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ABSTRACT : A series of novel combretastatin A-4 (CA-4) tldierivatives containing different
molecular cores, namely-phenylcinnamic acids (core 1)J2)¢stilbenes (core 2), 4,5-
disubstituted oxazoles (core 3), and 4,5-disuldsttuN-methylimidazoles (core 4), ass
restricted analogues were designed and synthedibeg.were selected with the use of a parallel
virtual screening protocol including the generatadra virtual combinatorial library based on an
elaborated synthesis protocol of CA-4 analogue® Jélected compounds were evaluated for
antiproliferative activity against a panel of siyrhan cancer cell lines (A431, HeLa, MCF7,
MDA-MB-231, A549 and SKOV) and two human non-cancelf lines (HaCaT and CCD39Lu).
Moreover, the effect of the test compounds on thebition of tubulin polymerizatiomn vitro
was estimated. In the series studied here, oxdwalged analogues exhibited the most potent
antiproliferative activity. Compound23a 23e and 23i efficiently inhibited tubulin
polymerization with 1G, values of 0.86, 1.05, and 0.8®/, respectively. Thio derivativ@3i,
when compared to its oxygen analo@Bg, showed a 5-fold higher inhibitory impact on tubul
polymerization. Compound23e and 23i, which showed both best cytotoxic and antitubulin
activity, were further studied in terms of theifeet on cell cycle distribution and proapoptotic
activity. Compound23e induced a statistically significant block of thellccycle at the G2/M
phase in A431, HaCaT, HeLa, MCF-7, MDA-MB-231, af&kKOV-3 cells to an extent
comparable to that observed in CA-4. In HeLa andOSK3 cells incubated witl23i, a
concentration-dependent block of the G2/M phaseotagrved. The proapoptotic effectaife

and23iin A431, HaCaT, MCF-7, MDA-MB-231, and SKOV-3 wdsmonstrated with ELISA



assay and double staining with Annexin V-FITC/PheTresults indicated that compoug8e

and23i may serve as novel lead compounds in researchooa @ffective anticancer agents.

Keywords: anticancer agents; tubulin polymerization inhitstocombretastatin A-4; virtual

screening; synthesis.

1. Introduction

Microtubules are highly dynamic components of tiggskeleton that consist efs-tubulin
heterodimers and are involved in a wide range ofioua cellular functions, including
maintenance of the cell structure, motility, inthalar transport, and cell division, where they
are responsible for mitotic spindle formation amdpgr chromosomal separation [1-4]. The
biological importance of microtubules in mitosiddasell division as well as their dynamic nature
makes them a significant and intensively invesédatnolecular target for anticancer drugs [5—
11].

Microtubule-interfering agents (MIAS), of which ssal are natural products, act via two
different mechanisms of action leading to eithee thhibition or enhancement of tubulin
polymerization. Both effects impair microtubule dymics and have an impact on cell
proliferation. MIAs bind to one of the three magbfferent binding sites on tubulin, i.e. the taxol
binding site, colchicine-binding site, and vinc&abid domain [5,6]. Ligands which stimulate
microtubule polymerization, known as microtubulabglizers such as paclitaxel or epothilone,
bind to the taxol binding site [12,13]. In turn,arotubule destabilizers (tubulin polymerization
inhibitors) induce depolymerization of microtubulés this group, different vinca alkaloids can

be distinguished, such as vinblastine and vinagsthich bind to the vinca domain [14,15], and



a large class of ligands which interact with th&krine-binding site, including colchicin@)
podophyllotoxin 8), steganacin4), and combretastatins [16—20].

Combretastatins are a group of natwiatstilbenes that were isolated from the bark of the
African bush willow treeCombretum caffrunover 30 years ago [21-24]. The most active
member of this group as described by Pettit €28l is combretastatin A-4 (CA-4,a, Fig. 1),
which presents remarkable biological activity tlamanifested in strong inhibition of tubulin
polymerization, potenin vitro cytotoxicity against a variety of human cancerl diles,
including multidrug resistant (MDR) cell lines oegpressing P-glycoprotein (Pgp), andvivo
efficacy as a vascular-disrupting agent (VDA) andiangiogenic agent [25-29]. Its water-
soluble prodrug, CA-4 disodium phosphate (CA-4B, Fig. 1), has shown promising results in
numerous clinical trials in both monotherapy and@dambination with various anticancer agents,

exhibiting high efficacy in the treatment of anagia thyroid cancer and ovarian cancer [30,31].

OCH,4
OCH,4

R=OH, combretastatin A-4 (CA-4), 1a Colchicine (2)

R=OPO,Na,, CA-4P, 1b

OH

HaCO OCHj
OCH3

Podophyllotoxin (3) Steganacin (4)

Fig. 1. Microtubule targeting agents with affinity for cbicine-binding site.



Promising results in anticancer therapy with CA-dfsque and multidirectional activity as
well as its relatively simple structure as a leaakenextensive structural modification that will
improve its natural anticancer properties possitfeanwhile, numerous structure-activity
relationship (SAR) studies of CA-4 have been cotetlideading to the identification of
functional groups and their positions that are inga to ensure optimal interactions with the
colchicine binding site and efficacious antimitotactivity [29,32-37]. In general, these
modifications pertained to the A-ring, B-ring, amd/ethylene bridge. They showed the
importance of the 3,4,5-timethoxy substitution @atton the A-ring, 4-methoxy substituted B-
ring, and thecis-configured double bond, which are fundamental Fa& inhibitory activity of
tubulin polymerization.

