
Published: September 14, 2011

r 2011 American Chemical Society 7055 dx.doi.org/10.1021/jm2005404 | J. Med. Chem. 2011, 54, 7055–7065

ARTICLE

pubs.acs.org/jmc

6-Arylcoumarins as Novel Nonsteroidal Type Progesterone
Antagonists: An Example with Receptor-Binding-Dependent
Fluorescence
Haruka Sakai,† Tomoya Hirano,*,‡ Shuichi Mori,‡ Shinya Fujii,‡ Hiroyuki Masuno,‡ Marie Kinoshita,†

Hiroyuki Kagechika,‡ and Aya Tanatani*,†

†Department of Chemistry, Faculty of Science, Ochanomizu University, 2-1-1 Otsuka, Bunkyo-ku, Tokyo 112-8610, Japan
‡Graduate School of Biomedical Science, Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University,
2-3-10 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-0062, Japan

bS Supporting Information

’ INTRODUCTION

Progesterone (1, Figure 1) plays significant roles in female
reproduction, including regulation of growth and differentiation
of the uterus and mammary gland, ovulation, and establishment
and maintenance of pregnancy.1�4 Most progesterone actions
are mediated by binding to and activation of the progesterone
receptor (PR), which is a ligand-dependent transcriptional factor
belonging to the nuclear receptor superfamily.5 PR agonists are
used in contraceptives, for hormone therapy in combination with
estrogens, and in the treatment of gynecologic disorders such as
endometriosis and uterine fibroids. PR antagonists also have
potential clinical applications, though they are in only limited use
at present. The development of novel PR-selective antagonists
should be helpful in studies to clarify their potential therapeutic
utility in various gynecological diseases, including hormone-
dependent breast and prostate cancers,6�8 nonmalignant chronic
conditions such as fibroids,9,10 and endometriosis.11,12

Mifepristone (2, Figure 1) was the first clinically available PR
antagonist.13 However, mifepristone and related derivatives bear-
ing a steroid skeleton (someofwhich are classified as PRmodulators)
exhibit side effects partially related to cross-activity with steroid
hormone receptors, such as estrogen receptor (ER), androgen
receptor (AR), and glucocorticoid receptor (GR). In order to
overcome these disadvantages, nonsteroidal PR antagonists have
been developed,14�24 though the available structural variation is

still limited. Among these compounds, nitrogen-containing hetero-
cycles fused with an aryl-substituted benzene ring, such as com-
pounds 3�6, have been widely studied (Figure 2).25�29 These cyclic
anilide-type compounds exhibit very potent PR ligand activity.
However, subtle structural modifications can switch the activity
between agonistic and antagonistic. For example, compounds 3a
and 4a show PR antagonistic activity, while the thio analogues 3b
and 4b, respectively, act as PR agonists. The pyrrole derivatives
4c and 4d are both agonists. The detailed structural requirements
of these compounds for PR agonist or antagonist activity are still

Figure 1. Structures of progesterone and mifepristone.
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ABSTRACT: Various 6-arylcoumarin derivatives were designed and
synthesized as candidate nonsteroidal type progesterone antagonists.
6-Bromocoumarin derivatives were prepared from the corresponding
4-substituted 2-acetoxy-5-bromobenzaldehyde by employing the
Still�Gennari modification of the Horner�Wadsworth�Emmons
olefination reaction and were converted to 6-arylcoumarins by means
of Suzuki�Miyaura cross-coupling reactions. The biological activities
of these coumarin derivatives were evaluated by means of alkaline
phosphatase assay in the T47D human breast carcinoma cell line.
Among the synthesized compounds, 36 (IC50 = 0.12 μM) and 38 (IC50 = 0.065 μM), bearing a five-membered heterocycle, showed
potent PR antagonist activity. Competitive binding assay showed that compounds 8 and 34 have potent PR binding affinity. The
fluorescence of compound 8 was dependent on the solvent properties and was increased in the presence of PR ligand binding
domain. This property might be applicable to the development of fluorescence probes for studies on PR.
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undefined, although there is clearly potential to develop various
types of modulators of PR action.

We previously reported several ethyl 6-arylcoumarin-3-car-
boxylates as fluorescence sensor candidates, and some of them
exhibited unique fluorescence properties, depending on the sub-
stituents on the 6-aryl ring or the environmental conditions.30

This bicyclic coumarin structure is thought to be an alternative
scaffold to the bicyclic anilide scaffold of previously reported PR
ligands (i.e., benzoxadine, indole, and benzimidazole derivatives
bearing a nitrogen atom in the bicyclic heterocyclic skeleton),
and these coumarin-based compounds are considered to be good
candidates for PR antagonists with novel biological and pharma-
cological properties. Indeed, some coumarin derivatives have
already been developed as fluorescent sensors for hydroxysteroid
dehydrogenase activity.31,32 In addition, the coumarin derivatives
with PR affinity may have potential as fluorescence probes for
elucidation of the mechanisms of PR action and also for screen-
ing of novel PR ligands. Several types of fluorescence probes for
steroid hormone receptors including green fluorescence protein-
fused receptors33 and the conjugated ligands with the fluoro-
phore by the linking group were reported.34 If we could find a PR
ligand that itself changes the fluorescence properties upon bind-
ing to PR, it might be much useful as a chemical tool, like some
reported for fluorescent ER ligands.35 Therefore, we examined
the PR activity of the compounds in our coumarin library and
found that compound 7 (Figure 3) exhibited PR antagonistic
activity, although its potency (IC50 = 4.07 μM) in alkaline
phosphatase assay was very weak compared to that of mifepris-
tone (IC50 = 0.216 nM). Here, we describe the development of
various 6-arylcoumarin derivatives as candidate PR antagonists
by using compound 7 as a lead compound. We also report the
discovery of a compound showing an increase of fluorescence
upon binding to the PR ligand binding domain.

’CHEMISTRY

On the basis of a comparison of the structure of 7with those of
other nonsteroidal PR antagonists, we considered that the ester
group at the 3-position of the coumarin ring of 7 would be
unnecessary for the activity, and this was confirmed by examina-
tion of the activity of 8 in this study. Therefore, we designed the
6-arylcoumarin derivatives 8�38 (Figure 3, structures shown in

tables). The substituent X at the 7-position is expected to influ-
ence both the biological activity and the fluorescence properties
because of its intrinsic chemical properties and its effect on the
dihedral angle between the aryl and coumarin rings.

Our previous studies showed that 6-arylcoumarin derivatives
could be obtained by Suzuki�Miyaura cross-coupling of the
corresponding 6-bromocoumarins.30 5-Bromosalicylaldehydes,
the precursors for coumarin synthesis, were synthesized as shown
in Scheme 1. After acetylation (99%) of 4-diethylaminosalicy-
laldehyde (39a), 40a was brominated (66%) and then hydro-
lyzed (61%) to afford compound 42. First, we tried Wittig
reaction of 42 with ethyl (triphenylphosphoranylidene)acetate
in the presence ofN,N0-diethylaniline at high temperature (220 �C),
but the desired coumarin 43a was obtained in only 8% yield.
After Wittig reaction at lower temperature, the obtained styr-
ene ester 44 was cyclized photochemically to afford 43a, also in
8% yield.36 The Still�Gennari modification of the Horner�
Wadsworth�Emmons olefination is effective method for Z-olefin,
but it afforded the trans olefin 44 in 66% yield.

Then we examined coumarin synthesis fromacetylsalicylaldehyde
41a by using 2,8,9-triisopropyl-2,5,8,9-tetraaza-1-phosphabicyclo-
[3,3,3]undecane and 4 Å molecular sieves (Scheme 2).37 This
method is useful for the synthesis of coumarins without an electron-
withdrawing group at the 3-position, but 41a afforded 43a in only
28% yield. Interestingly, the Still�Gennari modification of the
Horner�Wadsworth�Emmons olefination of 41a gave the
coumarin 43a in 60% yield via the cis isomer of 44. The differ-
ence of the stereochemistry in the reactions between 42 and
41a is unclear, while the hydroxyl group ortho to the aldehyde
group of 42 would cause the formation of E-isomer. The other
coumarin derivatives 43b�d were synthesized similarly. Suzuki�
Miyaura cross-coupling reaction of 43with arylboronic acid or its
pinacol ester afforded the 6-arylcoumarins. 7-Hydroxycoumarins
23 and 25 were prepared by demethylation of 22 and 24, res-
pectively, with borane tribromide.

