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ABSTRACT

A new biological scaffold was produced by replacing the 6z-election phenyl ring-B of a natural
flavone skeleton with a 10mn-electron benzothiophene (BT). Since aromatic rings are important
for ligand protein interactions, this expansion of the m-electron system of ring-B might change
the bioactivity profile. One of the resulting novel natural product-inspired compounds, 2-
(benzo[b]thiophen-3-yl)-5-hydroxy-7-isopropoxy-6-methoxyflavone (6), effectively arrested the
cell cycle at the G2/M phase and displayed significant antiproliferative effects with 1Cs, values
of 0.05-0.08 uM against multiple human tumor cell lines, including a multidrug resistant line. A
structure-activity relationship study revealed that a 10x-electron system with high aromaticity,
juxtaposed 4-oxo and 5-hydroxy groups, and 7-alkoxy groups were important for potent
antimitotic activity. Interestingly, two BT-flavonols (3-hydroxyflavone), 16 and 20, with 3-
hydroxy and 5-alkoxy groups, induced distinct biological profiles affecting the cell cycle at the
G1/S phase by inhibition of DNA replication through an interaction with topoisomerase I.
Keywords: Benzothiophene, Flavone, Flavonol, Antiproliferative activity, Tubulin,

Topoisomerase |



1. Introduction

Enzymes are required for the biosynthesis of all secondary metabolites (natural products)
produced by living organisms. With this innate affinity for enzymes, natural products might
unexpectedly bind to a protein/enzyme in a different species to produce unpredicted bioactivity.
Thus, we can exploit this innate affinity of natural products to discover and develop chemical
agents acting at desired protein targets.

Flavonoids are distributed abundantly in plants, including edible fruits and vegetables, as
secondary metabolites. They interact with various cellular targets involved in important signal
pathways in our bodies and generally act beneficially for human health with relatively low
toxicity [1]. Only a few cytotoxic flavonoids have been reported; examples are the highly
methoxylated  natural  flavones  centaureidin  [2] and  5,3'-dihydroxy-3,6,7,8,4'-
pentamethoxyflavone (DH-PMF) [3], which displayed remarkable cytotoxicity (ICso < 0.5 uM)
against human tumor cell lines [4]. These flavones inhibit the assembly of tubulin by binding to
the colchicine site (CS).

The basic flavone skeleton has 15 carbons arranged in a C6-C3-C6 unit: two phenyl rings
(ring-A and ring-B) connected through a heterocyclic ring (ring-C) containing three carbons and
an oxygen atom. They are classified based on the oxidation stage of ring-C, e.g., flavone,
flavonol (3-hydroxyflavone), flavanone (2,3-dihydroflavone), etc., and the attachment of ring-B
(flavone vs. isoflavone). Except for isoflavones, a common flavone structure (2-phenyl-4-
chromone) has fused benzene and pyran-4-one rings (ring-A and -C, respectively) with a phenyl

group (ring-B) attached at C-2 (Figure 1).
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Figure 1. Natural Flavone Skeleton and Proposed Artificial Flavone

Because the basic three-ring system is biosynthesized from 4-coumaroyl-CoA derived from
phenylalanine and three malonyl-CoAs, the ring-B in naturally occurring flavones is normally a
phenyl group, a 6r-electron aromatic ring. Aromatic ring systems in bioactive compounds often
play an important role in binding to target proteins or enzymes [5-7]. They are rigid,
hydrophobic, structurally planar, and = electron rich, which can stabilize ligand-protein binding
through m stacking, cation-n, and OH/x interactions [8]. Bicyclic aromatic units, such as
benzothiophene (BT), benzofuran (BF), and naphthalene (Np), are 10zn-electron rather than 67-
electron systems; the electron distribution expands over an additional 4r-orbitals. The higher
aromaticity might impact biological profiles, including absorption, distribution, metabolism, and
excretion (ADME) properties [9-12]. Thus, we postulated that a novel biological backbone
(Figure 1) could result from connecting a chromone to a bicyclic aromatic system rather than the
phenyl ring-B present in the natural flavone skeleton.

Among 10z aromatic systems, the BT skeleton is rarely found in secondary metabolites [13],

although it is often found in various clinical drugs [14]. The sulfur atom in BT contributes to



higher aromaticity through its 3d orbital, and its electronegativity is close to that of carbon. Other
107 systems, including BF, Np, and indole (X = NH), are biosynthesized through acetyl CoA as
well as shikimic acid and are abundant in natural products.

Previously, we found a dramatic change between the bioactivity profiles of
triethyldesmosdumotin B (TEDB) and TEDB-BT, which differ structurally only in ring-B:
phenyl in TEDB versus BT in TEDB-BT (Figure 2) [15-17]. TEDB is a derivative of
desmosdumotin B (DesB), an atypical flavonoid with a non-aromatic ring-A. It effectively
inhibited the growth of a multi-drug resistant (MDR) tumor cell line, while it was non-toxic
against the tested chemosensitive tumor cell lines. This unigque biological phenomenon is called
collateral sensitivity [18]. However, TEDB-BT displayed potent cell growth inhibition against
multiple tumor cell lines and inhibited tubulin polymerization, potentially through the CS
[17,19]. In addition, several BT derivatives were recently reported as potent antimitotic agents

[20-27].
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Figure 2. BT Effect on Desmosdumotin B

This notable effectiveness of BT strongly encouraged us to synthesize novel scaffolds,

specifically, the hybrids of chromones with bicyclic aromatic rings, including BT. Herein, we



discuss the syntheses, structure-activity relationship of BT-flavones and their mechanism of

action.

2. Results and discussion

2.1 Chemistry

All flavones were prepared by traditional flavone synthetic methods through Claisen-Schmidt
condensation for 1-13, 30 and 31 (Schemes 1 and 2) or Baker-Venkataraman rearrangement for
3-substituted derivatives 14-27 (Scheme 3). Trihydroxyacetophenone 32 was the best candidate
as a starting material for di-substituted and tri-substituted BT-flavones (Scheme 1). The standard
methylation and isopropylation of the two phenolic hydroxy groups on 32 produced dimethoxy
33 and di-isopropoxy 34, respectively. The Claisen-Schmidt condensation of 33 and 34 with BT-
3-carbaldehyde (35), followed by I, catalyzed cyclization, yielded the related flavones 1 and 4,
respectively. With the latter compound, the isopropyl group at C-5 was lost during the
cyclization step to leave a hydroxy moiety. The treatment of 1 with BBr; produced mono-
methoxy 2 and dihydroxy 3. In an Elbs persulfate oxidation, a hydroxy group was added to 34 to
give 38, which was then methylated to yield 39 [28]. A Claisen-Schmidt condensation of 39 with
BT-3-carboxaldehyde (35) followed by cyclization produced tri-substituted flavones 5 and 6.
Again, in the latter compound, the isopropyl group on the 5-OH of the starting material was
spontaneously removed during the cyclization. The remaining isopropyl group in 6 was
eliminated by using AICI3;, and the 5-OH in the resulting 5,7-dihydroxy BT-flavone 7 was
selectively alkylated to produce 5-propoxy 8, 5-ethoxy 9, and 5-methoxy 10. Alternatively, the
treatment of 39 with benzofuran-3-carbaldehyde (36) [29] or 1-naphthaldehyde (37) produced the

related flavones 11 and 12, respectively. For comparison purposes, typical flavones 30 and 31



with a phenyl ring-B were also synthesized from 39 and benzaldehyde. Claisen-Schmidt
condensation of 39 with 35 followed by acidic treatment produced 2,3-dihydroflavone 28 as a
racemate. The removal of the isopropyl group on the 5-OH generated 29, which is equivalent to
6, except for the oxidation state of the C2-C3 bond (single bond in 29, double bond in 6).
Mono-substituted flavone 13 was prepared from resacetophenone (40) through the selective
isopropylation of a phenolic hydroxy group, followed by Claisen-Schmidt condensation with 35

and cyclization with catalytic I, in dimethyl sulfoxide (DMSO) (Scheme 2).
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Scheme 1. Preparations of Di-and Tri-substituted BT-Flavones 1-12 and 28-31

Reagents and conditions: a) Me,SO,, K,COs;, DMF, 80 °C; b) 50% KOH ag., EtOH, rt for BT-CHO (35),
Np-CHO (37), or PhCHO, Ba(OH),, DMF, 90 °C for BF-CHO (36); ¢) I, (cat.), DMSO, 180 °C; d) BBrs,
CH,Cl,, 0 to 45 °C; e) iPrBr, K,COs3, DMF, 80 °C, 3.5 h; f) K,S,0g, NaOH, Py, rt; g) AIClz, CH,Cl,, 0 °C
to rt; h) Rl (R = Et for 9, R = Pr for 8) or Me,SO, for R = Me, K,COs, acetone, reflux; i) NaOAc, EtOH,
H,0, 80 °C.



Scheme 2. Preparation of Mono-substituted BT-Flavone 13
Reagents and conditions: a) iPrBr, K,COs, DMF, 80 °C, 3.5 h; b) BT-CHO (35), 50% KOH ag., EtOH, rt;
c) I, (cat.), DMSO, 180 °C.

3-Substituted BT-flavones were prepared by Fougerousse’s method [30] through a Baker-
Venkataraman rearrangement (Scheme 3). The hydroxy group on 39 was condensed with the
carboxylic acid of 42, derived from 35, to yield ester 43. Then, the o position on the acetyl group
was selectively brominated by using phenyltrimethylammonium tribromide to produce 44, which
was treated with potassium benzoate to generate 45. A Baker-Venkataraman rearrangement of 45
was performed with sodium hydride in THF, and the resulting 1,3-diketone 46 was cyclized
under acidic conditions to form 3-benzoylated BT-flavone 14, which was treated with TiCl, to
obtain its de-isopropyl analog 15. Basic hydrolysis of 14 with NaOH produced the related 3-
hydroxy BT-flavone 16. Further treatment of 16 with Me,SO, produced 17, which was reacted
with aluminum trichloride for selective removal of the isopropyl group to give 18. Hydrolysis of
15 produced 3,5-dihydroxy BT-flavonol 19, a 3-hydroxy analog of 6. Methylation of the 5-OH
of 15, followed by hydrolysis of the benzoate, generated 20. Subsequently, the 3-OH of 20 was
methylated to obtain 3,5,6-trimethoxy 21. The same sequence of reactions using 6-hydroxy-
2,3,4-trimethoxyacetophenone [31], 2-hydroxy-4,5-methylenedioxyacetophenone [32], or 2-
hydroxy-4,5-dimethoxyacetophenone [33] provided benzoates 22, 24, and 26, respectively,

which were then hydrolyzed to produce 23, 25, and 27, respectively.
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Scheme 3. Preparations of 3-Substituted BT-Flavones 14-27
Reagents and conditions: a) Jones Reagent, acetone; b) EDCI, DMAP, CH,Cl,, rt; c) PhMesN*Brs, THF,
rt; d) PhCOOK, CH;CN, reflux; €) NaH, THF, 65 °C; f) 2.5% H,SO4/AcOH, 60 °C; g) 5% NaOH, EtOH,
60 °C; h) Me,S0,, K,CO3, DMF, 80 °C; i) AlCI;, CH,Cl,, 0 °C to rt; k) TiCl,, CH,ClI,, 0 °C to rt.
2.2. Biological Evaluation
2.2.1. Antiproliferative effects and SAR analysis

The newly synthesized flavones and flavonols were evaluated for antiproliferative activity
against five human tumor cell lines: A549 (lung carcinoma), two breast cancer cell lines (MDA-
MD-231 and MCF-7), KB (cervical cancer cell line derived from HelLa cells), and the KB-
subline KB-VIN showing the MDR phenotype with overexpression of the drug transporter P-
glycoprotein (P-gp) (Tables 1 and 2). Paclitaxel, a cytotoxic, antitubulin P-gp substrate, was used

as an experimental control. The antiproliferative effects of the compounds were measured with a

sulfornodamine B (SRB) assay, and ICs, values were calculated from at least three independent



experiments, each performed in duplicate. For comparison, 1Csy values obtained with a typical
flavone, chrysin (5,7-dihydroxyflavone), were also obtained.

Among all compounds, five (three 2-(benzo[b]thiophen-3-yl)-5-hydroxy-6-methoxy-7-
alkoxyflavones [R; = alkoxy, R, = OMe, R; = OH, Ar = BT (6, 8, and 9)]; the naphthyl
derivative 12; and the flavanone 29) showed potent antiproliferative activity (ICso 0.05-0.12
puM) against all tested tumor cell lines, including the MDR cell line, KB-VIN (highlighted in
Table 1). These compounds were dramatically more potent as compared to the related flavone 31
with a phenyl ring-B (ICsp= 8.95-29.1 uM). These results demonstrated a key effect with BT or
Np as ring-B.

