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Abstract

There is considerable interest in developing neRISE as multifunctional agents in women's
health. Development of dual selective estrogenptecanodulators/VEGFR-2 inhibitors (SERMs/V-2I)
has been an attractive strategy for the discovenew breast cancer therapeutic agents. Our previou
efforts led to the preparation of a series of 3-drgnilino-2H-chromen-2-ones endowed with potent
estrogen receptor binding affinity and anti-protifitve efficacy. In this study, various structuyall
related 3-aryl-4-anilino/aryloxy-2H-chromen-2-onaalbgues were rationally designed, synthesized
and evaluated as a new chemo-type of duak BRd VEGFR-2 inhibitors. Most of the derivatives
exhibited potent activities in both enzymatic arelludar assays. SAR investigation revealed that
introducing of bioisosteric O atom at the C-4 positof coumarin scaffold is beneficial to improvest
inhibitory potency, especially in EBRbinding affinity assay. Furthermore, most of thipepidyl
substituted compounds showed better inhibitoryvagtagainst MCF-7 and Ishikawa cells than lead
compoundsBL -18d, tamoxifen and Vandetanib. Optimization of the ¢wmpound, identified in an
ERa binding affinity assay, led to compouddd, exhibiting anlCs, for ERx binding affinity of 2.19
uM while retaining an excellent inhibition on VGFRa23 well as a potent suppression on the growth of
angiogenesis-related cells. In RT-PCR as#®yl exerted significantly antiestrogenic property via
suppressing the expression of progesterone recdPmR) mRNA in MCF-7 cells, which was
consistent with the ERR antagonistic property of a selective estrogen pcemodulator. Further
mechanism investigation demonstrated that compei2ddcould inhibit the activation of VEGFR-2
and subsequent signaling transduction of Raf-1/MAHRK pathway in MCF-7 cells. All these results
together with molecular modeling studies open a agenue for the development of multifunctional
agents targeting ERand VEGFR-2 in the therapy of some breast cancers.
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1. Introduction

Breast cancer is the most prevalent form of camtaegnosed in women worldwide, with an
incidence that rises dramatically with age. Anraated 1.7 million women will be diagnosed with
breast cancer in 2020 - a 26% increase from culmmls [1]. Estrogens are a group of steroid
hormones and key regulators of growth, differei@ratand function of the female reproductive organs
including the breast, uterus and ovaries [2]. Thdolgical actions of estrogens are mediated through
intracellular transcription factors called estrogeneptors (ER) which belong to the nuclear reaepto
superfamily. Estrogen receptors (ER) mediate estrogctivity in many important physiological
processes and play vital roles in the developméttierapeutic agents for breast cancer treatment [3
4]. Despite a remarkable increase in the depthuofunderstanding and management of breast cancer
in the past 50 years, the disease remains a signifipublic health problem worldwide and poses
significant challenges [5].

It is well known that approximately 70% of humaredst cancers are hormone-dependent and
ERa-positive [6]. Endocrine therapy which aims to dhe ER transcription effect is regarded as an
effective treatment. Thus ERhas provided an ideal pharmaceutical target atat af ERx ligands
have been developed as antagonists againstpRitive breast cancer [7]. Selective estrogepptr
modulators (SERMs) are a special group of ligandiéchv act as antagonists in breast tissue but
agonists in other tissues such as cardiovascuktersyand bone [8, 9]. Due to their special action
mode, SERMs remain as important anti-breast caagents with benefits in cardiovascular system and
maintaining bone density compared with aromatadebitors and pure anti-estrogens [10, 11].
Tamoxifen (a SERM1la), containing a triphenylethylene scaffold and aibaide chain, was the first
SERM approved for the treatment of breast cancer ana lpmovided invaluable treatments for a
number of patient§12-14]. Its active metabolite, 4-hydroxy [4-OH] tamoxifdib, exhibits a high
binding affinity for the ER. Since then, many SERM#h various scaffolds mimicking Tamoxifen
have been developed for the treatment or preverdfobreast cancer [15, 16]. Many alternative
scaffolds for ER modulators have also been repprted., the naphthalene ring syste®), (
benzopyran-based analogue (ormeloxifef)e,dihydrobenzoxathiin platfornb) and coumarin-based

benzopyranone analoguéds BL-16d andBL-18d) (Figure 1) [17-21].
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Figure 1. Previously reported selective estrogen receptatutadors (SERMS)

Although SERMs have improved the outcome for aERositive breast cancer patients,
unfortunately, undesired side effects severely tlithieir therapeutic use. For instance, long-term
treatment of Tamoxifen increases the occurrencendbmetrial cancer due to their partial estrogenic
activity on the endometrium [22]. Intrinsic and acquiredgdresistance is another common deficiency
that limits the use of SERMSs, in which breast tusnbecome refractory to endocrine therapies and
relapse [23, 24]. Therefore, there is still a nBddeveloping new ER ligands with better therafweut
effect.

Recently, intensive interest in discovery of noeti-breast cancer drugs based on different
mechanisms of action is highlighted by the pursiiitnultiple ligands acting at multiple biomolecular
targets. These multifunctional conjugates may eferorable advantages of improved efficacy and
lower incidence of side effects [25]. Several afitsrthave been made to improve efficacy through
coupling a potent ER ligand to a second compormmth as an antimetabolite agent (E2-nucleoside
conjugater) [26], alkylating agent (E2-chlorambucil conjug&)e[27], tubulin agent (dual ER-tubulin
agent9) [28], histone deacetylase (HDAC) inhibitor (duER-HDAC agentl0) [29], and aromatase
agent (dual ER-aromatase ag&ht[30] (Fig. 2A).

However, with the development of acquired resistairc breast and endometrial tumors it is
axiomatic that selective estrogen receptor modida(BERMs, tamoxifen and raloxifene) stimulated
tumors must induce angiogenesis to grow [31]. Turangiogenesis is vital to cancer growth,
metastasis and invasion, and thus represents raictate therapeutic target [32]. Vascular endo#ieli
growth factor receptor-2 (VEGFR-2) is a memberhaf teceptotyrosine kinase (RTK) family and the
predominant effector of VEGF/VEGFR signaling in mating angiogenesis in cancer [33Jhe
phosphorylation of VEGFR-2 will activate the RaMWPK/ERK signaling which is very important



for cell proliferation, migration, invasion, andgogenesis [34]. Moreover, studies have revealat th
the Raf-1/MAPK/ERK interplays with ER in regulatirestrogen-dependent gene expression and is
widely observed in the endocrine resistance [35, Bfonotherapy of VEGFR-2 inhibitors were
reported in the treatment of breast cancer butratesufficient as single therapy [37]. We thus
hypothesize that building VEGFR-2 inhibitory actyviinto SERMs could be aeffective way to
improve the efficacy and decrease the side effastociated with them. Indeed, a combination of
Tamoxifen with Brivanib, a VEGFR-2 inhibitor, wascently reported not only to maximize
therapeutic efficacy but also to retard SERM rasisttumor growth [31]. Moreover, 2, 3-diaryl
isoquinolinone 12) and 6-aryl-indenoisoquinolon&3) were reported by our group as multiple ligands
of ERa and VEGFR-2, which showed inhibition on both tasgend potent anti-cancer activity [38, 39]
(Fig. 2B). These inspiring evidences suggest timatilkaneous ER and VEGFR-2 inhibition could be a

promising approach in breast cancer therapy.
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together with outstanding biological results repdrby our group previously

Coumarins constitute an important class of phartogically active scaffolds known to exert
versatile biological activities including anticandd0-43], anti-HIV [44], anti-microbial [45], and
anti-inflammatory activity [46]. The therapeuticmipgations of coumarins depend upon the pattern of

substitution and have attracted intense interesedent years due to their diverse pharmacological



properties [47]. Among these properties, theircamtcer effects were the most extensively examined
[48, 49]. Studies have revealed the mechanism Hettie anticancer effect of coumarin analogs
which include anti-angiogenesis and induction ofmpsis independently [50-53]. As the current
strategies in cancer drug development shifted tdvilae multiple mechanistic approach [54], such
validation of structure-activity relationship of wmarins with respect to angiogenesis and
anti-proliferation activity leads to dual-actiontetumor activities deserve to be investigated.
Previouslyy, we have prepared a series of novel S&RMbased on
3-aryl-4-anilino-2H-chromen-2-one core, of whicle thiperidyl substituted analogu& -16d (with
OMe at C-7 position of the coumarin nucleus) &id18d (with OH at C-7 position of the coumarin
nucleus) demonstrated strong &Binding affinities and excellent anti-proliferagiactivities against
MCEF-7 and Ishikawa cells [21]. As an extension of study in the development of novel SERMs with
high therapeutic index, here we adopted 3, 4-di#ub=sd-2H-chromen-2-one8[-18d andBL -16d)
as promising lead compounds in this study for frribptimized as novel anti-breast cancer agents wit

multiple mechanistic profiles.

2. Structure-Based Drug Design

Encouraged by the promising research results mesdi@bove, our further efforts focused on
discovery of novel coumarin-based anti-breast caagents dual targeting ERand VEGFR-2. To
rationalize the modification of 3, 4-disubstituteH-chromen-2-one, docking study Bt -18d with
ERo active site was carried out by CDOCKER protocolDiscovery studio 3.0 (PDB: 3ERT). As
shown in Figure 3A, the hydrogen bond interactiofidead compound’s 7-OH with Glu353 and
Arg394 and 4'-OMe with His524 play important rolasstabilizing the binding mode &L-18d to
ERa. Furthermore, It has been indicated that that xyrgen linker confers a substantial increase in
estrogen antagonist potency [55]. Our first exglorafocused on the biological effect of the briagi
atoms between the phenyl and coumarin moietieaddition to the established NH linker, bioisosteric
group O atom was also employed. Subsequently, teie mroups (F and OH) were further attached to
C-4' position of 3-phenyl substituent. Studies shdwhat incorporation of fluorine to a bioactive
molecule causes minimal steric alterations andcéenan facilitate interactions of that biomolecule
with enzyme active sites, receptor recognitionssited other biological systems [56, 57]. Additidyal
these hydroxyl containing derivatives bearing mbggrogen bond donors could retain essential
hydrogen bonds with essential amino acid residdgargeted ER receptor and VEGFR-2 enzyme.
Finally, various medium size tertiary amines inéhgddimethyl amine, diethyl amine, pyrrolidinyl and
piperidyl were incorporated to terminal basic sitiain to obtain diverse derivatives.

In the past decades, a number of potent VEGFR itongb including Vandetanib, Vatalanib

(PTK787) and Cabotantinib have been identified anought to clinical trials in the treatment of



angiogenesis-related diseases [58, 59]. The eabgitarmacophoric features in the representative
VEGFR-2 inhibitors (Figure 3B) include fused aroimatystem and substituted aniline or aryloxy
moiety which target the kinase domain of VEGFR. d&ely, several coumarin-type compounds were
reported to block angiogenesis by inhibiting endb#h cell growth and have attracted considerable
attention as antitumor agents [52, 53]. In thistern) 3, 4-disubstituted-2H-chromen-2-one contajnin
fused aromatic ring and solvent side chain regioparticular emerged as an interesting scaffold for
designing VEGFR inhibitors. On the other hand, #teictural optimization was also guided and
corroborated by molecular docking of a putative pormd17d (R'=R?=OH) into the VEGFR-2 ligand
binding domain (PDB: 1YWN; Figure 3C). Analysis thle molecular docking results revealed both
hydrogen bond interactions and Pi-Pi interactiohthe coumarin moiety in the bind site formed by
critical amino acid residues phe916 (6.30 A), Cys@1.62 and 2.96 A) and Lys866 (2.78 A), which
we believe will contribute, at least in part, to ®ER-2 inhibition. Overall, the design strategy and

structures of the title compounds were representé&ity. 3D.
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Herein, we describe the synthesis of 32 novel coumarin-based snptetiminary pharmacological data from receptor binding andlaell
assays, and mechanism investigation on Raf-1/MAPK/ERK pathwhig dllowed a straightforward evaluation of &Rinding affinity,
anti-proliferative potency, antiangiogenic activity, anti-egénic property as well as the expression of essentialeipsotfrom
VEGFR-2/Raf-1/MAPK/ERK signaling pathway. Molecule dockingsviarther carried out for BERand VEGFR-2 in order to explore the potential

binding mode of the novel dual-action inhibitors.



3. Resultsand discussion
3.1 Chemistry.

The synthetic route of two hydroxyl containing 34at¢-anilino-2H-chromen-2-one derivatives
17a-d was shown in Scheme 1This synthetic strategy utilized a key starting enit,
7-methoxy-3-(4-methoxyphenyl)-2-oxo-2H-chromen-44¢methylbenzenesulfonatd 4), which was
synthesized through a facile route previously reggbby our group [43]Nucleophilic substitution of
14 with previously synthesized 4-[(2-aminoethoxy)bstituted anilines15a-d [21] afforded

compoundd6a-d, which were then converted to the final compoutitisd through demethylation .
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Scheme 1. Synthetic routes af7a-d. Reagents and conditions: (a)@0O;, EtOH, 75°C, 3 h; (b) BBg, CH,Cl,, rt,

12 h.

The design and synthesis of 4’-fluorine substitudearyl-4-anilino-2H-chromen-2-one analogues
23a-d, 32a-d and34a-d were successfully processed following the previoteported procedures [43].
The synthetic sequence 88a-d began with the commercially available methyl sdéite 18, which
were easily converted to the esterified prod2&i{Scheme 2). The following cyclized compoud
was prepared from corresponding intermed2@evia intramolecular Claisen condensation. Further
treatment o1 with paratoluensulfonyl chloride provided sulfomgtrecursor which were then coupled
with various 4-[(2-aminoethoxy)]-substituted andgil5a-d via the nucleophilic substitution to yield

the target compound®3a-d in good to moderate yields.
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Scheme 2. Synthetic routes o23a-d. Reagents and conditions: (a) PQQlyridine, 0-10 °C, 2 h; (b) KOH,

pyridine, rt, 4 h; (c) TsCl, BN, dry DCM, rt, 0.5 h; (d) arylamines,,&0;, EtOH, 75°C, 2-3 h.

