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Abstract:

Wogonin, a natural product isolated from the plSnitellaria baicalensis, has been shown to be a
potent and selective inhibitor of CDK9. With therpose of investigating the activity and selectiafy
this chemical scaffold, several series of wogorénivétives were prepared and screened for CDK9
inhibition and cellular antiproliferative activitAmong these compounds, the drug-like compobihd
showed potent activity against CDK9 (G 19.9 nM) and MV4-11 cell growth (k= 20 nM). In
addition, compoun®1 showed much improved physicochemical propertiesh sis water solubility,
compared with the parent compound wogonin. Theollip studies showed that the compobfds
selective toward CDK9-overexpressing cancer celey mormal cells. Preliminary mechanism studies
on the anticancer effect indicated th&i inhibited the proliferation of MV4-11 cells via
caspase-dependent apoptosis. In addition, higkelégltompound51 showed significant antitumor
activity in mouse acute myeloid leukemia (AML) médaithout producing apparent toxic effects
vivo, which gave us a new tool for further investigatiof CDK9-targeted inhibitor as a potential

antitumor drug especially for AML.
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1. Introduction

Cyclin-dependent kinases (CDKs) are members ok#mme/threonine kinase family, and act as
heterodimeric complexes including a catalytic suband a regulatory subunit called cyclin. CDKs are
generally divided into cell-cycle CDKs and tranptional CDKs, depending on their specific roles
[1-2]. Given their central roles in cell-cycle pregsion, transcription and many other biological
processes, CDKs together with their correspondiydirts have been pursued as logical targets for
anticancer therapfpor more than a decade, and a large number of Gibitors have been developed
as potential anticancer drugs [1-3]. The first gatien of CDK inhibitors, such as flavopiridol,
R-Roscovitine and SCH 727965 (Fig. 1), were almost-gelective with marked inhibitory activity and
able to inhibit CDKs at nanomolar concentration} [Aowever, early efforts to find pan-CDKs
inhibitors led to a narrow therapeutic window areticus side effects, which limits their clinical
advantages [5].

Numerous studies have found that tumor cells lapkidK1/2/4/6 can still proliferate normally
and CDK2/4/6 knockout mice remain viable, which gegts a highly functional redundancy and
compensatory mechanisms among CDK family membespeaially cell-cycle CDKs [6-8].
Accordingly, inhibition of transcriptional CDKs hagained increasing attention in recent years
following the observation that most pan-CDKs intobs exert their antitumor activity through the
CDK9-mediated down-regulation of transcription aitisapoptotic proteins such as MCL-1 [9-12].
The overexpression of CDK9 can promote the exppassif MCL-1, which is involved in the
pathogenesis of acute myeloid leukemia (AML), miiegage leukemia (MLL) and adult T-cell
leukemia/lymphoma cells (ATL) [13—16]. These fingénsuggest that CDK9 could be a potential target
for cancer therapy.

Recently, several selective CDK9 inhibitors withtgyd in vitro andin vivo antitumor activity
have been reported [17]2u, LY2857785, and LDC000067 with CDK9 4¢values of 14 nM, 11 nM,
and 44 nM,respectively, are in preclinical studies [18-21AYBL143572, the first selective CDK9
inhibitor that entered clinical research in 201wed a CDK9 IG, value of 13 nM which is 100-fold
more potent than that against CDK24€ 1300 nM) [22].

Wogonin (Fig. 1), one of the bioactive flavones asedl from the Chinese herbal Huang-Qin
(Scutellaria baicalensis Georgi, commonly known as Chinese Skullcap), hasnbshown to have
various pharmacological activities including neuaipctive, antioxidative, anti-inflammatory, and
especially antitumor [23-25]. Importantly, wogotias shown virtually no toxicity for normal cells at
concentrations that are lethal to tumor cells, datihg its potential for clinical application [28]2
Recent studies have shown that wogonin can in@ibiK9 and lead to rapid downregulation of MCL-1

in cancer cells [23]. Here, we report the desigmtlsesis and biological evaluation of a series of



wogonin derivatives as potent and selective CDK#8hiitors.
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Fig. 1. Structures of some representative non-selective @ibKitors and selective CDK9 inhibitors.

2. Chemistry

The general synthesis of wogonin derivati®as9j in Scheme 1 was adapted from a previously
described method in the literature [26-27]. In frigyrogallic acidl was first treated with benzyl
bromide to give intermediat8, followed by oxidation with 65% HN©Oto get the corresponding
quinone 3. Then, 3 was reduced by sodium thiosulfate to obtain thenph4. Subsequently,
methylation of4 was performed to obtain intermedi&ewhich was debenzylated to give intermediate
6. After Friedel-Crafts acylation with different ciamoyl chloride derivatives, the corresponding
flavones 8a—-8j were formed through cyclization. The final compdsir®a—9j were prepared by
selective demethylation of intermediaBzs-8j (Scheme 1).

The chemistry for the synthesis of wogonin deriedi20a—20d and 24a-24l is outlined in
Scheme 2. Starting from phloroglucin@D, the Hoesch reaction was first carried out to form
intermediatell. After selective methylation and aldol condensaticith m-bromobenzaldehyde and
p-fluorobenzaldehyde, intermediate$3a-13b were obtained. Subsequently cyclization and
deprotection of two methyl groups with 48% HBr pmodd intermediate45a—15b. Then, sulfate

compoundsl6a—16b were produced through the Elbs oxidation reactiith potassium persulfate in



water. Subsequently, O5-benzylation and O7-bernpylabf the sulfate compounti6a followed by
hydrolysis and O8-methylatiogenerated intermediald, while selective O7-benzylatiarf the sulfate
compound 16b followed by hydrolysis and O8-alkylation generatéutermediates22a—22d.
Intermediates19a-19d were obtained from18 by treatment with different aminesia the
Buchwald-Hartwig coupling reaction, and the desiredmpounds20a-20d were formed by
debenzylation. Intermediat@8a-23| can be easily prepared frd28a—22d by treatment with different
amines through nucleophilic aromatic substitutiang the desired compoun#é4a—24| were formed
by debenzylation.

Scheme 3 illustrates the synthesis of derivati®@s-30b. The preparation of intermediaf8
started from the treatment of intermedia2®& with 27, which can be easily obtained from
pyrrolidin-3-ol 25. The target compound80a—-30b were produced after nucleophilic aromatic
substitution and deprotection of benzyl and carbexyyl groups. Scheme 4 shows the synthesis of
derivatives36a—36b. The 7- and 5-hydroxyl of intermediatéb were first protected with benzyl group
andp-toluenesulfonyl group, respectively, followed bydholysis andhe Mitsunobureaction to obtain
intermediate33. Intermediates35a-35b were obtained fronB3 by selective deprotection of the
p-toluenesulfonyl group and nucleophilic aromatibstitution. The final compound36a—36b were
prepared by deprotection of the benzyl group. Tymthesis of compound39a-39b are shown in
Scheme 5, the 2-chloromethylfuran was reacted ®Ritho obtain compoun®7, which was further
treated with piperazine or methylpiperazine to wh8a-38b in good yield (85%-90%). Next, the
deprotection of benzyl generated target compo38ds39b (Scheme 5).

CompoundsA3a-43b were synthesized as shown in Scheme 6. Brieflppound21 was also
used as a starting materal and was treated withi@ez2,4-pentanedione under basic conditions to
produce compoundO followed by a condensation reaction with hydrazinihydroxide to generate the
key intermediate4l. Then, piperazine or methylpiperazine was intredu¢o obtain compounds
42a-42b. Ultimately, the target compound8a-43b were obtained by deprotection of the benzyl group
(Scheme 6). CompourtB was synthesized in a similar way as compod@ia except for using ethyl
formate instead of 3-chloro-2,4-pentanedione taaiobintermediated4 (Scheme 7). Starting form
compound 41, the target compoundl was obtained through debenzylation, methylatiom an
substituted with methylpiperazin (Scheme 8). Asicteg in Scheme 1-8, a total of 35 derivatives of

wogonin were synthesized and characterized bassgexiral properties.
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Scheme 1. Reagents and conditions: (i) PhéB, K,CO;, acetone, reflux, 48 h, 87%; (ii) AcOH, 65% H)N@O0
°C, 4 h, 45%; (i) NgS,04, CH;COOGHSs/H,0, r.t., 1 h, 37%; (iv) Mg&0O,, ag NaOH, GHsOH, r.t., 3 h, 85%; (v)
H,, Pd/C, MeOH, r.t., 8 h, 90%; (vi) Cinnamoyl chlaidierivatives, BFEL,O, CHCI,, reflux, 1.5 h~6 h,
35%~80%,; (vii) b, DMSO, 120°C, 5 h~8 h, 30%~40%,; (viii) AIG] CH;CN, reflux, 8 h, 65%~85%.
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Scheme 2. Reagents and conditions: (i) @EN, ZnC}h, HCI (g), EtO, 0 °C, 40 h, 71%; (ii) M&0O,, K,CO;,
acetone, reflux, 4 h, 83%; (iip-fluorobenzaldehyde an-bromobenzaldehyde, ag KOH;Hz0OH, 40 °C, 10 h~12
h, 85%~90%; (iv) 4, DMSO, 130 °C, 5 h~8 h, 95%~97%; (v) HBr, reflu®,16-72 h, 82%; (vi) KS,05, Me;NOH,
H,0, 30 °C, 3 h~4 h, 60%; (vii) PhGBIr, CCO;, DMF, 90 °C, 6 h, ; (viii) 6M HCI, r.t., 10 h, 29%~39%; (ix)
Me,SQO,, K,COs, acetone, reflux, 3 h, 90%; (x) appropriate amirm(dba), BINAP, t-BuOK, toluene, reflux, 5 h,
40%~70%; (xi) H, Pd/C, THF/MeOH, 30 °C~45 °C, 6 h~12 h, 30%~70%) BhCH,Br, K,COs, DMF, 50 °C, 5
h; (xiii) Me,SQ,, appropriate bromoalkane or cyclohexyl methanesalfe, KCO; or C$COs;, DMF, 55 °C~85 °C,
4 h~9 h, 50%~90%; (xiv) appropriate amine, DIPEAM®$0, 80 °C~120 °C, 8 h~20 h, 44%~80%.
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Scheme 3. Reagents and conditions: (i) Cbz-ChGOs;, CH,CI,/H,0, r.t., 5 h, 80%; (ii) MeSg&LI, TEA, CH.Cl,,
0 °C, 4 h, 80%; (iii) KCOs, DMF, 80 °C, 8 h, 50%; (iv) appropriate amine, BJ|PMSO, 80 °C~120 °C, 8 h~20 h,
44%~80%; (ii) H, Pd/C, THF/MeOH, 30 °C~45 °C, 6 h~12 h, 30%~70%.
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Scheme 4. Reagents and condition@) (a) PhCHBr, K,CO;, DMF, 50 °C, 5 h, (b) TsCl, DMAP, GEO;, DMF,

50 °C, 4 h; (ii) 6M HCI, r.t., 10 h, 20%,; (iii) 1-metipiperidin-4-ol, DEAD, PPk THF, r.t., 1 h, 75%; (iv) KOH,
MeOH, reflux, 90%; (v) appropriate amine, DIEA, DRS80 °C~120 °C, 8 h~20 h, 44%~80%; (ii), ®d/C,
THF/MeOH, 30 °C~45 °C, 6 h~12 h, 30%~70%.
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Scheme 6. Reagents and condition¢) 3-chloro-2,4-pentanedione, ,80;, acetone, reflux, 3 h, 50%; (ii)
hydrazinium hydroxide, EtOH, GI&OOH, r.t., 90%; (iii) appropriate amine, DIEA, DMS®0 °C~120 °C, 8
h~20 h, 44%~80%; (iv) 5 Pd/C, THF/MeOH, 30 °C~45 °C, 6 h~12 h, 30%~70%.
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65%. (iii) methylpiperazine, DIEA, DMSO, 60 to 80,°8 h, 68.5%.

3. Resultsand discussion
3.1. Rational drug design

Due to the evolutionary conservation of the ATRding site, the development of highly selective
small molecule ATP-antagonistic CDK inhibitors istran easy task [20, 28]. CDK9 specificity is not
easy to achieve due to its cross-reaction withratb# cycle CDKs, in particular CDK2. By analyzing
the crystal structures of CDK2 and CDK9, we fouhdttthe ATP binding pocket of CDK9 is more
flexible than that of CDK2, indicating that the CBKTP pocket can accommodate larger ligands (Fig.
2). Therefore, in this study, a series of derivadiwith substituents at tipara or meta position of the

B ring of wogonin were designed and synthesizeabtain selective CDK9 inhibitors.

A)

CDK2—LYS89

\!

Large entrance barrier |

w' s N \& N |
o { H  cysioe :
HN  HN— \<° SH CDK9

Fig. 2. (A) The comparison of the ATP binding pocket in CDEnd CDK2. (B) The binding mode of
wogonin in CDK9 and CDK2.

