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2-Arylindenes and 2-Arylindenones: Molecular Structures and Considerations in
the Binding Orientation of Unsymmetrical Nonsteroidal Ligands to the Estrogen
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We have studied how 2-arylindene systems, unsymmetrical nonsteroidal estrogens, orient themselves within the
binding site of the estrogen receptor, relative to estradiol, by making a comprehensive comparison of the binding
affinity of 16 analogues. These analogues are representatives of two major classes, those substituted at C-3 with
an ethyl or with a phenyl substituent; within each class there are members that have different patterns of hydroxyl
group substitution and C-1 oxo or alkyl substitution. Orientational preferences were inferred from the relative binding
affinities and were supplemented by computer graphic molecular overlap studies that utilized crystal structures
of selected representative compounds and the known tolerance of the estrogen receptor to substituents on the steroidal
ligand estradiol. 2-Arylindenes with a 3-aryl substituent appear to orient with the indene system mimicking the
A- and B-rings of estradiol (indene/AB mode). This orientation is supported by the fact that hydroxyl substitution
at C-6 in the indene markedly elevates binding relative to hydroxyl substitution at the para position of the 2-phenyl
substituent. A C-1 oxo substituent increases binding further, but a C-1 alkyl group has little effect. By contrast,
the 2-arylindenes with a C-3 ethyl substituent appear to bind with the pendant C-2 ring, mimicking the A-ring of
estradiol (pendant/A mode), as hydroxyl substitution in this ring elevates binding relative to the C-6 hydroxy analogues.
C-1 alkyl substitution elevates binding affinity in this series; such a substituent in a C-1 S configuration would be
projected into the receptor region normally occupied by the high-affinity 7a- or 118-alkyl estradiols. A C-1 oxo
substituent produces only a modest binding enhancement in the C-3 ethyl series. A thermodynamic evaluation
of receptor fit suggests that the smaller 3-ethyl-2-arylindenes are more efficient than the 2,3-diarylindenes in the
use of the molecular bulk to achieve receptor binding. This analysis of the orientational preference of 2-arylindene
nonsteroidal estrogens has important implications in the design of donor/acceptor-substituted 2-arylindenes as

fluorescent ligands for the estrogen receptor.

The estrogen receptor (ER) is unique among steroid
receptors in being tolerant to large changes in ligand
structure.! Nonsteroidal estrogens have high binding
affinity representatives from many different structural
classes: bibenzyls,? stilbenes,? triarylethylenes* and eth-
anes,’® phenylindoles,® phenylindenes,” coumarins,® iso-
flavones,® resorcylic acid lactones,® and others.!® The
manifold structures of these high-affinity nonsteroidal ER
ligands raise questions concerning how these ligands are
oriented within the binding site of the ER, as compared
to a steroidal ligand such as estradiol (E,, 1).)! Some of
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these nonsteroidal ligands are symmetric, thereby reducing
the number of possible ways in which they may be or-
iented. However, unsymmetrical nonsteroidal ligands pose
ambiguities in this regard; it may not be readily apparent
which of two nonequivalent phenols may be imitating the
crucial C-3 phenolic hydroxyl group of E.!2

Such questions of binding orientation may not be an
important issue when the goal of ligand design is simply
the acquisition of high binding affinity, but it can be
critical in the design of functionalized ligands for the ER.
In the course of developing inherently fluorescent ligands
for the ER based on the hydroxy-substituted 2-arylindene
system,! we encountered this problem. The existence of
desirable fluorescence characteristics (long emission
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wavelength, high environmental sensitivity) often requires
the incorporation of distinct electron donor and acceptor
moieties in the molecule,!* as illustrated for the 2-aryl-
indene system in Figure 1. Since a 4-hydroxyphenyl group
is an effective electron donor, whereas electron acceptors
are phenyl groups substituted with nitro, cyano, or acetyl
functions, it is important that these substituents by ar-
ranged on the 2-phenylindene nucleus in a manner most
consistent with high receptor binding affinity. Further-
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R = alkyl, aryl

D = donor (-OH, -NHp)

A= acceptor (-NC,, -CN, -CC-)
Figure 1. Numbering system and possible structures of do-
nor/acceptor-substituted 2-arylindenes.

more, elucidation of the structural factors that control the
orientation of nonsteroidal estrogens will facilitate the
understanding of ER agonism/antagonism at the molec-
ular level.!s

In this paper, we report the estrogen receptor binding
affinities and molecular structures of a series of 2-
phenylindenes in which the position of the hydroxyl group
and the substituents at C-1 and C-3 are systematically
varied. The molecular structures and binding data are
used to derive hypothetical orientations of these com-
pounds in the ER binding site.

Results and Discussion

Rationale and Experimental Design. The 2-aryl-
indene system has various attributes that make it an ideal
lead structure in the development of an integrated fluor-
escent estrogen. Like other triarylethylene ER ligands, the
2-arylindenes possess a formal trans-stilbene chromophore.
However, the 2-arylindenes are unique in that the 6/5-ring
fusion splays the substituents attached to the double bond
apart, permitting a relatively flat disposition of the 2-aryl
group, and thereby greatly enhancing the fluorescence
quantum yield.!?® Furthermore, the 2-arylindenes have
high-affinity representatives with diverse substituents at
C-1 and C-3,1%¢ increasing the possibilities for successful
ligand design.

In estradiol, the 3-hydroxyl group is more important for
binding than the 178-OH. Deoxyestradiol (2), lacking the
178-OH, has an RBA of 14%, whereas 3, without the 3-OH,
has an RBA of 1.7%.'% The presence of at least one
phenolic hydroxyl and a lipophilic backbone within certain
dimensions may be the only common denominator among
the high-affinity nonsteroidal estrogens.