In contrast, compound 3 (BT-chrysin) did not show improved potency as compared to natural
chrysin. However, while most natural flavones exhibit only moderate to weak cytotoxicity, a few
highly functionalized flavones were exceptions. For instance, 5,3'-dihydroxy-3,6,7,8,4'-
pentamethoxyflavone, first isolated in 1986 from Gutierrezia microcephala [34], showed potent
antimitotic antiproliferative activity with ICsy values of 0.08 and 1.49 uM against KB and A549
cells, respectively [35]. Lewin’s group vigorously pursued further research on cytotoxic
flavonoids and concluded that a 5-hydroxy-6,7,8-trimethoxy arrangement on ring-A and 3-
hydroxy/3-amino-4-methoxy groups on ring-B were the most favorable substitution patterns for
increased potency [36]. However, our study suggests the importance of the aromaticity of ring-B,
with a 10w electron system significantly influencing antiproliferative activity. The order of
potency in our assays was 6 > 12 > 11, which correlated with the order of ring-B aromaticity, BT
> Np > BF. Because the electronegativities of sulfur (BT), carbon (Np), and oxygen (BF) atoms
are 2.5, 2.5 and 3.5, respectively, the lone pair delocalization is less effective on the oxygen than

on the sulfur and carbon atoms, which reduces the aromaticity of BF. In addition, the 3d orbital

10



of the sulfur atom efficiently contributes to resonance. As noted above, flavone 31 with the
natural 67-electron ring-B (phenyl) was substantially less potent as compared to the compounds

with a 107-electron ring-B.

Table 1. Antiproliferative Activities of Synthesized Flavones 1-13 and 28-31.

S
0
BT “w/ NP
Ry O _Ar 1-10, 13
| 0
Ry \
BF uy Ph 2

4
s
&

R; O £ R; O
1" 30, 31 28, 29
Compounds Human cancer cell lines*/ICs, (LM)"
R, R, R, Ar  A549 ,\2"8[_’2%'1 MCF7 KB  KB-VIN

1 OMe OMe 108 >40 >40 36.8 133

2 OMe 36.3 >40 >40 >40 >40

3 OH OH 20.5 29.9 24.7 24.9 19.3

4 o 8.41 8.34 8.53 8.74 5.88

5 OiPr 7.23 11.8 7.48 5.84 6.06

6 OiPr BT 005 0.08 0.08 0.07 0.06

7 OH OMe 233 37.3 9.84 20.6 185

8  OPr OH 0.07 0.08 0.07 0.06 0.05

9  OFt 0.07 0.07 0.07 0.06 0.05

10 OMe 0.44 0.50 0.70 0.57 0.37
13 H H 6.83 18.8 6.77 5.34 431
11 on BF 019 0.25 0.52 0.31 0.09
12 Ofr Np  0.08 0.12 0.08 0.10 0.09
30 OiPr 311 40.2 32.2 35.3 33.0
31 oy Ph 101 29.1 18.0 22.4 8.95
ch® OH H 28.0 33.0 26.9 29.6 115
28 OiPr 5.40 16.8 8.23 4.84 1.01
g OFPr OMe 4 BT 406 0.09 0.10 0.06 0.06
Paclitaxel 0.0057 000917 00633 000579 2.105

® A549 (lung carcinoma), MDA-MB-231 (triple-negative breast cancer), MCF-7 (estrogen receptor-
positive & HER2-negative breast cancer), KB (cervical cancer cell line derived from HeLa cells. °
Antiproliferative activity as 1Cs, values for each cell line, the concentration of compound that caused 50%
reduction relative to untreated cells determined by the SRB assay. Each experiment was performed three
times, and standard deviations were within 10% of the means (see Supplemental Table S1). © Chrysin

Among the flavones with no substituent at C-3 (Table 1), the combination of 5-hydroxy (R3 =

OH), 6-methoxy (R, = OCHj3) and 7-alkoxy (R; = O-alkyl) substitution in ring-A was crucial for

11



potent antiproliferative activity. The size of the 7-alkoxy group also influenced activity. A
comparison of the results obtained with 6 and 8—10 showed that compound 10 with a 7-methoxy
group was clearly less potent (ICsy 0.37-0.70 uM) than 6 (isopropoxy), 8 (propoxy), and 9
(ethoxy) with larger alkoxy groups (ICsp 0.05-0.08 uM). In addition, compound 7, which differs
from 6 and 8-10 only by a 7-hydroxy instead of a 7-alkoxy group, dramatically lost activity
(ICsp > 10 uM). The 5-hydroxy moiety (R; = OH), which could form a hydrogen bond with the
ketone at C-4, was another key for better activity. Compound 5 with a 5-isopropoxy group
clearly showed decreased cell growth inhibition as compared to 6 with a 5-hydroxy group.
Flavanone 29 and flavone 6 exhibited significant potency with similar ICs, values. Since the two
compounds have identical structures except for the saturated C2-C3 bond in ring-C of the former
compound, a double bond between C-2 and C-3 is not crucial. The comparable results for
flavanone 28 and the analogous flavone 5 were consistent with this conclusion.

Notably, most derivatives displayed similar antiproliferative effects against KB-VIN, a P-gp-
overexpressing MDR tumor cell line, and the chemosensitive tumor cell lines. This finding
indicates that these compounds are not P-gp substrates and could be effective against MDR
tumors. Moreover, compounds 1, 11, and 31 exhibited collateral sensitivity [18], showing two- to
three-fold greater antiproliferative activity against KB-VIN than the parental non-MDR tumor
cell line, KB.

Among the synthesized flavonols (14-20), compounds 15 and 18-20 exhibited the highest
activity (ICso 0.24—-1.05 uM) (Table 2), although they were generally tenfold less potent than
flavones 6, 8, and 9 and compounds 12 and 29. At C-3 (R,), flavonols 19 and 20 have a free OH,
and flavonols 15 and 18 have benzoate and methoxy groups, respectively, indicating some

tolerance in the substitution at this position. At C-7 (R;) and C-6 (Ry), all four active flavonols

12



have isopropoxy and methoxy substituents, respectively, while at C-5 (R3), three compounds (15,
18, 19) have a hydroxy, and flavonol 20 has a methoxy group. Compounds 24-27, with no
substituent on C-5, were clearly less active, suggesting the importance of a hydroxy/alkoxy
group at C-5. Comparison of the data for 20 and 23 indicated the same SAR effect found with
flavones 6 and 10. The compound with the larger 7-isopropoxy group (20) was more potent than
the compound with the smaller 7-methoxy moiety (23).

Table 2. Antiproliferative Activities of Synthesized Flavonols 14-27.2

14-27

Compounds Cell lines/ICsy (UM)
R R R R Asag MDA MCF7 KB KBVIN
14 Oifr o 387 662 642 564 638
15 OH 064  0.75 081 056 055
16 ooy OH 508 662 619 59  6.02
17 oo ove 78 274 216 190 147
18 oMe  oh 036 071 045 025 024
19 oy 09 258 743 087 064
20 058  1.00 105 065 068
21 ome OMe 531 897 772 537 483
2 OBz 523 778 646 529 459
23 OH 604 115 792 806 697
% oo OBz 447 731 670 532 470
25 L OH 810 101 >40 >40 >40
26 OBz 520 881 804 625  6.52
g7 OMe  OMe OH 676 183 231 186 131
Paclitaxel 0.0057 000917 000633 0.00579  2.105

% Each experiment was performed three times, and standard deviations were within 10% of the means (see
Supplemental Table S2).
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It is noteworthy that compound 6 showed 45-fold lower antiproliferative activity against
human umbilical vein endothelial cells (HUVECs), with an 1Cs, value of 2.26 uM, indicating
that 6 selectively inhibited the growth of tumor cells. Next, the biological effects and targets of

the new synthetic flavones were examined to clarify the different SAR observations.

2.2.2. Identification of cell cycle phases affected by compound modifications

To determine the cellular target of the active compounds, the initial mechanism of action (MOA)
studies were performed using flavone 6. Because TEDB-BT, the BT modified atypical flavonoid,
induces cell cycle arrest at G2/M by inhibiting tubulin polymerization [17,19], the effects of 6 on
cell cycle progression and tubulin polymerization were analyzed by flow cytometry and
immunocytochemistry (Figure 3). Compound 6 induced cell cycle arrest at G2/M in a dose-
dependent manner. The immunostaining of 6-treated cells with antibodies to a-tubulin and
Ser10-phosphorylated histone H3 (p-H3), a mitotic marker of condensed chromosomes, as well
as with 4',6-diamidino-2-phenylindole (DAPI) for DNA, clearly demonstrated that
depolymerization of microtubules and abnormal centrosomal amplification with immature
spindles had occurred in p-H3-positive cells. These results confirmed that compound 6 induced
cell cycle arrest at prometaphase by targeting tubulin. The phenotype of cells treated with an
equitoxic concentration of combretastatin A-4 (CA-4), a CS tubulin polymerization inhibitor,
differed from that of 6-treated cells in that no p-H3-positive chromosome condensation occurred,

suggesting that 6 and CA-4 may target tubulin by slightly different mechanisms.

14
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Figure 3. Dose-dependent Effects of 6 on Cell Cycle Progression, Microtubules, and Spindle
Formation. PC-3 cells were treated with 6 for 24 h at the indicated compound concentrations.
DMSO was used as a vehicle control. Cell cycle distributions of treated cells were analyzed by
flow cytometry after staining with PI. A CS tubulin polymerization inhibitor combretastatin A-4
(CA-4) was used at 200 nM as a control for accumulation of G2/M phase cells. Treated cells
were triple-stained with antibodies to a-tubulin (green), Ser10-phosphorylated histone H3 (p-H3,
red), a marker of mitotic chromosome condensation, and DAPI (blue) for DNA. Stained cells
were observed with a confocal fluorescence microscope. The represented merged image was a
projection of 16-24 optical sections. Multipolar immature spindles (red arrows), abnormal
amplification of spindle poles without spindle elongation (pink arrows). Bar, 0.025 mm.

15



To ascertain whether compounds with various ring-B types affected cell cycle and mitotic
inhibition differently, cells treated with natural chrysin and four additional synthetic flavones (8,
11, 12, 31) were also analyzed by flow cytometry and immunocytochemistry. The natural
compound and all four synthetic analogues showed the same effect as 6 on mitotic progression
(Figure 4), although they exhibited different 1Cso values in the antiproliferative assays. Four
compounds, 31, 12, 11, and 6, have the same substituted chromone connected to a different ring-
B, Ph, Np, BF, and BT, respectively. From an overall evaluation of bioactivity based on ICs, and
induction of cell cycle arrest at G2/M, the effects of ring-B were conjectured to follow the order,
Ph (31) << BF (11) < Np (12) < BT (6), which correlated well with the order of ring aromaticity.
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Figure 4. Effect of Ring-B on Induction of G2/M Arrest.

MDA-MB-231 cells were treated with compound for 24 h at the indicated concentrations.
DMSO was used as a vehicle control. Treated cells were subjected to analysis of the effects on
cell cycle progression by flow cytometry and immunocytochemistry. Cell cycle distributions of
treated cells were analyzed by flow cytometry after staining with PI. Treated cells were triple-
stained with antibodies to a-tubulin (green), Ser10-phosphorylated histone H3 (p-H3, red), a
marker of mitotic chromosome condensation, and DAPI (blue) for DNA. Stained cells were
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observed with a confocal fluorescence microscope. The represented merged image was a
projection of 18-24 optical sections. Normal bipolar spindles (white arrow), multipolar immature
spindles (red arrows), amplification of spindle poles without spindle elongation (pink arrows),
cells with nuclear fragmentation with apoptotic microtubules (yellow arrows), fragmented and
dispersed chromatin (yellow arrowhead). Bar, 0.025 mm.

The effects of ring-A substituents in 4-6, 8, and 9 on mitotic arrest were also analyzed by flow

cytometry (Figure 5). A 5-hydroxy group was critical (see 5 vs 6) and a 6-methoxy group

improved the induction of cell cycle arrest at G2/M (see 4 vs 6).
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Figure 5. Effect of Ring-A Modification on Induction of G2/M Arrest.

MDA-MB-231 cells were treated with compound for 24 h at the indicated concentrations.
DMSO or 200 nM CA-4 (10x ICso) was used as a vehicle control or tubulin polymerization
inhibitor arresting cells at G2/M, respectively. Cell cycle distributions of treated cells were
analyzed by flow cytometry after staining with PI.
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The MOA studies were also conducted on the four bioactive flavonols 16, 18, 19, and 20. Flow
cytometric analysis of cells treated with flavonols 18 and 19, which, like 6, have a 5-OH,
displayed accumulation of cells in the G2/M phase after 24 h (Figure 6), similar to that found
with CA-4, regardless of their 3-alkoxy or -hydroxy group. In contrast, flavonols 20 and 16,
which, in addition to a 3-OH, possess a 5-alkoxy rather than hydroxy group, showed a different
effect on the cell cycle. Both compounds impacted cell cycle progression at the G1/S phase
(Figure 7), not the G2/M phase. Thus, a 5-OH is likely crucial for the compound to target tubulin
and arrest cells at G2/M. Furthermore, compounds with both 3-hydroxy and 5-alkoxy groups
affected the G1/S phase, instead of the G2/M phase. These results suggested that the 3-OH and
5-OH are key factors in determining the target of the flavonols.
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Figure 6. Effects of Flavonols 18 and 19 on Induction of G2/M Arrest.

MDA-MB-231 cells were treated with compound 18 or 19 for 24 h at 1-fold (1x ICso) or 3-fold
(3x ICsp) the ICso values. DMSO or 20 nM CA-4 (1x 1Cso) was used as a vehicle control or
tubulin polymerization inhibitor arresting cells at G2/M, respectively. Cell cycle distributions of
treated cells were analyzed by flow cytometry after staining with PI.
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Figure 7. Effects of Flavonols 16 and 20 on Accumulation of Cells in S-phase.