3.2. Structure-activity relationship analysis

We first designed and synthesized several derieatiwith different electron withdrawing or
donating groups on the B ring of wogonin to explitre effect on its potency and selectivity for CDK9
CDK2 was used as a control since it has a higheserpuidentity with other CDKs. All compounds
were tested against CDK9 and CDK2 (at a conceatraif 1 uM), as well as the hepatoma cells cell
line HepG2.The results are summarizedTiable 1, together with the potencies of the inhibitoryeets
of wogonin as reference. It was found that intrdiduc of electron withdrawing or donating
substituents at different positions of the B rirfgnagonin offer neither obvious enhancement in the
kinase activity nor in the anticancer activity.darticular, electron donating groups, such as nhethy

methoxyl (compoun@c and9d), have detrimental effects on the inhibitory aityiv



Table 1

In vitro activity of wogonin derivatives with B-rinmodification

different electron withdrawing
OH O or donating groups

Kinaseinhibition (%)? Cytotoxicity
Comp. R
CDK9/T1 CDK2/A ICs/uM®, HepG2
wogonin - 67.8 40.7 17.6
9a p-Cl 46.4 ND 34.2
9 p-NO, 325 ND >100
9c p-CHs 19.2 ND 249
9d p-OCH; 27.6 ND 42.4
9e m-F 56.2 ND 594
of m-Br 42.6 ND 38.2
99 m-CF; 52.3 ND >100
%h o-Cl 51.4 ND >100
9i o-Br 56.5 18.9 335
9 0-CF; 54.6 ND >100

& Percent inhibition at 1 pM, values are the avesatgrived from at least three replicates.
bAnti-proliferative activity by MTT-72 h assay, vaki@re the averages from at least five independesé¢ d
response curves.

Then, a series of derivatives with bulkier substitis at theara or meta position of the B ring of
wogonin were additionally designed and synthesizZettording to the data presented Table 2,
compounds20a—-20d and 24a-24f exhibited enhanced selectivity for CDK9 comparedaiogonin.
Generally, the CDKS9 inhibitory activity of theara-substituted compound®la—-24f was significantly
higher than that of theeta-substituted compound®9a-20d. In addition, among these compounds, the
piperazine and methylpiperazine substituted anaesddb, 20c, 24d and 24e exhibited potent
proliferstion inhibitory activity in the HepG2 cdihe, while the morpholine and pyrrolidine substitd
analogue®0a, 24a and24c showed dramatically reduced antiproliferative\datsti Compound?4e was

the most potent and selective CDK?9 inhibitor irsteéries with a HepG2 §gvalue of 6.6uM.

Table 2



In vitro activity of wogonin derivatives with further B-gnmodification

Kinaseinhibition (%)? Cytotoxicity
Comp. R
CDKO/T1 CDK 2/A | Cso/pMP®, HepG2

20a m-morpholino 45.4 NA >100
20b m-piperazin-1-yl 46.4 NA 9.9
20c m-methylpiperazin-1-yl 46.5 12.2 13.1
20d m-1,4-diazepan-1-yl 60.9 11.9 21.7
24a p-pyrrolidin-1-yl 33.9 NA >100
24b p-diethylamino 58.0 29.2 6.4
24c p-morpholino 58.0 NA 78.3
24d p-piperazin-1-yl 72.1 NA 17.9
24e p-methylpiperazin-1-yl 81.2 NA 6.6
24f p-1,4-diazepan-1-yl 65.4 12.7 18.2

&Percent inhibition at 1uM, values are the averaigesed from at least three replicates.

bAnti-proliferative activity by MTT-72 h assay, vakiare the averages from at least five independese d
response curves.

In order to improve the kinase inhibitory activapd cellular antiproliferative potency, we further
modified the 8-methoxy group of wogonin based otiveg data collected from previous analogues.
Different polar and nonpolar groups were introdutedhe O8 of wogonin, while piperazine and
methylpiperazine were introduced to tpara-position of the B ringln vitro enzyme activity assay
showed that this series of compounds had a sif@2K9 selectivity profile, but their inhibitory
activity varied widely Table 3). The O8-isopropyl substituted analogues were npatent than the
corresponding O8-cyclopentyl, O8-cyclohexyl andyfurethyl substituted analogues, as indicated by
compound24g, 24i, 24l and42a. This finding suggests that it is difficult to asomodate large-sized
hydrophobic groups in the cavity where the wogddghis located. Modification of hydrophilic groups
like pyrrolidinyl, methylpiperidinyl, and dimethyypazolyl at the O8-position resulted in compounds
30a—30b, 36a—-36b and 43a-43b, which showed comparable selectivity and inhilyitactivity for
CDK®9, but their cellular potency increased dranaljc Further determination of the CDK9 and
CDK2 ICso values of the representative compougdg, 24h, 43a and43b showed that their CDK9

inhibitory activities were significantly improvedompared to wogoninT@ble 4). In particular,



compound43a was the most potent CDK9 inhibitor with ansd@alue of 10.8 nM, which was ten-fold
higher than that of wogonin. On the other handy thed weak inhibitory activity against CDK2.

Table 3

In vitro activity of wogonin derivatives with 8-O-modifidah

substituents with
. 7/‘ either polar or nonpolar groups

Ra2
OH O
Kinaseinhibition (%)* cytotoxicity
Comp. R: R, b
CDK9/T1 CDK2/A ICsy/uM”, HepG2
249 I p-piperazin-1-yl 88.6 31.4 18.0
24h I p-methylpiperazin-1-yl 82.1 24.0 14.8
24i 9 p-piperazin-1-yl 141 ND 5.3
24 9 p-methylpiperazin-1-yl 30.7 ND 15.8
24k @ p-piperazin-1-yl 52.1 ND 22.8
24| @ p-methylpiperazin-1-yl 56.5 ND 27.8
NH
30a % p-piperazin-1-yl 74.0 NA >100
NH
30b gf p-methylpiperazin-1-yl 57.0 NA >100
N
36a 9 p--piperazin-1-yl 74.6 NA 39.4
N
36b 9 p-methylpiperazin-1-yl 71.8 NA 6.7
7]
3%a o} p-piperazin-1-yl 40.2 NA 8.3
/1
3% o} p-methylpiperazin-1-yl 52.6 NA 7.0
l;l*NH
43a /H'/)\ p-piperazin-1-yl 97.1 32.2 8.5



N—NH

43b /S*/)\ p-methylpiperazin-1-yl 98.1 51.1 6.3
HN-NH
48 N0 p-methylpiperazin-1-yl 34.0 ND 8.1

&Percent inhibition at 1 uM, values are the averalgeived from at least three replicates.

bAnti-proliferative activity by MTT-72 h assay, vakiare the averages from at least five independese d
response curves.

¢ ND represents not determine.

4 NA represents no activity.

Table4
Inhibition (ICso) of representative compoun@dg-24h, 43a-43b andwogonin against CDK9, CDK2
and cancer cells HepG2, A549, HCT116 and MV4-11.

Kinaseinhibition | Cs,
Comp. Structure (nM)? HepG2 A549 HCT116 MV4-11
CDK9/T1 CDKZ2A

) HO o
wogonin L] 198 1460 17.6 423 27.3 30.7
OH O
[N
PN
249 o L o 94.1 NA 17.9 55 3.4 6.1
L]
OH O
oy
SOV e
24n  Ho_Kk o 179 NA 17.7 41 12.8 6.3
]
OH O
H
43 o 0‘ g 10.8 1040 8.6 55 4.8 4.4
OH O
'
N;N/ (N
N
a3 e o [ 12.7 830 6.3 25 33 2.2

#Values are the averages from three-independetriexgnts.



3.3. Céllular antiproliferative activity towards a panel of cancer cell lines

The cellular antiproliferative activity of represative compounds was further evaluated in a
panel of human cancer cell lines including MV4-1dukemia), A549 (lung), HCT116 (colon) and
MCF-7 (breast) using the tetrazolium dye (MTT; 35(dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay (Table 4). Wogonin was selecteth@sadntrol and the inhibitory activity of wogonin
toward these cancer cells was similar to that egloby others [29-31]. Most of the representative
compounds showed potent inhibitory activity towatdfour cell lines. Especially compound8a and
43b, which were active against all four cell linesdashowed much improved inhibitory activity
toward these cell lines compared with wogonin. sltworth noting that compound3a and 43b
exhibited the strongest inhibitory effect againddK® with an IGy value of 10.8 and 12.7 nM,
respectively.
3.4. Drug-like properties-inspired optimization

By combining the selectivity for CDK9 and inhibijoactivity against cancer cells, we intended to
select compound43a for further in vivo evaluation. However, this compound showed poor
physicochemical properties, especially low soltpilin water (1.0pg/mL), which may limit its
application in furthein vivo studies. Therefore, for furthém vivo evaluation studies, it was necessary
to improve the solubility of this compound. By amahg its structure, it was suspected that the
presence of the two hydroxyls may limit its drukgliproperty. The hydroxyl at the 5-position formed
an important hydrogen bond with CDK9, while the @yroxyl did not show a crucial role in the
binding with CDK9. Thus, a methyl group was introdd at the C-7 hydroxyl position to obtain
compoundsl. The solubility and LodD; 4 were determined for compound3a and51. Wogonin was
selected as the control. Two methods were useckterine the solubility. Their intrinsic aqueous
solubility was determined on a Gemini Profiler msbhent pION Inc., Woburn, MA, USA) using the
‘goldstandard’ Avdeef-Bucher potentiometric titcati method. Compoun8l (28 pg/mL) showed a
28-fold higher solubility than compounBa without methyl at C-7. Another method was used to
determine their solubility under acidic conditionpmpound51 showed dramatically increased
solubility (solubility was determined in diluted thanesulfonic acid buffer at pH = 4.5). The
hydrophobicity parameter Ldg-; 4 of compound$1 was also found to be more acceptable than that of
compound43a. (Table 5). In addition, compoursll. showed comparable inhibitory activity against
CDK9 and selectivity towards CDK2. Thus, compouid which showed improveghysicochemical
properties and potent CDK9 inhibitory activity, waslected for further pharmacological evaluation

bothin vitro andin vivo.



Table5
Physicochemical properties and inhibition agair®&& of compoundg3a, 51 andWogonin.

Intrinsic Solubility
. Log D CDK9 CDK2
Comp. Structure solubility (pH =4.5)
(pH = 74) |C50(nM) |C50(nM)
(ug/mL) (ug/mL)
f
HO. o O
43a O | 1.0 30 291 10.8 1040
OH O
”{N/O @l”
51 o O o) QO 28 4540 2.01 19.9 913
Wogonin - 13 149 1.18 198 1460

3.5. Molecular docking

The molecular docking studies were performed toeustdnd the interaction pattern of the
representative compourfl in the active site of CDK9 (PDB ID: 3BLR). The alay of 51 with
flavopiridol in the binding site is shown in FigA3The key interactions d1 with the key residues in
the active site are shown in Fig. 3B and 3C. Adaeg in Fig. 3B, compoun8l could well embed in
the ATP binding pocket of CDK9. The carbonyl graafpcompoundsl forms a hydrogen bond with
Cys106 in the hinge region. In addition, compostdorms another important H-bonds with Alal153.
Besides these H-bond interactions, two other ingmrH+« interactions, specifically with Phe103 and
Leul56, were also observed. The benzomethylpipegazioiety could easily reach the solvent area.
When docking the compound into the CDK2 ATP bindsiig (PDB ID: 4BCP, Fig. 3D), the steric
hindrance of Lys89 at the inlet of the ATP bindjmarket makes it difficult for compourtl to form a
stable conformation and thus cannot bind tightlZfaK2. The corresponding amino acid in the CDK9
active site is Gly112, which is more favorable &mcommodating the piperazinyl of compousid
This difference in binding conformations may be tkason for the high potency and selectivity of

compoundbl toward CDK9.



Glu107

Phe O
@ "

Ala) HO ..
46 i
Asp

104 .

Fig. 3. (A) Overlay of flavopiridol (yellow) with compowh51 (brown) in the active site of CDK9. (B)
The docking model of compouril in a complex with CDK9. The hydrogen bonds argsiated by
black dotted lines. (C) Two-dimensional view of #tey interactions ab1 with the active site residues.
(D) The active site of CDK2. The steric hindrané¢é.ys89 is shown as surface.

Table7
Antiproliferative activity of compoun81 against a panel of human tumor cell lines

Human cell line cytotoxicity Human cell line cytotoxicity

Origin Designation 1Cs0 (nM)* Origin Designation 1Cs0 (nM)*
Leukemia HL60 5.21 Colon carcinoma HT29 1.80
Leukemia MV4-11 0.02 Colon carcinoma SW480 1.86
Leukemia CEM 1.24 Lung carcinoma A549 1.81
Leukemia THP-1 0.79 Gastric carcinoma BGC803 3.12

] Cervical
Breast carcinoma MCF-7 0.48 ) Hela 2.32
carcinoma
Breast carcinoma BT-549 1.85 Myeloma RPMI8226 0.82

Hepatic carcinoma HepG2 2.67 Renal (normal) HEK293 22.1



Colon carcinoma HCT-116 0.39 Liver (normal) LO2 151

& Anti-proliferative activity by MTT-72 h assay, was are the averages from at least five independess

response curves.
3.6. Evaluation of the cellular inhibitory effect and mechanism of action of 51

The cellular antiproliferative activity of compou®d was analyzed in a panel of 14 cancer cell
lines (CDK9-expressing) and 2 normal cell linesh(€a7). The analysis revealed that compo6fd
had potent cellular antiproliferative activity agst these cancer cell lines, especially against the
leukemia cancer cell line MV4-11, with ansfralue of 20 nM. When compourid was used to treat
the normal cell lines (HEK293 and L02), it exhiliteow toxicity (IGsovalues of 15 and 2@M). It is
worth noting that the introduction of methyl in theposition of compoundl, it significantly
improved the antiproliferative activity against taén types of tumor cell lines, including MV4-11dan
HCT116, compared with3a. The evaluation of the inhibition of cellular shedvthat compounél has
a good cellular therapeutic window, with a supefoofile to that of flavopiridol. Compared with
flavonoid derivatives previously reported by outl@ioorative group, compounsll exhibited the best
in vitro antitumor activity profile [32-33].

