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Molecular structures and conformational characteristics of a series of 1,1-dichloro-2,2,3-triaryl-
cyclopropanes (DTACs), which were reported previously to be distinctly antiestrogenic and inhibitors
of the estrogen-receptor-positive MCF-7 human breast cancer cells in culture, are reported. In
addition, structural and conformational features of the DTACs were compared to the first-known
nonsteroidal antiestrogen, MER25, and the clinically useful antiestrogen Tamoxifen. The molecular
structures of four DTAC compounds were determined by X-ray diffraction. Crystallographic
structures show that the DTAC molecules have nearly the same relative conformation for the three
aryl rings which is designated as a “nonpropeller” conformation in contrast to the observed “propeller”
conformation for the threerings in all known triarylethylenes. Systematic conformational searches
were performed to find the conformational preferences of DTACs, MER25, and Tamoxifen using
idealized model compounds built from their respective crystal structure. Energy-minimization
and conformational-search studies demonstrated that all DTAC molecules have a common, single
global minimum energy conformer for their central core containing the dichlorotriarylcyclopropyl
system, which is similar to that found in their crystal structures. Conformational search of MER25
showed that the molecule can assume a number of low-energy conformers of which two, one anti
(Al) and one gauche (G1A), have about the same energy. The anti conformation is similar to the
one observed in its crystal structure and resembles the estrogenic E-isomer of Tamoxifen, while
the lowest energy gauche conformer of MER25 resembles more closely the antiestrogenic Z-isomer
of Tamoxifen. NMR spectroscopic analysis of MER25 showed that the molecule exists
predominantly in the anti conformation in solution. A comparative review of the structural features
and bioactivities of Tamoxifen, DTACs, and MER25 provides a possible explanation for their low
estrogen receptor binding affinity which is common to these compounds together with their

antiestrogenic activity.

Nonsteroidal antiestrogens which exhibit potent anti-
tumor effects represent a major advance in the manage-
ment of breast cancer. The representative of this class is
Tamoxifen, (Z)-1-[p-[2-(dimethylamino)ethoxy]phenyl]-
1,2-diphenylbut-1-ene (Chart 1), the only antiestrogen
clinically available for the adjunctive treatment of primary
breast cancer in postmenopausal women.}2 Tamoxifen,
however, has partial agonist activity which can lead to
thromboembolitic events and secondary endometrial
tumors, and virtually all patients with metastatic disease
develop Tamozxifen resistance.** MER25, 1-[4-[2-(di-
ethylamino)ethoxylphenyl]-2-(4-methoxyphenyl)-1-
phenylethan-1-ol (Chart 1), the first nonsteroidal anti-
estrogen reported, was found to be a pure antiestrogen in
all species of animals tested, but has a low potency and
possesses serious side effects.®” Inrecentyears,the search
for nonsteroidal antiestrogens without partial estrogen-
like action that would compete effectively with estradiol
or would act as effective agents in the treatment of breast
tumors devoid of estrogen receptors has led to several
interesting experimental compounds.®-16 Reports from
our laboratory®® and others}®1¢ have demonstrated that
the introduction of a dichlorocyclopropyl or dihydrocy-
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Chart 1. Nonsteroidal Antiestrogens Analog II,

Tamozxifen, and MER25
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clopropyl moiety in place of the olefinic bridge in estrogenic
stilbenes greatly reduces or abolishes their estrogenic
action. One compound, analog II (Chart 1), has anties-
trogenic properties without estrogen agonist activity in
the mouse and is comparable to Tamoxifen against the
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Chart 2. 1,1-Dichloro-2,2,3-triarylcyclopropanes (DTACs)
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hormone-dependent 7,12-dimethylbenz[alanthracene-
induced rat mammary tumor model.l™18 Structure—
activity studies of some of the analog II derivatives®-10.1°
led us to design more effective cyclopropyl antiestrogens.
Starting with analog II as the lead compound, we
synthesized a series of 1,1-dichloro-2,2,3-triarylcyclopro-
panes (DTACs) (1-5, Chart 2) by introducing a third
phenylring and polar substituents in analog II so that the
compounds possess the structural features of both analog
II and the clinically useful triarylethylenes. These
compounds were found to be antiestrogenic without any
estrogenic activity in the mouse and inhibited the growth
of estrogen receptor (ER) positive MCF-7 human breast
cancer cells in culture.12

The stereochemical nature of most of the pharmaco-
logically important receptors involved in estrogenic and
antiestrogenic activity has not been characterized at the
atomic level. Therefore, the use of the agonists and
antagonists to map the size and shape of areceptor binding
site using small molecular X-ray structures has proved
necessary.

A knowledge of stereochemical similarities and differ-
ences in antiestrogens may be useful in the rational
development of new agents. If the conformation of a
receptor-bound antiestrogen is comparable to the mini-
mum-energy conformation of the free molecule, then it
should be possible to compare energy-minimized crystal-
lographic structures of all the compounds that compete
for a specific binding site and determine what structural
features of the antiestrogens are essential for binding.20
Although the X-ray structure provides a low-energy
conformer, which is generally close to the global minimum
energy conformation for the molecule, molecular mechan-
ics calculations can provide information about other local
minima for the molecule. The importance of such studies
lies in the fact that the pharmacophore conformation of
a drug molecule is not necessarily the lowest energy
conformer.
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Crystal structures of Tamoxifen and several of its
derivatives have been reported,?-26 and these results were
used in a number of molecular mechanics and molecular
graphic studies?%2™-3l which have provided some insight
into the mechanism of action of nonsteroidal anti-
estrogens. Structural studies of Tamoxifen and its
derivatives have shown that the triarylvinyl moiety
uniformly exists in a conformation where the three rings
are oriented as in a propeller. Although several mecha-
nisms of action have been proposed for Tamoxifen, it is
generally assumed that Tamoxifen and its derivatives act
mainly by competing with estradiol for its protein receptor
(ER). Certain key structural elements including the
propeller arrangement of the triaryls are thought to be
important for its ability to bind to the ER and block
estrogen action.203! The fact that the substitution of a
hydroxyl group in the a-ring of Tamoxifen, producing
4-hydroxytamoxifen, a metabolite, greatly increases its
binding affinity for the ER and also its antiestrogenic
potency led tothe hypothesis that the hydroxylated a-ring
isresponsible for anchoring the ligand tightly to the binding
site, while the (alkylamino)ethoxy side chain interferes
with subsequent estrogen receptor functions essential for
activity.323