’BIOLOGICAL ACTIVITY

The biological activity of the 6-arylcoumarins was tested by
means of alkaline phosphatase (AP) assay in the T47D human
breast carcinoma cell line.38,39 None of the coumarin derivatives
examined acted as PR agonists in AP assay. Next, PR antagonistic
activity was examined in the presence of 1 nM progesterone, and
the IC50 values were calculated. The coumarin derivative 7 in our
library of fluorescent compounds exhibited PR antagonistic
activity with an IC50 of 4.07 μM(Table 1). Compound 8without
the 3-substituent showed more potent PR antagonistic activity
than 7 by 1 order of magnitude. This result is consistent with the
structure�activity relationships of typical nonsteroidal anilide-
type PR ligands (Figure 2) that have no electron-withdrawing
substituent on the bicyclic heterocyclic skeleton. Therefore,
we examined the activity of coumarin derivatives without any
3-substituent.

Figure 2. Structures of typical nonsteroidal PR ligands.

Figure 3. Concept underlying transformation of 7 to 8�38.
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The substituent effects on the coumarin ring at the 6 and 7
positions of 8 were examined (Table 1). In the case of anilide-
type PR antagonists such as 3, a cyano or nitro group on the
phenyl ring increased the potency. However, the 4-cyanophenyl
(9) or 4-nitrophenyl derivative (10) showed similar or weaker
activity, compared with 8 bearing an unsubstituted phenyl group.
Introduction of an amino group or halogen also did not
significantly change the PR antagonistic potency. Compound

17 bearing a cyano group at the meta position showed similar
potency compared with the compounds with para substituents.

Compounds 18�21 bearing a 7-dimethylamino group
showed a slight increase in antagonistic activity, compared with
the corresponding compounds with a 7-diethylamino group, while
replacement of the aminomoiety with a 7-methoxyl or 7-hydroxyl
group decreased the activity. Interestingly, the compound with-
out any 7-substituent showed similar antagonistic activity, and

Scheme 1

Scheme 2
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some compounds, such as 27 with a 4-cyanophenyl group or 29
with a 4-fluorophenyl group, had better IC50 values.

We next introduced a heterocyclic ring on the coumarin ring.
The pyridyl derivative 33was a veryweak PR antagonist (Table 1),
while the introduction of five-membered heterocycles was effec-
tive. Compounds 34 and 35 with a 6-thiophen-2-yl group showed
potent PR antagonistic activity with IC50 values of 0.22 and
0.54 μM, respectively (Table 2). Introduction of a chloro group
on the thiophene ring increased the activity, and compound 36
was 4.5 times more active than compound 35. Introduction of a
furan ring decreased the activity, compared to the 6-phenyl deriva-
tive, while introduction of the cyano-substituted pyrrole ring
increased the potency. Thus, compound 38 was the most potent
PR antagonist (IC50 = 65 nM) among the coumarin derivatives
examined in this study.

The PR binding affinity of selected compounds was examined
by competitive binding assay using recombinant hPR-LBD. The
binding affinities toward other steroid hormone receptors (hAR,
hER, hGR, and rMR) were also examined (Table 3). Compounds
8 and 34 bearing a 7-diethylamino group showed potent PR
binding affinity, while compounds 35, 36, and 38 showed weaker
binding affinity. The reason for the difference between the

binding experiments and AP assay results of these compounds
is unclear. Some nuclear receptor ligands with low receptor
binding affinities were reported to exhibit potent biological
activities in cell assay or vice versa.40 The action of nuclear
receptor ligands depends not only on the binding affinity but
also on the binding feature and interaction between holo-
receptor and cofactor proteins. In this case, the lipophilic
(compounds 8 and 34) or hydrophobic (compounds 35, 36,
and 38) character of the 7-substituent may have some effect on
the activity. None of the coumarin derivatives examined bound
to ER and MR, and only compounds 8 and 34 had weak AR and
moderate GR binding affinities. Thus, the 7-diethylamino
group may cause the binding ability of the coumarin derivatives
to some steroid hormone receptors. The coumarin derivatives
without 7-substituent have lower IC50 values but were PR-selective
in the assay conditions, and therefore, these would be lead struc-
tures for PR-selective coumarin derivatives.

Recently, the crystal structure of PR ligand binding domain
bound to compound 4d was reported.27 Nonsteroidal molecule
4d occupied the same binding site as progesterone, and the cyano
group on the pyrrole ring made hydrogen bonds with Gln725
and Arg766, similar to the 3-keto group of progesterone. Further,
the cyclic thioamide group of compound 4d made a hydrogen
bond with Asn719, which is not observed for progesterone. The
coumarin derivatives have similar molecular shape and sizes with
the cyclic anlide-type PR ligands and would be able to occupy the

Table 1. PR Antagonistic Activity of 6-Arylcoumarins in
Alkaline Phosphatase Assay

compd X R AP assay, IC50 (μM)

7 (3-COOEt) NEt2 (none) 4.07

8 NEt2 (none) 0.50

9 NEt2 4-CN 0.50

10 NEt2 4-NO2 0.86

11 NEt2 3-NO2, 4-NH2 0.51

12 NEt2 4-NHAc 0.47

13 NEt2 4-NMe2 0.39

14 NEt2 4-Ac 0.40

15 NEt2 4-Cl 0.77

16 NEt2 4-F 0.63

17 NEt2 3-CN 0.38

18 NMe2 (none) 0.36

19 NMe2 4-CN 0.25

20 NMe2 4-F 0.47

21 NMe2 3-CN 0.26

22 OMe (none) 0.88

23 OH (none) 1.28

24 OMe 4-NMe2 3.34

25 OH 4-NMe2 2.59

26 H (none) 0.51

27 H 4-CN 0.29

28 H 4-NMe2 0.31

29 H 4-F 0.21

30 H 3-CN 1.11

31 H 3,5-F2 0.56

32 H 3-CF3 0.19

33 H 3-pyridyl 27.9

Table 2. PR Antagonistic Activity of Coumarins Bearing a
6-Heterocyclic Substituent in Alkaline Phosphatase Assay

Table 3. Binding Affinity of Coumarin Derivatives toward
Steroid Hormone Receptorsa

IC50 (μM)

compd hPR hER hAR hGR rMR

8 1.42 ND 10.0 3.54 ND

34 1.24 ND 9.7 4.96 ND

35 10.0 ND ND ND ND

36 50.5 ND ND ND ND

38 15.2 ND ND ND ND
aND: no detectable binding.
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same binding site as compound 4d or progesterone. One of the
significant differences between compounds 4d and the coumarin
derivatives is the atom at the 1 position. The coumarin derivatives
lack the thioamide group of compound 4d that made hydrogen
bond with Asn719. This would cause the decrease in the binding
potency and also no agonistic activity of coumarin derivatives,
compared to cyclic anilide-type PR ligands that showed agonistic
and antagonistic activity, depending on the substituents.

In order to clarify the ability of the coumarin derivatives
to modulate PR functions, the transactivation assay using PR
(Figure 4) was conducted. All coumarin derivatives examined
inhibited the progesterone-induced activation of PR in CHO
cells. The potency of phenylcoumarin derivative 8 was similar
to the potency of compounds 34�36 and 38 bearing a hetero-
cyclic ring. Thus, the coumarin derivatives have the ability to
inhibit PR functions, although the in vitro binding affinity was
rather lower.

Compounds whose fluorescence properties change upon
specific binding with a protein can be utilized as fluorescent
sensors,33�35,41 for example, to estimate the amount or activity of

Figure 4. PR antagonistic activity of coumarins in transactivation assay.
PR antagonistic activity of coumarins in transactivation assay. Inhibition
of transcriptional activation of progesterone (1) by the test compounds.
CHO cells were transfected with hPR expression vector and MMTV-
Luc and incubated with the test compounds (10�7�10�5 M) plus 1 (3�
10�9 M). Values are normalized by the response in the absence of 1.

Figure 5. (a) Absorption spectra and (b) fluorescence spectra (excitation at 370 nm) of 8 (3 μM) in various solvents. Buffer is 10 mM sodium
phosphate buffer (pH 7.4). Each solvent contained 0.3% DMSO as a cosolvent. (c) Absorption spectra and (d) fluorescence spectra (excitation at
370 nm) of compound 34 (3 μM) are also shown.