Based on the results of the analysis ofithgitro antitumor activity, the MV4-11 cell line was
selected to examine the effects of compoBhddn the CDK9-mediated signaling pathways (Fig. 4).
The effect of the treatment with compoubd on the distribution of cells in the cell cycle wiast
assessed by propidium iodide (PI) staining. Symuiaeml cells were r left untreated as control or
treated with compoun&l. Compound51 (at 0.25 or 1.2%uM) induced an obvious increase in the
number of cells in the G1 phase with a decreasedetested in the S phase at 24 h, which may be due
to the higher selectivity of compouid toward the inhibition of CDK9 (a transcriptionabrdator, not

a cell cycle regulator).
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Fig. 4. Effects of compoun®1 on cell cycle progression. (A) the control. (B) (0.05uM). (C) 51
(0.25uM). (D) 51 (1.25uM).

We also evaluated apoptosis in MVV4-11 cell linemlfteatment with the indicated concentrations
of 51 for 24 h. The nuclei changes in MV4-11 cells weliserved by confocal microscopy, after
staining with DAPI. As shown in Fig. 5A, untreatbtl/4-11 cells were stained uniformly with blue
fluorescence, while compourid-treated cells emitted bright fluorescence, whictlidates the early
phenomena of apoptosis. In addition, the nucleiwgltb a dose-dependent and time-dependent
chromatin condensation and characteristic apoptotigohological changes when treated vlth(Fig.
5B). To further confirm the compouril-induced apoptosis, the Annexin V/PI staining asaap
employed. After cells were treated with 0.05, 0&% 1.25uM of compound51 for 24 h, the
percentage of total apoptotic cells was 17.95,£28uid 35.48%, respectively, indicating the inductio
of apoptosis in a concentration-dependent manrigr ). Together, these results demonstrated that
compound51 inhibited proliferation of MV4-11 cells through amcentration- and time-dependent

apoptotic mechanism.



(A) (B)

24h 48 h

025uM ¢ 125 )M e % o025 - 105 M

PR A

©
Control . 0.05 pM 0.25 M 1.25 M
7.72 7.29

= 2.64 0.07 = 7.27 5.53

Y v
* 103 10 10° 10

1
103 10

T
43 ot 100 10! 102
ANNEXIN-V-FITC

! 102 1 10! 102 10! 102
ANNEXIN-V-FITC ANNEXIN-V-FITC ANNEXIN-V-FITC

Fig. 5. Effect of compoun®1 on apoptosis in MV4-11 cells by microscopy with Pifstaining after
treatment with compountll for 24 h (A) or 48 h (B), and by flow cytometry (C)

Western blot analysis was performed to study thié mroliferation inhibitory mechanism. As
expected, upon 4 h treatment with compoubdl the direct phosphorylation site in the
carboxy-terminal domain of phosphorylated-RNA PblSer2 was dose-dependently inhibited. In
addition, the expression level of proteins, suchLMICand c-MYC were dose-dependently decreased.
MCL-1 and c-MYC have been reported to be impor@miiapoptotic proteins, which could hinder
apoptosis in cancer cells (Fig. 6). In contrase, dntiapoptotic protein BCL-2 was not affected when
treated with compoun8l. Furthermore, we also analyzed the effects of aamg51 on important
apoptosis markers. After treatment for 24 h witimpound51, a dose-dependent increase in the
protein levels of apoptosis proteins cleaved PAR® @aspase-3 was observed (Fig. 6). Together, all

the results suggested that in MV4-11 cells compdaindan induce apoptosis by targeting CDK9.
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Fig. 6. Cellular effects of compoun8il on CDK9-mediated signaling pathways and apoptosis
MV4-11 cells.

3.7. In vivo evaluation of compound 51.
We also evaluated tha vivo antitumor activity of compoun8l in the subcutaneous MV4-11

AML xenograft murine model. The nude mice bearinyMl1 tumor xenografts were randomly



injected with vehicle, the positive control drugxdaubicin (5 mg/kg) and compourid (15, 30 and 45
mg/kg) every other day for three weels. The treatmeith compound5l resulted in the marked
inhibition of tumor growth (Fig. 7A, B). On day Zif treatment with compoun8l (15, 30 and 45
mg/kg), the tumor growth inhibition (TGI) was 2242.6 and 53.0%, respectively, without cansing any
mortality. In addition, there was no significantadige in the body weight after treatment wbth at

various concentrations. Thus, the vivo study results further confirmed the antitumor ptitd of

compoundbl.
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Fig. 7. In vivo anticancer efficacy of compourl. (A) compound51 and the positive control
doxorubicin suppressed the tumor growttvivo in MV4-11 tumor xenografts nude model. (B) Tumor
volumes of each mouse on day 21.

4. Conclusion

In this study, inspired by the selective CDK9 flaeid antitumor compound Wogonin, a series of
derivatives were designed and synthesized. Amoamtla promising compound, namely compound
51 (named a4 BJ-23) emerged as the most specific inhibitor of CDK®wan 1G, value of 19.9 nM
and exhibited excellent selectivity toward otherk&D The preliminary docking studies may explain
the selectivity toward CDK9. Additionally, it alshows an acceptable drug-like properties with good
solubility both in aqueous and weak acid environm&ompoundl exhibited strong antiproliferative
activity against a panel of established cell limetuding leukemia cell lines and solid tumor dalkes
by inducing apoptotic cell death. Furthermore, thighlighted compoundbl showed significant
antitumor efficacy without obvious toxic effedts vivo, which provide us a new chemical tool for
further investigate research CDKO9-targeted inhisitas a potential antitumor drug, especially for

AML.



5. Experimental procedures
5.1. Chemistry

General experimental methods. All chemicals and reagents and were purchased é@mmmercial
sources. Organic solutions were concentrated iotary evaporator (Biichi Rotavapor) below %5
under reduced pressure. Silica gel thin-layer clatography was performed on precoated plates
GF-254 and visualized under UV light. Melting paintere determined with a Melt-Temp |l apparatus.
'H NMR and**C NMR spectra were recorded on a Bruker AV-300rimsent using deuterated solvents
with tetramethylsilane (TMS) as internal standa@hemical shifts are given in ppm)( The
multiplicities are denoted as follows: s, singltdoublet; t, triplet; g, quartet; m, multiplet;  broad
singlet. IR spectra were recorded on a Nicolet iZl@tar FT-IR spectrometer using KBr film.
ESIl-mass and high resolution mass spectra (HRMSE wecorded on a Water Q-Tofmicro mass
spectrometer. All tested compounds exhibited gretiten 95% purity unless otherwise noted. The

synthesis routes &a-9j were shown in previos works [26-27].

5.1.1. 2, 4, 6-Trihydroxyacetophenone hydrate (11).

Pyrogallol @0) (63 g, 0.5 mol) was dissolved in anhydrous e{B60 mL), then anhydrous ZnCl
(13.4 g, 0.1 mol) and anhydrous acetonitrile (5Q.85 mol) were added and then the reaction mixture
was stirred in the presence of dried HCI gas 4 @r 40 h. The reaction was monitored by TLC. Afte
the end of the reaction, the mixture was raisetbton temperature and filtered. The filter cake was
dried to constant weight and dissolved in wateO(2Q.). Then the mixture was refluxed for 6 h and a
large amount of solid was formed. The mixture wasled to room temperature, filtered, and the cake
was dried to give a white solid (60 g, 71% vyielip 119-1217C.

5.1.2. 4, 6-Dimethoxy-2-hydroxyacetophenone (12).

Compoundll (33.6 g, 0.2 mol) was dissolved in anhydrous aee{@50 mL) and KCO;(63.48
g, 0.46 mol) was added. Then dimethyl sulphate agded dropwise at room temperature and the
mixture was heated to 4& for 4 h. The reaction was monitored by TLC. Afiee end of the reaction,
the mixture was cooled to room temperature, fileamd the filtrate was poured into 5 volumes of
water and adjusted to pH = 3 - 4 with 1 M HCI teg@pitate a large amount of solid. The mixture was
filtered and dried to give a white solid (32.5 §%8yield). mp 80-82C.

5.1.3. (E)-3-(3-Bromophenyl)-1-(2-hydroxy-4, 6-dimethoxyphenyl)prop-2-en-1-one (13a).

Compound12 (30 g, 0.15 mol) was dissolved in ethanol (450 rab{ip-fluorobenzaldehyde (31
g, 0.17 mol) was added. Then 7% KOH aqueous sol§#80 mL, 0.38 mol) was added dropwise and
the mixture was kept below’& and then heated to 4G for 12 h. The reaction was monitored by TLC.

After the end of the reaction, the mixture was eddio room temperature and poured into 10 volumes



of water and adjusted to pH = 3 - 4 with 6 M HClpiecipitate a large amount of solid. The mixture
was filtered and dried to give a yellow solid (50,190% yield). mp 190-19%.
5.1.4. (E)-3-(4-Fluorophenyl)-1-(2-hydroxy-4, 6-dimethoxyphenyl)prop-2-en-1-one (13b).

Compoundl2 (16.36 g, 84 mmol) was dissolved in ethanol (230 and p-fluorobenzaldehyde
(11.39 g, 92 mmol) was added. Then 7% KOH aqueoldien (150 mL, 0.21 mol) was added
dropwise and the mixture was kept belo’C5and then heated to 40 for 12 h. The reaction was
monitored by TLC. After the end of the reactione thmixture was cooled to room temperature and
poured into 10 volumes of water and adjusted to=p344 with 6 M HCI to precipitate a large amount
of solid. The mixture was filtered and dried toeiz yellow solid (21.33 g, 84.6% yield). mp 200-202
°C.

5.1.5. 2-(3-Bromophenyl)-5, 7-dimethoxy-4H-chromen-4-one (14a).

Compoundi3a (16.7 g, 46 mmol) was dissolved in DMSO (40 mL}r& temperature of 6C
and } (cat., 0.32 g, 1.2 mmol) was added. Then the mextvas heated to 135G for 8 h. The reaction
was monitored by TLC. After the end of the reactithre hot mixture was poured into 10 volumes of a
saturated aqueous solution of sodium thiosulfajgréaipitate a large amount of solid. The mixtuesw
filtered and dried to give a yellow solid (16.293% yield). mp 278-28fC.

5.1.6. 2-(4-Fluorophenyl)-5, 7-dimethoxy-4H-chromen-4-one (14b).

Compound13b (17.33 g, 57 mmol) was dissolved in DMSO (43 mtjhe temperature of 6C
and } (cat., 0.36 g, 1.4 mmol) was added. Then the mextvas heated to 153G for 5 h. The reaction
was monitored by TLC. After the end of the reactithre hot mixture was poured into 10 volumes of a
saturated aqueous solution of sodium thiosulfajgréaipitate a large amount of solid. The mixtuesw
filtered and dried to give a yellow solid (16.395% yield). mp 291-29%C.

5.1.7. 2-(3-Bromophenyl)-5, 7-dihydroxy-4H-chromen-4-one (15a).

Compoundl4a (20 g, 55 mmol) and 48% hydrobromide (250 mlere refluxed for 72 h and the
reaction was monitored by TLC. After the end of teaction, the mixture was cooled to room
temperature and poured into 10 volumes of ice waterecipitate a large amount of solid. The migtur
was filtered and the cake was washed with watdl tiet pH was neutral, dried to give a yellow solid
(15.1 g, 82% yield). mp 192-196.

5.1.8. 2-(4-Fluorophenyl)-5, 7-dihydroxy-4H-chromen-4-one (15b).

Compoundl4b (21.36 g, 71 mmol) and 48% hydrobromide (300 mE)e refluxed for 60 h and
the reaction was monitored by TLC. After the endtla reaction, the mixture was cooled to room
temperature and poured into 10 volumes of ice waterecipitate a large amount of solid. The migtur
was filtered and the cake was washed with watdl tlnet pH was neutral, dried to give a crude praduc

(20.9 g).The solid was purified by polyamide column chrongaéphy to give a yellow solid (16.2 g,



83% yield). mp 206-21%C.
5.1.9. Tetramethylammonium:-5, 7-dihydroxy-4-oxo-2-(3-bromophenyl)-4H-chromen-8-yl sulfate (16a).