Recently, we have reported the results from the crystal-
structure determinations and conformational investiga-
tions of analog II and its derivatives!® and the crystal
structures of one of the DTACs (5)34 and the first-known
antiestrogen, MER25.35 Both the DTAC compound 5
and MER25 were shown to assume a nonpropeller ar-
rangement for their three phenyl rings in contrast to the
propeller conformation observed in the triarylethylenes.

Crystal-structure determinations of DTACs 1-4 and
conformational studies of all DTACs and MER25 were
undertaken to gain further insight into their mechanism
of action. We present here the results of crystal-structure
determinations of four DTAC derivatives (1-4) and a
comparative investigation of conformational character-
istics of DTACs, MER25, and Tamoxifen.

Methods

For the triaryl antiestrogens, the conformational fea-
tures of interest include the orientation of the three phenyl
rings with respect to the central bridging bond, the
geometry of the central core of the molecules, and the
relative disposition of the centroids of the three aryl rings.
Conformational results were obtained from a complete
conformational search using idealized model compounds.
Model structures were built for analog IT (M1), DTACs
(M2), Tamoxifen (M3), and MER25 (M4) (Chart 3), which
contain the central two atoms and the phenyl rings and
other substituents on the central atoms. Phenyl-ring
substituents were omitted on the assumption that the
conformations of the molecules are not greatly influenced
by the para-substituents of the phenyl rings. For all the
triaryls, the phenyl rings are designated o, «/, and 8, with
the aminoethoxy side chain on the «’-ring, and their
conformations are defined by three dihedral angles, ¢,
¢2, and ¢3, respectively (Chart 3). All phenyl rings in the
model structures were made symmetrical so that a 180°
rotation for any phenyl ring would approximately yield
the same conformation. All substituents on the phenyl
rings were replaced by hydrogen atoms. For cyclopropyl
models, the gem-dichloro substituents on C(1) were
retained. The compression energy in each model is
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Chart 3. Model Structures Used for Molecular
Mechanics Calculations: Analog IT (M1), the DTACs
(M2), Tamoxifen (M3), and MER25 (M4)

removed by allowing C-H bond distances to change. For
each model compound a conformational search was
performed for all possible low-energy conformations and
this was achieved by using the double-driver facility in
the molecular mechanics program MM2/MMP2.37 For
MERZ25, the central single bond allows for rotation of
functional groups around it, leading to three possible low-
energy conformers, anti, gauchel, gauche2. Model com-
pounds were built for each of these conformers. For the
DTACs and MER25, one of the enantiomeric forms, 2S,3R
for DTAC and R for MER25, wasused. The diastereomers
28,3S and 2R,3R of the DTACs were not considered
because their stereochemistry is similar to that of the
estrogenic (E)-Tamoxifen.

Results

Crystal Structures of DTACs 1-4. Stereo ORTEP
plots of the four structures are shown in Figure 1. All of
the DTACSs exist as a racemic mixture in the solid state.
Selected bond distances and torsion angles for the
structures are compared in Table 1.

The bond distances and bond angles in the 1,1-
dichlorocyclopropane system observed in the four DTACs
1-4 are generally in agreement with those observed in the
crystal structures of 53¢ and in their diaryl precursors.}?
In all four structures, the cyclopropane ring shows bond-
length asymmetry, with the C(2)-C(3) bond being the
longest. The bond-length asymmetry observed in the
present structures was found to be consistent with the
additive scheme of the substituent effects on the cyclo-
propane ring.3819

The orientation of the three phenyl rings is similar in
all the structures (1-4), with the g-ring always in the
bisecting position, and both the o' and « rings are
approximately in the perpendicular position with respect
to the cyclopropane ring. The dihedral angles ¢;, ¢2, and
¢z vary within a narrow range: ¢, («-ring) ranges between
136° in 2 and 148° in 3, ¢ (o/-ring) ranges between 55°
in 4 and 59° in 1 and 3, and ¢3 (3-ring) ranges between 37°
in 3 and 46° in 1 and 4. These dihedral angles represent
a nonpropeller conformation as observed in compound
5.3¢ Each structure shows a slight twist about the C(2)-
C(3) bond with the C(11)-C(2)-C(8)-C(31) torsion angle
varying from -9° in 2 to about -5° in 3. The side-chain
conformations display some flexibility. The benzyloxy
side chain in 1 and 2 has a trans—trans and trans—gauche
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conformation, respectively. The (dimethylamino)ethoxy
side chain in 3 is trans—trans, while it is trans—gauche in
4 (Table 1).

Energy Minimization of DTAC Structures. The
energy minimizations of the five DTAC molecules (1-5)
were performed using the MM2 program. The results of
these calculations are summarized in Table 2, which
provides a comparison of the relevant conformational
angles for the crystallographic structures and the energy-
minimized structures.

The values of the three dihedral angles ¢;, ¢, and ¢3
for the five energy-minimized structures are within a few
degrees of each other with mean values of 132° (¢,), 59°
(¢2), and 31° (¢3), giving the central core of the molecules
(the dichlorotriarylcyclopropyl system) an almost identical
geometry.