Bioisosterism is a widely used strategy for thdoral design of new drugs including
anticancer agents, particularly for designing agemith optimal pharmacological properties
[38]. The compounds of the studied series of CAefivditives possess an atom of bivalent
oxygen replaced by sulfur. Our previous studies arethylthiotransstilbenes as
chemopreventive agents showed the high affinity sefected thio derivatives to human
recombinant CYPs, particulary CYP1Al and CYP1B1{8%. Other authors showed that the
introduction of a less electronegative sulfur aiostead of the oxygen atom led to a reduction of
toxicity in HEK 293 cells (human embryonic kidnesildine) and thus could improve selectivity
for cancer cell lines [43]. Further modificationtbke CA-4 molecule, as taken into account in the
design of our series, was an improvement of thbilgtaof the designed CA-4 analogues
because the ethylene bridge in CA-4 is able to rgwdeis-transisomerization, which causes
complete loss of cytotoxicity. This was possiblerbglacing the olefinic double bond with five-

member heterocyclic rings such as oxazole and Nwfietidazole. Several groups of



researchers have reported that this type of stralctnodification allows to avoid the stability
problem and improves anticancer activity [44-54jclsreplacement allows to retain the correct
geometric orientation of the phenyl rings of the -€Aderivatives by placing them at an
appropriate distance for optimal interaction whie tolchicine-binding domain on tubulin.

In this paper we present the design, synthesisbaidgical evaluation of a series of CA-4
thio derivatives with different molecular cores.eTbompounds were designed using a parallel
virtual screening protocol including the generatimina virtual combinatorial library (VCL)
based on an elaborated synthesis protocol of CAalogues, 3-dimensional pharmacophore
screening, two QSAR filters, docking to the colaméc binding site of tubulin, and a final
ranking strategy. The selected derivatives werdghggized and evaluated for their effect on
tubulin polymerizationn vitro. Moreover, their antiproliferative activity wassassed in a panel
of six human cancer (A431, HeLa, MCF7, MDA-MB-234549, SKOV3) and two non-cancer
cell lines (HaCaT, CCD39Lu). The most potent comuisuin the serie23e and 23i were

further studied for cell cycle effects, apoptoaisgd on a microtubule network.

2. Results and discussion
2.1. Virtual screening

A protocol including combinatorial library generti and screening was developed and
tested to support the design of CA-4 thio analodi#s. 2). Based on an elaborated synthetic
protocol for sulfur analogues of CA-4 (Scheme 2dijferent substituted aromatic aldehydes
(BB1) and phenylacetic acids (BB2) were selectechfan in-house library and used to generate
the VCL by iterative combination of selected redgeithe obtained VCL (1,159 cmpds) was
processed by the parallel virtual screening (VSptgmol including a 3-dimensional

pharmacophore filter, two QSAR models, and the -dosking scoring method (for details, see



Supplementary Information). Based on the VS scdrés;ompounds (approx. 2% of VCL) that
had different classification scores (from the wdcsthe best ones, i.e. 1-5) were selected and

synthesized.

Virtual ination of reag Ali on the phar p D of QSAR models Molecular docking and scoring
based on the synthetic scheme models using Catalyst based on 2D molecular using combination of SIFt and

descriptors Tanimoto coefficient Data Fusion (Consensus Scoring)
« Bayesian Model Selection of compounds
LS —— g
Synthesis
« Multiple Linear
._ Cores (3,4} _. Regression Model Biological evaluation
0010010010010000001010100
. \ A . \ .
VCL generation 3D Pharmacophore QSAR > Molecular docking Ranking scheme

Fig. 2. lllustration of VCL-VS protocol applied for desigdA-4 analogues.

To evaluate the real efficiency of the methodolaggd here, we assumed that the compound
inhibited tubulin polymerization when its 4¢£was lower than 1@M. Based on this assumption
and the predicted VS scores, the ROC curve withse&e cut-offs was plotted (Fig. 3). It
showed very good predictive power of the applied pr&tocol (AUROC and BEDROC were

0.85 and 1.00, respectively).

<
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Fig. 3. The ROC curve showing real performance of viragakening of VCL library.

Interestingly, when the VS score cut-off was greate equal to 4 the sensitivity (true

positive rate) was 0.43 and precision was 1.00. ¢l@n a VS score cut-off greater or equal to 3



is an optimal choice for virtual screening subjdmsause both sensitivity and precision are high

(0.86 and 0.67, respectively).

2.2. Chemistry

CA-4 (1@ was prepared using the two-step procedure destrity Gaukroger and co-
workers [34] using Perkin-type condensation betw&drb-trimethoxyphenylacetic acié)@nd

isovanillin (6) and subsequent decarboxylation of the obtaingzhenylcinnamic acid 7)

(Scheme 1).
COOH
H3CO X H3CO N
cooH —> H;CO ————  H3CO
H3CO OCH3 OCH3 O oH
OCHg OCHg i, e,
CA-4, 1a

Scheme 1Synthesis of CA-4. Reagents and conditions: (g0A€EN, 4 h, 110 °C, 44%; (b) quinoline,
Cu, 3 h, 200 °C, 40%.