Bl

For the pseudosymmetric 2-arylidene system, it was
necessary to know which aryl group imitated the crucial
A-ring phenol of estradiol to allow optimization of binding
affinity in a system in which only one phenol could be
utilized, i.e., a fluorescent donor/acceptor-substituted
2-arylindene. We intended to determine the long-axis
orientation of 3-aryl- and 3-ethyl-2-arylindenes by sys-
tematically varying the location of a single hydroxyl group,
placing it either at the 6-position of the fused aryl ring or
at the 4’-position of the 2-aryl ring. A similar approach
was used by Pons and co-workers in their study of the
binding orientation of triphenylacrylonitriles in the ER

(15) (a) Duax, W. L.; Griffin, J. F.; Rohrer, D. C.; Swenson, D. C;
Weeks, C. M. J. Steroid Biochem. 1981, 15, 41. (b) Duax, W.
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Perspect. 1985, 61, 111.
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Figure 2. Summary of compounds to probe the orientational
preference of the 2-arylindene system.

binding site.” Further structural variation was introduced
at the C-1 position of the indene [-CHy— vs ~CO- vs
~CH(Et)-] to probe additional steric and electronic effects
on the orientation of the 2-arylidenes in the ER binding
site. The compounds under study are summarized in
Figure 2. The synthesis of these compounds is described
elsewhere.!32°

Molecular Structures. To assess the effects of mo-
lecular shape on binding affinity and orientation, crys-
tallographic structure determinations were performed on
one member of the two structural classes for which mo-
lecular structures have not been reported: the 2-aryl-3-
ethylidenes (e.g., 4) and the 2-aryl-3-ethylindenones (e.g.,
5). Two perspectives on ethylindene 4 and on ethyl-
indenone 5 appear in Figure 3. The crystallographic
structures of these molecules were compared with those
obtained previously for the related ER ligands 6, 7'3 and

OCH,

©) O
A 3B

Neither indene 4 nor indenone 5 had any intermolecular
contacts less than 2.5 A. The closest intermolecular contact
for indene 4 involved the methoxy group, so the observed
indene structure, with the possible exception of methoxy
rotation, is at or near a local energy minimum.!® Indenone
5 had one contact which might be construed as a very weak
hydrogen bond [H4--ether oxygen, 2.56 (2) A, C4-H4...
ether oxygen, 174 (2)°, C4--carbonyl oxygen, 3.456 (2) A;
see Figure 1 for numbering scheme]. This intermolecular
contact along the ¢ axis situated the translationally related
C-3 ethyl group terminal carbon atom about 3.9 A from
the closest atom in the C-2 aryl plane, which is longer than

©

(17) Pons, M.; Michel, F.; Crastes de Paulet, A.; Gilbert, J.; Miguel,
J.-F.; Précigouzx, G.; Hospital, M.; Ojasoo, T.; Raynaud, J.-P J.
Steroid Biochem. 1984, 20, 317.
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Figure 3. Stereoscopic thermal ellipsoid representations (35% probability): (a and b) 4 and 5 plotted parallel to the best-plane normal,
respectively; (c and d) 4 and 5 plotted perpendicular to the best-plane normal, respectively.
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Figure 4. General orientations that 2-arylindenes may adopt in
the binding site of the estrogen receptor relative to estradiol.
Orientations A and B and orientations C and D are related to each
other by a 180° rotation about the C-O bond axis.

the sum of the van der Waals radii for a methyl group and
the half-thickness of an aromatic ring.’® This weak crystal
packing force may have a small influence on the confor-
mation, depending on the broadness of the energy mini-
mum for aryl rotation.?? Nevertheless, the indenone
structure is also probably near a local minimum-energy
conformation.!® The observed conformations of 4 and 5

(19) Pauling, L. The Nature of the Chemical Bond; Cornell Univ-
ersity Press: Ithaca, NY, 1960.

(20) Kuroda, R.; Cutbush, S.; Neidle, S.; Leung, O.-T. J. Med.
Chem. 1985, 28, 1497.

Sl
HO @ HO

ring-3/A mode (ring-3/A) 180° mode
Figure 5. Additional binding orientation modes that may be
accessed by 2,3-diarylindenes. Orientations E and F are related
to each other by a 180° rotation about the C-O bond axis.

probably represent global energy minima, because there
is only one unique molecule per asymmetric unit!®® and
the intermolecular forces in each case are minimal.?!

Our primary interest was in the overall molecular shape,
which would be dependent on the torsional angles between
the three prominant planes (the central double bond with
respect to the fused ring system, the C-2 aryl substituent,
and the C-3 substituent) within the five molecules. Table
I shows a comparison of these angles. Considering the long
axis of the molecules, the greatest deviation from planarity
is observed in ethylindenone 5, whereas diarylindene 6 is
the most planar. The diarylindenone 7, indenestrol A (8),
and ethylindene 4 all show a similar dihedral angle between
the 2-aryl ring and the indene nucleus. From a comparison
of 4 and 8 it can be seen that the C-1 methyl group of
indenestrol A contributes negligibley to the torsion of the
C-2 substituent.

(21) Desdarlais, R. L.; Sheridan, R. P.; Seibel, G. L.; Dixon, J. S;
Kuntz, [. D.; Venkataraghaven, R. J. Med. Chem. 1988, 31,
722.

(22) (a) Watson, W. H.; Nagl, A. Acta Crystallogr. 1987, C43, 2444.
(b) Jens, K.-J.; Weiss, E. Chem. Ber. 1984, 117, 2469.