MDA-MB-231 cells were treated with compound 16, 20, or reference compound 5-FU or CPT
for 24 or 48 h at the indicated concentrations. DMSO was used as a vehicle control. Cell cycle
distributions of treated cells were analyzed by flow cytometry after staining with PI.

The S phase in the cell cycle is involved in DNA replication. Camptothecin (CPT) and 5-
fluorouracil (5-FU) are well-known agents that damage DNA through different mechanisms of
action, which can be distinguished by analyzing the distribution of cells in the cell cycle. Based
on the flow cytometric analysis, compound 16 and 5-FU act by a similar mechanism, showing
cell accumulation at the S phase, while 16 is 3.8-fold more potent than 5-FU (Figure 7).
Meanwhile, the cell cycle distributions with 20 and CPT were similar (Figure 7); thus, the likely

molecular target of 20 is topoisomerase (Topo) I, which is the target of CPT. When DNA is

damaged, its repair pathway is activated, which leads to the induction of phosphorylated histone
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H2AX (yH2AX). To confirm the DNA damage, the cells treated with flavonols 16, 18, 19, and
20 were stained with antibodies to a-tubulin and yYH2AX as well as DAPI for DNA (Figure 8).
Among the four compounds, the 3-hydroxy analogues 16 and 20 clearly induced DNA damage
as did the control 5-FU. Considering the immunostaining and flow cytometry results, it is
postulated that 16 acts similarly to 5-FU, by impairing DNA replication through depletion of
newly synthesized nucleotides [37]. In contrast, compounds 18 and 19 did not show significant
induction of YH2AX positive cells, while they did inhibit tubulin polymerization with abnormal

centrosomal amplification; thus, like 6, these two compounds target tubulin.

20



a-tubulin yH2AX DNA Merge

DMSO

iPro 0] !
48
MeO OH
OiPr O
16

5

)
&
=
IE
i’

5-FU

&

iPro 0]
9@
MeO OH

iPro

OO
P!

ONe
OH O
18

MeO

:
>- ’
»

Figure 8. Induction of DNA Damage by Compounds.

MDA-MB-231 cells were treated with compounds 16, 18, 19, or 20 for 24 h at the ICs
concentrations. DMSO or 5-FU was used as a vehicle control or positive control, respectively.
Treated cells were triple-stained with antibodies to a-tubulin (green), y-H2AX (red), a marker of
DNA double-strand breaks (DSBs), and DAPI (blue) for DNA. Stained cells were observed by
confocal fluorescence microscopy. The merged images shown were projections of 16-20 optical
sections. Bar, 0.025 mm.
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2.3. Molecular MOA
2.3.1. Effect of 3-OH flavones on tubulin polymerization and colchicine binding to tubulin
Antitubulin agents binding to the CS, including CA-4, disrupt cell cycle progression at the
G2/M phase. Selected antiproliferative flavones were evaluated in a cell-free system to evaluate
a direct inhibitory effect on tubulin assembly (ITA), as measured by turbidimetry, and for
inhibition of [*H]colchicine binding to tubulin, i.e., whether compounds could compete with
colchicine. The 50% effective concentration for inhibiting tubulin assembly (ICs) and percent
inhibition of colchicine binding to tubulin (ICB) of flavones 6, 8, and 9, flavonols 16 and 18-20,
and flavanone 29 were determined (Table 3). Typical turbidimetry experiments are shown in
Supplemental Materials, Fig. S76, for compounds 18 (Panel A), 8 (Panel B) and 20 (Panel C). As
expected, flavone 6 strongly inhibited tubulin assembly with an I1Cso-ITA value of 1.3 uM; it also
inhibited colchicine binding by 61%. Flavanone 29 showed similar inhibitory effects to those of
6, indicating that both sp® and sp? carbons at C2 and C3 were tolerated for inhibition of tubulin.
The size of the 7-alkoxy group influenced the inhibition of tubulin assembly as well as apparent
binding to the CS. While compound 8 with a 7-propoxy group exhibited an ICso-1TA value of 1.9
uM, it was less effective than 6 with a 7-isopropoxy group at inhibiting colchicine binding to
tubulin. 7-Ethoxy derivative 9 did not significantly inhibit tubulin assembly in the cell-free
system, while its in vitro antiproliferative activities were almost identical to those of 6 and 9.
Like flavone 6, 5-hydroxy-3-methoxy flavonol 18 mildly inhibited colchicine binding to tubulin,
but it showed a potent inhibitory effect on tubulin assembly. As predicted from the results of
flow cytometry and immunocytochemical analysis, 5-alkoxy flavonols 16 and 20 did not inhibit
tubulin assembly. Interestingly, 5-hydroxy flavonol 19 also did not inhibit tubulin assembly in

this assay, although the compound arrested cell progression at the G2/M phase. These results
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supported the postulate that 6, 8, 18, and 29 directly inhibit tubulin polymerization in a slightly
different manner from colchicine binding to tubulin because these compounds only partially

competed with colchicine for binding to tubulin.

Table 3. Inhibition of Tubulin Assembly? and Colchicine Binding.”

Compound ICso (uM) + SD ICB® (%) + SD

6 130" 61+3
8 19+0.3 373
9 >20 34+3
16 >20 0

18 1.1+£0.1 50+4
19 >20 323
20 >20 0

29 14+0.1 762

CA-4 0.65 +0.09 98 +£0.7

The tubulin assembly assay measured the extent of assembly of 10 uM tubulin after 20 min at
30 °C.

b Tubulin: 0.5 uM, [*H]colchicine: 5 1M, inhibitor: 5 uM. Incubation was for 10 min at 37 °C.
“Inhibition of colchicine binding.

9SD of 0 indicates same ICs; was obtained in all assays performed with compound 6. Actual
reproducibility of the assay from evaluation of multiple compounds over 30 years is in the range
of 15-20%.

2.3.2. Effect of 3-OiPr flavones on Topo |.

One way for a compound to affect the cellular S phase it to inhibit Topo. Topos are enzymes
involved in the overwinding or unwinding of DNA and are generally classified into two types, |
(Topo I) and Il (Topo 11). Flavonol 20 was evaluated for Topo | inhibitory activity in a cell-free
system using a relaxation assay by simultaneous incubation of supercoiled plasmid DNA as a

substrate with purified Topo I in the presence of compound (Figure 9). The assay was performed

under a condition where the Topo | could nick supercoiled DNA at almost 100%. In this assay,
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compound 20 protected supercoiled DNA from the effects of Topo | in a dose dependent manner,

and its inhibitory effect was comparable to that of CPT.

_ iPro o)
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Figure 9. Effects of 20 on Topoisomerase I-mediated DNA Relaxation.

Supercoiled plasmid DNA was treated with Topo I in the presence of vehicle (DMSO),

compound 20 or CPT for 30 min at 37 °C. DNA was separated by 0.8% agarose gel

electrophoresis followed by staining with ethidium bromide.

2.4. Summary of SAR findings (Figure 10)

1) Aring-B 10x electron aromatic system was essential for potent antiproliferative activity.

2) The ring-B aromaticity influenced the activity order: BT > Np > BF >> Ph

3) A 3-hydroxy group (R4 = OH) was crucial for cell cycle arrest at G2/M, while a 5-hydroxy
group (Rs = OH) was important for arrest at G1/S.

For tubulin inhibitory effect (green box in Figure 10),

i)  No substituent at C-3 was preferred rather than hydroxy, alkoxy, or benzoate.

i) A 6-methoxy group was important.

iii) A certain size of 7-alkoxy was necessary.

For the arrest of cell cycle at G1/S (orange box in Figure 10),
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i) A 5-methoxy group was suitable.

i) A 7-isopropoxy group was better than a 7-methoxy moiety.
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Figure 10. Structure-Activity Relationships of Antiproliferative Flavones.

2.5. Computer Modeling

The theoretical docking form of flavone 6 at the CS in the tubulin dimer was examined by
using 1SAO in the Protein Data Bank as a structure of the o/B-tubulin dimer. The modeling
indicated that the BT ring-B inserts on the B-tubulin side, and the chromone ring is located in the
gap between a- and B-tubulin with adequate room for a bulky isopropyl group (Figure 11).
Hydrogen bonds were observed between oSerl178 and the 4-oxo group (2.78 A) as well as
between aThrl179 and the 5-hydroxy group (3.10 A). Herein, the formation of a hydrogen bond

was defined when the distance between the heavy atoms of the hydrogen-bond donor and
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acceptor was within 3.9 A, which is an empirically proposed rule [38, 39]. In the docking
simulation, the single-bond rotation is allowed for the calculation of the docking poses and
docking scores. That is, note that the hydrogen atoms were not fixed at specific positions. Thus,
only the distance between the heavy atoms of the hydrogen-bond donor and acceptor was
adopted as the criterion for the formation of a hydrogen bond. The bicyclic ring-B system fit well
in the cavity, which might favor hydrophobic contacts. Since no aromatic amino acids were
observed around the BT bicycle, the compound is likely stabilized by hydrophobic interactions
with the alkyl groups of aliphatic amino acids, such as Leu and Ile.

In addition, the possible docking pose of flavonol 20 at the CPT binding site in Topo I was
studied by using 1T81 in the Protein Data Bank as a structure of Topo 1. In the model (Figure
12), both BT and chromone rings are located almost parallel to the nucleobase of the DNA.
Hydrogen bonding was observed between the 3-hydroxy group of 20 and the guanidino group of
Arg364 (2.78 A). The amino residues, including Thr718, Leu721, and Asn722, close to the
chromone moiety could prohibit the insertion of a bulky 5-alkoxy group, such as isopropoxy.
This observation may explain why the antiproliferative activity of flavonol 16 was 10-fold
weaker than that of 20 (Table 2). In addition, a pocket around C-7 is formed by Ala351, Asn352,
Mle427, Met428, Leud29, Asn430, Pro431, and Lys436, which creates an appropriate

hydrophobic pocket for a 7-isopropoxy group as found in the four most potent flavonols.

2.6. In vitro metabolic stability
A compound’s metabolic stability is an important factor in drug discovery and development.
Flavone 6 was investigated for microsomal stability using human liver microsomes with the

reference compound propranolol, which has a moderate half-life in vivo of 3-6 h. Compound 6
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showed better metabolic stability (t1, 288.75 min) than propranolol (t1, 177.69 min) (Figure 13,

Table 4). Its estimated half-life in vivo was 4.8 t0 9.8 h.

(@) ser17s N
/27881 Y.l
Nie \ N \ﬁ

A Y <’\\7 \
Eeed A

/\'{ \\} A

a-tubulin

Figure 11. Models for 6 Binding to Tubulin. (A) Docking model of 6 (gray skeleton with
oxygen in red and sulfur in yellow) with CS in a- (white) and B-tubulin (red) heterodimer of the
tubulin crystal structure (PDB: 1SAO0). (B) Docking model of 6 into the CS. (a) Hydrogen bonds
calculated to be less than 3.9 A between amino acid and compounds are represented by dashed
lines. Superimposition of docked compound 6 shows hydrogen bonds between aSer178 (gray
skeleton with oxygen in red and nitrogen in blue) and a ketone at C-4 as well as aThr179 and a
5-hydroxy group. (b), (c) The residues near the ligand within a radius of 4 A are indicated. b)
View of ligand from upper side. (c) View of ligand from ring plane side. No aromatic amino acid
is observed around bicyclic BT ring-B, indicating the compound can be stabilized by
hydrophobic interactions with alkyl functions of aliphatic amino acids.
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Figure 12. Predicted Docking Models for Compound 20 to Topo I. Docking simulation of
compound 20 to Topo I (PDB: 1T8I) was carried out by the calculation program GOLD. The
docking score was 59.57. (A) The docking was set so that compound 20 entered within a radius
of 10 A from the coordinates (22.517, —3.374, 27.845). Both BT and chromone rings are located
almost parallel to the nucleobase of DNA. (B) Amino residues around chromone moiety on
compound 20. The surface of amino residues is shown as mesh. The presence of Thr718,
Leu721, and Asn722 might prohibit the insertion of a bulky group such as isopropyl at C-5. A
hydrophobic pocket formed by Ala351, Asn352, Ile427, Met428, Leud29, Asn430, Pro431, and
Lys436 around C-7 is an appropriate pocket for a 7-isopropoxy group. (C) Nucleic acid bases
around compound 20. The surface of nucleic acid bases is shown as mesh. The planar chromone
and benzothiophene units are in the narrow pocket formed by nucleic acid bases. The bulky 3-
alkoxy group might disturb insertion. (D) Hydrogen bonding between 3-OH on compound 20
and guanidino group on Arg364.
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Figure 13. In Vitro Metabolic Stability of Compounds.

Compound 6 was incubated with human liver microsomes at 37 °C. Propranolol was used as a
reference compound with a half-life (t;2) of 3 h in this experiment.

Table 4. In Vitro Metabolic Stability of Compounds.

compound Propranolol 6
In vitro t;/; (min)* 177.69 288.75
CLiy (mL/min/mg)*  0.0078 0.0048

? Average of three separate experiments with linear regression R*> 0.97.