Preparation of the designed CA-4 derivatives difigrin four molecular cores, namety
phenylcinnamic acids (core 14a-b), (2)-stilbenes (core 215a-b), 4,5-disubstituted oxazoles
(core 3,23a-)), and 4,5-disubstituted N-methylimidazoles (core24a-f), as cis-restricted
analogues is illustrated in Schemes 2-6 followiegeagal procedures as detailed below and in the
Experimental Section. Bromobenzaldehyti6) (55] was prepared from commercially available
vanillin (8) by its bromination and subsequent methylatiothefobtained bromovanillirg) [56]
with methyl iodide. Methylthiobenzaldehydéd [57], 8d [58], 9d, 11d [57] and12d [59] were
obtained in a multistep reaction starting from appiately substituted hydroxybenzaldehyées
8-9 and11-12(Scheme 2). In the first step, the obtained O-t#miglcarbamate6a [60], 8a [58],

9a, 1la [61] and 12a [59] were converted using a Newman-Kwart rearrargggnto the



corresponding S-aryl thiocarbamats 8b [58], 9b, 11b [61] and 12b [59] which were then
readily hydrolyzed using methanolic potassium hydte to thiophenols, and in a one-pot
reaction converted to final products by subsequaegthylation with methyl iodide or dimethyl
sulfate. In the preparation of benzaldehy8edsand 12d, an additional step of protecting the
carbonyl group in S-aryl thiocarbamat@ls and 12b was required by the formation of cyclic
acetals, 1,3-dioxolaneSc and 12c Their hydrolysis, methylation, and deprotectiorergv

conducted in a one-pot reaction which allowed t@imbmethylthiobenzaldehyd@sl and12din

good yields.
CHO CHO CHO
a b
—_— e
H3CO H3CO Br H3CO Br
OH OH OCH3
8 9 10
o}
Ar;—OH —c> | —d> /”\ e.f Ar;—SCH
! AR07 N(CH3), AnS” N(CHa); n 3
6, 8-9, 11-12 6a, 8a-9a, 11a-12a 6b, 8b-9b, 11b-12b 6d, 8d, 11d
CHO \ l
i 3 i “OCH3 H3CO” i B
OCH,4 5 o
6-6d —> Ar;—SCH3
A CHO CHO od, 12d
Eji\ e
OCH, Hs0O OcH, SCON(CH 3),

9c R=Br
12c R=0OCH,
11-11d 12-12d

Scheme 2Synthesis of bromo9( 10) and methylthiobenzaldehydedd( 8d-9d, 11d-129. Reagents and
conditions: (a) Bx, MeOH, 1 h, 0-25 °C, 99%; (b) methyl iodide;GOs, DMF, 24 h, rt, 88%; (c) kD,
KOH, N,N-dimethylthiocarbamoyl chloride, THF, 1-1k6 0-25 °C, 63-94%; (d) diphenyl ether, 15-120
min, 240 °C, 54-94%; (e) KOH (10% in MeOH), 2-780,°C; (f) methyl iodide, 24 h, 25 °C, 67-98% (e
and f); (g) ethylene glycop-toluenesulfonic acid monohydrate, toluene, 2.54% °C, 77-94%; (h) KOH




(10% in MeOH), 3-7 h, 80 °C; (i) MBQ,, 1 h, 25-55°C; (j) 5% HCI (pH=2-3), 2h, 55°C, 6398 (h, i
and j).

The synthesis ofi-phenylcinnamic acid¢4a-b [62,63] possessing core 1 ard)-Etilbenes
15a-b[62,63] with core 2 (Scheme 3) was conducted inaammer similar to the preparation of
CA-4. The geometries of the&)stilbenes were confirmed by their characteristit NMR

coupling constants for olefinic protons of ca. 12-41Hz.

CHO
H3CO
COOH a
+
H3CO
OCH,4

5 11d R,;=SCH,, R,=OCH, 14a R,;=SCH,, R,=OCH, 15a R,=SCH,, R,=OCH,
13 R,=SCH,, R,=H 14b R,;=SCH,, R,=H 15b R,=SCH,, R,=H

Scheme 3.Synthesis ofa-phenylcinnamic acidsl1léa-b) and g)-stilbenes {5a-b). Reagents and
conditions: (a) AgO, EgN, 4 h, 115 °C, 34-40%; (b) quinoline, Cu, 2.5002C, 37-39%.

The new oxazole-bridged CA-4 analogu23a-j [62,63] (core 3) (Scheme 5) and N-
methylimidazole-bridged analogugda-f [62,63] (core 4) (Scheme 6) were prepared using the
Van Leusen multicomponent reaction between corredipg benzaldehydes ang-

toluenesulfonylmethyl isocyanides (TosMICgpP-22 [44,64] whose synthesis is shown in

Scheme 4.
I
/J\ Cx
H NH SN
o o)
CHO R g 20 Ry g _0
a b
—_— RZ J— RZ
R R3 R3 Rj
Ra
CHs CHg
10 R;=R,=OCH,, R,=Br 17 R,=R,=OCH,, R,=Br 20 R,=R,=OCH,, R;=Br
12d R,=R,=OCH,, R,=SCH, 18 R,=R,=OCH,, R,=SCH, 21 R,=R,=OCH,, R,=SCH,
16 R,=R,=R,=OCH, 19 R,=R,=R,=OCH, 22 R,=R,=R,;=OCH,

10



Scheme 4.Synthesis of TosMIC derivative2@-22. Reagents and conditions: (a) HCONHp-
toluenesulfinic acid, CSA, 20 h, 60 °C, 57-72%;R)Ck, EN, DME, 2-3 h, -5 °C, 70-75%