Table 4. Fluorescence Properties of Coumarin Derivatives

solventa

compd CH2Cl2 (CH3)2CO CH3CN CH3OH buffer

8 abs max 371 363 367 370 374

em max 453 458 469 456 468

Φfl

b 0.744 0.141 0.047 0.007 0.007

34 abs max 369 366 366 370 374

em max 460 467 472 460 468

Φfl

b 0.104 0.080 0.038 0.005 0.004
aAll data were measured in the presence of 0.3% DMSO as a cosolvent.
Buffer was 10 mM sodium phosphate buffer (pH 7.4). b Fluorescence
quantum yields (Φfl) were determined using quinine sulfate (0.577) in
0.1 M H2SO4 as a standard.
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a protein, or in ligand screening experiments. Since the environ-
ment inside proteins is less polar, a compound that has different
fluorescence properties under polar and nonpolar conditions is
a good candidate for a fluorescent sensor. Therefore, the fluo-
rescence properties of selected compounds were examined
(Figure 5 and Table 4). Compounds 35, 36, and 38, which
showed potent activity in AP assay, had only weak absorption at
around 350 nm and exhibited almost no fluorescence in various
solvents (data not shown). Compounds 8 and 34, which had
potent PR binding affinity, showed absorption in the region of
300�400 nm and exhibited fluorescence in the region of
400�550 nm. The fluorescence intensity of compounds 8 and
34 strongly depended on the solvent. Thus, compound 8 showed
strong fluorescence in methylene chloride (quantum yield, 0.744)
and moderate fluorescence in acetone (quantum yield, 0.141) or
acetonitrile (quantum yield, 0.047). Further, weak fluorescence
was observed in methanol and buffer, in which the quantum
yields were estimated to be less than 0.01. Compound 34 showed
similar fluorescence characteristics. Then we examined the fluo-
rescence properties of 8 in the presence of PR (Figure 6). Com-
pound 8 exhibited weak fluorescence in the absence of PR ligand
binding domain (LBD) in buffer, while the addition of PR LBD
substantially increased the fluorescence of 8; that is, 500 nM PR-
LBD induced about an 8-fold fluorescent enhancement. The ncreased
fluorescence of 8 in the presence of PR LBD was blocked by the
additionof progesterone. Similar experimentswithERdidnot result in
any increase of thefluorescenceof8 in buffer (data not shown).These
results indicate that compound 8 shows a specific fluorescence
enhancement upon binding with the PR-LBD. Compound 8 is a
candidate fluorescent sensor for PR, although improvement in the
binding affinity and fluorescence quantum yield would be desirable.

’CONCLUSION

6-Arylcoumarinderivativesweredesigned and synthesized as novel
PR antagonist candidates. Compounds 36 and 38, bearing a five-
membered heterocycle at the 6-positionof the coumarin ring, showed
potent PR antagonist activity in AP assay. Compounds 8 and 34
exhibited potent PR binding affinity, and 8 showed a change in
fluorescence properties upon binding to PR. The coumarin deriva-
tives, such as 8, have different structures and chemical proper-
ties, compared with the steroid-type and anilide-type PR
antagonists so far known, and showed unique fluorescence
enhancement upon binding to PR, which may be useful for
developing fluorescent probes for the study of PR function and
for searching for novel PR ligands.

’EXPERIMENTAL SECTION
1H and 13C NMR spectra were recorded on a JNN-AL 400 or Bruker

Avance 600 spectrometer. The 1H NMR chemical shifts are reported in
parts per million (ppm) relative to the centerline of a singlet signal of the
solvent molecule (7.26 ppm for chloroform); coupling constants are
given in hertz (Hz). The 13C NMR chemical shifts are reported in
ppm relative to the centerline of a triplet at 77.16 ppm for CDCl3. Mass
spectra were recorded on a Bruker Daltonics microTOF-2focus spectro-
meter in the positive ion detection mode. The purity of each test
compound was determined by NMR and elemental analysis or HPLC
(95%> purity; see Supporting Information).
Synthesis of 40a. Acetic anhydride (7 mL) and pyridine (10 mL)

were added to a solution of 39a (2.56 g, 13.3 mmol) in methylene
chloride (30 mL), and the mixture was stirred for 1 h. After evaporation,
the residue was purified by silica gel column chromatography (AcOEt/
n-hexane = 1/3) to give compound 40a (3.11 g, 99%). 1H NMR
(400 MHz, CDCl3) δ 9.74 (s, 1 H), 7.64 (d, J = 9.3 Hz, 1 H), 6.55
(d, J = 6.8 Hz, 1 H), 6.27 (s, 1 H), 3.41 (q, J = 7.3 Hz, 4 H), 2.37 (s, 3 H),
1.21 (t, J = 7.1 Hz, 6 H).

Compounds 40b and 40c, were prepared similarly.
Compound 40b. Yield 71%; purple oil; 1H NMR (400 MHz,

CDCl3) δ 9.78 (s, 1 H), 7.68 (d, J = 8.8 Hz, 1 H), 6.58 (d, J = 9.0 Hz,
1 H), 6.31 (s, 1 H), 3.07 (s, 6 H), 2.37 (s, 3 H).
Compound 40c. Yield 99%; yellow powder; 1H NMR (400 MHz,

CDCl3) δ 9.95 (s, 1 H), 7.81 (d, J = 8.8 Hz, 1 H), 6.88 (dd, J = 8.3,
2.4 Hz, 1 H), 6.67 (d, J = 2.3 Hz 1 H), 3.88 (s, 3 H), 2.39 (s, 3 H).
Synthesis of 41a. A solution of bromine (0.908 g, 3.86 mmol) in

acetic acid (10 mL) was added to a solution of 40a (0.908 g, 3.86 mmol)
in acetic acid (10 mL), and the mixture was stirred for 1 h. The mixture
was poured into ice�water and extracted with ethyl acetate. The organic
layer was washed successively with water, saturated NaHCO3, and brine
and dried over magnesium sulfate. After filtration and evaporation, the
residue was purified by silica gel column chromatography (AcOEt/
n-hexane = 1/8) to give compound 41a (0.796 g, 66%). 1H NMR
(400 MHz, CDCl3) δ 9.85 (s, 1 H), 7.99 (s, 1 H), 6.69 (s, 1 H), 3.29
(br s, 4 H), 2.36 (s, 3 H), 1.12 (t, J = 7.1 Hz, 6 H).

Compounds 41b, 41c, and 41d were prepared similarly.
Compound 41b. Yield 43%; brown oil; 1H NMR (400 MHz,

CDCl3) δ 9.84 (s, 1 H), 7.98 (s, 1 H), 6.68 (s, 1 H), 2.97 (s, 6 H), 2.38
(s, 3 H).
Compound 41c. Yield 10%; yellow oil; 1H NMR (400 MHz,

CDCl3) δ 9.92 (s, 1 H), 8.05 (s, 1 H), 6.70 (s, 1 H), 3.97 (s, 3 H), 2.40
(s, 3 H).
Compound 41d. Yield 95%; colorless powder; 1H NMR (400 MHz,

CDCl3) δ 10.05 (s, 1 H), 8.00 (s, 1 H), 7.73 (d, J = 8.8 Hz, 1 H), 7.10
(d, J = 8.8 Hz, 1 H), 2.39 (s, 3 H).

Figure 6. (a) Fluorescence spectra (excitation at 370 nm) of 8 (1 μM) in the presence of various concentrations of PR LBD. (b) Fluorescence
properties of 8 (1 μM) in the presence of PR LBD and/or progesterone. The vertical scale is the fluorescence intensity at 453 nm (excitation at 370 nm).
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Synthesis of 43a. A solution of bis(2,2,2-trifluoroethyl)(methoxy-
carbonylmethyl)phosphonate (114.7 mg, 0.3587 mmol) and 18-crown-
6 (221.7 mg, 0.8388 mmol) in dry THF (6 mL) was cooled to 0 �C
under argon and treated with potassium bis(trimethylsilyl)amide (0.5M
in toluene, 1.4 mL, 0.7 mmol). The reaction mixture was cooled to
�78 �C, and 41a (104.7 mg, 0.3332 mmol) was added to it. Themixture
was stirred for 4 h at�78 �C, then neutralized with saturated ammonium
chloride and extracted with ethyl acetate. The organic layer was dried
over magnesium sulfate and concentrated. The residue was purified by
silica gel column chromatography (AcOEt/n-hexane = 1/10) to give 43a
(58.8 mg, 0.199 mmol, 60%) as an orange oil. 1H NMR (400 MHz,
CDCl3): δ 7.66 (s, 1 H), 7.56 (d, J = 9.3 Hz, 1 H), 6.94 (s, 1 H), 6.28
(d, J = 9.3 Hz, 1 H), 3.22 (q, J = 6.8 Hz, 4 H), 1.10 (t, J = 6.8 Hz, 6 H).