Conformational Search. For each model compound,
the calculated relative energy, E; = E — Epny, for each
conformer was plotted against the torsion angles ¢, and
¢3 in the form of a contour map. Each minimum-energy
conformer obtained from the energy maps was refined by
further energy minimization calculations.

Analog II Model, M1. The results of the conforma-
tional search for model M1 are shown in Figure 2a. There
are two symmetric low-energy minima having the same
energy at around ¢ = 60°, ¢3 = 30° (o’-ring is perpendicular
and f-ring is in a bisecting position) and ¢, = 150°, ¢3 =
120° (o/-ring is bisecting and §-ring is in a perpendicular
position). The low-energy region around ¢ = 90°, ¢3 =
90° is not a minimum but a saddle point and has about
3 kcal/mol higher energy than the global minimum. These
results are almost identical to those reported earlier.1?

DTAC Model, M2. A survey of the energy matrices for
model M2 showed that the low-energy conformers of M2
are confined in the range ¢; = 90°-150°. Figure 2b shows
the energy contours at ¢; = 135°, which contains the most
relevant features of the low-energy conformations of M2.
The global minimum is at ¢; = 135°, ¢3 = 60°, ¢3 = 30°,
which closely corresponds to the energy-minimized crystal
structure of all the DTAC compounds (Table 2). The
local minimum near ¢; = 60°, ¢3 = 105° has about 3 kcal/
mol higher energy than the global minimum, while a third
minimum at ¢s = 150°, ¢3 = 120° has about 5 kcal/mol
higher energy. The effect of introducing a third ring in
the dichlorodiarylcyclopropyl system led to asymmetry
and transformation of the saddle point in the diaryl model
to a shallow minimum at around (60°, 105°) in the triaryl
model compound. It may be noted that the enantiomeric
2R,3S model of DTAC would give centrosymmetrically
related minima.

Tamoxifen Model, M3. Figure 3 shows the two most
relevant sections (¢; = 60° and ¢; = 120°) of the three-
dimensional conformational space. Analysesof these maps
showed the presence of two minima at around (60°, 50°,
50°) and (120°,130°, 130°), which have equivalent energy.
The two minimum-energy structures are the same unless
one restricts free rotation of the phenyl rings, as was
assumed in earlier studies.293%

MER25 Model, M4. The 7 rotation of model M4 led
totheenergy profile shown in Figure4. The profileshowed
three minima which correspond to three conformers, anti,
gauchel, and gauche2represented by Newman projections
of the molecule. Analyses of the entire conformational
space of each of the three models (anti, gauchel, and
gauche2) of MER25 showed the following.



Conformational Studies of Nonsteroidal Antiestrogens

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 11 1673

Figure 1. Stereo ORTEP plots of the molecules of compounds 1-4. Only selected atom numbers are shown. Phenyl ring atoms are
numbered (not shown) as follows: o’-ring, C11-16; a-ring, C21-26; 8-ring, C31-36 and benzyl ring C41-46.

(i) For the anti model, there is one prominent low-energy
region with a global minimum, A1, at ¢, = 76°, ¢; = 7°,
¢3 = 84° (Figure 5a), which is very close to that found in
the crystal structure (82°, 4°, 83°).

(ii) For the gauchel model, the two broad low-energy
regions, near ¢; = 0° (Figure 5b) and ¢; = 75° (Figure 5c¢)
revealed three minima with energy difference less than
1.5 kcal/mol between them. The conformer G1A at (¢; =
5°, ¢2 = 110°, ¢3 = 89°) has about the same energy as the
global minimum in the anti model. The energy contours
indicate that the phenyl rings (particularly the 8-ring)
have shallow barriers of rotation.

(iii) For the gauche2 model, there is a single minimum,
G2 (86°, 29°, 88°), with approximately 4 kcal/mol higher
energy than the global minimum. Energy contours for
this model are not shown. The conformational parameters
of the six low-energy conformers of MER25 (A1, A2, G1A,
G1B, G1C, G2) are summarized in Table 3. The cor-
responding molecular skeletons of these six conformers
areshown in Figure 6. The enantiomeric MER25(S) would
produce equivalent centrosymmetrically related minima.

NMR Spectroscopy of MER25. 1H NMR assignments
for MER25 (Chart 4, Table 4) were made via difference
decoupling and NOE experiments. The signal for the
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Table 1. Selected Bond Distances (A) and Torsion Angles (deg)
of Compounds 1-4¢

bond distances 1 2 3 4
C1(1)-C(1) 1.754(3) 1.770(10) 1.762(2) 1.756(6)
C1(2)-CQ) 1.763(3) 1.767(10) 1.763(2) 1.771(4)
C(1)-C®) 1.509(4) 1.522(14) 1.511(3) 1.508(8)
C(1)-C(3) 1.501(4) 1.510(13) 1.502(3) 1.498(7)
C@2)-C(@3) 1.540(4) 1.547(13) 1.548(3) 1.538(8)
C@-Cay) 1.509(4) 1.486(13) 1.505(3) 1.506(7)
C(2)-C(21) 1.512(4) 1.499(14) 1.518(3) 1.510(6)
C(3)-C@31 1.491(4) 1.492(14) 1.494(3) 1.484(6)
C(14)-0(Q1) 1.378(3) 1.369(11) 1.374(3) 1.382(7)
0(1)-C4) 1.426(4) 1.432(12) 1.435(3) 1.423(6)

torsion angles 1 2 3 4

C(3)-C(2)-C(11)-C(12) 59.4(4) 57.212)  59.1(3) 54.6(7)
C(3)-C(2)-C(21)-C(26) 142.3(3) 136.1(10) 147.7(2) 143.1(5)
C(2-C(3)-C(31)-C(32) 46.1(5)  40.7(15) 37.2(4) 46.2(8)
C(11)-C(2)-C(3)~C(31) ~59(5) -9.3(14) -4.83) -6.9(8)
C(21)-C(2)-C(3)-C(31) 136.7(3) 134.1(10) 139.8(2) 138.2(5)
C(13)-C(14)-0(1)-C(4) -1.2(5) 5.9(13) -178.7(2) -10.3(8)
C(149-0(1)-C(4)-C41) -177.6(3) -179.2(9)
0(1)-C4)-C(41)-C(42) -141.1(3) -98.4(12)
C(23)-C(24)-0(2)-C(5,8) 174.3(3) 174.4(9) 9.9(8)
C(33)-C(34)-0(3)-C(6) ~176.9(10)
C(14)-0(1)-C4)-C(5)

