from the piperazine
ring of 15, targeting this specific mutation is unlikely
to achieve ERâ selectivity because evidence suggests the
AF2 linker region can shift freely to accommodate
changes in the ligand.

In general, derivatization of the piperazine nitrogen
resulted in no benefit in terms of affinity or selectivity
for ER. Compounds 34-47 are representative analogues
obtained by alkylation of the piperazine nitrogen. Alky-
lation with simple alkyl groups (34-36) resulted in very
little change in receptor affinity at ERâ, with the
cyclopentyl derivative 36 displaying modestly reduced
selectivity for ERâ. Direct attachment of a phenyl ring
to the piperazine nitrogen as in compound 37 led to a
60-fold decrease in ERâ affinity vs compound 8, while
the corresponding benzyl derivative 38 is equipotent
with 17, suggesting that the basicity of this nitrogen is
important for achieving good binding affinity. Inspection
of the X-ray crystal structure reveals that this nitrogen
makes a hydrogen bond interaction with Asp303 in ERâ,
corresponding to Asp351 in ERR, which accounts for the
observed SAR. Alkylation with heterocyclic compounds
and other modestly polar groups containing hydrogen
bond donor or acceptor groups (39-47) resulted in
compounds with similar or slightly reduced binding
affinity and selectivity for ERâ. Notably, both the
hydroxyethyl analogue 39 and the thiazole analogue 43

Figure 4. Predicted binding mode of 31, showing selected side chains in ERâ. This shows the calculated binding mode of 31
having the lowest calculated energy. Carbon atoms are pale-blue in the ERâ protein and green in 31. Hydrogen, nitrogen, oxygen,
and sulfur atoms are shown in white, blue, red, and yellow, respectively.
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had binding profiles equal to that of 17. Compounds 48-
56 are representative analogues where the piperazine

nitrogen has been acylated. In all cases, acylation
resulted in a 5- to 40-fold loss of affinity at ERâ with a

Table 3. In Vitro Binding of ER Ligands 32-56

a See figure. b The values for Ki were obtained from a least-squares fit of the concentration-response curves according to the equation
-b ) -b0/(1 + [L]/Ki) where b0 is the the counts bound in the absence of test compound and b is the counts bound in the presence of test
compound at concentration [L] ( standard deviation (number of determinations). c Selectivity reported as Ki(ERR)/Ki(ERâ). N/A ) selectivity
not able to be accurately determined under assay conditions used.
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modest drop in selectivity. Since acylation reduces the
basicity of the piperazine nitrogen, these results are
consistent with those predicted on the basis of the
structural information.

The functional profiles of some of the most potent and
ERâ-selective analogues were evaluated in a cell-based
(T47D) reporter gene transcription assay (Table 4). All
of the triazine analogues profiled as antagonists at ERâ,
achieving full inhibition of estradiol-stimulated reporter
gene transcription equal in magnitude to that displayed
by raloxifene, which also profiled as a full antagonist.
Interestingly, these compounds profiled as weak partial
agonists at ERR, activating the reporter gene with only
10-20% of the efficiency of estradiol. This partial
agonism was confirmed by demonstration that these
analogues can antagonize the effects of estradiol to a
maximal extent of 60-80% when coadministered to
these cells. Raloxifene showed no agonist activity at ERR
in this assay, profiling as a full antagonist. This sug-
gests the possibility that this series of compounds may
modulate ER responsive genes in a manner different
from that of both raloxifene and estradiol. In addition,
the transcriptional potency of these compounds is in
reasonable concordance with their binding affinities for
both ER subtypes, and thus, the degree of ERâ selectiv-
ity seen in the binding assay is maintained in the cell-
based environment. Compound 39 appears to be an
exception to this correlation because a 10-fold increase
in functional potency was observed when comparing
antagonist potency to binding affinity on ERR. However,
a direct correlation between ER binding affinity and
functional potency is not always observed.16,20,22 The
origin of this discrepancy may be related to differences
in cell penetration and/or metabolism, or factors outside
of the ligand-receptor interaction such as differential
receptor-cofactor interactions and differential use of the
activation functions AF-1 and AF-2.