The synthesis of compoun@9a-d and30a-d is shown in Scheme 3. Briefly, resorcinol reacted
with 4-hydroxybenzoic acid to yield benzophen@deunder Friedel-Crafts reaction conditions, which
was then converted to the corresponding 4-methexyxybenzoir26 through alkylation of 4-hydroxyl
with methanol via Mitsunobu reaction. Further treabt of26 with diethyl carbonate (DEC)/NaH in
reflux toluene gave cyclized compou8d, which were then subjected to an esterificaticactien in
the presence of TsCl and TEA in DCM to provide #ey intermediate28. Subsequently, the
introduction of different substituentkba-d on the C-4 position 028 provided targeted compounds
29a-d. The removal of the methyl group of compourd@®s-d with BBr; in DCM produced desired

analogueg80a-d.
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Scheme 3. Synthetic routes 029a-d and30a-d. Reagents and conditions: (a) BPEL, 85°C, 2.5 h; (b) MeOH,
PPh, DIAD, THF, 0°C-rt, 0.5 h; (c) NaH, DEC, 12%C, 2 h; (d) TsCl, EN, dry DCM, 0.5 h; (e) arylamines,

K,COs, EtOH, 75°C, 2-3 h; (f) BB, CH,Cly, 1t, 12 h.

Subsequently, we designed and synthesized theidk&d 3-aryl-4-aryloxy-2H-chromen-2-one
derivatives to further investigate the effectsia# bridging O atom between the phenyl and coumarin
moieties on biological activityThe Synthetic routes of the 4-[(2-aminoethoxy)]stitbhted phenols
35a-d and the desired 4-anilino-3-aryl-2H-chromen-2-08@esd, 40a-d, 41a-d and42a-d are outlined
in Scheme 4. The 4-[(2-aminoethoxy)]-substitutedris35a-d were obtained in four steps involving:

i) selective etherification of hydroquinoBé with methoxymethyl chloride; ii) reaction of thesulting
mon-etherified produc82 with 1, 2-dichloroethane; iii) treatment of the Rlaroethyl derivative33
with selected amines; and, finally iv) removal loé tmethoxymethyl group in the aminated derivatives
34a-d.

The bromination of preexisting 4-hydroxy coumar& [43] and 27 with excess phosphorus

oxybromide was carried out to give the key 4-broowmarins37, 38 [60]. The corresponding



O-linked compound$9a-d and 40a-d were prepared by coupling of intermediaB¥sand 38 with
various 4-[(2-aminoethoxy)]-substituted phen8Ba-d. Demethylation was thus carried out on the

compounds39a-d and40a-d to afford the required derivativédga-d and42a-d.
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Scheme 4. Synthetic routes 089a-d, 40a-d, 41a-d and42a-d. Reagents and conditions: (a)GOs, dry acetone,
MOMCI, rt, 2 h; (b) 5N NaOHsolution, CICHCH,CI, TBAB, 75°C, 4 h; (c) RCI or RCI-HCI, §CO;, KI, DMF,
100 °C, 4 h; (d) concentrated HCI, MeOH, rt, 4 h; R&Bk (1.1 equiv), 1,2-dichlorobenzene, 170 °C, 4 h; (f)

arylamines, C£0O; (2 equiv), MeCN, 75 °C, 2-3 h; (g) BBICH.CI,, rt, 12 h.

3.2. Biological evaluation.
3.2.1. ERa binding affinity assay and cell proliferation assay.

The ERx binding affinities of title molecules were initialmeasured by following a fluorescence
polarization procedure [21, 38 and 39]. Their poteto inhibit the proliferation of human breast
cancer cell line MCF-7 (ER+) and human endometaicer cell line Ishikawa was also performed
using MTT assayClearly, the fact that long term treatment of taifexxwill stimulate endometrial cell
growth and increase the incidence of endometriglcer is a significant concern for its clinical
application. Thus, it is essentid evaluate the anti-proliferative activity of nesempounds on
endometrial cells. For comparison, lead compoBhdl18d, Tamoxifen and Vandetanib were also used
as the positive control in these two assays. Thesdt data can be analyzed in two groups, 4-Nelihk
analogues and 4-O-linked analogues, and are ddpicteable 1 and Table 2 respectively.

As is shown in Table 1, most of the N-linked compas! (piperidyl substituted as terminal basic
group) showed promising binding affinities withskvalues less than 4@M indicating that coumarin
scaffold could favorably mimic that of extradiol.Wwas supposed that hydroxyl group at C-4’ position
had formed more hydrogen bonds with essential amaid His524 than methoxyl group in the ligand
binding domain of ER. Expectedly, it is obvious to note that derivasit&d with hydroxyl substituted

at C-4’ position (IGy = 3.82 uM) possessed apparently better affinitesERy than methoxyl



substituted lead compourgl -18d (IC5=6.64uM). Overall, the more H donor groups (hydroxyl) eer

incorporated to coumarin skeleton the better bigdifiinities were observed in the binding assBsd(

vs. BL-18d). Furthermore, replacement of methoxy with Fpgposition of 3-phenyl substituent

resulted in slightly increased binding affinit30¢l vs. BL-18d), which was consistent with our idea of

titte compound design. The F containing compous@sd all held the inhibition rate of more than 90%

which were very close to that of Tamoxifen. Thehaigt affinity was observed with compouhdd,

exhibiting binding affinity value of 3.82M, which is almost twice higher thaBL-18d (ICs~=6.64

uM).

As a global observation, most of N-linked compoumsesented significant anti-proliferative

activity on these two cancer cell lines comparedptsitive control. Moreover, all the piperidine

substituted compoundtrd, 23d, 29d and 30d which showed the best binding affinity in &ERssay

within their respective group also demonstrateditst anti-proliferative activity against MCF-7 Isel

(ICso = 18.74, 11.32, 12.58 and 7.06 uM, respectivelhich indicated an ER pathway on the

anti-proliferative activity (Table 1). A close olvgation of the data showed that fluorine containing

prototypes 80a-d) were more active than their hydroxyl countergarpoundd7a-d. Contrary to the

trend observed in ERbinding assay, it was interesting to find thatimcrease in the number of

hydroxy groups decreased their anti-proliferatieévities, which might be due to their lower cedlul

uptake. Of all the active compound@fd showed maximum inhibition of cell growth againsCH7

cells with an 1G, of 7.06 uM, about 2 fold more potent than both daifen (14.35uM) and

Vandetanib (16.52M), whereas, compoun29d showed maximum inhibitory effect against Ishikawa

cells with an 1Gy of 8.71 pM.

Table1

SAR of C-4 substituted N-aryl analogjga-d, 23a-d, 29a-d and30a-d.

O

e
LT =
HO [Oe]

BL-18d

R/\/O\©\
NH

R? R'=OH, R*>=0H, 17a-d

4 4' R'= H, R’=F, 23a-d
s

R'= OMe, R?=F, 29a-d
0% R'= OH, R’=F, 30a-d

C-4 substituted N-aryl analogs

ERa binding affinity’

Cytotoxicity (ICsc, uM)®

Compound R R INh% at 10uM___ ICac (uM) MCF-7 Ishikawa

17a OH  OH 68.46 £ 5.17 8.21 28.35+4.35 30.21+4.24
17b OH OH 86.26 £ 6.07 5.97 2752 £5.17  29.07 +5.94
17¢ OH OH 83.13 £ 4.06 6.43 20.65+3.12 26.69 +4.36
17d OH OH 91.61 + 7.48 3.82 18.74+2.84 24.59 527
23a H F 34.21 £ 2.09 ND 32.46 £6.43  28.49 +4.48
23b H F 31.76 £ 2.27 ND 2638 £3.27  24.65+2.94
23¢ H F 36.92 £ 2.27 ND 26.11+4.63 2573 +3.67




23d H N ) 76.48 £5.15 7.79 11.32 £2.25 10.26 £ 1.34
/
29a OMe §—N\ 34.97 + 3.83 ND 31.57+4.74 13.54+1.49
—
29b OMe §—N\_ 37.34+£6.77 ND 26.31+£266 17.89+2.05
29c OMe S—N 43.29 £ 4.58 ND 21.53+£3.15 1248+212
29d OMe =N ) 79.52 £5.15 7.96 12.58 £1.89 8.71+1.53
/
30a OH §—N\ 90.38 +4.97 6.62 19.29+3.32 2484 +3.17
—
30b OH §—N\_ 90.88 + 7.39 4.37 1746 +1.29 17.18+2.78
30c OH S—N 93.67 £4.82 4.53 13.94+2.08 21.47+3.09
30d OH =N ) 94.94 + 8.75 3.86 7.06 +1.41 10.44 +2.62
BL-18d - - 86.47 £5.49 6.64 11.39£3.63 14.38+2.82
Tamoxifen - - 94.79 £ 9.87 2.67 14.35+3.47 20.65+4.52
Vandetanib - - - 16.52+2.12

®Percent inhibition of each compound was calculétech the polarization values, shown as mean + SEhae

experiments. The I§g values are calculated when the Inh% aplDis more than 50%.

The concentration of compound that inhibit 50%f tell growth after 48 h of drug exposure measbyeMTT
assay. Each value was shown as mean + SD of thpegiments.

°ND stands for not determined g¢>10 uM for ER: binding affinity).

On the other hand, overall, the series of O-linkedlogues showed a similar trend in bothuER
binding affinity assay and cell proliferation asg@gable 2): i) more donor group (hydroxyl) led to
higher affinities while their dihydroxy analogda-d displayed poor cytotoxicity against these two
cancer cell lines; ii) among these four basic sidestituents, piperidyi3@d, 40d, 41d and42d) was
the most optimized group which made great contidloutto their ER binding affinity and
anti-proliferative activity. Expectedly, it seeméhat introducing of bioisosteric O atom at the C-4
position of coumarin scaffold is beneficial to impe the inhibitory potency, especially in &Rinding
affinity assay 80a-d vs. 42a-d). Interestingly, the dimethoxyl compound®a-d which were less
potent in ER binding assay manifested slightly greater potettan the corresponding dihydroxyl
compounds4la-d against both MCF-7 and Ishikawa cells which alsaficmed that the obtained
antiproliferative activity might not be only througERx. What's more, among these O-linked
analogues40d was found to exhibit the strongest inhibitory effagainst MCF-7 cells (g = 9.32 +
1.29uM) and Ishikawa cells (1§ = 8.41 + 1.12.M). Finally, among all the compounds of two series,
compound42d (R'=OH, R=F) were found to be the most potentcElRjand embodying the highest
affinity with ICso value of 2.1uM.

Table 2
SAR of C-4 substituted O-aryl analog8a-d, 40a-d, 41a-d and42a-d.



N/\/O R/\/o
OMe R? R'= OMe, R?=0Me, 39a-d

0
4 4 R!= OMe, R2=F, 40a-d
X

r 0
O A — 3 R'= OH, R?=OH, 41a-d
1_ 2|
HO o o R! 0 2 o) R'= OH, R*=F, 42a-d

BL-18d C-4 substituted O-aryl analogs
5 ERa binding affinity’ Cytotoxicity (ICsc, uM)®
Compound R R R Inh% at 10uM ICao(M) MCF-7 Ishikawa
7
39%a OMe OMe %—N\ 34.37 £ 5.64 ND 17.84+2.23 11.44+255
—
3%b OMe OMe %—N\_ 38.93 +6.89 ND 1535+3.69 9.32+1.14
39¢c OMe OMe %—N 34.28 + 4.58 ND 14.38+2.43 8.53+1.08
39d OMe OMe §—N ) 62.48+4.42 9.42 9.62 +£1.59 7.47 +1.57
40a OMe F %—N( 72.86 + 8.52 8.96 15.26 +2.38 17.34+2.25
—
40b OMe F %—N\_ 46.83 + 6.89 ND 16.64+235 15.72+1,63
40c OMe F %—N 38.32+8.42 ND 1456 +3.64 15.14+1.76
40d OMe F §—N > 85.79+10.23 6.87 9.32+1.29 841+1.12
/
41a OH OH %—N\ 68.76 + 3.57 8.43 41.38+6.32 36.97+£6.79
—
41b OH OH %—N\_ 46.36 + 4.84 ND >50 >50
41c OH OH %—N 86.52 +7.13 6.84 23.88+£3.64 24.53+4.06
41d OH OH §—N ) 92.46 +8.12 2.62 19.68+ 255 28.37+3.94
/
42a OH F %—N\ 84.32 £ 7.47 6.43 16.61+2.94 18.7£2.37
—
42b OH F %—N\_ 93.67 £9.38 3.55 21.33+£3.62 17.4%+1.96
42c OH F %—N 91.25+8.53 4.27 16.78 +1.59 22.61+4.18
42d OH F §—N ) 95.74 +8.45 2.19 9.54 +2.65 11.12+2.34
BL-18d - - - 86.47 +5.49 6.64 11.39+3.63 14.38+2.82
Tamoxifen - - - 94.79 £ 9.87 2.67 14.35+3.47 20.65+4.52
Vandetanib - - - - - 16.52+2.12 -

®Percent inhibition of each compound was calculétech the polarization values, shown as mean + SEhie
experiments. The I§ values are calculated when the Inh% atliDis >50%.

®The concentration of compound that inhibit 50%hef tell growth after 48 h of drug exposure measbyeI TT
assay. Each value was shown as mean + SD of thpegiments.

°ND stands for not determined g¢>>10 uM for ER: binding affinity).

Based on the above results, we found #fiathe piperidine substituted compourid&l, 23d, 29d,
30d, 39d, 40d, 41d and 42d which exhibited the best binding affinity in ERassay within their
respective group also demonstrated potent antisbiesncer activity against MCF-7, as well as good
anti-endometrial hyperplasia activity against Isinifa cells with 1G, value less than 25 uM. Results
presented in Figure 4A indicate that all the testednpounds inhibited cell proliferation in a

dose-dependent manner. From Figure 4B it is evithetitmost of the piperidine containing compounds

displayed comparable to higher potency tidn18d and tamoxifen against MCF-7 and Ishikawa



cells.