The appropriate substituted benzaldehydes obtagaeker, 10 and 12d, or commercially
availablel6, were reacted with freshly preparpdoluenesulfinic acid and formamide, catalyzed
by 10-camphorsulfonic acid (CSA) to give tosylmétfoymamidesl7-19[44,64]. Dehydration
with POC} afforded the desired TosMIC20-22 Preparation of N-methylimidazole-bridged
analogues (Scheme 6) involved the first generatioaldimines resulting from the reaction of
appropriate benzaldehydes and methylamine and ttteen condensation with TosMICs in the

presence of anhydrous®0Os,

[¢]
CHO Ry l_o Ry AN
S/
R4
+ a R R
R2 —_— 2
R
R7 Rs R3 3 R

R7 5
Rg
CHj Re
core 3
6a-d, 8d, 9d, 13 20-22 23a R,=R,=R,=OCH,, R,=SCH,, Ry ,=H

b ( 23b R,=R,=R;=R;=OCH;, R, ,=H, R;=SC(O)N(CH,),
23¢ R,=R,=R,=R=OCH,, R, ;=H, R;=SH
b( 23d R,=R;=R;=OCH,, R,=SCH,, R, ,=H, R;=OC(S)N(CH,),
23e R;=R,;=R=0CH,, R,=SCH,, R, ,=H, R;=OH
23f R,=R,=R,;=R;=OCH,, R,,=H, R;=SCH,
23g R,=R,=R;=R,=OCHj, R,=H, R;=Br, R;=SCH,
23h R,=R,=R;=OCH,, R,=Br, R, ;=H, R;=SCH,
23i R,=R,=R;=OCH,, R;=Br, R, ,=H, R;=SCH,
23j R,=R,=R,=R,;=OCH,, R;=Br, R, ;=H

Scheme 5 Synthesis of oxazole-bridged analogu@8afj). Reagents and conditions: (a).GOs,
DME/MeOH, 2h, reflux, 36-62%; (b) KOH (10% in MeOH) h, 80 °C, 55-62%.
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CHg O+

=N o

CHO Ry [l_o

S/
R
4 a Ry b
+  HgC—NH, — = + R —
R7 Rg R7 Rs R3

Re Re

CH3
6a, 6d, 8d, 9d, 13 20-22 24a R;=R,=R,=OCHj, R,=SCHj, R, ,=H

¢/ 24b R=R,=R;=OCHj, R,=SCH, R, ,=H, R;=OC(S)N(CH),
24¢ R,=R;=R=0CH;, R,=SCH,, R, ,=H, R;=OH
24d R,=R,=R;=R,=OCH,, R,=H, Rs=Br, R;=SCH,
24e R,=R,=R,=0CHj, R,=Br, R, ;=H, R;=SCH,
24f R;=R,=R;=OCHj,, R;=Br, R,,=H, R;=SCH,

Scheme 6.Synthesis of N-methylimidazole-bridged analogu24aff). Reagents and conditions: (a)
AcOH, EtOH, 2h, reflux; (b) KCOs;, DME, 3h, reflux, 27-92% (a and b); (c) KOH (10%MeOH), 5.5
h, 80 °C, 33%.

Preparation of heterocycle-based derivati2@g, 23e,and 24c possessing the mercapto or
hydroxy group involved synthesis of their S-aryliotarbamate or O-aryl thiocarbamate

analogues followed by basic hydrolysis of the caréi@ groups.
2.3. Biological evaluation
2.3.1. In vitro cytotoxic activities

Table 1 summarizes the cytotoxic effects of theawmstd CA-4 analogues with each
molecular core, namely-phenylcinnamic acidsléa-b), (2)-stilbenes 15a-b), 4,5-disubstituted
oxazoles 23a 23¢ 23e-), and 4,5-disubstituted N-methylimidazole®4g 24c-f), against a
panel of six human cancer cell lines (A431, HeL&C M, MDA-MB-231, A549, and SKOV)
and two human non-cancer cell lines (HaCaT and GGLDB using CA-4 as the reference
compound.

Table 1.Cytotoxic activities ofl4a-h, 15a-h 23a 23¢ 23e-j, 243 24c-fand CA-4 against human cancer

and non-cancer cell lines

12



COOH
H3CO
3 SN
Ry
HyCO
OCH3
R

2

a-phenylcinnamic acids
(core 1) /

H3;CO
3 N
R1
HsCO
OCH3
R

2

(Z)-stilbenes
(core 2) J

14a R,=SCHj, R,=OCH,
14b R,=SCHj, R,=H

15a R,=SCH,, R,=OCH,
15b R,=SCH,, R,=H

4,5-disubstituted oxazoles
(core 3) }

Re
4,5-disubstituted N-methyl-

imidazoles
(core 4)

23a R,=R,=R,=OCH,, R,=SCHj, R, ;=H
23c R,=R,=R,=R;=OCHj, R, ,=H, R;=SH

23e R,=R,=R,=0CHj, R,=SCH,, R, ;=H, R;=OH

23f R,=R,=R,;=R;=OCH,, R, ;=H, R;=SCH,

23g R,=R,=R,=R,=0CHj, R,=H, Ry=Br, R;=SCH,
23h R,=R,=R;=OCH,, R;=Br, R,,=H, R;=SCH,
23i R,=R,=R4=OCH,, R;=Br, R, ;=H, R;=SCH,

23] R,=R,=Rs=Rs=OCH,, R,=Br, R, ,=H

24a R,=R,=R,=OCHj, R,=SCH;, R, ;=H

24¢ R,;=R,=R,=OCHj, R,=SCH,, R, ;=H, R;=OH
24d R,=R,=R,=R,=0CH,, R,=H, R;=Br, R;=SCH,
24e R,=R,=R;=0CH,, R;=Br, R, ;=H, R;=SCH,
24f R,;=R,=R;=OCHj, Ry=Br, R, ,=H, Rs=SCH,