The ability of these ligands to fully antagonize ERâ
while displaying partial agonist activity at ERR_is
consistent with reports in the literature that indicate
ERâ is more readily antagonized by a number of
SERMs.12,17 The structural basis for this difference in
activity is not well understood. As mentioned previously,
the origin of antagonism displayed by compounds such
as raloxifene and tamoxifen is believed to result from
the basic side chains of the molecules. These side chains
effectively displace the AF2 helix out of the active
position and into the coactivator binding groove, where

it blocks the binding of coactivators.43 Genistein, a
partial agonist of ERâ, lacks a basic side chain and thus
should permit the AF2 helix to fit into the same position
in ERâ as is observed with estradiol and DES in ERR.
However, in the X-ray structure of genistein bound to
ERâ,40 the AF2 helix is shifted into the coactivator
groove. Compared with the structures of 15 and ralox-
ifene in ERâ, the AF2 helix adopts the helical conforma-
tion over a greater length and sits more deeply in the
groove, as permitted in the absence of any interfering
side chain in the ligand. The (R,R)-enantiomer of a
dialkyltetrahydrochrysene ER ligand has been reported
to act as an agonist on ERR but as an antagonist on
ERâ.17 Crystal structures of this compound with ERR
and ERâ reveal that it assumes slightly different
orientations in the two binding sites and makes different
interactions with His524 and His475 in helix-11, per-
haps because of the mutation of Leu384 and Met421.53

Like genistein, this compound lacks any protruding side
chain and appears to achieve its antagonistic effect on
ERâ through its failure to nucleate the interactions
involving helix-11 that would normally hold the AF2
helix in the conformation permissive for binding coac-
tivators. None of the ERâ structures published to date
have shown the AF2 helix in the active position, even
though two of the compounds lack any protruding side
chain that would necessarily displace the AF2 helix. To
understand this dichotomy, we built a three-dimen-
sional model for the activated form of ERâ using the
ERR/DES structure43 as a template. This model showed
no interactions that would prevent the AF2 helix from
assuming the active position. However, graphical com-
parison with the ERR/DES structure indicated that the
interactions holding the ERâ AF2 helix in the active
position are weaker than the corresponding interactions
in ERR. For example, in ERR, Lys529 and Asp545 form
a salt bridge that holds the AF2 helix in the active
position while Asn348 and Tyr537 make a hydrogen
bond that has a similar effect. Asp545 is mutated to
Asn496 in ERâ, replacing the salt bridge with a weaker
hydrogen bond, while Asn348 is mutated to Lys300 in
ERâ, eliminating the hydrogen bond. These weakened
interactions may leave the ERâ helix more free to shift
into the coactivator binding site, accounting for the
lower levels of activation and higher degree of antago-
nism observed with ERâ relative to that of ERR.

Table 4. In Vitro Functional Activity of Selected ER Ligands

ERR ERâ

compd IC50
a (nM) % inhibb EC50

c (nM) % act.d IC50
a (nM) % inhibb EC50

c (nM) % act.d â sele

17â-E2 IA N/A 0.07 ( 0.9 (50) 100 IA N/A 0.8 ( 2 (50) 100 0.08
raloxifene 0.7 ( 0.5 (10) 113 ( 8 IA N/A 15 ( 10 (8) 120 ( 15 IA N/A 0.05
15 80 ( 65 (5) 62 ( 22 160 ( 30 (4) 12 ( 1 6 ( 2 (6) 103 ( 6 IA (4) N/A 13
17 110 ( 80 (4) 79 ( 4 180 ( 65 (4) 20 ( 4 5 ( 1 (4) 112 ( 5 IA (4) N/A 20
21 240 ( 220 (5) 67 ( 3 200 ( 80 (4) 10 ( 2 15 ( 5 (4) 98 ( 5 IA (4) N/A 16
31 565 ( 90 (2) 70 ( 1 500 ( 200 (2) 11 ( 5 20 ( 3 (2) 93 ( 2 IA (6) N/A 28
39 30 ( 10 (4) 60 ( 2 180 ( 150 (4) 16 ( 6 15 ( 3 (4) 107 ( 7 IA (4) N/A 2
43 150 ( 70 (4) 81 ( 4 150 ( 50 (4) 8 ( 3 5 ( 2 (4) 98 ( 2 IA (4) N/A 30

a IC50, the concentration of test compound required to inhibit 50% of the maximum alkaline phosphatase activity induced by 1 nM of
17â estradiol ( standard error (number of determinations). IA ) inactive at 10-4 M. b % inhib, percent maximal inhibition by test compound
of alkaline phosphatase activity stimulated by 1 nM 17â-estradiol treatment. c EC50, the concentration of test compound required to
induce 50% of the maximum alkaline phosphatase activity ( standard error (number of determinations). d % act, relative efficacy as
determined by the percent of maximal alkaline phosphatase activity by test compound standardized to 17â-estradiol ) 100%. e â sel,
selectivity reported as IC50(ERR)/IC50(ERâ).
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Conclusion

In this report we have identified a novel series of
1,3,5-triazine-based estrogen receptor (ER) modulators
that are modestly selective for the ERâ subtype. The
more potent and selective analogues in this series have
binding affinities of 10-40 nM at ERâ and selectivity
over ERR of up to 30-fold. These compounds function
as antagonists at ERâ and weak partial agonists at ERR
in a cell-based reporter gene assay. In addition, the
cellular potency of the analogues tested is similar to
binding affinity, which suggests these analogues are
able to adequately cross the cell membrane.