3. Conclusions

A new biological scaffold consisting of a hybrid of a chromone and a 10r-aromatic ring-B was
designed based on the natural flavone skeleton. The newly synthesized compounds, 1-31, were
evaluated for their antiproliferative activity. Among them, 2-(benzo[b]thiophen-3-yl)-5-hydroxy-

6-methoxy-7-alkoxyflavones 6, 8, and 9 effectively arrested cell cycle progression at the G2/M
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phase and displayed significant antiproliferative effects with 1Cs, values of 0.05-0.08 uM
against multiple human cancer cell lines, including an MDR tumor cell line. Furthermore, these
compounds inhibited tubulin assembly by binding to the CS in a different manner from that of
CA-4. A structure-activity relationship study clearly revealed that a 10n-electron system with
high aromaticity as ring-B as well as 5-hydroxy and 7-alkoxy groups are crucial for potent
antimitotic activity. Interestingly, the insertion of a 3-hydroxy group and a 5-alkoxy group
induced another biological profile. Compound 20 with a 5-methoxy group affected the G1/S
phase by inducing DNA damage through inhibition of Topo I, while compound 16 with a 5-
isopropoxy group showed similar bioactivity to that of 5-FU, inhibiting DNA replication as well
as inducing DNA damage. The detailed SAR correlations from this study are summarized in
Figure 10. Docking models of flavone 6 in the CS of tubulin indicated the possibility of
hydrogen bonding between a 4-oxo group and a 5-hydroxy group with amino acid residues
Serl78 and Thrl79, respectively, on a-tubulin. The computational binding model of flavonol 20
with Topo | suggested hydrogen bonding between a 3-hydroxy group and Arg364. Overall, we
have discovered a new biological scaffold by connecting a chromone and a 10r-aromatic ring,
especially BT, to improve the biological activities of the non-cytotoxic flavonoid chrysin. The
different substituent patterns produced three kinds of cell cycle inhibitors, 6, 16, and 20, with
different MOASs: inhibition of tubulin assembly, inhibition of DNA replication, and inhibition of
Topo |, respectively. Our current study shows that it is possible to find target-selective cell cycle
regulators from a natural product modified with an artificial ring that does not occur naturally.
Furthermore, the chromone backbone has potential affinity for a variety of proteins, suggesting

that target selectivity can be derived by chemical modification.
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4. Experimental section
4.1. Chemistry

All commercial chemicals and solvents were used as purchased. *H and *C NMR spectra
were recorded on a JEOL JNM-ECAG00 spectrometer and JNM-ECS400 spectrometer, with
tetramethylsilane (TMS) as an internal standard. Chemical shifts are expressed as ¢ values in
ppm, and apparent scalar coupling constants J are in Hz. High-resolution mass spectrometric
data were obtained on a JEOL JMS-700 (FAB) or a JMS-T100TD (DART) mass spectrometer.
Analytical and preparative TLC was carried out on precoated silica gel 60F254 and RP-18F254
plates (0.25 or 0.50 mm thickness; Merck). All target compounds were characterized and
determined to be at least >95% pure by *H-NMR and analytical HPLC (InertSustain C18, GL

Science).

4.2. General synthetic procedures for flavones 1, 4-6, 12, 13, 30, and 31

To a solution of the appropriate acetophenones in EtOH (1.0 mL), 50% aq. KOH (1.0 mL)
and an appropriate aromatic aldehyde (1.5 eq. mol) were added at 0 °C and stirred at rt. After the
reaction was complete by TLC analysis, the mixture was poured into ice-cold 2 N HCI and
extracted with EtOAc. The extract was washed with brine, dried over Na,SO,, and concentrated
in vacuo. The residue was chromatographed twice on silica gel with EtOAc-hexanes, then with
CHyCl,—hexanes as eluent to afford the desired chalcones in 66%-92% yield. Each chalcone was
dissolved in DMSO (2.5 mL), and I, (0.1 eqg. mol) was added. The mixture was stirred at 180 °C
for 1.5 or 2 h. The reaction mixture was quenched with ice-cold aqueous 10% Na,S,0; and

extracted three times with EtOAc and 5% MeOH/EtOAc. The combined organic layers were
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washed with brine, dried over Na,SQOy4, and concentrated in vacuo. The residue was purified by

silica gel chromatography with EtOAc—hexanes as eluent to afford the desired flavone.

4.2.1. 2-(Benzo[b]thiophen-3-yl)-5,7-dimethoxy-4H-chromen-4-one (1)

Preparation from 33 (57.7 mg, 0.29 mmol) and 35 (72.6 mg, 0.45 mmol) afforded the title
compound (78.5 mg, 77%). (Yield calculated from the chalcone intermediate.) *H NMR (400
MHz, CDCls3) 6 3.93 (s, 3H, OMe), 3.98 (s, 3H, OMe), 6.41 (d, 1H, J = 2.1 Hz, H-6), 6.58 (d,
1H, J =2.1 Hz, H-8), 6.69 (s, 1H, H-3), 7.43-7.55 (m, 2H, H-5" and H-6'), 7.93 (d, 1H, J = 7.9
Hz, H-4"), 8.05 (s, 1H, H-2'), 8.24 (d, 1H, J = 7.9 Hz, H-7); **C NMR (100 MHz, CDCl5)
0 55.8, 56.5, 92.8, 96.2, 109.4, 111.0, 123.1, 123.3, 125.2, 125.4, 128.6, 129.6, 135.5, 140.6,
157.5, 160.0, 161.0, 164.1, 177.5; HRMS m/z [M+H]" calcd for CioH1504S, 339.0646; found

339.0658.

4.2.2. 2-(Benzo[b]thiophen-3-yl)-5-hydroxy-7-isopropoxy-4H-chromen-4-one (4)

Preparation from 34 (104.0 mg, 0.69 mmol) and 35 (111.8 mg, 0.69 mmol) afforded the title
compound (8.3 mg, 12%) together with 2-(benzo[b]thiophen-3-yl)-5,7-diisopropoxy-4H-
chromen-4-one (53.5 mg, 80%). (Yields were calculated from the chalcone intermediate.) *H
NMR (400 MHz, CDCls) §1.40 [d, 6H, J = 6.1 Hz, OCH(CHs),], 4.61-4.70 [m, 1H,
OCH(CHs),], 6.38 (d, 1H, J = 2.1 Hz, H-8), 6.49 (d, 1H, J = 2.1 Hz, H-6), 6.67 (s, 1H, H-3),
7.45-7.55 (m, 2H, H-5' and H-6"), 7.95 (d, 1H, J = 8.0 Hz, H-4"), 8.10 (s, 1H, H-2"), 8.24 (d, 1H,
J = 8.0 Hz, H-7"), 12.72 (s, 1H, OH); **C NMR (100 MHz, CDCls) & 21.9, 70.8, 94.0, 99.2,
105.4, 107.6, 123.2, 123.3, 125.4, 125.6, 128.6, 130.7, 135.4, 140.7, 157.8, 162.3, 164.2, 182.3,;

HRMS m/z [M+H]" calcd for Co0H1704S, 353.0848; found 353.0815.
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4.2.3. 2-(Benzo[b]thiophen-3-yl)-5,7-diisopropoxy-6-methoxy-4H-chromen-4-one (5) and 2-
(benzo[b]thiophen-3-yl)-5-hydroxy-7-isopropoxy-6-methoxy-4H-chromen-4-one (6)

Preparation from 39 (134.8 mg, 0.48 mmol) and 35 (115.9 mg, 0.72 mmol) afforded 5 (43.4
mg, 35%) and 6 (61.3 mg, 55%). (Yields were calculated from the chalcone intermediate.) 5: *H
NMR (400 MHz, CDCl3) §1.40 [d, 6H, J = 6.7 Hz, OCH(CHs),], 1.48 [d, 6H, J = 5.5 Hz,
OCH(CHs),], 3.88 (s, 3H, OCH3), 4.53-4.64 [m, 1H, OCH(CHs),], 4.65-4.76 [m, 1H,
OCH(CHa),], 6.63 (s, 1H, H-8), 6.77 (s, 1H, H-3), 7.46 (t, 1H, J = 7.3 Hz, H-6"), 7.52 (t, 1H, J =
7.3 Hz, H-5'), 7.94 (d, 1H, J = 7.9 Hz, H-4"), 8.04 (s, 1H, H-2), 8.23 (d, 1H, J = 8.0 Hz, H-7");
B¢ NMR (100 MHz, CDCl3) 6 21.9, 22.4, 60.9, 71.5, 78.1, 97.6, 110.3, 123.1, 123.3, 125.2,
125.3, 128.8, 129.5, 135.6, 140.6, 141.8, 154.7, 156.2, 157.6, 177.1; HRMS (FAB) m/z: [M+H]"
calcd for Cy4H2505S, 425.1423, found 425.1427.

6: '"H NMR (400 MHz, CDCls) & 1.46 [d, 6H, J = 6.1 Hz, OCH(CHs),], 3.91 (s, 3H, OCH3),
4.66-4.76 [m, 1H, OCH(CHs)], 6.55 (s, 1H, H-8), 6.67 (s, 1H, H-3), 7.47 (t, 1H, J = 7.6 Hz, H-
6'), 7.51-7.57 (m, 1H, H-5), 7.95 (d, 1H, J = 7.9 Hz, H-4), 8.10 (s, 1H, H-2'), 8.22 (d, 1H, J =
8.6 Hz, H-7'), 12.67 (s, 1H, OH); **C NMR (100 MHz, CDCls) & 22.0, 60.7, 92.4, 106.1, 107.4,
123.2, 123.2, 125.4, 125.6, 128.6, 130.6, 135.4, 140.7, 153.3, 153.5, 157.6, 160.6, 182.5; HRMS

m/z [M+H]" calcd for C,1H190sS, 383.0953; found 383.0931.

4.2.4. 5-Hydroxy-7-isopropoxy-6-methoxy-2-(naphthalen-1-yl)-4H-chromen-4-one (12)
Preparation from 39 (42.0 mg, 0.15 mmol) and 37 (0.03 mL, 0.22 mmol) afforded 12 (13.1
mg, 28%). (Yield calculated from the chalcone intermediate.) *H NMR (400 MHz, CDCls) &

1.43 [6H, d, J = 6.1 Hz, OCH(CHs).], 3.92 (3H, s, OCH3), 4.60-4.70 [1H, m, OCH(CH3),], 6.51
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(1H, s, H-8), 6.54 (1H, s, H-3), 7.56-7.62 (3H, m, H-3', H-6' and H-7"), 7.74 (dd, 1H, J = 1.2 Hz,
7.3 Hz, H-2"), 7.93-7.99 (m, 1H, H-8"), 8.03 (1H, d, J = 8.0 Hz, H-4"), 8.07-8.13 (1H, m, H-5"),
12.67 (1H, s, OH); *C NMR (150 MHz, CDCls) 5 21.9, 60.7, 71.7, 92.5, 106.0, 111.0, 124.7,
125.1,126.7, 127.6, 128.0, 128.8, 130.28, 130.32, 131.7, 133.6, 133.7, 153.5, 153.8, 157.6, 165.8,

182.6; HRMS (FAB) m/z: [M+H]" calcd for Cy3H,;0s, 377.1389, found 377.1395.

4.2.5. 2-(Benzo[b]thiophen-3-yl)-7-isopropoxy-4H-chromen-4-one (13)

The treatment of 41 (353.2 mg, 1.82 mmol) with 35 (442.4 mg, 2.73 mmol) produced the
related chalcone (386.2 mg), of which 159.0 mg (0.47 mmol) was used for the cyclization to give
13 (152.1 mg, 96%). ‘*H NMR (400 MHz, CDCls) & 1.43 [6H, d, J = 6.7 Hz, OCH(CHs),], 4.68—
4.74 [1H, m, OCH(CHs),], 6.76 (1H, s, H-3), 6.95 (1H, d, J = 1.8 Hz, H-8), 6.98 (1H, dd, J =
9.0 and 2.3 Hz, H-6), 7.45-7.54 (2H, m, H-5', H-6'), 8.08 (1H, s, H-2'), 8.16 (1H, d, J = 9.2 Hz,
H-5), 8.26 (1H, d, J = 8.3 Hz, H-4"), 7.95 (1H, d, J = 7.2 Hz, H-7"); **C NMR (100 MHz, CDCl3)
0 21.9, 70.8, 101.9, 109.4, 115.3, 117.6, 123.1, 123.3, 125.3, 125.4, 127.2, 129.0, 129.9, 135.6,
140.7, 158.1, 159.7, 162.7, 177.7; HRMS m/z [M+H]" calcd for CyH705S, 337.0898; found

337.0895.

4.2.6. 5,7-Diisopropoxy-6-methoxy-2-phenyl-4H-chromen-4-one  (30) and 5-hydroxy-7-
isopropoxy-6-methoxy-2-phenyl-4H-chromen-4-one (31)

Preparation from 39 (26.4 mg, 0.09 mmol) and benzaldehyde (0.02 mL, 0.20 mmol) afforded
30 (11.7 mg, 48%) and 31 (4.2 mg, 19%). (Yields were calculated from the chalcone
intermediate.) 30: *H NMR (400 MHz, CDCls) §1.38 [6H, d, J = 6.0 Hz, OCH(CHs)], 1.47

[6H, d, J = 6.4 Hz, OCH(CHs3),], 3.87 (3H, s, OCHs), 4.52-4.62 [LH, m, OCH(CHs),], 4.64-4.74
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[1H, m, OCH(CHs),], 6.62 (1H, s, H-8), 6.78 (1H, s, H-3), 7.47-7.53 (3H, m, H-3', H-4' and H-
5), 7.85-7.89 (2H, m, H-2" and H-6'); **C NMR (100 MHz, CDCls) & 21.9, 22.4, 60.9, 71.5,
78.0, 97.6, 108.4, 126.0, 128.9, 131.1, 131.7, 150.6, 154.7, 156.1, 177.3; HRMS m/z [M+H]"
calcd for CyH,50s5, 369.1702; found 369.1680.