Compd ICsp (UM)*

A431 Hela MCF7 MDA-MB-231  A549 SKOV3 HaCaT CCD39Lu
l4a >20 >20 0.95+0.33 >20 >20 >20 >20 >20
14b >20 >20 1.84+0.36 >20 >20 >20 >20 >20
15a 3.61+2.44 6.18+0.46 0.65+0.19 11.73+0.85 >20 14.47+1.25 B3 >20
15b 8.22+2.66 11.68+2.54 2.35+1.04 14.20+0.54 >20 14.08+0.61 22183 >20
23a >20 7.33+0.91 1.43+0.37 >20 >20 >20 >20 >20
23c 1.22+0.82 4.44+0.97 2.11+0.57 2.8740.34 >20 3.18+0.26 1.2850. >20
23e 0.25+0.20 0.009+0.002  0.45x0.14 0.71+0.16 >20 0.25+0.12 00322 >20
23f 0.43+0.29 0.645+0.03 0.60+0.10 0.85+0.13 >20 1.48+0.16 0.4B30 >20
23g >20 >20 1.42+0.23 17.87+0.90 >20 >20 16.74+2.64 >20
23h 0.41+0.10 0.44+0.04 2.48+0.64 0.76+0.10 >20 1.03+0.12 0.2620. >20
23i 0.43+0.11 0.63+0.04 2.78+0.77 0.92+0.14 >20 1.16+0.13 0.5@80. >20
23] 12.32+0.25 0.07+0.04 6.10+1.05 7.83+1.18 0.5040.18 0.26+0.18 0.09+1.96 >20
24a >20 >20 2.29+0.46 >20 >20 >20 >20 >20
24c 0.43+0.13 0.39+0.02 1.63+0.27 0.3940.28 >20 1.72+0.14 0.5040. >20
24d 16.57+3.71 8.18+2.28 2.51+0.87 >20 >20 >20 >20 6.13+0.75

13



24e 13.64+3.23 >20 2.20+0.57 15.45+0.37 >20 >20 >20 19.26+2.14
24f >20 >20 5.24+1.11 >20 >20 >20 >20 >20
CA-4 0.25+0.08 0.11+0.06 0.17+0.04 0.56+0.08 >20 0.38+0.09 0.1680. 0.009+0.002

#1Cso — compound concentration required to inhibit pediliferation by 50%. Data are expressed as the
mean + SD from dose-response curves of three imdieme experiments.

The results listed in Table 1 indicate that cytatix toward cancer cells varied between
each molecular core. Compourid&a-b as analogues possessing dhghenylcinnamic acid core
(core 1) were generally inactive against the cawedirlines (IGo > 2QuM), except for MCF7
from estrogen-dependent breast cancer adenocarajrtomard which they displayed relatively
high antiproliferative activity (16 values of 0.95-1.84M).

In turn, compoundsl5a-b containing the Z)-stilbene scaffold (core 2) with the same
substituents in the phenyl rings displayed sligktfhanced activity toward four cancer cell lines
(A431, HeLa, MDA-MB-231, and SKOV3) with Kg values of 3.61-14.4[dM, while activity
against MCF7 cells was retained.

The oxazole-bridged CA-4 analogues (core 3) gelyedidplayed the best antiproliferative
activity from all of the tested compounds toward ttancer cell lines except for A549, toward
which most of the compounds were inactive. The remaimd position of the substituents in the
phenyl B-ring had a major influence on antiprolifitve activity. Compounds with substituents
at 3,4-position of the phenyl B-ring showed muchhleir activity than compouri2Ba with the -
SCH; group at theorto-position or compoun®3g with substituents at 3,4,5-position in the
phenyl B-ring. Replacement of tmOCH; group in the trimethoxyphenyl A-ring (compound
23f) with an electron withdrawing bromine atom (compd@3h) maintained antiproliferative

activity.
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The most active compoun@3eg in this series and of all the tested compounds oveer 10-
fold more potent against HelLa cells than the refeeecompound CA-4 with an igvalue of
0.009uM vs 0.11uM, respectively. Interestingly, bioisosteric reawent of the oxygen atom
with a sulfur atom (introduction of the-SCH; group in compoun@3i instead of then-OCH;
group in compoun@3j) led to an increase in antiproliferative activibwvard the A431 (28.7-
fold), MCF7 (2.2-fold), and MDA-MB-231 (8.5-fold)etl lines. On the other hand, only
compound23j was active against the highly drug-resistant Ak#fy adenocarcinoma with an
ICsp value of 0.5uM.

N-methylimidazole-bridged CA-4 analoguekig 24e,and 24f) (core 4) were significantly
less active than their corresponding oxazole an@e@®3a 23h, and23i) when compared to the
results of23avs 243 23h vs 24e and23i vs 24f, thus suggesting that replacement of the oxazole
with the N-methylimidazole moiety was the major sea for the loss of activity in these
compounds. Compoun24c as an imidazole-bridged analogue @Be was only active in this
series.

Because the toxicity of antitumor drugs toward rartissues is a very important issue in
chemotherapy, we evaluated the cytotoxic effectthefe derivatives on normal human cells.
For this purpose, all compounds were testedvitro in human immortalized keratinocytes
HaCaT and lung fibroblasts CCD39Lu. Based on tisaltg, most of the compounds, with the
exception of24d, showed slight cytotoxicity on fibroblast cell€§h > 20 uM) in contrast to the
reference compound CA-4 @dgof 0.009uM). However, some of the tested derivativ@8d
23e 23f, 23h, 23i and 249 were cytotoxic against immortalized human kexatytes HaCaT

(ICsp values of 0.32-1.28M verus 0.1uM for CA-4).
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Finally, two of the most active compound3¢é and23i) and six of the most sensitive cell
lines (A431, HaCaT, HelLa, MCF-7, MDA-MB-231, and GK-3) were selected for further
studies such as assessment of the cell cycle,itustaining (effect on microtubule dynamics),

and apoptosis induction.