A MCF-7 Ishikawa
120+ 120+
=% 17d N 17d
23 1004 = 23d 2 3 1004 = 23d
Zs 294 i + 29d
S S 804 “ S S 804 -
=3 30d =3 -~ 30d
5L 60 -4 39d 55 61 -4 39d
- A =A
ST B T
"5 E 204 -~ 42d '.5 s 204 -~ 42d
2g : d 2 2
T T T ; A — —
0.1 1 4 10 20 40 80 0 80
Drug concentration (pM) Drug concentration (pM)
B 1C5y MCF-7 ICs, Ishikawa
25 404
304
5 5
S 2 20
2 3
5 g
104
. 04
O ad o D o A0 R O ad o D o A N
KO P ¥ o O 00 02 R S R O
O &
<2 (& P

Figure 4. In vitro anti-proliferative properties of selected compauadainst MCF-7 and Ishikawa cell lines. (A)
Growth inhibition assay performed on MCF-7 and kalia cell cells using MTT after 48 h incubation fwa
range of drug concentrations. Points: % of cellifexation as compared to untreated control cefisans of at
least three individual experiments. (B) Histogranpresentation of the micromolar concentration of the
compounds required to inhibit 50% of MCF-7 and Ishil cell proliferation after 48 h drug incubatid@s).

Columns: means of at least three individual expertsjebars: SD.

3.2.2. Antiangiogenic activity evaluation.

On the basis of preliminary ERbinding affinity and cancer cell proliferation iy, several
potent compoundsvere screenedn vitro for their antiproliferative potency against VEGRR-
overexpressed human umbilical vein endotheliasq¢lUVEC) and VEGFR-2 inhibitory activity with
Vandetanib as positive control. As shown in Tablembst of the tested compounds manifested
considerable inhibitory activity on VEGFR-2 companeith Vandetanib. Three compoundiad, 30d
and 42d showed 82.91-88.42% inhibition against VEGFR-Zdamtrast to Vandetanib which showed
inhibition percentage of 95.73%. Results of HUVEEl groliferation assay indicated that five of
selected compound294d, 30d, 39d, 40d and42d) displayed potent antiproliferative activities wiCs,
values ranging from 7.64 to 15.73 pM. Their potenmegre comparable with the reference drug
Vandetanib but better thamBL-18d (IC50=16.19 uM). Particularly,39d showed the highest

anti-proliferative activity with IG, values of 7.64 uM. It is worthy to note that thinydroxyl



containing compound&7d and 41d only showed fair cell-growth inhibitory effect agst HUVEC,

which was in accordance with their low potency agaMCF-7 and Ishikawa cells.

Table 3
Antiangiogenic activity of representative compoutdd, 23d, 29d, 30d, 39d, 40d, 41d and42d.

compound In;/igiﬁgr? (%/o ) HUVEC (ICso, pM)®

Vandetanib 95.73+2.15 6.76 + 0.68
BL-18d 59.34 + 4.64 16.19 + 2.07
17d 83.25 + 8.83 30.79 + 4.52
23d 41.84 +3.26 17.15+1.63
29d 66.01 +6.71 9.05 + 1.38
30d 88.42+8.12 9.92 + .084
39d 67.63 + 2.05 7.64 +0.97
40d 55.13 + 3.68 13.57 + 1.01
41d 66.08 + 6.32 23.94 + 3.62
42d 82.91 + 6.43 15.73 + 1.42

#Percentage inhibition of each compound on VEGFR-®aM was measured using homogeneous time resolved
fluorescence (HTRF) assay, shown as mean + SD e xperiments.

The concentration of compound that inhibit 50%f tell growth after 48 h of drug exposure measbyeMTT
assayEach value was shown as mean + SD of three expetsme

In summary, we found that compouddd exhibited the strongest BRbinding affinity (IGq=
2.19 uM) and excellent cytotoxicity for MCF-7 arghikawa cells (IGo=9.54 £ 2.65 and 11.12 + 2.34
UM, respectively), also was a promising anti-angiwgsis agent (82.91% of VEGFR-2 inhibition;
ICs= 15.73 pM against HUVEC cells). Thué2d was selected for our further investigation of its

multifunctional effects.

3.2.3. Effect of 42d on migration of MCF-7 cells

Metastasis is the major cause of death of the adhibreast cancer patients. Although many
breast cancers respond well to chemotherapy iyitiddey become aggressive, recur and metastasize
once they develop resistance [61]. Cell migratiorusually associated with a metastatic phenotype;
herein we adopted a wound-healing migration aseagietermine the ability ofi2d to inhibit the
migration of MCF-7 cells. The results showed timathie absence @fd, the cells migrated within 48 h
to fill most of scratched area, but the noncytatotieatment of42d significantly prevented this

migration of MCF-7cells in a dose- and time-depenadeanner (Fig. 5).

42d 2 pM

Control

42d 4 pM

Oh

24 h

48 h



Figure 5. Effects on the migration of MCF-7. Representativagas of MCF-7 cells treated with serum-free 1640
medium containingd2d (2 and 4 pM) for 24 and 48 h were photographedeumthase contrast microscopy

(magnification, 100x). Control was treated with seriiee 1640 medium.

3.2.4. Effect of 42d on Cell Cycle distribution in human breast cancer MCF-7 cells

In MCF-7 human breast cancer cells, tamoxifen exanti-estrogenic effects, marked by slowing
of cellular proliferation, with the cells arrestedthe G1 phase of the cell cycle [62]. Thus, wehier
evaluated the effect of2d on the distribution of the cells in cell cycle wiTamoxifen as positive
control. Representative cell-cycle changes wereated in MCF-7 cells after exposure to DMSO
(control), Tamoxifen (21M) and42d (2 uM, 4 uM and 6uM) for 24 h (Fig. 6). As is seen from the
results, compound2d concentration-dependently arrested cell cycle @G& phase, accompanied
with decrease of cells at G2/M and S phase for MGfells. This indicates that the GO/G1 arrest in

MCF-7 cells by compound®d also made contribution to its potent anti-prokifiare activity.

800. Control 42d 2 pM
GOIG1% = 48.52% 600 T ——
% = 24 64%
800 5% = 18.52%
GAMER =200 Ga/M% = 20 81%
5 g 400
8 400
200 - ij 200
° T T T T T o T T T T T
o ™M 4am &M am 10M o ™M 4M &M am 10M
FL2AFL2-A FL2A:FL2A
42d 4 pM 500 42d 6 uM
Ly GO/IG1 % = 65.37% E GW/G1% = 75.46%
5% = 18.41% 08 S% = 14.69%
G2/M% = 16.22% G2/M% = 9.85%
T 400 £ 900
3 2
< <
200
200
J LJ\ "]
o T T T T T L

T r T T
o M am 6M BM 10M 0 EY) am 6 M 10M
FLZ-A:FL2Z-A FL2-A: FLZ-A

Figure 6. (A) Cell cycle analysis of MCF-7 cells treatmentcoimpoundd2d (2, 4 and M) and Tamoxifen (2

uM) as positive control for 24 h.

3.2.5. The inhibition activity of compound 42d against the expression of progestrone receptor
microRNA in MCF-7 cells.

To evaluate the transcriptional level of &eRegulated target genes, we further adapted qaaét
real-time polymerase chain reaction (RT-PCR) in HRR positive MCF-7 cells to investigate the
expression of progesterone receptor (PgR). The estetpne receptor expression is commonly
associated with estrogenic or antiestrogenic agtiis shown in Fig. 7, presence of 10 nM estradiol
(E2) was able to remarkably elevate the mRNA exgioesof PgR gene compared to the vehicle
control. Observably, compoundPd at the concentration ofuM in combination with 10 nM E2

dramatically reduced the expression of PgR mRNAigedl by E2 (*** P < 0.001 vs. E2 group).



Furthermore42d exhibited stronger antagonism against the expmessi PgR mRNA than positive
control Tamoxifen at the concentration ofuld in the presence of 10 nM E2, indicating tH&d

presented significantly antiestrogenic property.
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Figure 7. The increased mRNA expression of PR induced by &2reversed b§2d in MCF-7 cells. The mRNA
expression of PR was examined by Real-time PCR. Valteemean +SD (n=3). * P < 0.05, * P < 0.01, ***<P

0.001 vs. E2 group.P< 0.05% P< 0.01*¥P< 0.001.

3.2.6. Effect of 42d on VEGFR-2 phosphorylation

VEGF signalling pathway through the VEGFR-2 tyr@sikinase phosphorylation displays a
crucial role in angiogenesis. What's more, VEGFis2expressed at high level in many kinds of
cancers [63]. Disruption of VEGF signaling pathwmgyeither specific binding of circulating VEGF or
inhibiting receptor tyrosine kinases with small emlles has been found to inhibit angiogenesis, tumo
progression and dissemination. To confirm our higpsis, a Western blotting assay for total and
phosphorylated (active) VEGFR-2 was performed. Asws in Fig. 8,42d was able to block the
phosphorylation of VEGFR-2 in a dose dependent mar8unitinib was used as the positive control.
At the concentration of g¢M, 42d significantly decreased the active form of VEGFRF®y. 8B) (***
p < 0.001 vs. control). Moreover, at concentratioh uM, compound#i2d presented a slightly better

effect than Sunitinib.
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Figure 8. 42d inhibits the phosphorylation of VEGFR-2 in MCF-@lls. (A) Expression of p-VEGFR-2 and
VEGFR-2 in MCF-7 cells were examined by westerntdbldB) Densitometric analysis was performed to
determine the phosphorylation rate of VEGFR-2. ¥alare mean + SD (n = 3). *P < 0.05, *P < 0.01xP*

0.001 vs. Control group.

3.2.7. 42d inhibits the MAPK signaling cascade as the result of VEGFR-2 phosphorylation
blockade in MCF-7 cells.

Multifactorial pathways have been shown to devetrpoxifen resistance in both preclinical and
clinical studies, including the crosstalk betweeR Bnd growth factor pathways [64, 65]. The
Raf-1/MAPK/ERK pathway is an important cell sigmgi pathways and controls multiple cellular
processes, such as cell proliferation and difféagéioh [66]. Currently, studies have revealed that
over-expression and aberrant activation of Raf-1MHAERK pathway is associated with the resistance
of endocrine therapy [67Crosstalk of estrogen receptor pathway with RafARM/ERK pathway is
also relative to breast cancer cell migration, giwa, and angiogenesis [68]herefore, the blockage of
Raf-1/MAPK/ERK pathway is supposed to enhance ttieceof anti-hormonal therapy and retard
endocrine resistance. Compoudad has shown its anti-angiogenesis effect througlbitibn on
VEGFR-2 activation; we made further investigatiodi 42d on inhibiting the downstream
Raf-1/MAPK/ERK pathway transduction in MCF-7 cdltsexplore its underlying mechanism of action.
Two effectors, Raf-1 and ERK were examined to sthdw 42d affected the Raf-1/MAPK/ERK
pathway. As expected, the results indicated #2at significantly inhibited p-Raf-1 and p-ERK1/2
activation in a dose-dependent manner, while ti& farotein level of Raf-1 and ERK1/2 were not

altered (Fig. 9).
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Figure 9. 42d inhibits the activity of the Raf-1/ERK pathway inQ¥-7 cells. (A) Expression of p-Raf-1, Raf-1,
p-ERK1/2, and ERK1/2 were examined by western blatdMiCF-7 cells. (B) Densitometric analysis was
performed to determine the phosphorylation ratRaf1 and ERK1/2. Values are mean + SD (n = 3). 1®G5,

**P < 0.01, **P < 0.001 vs. Control groupP < 0.05%P < 0.01*P < 0.001 vs. Control group.

3.2.8. Potential mechanisms of designed compound 42d on ERa- and VEGFR-2-meidated
signaling pathways

Estrogen receptar- (ERa), a member of the nuclear receptor family, is \atéd by the
endogenous estrogen ft@stradiol (E2) to regulate proliferation-dependeeine expression. Our
compound42d was able to compete with circulating estrogen fadimg (ERx), consequently leading
to proliferation inhibition and PgR gene down-regidn (Fig. 10). One the other hand, cancer cell
proliferation and migration as well as angiogengsismoted by the crosstalk of estrogen receptor
pathway with Raf-1/MAPK/ERK pathway were also rested by42d via the phosphorylation
blockade of VEGFR-2, Raf-1 and ERK1/Zhis synergetic inhibitory effect o42d on ERx and
VEGFR-2/Raf-1/MAPK/ERK pathway suggested it a praimg multifunctional agent against breast
cancer.And this work opens a novel way to the design oftirtargeted agents targeting ERand

VEGFR-2 in the therapy of some breast cancers.
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Figure 10. Schematic representation elucidating the rolé2dfin interfering with signaling pathways initiategt b

ERo and VEGFR-2

3.3. Molecular modeling studies.

The designed inhibitors were subsequently subjectetbcking analysis in ER(PDB ID: 3ERT)
and VEGFR-2 (PDB ID: 1YWN) proteins. The dockingeraction energies obtained for the designed
candidates docked within the active site of both photeins showed favorable binding modes for all
docked compounds, where all ligands had good sdmtgeen -49.59 and -69.26 kcal/mol (Table 4).
Compound4ld endowed with two H-bond donor groups (hydroxylhiaeed the lowest docking score
amongst all synthesized compounds within both stevhich was in line with the our idea of drug
design. Furthermore, the O linked analogdéd, 41d and 42d exhibited better scores within ER
protein than their N linked counterpa@8d, 17d and 30d, which was in line with the experimental
ERa binding affinities indicating a good correlatiorettveen predicted binding energies and the
corresponding experimental affinities scoring fums. The docking energy scores observed within
both ERy and VEGFR-2 proteins are mentioned in the supphtang data.