Compoundl5a (21.2 g, 63.7 mmoland tetramethylammonium hydroxide (69.19 g, 38.2othm
were dissolved in water (530 mL) and potassiumytte (42.93 g, 169 mmol) was added eight times
every 20 minutes. The mixture was kept belowW@@or 3.5 h and the reaction was monitored by TLC.
After the end of the reaction, the mixture wasefi#td and the filtrate was adjusted to pH = 6 - thwi
potassium dihydrogen phosphate (about 30 g) toigitat® solid. Then sodium chloride (45 g) was
added three times every 5 minutes and the mixtuae stirred at room temperature overnight. The
mixture was filtered and the cake was washed widthanol (20 mL) and dried to give a reddish
brown solid (19.2 g, 60.1% yield).

5.1.10. Tetramethylammonium-5, 7-dihydroxy-4-oxo-2-(4-fluorophenyl)-4H-chromen-8-yl sulfate (16b).
Compoundl5b (18 g, 71 mmoland tetramethylammonium hydroxide (71.89 g, 40 mmare
dissolved in water (450 mL) and potassium persailfd86.7 g, 130 mmol) was added eight times every

20 minutes. The mixture was kept below’80for 3 h and the reaction was monitored by TLCeAf
the end of the reaction, the mixture was filtered dhe filtrate was adjusted to pH = 6 - 7 with
potassium dihydrogen phosphate (about 30 g) toigitet® solid. Thensodium chloride (45 g) was
added three times every 5 minutes and the mixtwae stirred at room temperature overnight. The
mixture was filtered and the cake was washed wigthanol (20 mL) and dried to give a yellowish
solid (17 g, 60.8% yield).

5.1.11. 5, 7-Bis(benzyl oxy)-2-(3-bromophenyl)-8-hydroxy-4H-chromen-4-one (17).

Compoundl6a (5 g, 10 mmol) was dissolved in DMF (35 mL) and@3;(19.4 g, 60 mmol)
was added. Benzyl bromide (7 mL, 60 mmol) was adifegwise and then the mixture was heated to
90°C for 6 h. The reaction was monitored by TLC. Aftee end of the reaction, the mixture was
cooled to room temperature, filtered, and the amke washed with methanol (20 mL). The filtrate was
adjusted to pH = 1 - 2 with 6 M HCI and the mixtwras stirred at room temperature overnight to
precipitate a large amount of solid. Then the nmxtwas filtered and the cake was washed with
methanol (10 mL) and dried to give a yellow solld5(g, 28.5% vyield). mp 290-29¢.'H NMR (300
MHz, DMSO-ds): d=9.10 (s, 1H, 8-OH), 8.35 (s, 1H, Ar-H), 7.90 @hl, Ar-H), 7.50 (m, 10H, Ar-H),
6.94 (s, 1H, CHCO), 6.86 (s, 1H, Ar-H), 5.34 (s, BCHx-Ar), 5.17 (s, 2H, OCKAr) ppm.

5.1.12. 5, 7-Bis(benzyl oxy)-2-(3-bromophenyl)-8-methoxy-4H-chromen-4-one (18).

Compoundl?7 (200 mg, 0.38 mmol) was dissolved in acetone (40 and K,CO5;(104.3 mg, 0.76
mmol) and dimethyl sulfate (71.5 mg, 0.57 mmol) evadded. The mixture was refluxed for 3 h and
the reaction was monitored by TLC. After the endtle# reaction, the mixture was cooled to room

temperature, filtered, and the cake was washed dithloromethane (10 mL). The filtrate was



evaporated under reduced pressdree crude products were recrystallized from mixetvent of
hexane and dichloromethane to give a yellow sdl&b(mg, 90% yield). mp 230-233.*H NMR (300
MHz, DMSO<y): = 8.12 (s, 1H, Ar-H), 7.42 (m, 13H, Ar-H), 6.95 {84, CHCO), 6.83 (s, 1H, Ar-H),
5.32 (s, 2H, OCHKAr), 5.20 (s, 2H, OCKAr), 3.85 (s, 3H, ArOCH) ppm.

5.1.13. 5, 7-Bis(benzyl oxy)-8-methoxy-2-(3-mor pholinophenyl)-4H-chromen-4-one (19a).

Pd,(dbak(21.1 mg, 0.023 mmol) and BINAP (28.65 mg, 0.046af)mvere added in anhydrous
toluene (30 mL). The mixture was stirred at roomperature for 15 minutes undes protection, then
compound18 (250 mg, 0.46 mmol), morpholine (80.16 mg, 0.92 af)nand potassiunt-butoxide
(103.25 mg, 0.92 mmol) were added. The mixture reflaxed for 5 h and the reaction was monitored
by TLC. After the end of the reaction, the mixtwras cooled to room temperature and evaporated
under reduced pressure. The crude prodwet® purified over silica gel column chromatograghy
100-200) to give a yellow solid (185 mg, 73.2% gelmp 230-233C. '*H NMR (300 MHz,
DMSO-dg): = 8.21 (s, 1H, Ar-H), 7.53 (m, 13H, Ar-H), 7.01 ($H, CHCO), 6.89 (s, 1H, Ar-H), 5.32
(s, 2H, OCH-Ar), 5.24 (s, 2H, OCHAr), 3.83 (s, 3H, ArOCH), 3.74 (s, 4H, N(ChCH,),0), 3.28 (s,
4H, N(CH,CH,),0) ppm.

5.1.14. 5, 7-Bis(benzyl oxy)-8-methoxy-2-(3-(piperazn-1-yl)phenyl)-4H-chromen-4-one (19b).

Yellow solid (100 mg, 57% yield). mp 225~22.*H NMR (300 MHz, DMSO¢): o= 8.21 (s,
1H, Ar-H), 7.55 (m, 13H, Ar-H), 6.98 (s, 1H, CHC®).87 (s, 1H, Ar-H), 5.32 (s, 2H, OGHAr), 5.25
(s, 2H, OCH-Ar), 3.83 (s, 3H, ArOCH3), 3.20 (s, 4H, N(@EH,),NH), 2.91 (s, 4H, N(CkCH,),NH)
ppm.

5.1.15. 5, 7-Bis(benzyl oxy)-8-methoxy-2-(3-(4-methyl pi perazin- 1-yl)phenyl)-4H-chromen-4-one (19c).

Yellow solid (135 mg, 65% yield). mp 230~233.'"H NMR (300 MHz, DMSOds): J= 8.21 (s,
1H, Ar-H), 7.60 (m, 13H, Ar-H), 7.00 (s, 1H, CHC®).89 (s, 1H, Ar-H), 5.32 (s, 2H, OGHAr), 5.26
(s, 2H, OCH-Ar), 3.84 (s, 3H, ArOCH3), 3.36 (s, 4H, Ar-N(GEH,),N), 3.00 (s, 3H, NCH), 2.75 (s,
4H, Ar-N(CH,CH,),N) ppm.

5.1.16. 5, 7-Bis(benzyloxy)-2-(3-(1, 4-diazepan-1-yl)phenyl)-8-methoxy-4H-chromen-4-one (19d).

Yellow solid (110 mg, 37% vyield). mp 235~2%2. *H NMR (300 MHz, DMSO¢): 4= 8.10 (s,
1H, Ar-H), 7.53 (m, 13H, Ar-H), 7.00 (s, 1H, CHC®)87 (s, 1H, Ar-H), 5.28 (s, 2H, OGHAr), 5.19
(s, 2H, OCH-Ar), 3.86 (s, 3H, ArOCH3), 3.62 (s, 4H, Ar-N(GH), 2.95 (s, 2H, NHCh), 2.70 (s, 2H,
NHCH,), 1.84 (m, 2H, NCHCH,CH,NH) ppm.

5.1.17. 5, 7-Dihydroxy-8-methoxy-2-(3-mor pholinophenyl)-4H-chromen-4-one (20a).

Compoundl9a (185 mg, 0.27 mmol), Pd/C (60 mg) and tetrahydwiriu10 mL) were added in

methanol (10 mL). The mixture was stirred in thesence of kland heated to 3%& for 6 h. The

reaction was monitored by TLC. After the end of teaction, the mixture was cooled to room



temperature and filtered. The filtrate was evapatainder reduced pressure and purified over gilita
column chromatography (# 100-200) to give a yelolid (78 mg, 77.3% yield). mp 204~206.
HRMS (ESI) calcd for GoH,NOg [M + H]*: 370.1291, found 370.1273H NMR (300 MHz,
DMSO<dg): d= 12.53 (s, 1H, 5-OH), 10.81 (s, 1H, 7-OH), 7.5817(m, 3H, Ar-H), 7.20 (d, 1HJ=
7.50 Hz, Ar-H), 7.05 (s, 1H, CHCO), 6.30 (s, 1H,-H), 3.85 (s, 3H, ArOCH), 3.77 (s, 4H,
N(CH,CH,),0), 3.23 (s, 4H, N(CbCH,),0) ppm.**C NMR (75 MHz, DMSOdy): J= 182.1, 163.4,
157.3, 156.2, 151.5, 149.6, 131.6, 129.8, 127.8,71116.7, 112.2, 105.0, 103.7, 99.0, 66.0, 62.8 (
C), 48.0 (2 x C) ppm. IR (KBry 3245, 2829, 1657, 1586, 1507, 1444, 1356, 1253311023, 1010,
863, 837, 699, 671 cfn

5.1.18. 5, 7-Dihydroxy-8-methoxy-2-(3-(piperazn-1-yl)phenyl)-4H-chromen-4-one (20b).

Yellow solid (30 mg, 44.7% yield). mp 230~232. HRMS (ESI) calcd for GoH,1N,Os [M +
H]*: 369.1450, found 369.143% NMR (300 MHz, DMSOd,): d= 12.51 (s, 1H, 5-OH), 7.45 (m, 3H,
Ar-H), 7.18 (d, 1HJ= 7.20 Hz, Ar-H), 7.00 (s, 1H, CHCO), 6.26 (s, ¥H), 3.84 (s, 3H, ArOCH),
3.20 (s, 4H, N(CBCH,),NH), 2.90 (s, 4H, N(ChCH,),NH) ppm.**C NMR (75 MHz, DMSOd): =
181.8, 163.3, 158.5, 156.2, 151.8, 149.6, 131.6,82127.8, 118.8, 116.3, 112.3, 104.8, 103.1,,99.3
60.8, 48.6 (2 x C), 45.2 (2 x C) ppm. IR (KBr3494, 2842, 1654, 1605, 1583, 1491, 1452, 1353,
1255, 1179, 1107, 1026, 992, 799, 670, 549.cm
5.1.19. 5, 7-Dihydroxy-8-methoxy-2-(3-(4-methyl pi per azin-1-yl) phenyl)-4H-chromen-4-one (20c).

Yellow solid (55 mg, 58% vyield). mp 265~268. HRMS (ESI) calcd for G;H3N,05 [M + H]™:
383.1607, found 383.1594 NMR (300 MHz, DMSOsdg): 0= 12.52 (s, 1H, 5-OH), 10.89 (s, 1H,
7-OH), 7.52 (m, 3H, Ar-H), 7.27 (d, 1Bz 7.50 Hz, Ar-H), 7.11 (s, 1H, CHCO), 6.34 (s, 14d;H),
3.85 (s, 3H, ArOCh), 3.35 (s, 4H, Ar-N(CHCH,),N), 3.01 (s, 3H, NCk, 2.73 (s, 4H,
Ar-N(CH,CH,),N) ppm.**C NMR (75 MHz, DMSOd,): d= 182.1, 163.2, 157.4, 156.1, 150.1, 149.6,
131.8,130.1, 127.7, 119.4, 117.3, 113.1, 105.3,74,®9.1, 61.0, 52.1 (2 x C), 45.5 (2 x C), 420np
IR (KBr) v 3433, 2944, 2679, 2606, 1658, 1592, 1522, 1438418275, 1257, 1026, 921, 837, 780,
692, 553 crit.

5.1.20. 2-(3-(1, 4-Diazepan-1-yl)phenyl)-5, 7-dihydroxy-8-methoxy-4H-chromen-4-one (20d).

Yellow solid (35 mg, 46.8% vyield). mp 208~220. HRMS (ESI) calcd for G;H»N,05 [M +
H]*: 383.1529, found 383.15981 NMR (300 MHz, DMSOdg): = 12.55 (s, 1H, 5-OH), 7.31 (m, 3H,
Ar-H), 6.97 (s, 1H, Ar-H), 6.93 (s, 1H, CHCO), 6.23 1H, Ar-H), 3.83 (s, 3H, ArOCH} 3.61 (s, 4H,
Ar-N(CH,),), 2.95 (s, 2H, NHCH), 2.72 (s, 2H, NHCH), 1.86 (m, 2H, NCHCH,CH,NH) ppm.**C
NMR (75 MHz, DMSOs€): 6= 181.7, 163.5, 159.0, 156.3, 149.5, 148.5, 13138,0, 127.9, 114.9,
113.1, 108.4, 104.6, 102.9, 99.4, 60.7, 50.9, 472, 46.9, 27.9 ppm. IR (KB¥) 3410, 2927, 1652,
1598, 1499, 1368, 1175, 1107, 1026, 838, 772, 8D .cn’.



5.1.21. 7-Benzyl oxy-2-(4-fluorophenyl)-5, 8-dihydroxy-4H-chromen-4-one (21).