0(1)-C(4)-C(5)~-N(1) 179.6(3) -80.3(7)
C(4)-C(5)-N(1)~-C(6) -166.4(2) -69.3(6)
C4)-CG)-N1)-C(N) 72.1(3) 171.2(5)

171.7(2) ~173.0(5)

¢ Esd’s are within parentheses.

Table 2. Conformational Angles (deg) of the Crystal Structures
and Energy-Minimized Structures of Compounds 1-5°

dihedral 1 2 3 4 5
angle CR MIN CR MIN CR MIN CR MIN CR MIN

& 142 131 136 131 148 132 143 131 136 132
o2 59 58 57 59 59 59 55 57 56 58
¢3 46 32 41 33 37 29 46 31 32 28
b4 -6 0 -9 2 -5 2 -1 2 1 2
o5 137 140 134 138 140 142 138 142 142 142

@ CR = crystal structure; MIN = energy-minimized structure.

protons ortho to the methoxy group was identified from
its enhancement upon irradiation at the methoxy reso-
nance. Similarly, irradiation of the two-proton triplet due
to the oxygenated methylene group in the OCH;CH3N-
(Et); moiety led to identification of the signal for the
protons ortho to this group (Table 5). These assignments
were further confirmed by the converse NOE experiments.
Conventional decoupling then confirmed the assignments
of the other protons in the disubstituted aromatic rings.
Finally, signals for the protons in the monosubstituted
ring were assigned by examination of their integrals and
multiplicities.

In CD30D the signal for the diastereotopic benzylic
protons was a singlet from -60 to 50 °C at 300 MHz and
also at 20 °C at 500 MHz. In pyridine-ds at 20 °C at 300
MHz this resonance was also a singlet. However, in C¢Dg
at 20 °C at 300 MHz this signal appeared as a very closely
spaced AB quartet (Table 4), and at 500 MHz at 20 °C a
very distinct AB quartet was evident. Irradiation at the
benzylic chemical shift position in either CD3;0D or CgDg
produced NOE enhancements of equal intensity on the
H4,8 and H16,20 signals, but a noticeably smaller en-
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Figure2. (a) Relative steric energy (E, = E - Ep;;,) contour plots
for analog IT model M1. Contours are drawn from 1 to 7 kcal/
mol at intervals of 1 kcal/mol. Corresponding 3-D representation
is shown at the top. (b) Section at ¢, = 135° of the relative steric
energy contour plots for DTAC model M2. Contours are drawn
from 1 to 7 kcal/mol at intervals of 1 kcal/mol. Corresponding
3-D representation is shown at the top.

hancement was noted for the H10,14 proton signal. These
results are consistent with a predominance of the ant:
conformer since in this conformation only one of the H2
protonsisina position torelax the H10,14 protons whereas
both H2 protons can relax the H16,20 and H4,8 protons.
A similar analysis for the gauchel conformation predicts
alarger NOE interaction between H2 and H10,14 than for
H2 versus H16,20, and the opposite is observed. In the
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Figure3. Twosections (at ¢, =60° and ¢, = 120°) of the relative
steric energy contour plots for Tamoxifen model M3. Contours
are drawn from 1 to 7 kcal/mol at intervals of 1 kcal/mol.
Corresponding 3-D representation is shown above each contour
map.

gauche2 conformation, the NOE’s between the H2 and
the H4,8 or H10,14 protons would be expected to be equal
and smaller than for the H2 versus the H4,8 protons. This
is not observed. The small NOE observed on the H4,8
signal upon irradiation of the H10,14 resonance is also
consistent with a predominance of the anti conformation
in solution. Likewise the very notable upfield shift of the
H4,8proton signal, 6.78 ppm [cf. 7.1 ppm for the analogous
protons of 2-(p-methoxyphenyl)ethanol#?], is consistent
with anisotropic shielding of these protons by ring.« in
theanti conformation. The one-dimensional NOE results
described above were corroborated by data from NOESY
and ROESY experiments in C¢Dg in which it was found
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Figure4. Aplotoftherelativestericenergy againstthe dihedral
angle, 7, obtained by rotation about the central ethylenic single
bond in MER25 model M4. The three minima correspond to
three Newman's projecti®n of MER25 about the central single
bond.

that the ratio of integrals for the crosspeaks for H2 vs
H4,8, H16,20, and H10,14 were, respectively, 1:0.7:0.5
(NOESY) and 1:0.6:0.2 (ROESY). Thusallthe NMR data
suggest that the solution conformation parallels that of
the crystal structure.

Discussion

Structures and Conformations. The crystal struc-
ture determinations and the energy-minimization calcula-
tions for the five DTAC compounds (1-5) have shown
that the central core, the dichlorotriarylcyclopropane, had
a consistent geometry in which the g-ring is always in a
bisecting position and «- and o’-rings were in a perpen-
dicular position with respect to the cyclopropane ring.
Such a nonpropeller conformation of the three aryl rings
in DTAC’s is in contrast to the propeller conformation of
the triaryls as observed in all known tamoxifen derivatives.
Conformational searches of the DTACs have shown that
the nonpropeller conformation observed in the crystal also
represents the global minimum for each of the DTACs. It
appears likely that this geometry is imposed on the
molecules by the dichlorocyclopropane system and is not
affected by the substituents on the phenyl rings or by the
crystal-packing forces. Therefore, it may safely be as-
sumed that all the DTAC molecules retain the same
conformation in their biologically active form.