To further support our structural modificationsjeeper binding mode analysis was performed on
the promising compound42d. As depicted in Fig. 11A, the docked pose of 42ERu active site
revealed that the core skeleton of 3-aryl-4-aryl@kirchromen-2-one is favorably positioned into the
binding site. Furthermore, an excellent superimpmsi of 42d over the structure of
4-hydroxytamoxifen (OHT, co-crystallized ligand) svabserved. And its basic side chain pointed
toward Asp351 to generate an antagonistic confoomats that of 4-OHT. Detailed docking results
from Fig. 11B showed that hydroxy group of the cawim moiety formed hydrogen bonding
interaction with Glu353 (2.86 A) and Arg394 (2.80, Avhile thep-methoxy of C-3 substituted benzyl
ring interacted with His524 amino acid resid3e09 A) and formed an essential hydrogen bonds Thi

indispensable E&binding mode o#2d which is the typical character of selective estrogeceptor



modulator contributed greatly to its antiestroggioperty.

Figure 11. (A) Superimposed poses of OHT (blue) with repnéstive derivativegl2d (yellow), binding to ER,
the protein was shown in surface. (B) Docking intdoms of42d within ERx active site (surrounding residues

shown as green sticks). Dotted lines (red) reptaberhydrogen bonding interaction.

The binding orientation o42d within the ligand binding domain of VEGFR-2 showedbinding
mode which was different with Sunitinib but similtar that of diaryl urea VEGFR-2 inhibitors [69].
The docking analysis of compoud#d within VEGFR-2 protein showed hydrogen bondingrattion
of hydroxy group of coumarin with an essential améid Cys917 (2.68 and 2.92 A) in the ATP hinge
region (Fig. 12). Moreover, the coumarin ring wagkkd into a hydrophobic pocket, creating-a
stacking interaction with the aromatic ring of Ph&g6.12 A), providing further stabilization foreth
ligand-receptor complex. The side chain42d pointed toward a hydrophobic region which was
commonly occupied by the diaryl urea fragment. Ehascking results may provide additional insights
into the protein-ligand interactions and potentgttuctural modifications for further activity

improvement.
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Figure 12. The binding mode of compourd@d (ball and stick in yellow) docked into the VEGFRsihding site

(surrounding residues shown as gray sticks). Hyelmolgonding and hydropholic interactions are showmea



dotted lines with distances in angstrom.

4. Conclusion

In summary, what described here is the rationallyided optimization of a series of
3-aryl-4-aniline/aryloxy-2H-chromen-2-one derivatss through structure-based modification of lead
compoundL E-18d in order to obtain multifunctional effect towarB&x and VEGFR-2. By means of
bioisosteric replacement, O atom was attachededaltposition of coumarin moiety, while F atom was
incorporated to C-4' position of 3-phenyl substitueith the hope of retaining necessary interagtion
with essential amino acid residues of targeted: E&teptor and VEGFR-2 enzyme. Among them, O
linked compounds not only exhibited potent cERinding affinities, but also showed promising
anti-proliferative activities against both cancells and angiogenesis-related celsvitro. Further
mechanism investigation revealed td@d was able to inhibit MCF-7 cell migration and atresl|
cycle at GO/G1 phase in MCF-7 cells in a conceiatnalependent manner. In addition to its significan
antiestrogenic property observed in RT-P@R] was also able to inhibit the activation of VEGFR-2
and the signaling transduction of Raf-1/MAPK/ERKtipaay in MCF-7 cells.Molecular docking
analysis of42d indicated this molecule assumed a well-knownuEfthding mode embodying three
essential hydrogen bonding interactions, whichhés tiypical character of selective estrogen receptor
modulator. Additionally, docking interaction within VEGFR-2 vealed that42d has the ability to
occupy the ATP region of VEGFR-2 enzyme via formigtrongem-n stacking interaction and two
hydrogen bonding interactions with key amino aeisidues.

Finally, all these results together open a new agdar the development of multifunctional agents
targeting ER and VEGFR-2 in the therapy of some breast canEearsherin vivo anticancer effects of
promising compound2d on 4T1 induced BALB/c mice breast cancer modedsimmprogress and will

be reported in due course.

5. Experimental section
5.1 Chemistry
5.1.1. General.

Most chemicals and solvents were of analytical gradd, when necessary, were purified and
dried by standard methods. Reactions were monitbsedhin-layer chromatography (TLC) using
precoated silica gel plates (silica gel GF/UV 25#)d spots were visualized under UV light (254 nm).
Melting points (uncorrected) were determined on al-WEMP Il melting point apparatus and are
uncorrected.'H NMR and *C NMR spectra were recorded with a Bruker Avanc® 30Hz

spectrometer at 300 K, using TMS as an internaddsted. MS spectra were recorded on a Shimadzu



GC-MS 2050 (ESI) or an Agilent 1946A-MSD (ESI) MaSpectrum. Column chromatography was
performed with silica gel (200-300 mesh). Chemishifts (d) are expressed in parts per million
relative to tetramethylsilane, which was used amtamnal standard, coupling constants (J) aresitizh
(Hz), and the signals are designated as followangjet; d, doublet; t, triplet; m, multiplet.

Analytical HPLC for assessing purity was perforntad Agilent 1260 Infinity System equipped
with a UV detector at 254 nm. The column employg@n Agilent Zorbax AB-C18 chromatography
column (5um, 4.6 x 250 mm). Unless otherwise indicated, thety of the final products was >95%
(Supplementary data).

5.1.2. General method I: sulfonic esterification

Compounds21 or 27 (2 mmol) was dissolved in 10 mL of dry dichloromethane andttwas
added dry TEA (0.56 g, 5.60 mmol) and stirred amdemperature until the reaction mixture became
homogeneous. The total reaction mixture was theémp@n ice bath, 4-toluenesulfonylchloride (0.42 g
2.2 mmol) was added dropwise stirred for 10 moneuteis; the ice bath was removed and the reaction
mixture continued to be stirred at room temperafareanother 30 min. The solvent was evaporated
and the solid purified by column chromatographit@@ white solid22 or 28.

5.1.3. General method I1: SN2 nucleophilic substitution.

A mixture of compound4 or 22 or 28 (0.47 mmol), four kind of anilines (1.0 equiv.)hdaK,CO;
(2.0 equiv.) in ethanol (6.0 mL) was stirred at °I& for 2-3 h. After completion of the reaction as
indicated by TLC, the mixture was cooled to roormperature and then extracted, evaporated and
purified directly by flash column chromatography eilica gel to afford the corresponding pure
productsl6a-d, 23a-d and29a-d.

5.1.4. General method I11: demethylation.

A solution of16a-d or 29a-d or 39a-d or 40a-d (0.4 mmol) in dry Ci€l, (10 mL) was cooled to
-30 °C by cryotrap. A solution of BBr(2.4 mmol) in dry CHCI, (2.4 mL) was added dropwise under
nitrogen. The mixture was gently warmed to roomperature and stirred for 12 h. The reaction
mixture was quenched with,B (50 mL), then saturated sodium bicarbonate swiutias adjusted to
pH=8. The precipitate was collected by filtratioand further purified by silica gel column
chromatography to afford the demethylation prodifetd, 30a-d, 41a-d and42a-d.

5.1.5. SYynthesis of intermediates 16a-d

Intermediatesl6a-d were prepared by our group previously and assgtidtMR and HR-MS
characterization were reported in previous pubtigheper [21].

5.1.6. General synthesis of final compounds 17a-d

Final compoundsl7a-d were prepared according eneral method 111: demethylation, yield
44.5-61.6%.



5.1.7. 4-((4-(2-(dimethylamino)ethoxy) phenyl )yamino)- 7-hydroxy-3-(4-hydroxyphenyl)-2H-ch
romen-2-one (17a)

Light yellow solid, yield 44.5%, mp 156-1%8; '"H NMR (300 MHz, DMS0)5 (ppm): 9.33 (s,
1H), 8.12 (s, 1H), 7.67 (d, = 8.8 Hz, 1H), 6.91 (d] = 8.4 Hz, 2H), 6.74 — 6.63 (m, 4H), 6.63 Jc&

8.8 Hz, 2H), 6.52 (dJ = 8.4 Hz, 2H), 3.92 () = 5.9 Hz, 2H), 3.68 (s, 3H), 2.59 {t= 5.5 Hz, 2H),
2.23 (s, 6H).13C NMR (75 MHz, DMSQO)s: 162.3, 161.1, 156.4, 154.5, 154.5, 148.2, 13132,2,
126.4, 125.0, 123.5, 114.8, 114.7, 112.5, 108.8,6,0102.4, 66.4, 57.9, 55.4, 45.8. MS (ESI) m/z:
455.1 ([M+Na]"). HRMS (ESI) for GsH,4N,0s+H calcd 432.1720, found 432.1742.

5.1.8. 4-((4-(2-(diethylami no)ethoxy)phenyl)amino)-7-hydroxy-3-(4-hydroxyphenyl)-2H-chr
omen-2-one (17b)

Light yellow solid, yield 48.9%, mp 168-1%; '"H NMR (300 MHz, DMS0)5 (ppm): 9.32 (s,
1H), 8.11 (s, 1H), 7.69 (d,= 9.0 Hz, 1H), 6.93 (d] = 8.5 Hz, 2H), 6.78 — 6.67 (m, 4H), 6.62 {d;
8.9 Hz, 2H), 6.53 (dJ = 8.5 Hz, 2H), 3.94 (t) = 5.9 Hz, 2H), 2.82 (s, 2H), 2.64 (@ = 6.7 Hz, 4H),
1.01 (t,J=7.1 Hz, 6H).13C NMR (75 MHz, DMSOY: 162.4, 160.8, 156.3, 154.5, 154.5, 148.2, 134.9,
132.2, 126.3, 125.0, 123.5, 114.8, 114.7, 112.5,11(103.7, 102.5, 66.4, 51.5, 47.5, 11.8. MS (ESI)
m/z: 483.1 ((M+NaJ). HRMS (ESI) for G;H,gN,Os+H calcd 461.2071, found 461.2071.

5.1.9.  7-hydroxy-3-(4-hydroxyphenyl)-4-((4-(2-(pyrrolidin-1-yl)ethoxy) phenyl yamino)-2H-chro
men-2-one (17¢)

Light yellow solid, yield 53.2%, mp 134-188; 'H (300 MHz, DMSO)8 (ppm): 9.34 (s, 1H),
8.20 (s, 1H), 7.72 (dl = 9.3 Hz, 1H), 6.93 (d] = 8.5 Hz, 2H), 6.65 (t] = 6.3 Hz, 4H), 6.65 (d] = 8.5
Hz, 2H), 6.56 (d,J = 8.9 Hz, 2H), 3.92 () = 5.6 Hz, 2H), 2.75 () = 5.7 Hz, 2H), 2.53 (d] = 1.8 Hz,
4H), 1.67 (s, 4H)**C NMR (75 MHz, DMSO)»: 162.2, 160.7, 157.8, 154.5, 154.3, 147.6, 13¥30,5,
126.7, 125.6, 123.6, 113.9, 112.7, 112.0, 108.2,110101.7, 66.6, 54.0, 53.8, 23.0. MS (ESI) m/z:
481.1 ([M+Na]"). HRMS (ESI) for G;H,6N,0s+H calcd 459.1854, found 4593.1862.

5.1.10. 7-hydroxy-3-(4-hydroxyphenyl)-4-((4-(2-(pi peridin- 1-yl )ethoxy) phenyl )amino)-2H-chr
omen-2-one (17d)

Light yellow solid, yield 61.6%, mp 241-2%3; *H NMR (300 MHz, DMSO)3 (ppm): 9.47 (s,
1H), 8.04 (s, 1H), 7.66 (d,= 8.6 Hz, 1H), 6.92 (d] = 8.5 Hz, 2H), 6.76 — 6.64 (m, 4H), 6.60 {d=
8.9 Hz, 2H), 6.52 (d] = 8.5 Hz, 2H), 3.92 (1) = 6.0 Hz, 2H), 2.58 (t) = 5.9 Hz, 2H), 2.47 — 2.35 (m,
4H), 1.57 — 1.45 (m, 4H), 1.37 @@= 4.9 Hz, 2H)**C NMR (75 MHz, DMSO): 162.4, 160.8, 156.3,
154.5, 154.5, 148.2, 134.93, 132.2, 126.3, 12%6,5] 114.8, 114.7, 112.5, 109.1, 103.6, 102.54,66.
51.5, 47.5, 11.8. MS (ESI) m/z: 495.1 ([M+N3] HRMS (ESI) for GgH»gN,Os+H calcd 473.2071,
found 473.2075.

5.1.11. 4-flourinephenylacetic acid, 2-(methoxycar bonyl)phenyl ester (20)



To a mixture of methyl salicylate (1.52 g, 10 mmeat)d 4-flourinephenylacetic acid (11 mmol) in
10 mL of pyridine at 0-10 °C was added dropwise RQC1 mL, 12 mmol) within 0.5 h under stirring.
After the above mixture was stirred for 2 h at 0°0) the concentrated HCI was added to adjust pH
5-6 at the same temperature. The mixture was diteand washed with water to obtain the crude
product with a yield >80%, mp 73-77. MS (ESI) m/z: 289.1 ([M+H]).

5.1.12. 3-(4-flourinephenyl)-4-hydroxy-2H-chromen-2-one (21)

The 4-flourinephenylacetic ester of methyl salitglgd5 mmol) was mixed with anhydrous
pyridine (10 mL), followed by the addition of KOHbwder (0.7 g, 12.5 mmol) at room temperature.
After the mixture was stirred for 4 h in a nitrogetmosphere, 1N HCl was added to adjust pH 3-4. The
mixture was filtered and washed with water to abtdie crude product with a yield >45%, mp
234-237C. MS (ESI) m/z: 255.1 ([M-H)).

5.1.13. 2-Oxo0-3-(4-methoxyphenyl)-2H-chromen-4-yl-4-flourinebenzenesul fonate (22)

Intermediate22 was prepared according €eneral method I: sulfonic esterification as a white
solid, yield 77.8%, mp 176-1%9. 'H (300 MHz, CDC})) & (ppm): 8.23 (d,) = 15.5 Hz, 1H), 7.68 (m,
1H), 7.41 (m, 2H), 7.42 (d = 8.6 Hz, 2H), 7.16 (d] = 8.6 Hz, 2H), 7.07 (d] = 8.2 Hz, 2H), 6.68 (d,
J=8.2 Hz, 2H), 2.41(s, 3H). MS (ESI) m/z: 433.1 {{Ma] ).