31: 'H NMR (400 MHz, CDCl3) & 1.45 [6H, d, J = 6.1 Hz, OCH(CHs),], 3.89 (3H, s, OCHs),
4.63-4.74 [1H, m, OCH(CHa),], 6.54 (1H, s, H-8), 6.66 (1H, s, H-3), 7.49-7.58 (3H, m, H-3', H-
4’ and H-5'), 7.86-7.92 (2H, m, H-2" and H-6'), 12.64 (1H, s, OH); **C NMR (150 MHz, CDCls)
§ 21.9, 60.7, 71.7, 92.5, 105.6, 106.0, 126.3, 129.1, 131.4, 131.8, 133.5, 153.3, 153.4, 157.5,

163.9, 182.7; HRMS (FAB) m/z: [M+H]" calcd for C19H1905 327.1232, found 327.1239.

4.3. 2-(Benzofuran-3-yl)-5-hydroxy-7-isopropoxy-6-methoxy-4H-chromen-4-one (11)

To a solution of 39 (47.8 mg, 0.17 mmol) in DMF (1.5 mL), Ba(OH), (90.8 mg, 0.53 mmol)
and 36 (46.2 mg, 0.316 mmol) were added and stirred at 90 °C for 1.5 h. After the reaction was
complete by TLC analysis, the mixture was poured into ice-cold 1 N HCI and extracted with
EtOAc. The extract was washed with brine, dried over Na,SO,, and concentrated in vacuo. The
residue was chromatographed twice on silica gel with EtOAc-hexanes, then with CH,Cl—
hexanes as eluent to afford the related chalcone (44.1 mg, 64%), which was dissolved in DMSO
(2.0 mL), and 1, (2.7 mg, 0.01 mmol) was added. The mixture was stirred at 180 °C for 7 h. The
reaction mixture was quenched with ice-cold aqueous 10% Na,S,03; and extracted three times
with EtOAc and 5% MeOH/EtOAc. The combined organic layers were washed with brine, dried
over Na,SOy, and concentrated in vacuo. The residue was purified by silica gel chromatography
with EtOAc-hexanes as eluent to afford 11 (13.1 mg, 28%) together with 2-(benzofuran-3-yl)-

5,7-diisopropoxy-6-methoxy-4H-chromen-4-one (2.1 mg, 5%). *"H NMR (400 MHz, CDCls)
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8 1.47 [d, 6H, J = 6.1 Hz, OCH(CHs),], 3.90 (s, 3H, OCHs), 4.66-4.77 [m, 1H, OCH(CHs),],
6.52 (s, 1H, H-8), 6.66 (s, 1H, H-3), 7.40-7.48 (m, 2H, H-5' and H-6"), 7.59-7.64 (m, 1H, H-4"),
7.92-7.98 (m, 1H, H-7), 8.29 (s, 1H, H-2"), 12.65 (s, 1H, OH); *C NMR (100 MHz, CDCls)
§21.9, 60.7, 71.7, 92.4, 106.0, 106.3, 112.3, 115.3, 120.8, 123.2, 124.4, 125.8, 133.6, 146.4,

153.1, 153.5, 155.9, 157.5, 159.0, 182.2; HRMS m/z [M+H]" calcd for CyH190¢, 367.1182;

found 367.1153.

4.4.  2-(Benzo[b]thiophen-3-yl)-5-hydroxy-7-methoxy-4H-chromen-4-one  (2) and  2-
(benzo[b]thiophen-3-yl)-5,7-hydroxy-4H-chromen-4-one (3)

To a solution of 1 (78.5 mg, 0.23 mmol) in CH,Cl, (2.0 mL), BBr3 (2.1 ml, 2.1 mmol, 1.0 M
solution in CH,CI,) was added at 0 °C. The mixture was warmed to rt and stirred at 45 °C for 20
h. After addition of water, the reaction mixture was extracted three times with CH,Cl, The
combined organic layers were washed with brine, dried over Na,SO4, and concentrated in vacuo.
The residue was chromatographed on silica gel, eluting with EtOAc-hexanes to yield 2 (19.6 mg,
26%) and 3 (24.5 mg, 34%).

2 : 'H NMR (400 MHz, CDCls) & 3.90 (s, 3H, OMe), 6.41 (d, 1H, J = 2.1 Hz, H-6), 6.51 (d, 1H,
J=2.1Hz, H-8), 6.67 (s, 1H, H-3), 7.45-7.56 (m, 2H, H-5' and H-6"), 7.95 (d, 1H, J = 7.9 Hz, H-
4"), 8.10 (s, 1H, H-2), 8.23 (d, 1H, J = 8.6 Hz, H-7"), 12.75 (s, 1H, OH); *C NMR (100 MHz,
CDCI3) 6 55.9, 92.7, 98.2, 105.7, 107.6, 123.2, 123.2, 125.4, 125.6, 128.5, 130.8, 135.4, 140.7,
157.8, 160.7, 162.3, 165.7, 182.4; HRMS m/z [M+H]" calcd for C1gH1304S, 325.0535; found
325.0498.

3 : 'H NMR (400 MHz, DMSO-d) 6 6.26 (d, 1H, J = 2.1 Hz, H-6), 6.56 (d, 1H, J = 2.1 Hz, H-

8), 6.85 (s, 1H, H-3), 7.50-7.62 (m, 2H, H-5' and H-6"), 8.17 (d, 1H, J = 8.0 Hz, H-4"), 8.33 (d,
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1H, J = 8.0 Hz, H-7"), 8.75 (s, 1H, H-2'), 10.94 (s, 1H, OH), 12.87 (s, 1H, OH); **C NMR (100
MHz, DMSO-dg) & 94.6, 99.6, 104.5, 107.1, 124.0, 125.9, 126.3, 127.9, 133.7, 135.6, 140.6,
157.9, 161.2, 162.0, 165.0, 182.1; HRMS m/z [M+H]" calcd for Ci7H1:0.S, 311.0333; found

311.0375.

4.5. 2-(Benzo[b]thiophen-3-yl)-5,7-dihydroxy-6-methoxy-4H-chromen-4-one (7)

A flask containing AICI; (8.9 mg, 0.067 mmol) was cooled at 0 °C under a N, atmosphere. A
solution of 6 (6.0 mg, 0.016 mmol) in CH,CI, (1.5 mL) was added. The mixture was warmed to
rt and stirred for 1.5 h. The reaction was quenched with sat. NH,Cl ag. (10.0 mL), extracted with
CH_Cl,, subsequently with EtOAc. The combined organic layers were washed with brine, dried
over Na,SQOy, and concentrated in vacuo. The residue was chromatographed on silica gel, eluting
with EtOAc-hexanes to yield 7 (2.0 mg, 37%). 'H NMR (400 MHz, CDCls) §4.05 (s, 3H,
OCHj), 6.57 (s, 1H, OH), 6.62 (s, 1H, H-8), 6.65 (s, 1H, H-3), 7.46 (t, 1H, J = 7.3 Hz, H-6),
7.49-7.56 (m, 1H, H-5"), 7.93 (d, 1H, J = 7.9 Hz, H-4), 8.09 (s, 1H, H-2'), 8.22 (d, 1H, J = 8.0
Hz, H-7'), 13.01 (s, 1H, OH); *C NMR (100 MHz, CDCls) & 61.0, 93.5, 106.0, 107.0, 123.3,
123.3, 125.5, 125.7, 128.5, 130.5, 130.9, 135.4, 140.7, 152.3, 153.3, 155.3, 160.9, 183.0; HRMS

m/z [M+H]" calcd for C1gH1305S, 341.0484; found 341.0437.

4.6. 2-(Benzo[b]thiophen-3-yl)-5-hydroxy-6-methoxy-7-propoxy-4H-chromen-4-one (8)

To a solution of 7 (15.9 mg, 0.05 mmol) in acetone (2.0 mL), K,CO3 (10.4 mg, 0.08 mmol)
and Prl (0.005 ml, 0.05 mmol) were added. The mixture was refluxed for 5 h. After cooling, solid
K,CO3; was removed through cotton filtration, and the volatile solvent was removed in vacuo.

The residue was chromatographed on silica gel, eluting with EtOAc-hexanes to yield 8 (10.9 mg,
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62%) and residual 7 (3.6 mg, 23%). 'H NMR (400 MHz, CDCl3) §1.11 (3H, t, J = 7.3 Hz,
OCH,CH,CH3), 1.89-2.00 (2H, m, OCH,CH,CHpg), 3.93 (3H, s, OCHj3), 4.09 (2H, t, J = 6.4 Hz,
OCH,CH,CH3), 6.56 (1H, s, H-8), 6.68 (1H, s, H-3), 7.45-7.57 (2H, m, H-5' and H-6), 7.96
(1H, d, J = 6.7 Hz, H-4'), 8.10 (1H, s, H-2'), 8.23 (1H, d, J = 8.0 Hz, H-7’), 12.67 (1H, s, OH);
3C NMR (100 MHz, CDCls;) 6 10.6, 22.4, 61.0, 70.9, 91.4, 106.3, 107.5, 123.3, 123.6, 125.5,
125.7, 128.6, 130.7, 133.0, 135.5, 140.7, 153.3, 153.4, 158.7, 160.7, 182.6; HRMS m/z [M+H]"

calcd for C,1H1905S, 383.0953; found 383.0913.

4.7. 2-(Benzo[b]thiophen-3-yl)-7-ethoxy-5-hydroxy-6-methoxy-4H-chromen-4-one (9)

A similar procedure to that described above was performed using 7 (12.5 mg, 0.04 mmol),
K2CO3 (8.0 mg, 0.06 mmol), and Etl (0.003 ml, 0.04 mmol) to generate 9 (7.6 mg, 56%) together
with residual 7 (2.5 mg, 20%). *H NMR (400 MHz, CDCls) 8154 (3H, t, J = 7.0 Hz,
OCH,CHs), 3.94 (3H, s, OCH3), 4.17-4.25 (2H, m, OCH,CHs), 6.56 (1H, s, H-8), 6.68 (1H, s,
H-3), 7.45-7.57 (2H, m, H-5" and H-6"), 7.96 (1H, d, J = 8.0, H-4'), 8.10 (1H, s, H-2"), 8.23 (1H,
d, J = 8.0 Hz, H-7"), 12.68 (1H, s, OH); °C NMR (150 MHz, CDCl5) & 14.6, 60.8, 64.9, 91.3,
106.2, 107.4, 123.20, 123.23, 125.5, 125.6, 128.6, 130.6, 133.0, 135.4, 140.7, 153.2, 153.3, 158.4,

160.6, 182.6; HRMS (FAB) m/z: [M+H]" calcd for CyH170sS 369.0797, found 369.0812.

4.8. 2-(Benzo[b]thiophen-3-yl)-5-hydroxy-6,7-dimethoxy-4H-chromen-4-one (10)

To a solution of 7 (10.5 mg, 0.03 mmol) in acetone (2.0 mL), K,CO3 (6.6 mg, 0.05 mmol) and
Me,SO,4 (0.004 ml, 0.04 mmol) were added. The mixture was refluxed for 11 h. After cooling to
rt, the reaction mixture was quenched with water (10 mL) and acidified with 2 N HCI. The

mixture was extracted three times with EtOAc. The combined organic layers were washed with
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brine, dried over Na,SO,, and concentrated in vacuo. The residue was chromatographed on silica
gel, eluting with EtOAc-hexanes to yield 10 (6.5 mg, 85% based on recovery of starting
material). *H NMR (400 MHz, CDCl3) & 3.95 (3H, s, OMe), 4.00 (3H, s, OMe), 6.58 (1H, s, H-
8), 6.69 (1H, s, H-3), 7.46-7.58 (2H, m, H-5' and H-6'), 7.96 (1H, d, J = 7.4 Hz, H-4"), 8.11 (1H,
s, H-2"), 8.24 (1H, d, J = 7.3 Hz, H-7’), 12.71 (1H, s, OH); *C NMR (150 MHz, CDCls) & 56.4,
60.9, 90.6, 106.4, 107.5, 123.19, 123.23, 125.5, 125.6, 128.5, 130.7, 132.8, 135.4, 140.7, 153.2,
153.4, 159.0, 160.7, 182.6; HRMS (FAB) m/z: [M+H]" calcd for C19H1505S 355.0640, found

355.0624.