The crystal structure® of MER25 showed that in the
solid state the drug molecule exists in the anti conforma-
tion (o’- and S-rings in the anti position), which closely
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Figure 5. (a) Section at ¢; = 75° of the relative steric energy contour plots for MER25 model anti. Contours are drawn from 1 to
7 kecal/mol at intervals of 1 kcal/mol. Corresponding 3-D representation is shown at the top. (b) Section at ¢, = 0° of the relative
steric energy contour plots for MER25model gauchel. Contours are drawn from 1 to 7 kcal/mol at intervals of 1 kcal/mol. Corresponding
3-D representation is shown at the top. (c) Section at ¢, = 75° of the relative steric energy contour plots for MER25 model (gauchel).
Contours are drawn from 1 to 7 kcal/mol at intervals of 1 kcal/mol. Corresponding 3-D representation is shown at the top.

resembles the estrogenic E-isomer of Tamoxifen. Our
NMR study of MER25 revealed that the molecule is
predominantly in the anti conformation in solution. This
E-like conformation was unexpected, particularly when
one considers that MER25 is a pure antiestrogen and only
the Z-isomers of the triarylethylenes are associated with
antiestrogenicity.4! However, our molecular mechanics
calculations and steric energy profile searches of MER25
have demonstrated that MER25 can assume a number of
possible low-energy conformations (Figure 6) of which two,
oneanti (A1) and one gauche (G1A), have about the same
energy. One can assume that the anti (E-like isomer)
conformation of MER25 undergoes transformation to the

gauche (Z-like isomer) in vivo when attaching to the
receptor. However, molecular dynamics and other relevant
energetic calculations would be required to elucidate the
pathway of such a transformation.

The crystallographic structures of Tamozxifen and other
triarylethylenes and a systematic molecular mechanics
study of the triarylethylene skeleton have shown that
although the three phenyl ring conformations exhibit some
degree of flexibility, they consistently assume a propeller
conformation with aslightly bent, but rigid, centraldouble
bond. Conformational and molecular graphic studies?9:30
have demonstrated that the solid-state conformers of
triarylethylenes are also their active forms.
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Table 3. Conformational Parameters of Low-Energy Conformers
of MER25

anti gauchel gauche2
conformers crystal Al A2 Gl1A G1B G1C G2
1 82 76 20 5 78 79 86
b2 4 7 100 110 158 172 29
b3 83 84 60 89 113 174 88
T 173 173 176 -9 -59 -58 62
energy 16.7 21.1 170 186 185 20.7
(kcal mol-?)
Al A2 G2
GlA G1lB GlcC

Figure 6. A view down the ethylenic single bond of the six low-
energy conformers of MER25: A1, A2, G1A, G1B, G1C, and G2.

It appears that even in their biologically active con-
formations, the molecules of DTACs, MER25, and Tamox-
ifen would retain some distinct differences. Figure7shows
the superimposed molecules of a DTAC (3) and Tamoxifen,
a DTAC (3) and MER25 (gauchel, conformer G1A), and
MERZ25 (gauchel, conformer G1A) and Tamoxifen. The
DTACSs differ from Tamoxifen and MER25 primarily in
the relative disposition and conformation of their a-rings.
The matching of compound 3 and Tamoxifen (Figure 7a)
shows that there is a closer match of the o’- and S-rings
of the two molecules, while their respective a-rings are far
apart. Conformational studies have indicated that it would
be difficult to achieve a propeller type conformation for
the DTACs because of the high barriers of rotation for the
a-ring. The gauchel (G1A) conformer of MER25, on the
other hand, matches better with both Tamozxifen and
DTAC (Figure 7b,c). Its superposition with Tamoxifen
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Chart 4. Atom Numbering in MER25

(Figure 7¢) shows that despite structural differences, the
centers of the three aryl rings in the two molecules are
very close toeachother. And asthe conformational studies
of MER25 indicated that the aryl rings in MER25 have
shallow barriers of rotation, it seems possible for MER25
to achieve a propeller type of conformation as in Tamox-
ifen; however, MER25 differs from Tamoxifen and DTACs
in several ways: (i) the molecule is more flexible and has
several low-energy conformers, (ii) in the crystal it exists
in an E-like isomer, and (iii) it differs also from DTACs
and Tamoxifen in having a polar hydroxyl group in the
central part of the molecule, while the others have a
hydrophobic core.

It should be noted that the DTACs and MER25 exist
as racemic mixtures. It has been reported that enantio-
meric pairs can exhibit different biological activities,*2and
since there is no difference in their physical properties,
the difference in pharmacological activity must be due to
their stereochemistry. Asthere are steric differences (see
below) between the enantiomers of a DTAC and of MER 25,
the separation of enantiomeric pairs may be essential while
studying their bioactivity.

Thestructural element which appears to be consistently
similar in all the low-energy conformers of the DTACs,
MER25, and Tamoxifen is the cis-Ph-C-C-Ph moiety.
Even in analog II, the conformation of this structural
element is very similar to that observed in other molecules,
indicating that the ¢is-Ph—C-C-Ph could be part of the
pharmacophore for most antiestrogens. Bioactivity stud-
ies of triarylethylenes have shown that it is the cis
arrangement of the o’- and B-rings (Z-isomer) which is
essential for antiestrogenic activity, while a trans ar-
rangement of the a- and 8-ring (E-isomer) is estrogenic.4!
The cis-isomer of analog II (Z-isomer) is antiestrogenic
and is devoid of intrinsic agonist activity, while its trans-
isomer is without any traceable estrogenic/antiestrogenic
action.10

Structure—-Activity Relationship. Do all of these
nonsteroidal antiestrogens, which possess some common
structural elements and at the same time show distinct
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Table 4, Proton NMR Data for MER25 (Chart 4)

Hossain et al.