(23) Katzenellenbogen, J. A.; Johnson, H. J., Jr.; Myers, H. N.
Biochemistry 1973, 12, 4085.
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Table I. Normalized Torsional Angles (deg) between Prominent Planes in 2-Arylindenes®

o

G

torsion angle ethylindene 4

ethylindenone 5

diarylindene 6° diphenylindenone 7°  indenestrol A (8)¢

14 2 (-178) 0 (180)

2-4 39 (-141) 53 (+127)

3-4 74 (-106) 70 (+110)
total torsion® 115 123

1(-179) 5 (+175) 0 (180)
20 (-160) 36 (+144) 36 (-144)
51 (+51) 55 (+125) 80 (-100)
72 96 116

¢ Normalized refers to torsional angles measured without regard to sign (i.e., rotational direction). This convention has been used else-
where for dihedral angles.?® The values in parentheses are the measured torsional angles considering the direction of rotation; since these
structures were centrosymmetric, only the relative signs per structure are significant. Rotational direction will determine ligand shape and
may be a consequence of crystal packing forces; however, global molecular properties such as molecular volume surface area and conjugation
will be independent of rotational direction. ®Reference 13a. “For the X-ray crystallographic structures of other 2,3-diarylindenones, see ref
22. YReference 7. ¢Sum of the three prominent normalized torsional angles.

L =S
N

=55
=

Figure 6. Stereoview of the suggested binding orientation of 2,3-diarylindenes (A) and -indenones (B), relative to estradiol. The structures
of the compounds are based on X-ray crystallographic determinations. A rigid fit of the fused aryl rings and the A-ring of the steroid

was used.

Estrogen Receptor Binding Affinities. The estrogen
receptor binding affinities of the orientational probes were
determined in a competitive protein binding assay (see
Table II). Analogous compounds are included for com-
parison purposes.

Orientation. One can imagine that there are four
general orientations that a 2-arylindene may adopt with
respect to estradiol in the estrogen receptor binding site;
these are shown schematically in Figure 4. The 2,3-di-
arylindenes have two additional binding modes, involving
the 3-aryl ring as an A-ring mimic (Figure 5).

Binding Orientation of C-3 Aryl-2-phenylindene
Systems 9-15. The estrogen receptor binding affinities
of the C-3-aryl-substituted 2-arylindene systems 9-15 show
a clear pattern indicative of a preferred binding orienta-
tion. The very low binding affinity of the C-3 ring hy-
droxylated indene 11 indicates that the binding modes of
Figure 5 cannot be accommodated by the ER. The low
affinities of the 2,3-diarylindene 10 and -indenone 13, in
which the phenyl ring attached to C-2 is para-
hydroxylated, also suggest that these classes of compounds
do not bind to ER in the pendant/A or (pendant/A) 180°
modes. By comparison, the fused ring hydroxylated 2,3-
diarylindene 9 and -indenone 12 bind relatively well, in-
dicating a preference for the indene/AB mode or (ind-
ene/AB) 180° mode. However, the latter is dismissed for
the following reasons: (1) overall, it produces poor skeletal
overlap with the steroid, and (2) the indene methylene (or
indenone carbonyl carbon) is presented near the region of
the ER occupied by the C-1 substituent of the steroid, a
position of known steric intolerance. The C-1 methyl, 2

(24) The RBA of 1-methylestradiol was 15% with rabbit uterine
cystosol: Zeelen, F. J.; Bergink, E. W. In Cytotoxin Estrogens
in Hormone Receptive Tumors (Raus, J., Martens, H., Le-
Clercq, G., Eds.) Academic Press: London, 1980; pp 39-48.

Table II. Estrogen Receptor Binding Affinities®

R
OO
X
V4
compd R X Y y/ RBA, %*

9 CeHj OH H H, 8.9
10 CH, H OH H, 0.36
11 4HOCH, H H H, 0.017
12 CH, OH H O 59
13 CeH, H OH O 0.45
14 CeHy H H O 0.0095
15 CH? OH H MeH 12
16  Et OH H H, 0.58
17 Et H OH H, 2.3
18 Et OH OH H, 16

19 Et OH H (6] 1.2
20 Et H OH O 4.6
21 Et OH H Et,H 2.2
22 Et H OH Et, H 9.3
23 Ete OH OH Et H 79

8 Ete OH OH Me H 81

¢ Determined by competitive radiometric binding assay using rat
uterine cytosol as a source of receptor, [*H]estradiol as tracer, and
dextran-coated charcoal as adsorbent for the free ligand. For de-
tails see ref 23. ®Binding affinities are expressed relative to that of
estradiol = 100% (RBA = relative binding affinity), are the aver-
age of duplicate determinations, and are generally reproducible
within £30%. ¢Commercial sample (Aldrich). ?¢Reference 2c.
¢Supplied by K. S. Korach.

hydroxy,? chloro,? and fluoro? analogues of estradiol all
have a lower RBA than estradiol. Thus, the indene/AB

(25) The RBA of 1-hydroxyestradiol was 19% using rat uterine
cytosol: Carlson, K. E. Unpublished results.
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Table III. Orientational Preference Ratios (OPR) for 2-Arylindenes
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site of hydroxylation

fused (F) pendant (P)¢
class of compounds compd no. RBA compd no. RBA OPR®
2,3-diarylindenes 9 8.9 10 0.36 25F¢
2,3-diarylindenones 12 59 13 0.45 131F¢
2-aryl-3-ethylindenes 16 0.58 17 2.3 4.0P¢
2-aryl-3-ethylindenones 19 1.2 20 4.6 3.8P¢
1,3-diethyl-2-arylindenes 21 2.2 22 9.3 4.2P¢

¢ Pendant refers to the ring attached to C-2. ®Orientational preference ratio, i.e., the RBA of the higher affinity compound divided by the
RBA of the lower affinity compound. ©The suffixes F and P refer to fused and pendant, denoting on which ring the hydroxyl gruop produces

a higher affinity.

mode is proposed for the binding orientation of 2,3-di-
arylindenes and -indenones in the ER binding site (see
Figure 6).