Compoundl6éb (7.8 g, 17.7 mmol) was dissolved in DMF (55 mLyldGCO5(4.9 g, 35.5 mmol)
was added. Benzyl bromide (2.8 mL, 23 mmol) wasedddropwise and then the mixture was heated
to 60°C for 5 h. The reaction was monitored by TLC. Aftee end of the reaction, the mixture was
cooled to room temperature, filtered, and the amle washed with methanol (20 mL). The filtrate was
adjusted to pH = 1 - 2 with 6 M HCI and the mixtwras stirred at room temperature overnight to
precipitate a large amount of solid. Then the nmixtwas filtered and the cake was washed with
methanol (10 mL) and dried to give an Orange yelsmlid (2.6 g, 38.8% vyield). mp 290-282.'H
NMR (300 MHz, DMSO#dg): = 12.69 (s, 1H, 5-OH), 9.13 (s, 1H, 8-OH), 7.92 Z#l, J= 9.00 Hz,
Ar-H), 7.45 (m, 5H, Ar-H), 7.12 (d, 2HI= 9.00 Hz, Ar-H), 6.93 (s, 1H, CHCO), 6.79 (s, Wi;H),
5.34 (s, 2H, OCHKAr) ppm.

5.1.22. 7-Benzyl oxy-2-(4-fluorophenyl)-5-hydroxy-8-methoxy-4H-chromen-4-one (22a).

Compound?1 (720 mg, 1.9 mmol) was dissolved in acetonitri® (nL) and KCO; (660 mg, 4.8
mmol) and dimethyl sulfate (240 mg, 2.1mmol) wedeled. The mixture was refluxed for 4.5 h and
the reaction was monitored by TLC. After the endtlad reaction, the mixture was cooled to room
temperature, filtered, and the cake was washed diithloromethane (20 mL). The filtrate was
evaporated under reduced pressdiee crude products were recrystallized from mixetient of
n-hexane and methylene chloride to give a yellokd 685 mg, 92% yield). mp 210-222.'"H NMR
(300 MHz, DMSO#dg): 0= 12.70 (s, 1H, 5-OH), 7.93 (d, 2Bk 9.00 Hz, Ar-H), 7.46 (m, 5H, Ar-H),
7.10 (d, 2HJ=9.00 Hz, Ar-H), 6.94 (s, 1H, CHCO), 6.80 (s, 1;H), 5.33 (s, 2H, OCHAr), 3.85
(s, 3H, ArOCH) ppm.

5.1.23. 7-Benzyl oxy-2-(4-fluorophenyl)-5-hydroxy-8-isopropoxy-4H-chromen-4-one (22b).

Compound?1 (1 g, 2.65 mmol) was dissolved in DMF (15 mL) &CO; (550 mg, 4.0 mmol)
and bromoisopropane (490 mg, 4.0 mmol) were adtleel mixture was heated to 8D for 5 h and the
reaction was monitored by TLC. After the end of teaction, the hot mixture was poured into 10
volumes of ice water to precipitate a large amairgolid. The mixture was filtered and the cake was
recrystallized from mixed solvent @fhexane and methanol to give a yellow solid (58Q B#3%
yield). mp 215-216C."H NMR (300 MHz, DMSOdg): 6= 12.89 (s, 1H, 5-OH), 7.88 (d, 2Bk 9.00
Hz, Ar-H), 7.52 (m, 5H, Ar-H), 7.21 (d, 2Kz 9.00 Hz, Ar-H), 6.94 (s, 1H, CHCO), 6.80 (s, BH),
5.33 (s, 2H, OCHAr), 4.45 (m, 1H, CH(CH),), 1.29 (d, 6H,J= 6.00 Hz, CH(CH),) ppm.

5.1.24. 7-Benzyl oxy-8-cyclopentyl oxy-2-(4-fluorophenyl)-5-hydroxy-4H-chromen-4-one (22c).

Compound?1 (1 g, 2.65 mmol) was dissolved in DMF (15 mL) &CO; (550 mg, 4.0 mmol)
and bromoisopropane (490 mg, 4.0 mmol) were aduéuki presence of )NThe mixture was heated to

90°C for 10 h and the reaction was monitored by TL&eAthe end of the reaction, the hot mixture



was poured into 10 volumes of ice water to preatpita large amount of solid. The mixture was
filtered and the cake was purified by polyamideuocmh chromatography to give a yellow solid (850
mg, 72% yield). mp 230-23%.*H NMR (300 MHz, DMSOss): =12.60 (s, 1H, 5-OH), 7.65 (d, 2H,
J=9.00 Hz, Ar-H), 7.49 (m, 5H, Ar-H), 7.19 (d, 2B& 9.00 Hz, Ar-H), 6.98 (s, 1H, CHCO), 6.36 (s,
1H, Ar-H), 5.32 (s, 2H, OCHAT), 4.86 (m, 1H, CH(CH)), 1.67 (m, 8H, CH(Ch),) ppm.

5.1.25. 7-Benzyl oxy-8-cycl ohexyl oxy-2-(4-fluorophenyl)-5-hydroxy-4H-chromen-4-one (22d).

Cyclohexanol (5 mL, 48 mmol) and triethylamine @3mL, 96 mmol) were added in
dichloromethane (30 mL)Methanesulfonyl chloride (5.5 mL, 72 mmaljluted with 10 mL of
dichloromethane) was added dropwise belowWC5and then the mixture was heated to room
temperature for 5 h. The reaction was monitoredlbg. After the end of the reaction, the mixture was
filtered and the filtrate was wash with 1 M HCI (2QL), Saturated sodium bicarbonate solution (20 mL)
and Saturated saline solution (20 mL) and thenddbie anhydrous sodium sulfate. The mixture was
filtered and the filtrate was evaporated under cedupressure to give the oily compound of
methanesulfonyl cyclohexanol (1.06 g).

Compound?1 (1.5 g, 3.97 mmol) was dissolved in DMF (20 mLyd6CO; (1.37 g, 10 mmol)
and methanesulfonyl cyclohexanol (1.06 g) were dddehe presence of NThe mixture was heated
to 80°C for 8 h and the reaction was monitored by TLQeAthe end of the reaction, the hot mixture
was poured into 10 volumes of ice water and adjusieoH = 4 - 5 with 1 M HCI to precipitate a large
amount of solid. The mixture was filtered and theke was purified by polyamide column
chromatography to give a yellow solid (1.1 g, 63.9%ld). mp 235-238C.*H NMR (300 MHz,
DMSO-dg): 9= 12.91 (s, 1H, 5-OH), 7.78 (d, 2BE 9.00 Hz, Ar-H), 7.50 (m, 5H, Ar-H), 7.26 (d, 2H,
J= 9.00 Hz, Ar-H), 6.94 (s, 1H, CHCO), 6.77 (s, 1At:H), 5.30 (s, 2H, OCHATr), 4.00 (m, 1H,
CH(CHy)s), 1.90 (m, 4H, CH(Ch)s), 1.53 (m, 2H, CH(CH)s), 1.21 (m, 4H, CH(Ch)s) ppm.

The synthesis methods 28a-23| were shown in supporting information.

5.1.26. 5, 7-Dihydroxy-8-methoxy-2-(4-(pyrrolidin-1-yl)phenyl)-4H-chromen-4-one (24a).

Compound?3a (168 mg, 0.38 mmol)?d/C (40 mg) and tetrahydrofuran (10 mL) were added
methanol (10 mL) in the presence of Ahe mixture was heated to %5 for 7 h and the reaction was
monitored by TLC. After the end of the reactiorg thixture was cooled to room temperature, filtered
and the filtrate was evaporated under reduced pres$he crude product was purified over silica gel
column chromatography (# 100-200) to give a yelkolid (100 mg, 74.4% vyield). mp 185-188.
HRMS (ESI) calcd for GoH,0NOs [M + H]*: 354.1341, found 354.1274H NMR (300 MHz,
DMSO-dg): 0= 12.77 (s, 1H, 5-OH), 7.86 (d, 2B 9.00 Hz, Ar-H), 6.97 (d, 2H]= 9.00 Hz, Ar-H),
6.55 (s, 1H, CHCO), 6.46 (s, 1H, Ar-H), 4.00 (s, B#OCHs), 3.42 (s, 4H, N(CKCH,),), 1.70 (s, 4H,
N(CH,CH,),) ppm.**C NMR (75 MHz, DMSOd,): d= 187.0, 168.8, 152.2, 150.9, 143.7, 140.4, 127.6,



127.1 (2 x C), 124.4, 113.0 (2 x C), 105.6, 9849956.6, 53.9 (2 x C), 23.1 (2 x C) ppm. IR (KBr)
3651, 2854, 1532, 1562, 1523, 1294, 1165, 11253,10210, 863, 837, 701, 671 ¢m
3.1.27. 2-(4-(Diethylamino)phenyl)-5, 7-dihydroxy-8-methoxy-4H-chromen-4-one (24b).

Compound23b (180 mg). Yellow solid (75 mg, 53% yield). mp 1630°C. HRMS (EST) calcd
for CogH2,NOs [M + H]*: 356.1498, found 356.1488H NMR (300 MHz, DMSO#dg): 0= 12.81 (s, 1H,
5-OH), 10.63 (s, 1H, 7-OH), 7.88 (d, 2Bk 9.00 Hz, Ar-H), 6.81 (d, 2H]= 9.00 Hz, Ar-H), 6.70 (s,
1H, CHCO), 6.25 (s, 1H, Ar-H), 3.84 (s, 3H, ArOgQH3.44 (g, 4H,J)= 6.00 Hz, N(CHCHy),), 1.14 (t,
6H, J= 6.00 Hz, N(CHCH;,),) ppm.**C NMR (75 MHz, DMSOs): J = 182.0, 164.7, 157.2, 156.7,
150.7, 149.8, 128.5 (2 x C), 128.0, 116.2, 111.¥ (@, 103.8, 101.1, 99.2, 61.5, 44.4 (2 x C), 12.9
x C) ppm. IR (KBr)v 3183, 2970, 1564, 1503, 1414, 1386, 1350, 11986,11022, 944, 820, 712
cm’.

5.1.28. 5, 7-Dihydroxy-8-methoxy-2-(4-mor pholinophenyl)-4H-chromen-4-one (24c).

Compound23c (145 mg). Yellow solid (55 mg, 47.4% yield). mp0t295°C. HRMS (ESI) calcd
for CogHoNOg [M + H]*: 370.1291, found 370.127*H NMR (300 MHz, DMSO#dg): 0= 12.77 (s, 1H,
5-OH), 10.68 (s, 1H, 7-OH), 7.85 (d, 2Bk 9.00 Hz, Ar-H), 6.87 (d, 2H]= 9.00 Hz, Ar-H), 6.54 (s,
1H, CHCO), 6.46 (s, 1H, Ar-H), 3.98 (s, 3H, ArOgH3.77 (s, 4H, N(ChCH,),0), 3.23 (s, 4H,
N(CH,CH,),0) ppm.**C NMR (75 MHz, DMSOsd): J = 182.0, 163.9, 157.1, 156.2, 151.5, 145.0,
127.6 (2 x C), 118.7, 116.1, 113.2 (2 x C), 105a8.7, 99.0, 66.0, 61.0 (2 x C), 48.0 (2 x C) pfn.
(KBr) v 3245, 2829, 1562, 1524, 1493, 1327, 1265, 12123,11023, 852, 814, 752, 663 ¢tm
5.1.41. 5, 7-Dihydroxy-8-methoxy-2-(4-(piperazn-1-yl)phenyl)-4H-chromen-4-one (24d).

Compound23d (178 mg). Yellow solid (60 mg, 42% yield). mp 1805°C. HRMS (ESI) calcd
for CogH21N,Os [M + H]*: 369.1450, found 369.14384 NMR (300 MHz, DMSOd): J= 12.56 (s,
1H, 5-OH), 7.89 (d, 2H)= 9.00 Hz, Ar-H), 7.14 (d, 2H]= 9.00 Hz, Ar-H), 6.82 (s, 1H, CHCO), 6.35
(s, 1H, Ar-H), 3.98 (s, 3H, ArOCH), 3.20 (s, 4H, N(ChCTH,),NH), 2.90 (s, 4H, N(CKCH,),NH) ppm.
13C NMR (75 MHz, DMSOdy): J = 182.1, 163.3, 158.5, 156.2, 151.8, 149.6, 122.8 C), 118.8,
116.3, 113.3 (2 x C), 104.8, 103.1, 99.3, 60.8648.x C), 45.2 (2 x C) ppm. IR (KB¥)3537, 2953,
1643, 1605, 1575, 1482, 1443, 1386, 1215, 11864,1922, 837, 670, 553 ¢
5.1.29. 5, 7-Dihydroxy-8-methoxy-2-(4-(4-methyl pi per azin-1-yl)phenyl)-4H-chromen-4-one (24e).