5.1.14. General synthesis of final compounds 23a-d

Final compounds23a-d were prepared according tGeneral method Il: SN2 nucleophilic
substitution, yield 49.6-64.3%.

5.1.15.  4-((4-(2-(dimethylamino)ethoxy)phenyl)amino)-3-(4-fluorophenyl)-2H-chromen-2-one
(23a)

Yellow solid, yield 64.3%, mp 155-186; *H NMR (300 MHz, DMSO)§ (ppm): 8.60 (s, 1H),
8.06 (d,J = 7.8 Hz, 1H), 7.55 (d] = 7.3 Hz, 1H), 7.31 (dd} = 13.3, 8.0 Hz, 2H), 7.01 (dd= 8.5, 5.7
Hz, 2H), 6.77 (tJ = 8.9 Hz, 2H), 6.64 (d] = 8.8 Hz, 2H), 6.49 (d] = 8.8 Hz, 2H), 3.84 (1) = 5.7 Hz,
2H), 2.52 — 2.46 (m, 2H), 2.13 (s, 6HJC NMR (75 MHz, DMSO)s: 162.8, 162.11, 159.5, 155.0,
152.7, 148.0, 133.6, 133.4, 133.3, 132.2, 131.4,812124.4, 124.0, 117.2, 114.6, 114.4, 114.1,71,02.
66.5, 57.9, 45.9. MS (ESI) m/z: 419.1 ((M+B]} HRMS (ESI) for GsH,sFN,O5+H calcd 419.1765,
found 419.1766.

5.1.16.  4-((4-(2-(diethylamino)ethoxy)phenyl)amino)-3-(4-fluorophenyl)-2H-chromen-2-one
(23b)

Yellow solid, yield 62.4%, mp 138-14@; *H NMR (300 MHz, DMSO)§ (ppm): 8.58 (s, 1H),
8.04 (d,J = 7.9 Hz, 1H), 7.54 () = 7.6 Hz, 1H), 7.36 — 7.20 (m, 2H), 7.00 (dd; 8.5, 5.8 Hz, 2H),
6.75 (t,J = 8.9 Hz, 2H), 6.63 (d] = 8.8 Hz, 2H), 6.46 (d] = 8.8 Hz, 2H), 3.80 (1] = 6.0 Hz, 2H), 2.63
(t, J= 6.0 Hz, 2H), 2.46 — 2.40 (m, 4H), 0.89Jt 7.1 Hz, 7H)*C NMR (75 MHz, DMSOY: 162.8,



162.1, 159.5, 155.1, 152.7, 148.0, 133.6, 133.3,31332.1, 131.2, 124.8, 124.4, 123.9, 117.14,6114
114.4, 114.1, 102.7, 66.9, 51.7, 47.5, 12.2. MSIYBSz: 469.1 (M+H] ). HRMS (ESI) for
C,H,7FN,O5+H calcd 447.2078, found 447.2085.

5.1.17.  3-(4-fluorophenyl)-4-((4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)amino)-2H-chromen-2-one
(23c)

Yellow solid, yield 58.7%, mp 155-18C; *H NMR (300 MHz, CDCI3)5 7.42 — 7.33 (m, 1H),
7.32—-7.17 (m, 4H), 6.97 (ddd= 15.3, 12.8, 5.0 Hz, 3H), 6.80 @~ 8.8 Hz, 2H), 6.72 (d] = 8.9 Hz,
2H), 3.98 (tJ = 5.9 Hz, 2H), 2.81 (] = 5.9 Hz, 2H), 2.54 (s, 4H), 1.72 @= 3.4 Hz, 4H)* C NMR
(75 MHz, DMSO)s 162.3, 161.6, 159.0, 154.6, 152.2, 147.5, 1330,9, 132.8, 131.7, 130.6, 124.3,
123.9, 123.5, 116.7, 114.1, 113.9, 113.6, 102.8,68!.1, 53.9, 23.1. MS (ESI) m/z; 467.1 ([M+Np]
HRMS (ESI) for G;H,sFN,03+H calcd 445.1922, found 445.1921.

5.1.18.  3-(4-fluorophenyl)-4-((4-(2-(piperidin-1-yl)ethoxy)phenyl)amino)-2H-chromen-2-one
(23d)

Yellow solid, yield 49.6%, mp 157-189; '*H NMR (300 MHz, DMS0)5 (ppm): 8.70 (s, 1H),
8.14 (d,J = 8.0 Hz, 1H), 7.67 — 7.60 (m, 1H), 7.41 (dcs 8.3, 1.0 Hz, 1H), 7.38 — 7.32 (m, 1H), 7.12
—7.06 (m, 2H), 6.87 — 6.80 (m, 2H), 6.73 — 6.68 2i), 6.59 — 6.52 (m, 2H), 3.92 = 5.9 Hz, 2H),
2.56 (t,J = 5.9 Hz, 2H), 2.45 — 2.35 (m, 4H), 1.49 (dd; 10.9, 5.5 Hz, 4H), 1.41 — 1.35 (m, 2iC
NMR (75 MHz, DMSO)s: 162.4, 162.1, 159.9, 155.0, 152.7, 148.0, 13338,4, 133.3, 132.1, 131.1,
124.7,124.4,124.0, 117.2, 114.6, 114.4, 114.2,7,®6.4, 57.6, 54.8, 26.1, 24.4. MS (ESI) m/z .48
(IM+Na] *). HRMS (ESI) for GgH,FN,O+H calcd 459.2078, found 459.2086.

5.1.19. 1-(2,4-dihydroxyphenyl)-2-(4-fluorophenyl)ethanone (25)

A mixture of resorcinol (6.67 g, 60.3 mmol) andappropriate 4-flourinephenylacetic (60.3 mmol)
in BR;-OEt (150 mL) was heated at 85°C for 2.5 hours. Theti@a mixture was poured into ice-cold
water (300 mL) and extracted with EtOAc twice. Tbembined organic layer was washed with
saturated sodium bicarbonate solution (NaHC@nd then brine, dried over magnesium sulfate
(N&SQ;), and concentrated under reduced pressure. Thiimgscompound was further purified by
recrystallization (EtOH and PE). Yellow crystalsglgd: 79.8%, mp 143-14€; 1H (300 MHz, DMSO)

& (ppm): 11.64 (s, 1H), 9.26 (s, 1H), 6.18-7.84 Tir), 4.33 (s, 2H). MS (ESI) m/z: 245.1 ([M-B]
5.1.20. 2-(4-fluorophenyl)-1-(2-hydroxy-4-methoxyphenyl)ethanone (26)

At 0 °C, to a solution of compourib (15.5 mmol) and MeOH (15.5 mmol) in dry THF (60 L
were added PRK15.5 mmol) and DIAD (15.5 mmol) and the mixturarmed to room temperature
over 0.5 h. The solution was diluted with EtOAc @I'sL), washed twice with water and brine dried
over NaSO, and concentrated under reduced pressure. Firialycrude product was purified by

column chromatography. White solid; yield: 84.6%5 NESI) m/z: 249.1 ([M-H]).



5.1.21. 3-(4-fluorophenyl)-4-hydroxy-7-methoxy-2H-chromen-2-one (27)

Intermediate?26 (10.29 mmol) was dissolved in 40 ml of diethyl lmamate and was added 2.4 g
NaH (102.9 mmol) under an ice bath with vigorousisg. The temperature was slowly lifted and then
stirred at 120 °C for 2 hours under nitrogen atrhesp. After the completion of the reaction, the
solvent was evaporated at reduced pressure amdrtisning solid was poured on crushed ice. The pH
was adjusted to 3 by adding 6 N of hydrochloriacdadihe precipitate was collected and purified by
column chromatography. White solid; 69.7%, MS (E8/2: 285.1 ([M-H]).

5.1.22. 3-(4-fluorophenyl)-7-methoxy-2-oxo-2H-chromen-4-yl 4-methylbenzenesulfonate (28)

Intermediate28 was prepared according to General method I: sigifesterification as a yellow
solid, yield 86.4%, mp 212-216. 'H (300 MHz, CDC}) & (ppm): 7.86 (dJ = 9.0 Hz, 1H), 7.26-7.18
(m, 2H), 7.08 (dJ = 9.0 Hz, 2H), 6.95 (d] = 8.2 Hz, 2H), 6.90 (dd] = 8.8, 2.4 Hz, 1H), 6.89 (d,=
2.4 Hz, 1H), 6.57 (dJ = 8.8 Hz, 2H), 3.83 (s, 3H), 2.42 (s, 3H). MS (EBl: 441.1 ([M+H]").MS
(ESI) m/z: 463.1 ([M+NaY).

5.1.23. General synthesis of final compounds 29a-d

Final compounds29a-d were prepared according tGeneral method Il: SN2 nucleophilic
substitution, yield 48.9-63.2%.

5.1.24.  4-((4-(2-(dimethylamino)ethoxy)phenyl)amino)-3-(4-fluorophenyl)- 7-methoxy-2H-chrom
en-2-one (29a)

Yellow solid, yield 63.2%, mp 146-14€; *H (300 MHz, DMSO)S (ppm): 8.48 (s, 1H), 7.91 (d,
J=8.9 Hz, 1H), 7.04 — 6.94 (m, 2H), 6.91 — 6.82 @), 6.74 (tJ = 8.8 Hz, 2H), 6.61 (d] = 8.7 Hz,
2H), 6.47 (dJ = 8.7 Hz, 2H), 3.84 — 3.75 (m, 5H), 2.45)t 5.7 Hz, 2H), 2.11 (s, 6HY°C NMR (75
MHz, DMSO) &: 162.7, 162.5, 162.4, 159.5, 155.0, 154.5, 1483.7, 133.4, 133.3, 131.3, 125.7,
124.7, 114.6, 114.4, 114.1, 111.8, 110.2, 101.0,71066.5, 57.9, 56.3, 45.9. MS (ESI) m/z: 471.1
(IM+Na] *). HRMS (ESI) for GeH,sFN,O,+H calcd 449.1871, found 449.1880.

5.1.25.  4-((4-(2-(diethylamino)ethoxy) phenyl)amino)-3-(4-fluorophenyl)-7-methoxy-2H-chrome
n-2-one (29b)

Yellow solid, yield 58.7%, mp 145-14Z; 'H (300 MHz, DMSO) (ppm): 8.47 (s, 1H), 7.91 (d,
= 8.9 Hz, 1H), 7.03 — 6.95 (m, 2H), 6.85 (dck 12.5, 3.3 Hz, 2H), 6.74 (8,= 8.7 Hz, 2H), 6.61 (d]
= 8.5 Hz, 2H), 6.47 (d] = 8.6 Hz, 2H), 3.80 (d] = 6.2 Hz, 5H), 2.61 () = 5.9 Hz, 2H), 2.49 — 2.42
(m, 4H), 0.88 (tJ = 7.0 Hz, 6H).2*C NMR (75 MHz, DMSO)3: 162.7, 162.5, 162.3, 159.5, 155.1,
1545, 148.5, 133.7, 133.4, 133.3, 131.3, 125.4,71,2114.6, 114.4, 114.1, 111.8, 110.2, 101.1,7,00.
67.1, 56.3, 51.7, 47.5, 12.3. MS (ESI) m/z: 499M+Na] *). HRMS (ESI) for GgH,oFN,O,+H calcd
477.2193, found 477.2184.

5.1.26.  3-(4-fluorophenyl)-7-methoxy-4-((4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)amino)-2H-chrom



en-2-one (29c)

Yellow solid, yield 48.9%, mp 129-1%T; 'H (300 MHz, DMSO) (ppm): 8.50 (s, 1H), 7.95 (d,
= 8.9 Hz, 1H), 7.08 — 7.01 (m, 2H), 6.97 — 6.88 @H), 6.81 (tJ = 8.8 Hz, 2H), 6.67 (d] = 8.7 Hz,
2H), 6.53 (d,J = 8.9 Hz, 2H), 3.88 (dd] = 13.2, 7.4 Hz, 5H), 2.83 (§,= 5.7 Hz, 2H), 2.54 (s, 4H),
1.74 (d,J = 3.4 Hz, 4H).13C NMR (75 MHz, DMSOY: 162.5, 162.3, 159.5, 154.9, 154.5, 148.5, 133.8,
133.4, 133.3, 131.3, 125.7, 124.7, 114.7, 114.4,11111.8, 110.2, 101.1, 100.8, 66.4, 55.8, 52433.
MS (ESI) m/z: 497.1 ([M+Nal). HRMS (ESI) for GgH,7;FN,O,+H calcd 475.2033, found 475.2028.
5.1.27.  3-(4-fluorophenyl)-7-methoxy-4-((4-(2-(piperidin-1-yl)ethoxy) phenyl)amino)-2H-chrome
n-2-one (29d)

Yellow solid, yield 52.7%, mp 133-135; 'H (300 MHz, DMSO) (ppm): 8.46 (s, 1H), 7.90 (d, J
= 8.9 Hz, 1H), 6.99 (dd] = 8.3, 5.8 Hz, 2H), 6.89 — 6.81 (m, 2H), 6.74)( 8.8 Hz, 2H), 6.61 (d] =
8.7 Hz, 2H), 6.47 (d] = 8.8 Hz, 2H), 3.81 (dd] = 12.5, 6.6 Hz, 5H), 2.47 (,= 5.8 Hz, 2H), 2.30 (s,
4H), 1.40 (s, 4H), 1.29 (d,= 4.9 Hz, 2H)**C NMR (75 MHz, DMSO): 162.7, 162.5, 162.35, 159.5,
155.0, 154.5, 148.5, 133.7, 133.4, 133.3, 131.8,712124.7, 114.7, 114.4, 114.1, 111.8, 110.2,1101.
100.8, 66.4, 57.6, 56.3, 54.80, 26.1, 24.4. MS YESIz: 511.1 ([M+Na]*). HRMS (ESI) for
CyoH2oFN,O4+H calcd 489.2184, found 489.2188.

5.1.28. General synthesis of final compounds 30a-d

Final compounds30a-d were prepared according eneral method 111: demethylation, yield
48.6-60.5%.