2.3.2. Inhibition of tubulin polymerization

Compoundsl4a-b, 15a-b 23a 23¢ 23e-j, 243 and24c-f were investigated for their effect
on tubulin polymerization with the use of turbiditme assayin vitro. The N-methylimidazole-
bridged analogues, unlike oxazole-bridged analggwesre poor tubulin polymerization
inhibitors (Table 2). In the series of oxazole-ged analogues, compoun#8a 23g and23i
efficiently inhibited tubulin polymerization withnalCsg of 0.86, 1.05, and 0.88M, respectively

(Table 2). CA-4 was used as a reference compound.

Table 2.Inhibition of tubulin polymerization and VS scom ftompoundd4a-b 15a-b 233 23¢ 23e-j,

243 24c-fand CA-4

Compd 1Go (UM)? VS scor8
14a >10 1
14b >10 2
15a >10 3
15b >10 2
23a 0.86 (0.54-1.37) 3
23¢ 2.97 (2.36-3.73). 4
23e 1.05 (0.65-1.69) 5
23f 1.62 (0.94-2.80) 3
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23g >10 2
23h 1.54 (1.33-1.79) 3
23 0.85 (0.54-1.31) 2
23] 4.80 (3.69-7.26) 3
24a >10 3
24c 6.67 (6.37-6.98) 4
24d >10 1
24e >10 2
24f >10 3
CA-4 2.72 (2.20-3.37) 5

& Tubulin polymerization was monitored spectrophottiinally at 340 nm for 1 h at 37°C. The
experiments were performed twice in duplicate.dneptheses 95% confidence intervals determined with
the use of GraphPad Prism 5 are presented.

®Virtual Screening (VS) score was obtained accortlinpe ranking scheme described in Experimental
Section.

Compound23;j as an oxygen analogue 88i weakly inhibited tubulin polymerization with
ICs0 equal to 4.8QM. It should be noted that this outcome is in hvigh predictions obtained in
the post-docking scoring strategy combining Tanorextd SIFt (for details, see Supplementary

Information), where the sulfur analogue was schiigtier than the oxygen analogue.

2.3.3. Analysis of cell cycle and tubulin staining

In this experiment, the effect of the tested conmasuon the cell cycle was assayed in six
selected cancer cell lines; camptothecin at a cdret®on of 50 nM was used as a positive

control (Fig. 4).
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Fig. 4. Effect of23¢ 23i and CA-4 on cell cycle distribution in A431, HaCdleLa, MCF-7, MDA-MB-

231 and SKOV-3 cells. Cell cycle was monitored lmwf cytometric analysis at 24 h after cells were

treated with tested compounds. Data are expressatan + SD of three independent experiments: (*) p

< 0.05, (**) p < 0.01. Statistical significance Wetn groups was assessed by Dunnett's Multiple

Comparison Test.

Although all three of the tested compounds weravshto be able to inhibit polymerization

of tubulin (Table 2), their impact on the cell ayclvas significantly cell line-dependent.
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Interestingly, very similar changes in cell cyclstdbution were observed in the HeLa and
SKOV-3 cell lines. Compoun@3einduced a statistically significant concentratindependent
block of SKOV-3 cells in G2/M, while a similarly resive G2/M block was observed after
incubation with CA-4. In contrast, after incubatiaith compound23i in HeLa and SKOV-3
cells, theconcentration-dependent block of the G2/M phaseskas/n.

A similar trend was observed in A431, HaCaT, MCFRaiid MA-MB-231 cells treated with
compound®3e 23i, and CA-4. The tested compounds were also inwestigfor their inhibition

of tubulin polymerization using immunostaining (Fx).
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Fig. 5. Effect of23¢ 23i and CA-4 on tubulin polymerization and microtutsubsnd nuclear condensation
in A431, HelLa, HaCaT, MDA-MB-231, MCF-7 and SKOVe8lls. Cells were treated witBe 23i and
CA-4 at concentration of 1 uM for 24h. The contjiotact) cells are presented in the first columntioms
left. The morphology of microtubules was visualizby staining with anti-alpha-tubulin antibodies

connected with FITC (green), while the morpholodyoclei condensation was shown by staining with

Hoechst 33258 (blue).
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It is worth noting that besides disturbances irutubpolymerization as shown in all of the tested
cells, condensation of chromatin (stained with He¢33358 dye) which is also typical for
apoptosis, could be observed in the nuclei of gettsibated with23i (Fig. 5). Perturbations in
the cytoskeleton structure as well as micronuabemftion corresponded with the results of
ELISA and flow cytometry studies, where clear diffieces between effects exerted on cells by

23e CA-4, and, to a lesser extent, 28i could also be observed.

2.3.4. Induction of apoptosis

Induction of apoptosis in cells incubated with campds23e 23i, and CA-4 was analyzed
using two different methods. The ELISA assay meastine presence of markers for apoptotic
cells, which was based on the quantitative deteaotibhistone-associated DNA fragments in
mono- and oligonucleosomes, while staining with éxin V allows to detect phosphatidylserine
externalization. Translocation of phosphatidylserfrom the inner to the outer leaflet of the
membrane is observed in intermediate stages oftagispand may be shown using Annexin V-
FITC staining followed by flow cytometry. For ceilscubated witl23e,23i, and CA-4, a clear
concentration-dependent statistically significantrease of Annexin V positive cells was
observed (Fig. 6).