4.9. 2-(Benzo[b]thiophen-3-yl)-5,7-diisopropoxy-6-methoxychroman-4-one (28)

The chalcone (14.2 mg, 0.03 mmol) produced from 39 and 35 as described above was
dissolved in MeOH (2.7 mL), and the solution was cooled to 0 °C, then 2 N HCI (0.38 mL) was
added. The mixture was refluxed for 6 h. After cooling to rt, the reaction mixture was extracted
three times with EtOAc. The combined organic layers were washed with brine, dried over
Na,SO,, and concentrated in vacuo. The residue was chromatographed on silica gel, eluting with
CH.CI, to yield 28 (7.9 mg, 56%). 'H NMR (400 MHz, CDCls) § 1.32 [3H, d, J = 6.1 Hz,
OCH(CHs),], 1.38 [3H, d, J = 6.1 Hz, OCH(CHs),], 1.41 [3H, d, J = 4.3 Hz, OCH(CHs)], 1.42
[3H, d, J = 4.3 Hz, OCH(CHs3)], 3.00 (2H, dd, J = 16.5 Hz and 3.0 Hz, H-3), 3.78 (3H, s, OMe),
4.52-4.61 [2H, m, OCH(CHa),], 5.79 (1H, dd, J = 12.2 Hz and 3.0 Hz, H-2), 6.31 (1H, s, H-8),
7.37-7.46 (2H, m, 5'-H and H-6), 7.54 (1H, s, H-2'), 7.90 (1H, d, J = 8.5 Hz, H-4), 7.93 (1H, d,
J = 7.3 Hz, H-7"); **C NMR (100 MHz, CDCls) § 21.9, 22.4, 22.6, 43.8, 60.7, 71.2, 74.3, 97.5,
109.8, 122.2, 123.0, 124.5, 124.6, 124.8, 133.5, 137.0, 138.8, 140.8, 152.4, 157.9, 159.4, 188.9;

HRMS (FAB) m/z: [M+H]" calcd for C,4H2,05S 427.1579, found 427.1578.
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4.10. 2-(Benzo[b]thiophen-3-yl)-5-hydroxy-7-isopropoxy-6-methoxychroman-4-one (29)

The same procedure as described above for 7 was performed using 28 (19.2 mg, 0.05 mmol)
and AICl3 (18.0 mg, 0.14 mmol) to produce 29 (3.3 mg, 19%). 'H NMR (400 MHz, CDCls)
§1.37 [3H, d, J = 6.1 Hz, OCH(CHs),], 1.40 [3H, d, J = 6.1 Hz, OCH(CH3),], 3.03 (1H, dd, J =
17.1 Hz and 3.0 Hz, H-3), 3.30 (1H, dd, J =17.1 Hz and 12.2 Hz, H-3), 3.82 (3H, s, OMe),
4.54--4.65 [2H, m, OCH(CHa),], 5.82 (1H, dd, J = 12.2 Hz and 3.0 Hz, H-2), 6.10 (1H, s, H-8),
7.38-7.47 (2H, m, 5'-H and H-6'), 7.54 (1H, s, H-2"), 7.91 (2H, d, J = 7.9 Hz, H-4’ and H-7"),
11.8 (1H, s, OH); *C NMR (100 MHz, CDCls) § 21.96, 22.02, 41.6, 60.7, 71.5, 74.6, 93.2, 103.0,
122.1, 123.1, 124.6, 124.7, 125.0, 131.4, 133.2, 136.8, 140.8, 155.5, 158.2, 159.7, 195.9; HRMS

(FAB) m/z: [M]" calcd for C,1H2005S 384.1031, found 384.1015.

4.11. 2-Acetyl-3,5-diisopropoxy-4-methoxyphenyl benzo[b]thiophene-3-carboxylate (43)

To a solution of 39 (235.5 mg, 0.84 mmol) in CH,Cl, (5.0 mL), 42 (276.0 mg, 1.55 mmol),
N,N-dimethyl-4-aminopyridine  (DMAP, 51.9 mg, 042 mmol), and 1-ethyl-3-
(dimethylaminopropyl)carbodiimide (EDCI, 0.37 ml, 2.10 mmol) were added. The mixture was
stirred at rt for 3 h under N». The reaction was quenched with sat. NaHCO3 ag. and CHCl, and
then stirred for 15 min. The mixture was extracted three times with CH,Cl,. The combined
organic layers were washed with brine, dried over Na,SO,4, and concentrated in vacuo. The
residue was chromatographed on silica gel, eluting with EtOAc—hexanes to yield 43 (362.0 mg,
98%).

'H NMR (400 MHz, CDCl3) & 1.27 [6H, d, J = 6.0 Hz, OCH(CHs)], 1.40 [6H, d, J = 6.0 Hz,

OCH(CHs)3], 2.53 (3H, s, COCH3), 3.88 (3H, s, OMe), 4.65-4.52 (2H, m, OCH(CHs),), 6.58
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(1H, s, 5-H), 7.53-7.41 (2H, m, 5'-H and 6’-H), 7.90 (1H, d, J = 8.4 Hz, 4'-H), 8.60-8.56 (2H, m,
2'-H and 7'-H). **C NMR (150 MHz, CDCls) § 22.0, 22.6, 32.1, 60.7, 71.4, 104.7, 122.5, 123.3,
124.6, 125.3, 125.7, 125.8, 136.7, 138.6, 140.0, 141.0, 142.6, 149.8, 153.4, 160.8, 200.4; HRMS

(FAB) m/z: [M]" calcd for C,4H2706S 443.1528, found 443.1553.

4.12. 2-(2-Bromoacetyl)-3,5-diisopropoxy-4-methoxyphenyl benzo[b]thiophene-3-carboxylate
(44)

To a solution of 43 (326.6 mg, 0.74 mmol) in THF (7.0 mL), trimethylphenylammonium
tribromide (276.8 mg, 0.74 mmol) was added, and the mixture was stirred at rt for 1 h under No.
The reaction was quenched with water. After extraction three times with EtOAc, the combined
organic layers were washed with brine, dried over Na,SO,4, and concentrated in vacuo. The
residue was chromatographed on silica gel, eluting with CH,Cl,—hexanes to yield 44 (188.8 mg,
49%) together with an undesired dibromoacetyl compound (84 mg, 22%) and residual 43 (94.5
mg, 29%). *H NMR (400 MHz, CDCl3) & 1.27 [6H, d, J = 6.0 Hz, OCH(CHs),], 1.41 [6H, d, J =
6.0 Hz, OCH(CHs),], 3.88 (3H, s, OMe), 453 (2H, s, COCH,Br), 4.68-4.55 [2H, m,
OCH(CHs3),], 6.64 (1H, s, 5-H), 7.53-7.41 (2H, m, 5’-H and 6'-H), 7.90 (1H, d, J = 8.0 Hz, 4'-
H), 8.60-8.55 (2H, m, 2'-H and 7’-H); **C NMR (150 MHz, CDCls) § 22.0, 22.6, 36.9, 60.7,
71.5, 104.9, 119.5, 122.5, 124.6, 125.3, 125.5, 125.7, 136.7, 138.9, 139.9, 140.7, 143.6, 150.0,

154.4, 160.6, 192.7; HRMS (FAB) m/z: [M]" calcd for C,4H26BrOsS 521.0633, found 521.0618.

4.23. 2-[2-(Benzoyloxy)acetyl]-3,5-diisopropoxy-4-methoxyphenyl benzo[b]thiophene-3-

carboxylate (45)
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To a solution of 44 (191.2 mg, 0.37 mmol) in CH3CN (4.0 mL), potassium benzoate (118.1 mg,
0.74 mmol) was added. The mixture was refluxed for 30 min. The remaining solid was removed
through cotton filtration. After evaporation of the solvent in vacuo, the residue was partitioned
with CH,Cl; and sat. Na,CO3 ag. The organic layer was washed with water, dried over Na,SOq,
and concentrated in vacuo. The residue was chromatographed on silica gel, eluting with EtOAc—
hexanes to yield 45 (115.2 mg, 56%). 'H NMR (400 MHz, CDCl3) 6 1.32 [6H, d, J = 6.4 Hz,
OCH(CHa),], 1.42 [6H, d, J = 6.4 Hz, OCH(CH3)], 3.84 (3H, s, OMe), 4.60-4.72 [2H, m,
OCH(CHa),], 5.37 (2H, s, COCH,0), 6.68 (1H, s, H-8), 7.35-7.55 (5H, m, H-5', H-6', H-3"", H-
4" and H-5"), 7.88 (1H, d, J = 8.0 Hz, H-4), 7.98-8.02 (2H, m, H-2" and H-7""), 8.60 (1H, d, J =
8.0 Hz, H-7"), 8.62 (1H, s, H-2"). 3C NMR (150 MHz, CDCl5) § 22.0, 22.5, 60.7, 69.6, 71.5,
77.1,105.2, 119.3, 122.5, 124.7, 125.1, 125.57, 125.63, 128.3, 129.7, 129.9, 133.0, 136.8, 139.0,
139.9, 140.7, 143.8, 150.3, 154.2, 160.6, 165.8, 194.8; HRMS (FAB) m/z: [M]* calcd for

C31H310gS 563.1740, found 563.1729.

4.24. 2-(Benzo[b]thiophen-3-yl)-5,7-diisopropoxy-6-methoxy-4-oxo-4H-chromen-3-yl benzoate
(14)

To a suspension of 60% NaH (19.1 mg, 0.48 mmol, washed with hexanes) in THF (1.0 mL), a
solution of 45 (89.9 mg, 0.16 mmol) in THF (3.0 mL) was added at 0 °C. The mixture was
heated at 65 °C for 0.25 h under N,. After cooling to 0 °C, the reaction was quenched with water
and acidified with 2 N HCI. After extraction with EtOAc and 5% MeOH/EtOAc, the combined
organic layers were washed with brine, dried over Na,SO,4, and concentrated in vacuo. The
residue was roughly purified using chromatography on silica gel eluting with EtOAc—hexanes to

yield 46, which was dissolved in AcOH (1.5 mL). Then, NaOAc (26.6 mg, 0.32 mmol) was
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added to the solution. The mixture was heated at 100 °C for 4 h and partitioned between EtOAC
and water. The organic layer was washed with brine, dried over Na,SO,4, and concentrated in
vacuo. The residue was chromatographed on silica gel eluting with EtOAc—hexanes to afford 14
(32.5 mg, 2 steps 37%). *H NMR (400 MHz, CDCls3) § 1.37 [6H, d, J = 6.4 Hz, OCH(CHs),],
1.47 [6H, d, J = 6.4 Hz, OCH(CH),], 3.88 (3H, s, OMe), 4.60-4.72 [2H, m, OCH(CH3),], 6.76
(1H, s, H-8), 7.40-7.62 (5H, m, H-5', H-6', H-3", H-4" and H-6'"), 7.89 (1H, d, J = 8.0 Hz, H-
4'), 7.99 (1H, s, H-2"), 8.09-8.14 (2H, m, H-2" and H-7""), 8.17 (1H, d, J = 8.0 Hz, H-7"); °C
NMR (150 MHz, CDCI3) 6 21.9, 22.4, 60.9, 71.6, 77.9, 97.4, 113.4, 122.8, 123.8, 125.08, 125.12,
125.3, 128.5, 128.7, 130.6, 130.8, 133.6, 134.1, 136.7, 139.8, 141.9, 151.03, 151.09, 154.1, 156.4,

164.0, 170.2; HRMS (FAB) m/z: [M+H]" calcd for C3;H2907S 545.1634, found 545.1626.

4.25. 2-(Benzo[b]thiophen-3-yl)-5-hydroxy-7-isopropoxy-6-methoxy-4-oxo-4H-chromen-3-yl
benzoate (15)

To a solution of 14 (4.7 mg, 0.009 mmol) in CH,Cl, (1.0 mL), TiCl, (2.6 pL, 0.026 mmol, 1.0
M solution in CH,Cl,) was added at 0 °C. The mixture was warmed at rt and stirred. Additional
TiCl, (2.6 pL, 0.026 mmol and 5.6 pL, 0.051 mmol, 1.0 M solution in CH,CI,) was added
separately at 0 °C after 4 h and 14 h. The mixture was continuously stirred at rt for 4 h. After
addition of water, the mixture was extracted three times with CH,Cl,. The combined organic
layers were washed with brine, dried over Na,SO,, and concentrated in vacuo. The residue was
purified using chromatography on silica gel eluting with CH,Cl,—hexanes to yield 15 (3.5 mg,
81%). 'H NMR (400 MHz, CDCls) & 1.47 [6H, d, J = 6.0 Hz, OCH(CHs),], 3.91 (3H, s, OMe),
4.70-4.74 [1H, m, OCH(CHa),], 6.58 (1H, s, H-8), 7.42-7.56 (4H, m, H-5', H-6, H-3"" and H-

5"), 7.60-7.66 (1H, m, H-4""), 7.91 (1H, d, J = 8.0 Hz, 4'-H), 8.01 (1H, s, H-2"), 8.12-8.20 (3H,
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m, H-7’, H-2" and H-6"), 12.10 (1H, s, OH); *C NMR (150 MHz, CDCls) & 21.9, 60.8, 71.9,
92.5, 106.1, 122.9, 123.7, 124.8, 125.4, 128.1, 128.7, 130.5, 131.9, 132.0, 133.8, 134.1, 136.4,
139.8, 152.7, 153.3, 153.9, 158.0, 163.9, 175.8; HRMS (FAB) m/z: [M+H]" calcd for CgH2307S

503.1164, found 503.1152.