CDsOD" Cstb Py-d5
ring o
Hi2 7.15 t 7.8 7.05 t 6.8 7.22 t 7.8
H11,13 7.23 t 7.8 7.12 t 6.8 7.35 t 7.8
H10,14 7.34 d 79 7.43 d 7.7 7.80 d 7.8
ring o’
H16,20 7.27 d 8.8 7.33 d 8.8 7.74 d 8.7
H17,19 6.81 d 8.6 6.81 d 8.8 7.03 d 8.7
ring 8
H4,8 6.78 d 8.7 6.82 d 8.6 7.22 d 8.6
H5,7 6.61 d 8.7 6.61 d 8.6 6.79 d 8.6
H2 3.49 s 3.41 ABgq 11.2 3.80 s
OCH; 3.69 8 3.22 s 3.53 s
H22 4.06 t 5.8 3.82 t 6.5 4.03 t 6.3
H23 2.89 t 5.8 2.70 t 8.5 2.79 t 6.3
H25,27 2.67 q 7.4 2.40 q 7.0 2.50 q 7.1
H26,28 1.09 t 7.4 0.92 t 7.0 0.95 t 7.1
OH 2.13 8 5.0
@300 MHz. » 500 MHz.
Table 5. Nuclear Overhauser Enhancements Observed for MER25 (Chart 4)
CD3OHs CgDg Py-d;
proton irrad proton enhanced (%) proton irrad proton enhanced (%) proton irrad proton enhanced
H2 349 H4s8 6.78 (10.4) H2 3.41 6.82 (10.8) H2 3.80 7.22
H16,20 7.27 (10.8) H16,20 7.33 (10.6) 7.74
H10,14 7.34 9.2) 7.43 (7.8) 7.80
CH;0 3.69 H(,7 6.61 CH30 3.22 6.61 (10.5) CH30 3.53 6.79
H22 406 H17,19 6.81 (9.3) H22 3.82 H17,19 6.81 (10.3) H17,19 17.03 H22 4,03
H5,7 6.61 CH30 3.69 3.7
H17,19 6.81 H22 4.06 6.5)
H5,7 6.61 9.0
H16,20 7.27 (15.0)
H16,20 7.27 H17,19 6.81 (10.3)
H10,14 734 H2 3.49 (2.2) H10,14 7.43 H11,13 7.12 9.3)
H48 6.82 (L.1)
OH OH 2.13 H16,20 7.33 (26) OH 5.0 H16,20 7.74
H10,14 7.43 (2.2) H10,14 7.80

@ 300-MHz difference NOE experiments.

structural and conformational differences, have a similar
mechanism of action?

Biological studies have shown that analog II, DTACs,
and MER25 have comparable estrogen-receptor binding
affinity, antiestrogenicity, and antiproliferative activity.
Selective bioactivity data from an earlier report!2 are listed
in Table 6 for a comparative review. Compounds 1-5 and
analog II exhibited no uterotrophic activity when tested
in vivo in the absence of estradiol at doses up to 750 ug.
Tamoxifen elicited a significant estrogenic response at a
dose of 1 ug, and MER25 was slightly estrogenic at 750 ug.
Inthe antiuterotrophic assay, a DTAC molecule with either
amethoxy (5), benzyloxy (1, 2), or (dimethylamino)ethoxy
(3, 4), as the o/-ring side chain, produced significant
decreases (30-50% ) in the uterine weight at 150 ug, while,
as expected, Tamoxifen did not yield any decrease
(Tamoxifen is estrogenic/antiestrogenic in the rat and
estrogenic in the mouse). Compounds 1-4, Tamoxifen,
and analog II were active in vitro against the estrogen-
dependent MCF-7 human breast cancer cell line.

More recently, the antiproliferative activity of the
DTACSs 1-3 and 5 was examined in the ER-negative MDA-
MB-231 human breast cancer cell line and A-549 human
lung cancer cells.#345 None of the DTACs altered the cell
growth in either cell line but were active only in the
hormonal-dependent cell line, MCF-7 human breast cancer
cells. Further, coadministration of estradiol reversed the
antiproliferative activity of the DTACs on the MCF-7 cells.
All compounds (10% M) in a study of cell surface

morphology reduced the length and density of microvilli
on MCF-7 cells, but not on the ER(-YMDA-MB-231 cells,
which were reversed by coadministration of estradiol (10-8
M). These results indicate that the pure DTAC anti-
estrogens are very selective for breast cancer cells, and an
ER-dependent mechanism of action is very likely. The
relative binding affinity (RBA) for the ER is generally
considered an important factor in antiestrogenic activity
on the basis of the assumption that antiestrogenic
compounds act mainly by competing with estradiol for its
receptor.® The nonsteroidal antiestrogens listed in Table
6, including Tamoxifen, have, however, a weak affinity for
the estrogen receptor, analog II and MER25 being the
two with lowest RBA. The DTACs 3 and 4 with a
(dimethylamino)ethoxyside chain have comparable RBA's
to that of Tamoxifen, while the DTACs with methoxy (5)
or benzyloxy (1, 2) have much lower RBA's, indicating the
importance of the aminoethoxy side chain on the «’-ring.
On the other hand, MER25 possesses the aminoethoxy
side chain and has a very low RBA.