We also report the X-ray crystal structure of one of
these compounds (15) complexed to the ERâ ligand-
binding domain. This crystal structure has features
similar to other ER/antagonist structures, with the
characteristic hydrogen bond between the phenol moiety
and Arg346 in ERâ and with a salt bridge between the
basic nitrogen of the piperidine ring and Asp303 as seen
in other ER antagonist structures. Two of the residues
in the binding pocket differ between the two ER
subtypes: ERR Leu384, which is mutated to Met336 in
ERâ, and ERR Met421, which is mutated to Ile373 in
ERâ. The lipophilic p-chlorophenyl moiety in 15 fits
closely against Ile373 in ERâ but should interact less
favorably with the bulkier and slightly more polar Met
421 of ERR. Additionally, the polar NH group on the
phenol arm of the triazine appears to make favorable
electrostatic interactions with Met336 in ERâ but can-
not make favorable interactions with Leu384 in ERR.
The differential interactions with these two residues
might account for the observed ERâ selectivity. These
ligands could serve as useful tools in elucidating the
pharmacology associated with subtype-selective modu-
lation of ERâ.

Experimental Section

Chemistry. All commercial chemicals and solvents are
reagent grade and were used without further purification
unless otherwise specified. The following solvents and reagents
have been abbreviated: tetrahydrofuran (THF), ethyl ether
(Et2O), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc),
dichloromethane (DCM), trifluoroacetic acid (TFA), dimethyl-
formamide (DMF), methanol (MeOH). All reactions except
those in aqueous media were carried out with the use of
standard techniques for the exclusion of moisture. Reactions
were monitored by thin-layer chromatography on 0.25 mm
silica gel plates (60F-254, E. Merck) and visualized with UV
light, iodine vapors, or 5% phosphomolybdic acid in 95%
ethanol.

Final compounds were typically purified by flash chroma-
tography on silica gel (E. Merck 40-63 mm), by radial
chromatography on a Chromatotron using prepared silica gel
plates, or by preparative reverse-phase high-pressure liquid
chromatography (RP-HPLC) using a Waters model 3000 Delta
Prep equipped with a Delta-pak radial compression cartridge
(C-18, 300 Å, 15 µm, 47 mm × 300 mm) as the stationary
phase. The mobile phase employed 0.1% aqueous TFA with
acetonitrile as the organic modifier. Linear gradients were
used in all cases, and the flow rate was 100 mL/min (t0 ) 5
min). Analytical purity was assessed by RP-HPLC using a
Hewlett-Packard series 1050 system equipped with a diode
array spectrometer (λ ) 200-400 nm). The stationary phase
was a Keystone Scientific BDS Hypersil C-18 column (5 µm,
4.6 mm × 200 mm). The mobile phase employed 0.1% aqueous
TFA with acetonitrile as the organic modifier and a flow rate
of 1.0 mL/min (t0 ) 3 min). Analytical data are reported as
retention time, tR, in minutes (% acetonitrile, time, flow rate).

1H NMR spectra were recorded on a Varian VXR-300, a
Varian Unity-400, or a Varian Unity-300 instrument. Chemi-
cal shifts are reported in parts per million (ppm, δ units).
Coupling constants are reported in units of hertz (Hz). Split-
ting patterns are designated as s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; b, broad. Low-resolution mass spectra
(MS) were recorded on a JEOL JMS-AX505HA, JEOL SX-102,
or SCIEX-APIiii spectrometer. High-resolution mass spectra
were recorded on an AMD-604 (AMD Electra GmbH) high-
resolution double-focusing mass spectrometer (Analytical In-
strument Group, Raleigh, NC). Mass spectra were acquired
in the positive ion mode under electrospray ionization (ESI)
or fast atom bombardment (FAB) methods. Combustion analy-
ses were performed by Atlantic Microlabs, Inc., Norcross, GA.

General Procedure for the Synthesis of Triazine
Analogue Intermediates A. A stirred solution of 5.3 g (29.0
mmol) of cyanuric chloride in 200 mL of DCM was cooled to
-10 °C. A solution of 1.0 equiv of the appropriate amine or
thiol and either 1.0 equiv of Proton Sponge or 1.0 equiv of N,N′-
diisopropylethylamine in 40 mL of DCM was then added
dropwise over 20 min to the cyanuric chloride solution. The
resulting mixture was allowed to warm to room temperature
and stirred 2 h. The reaction mixture was quenched by pouring
it into 150 mL of a 5% aqueous citric acid solution and
extracting with DCM (2 × 100 mL). The organic layers were
combined, dried (MgSO4), and concentrated in vacuo. Purifica-
tion of the residue was achieved by silica gel flash column
chromatography.