4.26. General procedure for hydrolysis of 3-benzoates

To a solution of a 3-benzoate in EtOH (1.0 mL), 5% NaOH ag. (0.12 mL) was added at 0 °C.
The mixture was heated at 60 °C for 15 min. After cooling to rt, the reaction was quenched with
water and acidified with 2 N HCI. After extraction with EtOAc and 5% MeOH/EtOAc, the
combined organic layers were washed with brine, dried over Na,SO4, and concentrated in vacuo.
The residue was purified using chromatography on silica gel eluting with EtOAc-hexanes to
yield the related 3-hydroxy flavones.
4.26.1.  2-(Benzo[b]thiophen-3-yl)-3-hydroxy-5,7-diisopropoxy-6-methoxy-4H-chromen-4-one
(16)

90% vield. *H NMR (400 MHz, CDCl3) & 1.42 [6H, d, J = 6.0 Hz, OCH(CHs),], 1.49 [6H, d,
J = 6.4 Hz, OCH(CHa),], 3.89 (3H, s, OMe), 4.65-4.79 [2H, m, OCH(CH3),], 6.79 (1H, s, H-8),
7.28 (1H, s, 3-OH), 7.41-7.55 (2H, m, 5'-H and 6'-H), 7.94 (1H, d, J = 8.0 Hz, H-4'), 8.40 (1H,
d, J = 8.0 Hz, H-7'), 8.44 (1H, s, H-2"); °C NMR (150 MHz, CDCl3) & 21.9, 22.4, 60.9, 71.6,
77.8,97.2,110.6, 122.9, 124.3, 124.86, 124.88, 126.0, 131.0, 136.6, 137.8, 140.0, 141.1, 141.4,
150.0, 153.7, 156.7, 171.4; HRMS (FAB) m/z: [M+H]" calcd for CpsH506S 441.1372, found

441.1378.
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4.26.2.  2-(Benzo[b]thiophen-3-yl)-3,5-dihydroxy-7-isopropoxy-6-methoxy-4H-chromen-4-one
(19)

65% yield. 'H NMR (400 MHz, CDCl5) & 1.48 [6H, d, J = 6.0 Hz, OCH(CHs),], 3.92 (3H, s,
OMe), 4.79-4.71 [1H, m, OCH(CHj3),], 6.58 (1H, s, 8-H), 6.60 (1H, s, 3-OH, disappears in
D,0), 7.56-7.43 (2H, m, 5'-H and 6'-H), 7.96 (1H, d, J = 8.0 Hz, 4’-H), 8.40 (1H, d, J = 8.0 Hz,
7'-H), 8.50 (1H, s, 2'-H), 11.67 (1H, s, 5-OH, disappears in D,0); **C NMR (150 MHz, CDCl5)
0 22.0, 60.8, 71.8,92.4, 104.4, 122.9, 124.3, 125.06, 125.12, 125.6, 132.2, 133.3, 136.1, 136.4,
139.9, 144.2, 152.0, 152.2, 158.0, 174.9; HRMS (FAB) m/z: [M+H]" calcd for C,;H1906S

399.0902, found 399.0889.

4.26.3. 2-(Benzo[b]thiophen-3-yl)-3-hydroxy-5,6,7-trimethoxy-4H-chromen-4-one (23)

53% yield. *H NMR (400 MHz, CDCl5) & 3.95 (3H, s, OCHs), 4.03 (3H, s, OCHs), 4.06 (3H,
s, OCH3), 6.83 (1H, s, 8-H), 7.54-7.44 (2H, m, 5'-H and 6'-H), 7.95 (1H, d, J = 8.0 Hz, 4"-H),
8.43 (1H, d, J = 8.0 Hz, 7'-H), 8.47 (1H, s, 2'-H); *C NMR (150 MHz, CDCls) & 56.6. 61.7,
62.4, 96.0, 110.2, 123.0, 124.3, 125.0, 125.9, 131.3, 136.6, 138.0, 140.0, 140.3. 141.7, 152.0.

153.6, 158.4, 171.4; HRMS (FAB) m/z: [M+H]" calcd for CoH;706S 385.0746, found 385.0731.

4.26.4. 2-(Benzo[b]thiophen-3-yl)-3-hydroxy-6,7-methylenedioxy-4H-chromen-4-one (25)

65% yield. NMR (400 MHz, CDCl3) § 6.14 (2H, s, -OCH,0-), 6.97 (1H, brs, 3-OH), 7.06
(1H, s, 8-H), 7.52-7.43 (2H, m, 5'-H and 6'-H), 7.56 (1H, s, 5-H), 7.94 (1H, d, J = 7.2 Hz, 4'-H),
8.44 (d, 1H, J = 8.4 Hz, 7"-H), 8.50 (1H, s, 2'-H); *C NMR (150 MHz, CDCls) & 97.9, 101.6,
102.6, 115.9, 122.9, 124.3, 125.0, 125.8, 131.5, 136.5, 137.8, 139.9, 143.3. 146.1, 152.7. 153.2,

171.7; HRMS (FAB) m/z: [M+H]" calcd for C1gH;,05S 339.0327, found 339.0334.
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4.26.5. 2-(Benzo[b]thiophen-3-yl)-6,7-dimethoxy-3-hydroxy-4H-chromen-4-one (27)

57% yield. *H NMR (400 MHz, CDCl3) & 4.03 (3H, s, OCHs), 4.07 (3H, s, OCH3), 6.96 (1H,
brs, 3-OH), 7.03 (1H, s, 8-H), 7.55-7.44 (2H, m, 5'-H and 6'-H), 7.58 (1H, s, 5-H), 7.96 (1H, d, J
= 8.0 Hz, 4'-H), 8.47 (1H, d, J = 7.6 Hz, 7'-H), 8.50 (1H, s, 2'-H); *C NMR (150 MHz, CDCl5)
0 56.4, 56.6, 99.5, 103.7, 114.4, 122.9, 124.3, 124.9, 125.0, 126.0, 131.4, 136.6, 137.9, 139.9,
143.2, 147.7, 151.5, 154.9, 171.8; HRMS (FAB) m/z: [M+H]" calcd for C1gH1505S 355.0640,

found 355.0643.

4.27. General procedure for methylation of 3-hydroxy flavones

To a solution of the related 3-hydroxy flavone in acetone (2.0 mL), K,COj3 (2.0 mol eq.) and
dimethyl sulfide (1.5 mol eq.) were added at 0 °C. The mixture was refluxed for 4 h. After
cooling to rt, the reaction was quenched with water and acidified with 2 N HCI. The mixture was
extracted with EtOAc and 5% MeOH/EtOAc, and the combined organic layers were washed
with brine, dried over Na,SOy4, and concentrated in vacuo. The residue was purified using
chromatography on silica gel eluting with EtOAc—hexanes to yield the related 3-methoxy
flavones.
4.27.1. 2-(Benzo[b]thiophen-3-yl)-5,7-diisopropoxy-3,6-dimethoxy-4H-chromen-4-one (17)

91% vyield. *"H NMR (400 MHz, CDCls) § 1.41 [6H, d, J = 6.4 Hz, OCH(CHs),], 1.46 [6H,

d, J = 6.4 Hz, OCH(CHa),], 3.79 (3H, s, OMe), 3.88 (3H, s, OMe), 4.73-4.60 [2H, m,
OCH(CHs),], 6.72 (1H, s, 8-H), 7.53-7.42 (2H, m, 5'-H and 6'-H), 7.95 (1H, d, J = 6.0 Hz), 8.23
(1H, d, J = 7.2 Hz, 7'-H), 8.30 (1H, s, 2'-H); *C NMR (150 MHz, CDCls) & 21.9, 22.4, 60.4,

60.9, 71.5, 78.0, 97.3, 113.7, 122.8, 124.1, 124.9, 125.0, 125.7, 131.5, 136.9, 139.8, 141.3, 141.6,
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150.7, 151.1, 153.6, 156.1, 173.5; HRMS (FAB) m/z: [M+H]" calcd for CysH,;06S 455.1528,

found 455.1520.

4.27.2.  2-(Benzo[b]thiophen-3-yl)-3-hydroxy-7-isopropoxy-5,6-dimethoxy-4H-chromen-4-one
(20)

15 (10.9 mg, 0.022 mmol) was methylated and hydrolyzed by the above procedure to
produce 20 (6.6 mg, 2 steps, 74%). 'H NMR (400 MHz, CDCls) & 1.49 [6H, d, J = 6.1 Hz,
OCH(CHa),], 3.91 (3H, s, OCHs), 4.06 (3H, s, OCHs), 4.72-4.78 [1H, m, OCH(CHs),], 6.80
(1H, s, 8-H), 7.42-7.54 (2H, m, 5'-H and 6'-H), 7.95 (1H, d, J = 7.9 Hz, 4'-H), 8.40 (1H, d, J =
8.6 Hz, 7'-H), 8.44 (1H, s, 2'-H); *C NMR (150 MHz, CDCl3) & 21.9, 61.4, 62.3, 71.7, 97.4,
109.8, 122.9, 124.2, 124.87, 124.90, 125.9, 131.1, 136.6, 137.9, 139.9, 140.8, 141.4, 152.2, 153.6,

156.8, 171.3; HRMS (FAB) m/z: [M+H]" calcd for C,H,106S 413.1059, found 413.1072.

4.27.3.  2-(Benzo[b]thiophen-3-yl)-5-hydroxy-7-isopropoxy-3,6-dimethoxy-4H-chromen-4-one
(18)

The title compound (4.4 mg, 31% based on recovery of starting material) was prepared from
17 (15.5 mg, 0.03 mmol) using the same synthetic procedure as for 7. *H NMR (400 MHz,
CDCl3) & 1.46 [6H, d, J = 5.6 Hz, OCH(CHs),], 3.84 (3H, s, OMe), 3.91 (3H, s, OMe), 4.75—
4.67 [1H, m, OCH(CHs),], 6.52 (1H, s, 8-H), 7.54-7.44 (2H, m, 5'-H and 6'-H), 7.96 (1H, d, J =
7.2 Hz, 4'-H), 8.23 (1H, d, J = 8.0 Hz, 7'-H), 8.38 (1H, s, 2'-H), 12.57 (1H, s, OH); *C NMR
(150 MHz, CDCl3) 6 21.9, 60.5, 60.8, 71.7, 92.1, 106.6, 122.9, 124.0, 125.1, 125.2, 125.3, 132.6,
133.4, 136.6, 139.3, 139.7, 152.2, 153.3, 153.7, 157.6, 178.6; HRMS (FAB) m/z: [M+H]" calcd

for C2oH2106S 413.1059, found 413.1047.
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4.27.4. 2-(Benzo[b]thiophen-3-yl)-7-isopropoxy-3,5,6-trimethoxy-4H-chromen-4-one (21)

The title compound (5.1 mg, 87%) was prepared from 20 (5.7 mg, 0.014 mmol) using the
same synthetic procedure as for 17. *H NMR (400MHz, CDCls) & 1.46 [6H, d, J = 6.1 Hz,
OCH(CHa),], 3.84 (3H, s, OCHs), 3.90 (3H, s, OCHs), 4.04 (3H, s, OCH3), 4.69-4.74 [1H, m,
OCH(CHa),], 6.74 (1H, s, H-8), 7.42-7.53 (2H, m, H-5" and H-6"), 7.94 (1H, d, J = 7.3 Hz, H-
4%), 8.21 (1H, d, J = 7.3 Hz, H-7°), 8.23 (1H, s, H-2"); *C NMR (150 MHz, CDCl5) & 21.8, 60.2,
61.4,62.2,71.6, 97.5, 113.1, 122.9, 124.0, 124.9, 125.0, 125.7, 131.6, 136.9, 139.8, 139.8, 141.0,
141.4, 151.2, 152.9, 153.5, 156.3, 173.4; HRMS (FAB) m/z: [M+H]" calcd for C,3H2306S

427.1215, found 427.1220.

4.27.5. 2-(Benzo[b]thiophen-3-yl)-3-benzoyloxy-5,6,7-trimethoxy-4H-chromen-4-one (22)

The title compound was prepared from 6-hydroxy-2,3,4-trimethoxyacetophenone and 42
using the same procedure as that of 14 from 39 and 42. *H NMR (400 MHz, CDCl3) & 3.94 (3H,
s, OCHs), 4.00 (3H, s, OCHs), 4.01 (3H, s, OCHs), 6.81 (1H, s, 8-H), 7.62-7.42 (5H, m, 5'-H, 6'-
H, 3"-H, 4”-H and 5"'-H), 7.90 (1H, d, J = 7.6 Hz, 4'-H), 8.03 (1H, s, 2'-H), 8.14 (2H, dd, J = 1.4
and 8.2 Hz, 2""-H and 6'"-H), 8.19 (1H, d, J = 8.0 Hz, 7'-H); *C NMR (100 MHz, CDCls) § 56.4,
61.6, 62.3, 96.0, 113.0, 122.8, 123.7, 125.0, 125.2, 128.6, 130.5, 131.1, 133.8, 134.3, 136.6,
139.8, 140.7, 151.5, 152.8, 153.9, 158.2, 164.0, 170.2; HRMS (FAB) m/z: [M+H]" calcd for

C,7H210+S, 489.1008, found 489.0994.

4.27.6. 2-(Benzo[b]thiophen-3-yl)-3-benzoyloxy-6,7-methylenedioxy-4H-chromen-4-one (24)

48



The title compound was prepared from 2-hydroxy-4,5-methylenedioxyacetophenone and 42
using the same procedure as that of 14 from 39 and 42. *H NMR (400 MHz, CDCls) & 6.16 (2H,
s, -OCH,0-), 7.01 (1H, s, 8-H), 7.63-7.42 (6H, m, 5-H, 5'-H, 6'-H, 3"-H, 4""-H and 5"-H), 7.90
(1H, d, J = 8.0 Hz, 4'-H), 8.06 (1H, s, 2'-H), 8.14 (2H, m, 2""-H and 6"-H), 8.19 (1H, d, J = 7.2
Hz, 7-H); *C NMR (100 MHz, CDCls) § 97.9, 102.6, 102.7, 119.0, 122.8, 123.8, 125.1, 125.2,
128.5, 128.6, 130.5, 131.3, 133.9, 134.0, 136.6, 139.7, 146.5, 152.9, 153.2, 163.9, 170.9; HRMS

(FAB) m/z: [M+H]" calcd for CsH1506S, 443.0589, found 443.0587.