Compounds 43b�d were prepared similarly.
Compound 43b. Yield 45%; orange oil; 1H NMR (400 MHz,

CDCl3) δ 7.64 (s, 1 H), 7.55 (d, J = 9.8 Hz, 1 H), 6.93 (s, 1 H), 6.27
(d, J = 9.3 Hz, 1 H), 2.91 (s, 6 H).
Compound 43c. Yield 62%; colorless powder; 1H NMR (400 MHz,

CDCl3): δ 7.66 (s, 1 H), 7.58 (d, J = 9.8 Hz, 1 H), 6.84 (s, 1 H), 6.30
(d, J = 9.8 Hz, 1 H), 3.97 (s, 3 H).
Compound 43d. Yield 64%; colorless powder; 1H NMR (400 MHz,

CDCl3) δ 7.63 (s, 1 H), 7.62 (m, 2 H), 7.23 (d, J = 9.8 Hz, 1 H), 6.47
(d, J = 9.8 Hz, 1 H).
Synthesis of 8. A solution of boronic acid ester (106 mg, 0.519

mmol), CsF (145 mg, 0.954 mmol), and PdCl2(dppf)�CH2Cl2 (31 mg,
0.0385mmol) indryDMF(2.5mL)was added to43a (51mg, 0.174mmol)
at room temperature under argon. The reaction mixture was heated at
60 �C for 3 h and then cooled to room temperature. The mixture was
extracted with ethyl acetate, washed successively with saturated ammo-
nium chloride, water, and brine, dried over magnesium sulfate, and
concentrated. The residue was purified by silica gel column chromatog-
raphy (CH2Cl2/n-hexane = 2/1) to give 8 (31.1 mg, 0.106 mmol, 61%)
as a yellow oil. 1HNMR (400MHz, CDCl3): δ 7.61 (d, J = 9.8 Hz, 1 H),
7.48 (d, J= 7.3Hz, 2H), 7.41 (t, J= 7.3Hz, 2H), 7.33 (t, J= 7.3Hz, 1H),
7.24 (s, 1 H), 6.94 (s, 1 H), 6.23 (d, J = 9.8 Hz, 1H), 2.98 (q, J = 6.8 Hz, 4
H), 0.94 (t, J = 6.8 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ 161.9,
154.9, 153.1, 143.7, 140.9, 132.4, 131.0, 128.9, 128.8, 127.4, 113.1, 112.9,
107.59, 46.1, 12.2. HRMS (ESI) Calcd for C19H20NO2 (M + H)+

294.1488. Found 294.1491.
Compounds 9�17 and 34 were prepared similarly from com-

pound 43a.
Compound 9. Yield 8%; colorless solid (ethyl acetate/n-hexane);

mp 114 �C; 1H NMR (400 MHz, CDCl3) δ7.70 (d, J = 8.3 Hz, 2 H),
7.64 (d, J = 8.8 Hz, 2 H), 7.61 (d, J = 9.8 Hz, 1 H), 7.23 (s, 1 H), 6.95 (s,
1 H), 6.26 (d, J = 9.8 Hz, 1 H), 2.95 (q, J = 6.8 Hz, 4 H), 0.96 (t, J =
6.8Hz, 6H); 13CNMR (100MHz, CDCl3) δ 161.4, 155.5, 152.7, 145.7,
143.3, 132.8, 130.9, 130.6, 129.6, 119.2, 114.0, 113.5, 111.3, 108.5, 46.4,
12.12. HRMS (ESI) Calcd for C20H19N2O2 (M +H)+ 319.1441. Found
319.1449. Anal. Calcd for C20H18N2O2 3

1/4H2O: C, 74.40; H, 5.78; N,
8.68. Found: C, 74.61; H, 5.66; N, 8.44.
Compound 10. Yield 16%; orange oil; 1H NMR (400 MHz,

CDCl3) δ 8.28 (d, J = 8.8 Hz, 2 H), 7.71 (d, J = 9.3 Hz, 2 H), 7.62
(d, J = 9.3 Hz, 1 H), 7.27 (s, 1 H), 6.97 (s, 1 H), 6.22 (d, J = 9.8 Hz, 1 H),
2.97 (q, J = 6.8 Hz, 4 H), 0.97 (t, J = 6.8 Hz, 6 H); 13C NMR (100 MHz,
CDCl3) δ 161.4, 155.6, 147.7, 147.2, 143.3, 130.9, 130.9, 130.2, 129.6, 124.3,
114.0, 113.5, 108.6, 46.4, 12.1. HRMS (ESI) Calcd for C19H19N2O4

(M + H)+ 339.1339. Found 339.1345.
Compound 11. Yield 61%; orange solid (ethyl acetate/n-hexane);

mp 78 �C; 1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1 H), 7.64 (d, J =
8.8 Hz, 1 H), 7.62 (d, J = 9.3 Hz, 1 H), 7.27 (s, 1 H), 6.94 (s, 1 H), 6.84
(d, J = 8.3 Hz, 1 H), 6.26 (d, J = 9.3 Hz, 1 H), 6.15 (s, 2 H), 3.00 (q, J =
6.8 Hz, 4 H), 0.98 (t, J = 6.8 Hz, 6 H); 13C NMR (100 MHz, CDCl3)
δ 161.6, 154.9, 144.2, 143.5, 136.6, 132.5, 130.6, 130.5, 129.5, 125.6, 119.2,
113.9, 113.7, 108.7, 46.0, 12.1. HRMS (ESI) Calcd for C19H20N3O4

(M + H)+ 354.1448. Found 354.1439. Anal. Calcd for C19H19N3O4: C,
64.58; H, 5.42; N, 11.89. Found: C, 64.23; H, 5.57; N, 11.74.
Compound 12. Yield 63%; yellow solid (ethyl acetate/n-hexane);

mp 195 �C; 1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 9.3 Hz, 1 H),
7.55 (d, J = 8.8 Hz, 2 H), 7.46 (d, J = 8.8 Hz, 2 H), 7.21 (br s, 2 H), 6.22
(d, J = 9.3 Hz, 1 H), 2.97 (q, J = 6.8 Hz, 4 H), 2.21 (s, 3 H), 0.94 (t, J =
6.8 Hz, 6H); 13CNMR (100MHz, CDCl3) δ 168.8, 162.0, 154.8, 143.8,
137.4, 136.7, 131.9, 130.9, 130.8, 129.3, 120.2, 113.1, 107.8, 46.0, 25.0,
12.2. HRMS (ESI) Calcd for C21H23N2O3 (M + H)+ 351.1703. Found
351.1709. Anal. Calcd for C21H22N2O3: C, 71.98; H, 6.33; N, 7.99.
Found: C, 71.81; H, 6.37; N, 7.97.
Compound 13. Yield 59%; yellow solid (ethyl acetate/n-hexane);

mp 112 �C; 1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 9.3 Hz, 1 H),
7.38 (d, J = 8.8 Hz, 2 H), 7.20 (s, 1 H), 6.88 (s, 1 H), 6.76 (d, J = 8.8 Hz,
2 H), 6.20 (d, J = 9.3 Hz, 1 H), 3.01 (q, J = 6.8 Hz, 4 H), 2.99 (s, 6 H),
0.96 (t, J = 6.8 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ 162.1, 154.4,
153.2, 143.9, 143.8, 132.7, 130.6, 130.5, 129.4, 129.3, 112.9, 112.8,
107.6, 45.7, 40.9, 12.2. HRMS (ESI) Calcd for C21H25N2O2 (M + H)+

337.1910. Found 337.1913. Anal. Calcd for C21H24N2O2: C, 74.97;
H,7.19; N, 8.33. Found: C, 75.20; H, 7.38; N,8.42.
Compound 14. Yield 34%; yellow oil; 1H NMR (400 MHz,