General Procedure for the Synthesis of Triazine
Analogue Intermediates B. A stirred 0.1 M solution of
monosubstituted dichlorotriazine intermediate A (Scheme 1)
in either THF or DMF was cooled to 0 °C. A solution of 1.2
equiv of N,N-diisopropylethylamine and 1.1 equiv of the
appropriate amine in THF was added dropwise. The resulting
mixture was stirred at 0 °C for 5 min after the addition was
complete and then allowed to warm to room temperature and
stirred for 16 h. The reaction mixture was then poured into
brine (100 mL) and extracted with EtOAc (2 × 100 mL). The
organic layers were combined, dried (MgSO4), and concen-
trated in vacuo. Purification of the residue was achieved by
silica gel chromatography.

General Procedure for the Synthesis of Triazines
1-56. A stirred 0.1 M solution of disubstituted monochlorot-
riazine B in 2-propanol, CH3CN, or 1:1 CH3CN/DMF at room
temperature was treated with 2.2 equiv of the appropriate
amine. The resulting solution was heated to reflux for 0.5-6
h and then cooled to room temperature. The reaction mixture
was poured into 150 mL of a 1:1 mixture of EtOAc and ether
and extracted with brine (1 × 150 mL). The organic layer was
separated, dried (MgSO4), and concentrated in vacuo. If
removal of a Boc group was required, this was carried out by
treatment of a stirred solution of the Boc-protected intermedi-
ate in 1,4-dioxane at room temperature with an excess of 4 N
HCl in 1,4-dioxane. The resulting solution was stirred for 18
h at room temperature and then poured into 200 mL of
saturated aqueous NaHCO3 and extracted with EtOAc (2 ×
100 mL). The organic layers were combined, dried (MgSO4),
and concentrated in vacuo. Final compounds were purified by
silica gel flash column chromatography or by salt formation
followed by recrystallization.

4-(2-{[4-[(3-Phenylpropyl)amino]-6-(1-piperazinyl)-1,3,5-
triazin-2-yl]amino}ethyl)phenol (1). The title compound
was prepared from tert-butyl 4-{4-chloro-6-[(3-phenylpropyl)-
amino]-1,3,5-triazin-2-yl}-1-piperazinecarboxylate and tyramine
followed by deprotection as described above. Purification by
silica gel flash column chromatography eluting in gradient
fashion first with 1:1 hexanes/EtOAc and then with 9:1
chloroform/methanol followed by 4:1 chloroform/methanol af-
forded a light-tan foam (92%): 1H NMR (CD3OD, 400 MHz) δ
7.19 (m, 5 H), 7.10 (d, 2 H, J ) 8.0), 6.75 (d, 2 H, J ) 8.0),
4.12 (m, 2 H), 3.86 (m, 1 H), 3.71 (m, 4 H), 3.34 (m, 6 H), 2.85
(m, 2 H), 2.71 (m, 2 H), 2.02 (m, 2 H); low-resolution MS (ES+)
m/e 434 (MH+), 433 (MH); RP-HPLC (Dynamax C-18 25 cm ×
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4.1 mm, 10-100% CH3CN in H2O with 0.1% TFA buffer, 30
min, 1 mL/min) tR ) 11.67 min, 96% purity. Anal. (C24H31N7O)
C, H, N.

4-[2-({4-(4-Methyl-1-piperazinyl)-6-[(3-phenylpropyl)-
amino]-1,3,5-triazin-2-yl}amino)ethyl]phenol (2). The title
compound was prepared from 4-chloro-6-(4-methyl-1-piperazi-
nyl)-N-(3-phenylpropyl)-1,3,5-triazin-2-amine and tyramine as
described above. Purification by silica gel flash column chro-
matography and eluting in gradient fashion first with 1:1
hexanes/EtOAc and then 9:1 chloroform/methanol afforded a
cream solid (76%): 1H NMR (CD3OD, 400 MHz) δ 7.19 (m, 5
H), 7.11 (d, 2 H, J ) 8.3), 6.73 (d, 2 H, J ) 8.4), 4.10 (m, 2 H),
3.83 (m, 1 H), 3.69 (m, 4 H), 3.38 (m, 6 H), 3.12 (s, 3 H), 2.82
(m, 2 H), 2.74 (m, 2 H), 1.97 (m, 2 H); low-resolution MS (ES+)
m/e 448 (MH+), 447 (MH); RP-HPLC (Dynamax C-18 25 cm ×
4.1 mm, 10-100% CH3CN in H2O with 0.1% TFA buffer, 30
min, 1 mL/min) tR ) 11.31 min, 98% purity. Anal. (C25H33N7O)
C, H, N.