Compound23e (165 mg). Yellow solid (50 mg, 37.4% yield). mp 19295°C. HRMS (ESI) calcd
for CpHpsN,0s [M + H]™: 383.1607, found 383.1648H NMR (300 MHz, DMSO€,): d= 12.70 (s,
1H, 5-OH), 7.82 (d, 2HJ= 9.00 Hz, Ar-H), 6.99 (d, 2HJ= 9.00 Hz, Ar-H), 6.57 (s, 1H, CHCO), 6.43
(s, 1H, Ar-H), 4.05 (s, 3H, ArOC#| 3.44 (t,J= 6.00 Hz, 4H, Ar-N(CHCH,),N), 3.01 (t,J= 6.00 Hz,
4H, Ar-N(CH,CH,),N), 2.43 (s, 3H, NCk) ppm.**C NMR (75 MHz, DMSOd): J = 182.3, 167.8,
157.5, 156.1, 150.9, 149.6, 127.3 (2 x C), 11815,4, 113.0 (2 x C), 105.1, 103.7, 99.1, 61.0, 52.1



x C), 45.5 (2 x C), 42.2 ppm. IR (KBv)3430, 2854, 2648, 1653, 1454, 1367, 1228, 121961921,
837, 780, 692, 583 cin
5.1.30. 2-(4-(1, 4-Diazepan-1-yl)phenyl)-5, 7-dihydroxy-8-methoxy-4H-chromen-4-one (24f).
Compound23f (165 mg). Yellow solid (50 mg, 37.4% yield). mp22R05°C. HRMS (ES) calcd
for CpHpsN,0s [M + H]™: 383.1607, found 383.15984 NMR (300 MHz, DMSO€,): d= 12.80 (s,
1H, 5-OH), 7.88 (d, 2H]= 9.00 Hz, Ar-H), 6.88 (d, 2H]= 9.00 Hz, Ar-H), 6.72 (s, 1H, CHCO), 6.27
(s, 1H, Ar-H), 3.84 (s, 3H, ArOCH)l 3.63 (s, 4H, Ar-N(CH),), 2.98 (s, 2H, NHCH), 2.73 (s, 2H,
NHCH,), 1.86 (m, 2H, NCHCH,CH,NH) ppm. **C NMR (75 MHz, DMSOd,): J = 181.5, 163.6,
157.5, 156.3, 153.4, 149.3, 130.6, 127.9, 125.9,71111.7, 111.2, 103.1, 100.2, 98.8, 60.2, 581K,
48.2,47.0, 28.9 ppm. IR (KBr)3131, 2854, 1655, 1578, 1400, 1358, 1101, 872, 698, 550 cm.
5.1.31. 5, 7-Dihydroxy-8-isopropoxy-2-(4-(piperazin-1-yl)phenyl)-4H-chromen-4-one (24q).
Compound23g (180 mg). Yellow solid (80 mg, 54.6% yield). mp213°C. HRMS (EST) calcd
for CoHosN,Os [M + H]*: 397.1763, found 397.1718H NMR (300 MHz, DMSOd): J= 12.75 (s,
1H, 5-OH), 7.90 (d, 2H)= 9.00 Hz, Ar-H), 7.08 (d, 2H]= 9.00 Hz, Ar-H), 6.76 (s, 1H, CHCO), 6.27
(s, 1H, Ar-H), 4.38 (m, 1H, CH(C§t), 3.28 (s, 4H, N(CKCH,),NH), 2.84 (s, 4H, N(CKCH,),NH),
1.30 (d, 6H,J= 6.09 Hz, CH(CH),) ppm.**C NMR (75 MHz, DMSO€): J = 182.0, 164.4, 156.3,
152.1, 151.1, 149.8, 127.6 (2 x C), 125.1, 11918.11 (2 x C), 103.4, 101.7, 98.8, 73.8, 50.7 (2)x C
46.6 (2 x C), 22.3 (2 x C) ppm. IR (KBy)3379, 2813, 1616, 1525, 1506, 1368, 1262, 12379,11
1026, 821, 663, 595 chn
5.1.32. 5, 7-Dihydroxy-8-isopropoxy-2-(4-(4-methyl pi per azin- 1-yl ) phenyl)-4H-chromen-4-one (24h).
Compound23h (155 mg). Yellow solid (65 mg, 51.2% yield). mp®242°C. HRMS (ESI)
calcd for GgHp7N,Os [M + H]*: 411.1920, found 411.189tH NMR (300 MHz, DMSOdy): 5= 12.76
(s, 1H, 5-OH), 10.59 (s, 1H, 7-OH), 7.92 (d, 2H,9.00 Hz, Ar-H), 7.11 (d, 2H]= 9.00 Hz, Ar-H),
6.79 (s, 1H, CHCO), 6.28 (s, 1H, Ar-H), 4.37 (m,, XEH(CHb),), 3.34 (s, 4H, Ar-N(CHCH,),N), 3.34
(s, 3H, NCH), 2.45 (s, 4H, Ar-N(CKCH,),N), 1.30 (d, 6HJ= 6.09 Hz, CH(CH),) ppm.**C NMR
(75 MHz, DMSO#dg): 0= 181.0, 167.8, 157.5, 156.1, 150.9, 149.6, 127.8 C), 118.5, 116.4, 113.0
(2 x C), 105.1, 103.7, 99.1, 74.0, 52.1 (2 x C)548 x C), 42.2, 22.1 (2 x C) ppm. IR (KBr)3430,
2854, 2648, 1653, 1454, 1367, 1228, 1210, 1026, 821, 780, 692, 583 ch
5.1.33. 5, 7-Dihydroxy-8-cyclopentyl oxy-2-(4-(pi perazin-1-yl)phenyl)-4H-chromen-4-one (24i).
Compound23i (160 mg). Yellow solid (65 mg, 49.3% vyield). mp52858°C. HRMS (EST) calcd
for CosHo7N,0s [M + H]*: 423.1920, found 423.1913 NMR (300 MHz, DMSOd): J= 12.75 (s,
1H, 5-OH), 7.88 (d, 2H)= 9.00 Hz, Ar-H), 7.04 (d, 2H]= 9.00 Hz, Ar-H), 6.76 (s, 1H, CHCO), 6.26
(s, 1H, Ar-H), 4.81 (m, 1H, CH(CH), 3.40 (s, 4H, N(CKCH,),NH), 2.83 (s, 4H, N(CKCH,),NH),
1.50 (m, 8H, CH(CH).) ppm.*3C NMR (75 MHz, DMSOd,): 0= 182.0, 164.6, 155.8, 152.1, 151.1,



149.8, 127.6 (2 x C), 125.1, 119.0, 113.1 (2 x1DB.4, 101.7, 99.1, 83.7, 48.6 (2 x C), 45.1 (2)x C
32.3 (2 x C), 23.3 (2 x C) ppm. IR (KBr)3434, 2954, 1651, 1603, 1446, 1366, 1251, 11931999,
839, 788, 693, 559 cfn
5.1.34. 5, 7-Dihydroxy-8-cyclopentyloxy-2-(4-(4-methylpiperazin-1-yl)phenyl)-4H-chromen-4-one
(24)).

Compound23j (160 mg). Yellow solid (70 mg, 52.8% yield). mp2204°C. HRMS (EST) calcd
for CasHagN,Os [M + H]*: 437.2076, found 437.206584 NMR (300 MHz, DMSOd,): J = 12.72 (s,
1H, 5-OH), 10.60 (s, 1H, 7-OH), 7.84 (d, 2H; 9.00 Hz, Ar-H), 7.02 (d, 2HI= 9.00 Hz, Ar-H), 6.56
(s, 1H, CHCO), 6.46 (s, 1H, Ar-H), 4.98 (m, 1H, @HHy).), 3.47 (s, 4H, N(ChCH,),NH), 2.78 (s, 4H,
N(CH,CH,),NH), 2.52 (s, 3H, NCH), 1.88 (m, 8H, CH(CH,) ppm.**C NMR (75 MHz, DMSO#):
0=182.0, 163.4, 157.8, 155.8, 151.4, 150.0, 12Z7.8 C), 125.1, 119.0, 113.1 (2 x C), 104.9, 103.7,
99.0, 84.0, 54.4 (2 x C), 47.7 (2 x C), 45.6, 323 C), 23.1 (2 x C) ppm. IR (KBr) 3435, 2952,
1651, 1597, 1496, 1432, 1375, 1328, 1260, 1006, 8R@D, 788, 566 cih
5.1.35. 5, 7-Dihydroxy-8-cyclohexyl oxy-2-(4-(piper azin-1-yl) phenyl)-4H-chromen-4-one (24k).

Compound23k (178 mg). Yellow solid (60 mg, 40.8% yield). mp5t200°C. HRMS (ESI)
calcd for GsHogN,Os [M + H]*: 437.2076, found 437.2088H NMR (300 MHz, DMSOd): 5= 12.80
(s, 1H, 5-OH), 7.90 (d, 2HI= 9.00 Hz, Ar-H), 7.07 (d, 2H]= 9.00 Hz, Ar-H), 6.75 (s, 1H, CHCO),
6.25 (s, 1H, Ar-H), 4.09-4.07 (m, 1H, CH(G#, 3.20 (s, 4H, N(ChCH,),NH), 2.83 (s, 4H,
N(CH,CH,),NH), 1.98-1.93 (m, 2H, CH(CH), 1.76 (m, 2H, CH(CHs), 1.51 (m, 2H, CH(CHs),
1.23 (m, 4H, CH(CH)s) ppm.**C NMR (75 MHz, DMSOdg): o= 181.6, 163.4, 158.2, 155.8, 153.5,
149.7, 127.5 (2 x C), 125.1, 119.0, 113.0 (2 x10P.0, 103.0, 98.9, 60.1, 52.4 (2 x C), 47.5 (2)x C
45.1,31.9 (2 x C), 25.1 (2 x C), 23.6 ppm. IR (KBB131, 1648, 1604, 1577, 1513, 1400, 1278, 1237,
1200, 1105, 820, 545 ¢
5.1.36. 5, 7-Dihydroxy-8-cyclohexyl oxy-2-(4-(4-methyl pi perazin-1-yl)phenyl)-4H-chromen-4-one (241).

Compound23l (165 mg). Yellow solid (70 mg, 51% yield). mp 2R05°C. HRMS (ESI) calcd
for CoeH3iN,0s [M + H]™: 451.2233, found 451.2243H NMR (300 MHz, DMSO€,): d= 12.70 (s,
1H, 5-OH), 10.60 (s, 1H, 7-OH), 7.87 (d, 2H; 9.00 Hz, Ar-H), 7.06 (d, 2HI= 9.00 Hz, Ar-H), 6.75
(s, 1H, CHCO), 6.26 (s, 1H, Ar-H), 4.03 (m, 1H, CH{)s), 3.34 (s, 4H, N(ChCH,),NH), 2.48 (s, 4H,
N(CH,CH,),NH), 2.20 (s, 3H, NCF), 1.89 (m, 2H, CH(Ch)s), 1.74 (m, 2H, CH(Ch)s), 1.49 (m, 2H,
CH(CH,)s), 1.20 (m, 4H, CH(Ch)s) ppm.**C NMR (75 MHz, DMSOdg): d = 181.7, 163.6, 157.4,
155.8, 153.0, 149.7, 127.6 (2 x C), 125.1, 1191@,11 (2 x C), 104.9, 103.7, 99.0, 80.2, 54.1 (2)x C
475 (2 x C), 45.5, 32.2 (2 x C), 25.1, 23.5 (2)ppm. IR (KBr)v 3131, 1654, 1512, 1400, 1114, 859,
616, 545 crit.

5.1.37. Benzyl 3-hydroxypyrrolidine-1-carboxylate (26).



3-Hydroxypyrrolidine hydrochloride26) (3 g, 14.8 mmol) and ¥C0;(10.2 g, 73.9 mmol) were
added in dichloromethane (30 mL) and water (30 nBignzyl chloroformate (2.5 g, 14.8 mmol) was
added dropwise and the mixture was kept beld@ &nd then heated to 25 for 5 h. The reaction was
monitored by TLC. After the end of the reactiorg thixture was separated and the aqueous layer was
extracted with dichloromethane (30 mL). Theganic layer was washed with saturated aqueous
solution of sodium bicarbonate (20 mL) and brin@ (@L).Then the mixture was dried by anhydrous
sodium sulfate and filtered. The filtrate was evaped under reduced pressure to give an oily
compound (2.6 g).

5.1.38. Benzyl 3-((methylsulfonyl)oxy)pyrrolidine-1-carboxylate (27).

Compound26 (2.6 g, 11.8 mmol) and triethylamine (3.3 mL, 1#4®6nol) were added in
dichloromethane (30 miMethanesulfonyl chloride (1.4 mL, 17.6 mmol) wasled dropwise and the
mixture was kept below % and then heated to 25 for 3.5 h. The reaction was monitored by TLC.
After the end of the reaction, the mixture wasefitd and the filtrate was washed with 1 M HCI (20
mL), saturated aqueous solution of sodium bicarte(20 mL) and brine (20 mL). Then the mixture
was dried by anhydrous sodium sulfate and filtefiéek filtrate was evaporated under reduced pressure
to give an oily compound (3.1 g, 80% yieltht NMR (300 MHz, DMSOdg): d= 7.35 (m, 5H, Ar-H),
5.22 (s, 2H, OCHAr), 5.09 (m, 1H, OCH(Ch),), 3.78 (m, 2H, CHCKN), 3.56 (m, 2H,
CHCH,CH,N), 3.09 (s, 3H, SECH,), 2.05 (m, 2H, CHCKCH,N) ppm.
5.1.39.Benzyl-3-((7-benzyl oxy-2-(4-fluorophenyl)-5-hydroxy-4-oxo-4H-chromen-8-yl Joxy) pyrrolidine-1
-carboxylate (28).