CD3OD) δ 8.06 (d, J = 8.3 Hz, 2 H), 7.87 (d, J = 9.8 Hz, 1 H), 7.67
(d, J = 7.8 Hz, 2 H), 7.43 (s, 1 H), 7.01 (s, 1 H), 6.24 (d, J = 9.8 Hz, 1 H),
3.02 (q, J = 6.8 Hz, 4 H), 2.64 (s, 3 H), 0.96 (t, J = 7.3 Hz, 6 H); 13C
NMR (100 MHz, CDCl3) δ 197.9, 161.6, 155.3, 145.9, 143.5, 136.2,
131.2, 130.9, 129.1, 129.0, 113.6, 133.3, 108.2, 46.3, 26.9, 12.2. HRMS
(ESI) Calcd for C21H22NO3 (M + H)+ 336.1594. Found 336.1590.
Compound 15. Yield 46%; yellow solid (ethyl acetate/n-hexane);

mp 97 �C; 1HNMR (400MHz, CDCl3) δ7.61 (d, J = 9.3 Hz, 1 H), 7.44
(d, J = 8.3 Hz, 2 H), 7.37 (d, J = 8.3 Hz, 2 H), 7.21 (s, 1 H), 6.92 (s, 1 H),
6.23 (d, J = 9.8 Hz, 1 H), 2.97 (q, J = 6.8 Hz, 4 H), 0.95 (t, J = 6.8 Hz,
6 H); 13C NMR (150 MHz, CDCl3) δ 161.5, 154,9, 143.3, 139.1, 133.2,
131.1, 130.6, 130.4, 129.9, 129.0, 113.3, 133.0, 108.0, 46.0, 12.0. HRMS
(ESI) Calcd for C19H18ClNNaO2 (M + Na)+ 350.0918. Found 350.0913.
Anal. Calcd for C19H18ClNO2: C, 69.62; H, 5.53; N, 4.27. Found: C,
69.66; H, 5.61; N, 4.42.
Compound 16. Yield 31%; yellow solid (ethyl acetate/n-hexane);

mp 107 �C; 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 9.8 Hz, 1 H),
7.45 (dd, J = 8.8, 5.4 Hz, 2 H), 7.22 (s, 1 H), 7.11 (dd, J = 8.8, 8.3 Hz, 2 H),
7.03 (s, 1 H), 6.26 (d, J = 9.3 Hz, 1 H), 2.98 (q, J = 6.8 Hz, 4 H), 0.97
(t, J = 6.8 Hz, 6 H); 13CNMR (150MHz, CDCl3) δ 162.9, 161.6, 161.3,
154.8, 153.0, 143.4, 136.6, 136.6, 131.4, 130.6, 130.3, 130.2, 115.7, 115.6,
113.2, 112.9, 107.8, 45.8, 12.0. HRMS (ESI) Calcd for C19H18FNNaO2

(M+Na)+ 334.1213. Found 334.1207. Anal. Calcd for C19H18FNO2: C,
73.29; H, 5.83; N, 4.50. Found: C, 73.14; H, 5.89; N, 4.44.
Compound 17. Yield 65%; yellow crystals (ethyl acetate); mp

133 �C; 1H NMR (400 MHz, CDCl3) δ 7.82 (t, J = 1.6 Hz, 1 H), 7.76
(dt, J = 8.0, 1.2 Hz, 1 H), 7.62 (m, 2 H), 7.52 (t, J = 7.6 Hz, 1 H), 7.23
(s, 1 H), 6.96 (s, 1 H), 6.27 (d, J = 9.2 Hz, 1 H), 2.95 (q, J = 7.2 Hz, 4 H),
0.95 (t, J = 7.2 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ 161.1, 155.0,
152.6, 143.0, 141.7, 133.0, 132.1, 130.7, 130.5, 130.0, 129.5, 118.7, 113.6,
113.1, 112.8, 108.2, 45.9, 11.8. HRMS (ESI) Calcd for C20H19N2O2

(M + H)+ 319.1441. Found 319.1434. Anal. Calcd for C20H18N2O2: C,
75.45; H, 5.70; N, 8.80. Found: C, 75.39; H, 5.85; N, 8.82.
Compound 34. Yield 56%; yellow solid (ethyl acetate/n-hexane);

mp 98 �C; 1HNMR (400MHz, CDCl3) δ 7.66 (d, J = 9.3 Hz, 1 H), 7.49
(s, 1 H), 7.33 (d, J = 4.6 Hz, 1 H), 7.32 (d, J = 3.4 Hz, 1 H), 7.05 (dd, J =
4.9, 3.4 Hz, 1 H), 6.28 (d, J = 9.3 Hz, 1 H), 3.07 (q, J = 6.8 Hz, 4 H), 1.02
(t, J = 6.8 Hz, 6 H); 13CNMR (150MHz, CDCl3) δ 161.3, 154.4, 143.3,
140.8, 129.5, 127.0, 126.6, 126.2, 125.4, 114.0, 109.7, 46.2, 11.6. HRMS
(ESI) Calcd for C17H17NNaO2S (M+Na)+ 322.0872. Found 322.0879.
Anal. Calcd for C17H17NO2S: C, 68.20; H, 5.72; N, 4.68. Found: C, 68.25;
H, 5.81; N, 4.65.
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Compounds 18�21 were prepared from 43b according to the
method described for 8.
Compound 18. Yield 66%; orange crystals (ethyl acetate); mp

71 �C; 1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 9.3 Hz, 1 H), 7.49
(d, J= 7.3Hz, 2H), 7.42 (t, J= 7.3Hz, 2H), 7.33 (t, J= 7.3Hz, 1H), 7.24
(s, 1 H), 6.87 (s, 1 H), 6.21 (d, J = 9.3 Hz, 1 H), 2.64 (s, 6 H); 13C NMR
(150 MHz, CDCl3) δ 161.8, 155.0, 154.8, 143.6, 140.9, 131.0, 129.9,
128.9, 128.4, 127.2, 112.5, 112.1, 104.4, 43.0; MS m/z 288 (M + Na+).
HRMSCalcd for C17H15NNaO2 (M+Na+) 288.0995. Found 288.0990.
Anal. Calcd for C17H15NO2 3

1/4H2O: C, 75.68; H, 5.79; N, 5.19. Found:
C, 75.74; H, 5.63; N, 5.06.
Compound 19. Yield 35%; yellow crystals (ethyl acetate); mp

185 �C; 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.3 Hz, 2H), 7.64
(d, J = 8.8 Hz, 2 H), 7.61 (d, J = 9.3 Hz, 1 H), 7.24 (s, 1 H), 6.89 (s, 1 H),
6.24 (d, J = 9.3 Hz, 1 H), 2.64 (s, 6 H); 13C NMR (125 MHz, CDCl3)
δ 161.2, 155.4, 154.4, 145.5, 143.0, 132.6, 130.8, 128.9, 127.7, 118.8,
113.0, 112.3, 110.8, 104.8, 43.1; MS m/z 284 (MH+). HRMS Calcd
for C18H15N2O2 (MH+) 291.1128. Found 291.1131. Anal. Calcd for
C18H14N2O2: C, 74.47; H, 4.86; N, 9.65. Found: C, 74.28; H, 4.91; N, 9.49.
Compound 20. Yield 85%; orange crystals (ethyl acetate); mp

125 �C; 1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 9.3 Hz, 1 H), 7.47
(dd, J = 8.8, 5.4 Hz, 2 H), 7.21 (s, 1 H), 7.11 (dd, J = 8.8, 6.3 Hz, 2 H),
6.87 (s, 1 H), 6.22 (d, J = 9.3 Hz, 1 H), 2.63 (s, 6 H); 13C NMR (150
MHz, CDCl3) δ 162.9, 161.7, 161.3, 155.0, 154.8, 143.4, 136.7, 130.8,
130.1, 130.0, 129.0, 115.9, 115.7, 112.8, 112.3, 104.7, 43.0; MS m/z 284
(M + H)+. HRMS Calcd for C17H15FNO2 (M + H)+ 284.1081. Found
284.1079. Anal. Calcd for C17H14FNO2: C, 72.07; H, 4.98; N, 4.94.
Found: C, 72.00; H, 4.98; N, 4.87.
Compound 21. Yield 29%; yellow crystals (methanol); mp 147 �C;

1HNMR (400MHz, CDCl3) δ 7.84 (t, J = 1.4 Hz, 1 H), 7.76 (dt, J = 7.8,
1.4 Hz, 1H), 7.62 (dt, J = 7.8, 1.4 Hz, 1H), 7.61 (d, J = 9.2 Hz, 1H), 7.54
(t, J = 7.8 Hz, 1 H), 7.23 (s, 1 H), 6.90 (s, 1 H), 6.25 (d, J = 9.2 Hz, 1 H),
2.63 (s, 6H).HRMSCalcd for C18H15N2O2 (M+H)+ 291.1128. Found
291.1120. Anal. Calcd for C18H14N2O2: C, 74.47; H, 4.86; N, 9.65.
Found: C, 74.19; H, 4.96; N, 9.48.