6-({4-(4-Methyl-1-piperazinyl)-6-[(3-phenylpropyl)ami-
no]-1,3,5-triazin-2-yl}amino)-5,6,7,8-tetrahydro-2-naph-
thalenol (7). The title compound was prepared from 6-chloro-
4-[(3-phenylpropyl)amino]-1,3,5-triazin-2-yl}amino)-5,6,7,8-
tetrahydro-2-naphthalenol and N-methylpiperazine as described
above. Purification by silica gel flash column chromatography
(50% EtOAc/hexanes to 100% EtOAc gradient solution) gave
the title compound (0.12 g, 82%) as a white solid: TLC (100%
EtOAc) Rf ) 0.17; low-resolution MS (ES+) m/e 474 (MH+);
RP-HPLC (Dynamax C-18 25 cm × 4.1 mm, 10-100% CH3-
CN in H2O with 0.1% TFA buffer, 30 min, 1 mL/min) tR ) 13.69
min, 98% purity. Anal. (C27H35N7O) C, H, N.

4-(2-{[4-{[3-(4-Chlorophenyl)propyl]sulfanyl}-6-(1-pip-
erazinyl)-1,3,5-triazin-2-yl]amino}ethyl)phenol (15). The
title compound was prepared from 4-{2-[(4-chloro-6-{[3-(4-
chlorophenyl)propyl]sulfanyl}-1,3,5-triazin-2-yl)amino]ethyl}-
phenol and N-BOC-piperazine followed by deprotection as
described above. The oily residue was triturated (ether) to
afford the title compound as a white solid (0.47 g, 93%): low-
resolution MS (ES+) m/e 485 (MH+); RP-HPLC (Dynamax C-18
25 cm × 4.1 mm, 5-50% CH3CN in H2O with 0.1% TFA buffer,
30 min, 1 mL/min) tR ) 23.57 min, 98% purity. Anal. (C24H29-
ClN6OS) C, H, N.

4-(2-{[4-[[3-(4-Chlorophenyl)propyl](methyl)amino]-6-
(1-piperazinyl)-1,3,5-triazin-2-yl]amino}ethyl)phenol (17).
The title compound was prepared from tert-butyl 4-{4-chloro-
6-[[3-(4-chlorophenyl)propyl](methyl)amino]-1,3,5-triazin-2-yl}-
1-piperazinecarboxylate and tyramine followed by deprotection
as described above. Purification by silica gel flash column
chromatography and eluting in gradient fashion first with 1:1
hexanes/EtOAc, then 9:1 chloroform/methanol, and then 4:1
chloroform/methanol afforded a light-tan foam. The HCl salt
was prepared by dissolution of the free base in EtOAc and
addition of 1 M HCl in ether, followed by filtration of the
resulting white precipitate and drying at 80 °C/20 Torr to
afford 925 mg (80%) of a white solid: 1H NMR (CD3OD, 400
MHz) δ 7.25 (m, 4 H), 7.10 (d, 2 H, J ) 8.0), 6.75 (d, 2 H, J )
8.4), 4.12 (m, 2 H), 3.86 (m, 1 H), 3.71 (m, 4 H), 3.34 (m, 6 H),
3.14 (s, 3 H), 2.85 (m, 2 H), 2.71 (m, 2 H), 2.02 (m, 2 H); low-
resolution MS (ES+) m/e 483 (MH+), 482 (MH); RP-HPLC
(Dynamax C-18 25 cm × 4.1 mm, 10-100% CH3CN in H2O
with 0.1% TFA buffer, 30 min, 1 mL/min) tR ) 12.68 min, 97%
purity. Anal. (C25H32ClN7O‚HCl) C, H, N.

4-(2-{[4-[[3-(3,4-difluorophenyl)propyl](methyl)amino]-
6-(1-piperazinyl)-1,3,5-triazin-2-yl]amino}ethyl)phenol
(24). The title compound was prepared from tert-butyl 4-{4-
chloro-6-[[3-(3,4-difluorophenyl)propyl](methyl)amino]-1,3,5-
triazin-2-yl}-1-piperazinecarboxylate and tyramine followed by
deprotection as described above. Purification by silica gel flash
column chromatography and eluting with 8:1 chloroform/
methanol afforded 35 mg (57%) of a light-tan foam: 1H NMR
(CD3OD, 400 MHz) δ 7.03 (m, 5 H), 6.63 (d, 2 H, J ) 7.0), 4.02
(m, 4 H), 3.57 (m, 4 H), 3.23 (m, 4 H), 3.05 (s, 3 H), 2.75 (m, 2
H), 2.59 (m, 2 H), 1.91 (m, 2 H); low-resolution MS (ES+) m/e
485 (MH+), 484 (MH); RP-HPLC (Dynamax C-18 25 cm × 4.1
mm, 10-100% CH3CN in H2O with 0.1% TFA buffer, 30 min,
1 mL/min) tR ) 14.21 min, 93% purity.

