
Bioorganic & Medicinal Chemistry Letters 15 (2005) 4520–4525
ERb ligands. Part 4: Synthesis and structure–activity
relationships of a series of 2-phenylquinoline derivatives
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Abstract—A new class of estrogen receptor b (ERb) ligands based on the 2-phenylquinoline scaffold was prepared. Several ana-
logues with C4 substitution displayed high affinity (3–5 nM) and significant selectivity (up to 83-fold) for ERb. The best compound,
13b, was profiled as a selective partial agonist for ERb at 1 lM in a cell-based transcriptional assay. Uterine weight bioassay of 13b
indicated no activation of ERa in vivo.
� 2005 Elsevier Ltd. All rights reserved.
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The estrogen receptor (ER) is a ligand-activated tran-
scription factor, which plays a crucial role in the devel-
opment, maintenance, and function of the mammalian
reproductive system, as well as other non-sexual tissues
such as the skeletal, cardiovascular, and central nervous
systems.1 The discovery in 1996 of a second subtype of
estrogen receptor, estrogen receptor b (ERb),2 with its
unique tissue distribution patterns and transcriptional
properties from those of ERa,3 has raised optimism
about ERb as a viable new drug target4 and offered
new opportunity for developing novel, tissue and cell-
selective estrogens.5 Recently, a report demonstrated a
potential therapeutic utility of ERb-selective agonists
in treating inflammation.6

Although the ligand binding domains (LBD) of ERa
and ERb share only modest homology (58% identity),
their ligand binding cavities are nearly identical, differ-
ing by only two amino acid residues (ERa Leu384 is re-
placed by ERb Met336, and ERa Met421 is replaced by
ERb Ile373).

7 This slight variation in the binding cavities
presents a great challenge in developing ER subtype-
selective ligands. Phytoestrogens including the natural
product genistein (2),8 as well as constrained phytoestro-
gens9 displayed approximately 10- to 40-fold ERb selec-
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tivity. Similar modest selectivity has been observed in a
number of other scaffolds.10 Diarylpropionitriles
(DPN)11 and biphenyls12 exhibited up to 70-fold selec-
tivity. Current medicinal chemistry efforts have yielded
several structural motifs with impressive ERb selectivity.
Indazoles13 and benzofurans14 showed selectivities up to
100-fold, whereas benzoxazoles15 displayed as high as
200-fold selectivity for ERb.

We recently reported a series of 6-phenylnaphthalenes
which was developed as a simplified structure to mimic
the genistein framework (Scheme 1).16 Docking studies
suggested that the 6-phenylnaphthalene scaffold could
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Scheme 1. Scaffold evolution.
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exploit several binding orientations to achieve selectivi-
ty. The appropriate substituents placed at positions 1,
4, and 8 were shown to be essential to gain ERb selectiv-
ity by interacting favorably with ERb Ile373 and/or
repulsively with ERa Met421 using two different binding
orientations (Fig. 1).16 In particular, several derivatives
with C8 substitution displayed superior ERb selectivity
and affinity versus genistein. However, the synthetic
inaccessibility of certain functional groups at this posi-
tion prompted us to investigate the 2-phenylquinoline
scaffold (Scheme 1), which has a similar structural motif
as the 6-phenylnaphthalene. The facile assembly of this
heterocyclic ring core allows us to further explore the ef-
fects of substitution at positions 4 and 5 of the 2-phenyl-
quinoline scaffold, which correspond to positions 1 and
8 of the 6-phenylnaphthalene framework, respectively
(Fig. 1B).

For the new 2-phenylquinoline template, we decided to
retain the hydroxyl groups at the 6 and 4 0 positions to
mimic the two terminal hydroxyl groups of genistein,
which is known to be essential for its binding to ER.8

Moreover, similar geometrical arrangement of the two
hydroxyl groups of the 6-phenylnaphthalene scaffold
has been shown to be optimal for both ERb affinity
and selectivity.16 In this report, we describe the synthesis
and structural–activity relationships (SARs) of a series
of 2-phenylquinolines. A number of these derivatives,
particularly those with C4 substitution, exhibited high
binding affinity and significant selectivity towards ERb.