Interestingly, in cells incubated witB3e the highest level of histone-associated DNA
fragments in mono- and oligonucleosomes was obderuby at the lowest concentration 28e
and CA-4 while changes observed in cells incubated w#Bi may be described as

concentration-dependent (Fig. 7).
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independent experiments. Statistical significaneevben groups was assessed by Dunnett's Multiple

Comparison Test. All treated groups were signifigagifferent from control at p < 0.05.
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HaCaT, HelLa, MCF-7, MDA-MB-231 and SKOV-3 cells v23g 23i and CA-4. Data are expressed as
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mean + SD of three independent experiments. Statistignificance is indicated with asterisks: [y«

0.001, **p < 0.01 and p < 0.05 indicate a significant difference from tiantrol.

These results may suggest significant differencethé cellular uptake, metabolism, and
cellular efflux of these cells as well as coexisterof different cellular signaling pathways
stimulated by these compounds, although subsedestistare necessary in order to fully explain

these mechanisms.

2.3.5. Molecular modeling

Docking studies revealed that the binding modas®imost active compound®3eand23i)
are coherent with co-crystallized DAMA-colchicingd. 8). The trisubstituted phenyl A-ring of

23eand23i is buried in thes-subunit occupying the same position as the cooredipg ring of

Z y Pan
p . p ;
5241[1.1 Q

colchicine.

Fig. 8. The binding mode of A23e(green) and B23i (yellow) with DAMA-colchicine (magenta) in the

S-tubulin binding site (PDB code 1SAO0). Hydrogen dimig was depicted as orange dotted lines.

The thiol group of Cys24ilforms a hydrogen bond with the sulfur or oxygeonatof the

methylthio or methoxy group ipara-position in23e and 23i, respectively. In the most active
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compound23e,the -SCH group (ring A) is involved in hydrophobic interewt with the side
chain of Leu25B, Ala3163, and lle378. The bromine atom i23i is placed in a position that
allows hydrophobic interactions with CysZ41Ala25@, and Leu25B. Moreover, the -SCH
substituent Z3i, ring B) remains in close contact with Ala®l8 eu25%, and Met258, thus
making non-bonded [H5 interaction with the sulfur atom of Met2b®ossible. It should be
noted that oxazole derivative®3e and 23i) showed a similar binding mode with othas-
restricted analogues of CA-4 containing five-membeomatic heterocyclic rings, such as
thiazoles [47], triazoles [46], and terazoles [4@}h the trimethoxyphenyl ring placed in

proximity of Cys24p.
3. Conlusions

We designed and synthesized a series of CA-4 #iwatives containing different molecular
cores, namelg-phenylcinnamic acids (core 1))¢stilbenes (core 2), 4,5-disubstituted oxazoles
(core 3), and 4,5-disubstituted N-methylimidazolgore 4) ascisrestricted analogues.
Compounds for synthesis were selected with theafise parallel virtual screening protocol
which showed a good predictive power (AUROC and BEIX values were 0.85 and 1.00,
respectively).

Biological evaluation of the tested compounds reagtthe highest antiproliferative activities
in the group of oxazole-bridged analogues (corevi®) the 3,4,5-trisubstituted phenyl A-ring
and 3,4-disubstituted phenyl B-ring. The compourBe 23f, 23h, 23i, and 24c (N-
methylimidazole-bridged analogue) displayed promedncytotoxic activity against the cancer
cell lines: A431, HeLa, and MDA-MB-231. Compou8e was over 10-fold more potent in
inhibiting HelLa cell proliferation with 16 values of 0.009 uM than positive control CA-4.

Additionally, the compound®23a 23e and 23i were the most potent inhibitors of tubulin
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polymerization determineth vitro. Compound23i, a sulfur analogue o23j, showed 5-fold
higher inhibitory effectiveness on tubulin polyneaiion compared t@3]. The influence of
exchange of oxygen to sulfur could be a promisingexct for further studies.

Moreover, compound23e and23i, which showed both the highest cytotoxic and ahtitin
activities, were further studied in terms of thefiflect on cell cycle distribution and proapoptotic
activity. The impact o23e and23i on cell proliferation was cell line-dependent. tatsstically
significant block of the cell cycle at the G2/M gleawas observed for compou28ein A431,
HaCaT, HelLa, MCF-7, MDA-MB-231, SKOV-3 cells, andrfcompound23i in HeLa and
SKOV-3 cells. The proapoptotic effect 28eand23i in studied cell lines was demonstrated with
ELISA assay and double staining with Annexin V-FIPC The results of our studies indicate
that the CA-4 derivative23e and23i may serve as novel lead compounds in researchaoe m

effective anticancer agents.

4. Experimental section
4.1. General methods for chemistry

All reagents and solvents were purchased from Sigidach, Acros, Fluka, and POCH and
were used as received. Reactions that involvedraimoisture-sensitive reagents were performed
in oven-dried glassware under an inert atmospheryonitrogen with dried solvents, unless
otherwise stated. The progress of all reactions masitored on Merck precoated silica gel
plates (with fluorescence indicator UV254) and siged in UV light §max 254 or 365 nm).
Melting points were determined in capillary tubes @ Stuart SMP10 micro melting point
apparatus and are uncorrectdd.NMR and**C NMR spectra were recorded at the Institute of
Bioorganic Chemistry, Polish Academy of SciencePazna, using Bruker 400 (400 MHz for

'H and 101 MHz forC), Bruker 500 (500 MHz fotH and 126 MHz for*C), and Bruker 700
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(700 MHz for'H and 176 MHz for*C) spectrometers with TMS as an internal standard i
CDCl; or DMSO-d6. Chemical shiftg) are quoted in parts per million (ppm) and aremefd to
as a solvent residual peak (CRG 7.26 ppm for'H andé 77.0 ppm for*C NMR; DMSO-d6