4-(2-{[4-[[3-(2-Chlorophenyl)propyl](methyl)amino]-6-
(1-piperazinyl)-1,3,5-triazin-2-yl]amino}ethyl)phenol (25).
The title compound was prepared from tert-butyl 4-{4-chloro-
6-[[3-(2-chlorophenyl)propyl](methyl)amino]-1,3,5-triazin-2-yl}-
1-piperazinecarboxylate and tyramine followed by deprotection
as described above. Purification by silica gel flash column
chromatography and eluting with 8:1 chloroform/methanol
afforded 50 mg (82%) of a light-tan foam: 1H NMR (CD3OD,
400 MHz) δ 7.26 (m, 2 H), 7.14 (m, 2 H), 6.99 (d, 2 H, J ) 8.1),
6.64 (d, 2 H, J ) 8.1), 4.03 (m, 4 H), 3.60 (m, 4 H), 3.23 (m, 4
H), 3.07 (s, 3 H), 2.73 (m, 4 H), 1.94 (m, 2 H); low-resolution
MS (ES+) m/e 483 (MH+), 482 (MH); RP-HPLC (Dynamax C-18
25 cm × 4.1 mm, 10-100% CH3CN in H2O with 0.1% TFA
buffer, 30 min, 1 mL/min) tR ) 13.22 min, 95% purity.

4-(2-{[4-[[3-(-{Methyl[(2-phenyl-cis-cyclopropyl)-
methyl]amino}-6-(1-piperazinyl)-1,3,5-triazin-2-yl]amino}ethyl)-
phenol (31). The title compound was prepared from tert-butyl
4-{4-chloro-6-{methyl[(2-phenyl-cis-cyclopropyl)methyl]amino}-
1,3,5-triazin-2-yl)-1-piperazinecarboxylate and tyramine fol-
lowed by deprotection as described above. Purification by silica
gel chromatogrpahy and eluting in gradient fashion first with
7:1 chloroform/MeOH, then 3:1 chloroform/MeOH, and finally
2:1 chloroform/MeOH afforded a yellow oil. The HCl salt was
generated by dissolving the oil in chloroform, addition of 1 N
HCl in ether, filtration of the resulting yellow precipitate, and
drying at 50 °C/20 Torr to afford 29 mg (21%) of a yellow
solid: 1H NMR (DMSO-d6, 400 MHz) δ 9.12 (s, br, 1 H), 7.25
(m, 5 H), 7.03 (d, 2 H, J ) 8.4), 6.68 (d, 2 H, J ) 8.4), 3.87 (m,
4 H), 3.64 (m, 4 H), 3.14 (m, 2 H), 2.92, (m,2 H), 2.85 (s, br, 1
H), 2.70 (m, 2 H), 2.50 (s, 3 H), 2.26 (m, 1 H), 1.52 (m, 1 H),
1.23 (m, 2 H); low-resolution MS (ES+) m/e 461 (MH+), 460
(MH). Anal. (C26H33N7O‚HCl) C, H, N.

4-[2-({4-[[2-(4-Chlorophenoxy)ethyl](methyl)amino]-6-
[4-(2-hydroxyethyl)piperazin-1-yl]-1,3,5-triazin-2-yl}-
amino)ethyl]phenol (39). The title compound was prepared
from 6-chloro-N2-[3-(4-chlorophenyl)propyl]-N4-[2-(4-methox-
yphenyl)ethyl]-N2-methyl-1,3,5-triazine-2,4-diamine and meth-
yl 2-(1-piperazinyl)ethyl ether via the procedure described for
compound 36 to afford 10 mg of the title compound as a yellow
oil: 1H NMR (CDCl3, 400 MHz) δ 7.23-7.16 (d, 2 H, J ) 7.4),
7.12-7.03 (d, 2 H, J ) 7.5), 7.03-6.96 (d, 2 H, J ) 8.0), 6.73-
6.65 (d, 2 H, J ) 8.1), 3.92-3.40 (m, 8 H), 3.04 (s, 2 H), 2.84-
2.68 (t, 1 H, J ) 6.8), 2.67-2.40 (m, 10 H), 1.85 (bs, 2 H); TLC
(1:10 MeOH/DCM): Rf ) 0.12; low-resolution MS (ES+) m/e
529 (MH+); RP-HPLC (Dynamax C-18 25 cm × 4.1 mm, 30-
100% CH3CN in H2O with 0.1% TFA buffer, 30 min, 1 mL/
min) tR ) 10.12 min, 95% purity. Anal. (C26H34N7O3Cl‚1.0H2O)
H, N, C: calcd 57.19, found 56.53.