All compounds in Table 1 were synthesized as shown in
Schemes 2–4. The synthesis began with the addition of
p-anisyllithium to 6-methoxyquinoline to give the 2-phe-
nylquinoline core 4 (Scheme 2).18 Subsequent demethyl-
ation using pyridine hydrochloride gave the parent
unsubstituted 2-phenylquinoline 5. Bromination of 4
with NBS gave 6, which upon initial deprotection using
pyridine hydrochloride at high temperature, the bromo
group was displaced by chloride exclusively to furnish
quinoline derivative 7. Thus, the brominated analogue
8 was obtained by an alternative demethylation method
using BBr3.

The 2-phenylquinoline core can also be prepared using
a modification of the general Conrad–Limpach–Korr
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Figure 1. Two possible binding orientations of 6-phenylnaphthalene 3 (w

Genistein (green) and key residues are shown colored by atom type. Arrows

Reprinted with permission from Ref. 16. Copyright (2005) American Chemi
synthesis (Scheme 3).19 Thus, alkoxycarbonylation of
4-methoxyacetophenones gave benzoylacetates 9, which
upon reaction with p-anisidine, followed by cyclization
furnished hydroxyquinolines 10a–c. Intermediates
10a,b were treated with POCl3, followed by demethyla-
tion to afford the 4-chloroquinolines 11a,b. Compounds
10a–c were also treated with POBr3 to give 12a–c, which
upon removal of the methyl protecting group afforded
the 4-bromo derivatives 13a–c. The chloro group of
11a was displaced by methoxide to furnish 4-methoxy-
quinoline 14. The cyano analogues 15a,b were prepared
by palladium-mediated coupling reaction of 12a,b with
Zn(CN)2,

20 followed by demethylation.

The bromo derivatives 13a–cwere also the common inter-
mediates fromwhich a number of 4-substituted 2-phenyl-
quinolines could be prepared using various transition
metal-mediated cross-coupling reactions (Scheme 4).
Thus, Stille coupling of 13a,bwith tributyl(vinyl)tin affor-
ded the vinyl analogues 16a,b, which upon reduction fur-
nished the ethyl targets 17a,b. Similarly, the alkynyl
derivatives 18a–cwere prepared by reaction of 13a–cwith
(trimethylsilylethynyl)tributyltin21 followed by desilyla-
tion. Suzuki reaction of 13b with phenylboronic acid
provided target 19. Coupling of 13a,b with (1-ethoxyvi-
nyl)tributyltin gave the acetyl analogues 20a,b after acid
hydrolysis. Subsequent reduction of the acetyl group of
20b yielded the hydroxyethyl derivative 21.

The 2-phenylquinoline analogues were evaluated in a
competitive radioligand binding assay measuring the rel-
ative binding affinity (IC50) of the compounds for the
human ERa and ERb LBD.22 Results are presented in
Table 1. As expected, endogenous ligand 17b-estradiol
bound equally well to both ER isoforms in this assay.

The unsubstituted quinoline 5 displayed some selectivity
(10-fold) for ERb, although binding affinity was modest.
The observed ERb selectivity of the 2-phenylquinoline
core (5) is consistent with the general observation that
the smaller overall binding pocket of ERb7 relative to
ERa would favor small and planar molecular struc-
tures,23 as well as the specific observation that aromatic
moieties appear capable of making a more favorable
interaction with ERb Met336 than ERa Leu384, given
the way these two side chains are presented to the bind-
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hite) when docked into the binding site of ERb–genistein complex.

depict potential substitution sites for enhancement of ERb selectivity.
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Table 1. Binding affinity for human ERa and ERb ligand binding domain