Compounds 22 and 24 were prepared from 43c according to the
synthetic method for 8.
Compound 22. Yield 70%; colorless crystals (ethyl acetate/

n-hexane); mp 133 �C; 1H NMR (400 MHz, CDCl3) δ 7.67 (d, J =
9.3Hz, 1H), 7.48 (d, J= 6.8Hz, 2H), 7.43 (dd, J= 7.3, 6.8Hz, 2H), 7.37
(d, J = 7.3 Hz, 1 H), 6.91 (s, 1 H), 6.57 (d, J = 9.3 Hz, 1 H), 3.89 (s, 3 H);
13CNMR (150MHz, CDCl3) δ 161.3, 160.0, 155.4, 143.6, 136.9, 129.6,
129.5, 128.5, 128.4, 127.7, 113.6, 112.5, 99.5, 56.3;MSm/z 275 (M+Na+).
HRMS Calcd for C16H12O3Na (M + Na+) 275.0678. Found 275.0683.
Anal. Calcd for C16H12O3: C, 76.18; H, 4.79. Found: C, 75.90; H, 4.98.
Compound 24. Yield 25%; yellow crystals (ethyl acetate/n-hexane);

mp 152 �C; 1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 9.3 Hz, 1 H),
7.40 (d, J = 8.3 Hz, 2 H), 7.36 (s, 1 H), 6.88 (s, 1 H), 6.79 (d, J = 7.8 Hz,
2 H), 6.26 (d, J = 9.3 Hz, 1 H), 3.88 (s, 3 H), 3.00 (s, 6 H); 13C NMR
(150 MHz, CDCl3) δ 161.5, 160.1, 154.8, 150.1, 143.8, 130.3, 128.9,
128.8, 128.6, 113.3, 112.5, 112.3, 99.3, 56.2, 40.7; MS m/z 296 (M + H)+.
HRMS Calcd for C18H18NO3 (M + H)+ 296.1281. Found 296.1276.
Anal. Calcd for C18H17NO3: C, 73.2; H, 5.80; N, 4.74. Found: C, 72.96;
H, 5.93; N, 4.85.
Synthesis of 23. Boron tribromide (1 M in dichloromethane,

0.60mL, 0.60mmol) was added to a solution of 22 (27mg, 0.108mmol)
in dichloromethane (2 mL) at �78 �C under argon. The mixture was
stirred at room temperature for 1 day, then poured into water and extra-
cted with ethyl acetate. The organic layer was washed with water and
brine, dried over magnesium sulfate, and filtered. The solvent was removed
in vacuo, and the residue was purified by preparative thin-layer chro-
matography (silica gel, ethyl acetate/n-hexane = 1/4) to give 23 (2.0 mg,
0.0084 mmol, 8%) as a white powder. 1H NMR (400 MHz, CDCl3)
δ 7.66 (d, J = 9.3 Hz, 1 H), 7.53 (dd, J = 7.3 Hz, 2 H), 7.45 (dd, J = 7.8,

6.8 Hz, 3 H), 7.36 (s, 1 H), 7.00 (s, 1 H), 6.29 (d, J = 9.3 Hz, 1 H), 6.08
(s, 1 H), 3.89 (s, 3 H); 13C NMR (150 MHz, CDCl3) δ 161.4, 156.4,
155.3, 143.6, 135.4, 129.7, 129.3, 129.3, 128.7, 126.3, 113.7, 113.0, 103.8;
MSm/z 239 (M + H)+. HRMS Calcd for C15H11O3 (M + H)+ 239.0702.
Found 239.0703.

Compound 25 was prepared similarly. Yield 33%; yellow solid; 1H
NMR (400MHz, CDCl3) δ 7.68 (d, J = 9.3 Hz, 1 H), 7.30 (s, 1 H), 7.29
(d, J = 8.3 Hz, 2 H), 6.94 (s, 1 H), 6.84 (d, J = 8.8 Hz, 2 H), 6.26 (d, J =
9.8 Hz, 1 H), 5.87 (s, 1 H), 3.02 (s, 6 H); 13C NMR (150 MHz, CDCl3)
δ 161.5, 156.6, 154.9, 150.6, 143.7, 130.0, 128.9, 126.5, 122.2, 113.4, 113.3,
112.9, 103.4, 40.6; MS m/z 282 (M + H)+. HRMS Calcd for C17H16NO3

(M + H)+ 282.1124. Found 282.1117.
Compounds 26�33 and 35�38 were prepared from 43d according

to the method described for 8.
Compound 26. Yield 41%; colorless crystals (ethyl acetate/n-hexane);

mp 112 �C; 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 9.3 Hz, 1 H),
7.56 (dd, J = 8.5, 2.0 Hz, 1 H), 7.67 (d, J = 2.0 Hz, 1 H), 7.58 (d, J =
7.3 Hz, 2 H), 7.47 (t, J = 7.3 Hz, 2 H), 7.41 (d, J = 8.8 Hz, 1 H), 7.40
(d, J = 7.3 Hz, 1 H), 6.47 (d, J = 9.3 Hz, 1 H); 13C NMR (150 MHz,
CDCl3) δ 160.9, 153.6, 143.7, 139.6, 138.0, 130.9, 129.2, 128.0, 127.2,
126.2, 119.2, 117.5, 117.2; MS m/z 223 (M + H)+. HRMS Calcd for
C15H11O2 (M + H)+ 223.0753. Found 223.0754.
Compound 27. Yield 67%; colorless solid (ethyl acetate/n-hexane);

1HNMR (400MHz, CDCl3) δ 7.76 (m, 4H), 7.70 (m, 3H), 7.45 (d, J =
8.3 Hz, 1 H), 6.51 (d, J = 9.8 Hz, 1 H); 13C NMR (150 MHz, CDCl3)
δ 160.4, 154.4, 144.0, 143.2, 135.9, 133.0, 130.8, 127.8, 126.6, 119.5,
118.8, 117.9, 117.8, 111.7; MS m/z 248 (M + H)+. HRMS Calcd for
C16H10NO2 (M + H)+ 248.0706. Found 248.0705. Anal. Calcd for
C16H9NO2: C, 77.72; H, 3.67; N, 5.67. Found: C, 77.42; H, 3.91; N, 5.68.
Compound 28. Yield 62%; yellow solid (ethyl acetate/n-hexane);

1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 9.8 Hz, 1 H), 7.71 (dd, J =
8.3, 2.0 Hz, 1 H), 7.61 (d, J = 2.0 Hz, 1 H), 7.49 (d, J = 8.8 Hz, 2 H), 7.36
(d, J = 8.3 Hz, 1 H), 6.82 (d, J = 7.8 Hz, 2 H), 6.44 (d, J = 9.3 Hz, 1 H),
3.02 (s, 6H); 13CNMR (150MHz, CDCl3) δ 161.4, 152.8, 150.3, 143.9,
138.1, 130.2, 127.8, 124.9, 119.2, 117.2, 116.9, 112.9, 40.7; MS m/z 266
(M + Na+). HRMS Calcd for C17H16NO2 (M + H)+ 266.1175. Found
266.1181. Anal. Calcd for C17H15NO2 3

1/6H2O: C, 76.10; H, 5.76, N,
5.22. Found: C, 76.00; H, 5.60; N, 5.22.
Compound 29. Yield 21%; colorless solid (ethyl acetate/n-hexane);

1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 9.3 Hz, 1 H), 7.70 (dd, J =
8.8, 2.4 Hz, 1 H), 7.62 (d, J = 2.4 Hz, 1 H), 7.54 (dd, J = 8.8, 4.9 Hz, 2 H),
7.41 (d, J = 8.3 Hz, 1 H), 7.16 (t, J = 8.5 Hz, 2 H), 6.48 (d, J = 9.3 Hz,
1 H); 13C NMR (125 MHz, CDCl3) δ 163.7, 161.7, 160.6, 153.4, 143.3,
136.9, 135.6, 130.6, 128.7, 125.9, 119.1, 117.3, 116.0;MSm/z241 (M+H)+.
HRMS Calcd for C15H10FO2 (M + H)+ 241.0659. Found 241.0652.
Compound 30. Yield 63%; colorless crystals (ethyl acetate); mp