4-{2-[(4-[[3-(4-Chlorophenyl)propyl](methyl)amino]-6-
{4-[(2-methyl-1,3-thiazol-4-yl)methyl]-1-piperazinyl}-1,3,5-
triazin-2-yl)amino]ethyl}phenol (43). The title compound
was prepared in 50% yield via the procedure outlined for 40
using 4-chloromethyl-2-methylthiazole hydrochloride to give
an off-white glass: 1H NMR (CDCl3, 400 MHz) δ 7.18 (d, 2 H,
J ) 8.0), 7.10-7.02 (m, 2 H), 6.98-6.95 (m, 3 H), 6.64 (d, 2 H,
J ) 8.0), 3.85-3.45 (m, 10 H), 3.02 (s, 3 H), 2.78-2.68 (m, 5
H), 2.55-2.50 (m, 2 H), 2.50-2.46 (m, 4 H), 1.92-1.80 (m, 2
H); low-resolution MS (ES+) m/e 594 (MH+); TLC (5:5:1 DCM/
EtOAc/MeOH): Rf ) 0.50. Anal. (C30H37ClN8OS) C, H, N.

Biological Assays. Expression of hERâ LBD. Human
ERâ LBD was expressed in E. coli strain BL21(DE3) as an
amino-terminal polyhistidine tagged fusion protein. Expression
was under the control of an IPTG inducible T7 promoter. DNA
encoding this recombinant protein was subcloned into the
pRSET-A expression vector (Invitrogen, Carlesbad, CA). The
encoded sequence of the polyhistidine tag (MKKGHHHHG)
was incorporated into the 5′ PCR amplification primer, which
was upstream of DNA encoding residues 250-530 of ERâ. The
coding sequence of ERâ LBD was derived from GenBank
(accession number NM_001437). The resulting complete en-
coded sequence is as follows:

MKKGHHHHGH APRVRELLLD ALSPEQLVLT LLEAEP-
PHVL ISRPSAPFTE ASMMMSLTKL ADKELVHMIS WAK-
KIPGFVE LSLFDQVRLL ESCWMEVLMM GLMWRSIDHP
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GKLIFAPDLV LDRDEGKCVE GILEIFDMLL ATTSRFRELK
LQHKEYLCVK AMILLNSSMY PLVTATQDAD SSRKLAHL-
LN AVTDALVWVI AKSGISSQQQ SMRLANLLML LSH-
VRHASNK GMEHLLNMKC KNVVPVYDLL LEMLNAHVLR
GCKSSITGSE CSPAEDSKSK EGSQNPQSQ

Ten-liter fermentation batches were grown in LB media
with 0.1 mg/mL ampicillin at 22 °C for 16 h until OD600 ) 14.
At this cell density, 0.25 mM IPTG was added and induction
proceeded for 4 h to a final OD600 ) 16. Cells were harvested
by centrifugation (20 min, 3500 g, 4 °C), and concentrated cell
slurries were stored in PBS at -80 °C.

Purification of ERâ LBD. An amount of 30-40 g of cell
paste (equivalent to 2-3 L of the fermentation batch) was
resuspended in 300-400 mL of TBS, pH 8.0 (25mM Tris, 150
mM NaCl). Cells were lysed by passing three times through a
homogenizer (Rannie), and cell debris was removed by cen-
trifugation (30 min, 20000g, 4 °C). The cleared supernatant
was filtered through coarse prefilters, and TBS, pH 8.0,
containing 500 mM imidazole was added to obtain a final
imidazole concentration of 50 mM. This lysate was loaded onto
a column (6 cm × 8 cm) packed with Sepharose [Ni2+-charged]
chelation resin (Amersham Pharmacia Biotech, Piscataway,
NJ) and preequilibrated with TBS, pH 8.0, per 50 mM
imidazole. After a wash to baseline absorbance with equilibra-
tion buffer, the column was developed with a linear gradient
of 50-365 mM imidazole in TBS, pH 8.0. Column fractions
were pooled and dialyzed against TBS, pH 8.0, containing 5%
1,2-propanediol, 5 mM DTT, and 0.5 mM EDTA. The protein
sample was concentrated using Centri-prep 10K (Amicon,
Beverly, MA) and subjected to size exclusion chromatography
using a column (3 cm × 90 cm) packed with Sepharose S-75
resin (Amersham Pharmacia Biotech) preequilibrated with
TBS, pH 8.0, containing 5% 1,2-propanediol, 5 mM DTT, and
0.5 mM EDTA.