N

R4

OH

HO

R1

R3

R2

Compound R1 R2 R3 R4 ERb IC50 (nM)a ERa IC50 (nM)a Selectivity (a/b)b

1 17b-Estradiol 3.6 ± 1.6 3.2 ± 1.0 1

2 Genistein 10 ± 4 395 ± 181 41

3 6-Phenylnaphthalene 16 ± 7 211 ± 74 13

5 H H H H 171 ± 60 1775 ± 417 10

7 H H Cl H 30 ± 11 632 ± 294 21

8 H H Br H 88 ± 2 1140 ± 71 13

11a H H H Cl 4.6 ± 2.1 213 ± 38 46

11b F H H Cl 5.3 ± 3.2 246 ± 93 46

13a H H H Br 4.3 ± 2.3 212 ± 87 50

13b F H H Br 3.4 ± 1.5 283 ± 113 83

13c F F H Br 36 ± 6 783 ± 273 22

16a H H H CH@CH2 60 504 8

16b F H H CH@CH2 44 ± 11 385 ± 104 9

17a H H H Et 52 ± 13 634 ± 287 12

17b F H H Et 79 ± 55 1750 ± 1018 22

18a H H H C„CH 75 ± 15 1500 ± 113 20

18b F H H C„CH 27 ± 12 1309 ± 451 48

18c F F H C„CH 750 4820 6

15a H H H CN 28 ± 7 455 ± 107 16

15b F H H CN 23 ± 10 1047 ± 429 46

20a H H H COMe 221 ± 13 3138 ± 285 14

20b F H H COMe 93 ± 28 3370 ± 85 36

19 F H H Ph 211 ± 118 1815 ± 615 19

14 H H H OMe 1190 6630 6

21 F H H CH(OH)Me >5000 >5000 ND

a IC50 values are the means of at least two experiments ± STD, determined from eight concentrations (performed in triplicate). Values without STDs

are for a single determination only.
b ERb selectivity is expressed as ERa IC50/ERb IC50 ratio.
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ing pocket.24 Moreover, the weaker affinities of 5 for
both ER subtypes compared to those of the correspond-
ing unsubstituted 6-phenylnaphthalene 3 may be attrib-
uted to a greater desolvation penalty upon binding for
the quinoline moiety relative to naphthalene.25 Based
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Scheme 2. Reagents and conditions: (a) 4-MeO-Ph-Li, Et2O, 0 �C; (b)
PyrÆHCl, 200 �C; (c) NBS, DMF, 40 �C; (d) BBr3, ClCH2CH2Cl,

40 �C.
on the SAR and docking studies of the 6-phenylnaph-
thalene series,16 substitution at positions 4 and 5 of
the 2-phenylquinoline scaffold may provide the greatest
opportunity for further enhancing ERb selectivity by
interacting with the ERb Ile373/ERa Met421 residues.
As anticipated, derivative 7 with a chloro substituent
at the C5 position exhibited a 2-fold increase in ERb
selectivity, with a concomitant 5.7-fold improvement
in ERb binding affinity (7 vs 5). However, the larger bro-
mine group of 8 lowered both ERb affinity and selectiv-
ity (compared to 7), presumably due to steric repulsion
with the distal His475 residue.

Next, we focused on the C4 substitution and examined a
variety of functional groups including electronegative,
electron-rich, aliphatic, aromatic, and polar substitu-
ents. Introduction of a halogen group led to approxi-
mately 40-fold increase in ERb affinity as shown by
11a and 13a (vs 5), both of which exhibited ERb IC50

values less than 5 nM. Moreover, since these analogues
had only a minor increase in ERa affinity, they dis-
played approximately 50-fold selectivity for ERb. This
affinity enhancement for both ER isoforms can be
attributed to a favorable overall hydrophobic effect
(due to the substituent itself as well as to reduced polar-
ity of the quinoline core induced by the electronegative
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halogen26), and to additional van der Waals interactions
between the halogen and surrounding residues. Further-
more, the significantly smaller increase in ERa affinity is
presumably due to a less favorable interaction between
the halogen atom and the ERa Met421 side chain.
Although the relative contribution of dispersion, elec-
trostatics, and exchange repulsion is unclear, it is possi-
ble that the electronegativity of the halogens and the
methionine sulfur makes an unfavorable electrostatic
contribution to the total interaction.17 Small aliphatic
groups such as ethyl (17a), vinyl (16a), alkynyl (18a),
and small electron-withdrawing cyano (15a) group all
showed some ERb affinity enhancement (relative to 5),
but with minimal or no effect on selectivity, whereas
the larger acetyl (20a) and phenyl (19) groups provided
only slight selectivity improvement. Interestingly, the
methoxy group (14) caused a great loss of activity, pre-
sumably due to the unfavorable basicity of the quinoline
core induced by the electron-rich methoxy group. Intro-
duction of the polar hydroxyethyl group (21) resulted in
a complete loss of affinity.