Molecular superpositions of the a-ring of the triaryl anti-
estrogens with the estradiol A-ring have been used to
elucidate structural requirements for antiestrogenic
activity.2%2-28 Similar superpositions are shown for a
DTAC (3) (Figure 8a), (Z)-Tamozxifen (Figure 8b), and
the low-energy gauche conformer of MER25 (Figure 8c).
The bulky substituent on the o’-ring has been hypothesized
to prevent activation of the ER.20:2831 This structural
requirement for antiestrogenic activity is thus a mostly
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Figure 7. (a) Stereoview of the superposition of Tamoxifen with compound 3. (b) Stereoview of the superposition of compound 3
with MER25 (gauche G1A). (c) Stereoview of the superposition of Tamoxifen with MER25 (gauche G1A).

Table 6. Comparative Activities of Tamoxifen, MER25, Analog
II, and DTACs Antiestrogens®

compound It II¢ 1114 IVe
Tamoxifen 0.9 0x10/ 52x2 weakly estrogenic
analog II 0009 284 60%2 nonestrogenic
MER25 0.002 3086 nonestrogenic

1 0.1 49 14 464 nonestrogenic

2 0.1 47£ 11 35+ 2 nonestrogenic

3 0.9 3010 41%5 nonestrogenic

4 0.7 42+10 35%2 nonestrogenic

5 0.2 49+10 35%8 nonestrogenic
estradiol 100

a Reference 12. *RBA (%) relative to estradiol (100%). ¢ Per-
centage reduction in the estradiol-stimulated uterine weight of
immature female mice at a dose of 150 ug. ¢ Percent inhibition of
control cell growth of ER-positive MCF-7 human breast cancer cell
line at a concentration of 10-7 M. ¢ Estrogenic property of the
compounds and standard. / As expected, Tamoxifen had no anties-
trogenic activity in the mouse. # Result for a dose of 200 ug.

rigid (phenyl) group and a bulky substituent, i.e. (dialkyl-
amino)ethoxy or benzyloxy group at the para-position of
the of the o/-ring, region I (Figure 8a). This requirement
is satisfied for Tamoxifen, the DTACs, and MER25. The
low RBA values for the compounds may be caused by one
of two reasons or a combination of them. One reason,

their lack of a p-hydroxyl group on the a-ring, has been
proposed.3! The other comes from the superpositions in
Figure 8. That is, the rather poor fit in region II (Figure
8a) below the estradiol molecule. Our hypothesis is that
a poor fit in region II contributes to the low RBA values
of the compounds. We also propose that a certain amount
of space is allowed in region II, which can be occupied by
the B-ring in MER25, the $-ring and the dichloro group
in DTACs, and a 8-ring and an ethyl group in Tamoxzxifen.
Supposedly, sufficient bulk in region II would completely
prevent binding and eliminate antiestrogenic activity
completely. One could test this proposal by probing region
II with DTAC compounds bearing different bulky sub-
stituents on the §-ring. If one superposes estradiol with
the enantiomeric 2R,3S DTAC 3 (Figure 8d), one inter-
changes, in principle, only the dichloro group and $-ring.
This, therefore, affords another way of probing region II
by separating the enantiomers of DTACs and studying
their antiestrogenic activity. A similar experiment with
MER25 also would yield additional information. The
flexible MER25 molecule could have the same conforma-
tion in the crystalline state, in solution, and at the receptor,
or differ in each state or be alike in two states and not the



1680 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 11

Hossain et al.

Figure 8. Stereoviews of the superposition with estradiol: (a) Compound 3, (b) Tamoxifen, (c) MER25 (conformer G1A), (d) an
enantiomer of 3. In each case the a-ring of the antiestrogen molecule is matched with the A-ring of estradiol. Inparta,l and Il indicate

the two unmatched regions.

other. The synthesis and biological testing of restrictive
analogs of MER25 are necessary to find out which
conformation of MER25 is needed for antiestrogenic
activity.

The structural comparison and superpositions (Figures
7 and 8) do not provide an obvious explanation for the
weakly estrogenic activity of (Z)-Tamoxifen compared to
the pure antiestrogenic activity of the DTAC's. If
Tamoxifen is rotated by 180° around the a-ring in the
estradiol superposition, the bulk in region I would be
eliminated and thus allow activation of ER. On the other

hand, this rotation would give a large group (o/-ring and
substituent) in region II, possibly preventing binding
completely. In addition, other mechanisms besides those
involving the ER have been proposed for Tamoxifen, i.e.
interactions with calmodulin4é2¢ and protein kinase C.47
Considering the distinct structural and conformational
differences between Tamoxifen and DTAC’s and between
the DTAC’s and MER25, combined with the fact that the
ER binding affinities are extremely low for these com-
pounds, one can suggest that themodes of action of DTAC’s
and MER25 may be different from that of Tamoxifen.
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Table 7. Crystal Data, Intensity Data Collection, and Refinement Parameters for Compounds 1-4

1 2 3 4
Crystal Data
formula CgsHquClz CangeOaCLz CstgsONCLz CmHmOzNClz
MW 475.4 505.4 426.3 456.4
no. reflections (for cell) 48 24 40 48
f-range, deg 12-40 10-15 15-28 11-16
crystal system monoclinic) monoclinic monoclinic monoclinic
space group P2y/c P2,/c P2,/n P2,/a
a (A) 13.746(1) 13.021(8) 16.582(2) 11.162(6)
b (A) 15.7276(6) 16.940(2) 20.156(2) 15.950(6)
c(d) 11.1811(9) 11.837(7) 6.6687(9) 13.771(8)
B (deg) 105.266(7) 97.69(1) 97.414(8) 108.94(5)
V (A3) 2332.0 2543.7 2210.2 2319.0
Z 4 4 4 4
D, Mgm™) 1.354 1.319 1.281 1.307
& (\) (mm-1) 2.58 2.38 2.64 0.26
A A) 1.54178 1.54178 1.54178 0.71069
F(000) 992 1056 896 960
crystal dimensions (mm) 0.24 X 0.10 X 0.04 0.20 X 0.09 X 0.02 0.48 x 0.08 X 0.05 0.18 X 0.10 X 0.05
solvent ethanol ethanol/benzene ethanol ethanol
Intensity Data Collection
20max 150° 120° 150° 46°
h ~17t0 17 ~14to0 14 ~20 to 20 0to12
k 0to 19 0to19 0to 25 0to17
l 0to 14 0to13 0to8 ~-15t0 15
scan type 6-26 6-26 6-26 6-26
scan width, deg 090+ 0.2tan ¢ 0.80 + 0.20 tan ¢ 0.85 + 0.26 tan 0 1.10+ 0.34 tan ¢
monitor/freq 3,2h 3,2h 3,2h 3,2h
max variation 3.8% 2.0% 3.5% 4.8%
Tmax (8) 45 75 80 60
no. unique 4786 3742 4555 4537
no. observed 3204 (I > 2a(I)) 1671 I > 20(D)) 3315 (I > 2a(I)) 2336 (I > 3a(D)
Refinement