Biotinylation of ERâ LBD. Purified ERâ LBD was buffer-
exchanged using PD-10 gel filtration columns into PBS [100
mM Na phosphate, pH 7.2, 150 mM NaCl]. The LBD was
diluted to approximately 30 µM in PBS, and a 5-fold molar
excess of NHS-LC-biotin (Pierce) was added in a minimal
volume of PBS. This solution was incubated with gentle mixing
for 60 min at ambient room temperature. The biotinylation
modification reaction was stopped by the addition of 2000×
molar excess of Tris-HCl, pH 8.0. The modified LBD was
dialyzed against two buffer changes, each of at least 50
volumes: TBS, pH 8.0, containing 5 mM DTT, 2 mM EDTA
and 2% sucrose. This modified protein was distributed into
aliquots, frozen on dry ice, and stored at -80 °C. The
biotinylated LBD was subjected to mass spectrometric analysis
to reveal the extent of modification by the biotinylation
reagent. In general, approximately 95% of the protein had at
least a single site of biotinylation, and the overall extent of
biotinylation followed a normal distribution of multiple sites,
ranging from one to seven.

Radioligand Binding Assays. Ligand binding to purified
human ERâ ligand binding domain was measured using
scintillation proximity assay similar to that described for
PPARγ.26 A sample of 5 nM of biotinylated ERâ was im-
mobilized on 5 mg/mL streptavidin scintillation proximity
beads and incubated for 30 min. The slurry was then centri-
fuged and resuspended in the appropriate amount of assay
buffer. Each assay well contained receptor-coated beads, 1 nM
[3H]-17â-estradiol, and the desired concentration of test com-
pound(s) or controls. In general, the total volume was held
constant by varying the concentration and volume of radioli-
gand to compensate for any changes in the volume of a
particular set of samples, whereas the concentration and
volume of receptor-coated bead stock were held constant. The
plates were incubated for at least 1 h at room temperature,
and bound radioactivity for each well was determined in a
Wallac 1450 micro-â counter. The data were analyzed as
previously described.26 Binding assays using crude ERR and
ERâ proteins were conducted via a scintillation proximity
assay using a bacterial lysate containing overexpressed GST-
hERR or GST-hERâ ligand binding domain. Yttrium silicate

SPA beads were suspended in assay buffer and dispensed at
0.5 mg/well. For competition binding assays, lysates containing
GST-hERR or GST-hERâ were diluted in assay buffer and
added to plates to give a final concentration of ∼0.15-0.2 µg
of protein with a final assay volume of 100 µL. Test compounds
were dissolved in DMSO, serially diluted in assay buffer, and
added to the wells in 10 µL aliquots. A sample of 1 nM [3H]-
17â-estradiol was then added and the plates were shaken for
2 h before radioactivity was counted.

Cell-Based Functional Assay. Transcriptional activity
was measured in a human breast cancer cell line (T47D)
transfected with full-length hERR or hERâ and an estrogen-
responsive reporter gene construct (ERE)2-tk-SPAP, consisting
of two copies of an estrogen receptor response element, the
estrogen-responsive HSV tk promoter, and the secreted pla-
cental alkaline phosphatase reporter gene. T47D cells were
plated at a density of 20 000 cells per well in phenol red free
high glucose DMEM supplemented with 10% charcoal/dextran-
treated FBS. Transfection mixes contained 4 ng of receptor
expression vector, 8 ng of reporter plasmid, 25 ng of â-galac-
tosidase expression vector as internal control, and 43 ng of
carrier plasmid. Transfections were performed with Lipo-
fectamine Plus according to the manufacturer’s instructions.
Drug dilutions were prepared in phenol red free DMEM/F-12
with 15 mM HEPES supplemented with 10% charcoal-
stripped, delipidated calf serum that had been heat-inactivated
at 62 °C for 35 min. Cells were incubated for 24 h in the
presence of drugs, after which the medium was sampled and
assayed for SPAP activity. â-Galactosidase activity was de-
termined by using 3.6 mM o-nitrophenyl-â-D-galactopyranoside
in 0.1 M sodium phosphate pH 7.2 buffer containing 0.13%
Triton X-100 as substrate.

Supporting Information Available: X-ray crystallo-
graphic data, synthetic procedures, and analytical data for
preparation of intermediates; synthetic procedures and ana-
lytical data for preparation of final compounds not listed in
Experimental Section; and HPLC purity data on final com-
pounds. This material is available free of charge via the
Internet at http://pubs.acs.org.
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