With respect to phenyl ring substitution, introduction of
a 3 0-fluoro group generally led to a subtle increase in
ERb selectivity as shown by derivatives 13b, 15b, 17–
18b, and 20b (relative to 13a, 15a, 17–18a, and 20a,
respectively). Similar selectivity enhancement induced
by the 3 0-fluoro substituent has been observed with
other scaffolds as well.14–16 A structure-based explana-
tion for this effect has been proposed elsewhere.17 Sur-
prisingly, the addition of a second fluoro group at the
5 0 position (13c and 18c vs 13a,b and 18a,b, respectively)
proved to be detrimental. A possible reason for this loss
of activity is most likely due to the electrostatic repul-
sion between one of the fluoro substituents and the side
chain of Glu305.

15 We point out that 13b is the most po-
tent and selective of the 2-phenylquinolines reported,
with an ERb IC50 value of 3.4 nM and 83-fold selectiv-
ity. Docking of 13b to the binding pocket of the ERb
LBD/WAY-202196 cocrystal structure (PDB accession
code 1YYE16) places the bromo group in close proxim-
ity to the ERb Ile373 ! ERa Met421 residue substitution
(analogous to the cyano group of WAY-202196, see
Fig. 2 and Ref. 16), suggesting that a differential interac-
tion with these residues may contribute to the enhanced
ERb selectivity. Modulation of the quinoline electronic
structure (and thus interaction with ERb Met336 ! ERa
Leu384) may also contribute to the selectivity
enhancement.16

Compound 13b was further evaluated in a cell-based
transcriptional assay measuring its ability to regulate
human keratin19 (KRT19) mRNA. This gene is upreg-
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Figure 2. Compound 13b docked to ERb LBD/WAY-202196 complex.

Docking calculations were performed as described in Ref. 12.
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ulated by 17b-estradiol in human prostate cancer cells
(LNCaPLN3) engineered to express either ERa or
ERb and thus can be used to determine agonist/antago-
nist activity of compounds.10b Analogue 13b was tested
at 1 lM and was compared to that of 10 nM 17b-estra-
diol. It was found to be inactive via ERa and was about
60% as efficacious as 17b-estradiol via ERb. When test-
ed in combination with 17b-estradiol, there was no
marked antagonist activity. The results thus suggest that
13b is a selective partial agonist for ERb at 1 lM.

Compound 13b was also evaluated in a highly sensitive
uterine weight estrogenic bioassay measuring the weight
gain in sexually immature mouse uterus. Because rodent
uterus expresses primarily ERa, this model can be used
to assess the in vivo ER selectivity of compounds. Sexu-
ally immature mice were dosed subcutaneously for 4
days with 50 mg/kg of 13b in an oil-based vehicle.17 In
contrast to 17b-estradiol, which increased organ weight
4-fold, no significant uterine weight gain was observed
for 13b, indicating no ERa activation in this in vivo
model.

In summary, we have identified the 2-phenylquinolines
as a new series of ERb-selective ligands. Substitution
at the C4 position, particularly with electronegative
groups, was essential for ERb selectivity. Further selec-
tivity enhancement could be achieved by incorporating a
fluoro group at the 3 0 position of the phenyl ring. A
number of substituted 2-phenylquinolines displayed
superior ERb affinity and selectivity to that of genistein.
Quinoline 13b, which was the best compound of this
study, was found to be a selective partial agonist for
ERb in a cell-based transcriptional assay. Its uterine
weight bioassay showed no significant uterine stimula-
tion, suggesting that this compound will not activate
ERa in vivo. Efforts are continuing in our laboratories
to expand upon our multiple binding orientation strate-
gy to maximize ERb selectivity.
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