The very low binding affinity of the nonhydroxylated
indenone 14 documents the critical importance of a hy-
droxyl substituent in this series. The fact that the C-1
methyl analogue 15 has an affinity comparable to the
unsubstituted indene 9 indicates that, for this class of
compounds, additional aliphatic substitution at C-1 is of
little consequence in terms of binding affinity. By contrast,
indenone 12 has considerably greater affinity than the
corresponding protio- or methyl-substituted systems 9 and
15, respectively. This may be due to the fact that the C-1
carbonyl group in the indenone may cause a greater in-
crease in the pendant ring twisting than a proton or the
C-1 methyl group. This twisting expands the molecular
volume and/or surface area of these receptor ligands and
thereby increases their binding affinity.!3»2%2® Also, the
C-1 methyl group in 15 may sterically interfere with the
receptor-essential volume? in the region of the receptor
that would be occupied by the C-6 substituents of a
steroidal ligand.!%

Binding Orientation of C-3 Ethyl-2-phenylindene
Systems 16-23 and 8. The pattern of binding affinity
displayed by the C-3-ethyl-substituted 2-phenylindene
systems 16-23 and 8 is suggestive of a different binding
orientation for these compounds, as compared to the 2,3-
diarylindenes. In each of the pairs—16 and 17, 19 and 20,
21 and 22—the higher binding affinity of the C-2 p-
hydroxyphenyl partner compared to the 6-hydroxy-
indene/-one suggests that the pendant/A-ring binding
modes (Figure 4 C,D) are preferred. A similar conclusion
was reached by Duax et al., on the basis of the overlap of
the hydroxy groups and skeletal features of indenestrol A
(8) with estradiol.” The dihydroxy analogues 18 and 23
also bind with greater affinity compared to either of their
monohydroxy partners. For C-3 ethylindenes hydroxylated
at both the para position of the C-2 ring and at C-6, the
(pendant/A) 180° mode produces the best congruence of
the indene hydroxyl groups with the C-3 and 178-hydroxyl
groups of estradiol.”

In contrast to the C-3 arylindenes, in the C-3 ethyl series,
C-1 alkyl groups (methyl or ethyl) cause a substantial
increase in the binding affinity, raising the affinity even
above that of the corresponding ethylindenones 19 and 20.
This can be rationalized in terms of torsional effects and
hydrophobic bonding preferences. Compared to the C-3

(26)
(27)

Hylarides, M. D.; Duesler, E. N.; Mettler, F. A.; Leon, A. A.
Acta Crystallogr. 1988, C44, 709.

Bindal, R. D.; Katzenellenbogen, J. A. J. Steroid Biochem.
1985, 23, 929.

McCague, R.; Kuroda, R.; Leclerq, G.; Stoessel, S. J. Med.
Chem. 1986, 29, 2053.

Sufrin, J.; Dunn, D.; Marshall, G. R. Mol. Pharmacol. 1981, 19,
307.

(28)
(29)

arylindenes and -indenones, the C-3 ethylindenes and -
indenones have substantially greater pendant group
twisting, and thus increased molecular volume and/or
surface area (cf. Table I, 4 and 5 vs 6 and 7), and the C-1
alkyl group on the C-3 ethyl system does not cause further
increase in torsion (Table I, 8 vs 4). However, in both the
pendant/A binding orientations, the C-1 alkyl substituent
is projected into a region of the receptor that has a strong
preference for hydrophobic substituents. In the pen-
dant/A mode, a C-1 ethyl group corresponds to C-7 of a
steroidal ligand and its C-7 methyl substituent; in the
(pendant/A) 180° mode, to a steroidal 11-ethyl substituent.
Occupation of either of these sites is known to enhance
receptor binding affinity.?® Furthermore, it can be pre-
dicted that the S-enantiomer of the C-1 alkyl-3-ethyl-2-
arylindenes would have the higher binding affinity, since
in one of the pendant/A orientational moddes, the C-1
alkyl group would then correspond to either the 118- or
Ta-stereochemistries of a substituent of a steroidal ligand,
which produce a higher affinity than the other epimers.®
This prediction has been substantiated by the recent work
of Parker et al., who separated the enantiomers of inde-
nestrol A (8),3! and Korach et al., who established their
absolute configurations and measured their binding af-
finities.32

By contrast, receptor binding affinity is reduced by polar
oxygen substituents at the 7- and 11-sites of a steroid,®
as would be presented by the ethylindenone systems 19
and 20 when bound in the pendant/A modes. Various
orientations of the C-3 ethylindenes are shown in Figure
7.