Compound?1 (0.32 g, 0.85 mmol) was dissolved in DMF (10 mioda,CO; (290 mg, 2.15
mmol) and compound7 (280 mg, 1.02 mmol) were added. The mixture wageteto’C for 10 h and
the reaction was monitored by TLC. After the endhaf reaction, the hot mixture was poured into 10
volumes of ice water and adjusted to pH = 4 - :iwitM HCI to precipitate a large amount of solid.
The mixture was filtered and the cake was purifigdpolyamide column chromatography to give a
yellow solid (300 mg, 56.8% yield). mp 200-2@ *H NMR (300 MHz, DMSOdg): o= 12.91 (s, 1H,
5-OH), 7.78 (d, 2H,)= 9.00 Hz, Ar-H), 7.50 (m, 5H, Ar-H), 7.35 (m, 5Kr-H), 7.26 (d, 2H,J= 9.00
Hz, Ar-H), 6.94 (s, 1H, CHCO), 6.77 (s, 1H, Ar-H9,30 (s, 2H, OCKAr), 5.22 (s, 2H, OCKAr),
5.09 (m, 1H, OCH(CH),), 3.78 (m, 2H, CHCEN), 3.56 (m, 2H, CHCKCH,N), 2.05 (m, 2H,
CHCH,CH,N) ppm.

5.1.40.
Benzyl-3-((7-benzyl oxy-2-(4-(piperazin-1-yl)phenyl)-5-hydroxy-4-oxo-4H-chromen-8-yl)oxy) pyrrolidin
e-1-carboxylate (29a).

Compound28 (300 mg, 0.5 mmol) was added in anhydrous DMS@($ and heated to 6.



Thenpiperazine (220 mg, 2.5 mmol) and DIEA (130 mg, that) were added in the presence of N
and heated to 8T for 14 h. The reaction was monitored by TLC. Aftee end of the reaction, the hot
mixture was poured into saturated saline (10 mlhe Tixture was filtered and the cake was washed
with water (10 mL) and dried. Then the crude prasiugere recrystallized from mixed solvent of
methanol and dichloromethane to give a yellow s(i80 mg, 68.9% yield). mp 165-17G.*H NMR
(300 MHz, DMSO#é): d= 12.91 (s, 1H, 5-OH), 7.78 (d, 2B 9.00 Hz, Ar-H), 7.50 (m, 5H, Ar-H),
7.35 (m, 5H, Ar-H), 7.26 (d, 2HI= 9.00 Hz, Ar-H), 6.94 (s, 1H, CHCO), 6.77 (s, 1;H), 5.30 (s,
2H, OCH-Ar), 5.22 (s, 2H, OCKAr), 4.00 (m, 1H, OCH(CH),), 3.78 (m, 2H, CHCBN), 3.56 (m,
2H, CHCHCH,N), 3.19 (s, 4H, N(ChCH,),NH), 2.90 (s, 4H, N(ChCH,),NH), 2.05 (m, 2H,
CHCH,CH,N) ppm.
5.1.41.
Benzyl-3-((7-benzyl oxy-2-((4-methyl pi per azin- 1-yl ) phenyl)-5-hydroxy-4-oxo-4H-chromen-8-yl) oxy) pyr
rolidine-1-carboxylate (29b).
Compound28 (100 mg). Yellow solid (72 mg, 60% vyield). mp 1828°C. HRMS (ESI) calcd
for CoHzeN30s [M + H]™: 438.2023, found 451.2263H NMR (300 MHz, DMSOd,): 0= 12.91 (s,
1H, 5-OH), 7.78 (d, 2HJ= 9.00 Hz, Ar-H), 7.50 (m, 5H, Ar-H), 7.35 (m, 5Kr-H), 7.26 (d, 2H,J=
9.00 Hz, Ar-H), 6.94 (s, 1H, CHCO), 6.77 (s, 1H,-H), 5.30 (s, 2H, OCHAr), 5.22 (s, 2H,
OCH,-Ar), 4.00 (m, 1H, OCH(CH),), 3.78 (m, 2H, CHCEN), 3.56 (m, 2H, CHCKCH,N), 3.36 (s,
4H, Ar-N(CH,CH,),N), 2.51 (s, 4H, Ar-N(CKCH,)N), 2.25 (s, 3H, NCh), 2.05 (m, 2H,
CHCH,CH,N) ppm.
5.1.42. 5, 7-Dihydroxy-2-(4-(piperazn-1-yl)phenyl)-8-(pyrrolidin-3-yl oxy)-4H-chromen-4-one (30a).
Compound29a (230 mg, 0.35 mmol), Pd/C (70 mg) and a drop aftiacacid were added in
tetrahydrofuran (10 mL) and methanol (10 mL) in nesence of HThe mixture was heated to %D
for 12 h and the reaction was monitored by TLCeAthe end of the reaction, the mixture was cooled
to room temperature and filtered. The filtrate waaporated under reduced pressure and purified over
silica gel column chromatography (# 100-200) toegivyellow solid (95 mg, 49% yield). mp 200-205
°C.*H NMR (300 MHz, DMSOd,): = 12.75 (s, 1H, 5-OH), 7.92 (d, 2Bk 9.00 Hz, Ar-H), 7.07 (d,
2H, J= 9.00 Hz, Ar-H), 6.76 (s, 1H, CHCO), 6.30 (s, Wi;H), 4.87 (m, 1H, OCH(CH),), 3.42 (m,
4H, CHCHN & CHCH,CH,N), 3.20 (s, 4H, N(ChCH,),NH), 3.07 (s, 4H, N(CKCH,),NH), 2.10 (m,
2H, CHCHCH;N). ¥c NMR (75 MHz, DMSO+dg): 182.0, 163.1, 159.0, 156.0, 151.9, 150.0, 131.6,
129.8, 125.2, 118.8, 116.4, 112.2, 104.7, 103.3,91.3, 48.8 (2 x C), 45.2 (2 x C), 22.3 (2 xp@in.
IR (KBr) v 3132, 2970, 1654, 1603, 1512, 1073, 547 cm
5.1.43. 5, 7-Dihydroxy-2-(4-(4-methyl piperazin-1-yl)phenyl)-8-(pyrrolidin-3-yloxy)-4H-chromen-4-one
(30h).



Compound29b (300 mg). Yellow solid (110 mg, 50.1% yield). mp5:198°C. *H NMR (300
MHz, DMSO<g): 5= 12.89 (s, 1H, 5-OH), 7.89 (d, 2Bk 9.00 Hz, Ar-H), 7.20 (d, 2H]= 9.00 Hz,
Ar-H), 6.61 (s, 1H, CHCO), 5.96 (s, 1H, Ar-H), 4.88, 1H, OCH(CH),), 3.68 (m, 2H, CHCBN),
3.56 (M, 2H, CHCHCH,N), 3.36 (s, 4H, Ar-N(CBCH,),N), 2.51 (s, 4H, Ar-N(CHCH,),N), 2.25 (s,
3H, NCH), 2.06 (m, 2H, CHCKCH,N) ppm.**C NMR (75 MHz, DMSOsd): 182.1, 163.3, 157.9,
156.0, 151.3, 150.0, 131.5, 129.8, 125.0, 118.6,511112.2, 104.8, 103.7, 99.0, 74.6, 54.4 (2 x C),
47.8 (2 x C), 45.6, 22.2 (2 x C) ppm. IR (KBrB131, 2851, 1648, 1400, 1365, 1323, 1113, 1003, 85
850, 546 ciit.

5.1.44. 7-Benzyloxy-2-(4-fluorophenyl)-8-hydroxy-4-oxo-4H-chromen-5-yl-4-methyl ben-zenesulfonate
(32).

Compoundl6éb (6 g, 13.6 mmol) and CO; were added in DMF (59 mL). Benzyl bromide (2.45
g, 14.3 mmol) was added dropwise and then the méixttas heated to S& for 2 h. The reaction was
monitored by TLC. After the end of the reactione thmixture was cooled to room temperature and
filtered. C$C0O;(13.3 g, 40.8 mmol) anp-toluenesulfonyl chloride (2.8 g, 15.7 mmol) werdded in
the filtrate. The mixture was heated to°&0for 2 h and the reaction was monitored by TLQeAfhe
end of the reaction, the mixture was filtered ahe take was washed with methanol (50 mL). The
filtrate was adjusted to pH = 1-2 with 6 M HCI astitred overnight at room temperature to precipitat
a large amount of solid. The mixture was filtered ¢he cake was washed with methanol (10 mL) and
dried to give a yellow solid (1.9 g, 26.2% vyield)p 168-172C.*H NMR (300 MHz, DMSOdg): d=
9.99 (s, 1H, 8-OH), 8.17 (d, 2= 9.00 Hz, Ar-H), 7.65 (d, 2Hl= 9.00 Hz, Ar-H), 7.40 (m, 9H, Ar-H),
6.79 (s, 1H, CHCO), 6.78 (s, 1H, Ar-H), 5.19 (s, ZXCH-Ar), 2.38 (s, 3H, Ar-Ch) ppm.

5.1.45.

7-Benzyl oxy-2-(4-fluorophenyl)-8-((1-methyl pi peridin-4-yl)oxy)-4-oxo-4H-chromen-5-yl-4-methyl benze
nesulfonate (33). Compound32 (400 mg, 0.75 mmol}¥-methylpiperidinol (129 mg, 1.12 mmol) and
PhsP (493 mg, 1.88 mmol) were added in anhydroushgthafuran (100 mL). The mixture was stirred
for 10 minutes and DEAD (327 mg, 1.88 mmol) waseatidropwise in the presence of ahd low
temperature. Then the mixture was heated ®C2%®r 1 h. The reaction was monitored by TLC. After
the end of the reaction, the mixture was evaporatettr reduced pressure and purified over silida ge
column chromatography (# 100-200) to give a whiifds(360 mg, 75% yield). mp 177-18C. *H
NMR (300 MHz, DMSOsdg): 6= 8.08 (d, 2H,J= 9.00 Hz, Ar-H), 7.76 (d, 2HI= 9.00 Hz, Ar-H), 7.45
(m, 9H, Ar-H), 6.89 (s, 1H, CHCO), 6.83 (s, 1H, A}; 5.16 (s, 2H, OCHKAr), 4.25 (m, 1H, Ar-OCH),
2.65 (t, 2H,J= 6.00 Hz, CHNCHj), 2.39 (s, 3H, CBNCH;), 2.10 (s, 3H, Ar-Ch), 1.96 (t, 2H,J= 6.00
Hz, CHbNCH;), 1.83 (t, 2H,J= 6.00 Hz, OCH(CH),), 1.74 (t, 2H,J= 6.00 Hz, OCH(CH),) ppm.

5.1.46. 7-Benzyloxy-2-(4-fluorophenyl)-5-hydroxy-8-((1-methyl piperidin-4-yl)oxy)-4H-chromen-4-one



(34).

Compound33 (200 mg, 0.31 mmol) and KOH (35 mg, 0.62 mmol) evadded in methanol (20
mL). The mixture was refluxed for 1.5 h and thectea was monitored by TLC. After the end of the
reaction, water (20 mL) was added and the mixtume adjusted to pH = 7 with 1 M HCI to precipitate
a large amount of solid. The mixture was filtered she cake was dried and recrystallized from mixed
solvent of ethanol and ether to give a yellow s¢1id0 mg, 90% yield). mp 212-226."H NMR (300
MHz, DMSO-<g): 0= 12.63 (s, 1H, 5-OH), 8.12 (d, 2B 9.00 Hz, Ar-H), 7.76 (d, 2HJ= 9.00 Hz,
Ar-H), 7.45 (m, 5H, Ar-H), 7.02 (s, 1H, CHCO), 6.72 1H, Ar-H), 5.25 (s, 2H, OGHAr), 4.04 (m,
1H, Ar-OCH), 2.63 (t, 2H,)= 6.00 Hz, CHNCH,), 2.08 (s, 3H, CENCHs), 1.96 (t, 2H,J= 6.00 Hz,
CH,NCHy), 1.72 (m, 4H, OCH(CE),) ppm.

5.1.47.