170 �C; 1H NMR (400 MHz, CDCl3) δ 7.87 (t, J = 1.5 Hz, 1 H), 7.81
(dt, J = 7.8, 1.5 Hz, 1 H), 7.78 (d, J = 9.3 Hz, 1 H), 7.73 (dd, J = 8.8, 2.4 Hz,
1 H), 7.68 (dt, J = 7.8, 1.5 Hz, 1 H), 7.59 (dd, J = 7.8, 7.3 Hz, 1 H), 7.45
(d, J = 8.8 Hz, 1 H), 6.51 (d, J = 9.8 Hz, 1 H); 13C NMR (150 MHz,
CDCl3) δ 160.6, 154.0, 143.4, 140.7, 135.5, 131.5, 131.3, 130.7, 130.6,
130.0, 126.4, 119.4, 118.7, 117.9, 117.6, 113.2; MS m/z 248 (M + H)+,
270 (M + Na+). HRMS Calcd for C16H9NO2Na (M + Na+) 270.0525.
Found 270.0525. Anal. Calcd for C16H9NO2: C, 77.72; H, 3.67; N, 5.67.
Found: C, 77.54; H, 3.96; N, 5.83.
Compound 31. Yield 37%; colorless powder (ethyl acetate/n-hexane);

mp 162 �C; 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 9.8 Hz, 1 H),
7.71 (dd, J = 8.8, 2.0 Hz, 1 H), 7.65(d, J = 2.0 Hz, 1 H), 7.43 (d, J =
8.8 Hz, 1H), 7.10 (dd, J = 7.2, 2.0 Hz, 2H), 6.84 (tt, J = 8.8, 2.2 Hz, 2H),
6.50 (d, J = 9.3 Hz, 1 H); 13C NMR (150 MHz, CDCl3) δ 164.4, 164.3,
162.7, 162.6, 160.4, 154.1, 143.3, 142.8, 142.7, 142.7, 135.5, 135.5, 130.5,
126.3, 119.3, 117.7, 117.6, 110.2, 110.1, 110.0, 110.0, 103.3, 103.2,
103.0; MS m/z 259 (M + H)+. HRMS Calcd for C15H9F2O2 (M + H)+
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259.0565. Found 259.0559. Anal. Calcd for C15H8F2O2: C, 69.77; H,
3.12. Found: C, 69.48; H, 3.47.
Compound 32. Yield 89%; colorless crystals (ethyl acetate/n-hexane);

mp 117 �C; 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1 H), 7.78 (d, J =
9.3Hz, 1H), 7.76 (dd, J= 8.8, 2.4Hz, 1H), 7.76 (d, J = 7.8Hz, 1H), 7.69
(d, J = 2.0 Hz, 1 H), 7.66 (d, J = 7.8 Hz, 1 H), 7.60 (d, J = 7.8 Hz, 1 H),
6.50 (d, J = 9.3 Hz, 1 H); 13C NMR (150 MHz, CDCl3) δ 160.6, 154.0,
143.3, 140.4, 136.5, 131.7, 131.5, 130.8, 130.5, 129.7, 126.4, 125.1, 124.6,
124.6, 124.6, 124.0, 124.0, 123.9, 123.3, 119.4, 117.7, 117.6;MSm/z 291
(M + H)+. HRMS Calcd for C16H10F3O2 (M + H)+ 291.0627. Found
291.0629. Anal. Calcd for C16H9F3O2: C, 66.21; H, 3.13; N, 0. Found:
C, 66.01; H, 3.48; N, 0.
Compound 33. Yield 8%; orange crystals (ethyl acetate/n-hexane);

mp 161 �C; 1H NMR (600 MHz, CDCl3) δ 8.87 (br s, 1 H), 8.66 (br s,
1 H), 7.92 (d, J = 7.9 Hz, 1 H), 7.79 (d, J = 9.5 Hz, 1 H), 7.75 (dd, J = 8.6,
1.7 Hz, 1 H), 7.69 (s, 1 H), 7.47 (d, J = 8.6 Hz, 1 H), 7.44 (d, J = 7.9 Hz,
1 H), 6.51 (d, J = 9.5 Hz, 1 H); 13C NMR (150 MHz, CDCl3) δ 160.5,
154.2, 148.3, 147.5, 143.2, 135.6, 135.2, 134.1, 130.8, 126.4, 124.2, 119.5,
118.0, 117.8; MS m/z 224 (M + H)+. HRMS Calcd for C14H10NO2

(M + H)+ 224.0706. Found 224.0700.
Compound 35. Yield 57%; colorless solid (ethyl acetate/n-hexane);

1H NMR (400 MHz, CDCl3) δ 7.77 (dd, J = 6.3, 2.0 Hz, 1 H), 7.74 (d,
J = 9.8 Hz, 1 H), 7.68 (d, J = 2.0 Hz, 1 H), 7.35 (d, J = 7.8 Hz, 1 H), 7.33
(dd, J = 4.9, 1.5 Hz, 1 H), 7.32 (dd, J = 3.4, 0.98 Hz, 1 H), 7.11 (dd, J =
5.0, 4.2 Hz, 1 H), 6.47 (d, J = 9.8 Hz, 1 H); 13C NMR (150 MHz,
CDCl3) δ 160.7, 153.4, 143.3, 142.5, 131.3, 129.7, 128.4, 125.6, 124.8,
123.9, 119.3, 117.6, 117.5; MS m/z 251 (M + H)+ 229. HRMS Calcd
for C13H9O2S (M + H)+ 229,0317. Found 229.0317. Anal. Calcd for
C13H8O2S: C, 68.40; H, 3.53; N, 0. Found: C, 68.02; H, 3.80; N, 0.
Compound 36. Yield 18%; yellow crystals (ethyl acetate);mp 165 �C;

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 9.8 Hz, 1 H), 7.66 (dd, J =
8.8, 2.4 Hz, 1 H), 7.57 (d, J = 2.0 Hz, 1 H), 7.35 (d, J = 8.3 Hz, 1 H), 7.07
(d, J = 3.8 Hz, 1 H), 6.92 (d, J = 3.8 Hz, 1 H), 6.47 (d, J = 9.8 Hz, 1 H);
13CNMR (150MHz, CDCl3) δ 160.5, 153.6, 143.2, 140.9, 130.6, 130.1,
129.2, 127.5, 124.5, 123.1, 119.4, 117.8, 117.7; MS m/z 263 (M + H)+.
HRMS Calcd for C13H8ClO2S (M + H)+ 262.9928. Found 262.9928.
Anal. Calcd for C13H7ClO2S: C, 59.43; H, 2.69. Found: C, 59.18; H, 2.95.
Compound 37. Yield 76%; yellow crystals (ethyl acetate/n-hexane);

mp 105 �C; 1H NMR (400 MHz, CDCl3) δ 7.81 (dd, J = 8.5, 2.2 Hz,
1 H), 7.77 (d, J = 2.0 Hz, 1 H), 7.74 (d, J = 9.3 Hz, 1 H), 7.50 (d, J =
2.0 Hz, 1 H), 7.35 (d, J = 8.8 Hz, 1 H), 6.68 (d, J = 2.9 Hz, 1 H), 6.50 (dd,
J = 3.4, 2.7 Hz, 1 H), 6.46 (d, J = 9.3 Hz, 1 H); 13C NMR (150 MHz,
CDCl3) δ 160.6, 153.2, 152.4, 143.4, 142.7, 127.8, 127.5, 122.7, 119.2,
117.4, 117.3, 112.0, 105.7; MS m/z 213 (M + H)+. HRMS Calcd for
C13H9O3(M + H)+ 213.0546. Found 213.0549. Anal. Calcd for C13H8O3:
C, 73.58; H, 3.80; N, 0. Found: C, 73.43; H, 3.72; N, 0.
Compound 38. Yield 58%; colorless powder (ethyl acetate); mp

211 �C; 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 9.3 Hz, 1 H), 7.55
(dd, J = 8.7, 2.0 Hz, 1 H), 7.50 (d, J = 2.0 Hz, 1 H), 7.43 (d, J = 8.8 Hz,
1 H), 6.87 (d, J = 3.9 Hz, 1 H), 6.51 (d, J = 9.8 Hz, 1 H), 6.26 (d, J =
4.4 Hz, 1 H), 3.75 (s, 3 H); 13C NMR (150 MHz, CDCl3) δ 160.3,
154.0, 143.0, 138.2, 132.4, 128.3, 127.9, 119.8, 119.2, 117.9, 117.6, 114.1,
110.4, 106.3, 33.9; MSm/z 251 (M +H)+. HRMS Calcd for C15H11N2O2