Orientation Summary. To quantify orientational
preference in a pseudosymmetric system, such as the 2-
arylindenes, in which one end is functionalized to enhance
binding affinity, an orientation preference ratio (OPR) for
a pair of compounds can be defined:

orientation preference ratio (OPR) =
RBA of higher affinity compound

RBA of lower affinity compound
with a suffix appended to denote whether the pendant or

(30) (a) Gabbard, R. B.; Segaloff, A. Steroids 1983, 41, 791. (b)
Belanger, A.; Philibert, D.; Teutsch, G. Steroids 1981, 37, 361.
Parker, C. E.; Levy, L. A.; Smith, R. W.; Yamaguchi, K;
Gaskell, S. J.; Korach, K. S. J. Chromatogr. 1985, 344, 378.
Korach, K. S.; Chae, K.; Levy, L. A.; Duax, W. L.; Sarver, P.
J. J. Biol. Chem. 1989, 264, 5642,

The RBA of 7a-hydroxyestradiol is 0.9% and that of 115-
hydroxyestradiol is 7%; cf. ref 24.

This situation is reminiscent of that of pteridines binding to
dihydrofolate reductase, in which an inversion of orientation
occurs upon a small local change in the ligand structure. See:
(a) Bolin, J. T'; Filman, D. J.; Matthews, D. A.; Hamlin, R. C.;
Kraut, J. J. Biol. Chem. 1982, 257, 13650; (b) Beddell, C. R.
Chem. Soc. Rev. 1984, 10, 279.

(31)
(32)
(33)
(34)
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Figure 7. Stereoviews of the binding orientations of C-3 ethyl indenes/-ones relative to steroidal ligands: (A) (S)-22 in (pendant/A)
180° orientation overlapped with 113-ethylestradiol; (B) (5)-22 in pendant/A mode overlapped with 7a-methylestradiol; (C) ethylidenone
20 in the pendant/A orientation, vs estradiol; (D) ethylindenone 20 in the (pendant/A) 180° orientation, compared to estradiol. The
structures of (S)-22, 118-ethylestradiol, and 7a-methylestradiol were determined by molecular mechanics. The structures of ethylidenone
20 and estradiol are based on X-ray crystallographic determinations. For fit A, C1, C2, and the pendant ring of the indene were aligned
with C11, C9, and the A-ring (C1, C3, C5) of the steroid, respectively. For fit B, C3, C2, and the pendant ring of the indene were aligned
with C11, C9, and the A-ring (C1, C3, C5) of the steroid, respectively. For fit C, C3, C2, and the pendant ring of the indene were aligned
with C11, C9, and the A-ring (C1, C3, C5, C10) of the steroid, respectively. For fit D, C1, C2, C3, and the pendant ring of the indene

were fitted to C11, C9, C8, and the A-ring (C1, C3, C5) of the steroid, respectively. Equal weight was applied in each case.

fused ring hydroxylated compound produces the higher
RBA. The results are shown in Table III.

From the results in Tables II and I1I, it can be seen that
orientation in 2-arylindenes is determined primarily by a
single structural feature—the nature of the C-3 substituent,
phenyl vs ethyl. Possible polar contributions to binding
from a C-1 carbonyl group are not important in deter-
mining orientation: the C-3 ethylindenones and C-3
arylindenones have opposite apparent orientational pref-
erences. Aliphatic substitution at C-1 has little effect on
orientation preferences: the C-1 methyl-2,3-diarylindene
15 orients differently from the C-1 alkylated ethylindene
22. Furthermore, the OPR changes little in comparing the
three classes of C-3 ethylated compounds. The torsion of
substituents with respect to the central double bond is not
a determinant of orientation; diphenylindenone 7 has a
total torsion approaching that of indenestrol A (8) and
ethylindene 4, but the diphenylindenone shows a very
strong, opposite orientational preferences.

Thus, the C-3 substituent does appear to exert the most
important influence on orientation.?* In the C-3 phenyl
compounds, the C-3 aryl group may be stabilized in the
indene/AB orientation by charge-transfer complexation
with the receptor. Alternatively, in one of the pendant/A
modes, the bulky, protruding C-3 aryl group may interfere
with the receptor-essential volume.?? Conversely, in the
pendant/A orientations, the C-3 ethylindenes may tightly
occupy the receptor site (vide infra), whereas in the ind-
ene/AB mode, there may be steric interference with the
ER by the indene C-3 ethyl group in the vicinity of the
steroid C-ring.

Thermodynamic Evaluation of Receptor Fit. In the
preceding sections, a visual method for receptor fit eval-
uation was used, with estradiol as the template. Alter-
natively, the goodness of fit in the receptor binding site
can be determined by a thermodynamic approach.®® In
this procedure, the observed free energy of binding of the
compound (AG ), calculated from the RBA, is compared
to the sum of empirically derived average binding energies
(AVERAGE values, AG,,) for all the functional groups in
the molecule, with additional consideration for the loss of
molecular degrees of freedom and overall translational/
rotational entropy of the molecule. If AG g > AG,,, the
compound matches its receptor well.

The observed free energy of binding® is given by

AG,ped = RT In K )

The dissociation constant K4 can be obtained from the
association constant K,, which can be calculated from the
RBA value of the compound, by using the equation of
Korenman? and a known value of the K, of estradiol. The
RAC, the ratio of association constants, is given by

Kgompetitor / Kgstradiol = ( R)(RB A) /( R+1-RB A) (2)

where R is the ratio of free to bound [*H]estradiol at
half-saturation. The association constant for estradiol,
measured under the same conditions as the RBA assay,
is 3 X 10° ML