5.1.29.  4-((4-(2-(dimethylamino)ethoxy)phenyl)amino)-3-(4-fluorophenyl)- 7-hydroxy-2H-chrom
en-2-one (30a)

White solid, yield 48.6%, mp 189-1%1; 'H (300 MHz, DMSO)S (ppm): 8.45 (s, 1H), 7.87 (d,
= 8.8 Hz, 1H), 7.07 — 6.99 (m, 2H), 6.80Jt= 8.9 Hz, 2H), 6.74 — 6.63 (m, 4H), 6.52 {d; 8.8 Hz,
2H), 3.88 (t,J = 5.8 Hz, 2H), 2.52 (d] = 5.8 Hz, 2H), 2.18 (s, 6H}*C NMR (75 MHz, DMSO)%:
162.5, 162.2, 161.2, 159.8, 154.86, 154.5, 1483,9, 133.4, 133.3, 131.4, 125.9, 124.6, 114.7,4114
114.1, 112.7, 108.9, 102.6, 100.3, 66.4, 57.9,.488 (ESI) m/z: 457.2 ((M+Nal]). HRMS (ESI) for
CoH2sFN,O,+H calcd 435.1715, found 435.1719.

5.1.30. 4-((4-(2-(diethylamino)ethoxy)phenyl)amino)-3-(4-fluorophenyl)-7-hydroxy-2H-chrome
n-2-one (30b)

Yellow solid, yield 52.8%, mp 168-1%0; 'H (300 MHz, DMSO)S (ppm): 8.43 (s, 1H), 7.84 (d,
= 8.8 Hz, 1H), 7.05 — 6.95 (m, 2H), 6.75Jt 8.9 Hz, 2H), 6.69 — 6.59 (m, 4H), 6.48 {d= 8.6 Hz,
2H), 3.82 (dJ = 5.3 Hz, 2H), 2.68 (s, 2H), 2.51 @= 7.0 Hz, 4H), 0.91 () = 7.0 Hz, 6H)X*C NMR
(75 MHz, DMSO)5: 162.4, 161.2, 159.4, 154.9, 154.5, 148.7, 13%38,4, 133.3, 131.4, 125.9, 124.5,
114.6, 114.4, 114.1, 112.7, 108.9, 102.6, 100.3,,68..6, 47.5, 12.1. MS (ESI) m/z: 485.1 ([M+NRp]



HRMS (ESI) for G;H,7;FN,O,+H calcd 463.2028, found 463.2036.
5.1.31.  3-(4-fluorophenyl)-7-hydroxy-4-((4-(2-(pyrrolidin-1-yl)ethoxy) phenyl)Jamino)-2H-chrom
en-2-one (30c)

Yellow solid, yield 54.2%, mp 214-236; *H (300 MHz, DMSO) (ppm): 8.42 (s, 1H), 7.84 (d,
= 8.7 Hz, 1H), 7.07 — 6.94 (m, 2H), 6.75Jt 8.9 Hz, 2H), 6.69 — 6.58 (m, 4H), 6.49 {d= 8.6 Hz,
2H), 3.88 (tJ = 5.5 Hz, 2H), 2.71 (d] = 5.5 Hz, 2H), 2.50 (s, 4H), 1.63 (s, 44}C NMR (75 MHz,
DMSO) é: 162.6, 162.5, 161.3, 159.4, 154.8, 154.5, 14838.9, 133.4, 133.3, 131.4, 125.9, 124.5,
114.6, 114.4, 114.1, 112.7, 108.9, 102.6, 100.4,,&24.4, 54.4, 23.6. MS (ESI) m/z: 483.1 ([M+Np]
HRMS (ESI) for G;H,sFN,0,+H calcd 461.1871, found 461.1876.

5.1.32.  3-(4-fluorophenyl)-7-hydroxy-4-((4-(2-(piperidin-1-yl)ethoxy) phenyl)amino)-2H-chrome
n-2-one (30d)

Yellow solid, yield 60.5%, mp 103-166; 'H (300 MHz, DMSO)S (ppm): 8.50 (s, 1H), 7.92 (d,
= 8.8 Hz, 1H), 7.09 (dd] = 8.7, 5.7 Hz, 2H), 6.85 (8,= 9.0 Hz, 2H), 6.78 — 6.69 (m, 4H), 6.58 Jd;
8.9 Hz, 2H), 3.96 (tJ = 5.8 Hz, 2H), 2.67 (d] = 5.4 Hz, 2H), 2.52 (dd] = 5.7, 3.9 Hz, 4H), 1.53 (d,
= 4.5 Hz, 4H), 1.42 (dJ = 4.7 Hz, 2H).X*C NMR (75 MHz, DMS0)5: 162.6, 162.4, 161.2, 159.4,
154.8, 154.5, 148.7, 133.9, 133.4, 133.3, 131.5,912124 .5, 114.7, 114.4, 114.1, 112.6, 108.9,6,02.
100.4, 66.1, 57.4, 54.6, 25.7, 24.1. MS (ESI) m&7.1 ([M+Na]*). HRMS (ESI) for GgH,7FN,O,+H
calcd 475.2028, found 475.2037.

5.1.33. 4-(methoxymethoxy)phenol (32)

Chloromethyl methyl ether (30.4 ml, 0.4 mol) wasded dropwise to a suspension of
hydroquinone (11 g, 0.1 mol) and anhydroy€®s (55.2 g, 0.4 mol) in dry acetone (200 ml). The
mixture was stirred at room temperature for 2 he Téaction mixture was then filtrated to remove
unreacted base, and the resulting filtrate was @apd and purified by column chromatography to
give the corresponding derivati@2 (11.5 g, 74.7%), brown oil; MS (ESI) m/z: 155.1[M}H
5.1.34. 1-(2-chloroethoxy)-4-(methoxymethoxy)benzene (33)

Under nitrogen atmosphere, a solution of compo82d11.5 g, 74.7 mmol), 149 ndodium
hydroxide solution (5 mmol/L), 115 ml 1, 2-dichletbane and TBAB (2.4 g, 7.47 mmol) was stirred
at 75 °C for 4 h. After the completion of the réaet the solution was diluted with,B; the organic
layer was collected and concentrated under redpecessure to give compour88 (11.0 g, 68.4%),
brown oil; MS (ESI) m/z: 217.1 ([M+H]).

5.1.35. General procedure for compounds 34a-d

Various tertiary amines or their hydrochlorided (20.8 mmol) was added to a suspension of

compound33 (1.5 g, 6.9 mmol), catalytic amount of KI and adigus KCOs; (4.78 g, 34.6 mmol) in

DMF (20 ml). The mixture was stirred under nitroggmosphere at 100 °C for 4 h. After cooling to



room temperature, EtOAc and,® were poured into the reaction mixture. The agadayer was
extracted with EtOAc. The combined organic layeesewvashed with water and dried, concentrated in
vacuo to afford the producggla-d.

5.1.36. General procedure for compounds 35a-d

Concentrated hydrochloric acid (1.65 ml, 19.6 mma$s added dropwise to a suspension of
34a-d (4.89 mmol) in MeOH (15 ml)The mixture was stirred at room temperature for. 4The
reaction mixture was then concentrated to affordder products which were further purified by
recrystallization from ethanol to give compourBia-d respectively.35a (0.45 g, 42.4%), MS (ESI)
m/z: 182.1[M+H]*; 35b (0.40 g, 32.0%), MS (ESI) m/z: 210.1[M+H]35c (0.5 g, 34.4%), MS (ESI)
m/z: 208.1[M+H]"; 35d (0.6 g, 44.2%), MS (ESI) m/z: 222.1[M+H]

5.1.37. General procedure for compounds 35a-d

Compound36 or 27 (40 mmol) and POBr(4.5 mL, 44 mmol) in 1, 2-dichlorobenzene (250 mL)
were stirred at 170 °C for 4 h. After cooling, gmvent was removed under vacuum. The residue was
diluted with DCM, quenched with saturated aqueoasl®G; and extracted with DCM. The combined
organic phases were dried over MgS@itered, and concentrated. The residual solid wé#urated
with petroleum ether and dried under vacuum atGl@°afford37 or 38.

5.1.38. 4-bromo-7-methoxy-3-(4-methoxyphenyl)-2H-chromen-2-one (37)

Gray solid, yield 78.6%, MS (ESI) m/z: 360.1[M+H]

5.1.39. 4-bromo-7-methoxy-3-(4-flourinephenyl)-2H-chromen-2-one (38)

Gray solid, yield 81.2%'H (300 MHz, CDC}) & (ppm): 7.88 (d,) = 8.9 Hz, 1H), 7.47 - 7.37 (m,
2H), 7.20 (t,J = 8.6 Hz, 2H), 6.98 (dJ = 8.8 Hz, 1H), 6.90 (s, 1H), 3.96 (s, 3H). MS (ES8ijz:
370.1[M+Na]".

5.1.40. General procedure for compounds 39a-d and 40a-d

Various basic side chai¥a-d (1.0 mmol) was added &Y (359 mg, 1.0 mmol) 088 (347 mg, 1
mmol) in MeCN (10 mL). C£0O; (636 mg, 2.0 mmol) was added, and the solution staied at
70 °C for 2-3 h. The mixture was allowed to coayped into water, and extracted with EtOAc twice.
The combined extracts were dried over NaSiliered, and evaporated. The residue was pdrifig
flash silica chromatography to give desired compisd®a-d and40a-d respectively.

5.1.41. 4-(4-(2-(dimethylamino)ethoxy) phenoxy)-7-methoxy-3-(4-methoxyphenyl)-2H-chromen-
2-one (39a)

Light gray solid, yield 79.7%, mp 89-4%; 'H (300 MHz, CDC}) & (ppm): 7.49 (dJ = 8.9 Hz,
1H), 7.33 — 7.26 (m, 2H), 6.86 (d= 2.4 Hz, 1H), 6.81 — 6.73 (m, 3H), 6.70 (s, 4384 (t,J = 5.7 Hz,
2H), 3.85 (s, 3H), 3.74 (s, 3H), 2.67 Jt= 5.7 Hz, 2H), 2.30 (s, 6H}*C NMR (75 MHz, CDC)) &:
162.7, 162.4, 158.8, 158.5, 154.2, 153.9, 150.2,0,3124.9, 122.5, 116.6, 114.9, 114.2, 112.9,9111.



109.9, 100.1, 65.9, 57.7, 55.3, 54.7, 45.3. MS YHSIz: 484.1 ([M+Na]*). HRMS (ESI) for
C,7H,7NOg+H calcd 462.1911, found 462.1915.

5.1.42. 4-(4-(2-(diethylamino)ethoxy)phenoxy)-7-methoxy-3-(4-methoxyphenyl)-2H-chromen-2-
one (39b)

Light gray solid, yield 74.3%, mp 73-%5; 'H (300 MHz, CDC}) & (ppm): 7.50 (dJ = 8.9 Hz,
1H), 7.30 (dJ = 8.8 Hz, 2H), 6.87 (d] = 2.3 Hz, 1H), 6.83 — 6.74 (m, 3H), 6.74 — 6.64 4i), 3.92
(t, J= 6.2 Hz, 2H), 3.86 (s, 3H), 3.75 (s, 3H), 2.80& 6.2 Hz, 2H), 2.60 (q] = 7.1 Hz, 4H), 1.04 (t,
J=17.1Hz, 6H).13C NMR (75 MHz, CDCJ) 6: 162.7, 162.4, 158.8, 158.5, 154.2, 154.1, 15181,0,
124.9, 122.5, 116.56, 114.9, 114.2, 112.9, 1111906,9, 100.1, 66.5, 55.3, 54.7, 51.2, 47.3, 11.3. M
(ESI) m/z: 512.1 ([M+NaJ). HRMS (ESI) for GgH3i:NOg+H calcd 490.2224, found 490.2225.

5.1.43. 7-methoxy-3-(4-methoxyphenyl)-4-(4-(2-(pyrrolidin-1-yl)ethoxy) phenoxy)-2H-chromen-
2-one (39¢)

Light yellow solid, yield 77.4%, mp 81-83; *H (300 MHz, CDC}) & (ppm): 7.49 (dJ = 8.9 Hz,
1H), 7.30 (dJ = 8.9 Hz, 2H), 6.87 (d] = 2.3 Hz, 1H), 6.82 — 6.73 (m, 3H), 6.70 (s, 48{98 (t,J =
5.9 Hz, 2H), 3.85 (s, 3H), 3.74 (s, 3H), 2.83)(t 5.9 Hz, 2H), 2.59 (s, 4H), 1.78 (dt= 6.5, 3.2 Hz,
4H). ¥®C NMR (75 MHz, CDCJ) &: 162.7, 162.41, 158.8, 158.5, 154.2, 154.0, 15034,.0, 124.9,
122.5, 116.6, 114.9, 114.2, 112.9, 111.9, 109.0,11@B7.0, 55.29, 54.7, 54.5, 54.2, 22.9. MS (BSb):
510.1 ([M+Na]*). HRMS (ESI) for GeH,oNOg+H calcd 488.2088, found 488.2074.

5.1.44.  7-methoxy-3-(4-methoxyphenyl)-4-(4-(2-(piperidin-1-yl)ethoxy) phenoxy)-2H-chromen-2
-one (39d)

Light brown solid, yield 85.9%, mp 95-87; *H (300 MHz, CDC}) & (ppm): 7.49 (d,) = 8.9 Hz,
1H), 7.34 — 7.27 (m, 2H), 6.87 (@= 2.4 Hz, 1H), 6.82 — 6.74 (m, 3H), 6.71 (dd&; 8.7, 2.7 Hz, 4H),
3.98 (t,J = 6.0 Hz, 2H), 3.86 (s, 3H), 3.75 (s, 3H), 2.69( 6.0 Hz, 2H), 2.52 — 2.41 (m, 4H), 1.59
(dt, J = 10.9, 5.6 Hz, 4H), 1.48 — 1.37 (m, 2HjC NMR (75 MHz, CDC}) &: 162.7, 162.4, 158.8,
158.5, 154.2, 154.0, 150.2, 131.0, 124.9, 122.5,611115.0, 114.2, 112.9, 111.9, 109.9, 100.1,,65.9
57.4, 55.3, 54.7, 54.6, 25.4, 23.7. MS (ESI) m24.5 ([M+Na]*). HRMS (ESI) for GoHa:NOg+H
calcd 502.2224, found 502.2233.