(M + H)+ 251.0815. Found 251.0811. Anal. Calcd for C15H10N2O2: C,
71.99; H, 4.03; N, 11.19. Found: C, 71.64; H, 4.09; N, 11.23.
Alkaline Phosphatase Assay. T47D breast-carcinoma cells were

cultured in RPMI 1640 medium with 10% (v/v) fetal bovine serum and
penicillin�streptomycin mixed solution. Cells were plated in 96-well
plates at 1 � 104 cells/well and incubated overnight (37 �C, 5% CO2

in air). The next day, cells were treated with fresh medium containing
test compound in the presence or absence of progesterone (1 nM) and
further incubated for 24 h. Themediumwas aspirated, and the cells were
fixed with 100 μL of 1.8% formalin (in PBS). The fixed cells were washed
with PBS, and 75 μL of assay buffer (1 mg/mL p-nitrophenol phosphate

in diethanolamine water solution, pH 9.0, 2 mMMgCl2) was added. The
mixture was incubated at room temperature with shielding from light for
2 h. Then the reaction was terminated by the addition of 100 μL of
NaOH. The absorbance at 405 nm was measured.
hPR Binding Assay. hPR-binding assay was performed using re-

combinant hPR-LBD purchased from Invitrogen. hPR-LBD was diluted
with buffer (20 mM Tris-HCl, 300 mM NaCl, 1 mM EDTA, 5 mM
DTT, pH 8.0) to 5 nM, and 300 μL aliquots were incubated in the dark
at 4 �C with 4 nM [1,2,6,7-3H]PG (Perkin-Elmer) and reference or test
compounds (dissolved in DMSO; final concentration of DMSOwas 3%).
Nonspecific binding was assessed by addition of a 200-fold excess of
nonradioactive PG. After 24 h, 30 μL of dextran T-70/γ-globulin-coated
charcoal suspension was added to the ligand/protein mixtures (1% activa-
ted charcoal, 0.05% γ-globulin, 0.05% dextran 70, final concentrations)
and incubated at 4 �C for 5 min. The charcoal was removed by centri-
fugation for 5 min at 1300g, and the radioactivity of the supernatant was
measured in ACS II scintillation cocktail (GE) by using a liquid scintilla-
tion counter. All experiments were performed in duplicate.
hAR Binding Assay. A hAR-LBD expression plasmid vector that

encodes GST-hARLBD (627�919 aa, EF domain) fusion protein under
the lac promoter (provided by Prof. S. Kato, University of Tokyo) was
transfected into E. coli strain HB-101. An overnight culture (10 mL)
of the bacteria was added to 1 L of LB medium and incubated at 27 �C
until the optical density at 600 nm reached 0.6�0.7. Following the
addition of IPTG to a concentration of 1 mM, incubation was continued
for an additional 4.5 h. Cells were harvested by centrifugation at 4000g at
4 �C for 15 min and stored at �80 �C until use. All subsequent
operations were performed at 4 �C. The bacterial pellet obtained from
40 mL of culture was resuspended in 1 mL of ice-cold TEGDM buffer
(10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 10% glycerol, 10 mM DTT,
10mM sodiummolybdate). The suspension was subjected to sonication
using 10 � 10 s bursts on ice, and crude GST-hARLBD fraction was
prepared by centrifugation of the suspension at 12000g for 30 min at
4 �C. The crude receptor fraction was diluted with buffer (20 mM Tris-
HCl, pH 8.0, 0.3 M KCl, 1 mM EDTA) to a protein concentration of
0.3�0.5 mg/mL and used in binding assays as hAR-LBD fraction.
Aliquots of the hAR-LBD fraction were incubated in the dark at 4 �C
with [3H]DHT(PerkinElmer, 4 nM final concentration) and reference or
test compounds (dissolved in DMSO, final concentration of DMSO was
2%). Nonspecific binding was assessed by addition of a 200-fold excess of
nonradioactive DHT. After 18 h, a dextran 70/γ-globulin-coated char-
coal suspension was added to the ligand/protein mixture (1% activated
charcoal, 0.05% γ-globulin, 0.05% dextran, 70 final concentrations) and
the whole was incubated at 4 �C for 10 min. The charcoal was removed
by centrifugation for 5 min at 1300g, and the radioactivity of the
supernatant was measured in ACS II scintillation cocktail (GE) by
using a liquid scintillation counter. All experiments were performed in
duplicate.
hER Binding Assay. The recombinant human ER was purchased

from Wako Pure Chemical Industries, Ltd. Bio-Gel HT hydroxylapatite
(Bio-Rad, Hercules, CA) was washed five times with the buffer (50 mM
Tris-HCl, 1 mM KH2PO4, pH 7.2). The hydroxylapatite slurry was
adjusted to 50% (by volume) hydroxylapatite in the suspension. The ER
was diluted with binding buffer (50 mM Tris, pH 7.5, 10% glycerol,
0.1 mM butylated hydroxyanisole, 10 mM mercaptoethanol, 0.5% yeast
extract) to a protein concentration of 2�4 nM. Then 2 μL of 10�6 M
[3H]estradiol solution in DMSO was added to each tube, followed by
2 μL aliquots of the competitor solutions in DMSO. After addition of 200
μL of ER solution to each tube, the tubes were placed in the refrigerator.
The final incubation conditions were the following: 10�8 M [3H]-
estradiol, 10�4�10�8 M competitor. After 14�18 h, the bound ligand
was assayed by adsorption on hydroxylapatite for 15min at 0 �C, followed
by three washes with 1 mL of 0.05 M Tris, pH 7.3. After the last wash, the
hydroxylapatite pellet was resuspended in 0.3 mL of EtOH and
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radioactivity was counted in 7 mL of scintillation cocktail (ACS II). All
experiments were performed in duplicate.
hGR and rMR Binding Assay. hGR binding assays were per-

formed at Caliper Life Science (U.S.) using the methods described
below. The hGR was diluted with binding buffer (50 mM KH2PO4, pH
7.4, with 10 mM sodium molybdate and 1 mM dithiothreitol) to yield a
final protein concentration of 1.25 nM in the assay tubes. The final
incubation conditions were the following: [3H]dexamethasone, 10�9M;
triamcinolone acetonide, 10�5 M (for nonspecific binding determina-
tion only); test compounds, 10�7�10�5M, 0.4%DMSO. After 18 h, the
bound ligand was assayed by vacuum filtration onto glass fiber filters and
radioactivity was counted in 50 μL of scintillation cocktail (Microscint-20).
All experiments were performed in duplicate.

rMR binding assays were also performed at Caliper Life Science
(U.S.) using the methods described below. The rMR was diluted with
binding buffer (20 mM HEPES, pH 7.4, 15 mM sodium molybdate,
1 mM ditiothreitol, 10% glycerol, and 1 mMEDTA). The concentration
for the MR receptor tissue preparation is optimized for each tissue pre-
paration and is expressed in original tissue wet weight/volume. For the
assays in question it was 16.7 mg wet weight/mL in the final reaction.
The final incubation conditions were the following: [3H]aldosterone,
2� 10�9 M; spironolactone, 10�6 M (for nonspecific binding determi-
nation only); test compounds, 10�7�10�5 M; 0.4% DMSO. After
18�20 h, the bound ligand was assayed by adsorption of unbound ligand
onto dextran-coated charcoal, centrifugation of charcoal and unbound
ligand, and removal of 200 μL of the supernatant. Unabsorbed radio-
activity was counted in 6 mL of scintillation cocktail (Luma Safe). All
experiments were performed in duplicate.
PR Transactivation Assay. Reporter gene assays using hPR were

carried out with CHO (Chinese hamster ovary) cells. CHO cells were
cultured in MEMα medium with 5% (v/v) fetal bovine serum. Transient
transfections of CHO cells were performed using FuGENE 6 (Roche),
according to themanufacturer’s protocol. Transfections were done in 96-well
plates at 2 � 104 cells/well with 5 ng/well pCMV-hPR and 95 ng/well
pGL4-MMTV-luc (Promega). Twenty-four hours after addition of the
sample (final concentration, 10�5�10�7 M) and 3� 10�9 progesterone,
themediumwas removed and 50μL of Pica-Gene luminescence kit (Toyo
Ink Manufacturing Company, Ltd.) was added. Incubation was continued
at room temperature with shielding from light for 15 min, and then the
luminescence was measured. All data points were measured in duplicate.
Fluorescence Study. All UV spectra were recorded with a JASCO

V-550, and fluorescence spectra were recorded with a JASCO FP-6600.
Fluorescence quantum yields (Φfl) were determined using quinine
sulfate (0.577) in 0.1 M H2SO4 as a standard. Fluorescent spectra in
the presence of PR-LBDweremeasured in the same buffer as that of hPR
binding assay.
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