(35) Andrews, P. R.; Craik, D. J.; Martin, J. L. J. Med. Chem. 1984,
27, 1648.
(36) Korenman, S. G. Endocrinology 1970, 87, 1119.
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Table IV. Structural Classification and Binding Energies
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no. of functional groups

binding energy, kcal/mol

compd DOF* Cyp? Cyp OH C=0 AG et AG, S diff
9 3 20 1 1 0 10.5 1.2 9.3
10 3 20 1 1 0 8.8 1.2 7.6
11 3 20 1 1 0 7.1 1.2 5.9
12 3 20 0 1 1 11.5 3.8 7.7
13 3 20 0 1 1 7.7 3.8 3.9
14 2 20 0 0 1 6.8 2.0 4.8
15 3 20 2 1 0 10.7 2.0 8.7
16 3 14 3 1 0 9.0 -14 104
17 3 14 3 1 0 9.8 -14 11.2
18 4 14 3 2 0 10.8 0.4 10.4
19 3 14 2 1 1 9.4 1.2 8.2
20 3 14 2 1 1 10.1 1.2 8.9
21 4 14 5 1 0 9.7 -0.5 10.2
22 4 14 5 1 0 10.5 -0.5 11.0
23 5 14 5 2 0 11.7 1.3 10.4
8 4 14 4 2 0 11.7 1.2 10.5
1 2 6 12 2 0 11.8 34 8.4
2¢ 1 6 12 1 0 11.7 1.6 10.1

8 Degrees of freedom. ®Calculated from eq 1 and 2. ¢Calculated from eq 3. ¢ Based on the RBA (74%; rat uterine cytosol) determined in

this laboratory by using a commercial sample (Steraloids).

The AVERAGE values were calculated by the equation
of Andrews et al.:3
AGy, =

-14 - 0.7npop + 0.7n¢eyr + 0.8ncyy + 2.5n0y + 3.4nc—0

(3)
where 14 is a standard value for the loss of translational
and rotational entropy and n is the number of the indi-
cated functional groups or degress of freedom (DOF) in
the molecule. The values of AG 4 and AG,, are sum-
marized in Table IV. Estradiol (1) and 17-deoxyestradiol
(2) are included for comparison. _

The results of the thermodynamic analysis show that,
despite the relatively low binding affinity of mono-
hydroxyethylidenes 17 and 22, these compounds fit the ER
very well, as evidenced by the large difference between the
AGg.q and AG,, values. The compounds are small in
molecular size compared to estradiol and the 2,3-diaryl-
indenes, but they utilize this small molecular bulk effec-
tively in binding. This is in accord with the molecular
overlays of Figure 7; compared to the 2,3-diarylindenes,
the hydrophobic bulk of the ethylindenes is more closely
within the steroidal domain, with small portions of the C-
and D-rings of the steroid unoccupied by the ethylindene
ligand. On the basis of the difference values, the ethyl-
indenes 17 and 22 have a better fit to the ER than estradiol
itself. This is consistent with the hypothesis that estradiol
binding is dominated by features of the A- and B-rings and
least affected by the D-ring.!®

The high-affinity 2,3-diarylindene 9 and -indenone 12
produce lower difference values, indicative of a somewhat
poorer fit with the ER binding site as compared to the
ethylindenes 17 and 22. This is consistent with the mo-
lecular superposition of Figure 6, in which substantial
portions of the indene and indenone lie outside of the
steroidal envelope and thus may not contribute effectively
to binding. Nevertheless, the relatively high difference
values obtained for both classes of compounds supports
the assumption that these compounds bind to the ER in
a low-energy conformation (i.e., similar to the X-ray
crystallographic structure);?! binding in a strained geom-
etry would reduce AG ;4 and thus the difference value.%

(37) Katzenellenbogen, J. A.; Heiman, D. F.; Carlson, K. E.; Lloyd,
J. E. In Receptor Binding Radiotracers (Eckelman, W. C.,
Volume Ed.) Vol. 1, Chapter 6, CRC Press: Boca Raton, FL,
1982; pp 93-126.
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Figure 8. Accepted and rejected lead compounds in integrated
fluorescent estrogen design (A = acceptor group). Several com-
pounds of type A have been described elsewhere.!3

Orientation in the Design of Integrated Fluores-
cent Estrogens. The evaluation of the receptor binding
affinities of various monohydroxylated 2-arylindenes fa-
cilitates the development of donor/acceptor-substituted
integrated fluorescent estrogens by indicating the optimum
position of the donor group in the arylindene structural
manifold. The indenes can be divided into two categories
on the basis of the results reported herein: (1) the higher
affinity monohydroxy compounds 9 and 22, which may be
successful lead compounds in the design of donor/accep-
tor-substituted ER ligands, and (2) the low-affinity mo-
nohydroxy compounds 10, 16, 17, and 21, which are not

(38) (a) Crosby, G. A.; DuBois, G. E.; Wingard, R. E., Jr., Drug Des.
1979, 8, 215. (b) Duax, W. L.; Griffin, J. F.; Weeks, C. M. In
Interaction of Steroid Hormone Receptors with DNA (Slu-
yser, M., Volume Ed.) VCH Publishers, 1985; Chapter 3, pp
83-106.
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Table V. Crystal Data for 4 and 5

Anstead et al.

formula CysH,50 CisHy602

crystal system trigonal triclinic

space group R3 Pi

a, A 14.248 (4) 9.519 (2)

b, A a 9.868 (2)

c, A 35.583 (4) 7.988 (3)

a, deg 90 90.39 (2)

B, deg 90 109.16 (2)

v, deg 120 99.24 (2)

v, A® 6256 (3) 698.1 (7)

VA 18 2

density caled, g/cm® 1.196 1.257

crystallizing solvent chloroform hexane—ethyl acetate
crystal habit tabular (colorless) prismatic (orange)
crystal dimensions, mm 02 X% 06x0.8 02Xx03x05
uem™! 0.67 0.75

transmission factor range 0.989-0.959 (numerical) not applied
extinction [5.1 (6)] x 1078 not applied

26 limit, deg (octants)
intensities (unique, R;)
intensities > 2.58¢([) 1653
R (all intensities)

R, [for w = 1/e¥(Fy) + pF?)
max density in AF map, e/A? 0.16

530(+hxk+))
4847 (2874, 0.018)

0.042 (0.087)
0.049 (p = 0.016)

53.0 (h £ k - )
3162 (2873, 0.015)
1782

0.040 (0.076)
0.044 (p = 0.020)
0.13

viable candidates for future fluorescent ligand develop-
ment. The indenones are rejected as potential fluorescent
ligands because the carbonyl group induces intersystem
crossing, decreasing the fluorescent quantum yield.!3
These results are summarized in Figure 8.