4.27.7. 2-(Benzo[b]thiophen-3-yl)-3-benzoyloxy-6,7-dimethoxy-4H-chromen-4-one (26)

The title compound was prepared from 2-hydroxy-4,5-dimethoxyacetophenone and 42 using
the same procedure as that of 14 from 39 and 42. '"H NMR (400 MHz, CDCls) & 4.01 (3H, s,
OCHs), 4.04 (3H, s, OCHs), 7.01 (1H, s, 8-H), 7.63-7.43 (5H, m, 5'-H, 6'-H, 3"-H, 4"-H and 5''-
H), 7.64 (1H, s, 5-H), 7.91 (1H, d, J = 8.0 Hz, 4’-H), 8.05 (1H, s, 2'-H), 8.14 (2H, dd, J = 1.0 and
8.6 Hz, 2"-H and 6"-H), 8.21 (1H, d, J = 8.0 Hz, 7'-H); *C NMR (150 MHz, CDCls) & 56.4,
56.6, 99.5, 104.7, 117.4, 122.8, 123.8, 125.2, 125.3, 128.6, 130.5, 131.2, 133.8, 134.1, 136.6,
139.8, 147.9, 151.7, 152.9, 154.8, 164.0, 171.0; HRMS (FAB) m/z: [M+H]" calcd for C,gH1906S,

459.0902, found 459.0884.

4.28. Antiproliferative activity assay

Cells were cultured in RPMI-1640 medium supplemented with 25 mM HEPES, 0.25%
sodium bicarbonate (Gibco), 10% fetal bovine serum (Millipore-Sigma), and 1 x Antibiotic-
Antimycotic (Gibco) mixture. Freshly trypsinized cell suspensions were seeded in 96-well

microtiter plates at densities of 4,000-11,000 cells per well, with diluted compounds with
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medium prepared from DMSO stock solutions. The highest concentration of DMSO in the
cultures (0.1% v/v) was used without effect on cell growth under the culture conditions. After 72
h in culture, attached cells were fixed in cold 10% trichloroacetic acid and then stained with
0.04% SRB. Absorbance at 515 nm was measured using a microplate reader (ELx800, BioTek)
after solubilizing the bound dye. The mean ICsy is the concentration of agent that reduced cell
growth by 50% compared with vehicle (0.1% DMSO) control under the experimental conditions
used and is the average from at least three independent experiments with duplicate samples. The
following human tumor cell lines were used in the assay: A549 (lung carcinoma), KB (cervical
cancer cell line; HelLa derivative), KB-VIN (vincristine-resistant KB subline showing MDR
phenotype by overexpressing P-gp), MCF-7 (estrogen receptor positive, HER2-negative breast
cancer), PC-3 (androgen-insensitive prostate cancer). All cell lines were obtained from the
Lineberger Comprehensive Cancer Center (UNC-CH) or from ATCC (Manassas, VA), except
KB-VIN, which was a generous gift of Professor Y.-C. Cheng (Yale University). MDR stock
cells (KB-VIN) were maintained in the presence of 100 nM vincristine.

Antiproliferative activity against HUVECs was assessed by cell viability assay using a
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium]
based Cell Count Reagent SF (Nacalai Tesque, Japan). HUVECs (2,500 cells/well) were seeded
on a 96-well plate for 24 h and then co-treated for 48 h at 37 °C with 30 ng/mL vascular
endothelial growth factor (VEGF) (Sigma-Aldrich) and a series of dilutions of compounds to be

tested. Cell viability was calculated by measuring absorbance at 450 nm.

4.29. Cell cycle analysis
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Distribution of cells in the cell cycle was evaluated by measurement of cellular DNA content
by propidium iodide (PI) staining in the presence of RNase (BD Biosciences). Briefly, cells were
seeded in 12-well culture plates 24 h prior to treatment with compounds. After a 24 h treatment,
supernatants and trypsinized cells were collected, followed by centrifugation for 5 min at 800 x
g. The pellet was resuspended with PBS and fixed in 70% EtOH overnight at -20 °C, followed
by staining with PI/RNase for 30 min at 37 °C. Stained cells were analyzed by flow cytometry

(LSRFortessa, BD Biosciences). Experiments were repeated a minimum of two times.

4.30. Immunofluorescence staining

Cells were grown on an 8-well chamber slide (Lab-Tech) for 24 h prior to treatment with
compound at equitoxic compound concentrations as described previously [19]. The equitoxic
compound concentrations used were based on their 1Csy values. After treatment of cells with
agent for 24 h, cells were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.5%
Triton X-100 in PBS. Fixed cells were labeled with mouse monoclonal antibody to a-tubulin
(B5-1-2, Sigma) and rabbit 1gG to Serl0-phosphorylated histone H3 (p-H3) (#06-570, EMD
Millipore) or rabbit polyclonal antibody to y-H2AX (BETHYL Lab), followed by FITC-
conjugated antibody to mouse IgG (Sigma) and Alexa Fluor 549-conjugated antibody to rabbit
IgG (Life Technologies). DNA was labeled with DAPI (Sigma). Fluorescently labeled cells were
observed using a confocal microscope (Zeiss, LSM700) with ZEN (black edition) software
(Zeiss). The images shown in the figures were a projection of 14-24 optical sections. Final

images were prepared using Adobe Photoshop CS6.
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4.31. Tubulin assays

Inhibitory effects of compounds against electrophoretically homogeneous bovine brain tubulin
were as described previously [40, 41]. In the inhibition of colchicine binding to tubulin assays,
0.5 uM tubulin was incubated with 5.0 pM [*H]colchicine from Perkin-Elmer and 5.0 pM test
compound at 37 °C for 10 min. Other reaction components were summarized previously and the
method described in great detail [41], based on earlier studies describing the stabilization of the
colchicine binding activity to tubulin [42]. In brief, each 0.1 mL reaction also contained 1.0 M
monosodium glutamate (taken from a 2.0 M stock solution adjusted to pH 6.6 with HCI), 1.0
mM MgCl,, 1.0 mM GTP, 0.5 mg/mL bovine serum albumin and 0.1 M glucose-1-phosphate.
The 10 min incubation time was chosen since the reaction was about 40-60% complete at that
time point. Reactions were stopped with 2.0 mL of ice-cold water and poured over a single
Whatman DEAE-cellulose 2.5 cm filter. The sample was allowed to drip through the filter by
gravity, and then the filter was washed three times under vacuum, each time with 2.0 mL of ice-
cold water. Each filter was placed into 5 mL of scintillation cocktail and counted 18 h later in a
Beckman liquid scintillation counter. Compound containing samples were compared to samples
containing no inhibitor, and all sample values were corrected for background reaction mixtures
containing no tubulin.

The assay for measurement of inhibition of tubulin assembly was described in detail before
[40]. To summarize the method, reaction mixtures contained 1.0 mg/mL (10 uM) tubulin, 0.8 M
monosodium glutamate, 4% (v/v) dimethyl sulfoxide and varying compound concentrations and
were preincubated for 15 min at 30 °C without guanosine 5'-triphosphate (GTP) in a 0.24 mL
reaction volume. The samples were placed on ice, and 0.4 mM repurified (> 99% purity) GTP

was added (10 puL of a 10 mM solution). Compound concentrations were based on the final 0.25
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mL reaction volume. Reaction mixtures were transferred to 0 °C cuvettes in Beckman
DU7400/7500 recording spectrophotometers equipped with Peltier temperature controllers
specified by the manufacturer to maintain temperature within the cuvettes in the range from 0 to
100 °C (confirmed in our laboratory with a temperature probe for the range from 0 to 37 °C).
Turbidity development was measured at 350 nm, and the reactions were followed at 30 °C for 20
min following a rapid (< 30 s) temperature jump to 30 °C. Microtubule assembly was always
confirmed by a reverse temperature jump to 0 °C, taking about 2 min. “Normal” microtubules
are cold-labile, and this step distinguishes “normal” polymer from polymer induced by such
drugs as paclitaxel, which are generally cold-stable [43], and from a variety of structurally
aberrant polymers that display varying cold lability, but that are generally more cold stable than
the normal polymer [44, 45]. ICs values were obtained first in range finding studies and then
with two to three detailed experiments with compounds (concentrations refer to the final 0.25
mL reaction volumes) within a narrow range of values selected from 0.4, 0.5, 0.75, 1.0, 1.5, 2.0,
3.0, 4.0, 5.0, 7.5, 10, 15 and 20 uM. Compound concentrations as ICsy values that inhibited
increase in turbidity by 50% relative to a control sample were determined by interpolation
between a concentration inhibiting turbidity development < 50% and the next highest
concentration inhibiting turbidity development > 50%, using semi-logarithmic graph paper. Note
that the Beckman cuvette holders hold six samples, one of which is always a control, so that a
maximum of 5 compound concentrations can be examined in one experiment. The Beckman
spectrophotometers are computer driven, and the program used to evaluate polymerization
inhibition was written by Mr. M. D. Boland, formerly a Beckman technician, doing business as

MDB Analytical Associates, South Plainfield, NJ.
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4.32. Topo | assay

The assay was performed as described in the literature [46]. A 15 pL reaction mixture
containing 35 mM Tris-HCI (pH 8.0), 72 mM KCI, 5 mM MgCl,, 5 mM dithiothreitol, 5 mM
spermidine, 0.01% bovine serum albumin, 1 U Topo | (Takara Bio), and a series of compound
concentrations was preincubated for 5 min at 37 °C. After a 30 min incubation at 37 °C with 250
ng supercoiled pBR322 plasmid DNA (Takara Bio), DNA was separated by 0.8% agarose gel
electrophoresis and stained with ethidium bromide for 30 min. Flavonol 20 was used at 250, 500,
750 and 1000 puM. CPT was used at 250 and 500 uM. All reaction mixtures contained 6.6%

DMSO, which was also used as a negative control.

4.33. Computer modeling

Three-dimensional (3D) structures of tubulin-ligand complexes were predicted by GOLD 5.1
software [47] with default settings. The 3D structures of tubulin (TUBA1A and TUBB2B) and
DNA Topo | used in this study were constructed from the Protein Data Bank (PDB) entries (PDB
IDs: 1SAQ0 and 1T8lI, respectively).

For the tubulin docking model, missing hydrogen atoms in the crystal structure were
computationally added by Hermes [48]. The center of the active site was defined as the center of
the ligand in 1SAO, and the active site radius was set to 10.0 A. For the docking calculations, the
quantum-chemically optimized structures of ligands were used as initial structures. The structural
optimizations of ligands were carried out by B3LYP/6-311+G(df,p) using Gaussian 09, Revision
B.01 [49].

For the Topo | docking model, the entry 1T8I includes a DNA Topo I, a 22-base-pair

DNA (22bp DNA), and CPT. To obtain the 3D structure of the complex with compound 20, CPT
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was deleted from the entry 1T8l. The geometry of compound 20 was optimized by density
functional theory calculations at the B3LYP/6-311G(d) level of theory using Gaussian 16
software [49]. Compound 20 was docked in the ligand-binding pocket to which CPT was
originally bound in the complex with DNA topoisomerase | and a 22bp DNA. For computational

docking, the GOLD program [50] was used.

4.34. In vitro metabolic study

The NADPH-dependent microsomal metabolic reaction was performed in 86 mM
potassium phosphate buffer (pH 7.4) containing 5 mM MgCl,;, 5 mM NADPH, and 80 uM
compound, with 0.4% DMSO as a control. After preincubation of reaction mixtures at 37 °C, 0.5
mg of human liver microsomes (UltraPool Human Liver S9, 150-Donor Pool, Mixed Gender
from Corning, #452116) was added and incubated at 37 °C. Reactions were terminated after 60,
120, or 180 min by adding 1.5 volume of ice-cold acetonitrile, followed by centrifugation for 5
min at 15,000 x g at 0 °C. The supernatant was analyzed by HPLC using an InertSustain C18 (5
um, 4.6 mm x 150 mm, GL Science) column with 80% MeCN in H,O at a flow rate of 0.5
mL/min. The column eluant was monitored at 254 nm. The peak heights were converted to
percentage drug remaining, using the initial time (0 min) peak height values as 100%. For
determination of NADPH-dependent microsomal metabolic half-life (t12), the slope of the linear
regression from log percentage remaining versus incubation time relationships (-k) was used in
the conversion to an in vitro ty, by the formula: in vitro t;, = 0.693/k. Conversion to in vitro
CLint (in units of mL/min/mg protein) was performed using the formula: CL;y; = (0.693/in vitro

t12) X (ML incubation / mg microsomes).
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Highlights (85 characters with space, each)

» Benzo[b]thiophenyl(BT) chromone was discovered as a new antitumor scaffold.

» Small changes of functional groups induced distinct biological profiles.

» 5-OH BT-chromone derivatives arrested cell cycle progression at the G2/M phase by inhibition of
tubulin assembly.

» 3-OH BT-chromone derivatives affected the G1/S phase by inducing DNA damage through
inhibition of Topo I.

» The binding mode to the target protein was discussed by a docking model.
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