7-Benzyl oxy-5-hydroxy-8-((1-methyl pi peridin-4-yl)oxy)-2-(4-(piper azin-1-yl) phenyl)-4H-chromen-4-on

e (35a). Compound34 (400 mg, 0.84 mmol) was added in anhydrous DMSDn(L) and heated to 60
°C. Thenpiperazine (724 mg, 8.4 mmol) and DIEA (500 mg, #uol) were added in the presence of
N, and heated to 8T for 8 h. The reaction was monitored by TLC. Aftee end of the reaction, the
hot mixture was poured into saturated saline (10.mlhe mixture was filtered and the cake was
washed with water (10 mL) and dried to give a yelsolid (400 mg, 89% yield). mp 190-183.'H
NMR (300 MHz, DMSOsg): 5= 12.93 (s, 1H, 5-OH), 7.90 (d, 28 9.00 Hz, Ar-H), 7.46 (m, 5H,
Ar-H), 7.06 (d, 2HJ=9.00 Hz, Ar-H), 6.80 (s, 1H, CHCO), 6.65 (s, %iH), 5.24 (s, 2H, OCHAr),
4.02 (m, 1H, Ar-OCH), 3.25 (s, 4H, N(GEH,),NH), 2.80 (s, 4H, N(CkKCH,),NH), 2.64 (t, 2H,J=
6.00 Hz, CHNCHs), 2.09 (s, 3H, CBNCHs), 1.97 (t, 2H,J= 6.00 Hz, CHNCH;), 1.73 (m, 4H,
OCH(CH,)2) ppm.

5.1.48.

7-Benzyl oxy-5-hydroxy-2-(4-(4-methyl pi per azin- 1-yl ) phenyl)-8-((1-methyl pi peridin-4-yl ) oxy)-4H-chro
men-4-one (35b).

Compound34 (200 mg, 0.42 mmol) was added in anhydrous DMS®n(1) and heated to 6C.
Thenmethylpiperazine (420 mg, 4.2 mmol) and DIEA (27§, .1 mmol) were added in the presence
of N,and heated to 8 for 15 h. The reaction was monitored by TLC. Affee end of the reaction,
the hot mixture was poured into saturated salilenil). The mixture was filtered and the cake was
washed with water (10 mL) and dried to give a yelkolid (180 mg, 77% yield). mp 205-220.'H
NMR (300 MHz, DMSOsg): 6= 12.86 (s, 1H, 5-OH), 7.84 (d, 2B 9.00 Hz, Ar-H), 7.47 (m, 5H,
Ar-H), 7.08 (d, 2HJ=9.00 Hz, Ar-H), 6.68 (s, 1H, CHCO), 6.65 (s, %i;H), 5.20 (s, 2H, OCHAr),
4.06 (m, 1H, Ar-OCH), 3.38 (s, 4H, Ar-N(GBH,).N), 2.86 (s, 4H, Ar-N(CHCH,).N), 2.64 (t, 2HJ=
6.00 Hz, CHNCHg), 2.37 (s, 3H, NCh), 2.09 (s, 3H, CBNCH,), 1.97 (t, 2HJ= 6.00 Hz, CHNCHz),



1.76 (m, 4H, OCH(CH),) ppm.
5.1.49. 5, 7-Dihydroxy-8-((1-methylpiperidin-4-yl)oxy)-2-(4-(piperazin-1-yl)phenyl)-4H-chromen-4-
one (36a).

Compound35a (400 mg, 0.76 mmol), Pd/C (100 mg) and a drop aeftia acid were added in
tetrahydrofuran (20 mL) and methanol (20 mL) in nesence of HThe mixture was heated to %D
for 12 h and the reaction was monitored by TLCeAthe end of the reaction, the mixture was cooled
to room temperature and filtered. The filtrate waaporated under reduced pressure and purified over
silica gel column chromatography (# 100-200) tcegivyellow solid (155 mg, 49% yield). mp 210-212
°C. HRMS (EST) calcd for GaHsN3Os [M + H]™: 452.2185, found 452.21354 NMR (300 MHz,
DMSO-dg): d= 12.93 (s, 1H, 5-OH), 7.91 (d, 2BE 9.00 Hz, Ar-H), 7.08 (d, 2H]= 9.00 Hz, Ar-H),
6.42 (s, 1H, CHCO), 6.05 (s, 1H, Ar-H), 4.36 (m,, i-OCH), 3.36 (s, 4H, N(CKCH,),NH), 3.00 (s,
4H, N(CH,CH,),NH), 2.89 (t, 2H,J= 6.00 Hz, CHNCH;), 2.26 (s, 3H, CHNCHs), 2.20 (t, 2H,J=
6.00 Hz, CHNCH,), 1.90 (m, 4H, OCH(CH,) ppm.**C NMR (75 MHz, DMSOs,): J = 182.46,
164.46, 158.58, 157.46, 153.77, 149.76, 127.58,1726.20.36, 114.42, 104.88, 102.76, 95.46, 77.24,
52.92, 48.51, 45.86, 45.75, 31.7 ppm. IR (KBB217, 1654, 1516, 1400, 1105, 859, 546'cm
5.1.50. 5, 7-Dihydroxy-2-(4-(4-methylpiperazn-1-yl)phenyl)-8-((1-methyl piperidin-4-yl)oxy)-4H-
chromen-4-one (36b).

Compound35b (100 mg, 0.18 mmol) and Pd/C (30 mg) were adde@tiahydrofuran (10 mL)
and methanol (10 mL) in the presence of Fhe mixture was heated to D for 12 h and the reaction
was monitored by TLC. After the end of the reactittre mixture was cooled to room temperature and
filtered. The filtrate was evaporated under redupeelssure and purified over silica gel column
chromatography (# 100-200) to give a yellow sobid (mg, 64.4% vyield). mp 250-25Z. HRMS
(ESI) calcd for GgHgoN3Os [M + H]*: 466.2342, found 466.23384 NMR (300 MHz, DMSO€): &
= 12.70 (s, 1H, 5-OH), 7.77 (d, 28 9.00 Hz, Ar-H), 3.96 (d, 2HJ= 9.00 Hz, Ar-H), 6.52 (s, 1H,
CHCO), 6.28 (s, 1H, Ar-H), 4.29 (m, 1H, Ar-OCH),38. (s, 4H, Ar-N(CHCH,),N), 2.97 (s, 4H,
Ar-N(CH,CH,),N), 2.59 (t, 2H,J= 6.00 Hz, CHNCHj), 2.37 (s, 3H, NCh), 2.09 (s, 3H, CENCHS),
2.60 (t, 2H,J= 6.00 Hz, CHNCH;), 1.76 (m, 4H, OCH(CH,) ppm.**C NMR (75 MHz, DMSOdy): &
= 182.28, 163.82, 157.90, 157.49, 153.27, 149.27.5B, 124.75, 120.52, 114.46, 104.48, 103.04,
99.46, 77.24, 54.69, 52.63, 47.30, 46.11, 45.45/53ppm. IR (KBr)v 3441, 2952, 1597, 1496, 1432,
1375, 1328, 1260, 1006, 930, 862, 788, 699.cm

The synthesis of compound39a-39b, 32a-43b, 48 and 51 were shown in Supporting
Information.

5.2. Biological experiments.

5.2.1. In vitro kinase assay.



All assays were carried out using a radioacti/®-ATP) filter-binding assay at Reaction Biology
Corp, USA. The general protocol for CDK2 is asduls: CDK2/cyclin A or CDK9/cyclin T (3 ngL,
45 ul) was assayed against Histone H1l (1 mg/mL) or tsates peptide
(YSPTSPSYSPTSPSYSPTSPKKK) (0.3 mM), and 0.05 mi#4-ATP] (50-1000 cpm/pmole) and
incubated for 2 h at room temperature. Assays wtypped by the addition of i of 0.5 M (3%)
ortho-phosphoric acid and then harvested onto P8ifiltdr plates with a wash buffer of 50 mM
ortho-phosphoric acid.

5.2.2. Cell lines and culture

These cell lines were obtained from Cell Bank b&ighai, Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. A549, Hep@2T116, MV4-11, LO2 cells were cultured in
DEME (GiBco, USA) supplemented with 10% FBS, 1%ip#din/streptomycin. HL60, HT29, SW480,
THP-1, BGC803, MCF-7, Hela, BT-549, RPMI8226 and K2B3 were grown in Roswell Park
Memorial Institute (RPMI) 1640 medium supportedhwit0% FBS and 1% penicillin/streptomycin.
Adherent cells were grown in tissue culture flasksl they were 80-90% confluent prior to use. For

suspension cells, cells were collected by spin dat000 rpm/min for 5 min before use.

5.2.3. Céll viability inhibition assay.

Cells were seed in 96-well culture plates (3000&b@ells/well) and cultured overnight in a
humidified atmosphere of 5% GGt 37°C. The cells were treated with various concentratiof
compounds and equivalent amounts of DMSO used gettime control. After 72 h incubation, 20 of
MTT (Sigma-Aldrich, St. Louis, MO) solution (5 mglh was added into each well. After 4 h
incubation at 37C, the supernatants were removed and (IO®MSO were added into each well.
Absorbance was measured at 490 nm with Multiskgn(Skemo scientific). Data were normalized to
control groups and represented by the means ofrie@surements. kgwas taken as the concentration
that caused 50% cells death and was calculatedibyn .0 (GraphPad Software, San Diego, CA)
5.2.4. Apoptosis assays.

DAPI staining. MV4-11 cells were plated into 6-well plates and evancubated various
concentrations 051 for 24 h or 48 h in a humidified atmosphere of 8%, at 37°C, followed by
addition of DAPI (4'-6-diamidino-2-phenylindole gitirochoride, Sigma). After 20 min incubation, the
cells were visualized and photographed using amPlys confocal microscope (AiryScan LSM800).

Annexin V/PI double staining assay. The apoptosis-mediated cell death was evaluaset)an
Annexin V-FITC/Pl Apoptosis Detection kit (Biovisip CA) according to the manufacturer’s
instructions. Cellular fluorescence was measureéldw cytometric analysis after supravital staining

Then data acquisition and analysis were performeal FACSCalibur flow cytometer using CellQuest



software (BD Biosciences, Franklin Lakes, NJ). Thwmal cells were in the lower left section
(Annexin V-, PI-), cells in the early and mediaage of apoptosis were in the lower right section
(Annexin V+, PI-), whereas cells in the late stafjiapoptosis were in the upper right section (Armmex
V+, Pl+).

5.2.5. \estern-blot analysis.

Compoundsl treated-MV4-11 cells were harvested, washed wold ©BS before lysed in RIPA
for 1h. Whole-cell protein lysates were prepared msoluble material was pelleted at 12000 rpm for
20 min at 4°C. The supernatant was collected and the proteinestdration was measured using BCA
protein assay. SDS-PAGE loading buffer (Beyotimaswombined with equivalent quantity of protein
in boiled water for 5 min. Proteins were fracti®@tion SDS-PAGE and then transferred onto PVDF
membranes (PerkinElmer, Northwalk, CT, USA). Memiesawere blocked with 5% BSA for at %5
for 1 h and then incubated overnight &C4with specific primary antibodies, followed by Dight 800
labled secondary antibody at 8C for 1 h in the dark. Finally, the detection wasfprmed by the
Odyssey infrared imaging System (LO-COR, Lincolepkaska, USA). The antibodies were purchased
from Cell Signaling Technology and the dilutionstieé antibodies were according to instruction from
it.

5.2.6. Molecular docking.

CDK9 and CDK2 complex was obtained from the protéta bank (PDB ID: 3BLR, 4BCP)
[20,34] and the structures were editor accordingrivide a monomer of the protein and protonated
use GOLD 5.1. The ligand was then removed to l¢élagaeceptor complex. Compoubtl was energy
minimized using MOE2019.0101 with Amber10:EHT fdiell. For docking, GOLD 5.1 software was
employed and the active site was defined as beiygvalume with 8 A of the native ligand in its
crystal pose in 3BLR. The number of genetic algponit{ GA) run was set to 10. Each GOLD run was
saved and the strongest scoring binding pose df éigand (subject to a rmsd default distance
threshold of 1.5 A) was compared to that of thesnerice ligand position observed in the crystal
structure. The best output poses of the ligandergéed were analyzed on the basis of ChemScore,
feasibility of hydride transfer process, and H-biogdto the enzyme. The best poses were visualized
with MOE 2019.0101.

5.2.7. In vivo antitumor activity.

Female nude (nu/nu) BALB/c mice (5-6 weeks) weredufor the determination of in vivo
anticancer activity. 5 x f0MV4-11 cells in PBS were injected in to the subsebus space on the hind
flanks. The cells were suspended in a 1:1 mixtdileRMI-160 and Matrigel. Tumors were allowed to
develop and when it approached almost 100°nihe mice were divided into 5 experimental groups

with 6 mice in each group. Injections of PBS3,(15 mg/kg, 30 mg/kg and 45 mg/kg) and doxorubicin



(5 mg/kg) as a positive control. Compousidwas dissolved in methanesulfonic acid buffer withian
concentration ratio of 1:1. All agents were adnigrisd every other day for 21 days through the tail
vein (iv), and tumor growth was monitored and meadwevery day. After three weeks, mice were
euthanized and the average tumor wet weights wacellated. The tumor volume was calculated using
the formula (L xB%2) mn? (L indicates length; B indicates width) and a verraliper.
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Highlights

>
>

Severa novel wogonin derivatives were discovered as potent CDK9 inhibitors through SAR.
The drug-like compound 51 showed potent activity toward CDK9 (ICsp = 19.9 nM) and
MV 4-11 cell growth (1Csg = 20 nM)

Preliminary mechanism studies on the anticancer effect indicated that 51 inhibited the cell
growth via caspase-dependent apoptosis.

Compound 51 was shown to kill cancer cells efficiently in in vivo model.