Conclusions. The detection of variable orientational
modes of small ligands binding to maromolecules is a
formidable task unless the binary complex can be crys-
tallized.® Unfortunately, an ER-ligand complex has not
yet been crystallized. Thus, we have adopted indirect
methods for orientation determination based on the
overlap of the skeletal and hydrogen-bonding features of
ER ligands with those of the natural ligand, E,.

Our results indicate that 2,3-diarylindenes-indenones
bind with the fused aryl ring imitating the steroidal A-ring,
and the cyclopentyl unit occupies essentially the same
region as the B-ring. By contrast, the 2-aryl-3-ethyl ana-
logues appear to adopt an alternate binding mode in which
the pendant 2-phenyl group mimics the A-ring of estradiol.
These conclusions are drawn from an analysis of the effect
of hydroxyl substitution on binding affinity*® and consid-
erations of the distribution of substituents within the re-
ceptor when the indene system is superimposed upon es-
tradiol and its analogues.

These findings are of importance in designing high-af-
finity nonsteroidal ligands for the estrogen receptor based
on the 2-arylindene skeleton and are being used in our
development of inherently fluorescent ligands for the es-
trogen receptor.

Experimental Section

Calculations and Molecular Graphics. Molecular mechanics
calculations were performed with the MAXIMIM option of the SYBYL
Molecular Modeling System (Version 3.4, Tripos Associates, St.
Louis, MO). The initial geometries of 118-ethylestradiol and
Ta-methylestradiol were based on the X-ray crystallographic
structure of estradiol hemihydrate,* as was the structure of es-
tradiol used in the molecular superpositions. The initial geometry
of (S)-22 was based on the X-ray crystallographic structure of
indenestrol A.” In the energy minimization of (S)-22, only the
ethyl group at C-1 was allowed to rotate; the rest of the molecule

(39) Biellmann, J. F. Acc. Chem. Res. 1986, 19, 121.

(40) The orientation of dihydroxy-2,3-diarylindenes is treated
elsewhere: Anstead, G. M.; Peterson, C. S.; Katzenellenbogen,
J. A., J. Steroid Biochem. In press.

(41) Busetta, B.; Hospital, M. Acta Crystallogr. 1972, B28, 560.

was treated as an aggregate. Molecular superpositions were
performed with the SYBYL system, using the FIT command.

Biochemical Methods. Complete experimental details for
the relative binding affinity determinations can be found in ref
23. A synopsis of this method is given in the footnotes of Table
1L

X-ray Crystallography. Crystals of 4 were grown by slow
evaporation from chloroform at -30 °C. Crystals of 5 were ob-
tained by rotary evaporation of a hexane—ethyl acetate solution.
Diffraction data were measured at room temperature using an
Enraf-Nonius diffractometer equipped with monochromated Mo
radiation [A(Ka) = 0.71073 A). Final cell dimensions were ob-
tained by a least-squares fit to the automatically centered settings
for 25 reflections (26 > 20°). Three reference reflections monitored
during each experiment showed no significant variation. Intensity
data were corrected for Lorentz polarization effects. Crystal data
for both compounds are listed in Table V. Space group as-
signments for both crystals were suggested by cell geometry and
average values of the normalized structure factors; choices were
confirmed by successful refinement.

Both structures were solved by direct methods (MULTAN®2 for
4 and sHELX*? for 5); correct positions for all non-hydrogen atoms
were deduced from E maps. For both compounds, difference
Fourier electron density maps revealed positions for all hydrogen
atoms, and the final least-squares refinement cycle (SHELX) in-
cluded independent parameters for all positions, anisotropic
thermal coefficients for all non-hydrogen atoms, and isotropic
thermal parameters for hydrogen atoms. For compound 4, hy-
drogen thermal parameters were constrained to a single variable
and refinement of an empirical isotropic extinction parameter*
compensated for a skewed variance in the agreement between
observed and calculated structure factors with respect to structure
factor amplitude. For both experiments, the final difference
Fourier map had no significant features. Atomic scattering factors,
mass attenuation coefficients, and anomalous dispersion cor-
rections were taken from ref 45.

(42) Main, P.; Fiske, S. J.; Hull, S. E.; Lessinger, L.; Germain, G.;
Declercq, J.-P.; Woolfson, M. M. MULTAN 8o, a system of com-
puter programs for the automatic solution of crystal structures
from X-ray diffraction data, University of York, York, Eng-
land, 1980.

(43) Sheldrick, G. M. SHELX-76, a program for crystal structure
determination, University Chemical Laboratory, Cambridge,
England, 1976.

(44) Zachariasen, W. H. Acta Crystallogr. 1963, 16, 1139; and Acta
Crystallogr. Sect. A 1968, 24, 212.