R 0.050 0.076 0.043 0.062
Ry 0.050 0.063 0.044 0.068
S 1.6 1.3 1.4 2.0
(A/o)m 0.05 0.05 0.04 0.06
H-atom refined refineds refined refined
no. parameters 394 394 362 388
(Ap)max (e/A3) 0.50 0.54 0.36 0.40
(Ap)min (6/A8) -0.25 -0.45 -0.30 -0.50

@ Refined with bond-length constraints.
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In conclusion, it seems that future studies should be
directed toward (i) the separation of the enantiomeric pairs
of DTACs and MER25 and testing of their bioactivity (ii)
synthesis and testing of metabolites of DTACs, (iii)
synthesis and testing of restrictive analogues of MER25,
and (iv) testing calmodulin-binding affinity for the various
cyclopropyl antiestrogens and MER25. Work in all of
these areas is in progress.

Experimental Section

X-ray Diffraction. Compounds 1-4 were crystallized by slow
evaporation at room temperature. Crystals of compounds 2 and
4 were of poor quality while those of compounds 1 and 3 were
of moderate quality. Crystal data, intensity data collection
parameters, and refinement results of the four compounds are
summarized in Table 7. Cell parameters were determined by
least-squares fit to =26 of a number of reflections measured at
163 K using Cu Ka, radiation. Space groups were determined
from systematic absences. AllX-ray measurements were carried
out on an Enraf-Nonius CAD-4 diffractometer fitted witha liquid-
Nlow-temperature device. Ineach case intensities were collected
employing 6-26 scan technique using a variable scan width and
horizontal aperture. Intensities were corrected for Lorentz and
polarization factors but not for absorption. The structures were
determined by direct methods using the programs MULTAN804
and SHELXS-864 and refined by a full-matrix least-squares
routine® in which the quantity Lw(F, - F)? was minimized, w
= 1/02(F,). Hydrogen atoms in each case were located from the
difference map and they were refined isotropically. For com-
pound 2, the hydrogen atoms were refined with bond-length

constraints using “DFIX” instruction in SHELX76 and fixed
isotropic temperature factors. The refinementsummary foreach
compound is listed in Table 7.

Molecular Mechanics Studies. Molecular mechanics cal-
culations and energy minimizations were performed by using the
programs MM2/MMP2. Interactive molecular modeling, su-
perposition, and other graphic studies were performed by using
the program MOGLI (Molecular Graphics Library) on an Evans
& Sutherland PS390 color graphics terminal coupled to a
MicroVax II computer.

For diaryl model compound M1, a two-dimensional confor-
mational search for all possible low-energy conformations was
performed, varying ¢, and ¢; in a step of 15°. Initial exploration
was made with only slight relaxation for the whole molecule,
which was followed by a full-energy minimization at every grid
point.

For DTAC model M2, the same procedure as in M1 was
followed except in this case energy values were evaluated for 13
different sections of ¢; ranging from 0 to 180° at a step of 15°.
A similar procedure was followed for Tamoxifen model M3. For
MER25 model M4, initially angle = was varied from 0 to 360° at
a step of 15° and at each value of 7 the rest of the model was
allowed to relax and the results of this search led to the building
of three new models anti, gauchel, gauche2with r values of 60°,
180°, and -60°. The aminoethoxy side chain is included in the
anti, gauchel, and gauche2 models, for in model M4 (without
phenyl substituents), the phenyl rings o« and o’ are indistin-
guishable and the anti model and gauchel mode] are in effect
enantiomers of each other. For all three models of MER25, a
search procedure similar to that of DTAC and Tamoxifen models
was followed.
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Normal force-field parameters as given in the MM2/MMP2
program were used along with the following additional parameters
for atom types 12 (C1), 22 (cyclopropane C), and 2 (benzene C):
(i) torsional parameters, 22-22-22-12 (0.000,-0.250, 0.550), 5-22-
22-12 (0.000, 0.000, 0.406), 2-22-22-12 (0.000, 0.000, 0.406); (ii)
stretching parameters, 2-2 (6.56, 1.390), 12-22 (3.23, 1.795); (iii)
bending parameters, 22-22-12 (0.560, 118.5), 12-22-12 (1.080,
111.7). These parameters were obtained by comparing those
given in the MM2 parameter tablesfor closely related interactions
and by trial energy minimization that gave proper geometries for
the molecules. For all the compounds only one of the enantio-
meric forms was considered, assuming the existence of a mirror-
related conformer.

NMR Spectroscopy of MER25. 'H NMR spectra were
recorded at 300 and 500 MHz on Varian XL-300 and VXR-500
spectrometers at ambient temperature in the solvents specified
inTable5. Chemical shifts are given relative to tetramethylsilane.
Proton assignments were verified by decoupling and NOE
experiments (see Discussion). Percent NOE's were determined
by difference spectroscopy.
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