5.1.45.  4-(4-(2-(dimethylamino)ethoxy) phenoxy)-3-(4-fluorophenyl)- 7-methoxy-2H-chromen-2-
one (40a)

Light brown solid, yield 81.3%, mp 73-%8; *H (300 MHz, CDC}) & (ppm): 7.54 (d,) = 8.9 Hz,
1H), 7.35 — 7.26 (m, 2H), 6.96 — 6.85 (m, 3H), 6(@8,J = 8.9, 2.4 Hz, 1H), 6.68 (s, 4H), 3.93J&
5.7 Hz, 2H), 3.85 (s, 3H), 2.66 (t= 5.7 Hz, 2H), 2.30 (s, 6H}*C NMR (75 MHz, CDCJ) &: 163.4,
162.7, 162.4, 160.1, 159.4, 154.3, 154.2, 149.9,81331.6, 126.32, 126.3, 125.0, 116.7, 114.9,5114
114.3, 112.9, 112.1, 109.7, 100.1, 65.9, 57.7,,563. MS (ESI) m/z: 472.1 (IM+N4&). HRMS (ESI)



for C,gH24FNOs+H calcd 450.1822, found 450.1807.
5.1.46. 4-(4-(2-(diethylamino)ethoxy)phenoxy)-3-(4-fluorophenyl)-7-methoxy-2H-chromen-2-on
e (40b)

Light brown solid, yield 76.7%, mp 70-%2; *H (300 MHz, CDC}) & (ppm): 7.55 (d,J = 8.9 Hz,
1H), 7.32 (ddJ = 8.8, 5.4 Hz, 2H), 6.99 — 6.87 (m, 3H), 6.80 (dd; 8.9, 2.4 Hz, 1H), 6.68 (s, 4H),
3.98 — 3.86 (m, 5H), 2.81 (@,= 6.2 Hz, 2H), 2.61 () = 7.1 Hz, 4H), 1.05 () = 7.1 Hz, 6H)C
NMR (75 MHz, CDC}) &: 163.5, 162.8, 162.5, 160.2, 159.40, 154.4, 15W9,9, 131.7, 131.6, 126.3,
126.2,125.1, 116.7, 114.9, 114.6, 114.3, 112.9,8,00.2, 66.6, 55.3, 51.2, 47.3, 11.3. MS (BSb):
500.1 ([M+Na]*). HRMS (ESI) for GgH,sFNOs+H calcd 478.2024, found 478.2031.

5.1.47.  3-(4-fluorophenyl)-7-methoxy-4-(4-(2-(pyrrolidin-1-yl)ethoxy) phenoxy)-2H-chromen-2-
one (40c)

Light yellow solid, yield 68.4%, mp 88-8T; 'H (300 MHz, CDC}) & (ppm): 7.53 (d,) = 8.9 Hz,
1H), 7.31 (dd,J = 8.8, 5.4 Hz, 2H), 6.97 — 6.85 (m, 3H), 6.78 (dd; 8.9, 2.4 Hz, 1H), 6.68 (s, 4H),
3.97 (t,J=5.9 Hz, 2H), 3.85 (s, 3H), 2.82 {t= 5.9 Hz, 2H), 2.61 — 2.53 (m, 4H), 1.78 (@it 6.6, 3.1
Hz, 4H).13C NMR (75 MHz, CDC)) 6: 163.9, 163.2, 160.6, 159.9, 154.8, 154.7, 15032,2, 132.1,
126.8, 126.8, 125.6, 117.3, 115.5, 115.1, 114.8,511112.7, 110.2, 100.6, 67.6, 55.8, 55.0, 5437/5.2
MS (ESI) m/z: 498.1 ([M+Na]). HRMS (ESI) for GgH,FNOs+H calcd 476.1868, found 476.1872.
5.1.48.  3-(4-fluorophenyl)-7-methoxy-4-(4-(2-(piperidin-1-yl)ethoxy) phenoxy)-2H-chromen-2-o0
ne (40d)

Brown solid, yield 84.8%, mp 109-1%; *H (300 MHz, CDC}) & (ppm): 7.54 (d,) = 8.9 Hz, 1H),
7.35 —7.28 (m, 2H), 6.97 — 6.86 (m, 3H), 6.79 (@i, 8.9, 2.4 Hz, 1H), 6.68 (s, 4H), 3.97Jt= 6.0
Hz, 2H), 3.87 (s, 3H), 2.69 (4, = 6.0 Hz, 2H), 2.51 — 2.41 (m, 4H), 1.58 (@it= 10.9, 5.6 Hz, 4H),
1.43 (ddJ=11.1, 5.8 Hz, 2H)1.3C NMR (75 MHz, CDCJ) 6: 163.4, 162.7, 162.5, 160.2, 159.4, 154 .4,
154.2, 149.9, 131.7, 131.6, 126.3, 126.3, 125.6,711115.0, 114.6, 114.3, 113.1, 112.1, 109.7,1100.
66.0, 57.4, 55.3, 54.6, 25.4, 23.7. MS (ESI) mi2.5 ([M+Na]*). HRMS (ESI) for GoH,gFNOs+H
calcd 490.2024, found 490.2027.

5.1.49. General synthesis of final compounds 41a-d and 42a-d

Final compoundgla-d and42a-d were prepared according to General method lll: etagiation.
5.1.50. 4-(4-(2-(dimethylamino)ethoxy)phenoxy)-7-hydroxy-3-(4-hydroxyphenyl)-2H-chromen-2
-one (41a)

Yellow solid, yield 42.3%, mp 142-136; *H (300 MHz, DMSO)8 (ppm): 7.31 (dJ = 8.7 Hz,
1H), 7.18 (d,J = 8.6 Hz, 2H), 6.88 (d] = 9.1 Hz, 2H), 6.77 (ddd}, = 11.0, 8.2, 2.2 Hz, 4H), 6.68 (@,
= 8.6 Hz, 2H), 3.95 (t) = 5.7 Hz, 2H), 2.60 (t) = 5.7 Hz, 2H), 2.22 (s, 6H}°C NMR (75 MHz,
DMSO) &: 162.7, 161.9, 158.3, 157.4, 154.8, 154.3, 15034,.8, 125.8, 121.8, 117.1, 115.8, 114.9,



113.7, 108.8, 102.7, 66.4, 58.0, 45.9. MS (ESI). @#6.1 ([M+Na]"). HRMS (ESI) for GsHsNOg+H
calcd 434.1598, found 434.1604.

5.1.51. 4-(4-(2-(diethylamino)ethoxy)phenoxy)-7-hydroxy-3-(4-hydroxyphenyl)-2H-chromen-2-o0
ne (41b)

Yellow solid, yield 46.5%, mp 128-131; 'H (300 MHz, DMSO0)5 (ppm): 7.28 (dJ = 8.7 Hz,
1H), 7.15 (d,J = 8.6 Hz, 2H), 6.82 (dd] = 13.5, 5.6 Hz, 3H), 6.79 — 6.68 (m, 3H), 6.65)d, 8.6 Hz,
2H), 3.92 (tJ = 5.9 Hz, 2H), 2.79 (§J = 5.8 Hz, 2H), 2.59 (q] = 7.1 Hz, 4H), 0.96 (t) = 7.1 Hz, 6H).
¥C NMR (75 MHz, DMSO)s: 162.2, 161.4, 157.8, 156.9, 154.3, 153.8, 15034,.3, 125.2, 121.3,
116.7, 115.4, 114.5, 114.5, 113.1, 108.3, 102.2,,@8..1, 46.9, 11.3. MS (ESI) m/z: 484.1 ([M+Np]
HRMS (ESI) for G;H,;NOg+H calcd 462.1911, found 462.1916.

5.1.52.  7-hydroxy-3-(4-hydroxyphenyl)-4-(4-(2-(pyrrolidin-1-yl)ethoxy) phenoxy)-2H-chromen-2
-one (41c)

Yellow solid, yield 42.1%, mp 144-142; *H (300 MHz, DMSO)8 (ppm): 7.26 (dJ = 8.8 Hz,
1H), 7.13 (dJ = 8.5 Hz, 2H), 6.83 (d] = 9.1 Hz, 2H), 6.76 (d] = 4.7 Hz, 2H), 6.74 — 6.66 (m, 2H),
6.63 (d,J = 8.5 Hz, 2H), 3.92 (s, 2H), 2.72 (s, 2H), 2.4848Hl), 1.64 (s, 4H)**C NMR (75 MHz,
DMSO) s: 162.7, 161.9, 158.3, 157.4, 154.8, 154.3, 15034,.8, 125.8, 121.8, 117.1, 115.8, 114.9,
113.7, 108.8, 102.7, 67.3, 54.7, 54.4, 23.6. MSI\ESz: 482.1 ([M+Na]*). HRMS (ESI) for
C,7H.sNOg+H calcd 460.1755, found 460.1763.

5.1.53.  7-hydroxy-3-(4-hydroxyphenyl)-4-(4-(2-(piperidin-1-yl)ethoxy) phenoxy)-2H-chromen-2-
one (41d)

Yellow solid, yield 48.3%, mp 155-188; 'H (300 MHz, DMSO) (ppm): 9.57 (s, 1H), 7.30 (d,
= 8.7 Hz, 1H), 7.18 (d] = 8.7 Hz, 2H), 6.88 (d] = 9.2 Hz, 2H), 6.85 — 6.80 (m, 2H), 6.79 — 6.72 (M
2H), 6.68 (dJ = 8.7 Hz, 2H), 4.01 (t) = 5.6 Hz, 3H), 2.73 (s, 2H), 2.53 (s, 2H), 1.52¢ 4.9 Hz,
4H), 1.40 (dJ = 4.7 Hz, 2H).13C NMR (75 MHz, DMSOY: 162.7, 161.8, 158.2, 157.4, 154.8, 154.2,
150.9, 131.8, 125.8, 121.8, 117.1, 115.9, 115.4,911113.6, 108.8, 102.7, 65.8, 57.4, 54.5, 2539 .2
MS (ESI) m/z: 496.1 ([IM+Na]). HRMS (ESI) for GgH,/NOg+H calcd 474.1911, found 474.1914.
5.1.54.  4-(4-(2-(dimethylamino)ethoxy) phenoxy)-3-(4-fluorophenyl)- 7-hydroxy-2H-chromen-2-o
ne (42a)

White solid, yield 41.2%, mp 189-191; *H (300 MHz, DMSO)5 (ppm): 7.37 (ddJ = 13.3, 5.2
Hz, 3H), 7.12 (tdJ = 8.9, 2.5 Hz, 2H), 6.90 (dd,= 9.1, 2.5 Hz, 2H), 6.83 (d,= 2.3 Hz, 1H), 6.82 —
6.72 (m, 3H), 3.99 — 3.91 (m, 2H), 2.62 — 2.55 @H), 2.25 — 2.17 (m, 6H)"*C NMR (75 MHz,
DMSO) 5: 163.6, 162.5, 162.4, 160.3, 159.3, 155.1, 15298.7, 132.9, 132.8, 128.0, 125.9, 117.5,
115.9, 115.17, 114.88, 113.8, 113.5, 108.5, 10868, 58.0, 45.9. MS (ESI) m/z: 458.1 ([M+N3]
HRMS (ESI) for GsH,,FNOs+H calcd 436.1555, found 436.1559.



5.1.55. 4-(4-(2-(diethylamino)ethoxy)phenoxy)-3-(4-fluorophenyl)-7-hydroxy-2H-chromen-2-on
e (42b)

Yellow solid, yield 38.6%, mp 121-126; 'H (300 MHz, DMSO)S (ppm): 7.42 — 7.34 (m, 3H),
7.11 (t,J = 8.9 Hz, 2H), 6.93 — 6.86 (m, 2H), 6.84 Jcs 2.2 Hz, 1H), 6.80 — 6.73 (m, 3H), 3.92J&
6.1 Hz, 2H), 2.74 (t) = 6.0 Hz, 2H), 2.59 — 2.53 (m, 4H), 0.97J%& 7.1 Hz, 6H)**C NMR (75 MHz,
DMSO) 5: 163.6, 162.5, 162.4, 160.3, 159.3, 155.1, 152987, 132.9, 132.8, 128.0, 125.9, 117.5,
115.9, 115.17, 114.88, 113.8, 113.5, 108.5, 106868, 58.0, 45.9. MS (ESI) m/z: 486.1 ([M+N3]
HRMS (ESI) for G;H,gFNOs+H calcd 464.1868, found 464.1873.

5.1.56. 3-(4-fluorophenyl)-7-hydroxy-4-(4-(2-(pyrrolidin-1-yl)ethoxy) phenoxy)-2H-chromen-2-o0
ne (42c)

Yellow solid, yield 44.5%, mp 109-19@; *H (300 MHz, DMSO)5 (ppm): 7.45 — 7.33 (m, 3H),
7.12 (t,J = 8.9 Hz, 2H), 6.91 (d] = 9.1 Hz, 2H), 6.85 (d] = 2.1 Hz, 1H), 6.83 — 6.74 (m, 3H), 3.98 (t,
J = 5.7 Hz, 2H), 2.79 (t) = 5.7 Hz, 2H), 2.53 (dd] = 5.8, 4.2 Hz, 4H), 1.69 (s, 4HYC NMR (75
MHz, DMSO) é: 163.1, 161.9, 159.8, 158.8, 154.6, 153.9, 15032.4, 132.2, 127.5, 125.5, 117.0,
115.4, 114.7, 114.4, 113.3, 113.1, 108.1, 102.8,@8!.1, 53.9, 23.0. MS (ESI) m/z: 482.1 ([M+Np]
HRMS (ESI) for G;H,,FNOs+H calcd 462.1711, found 462.1715.