(45) Ibers, J. A., Hamilton, W. C., Eds. International Tables for
X-Ray Crystallography; Kynoch Press: Birmingham, Eng-
land, 1974; Vol. IV.
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A series of 4-(phosphonoalkyl)- and 4-(phosphonoalkenyl)-2-piperidinecarboxylic acids were synthesized, and their
biological activity was assessed as competitive ligands for the NMDA receptor, both in vitro by using a receptor
binding assay ([*H]CGS 19755 binding) and in vivo by using an NMDA seizure model in mice. The analogues were
also evaluated in [FTHJAMPA and [*H]kainate binding to assess their affinity for non-NMDA excitatory amino acid
receptor subtypes. A number of these analogues show potent and selective NMDA antagonistic activity both in
vitro and in vivo. Most notable are 4-(phosphonomethyl)-2-piperidinecarboxylic acid (1a) (CGS 19755) and the
phosphonopropenyl analogue 1i, both of which show anticonvulsant activity in the 1-2 mg/kg ip range. With the
aid of computer-assisted modeling, a putative bioactive conformation for AP-5 is hypothesized from the SAR data
presented and a preliminary model for the antagonist-preferring state of the NMDA receptor is presented.

Amino acids have an intimate role in neutrotransmission
processes in the mammalian CNS.! y-Aminobutyric acid
(GABA) and its analogues have inhibitory actions medi-
ated via two distinct receptor subtypes termed GABA-A
and GABA-B. The excitatory amino acids, aspartate and
glutamate, mediate their actions via at least three classes
of receptors which are generally represented by the pro-
totypical agonists N-methyl-D-aspartatic acid (NMDA),
quisqualic acid (QUIS), and kainic acid (KA).2 Of these
the NMDA receptor has been the most studied. Excess
activity at this receptor has deleterious effects on CNS
function. Antagonists of the NMDA receptor could thus
have potential utility in a number of CNS disorders, most
notably in the treatment of epilepsy and the neuronal
damage resulting from cerebral ischemia.? The present
paper describes the development of potent and selective
ligands for the NMDA receptor subtype.

At the initiation of these studies the most potent com-
petitive NMDA antagonists known were 2-amino-5-
phosphonopentanoic acid (AP-5) and 2-amino-7-
phosphonoheptanoic acid (AP-7), discovered by Watkins*
(see Figure 1). We sought to enhance the biological ac-
tivity of these templates by the classical medicinal chem-
istry strategy of conformational restriction. Although both
AP-5 and AP-7 are extremely flexible molecules possessing
many energetically accessible conformers, we made the
initial assumption that the fully extended (all-anti) con-
former was the bioactive one for AP-5 as shown in Figure
1. Furthermore, it was known that cis-piperidine-2,3-di-
carboxylic acid (cis-PDA) was a reasonably potent NMDA
partial agonist,® suggesting that the piperidine-2-carboxylic
acid moiety could fit within the exclusion volume of the
NMDA receptor site. The superimposition of the all-anti

* Present address: Nurogen Corp., 35 NE Industrial Rd,
Branford, CT 06405.

AP-5 conformer and cis-PDA led to the synthesis of 1a
(CGS 19755), which was initially identified in a functional
assay involving acetylcholine release and subsequently
characterized with a binding assay using [*H]CPP [[3-
(£)-(2-carboxypiperazin-4-yl)prop-1-yl]phosphonic acid]
as the ligand.® As a result 1a was found out to be a potent
and selective competitive NMDA antagonist? that is an
effective anticonvulsant® and antiischemic agent® which
is presently undergoing extensive biological and toxico-
logical evaluation.

This paper is concerned with the synthesis and SAR of
a number of 4-(phosphonoalkyl)-2-piperidinecarboxylic
acid analogues of la as both receptor ligands and anti-
convulsants. The present structure-activity data were
derived by using [*H]CGS 19755 (1a) as ligand because its
higher affinity permits the use of a filtration methodology
to isolate bound radioactivity, in contrast to CPP which
requires the use of the more time-consuming centrifugation
methodology.!® Affinity of the analogues at quisqualate

(1) Meldrum, B. S. Current Problems in Epilepsy; Meldrum, B.
S., Porter, R. P., Eds.; John Libby: London, 1986; p 17.

(2) Cotman, C. W.; Iversen, L. L. Trends Neurosci. 1987, 10, 263.

(3) Lehman, J.; Schneider, J.; Williams, M. Annu. Rep. Med.
Chem. 1987, 22, 31.

(4) Watkins, J. C.; Evans, R. H. Annu. Rev. Pharmacol. Tozxicol.
1981, 21, 165.

(5) Foster, A. C,; Collins, J. F.; Schwarcz, R. Neuropharmacology
1983, 22, 1331.

(6) Murphy, D. E.; Schneider, J.; Boehm, C.; Lehmann, J. C.;
Williams, M. J. Pharmacol. Exp. Ther. 1987, 240, 778.

(7) Lehmann, J. C.; Hutchison, A. J.; McPherson, S. E.; Monda-
dori, C.; Schmutz, M.; Sinton, C. M.; Tsai, C.; Murphy, D. E.;
Steel, D. J.; Williams, M.; Wood, P. L. J. Pharmacol. Exp.
Ther. 1988, 246, 65.

(8) Bennett, D. A.; Bernard, P. S.; Amrich, C. L.; Wilson, D. E;;
Hutchison, A. J. J. Pharmacol. Exp. Ther., in press.

(9) Jarvis, M. F.; Murphy, D. E.; Williams, M.; Gerhardt, S. C.;
Boast, C. A. Synapse 1988, 2, 577.
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