5.1.57.  3-(4-fluorophenyl)-7-hydroxy-4-(4-(2-(pi peridin-1-yl)ethoxy)phenoxy)-2H-chromen-2-o
ne (42d)

Yellow solid, yield 48.4%, mp 116-118; *H (300 MHz, DMSO)$ (ppm): 7.43 — 7.33 (m, 3H),
7.11 (ddJ = 12.4, 5.5 Hz, 2H), 6.93 — 6.86 (m, 2H), 6.84)d,2.2 Hz, 1H), 6.82 — 6.73 (m, 3H), 3.96
(t, J = 5.8 Hz, 2H), 2.61 () = 5.8 Hz, 2H), 2.41 (d] = 4.9 Hz, 4H), 1.48 (dd] = 10.2, 5.1 Hz, 4H),
1.38 (d,J = 4.7 Hz, 2H).W=C NMR (75 MHz, DMSO)s: 163.6, 162.5, 162.4, 160.3, 159.3, 155.1,
154.5, 150.7, 132.8, 132.7, 127.9, 127.9, 125.9,511115.9, 115.2, 114.9, 113.8, 113.6, 108.6,8.02.
66.3, 57.7, 54.8, 25.9, 24.3. MS (ESI) m/z: 498M+{Na] ). HRMS (ESI) for GgH,sFNOs+H calcd
476.1868, found 476.1876.

5.2 Biological evaluation
5.2.1. ERa Binding Affinity Assay.

The recombinant E&R (Thermo Fisher Scientific Inc., Invitrogen, USAnhdathe fluorescent
estrogen ligands (self-made) were removed from&0RC freezer and thawed on ice for 1h prior to use.
The fluorescent estrogen ligand was added to the &Rl screening buffer (ES2 Screening Buffer,
Invitrogen, USA) was added to make the final cotegion 9 nM for fluorescent estrogen and 30 nM
for ERa. Test compounds were accurately weighed and dsdah DMSO, screening buffer was
added to dilute to required concentration. Testmmumnd (1ul) was added to 4L screening buffer in

each well (384-well microplate, Corning, USA). Tast50uL of the fluorescent estrogen/ER complex



was added to make up a final volume of 100 A positive control contained 50L estradiol buffer
(InM) and 50uL fluorescent estrogen/ER complex. A negative aintontained 50uL screening
buffer and 50uL fluorescent estrogen/ER complex. The negativetrobmvas used to determine the
polarization value when no competitor was prestmaretical maximum polarization). The microplate
was incubated in the dark at room temperature forahd shaken on a plate shaker. The polarization

values were read on a Safire microplate readeuaad to calculate the §gvalues.

5.2.2. MTT assay for anti-proliferative activities

Cells were cultured in RPMI1640 medium (containir@®s (v/v) FBS, 100 U/mL Penicillin and
100 mg/mL Streptomycin) in a 5% G@umidified atmosphere at 37. Cells were trypsinized and
seeded at a density of 1 x°L into a 96-well plate (100 mL/well) and incubdtat 37C, 5% CQ
atmosphere for 24 h. After this time they were tedawith 100 mL/well medium containing test
compounds which had been pre-prepared to provieledhcentration range of 8 x 1énol/L, 4 x 10°
mol/L, 2 x 10° mol/L, 1 x 10° mol/L, 4 x 10° mol/L, 1 x 10° mol/L and 1 x 10 mol/L, and
re-incubated for a further 48 h. Control wells wadgled the equivalent volume of medium containing
1% (v/v) DMSO. 2uL MTT (5 mg/mL) was added and cells continued tuivate in darkness at &7
for 4 h. The culture medium was then removed célyedund 150 mL DMSO was added. The cells were
maintained at room temperature in darkness for 29 tan ensure thorough color diffusion before
reading the absorbance. The absorbance valueseatat 490 nm for determination ofs}@alues.
5.2.3. VEGFR-2 Kinase Inhibitory Assay

VEGFR-2 kinase assay was conducted using homogsré&oa resolved fluorescence (HTRF)
assay. The general procedures were as followingsM&2 kinase (Invitrogen, USA), substrates, ATP
and test compounds were mixed and incubated ima Buffer with the total volume of 1(0L in
384-well microplate. Wells containing the substratel the kinase without compound were used as
total reaction control. The assay plate was inadbatt 36C in the dark for 1 h. Detection was
performed with HTRF module of Beckman Coulter detecplatform to get the fluorescence values
which were further used to calculate the percenitalgibition values.
5.2.4. Cell migration assay

Cell migration assay were carried out using 24-vpddite and wound-healing method. Briefly,
MCEF-7 cells were seeded in a 24-well plate and \a#oaved to grow to 100% confluence. Cell culture
were injured by a 10 mL tip, cells were washed éwiith PBS, and then incubated with fresh medium
with or without compoundi2d at different concentrations for 24 and 48 h. @eigration to the

damaged area was then visualized and photographagbase contrast microscope.

5.2.5. Cdll cycle analysis



The MCF-7 cells were treated withyM, 4 uM and 6uM of 42d for 24 h. After treatment, the
cells were washed twice with ice-cold PBS, collddtg centrifugation, and fixed in ice-cold 70% (v/v
ethanol, washed with PBS, re-suspended with 0.ImihgRNase, stained with 40 mg/mL PI, and
analyzed by flow cytometry using FACScalibur (Bec®ickinson). The cell cycle distributions were

calculated using Flowjo 7.6.1 software.

5.2.6. Real-Time Polymerase Chain Reaction (RT-PCR).

RNA samples were reverse transcribed to cDNA amdRER reactions were performed using
TaKaRa SYBR Green Master Mix (Code. no. 638320ji@adrout in StepOnePIU% Real-Time PCR
instrument (4376600, Life Technologies). The pragfar amplification was 1 cycle of 95°C for 2 min
followed by 40 cycles of 95°C for 10 s, 60°C for 80and 95°C for 10 s. The PCR results were

normalized to GAPDH expression and were quantifigtheAACT method.

5.2.7. Western Blots.

Cells with different treatments for 24h were washeite with PBS, then collected and lysed in
lysis buffer (100 mM of Tris—Cl, pH 6.8, 4% (m/v)DS, 20% (v/v) glycerol, 200 mM of
B-mercaptoethanol, 1mM of PMSF, 0.1 mM NaF and Dfor)1 h on the ice. The lysates were then
subjected to centrifugation (13,000 rpm) at 4 °€26 min. Protein concentration in the supernatants
was detected by BCA protein assay (Thermo, Walthisif). Then equal amount of protein was
separated with 12% SDS-PAGE and transferred tovpoliidene difluoride (PVDF) membranes
(Millipore, Bedford, MA) using a semi-dry transfeystem (Bio-rad, Hercules, CA). Proteins were
detected using specific antibodies overnight a€4dllowed by HRP-conjugated secondary antibodies
for 1 h at 37 °C. All of the antibodies were didtén PBST containing 1% BSA. Enhanced
chemiluminescent reagents (Beyotime, Jiangsu, Chimare used to detect the HRP on the
immunoblots, and the visualized bands were capthyefdim. The bands were quantified by Quantity
One software (Vision 4.62, Bio-rad, Hercules, Ca)d the relative protein level were normalized to

B-actin.

5.2.8. Molecular modeling

The molecular modeling was performed with Discov&itydio.3.0/CDOCK protocolAccelrys
Software Inc.). The crystal structures of ERomplexed with 4-hydroxytamoxifen (PDB code: 3ERT)
and VEGFR-2 (PDB ID code: 1YWN) were downloadedrfr@rotein Data Bank. Compoundd,
23d, 29d, 30d, 39d, 40d, 41d and 42d were drown and optimized. The protein and ligandewe
optimized and charged to perform docking. Up tocc@fiformations were retained, and binding modes

presented graphically are representative of thhdsigscored conformations.
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Figure 2. (A) Previously referenced dual-acting ER ligandjogates (B) multiple ligands of ER
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3-aryl-4-anilino/aryloxy-2H-chromen-2-one scaffo{é) Schematic representation of the catalytic
pocket of ER and the chemical modulation strategy. (B) Preiotsported VEGFR-2 inhibitor
and the design of novel inhibitor for VEGFR-2 kieaC) Docking analysis of a putative
compoundl7d within active site of VEGFR-2 (for clarity, only teracting residues are labeled.
Hydrogen-bonding and hydropholic interactions ahewsn by red dashes). (D) Schematic
representation showing the overall designing sisaté dual ER. and VEGFR-2 ligands.

Figure 4. In vitro anti-proliferative properties of selected compauadainst MCF-7 and Ishikawa
cell lines. (A) Growth inhibition assay performed MCF-7 and Ishikawa cell cells using MTT
after 48 h incubation with a range of drug conaiins. Points: % of cell proliferation as
compared to untreated control cells, means ofast lidairee individual experiments. (B) Histogram
representation of the micromolar concentration hid tompounds required to inhibit 50% of
MCF-7 and Ishikawa cell proliferation after 48 tugrincubation (IGy). Columns: means of at

least three individual experiments; bars: SD.

Figure 5. Effects on the migration of MCF-7. Representatimages of MCF-7 cells treated with
serum-free 1640 medium containid@d (2 and 4 uM) for 24 and 48 h were photographedcund
phase contrast microscopy (magnification, 100x)ntt@xb was treated with serum-free 1640
medium.

Figure 6. (A) Cell cycle analysis of MCF-7 cells treatmefhtcompoundd2d (2, 4 and M) and
Tamoxifen (2uM) as positive control for 24 h.

Figure 7. The increased mRNA expression of PR induced by&2 reversed b¥2d in MCF-7
cells. The mRNA expression of PR was examined @l-R@me PCR. Values are mean +SD (n=3).
* P <0.05, * P <0.01, ** P < 0.001 vs. E2 gradpP< 0.05/* P< 0.01/*P< 0.001.

Figure 8. 42d inhibits the phosphorylation of VEGFR-2 in MCF-glls. (A) Expression of
p-VEGFR-2 and VEGFR-2 in MCF-7 cells were examifigdwestern blots. (B) Densitometric
analysis was performed to determine the phosph@mglaate of VEGFR-2. Values are mean + SD
(n=3). *P <0.05, *P < 0.01, **P < 0.001 vs. Gwol group.

Figure 9. 42d inhibits the activity of the Raf-1/ERK pathway MiCF-7 cells. (A) Expression of
p-Raf-1, Raf-1, p-ERK1/2, and ERK1/2 were examitgdwestern blots in MCF-7 cells. (B)
Densitometric analysis was performed to deterntieephosphorylation rate of Raf-1 and ERK1/2.
Values are mean + SD (n = 3). *P < 0.05, *P < Q.&1P < 0.001 vs. Control group#;P < 0.05,
P < 0.01/"P < 0.001 vs. Control group.

Figure 10. Schematic representation elucidating the roled2if in interfering with signaling
pathways initiated by EdRand VEGFR-2

Figure 11. (A) Superimposed poses of OHT (blue) with repréestére derivativesi2d (yellow),
binding to ER, the protein was shown in surface. (B) Dockingeriattions of 42d within E&
active site (surrounding residues shown as greekst Dotted lines (red) represent the hydrogen
bonding interaction.

Figure 12. The binding mode of compourdld (ball and stick in yellow) docked into the



VEGFR-2 binding site (surrounding residues showngesy sticks). Hydrogen bonding and
hydropholic interactions are shown as red dotteekliwith distances in angstrom.

Captionsfor schemes:

Scheme 1. Synthetic routes of7a-d. Reagents and conditions: (a)30;, EtOH, 75°C, 3 h; (b)
BBr3, CHZCIZ, rt, 12 h.

Scheme 2. Synthetic routes a?3a-d. Reagents and conditions: (a) PQ@lridine, 0-10 °C, 2 h;
(b) KOH, pyridine, rt, 4 h; (c) TsCl, g, dry DCM, rt, 0.5 h; (d) arylamines,,&0;, EtOH, 75
°C, 2-3 h.

Scheme 3. Synthetic routes d#9a-d and30a-d. Reagents and conditions: (a)-BPEt, 85°C, 2.5
h; (b) MeOH, PPk DIAD, THF, 0°C-rt, 0.5 h; (c) NaH, DEC, 12fC, 2 h; (d) TsCl, &N, dry
DCM, 0.5 h; (e) arylamines, K O;, EtOH, 75°C, 2-3 h; (f) BBg, CH,Cl,, rt, 12 h.

Scheme 4. Synthetic routes oB9a-d, 40a-d, 41la-d and 42a-d. Reagents and conditions: (a)
K,COs, dry acetone, MOMCI, rt, 2 h; (b) 5N NaOH soluti@ICH,CH,CI, TBAB, 75°C, 4 h; (c)
RCI or RCI-HCI, KCGOs, KI, DMF, 100 °C, 4 h; (d) concentrated HCI, MeCOtt,4 h; (e) POBy
(1.1 equiv), 1,2-dichlorobenzene, 170 °C, 4 h;affjlamines, C&£O; (2 equiv), MeCN, 75 °C,
2-3 h; (g) BBg, CH.CI,, rt, 12 h.

Captionsfor tables:
Table 1 SAR of C-4 substituted N-aryl analogjga-d, 23a-d, 29a-d and30a-d.

Table 2 SAR of C-4 substituted O-aryl analo8®a-d, 40a-d, 41a-d and42a-d.

Table 3 Antiangiogenic activity of representative compouddd, 23d, 29d, 30d, 39d, 40d, 41d
and42d.



Table 4.Docking energy scores in kcal/mol for the selected compounds in the active site of ERa and
VEGFR-2

CDOCKER Interaction CDOCKER Interaction
Compound

Energy (ERa) Energy (VEGFR-2)
17d -68.14 -52.46
23d -57.67 -49.59
29d -57.78 -53.23
30d -58.31 -52.19
39d -56.92 -52.09
40d -58.64 -52.67
41d -69.26 -55.13

42d -67.25 -53.73




Highlights

A series of coumarin-based anal ogs were rationally designed and synthesized.
42d inhibited cancer cell proliferation and migration as well as angiogenesis.
Synergetic effect of 42d on ERo and VEGFR-2/Raf-1/MAPK/ERK pathway.

42d turned out to be a promising dual targeting candidate for breast cancer.