5 2.5 ppm for'H ands 39.5 ppm for*C NMR). Couplings constantsJ) are quoted in Hertz
(Hz) and peaks are listed as singlet (s), doublgtt(iplet (t), multiplet (m), doublet of doublets
(dd), triplet of doublets (td), and broad signa)(bAdditional techniqueski-*H COSY, HSQC,
HMBC) were used to assist allocation. LRMS (El) ctpee were recorded on a Bruker
320MS/420GC mass spectrometer and HRMS (EI) spectra recorded on an Intectra Mass
AMD 402 or 604 mass spectrometer by the Advanceeh@tal Equipment and Instrumentation
Facility at the Faculty of Chemistry, Adam Mickiexzi University in Pozna IR spectra were
recorded on a Bruker FT-IR IFS 66v/s spectromeyethe Advanced Chemical Equipment and
Instrumentation Facility at the Faculty of Chenys#dam Mickiewicz University in Pozmaor

on a Thermo Scientific Nicolet iS5 FT-IR spectroereat the Institute of Mathematical and
Natural Sciences, Department of Chemistry, Statghéti Vocational School in Tarnéw. Dry
flash column chromatography was carried out on Keilica gel 60, particle size 40—-&&n or
15-40 um using EZSafe low-pressure columns. UV-vis speatesie recorded on a Hitachi
UV/vis U-1900 spectrophotometetrimax (Iog &), nm. All final target compounds were
characterized and determined to be at least >95%yming a Waters ACQUITY UPLC H-class
system equipped with a UV DAD and TQD Waters MSdetr with electrospray ionization at
the Department of Medicinal Chemistry, InstituteRbfarmacology, Polish Academy of Sciences
in Krakéw. LC analysis was performed using a ACQUIUPLC BEH C18 column (2.1 x 50
mm, 1,7um) at a flow rate of 0.3 mL/min (20-100% aqueousCMN over 3 min, 100% C4CN

over 0.5 min, and 100-20% aqueouszCN over 2.5 min).
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4.2. General procedure for synthesis of compoutajsl4a-b, 15a-b, 23a-j, and24a-f
4.2.1. Synthesis of CA-4.§)

CA-4 was synthesized according to known procedid4s
4.2.1.1. (E)-3-(3-Hydroxy-4-methoxyphenyl)-2-(3,4,5-trimetjyohenyl) prop-2-enoic acid)

A mixture of 3-hydroxy-4-methoxybenzaldehydé (1.36 g, 8.94 mmol), 3,4,5-
trimethoxyphenylacetic acidl (2.01 g, 8.90 mmol), acetic anhydride (4 mL), &muethylamine
(2 mL) were heated under nitrogen at 110 °C for ZHe mixture was cooled and 6 mL of conc.
HCI and 6 mL of diluted HCI was added. A yellowidolvas obtained which was collected by
filtration. It was dissolved in 10% aq NaOH (50 mand washed with ethyl acetate (3x5 mL).
The organic layers were separated and the aquagerswas acidified with conc. HCI to pH 3-4.
The precipitated crude product was collected ligatibn and recrystallized from 70% v/v EtOH
with the use of activated carbon to affofchs pale yellow crystals. Yield 44% (1.40 g, 3.90
mmol). mp 239-241 °C (lit. [34] 237-239 °A¥ (EtOAc/n-hexane, 3:1) 0.18. UV-vis (MeOH)
Amax (109 €): 322 (4.64), 235 (4.67). HPLC: 95.71%, tR = 2mi®. 'H NMR (400 MHz, DMSO-
de) 6 8.94 (bs, 1H, COA), 7.57 (s, 1H, ClaH), 6.80 (d,J = 8.5 Hz, 1H, C5H), 6.60 (dd,J =
8.5, 2.0 Hz, 1H, C6H), 6.53 (d,J = 2.0 Hz, 1H, C2H), 6.44 (s, 2H, CH, C6H)), 3.73 (s,
3H, C4-OH3), 3.71 (s, 3H, C4-063), 3.69 (s, 6H, C3-08s, C5-0OCHs). *C NMR (101
MHz, DMSO-d) ¢ 168.57 COOH), 153.07 €3, C5), 148.88 C3’), 145.85 C4’), 139.08 C4),
136.95 C1), 132.14 C1’), 130.33 C1a), 127.03 Cla’), 122.92 C6’), 117.21 C2'), 111.52
(C5"), 106.73 €2, C6), 60.12 (C4-@H3), 55.94 (C3-@H3, C5-CCHg), 55.46 (C4’-CCH3).
FTIR ATR (KBr) cni*: 3313 (bsv O-H), 3073 ¢ = Car-H), 2961 (asCHs), 2939 ¢ CHs), 2826
(v O-CHg), 1666 ¢ C=0), 1584 ¢ Ca=Car), 1503 ¢ Car=Char), 1455 @as CHs), 1409 s CHg),

1265 (/ C-0), 1237 £ Car-O-C), 1123 ¢ C-O-C), 1023 (& Ca-O-C), 900 £°°° OH...0) 805
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(7°°P=Cpr-H), 770 §°°=Ca-H), 729 (°*= Car-H).LRMS (EI) m/z 360.2 ([M], 100%). HRMS

(EI) calcd for GgH2007: 360.1204. Found: 360.1241.
4.2.1.2. (2)-1-(3-Hydroxy-4-methoxyphenyl)-2-(3,4,5-trimetpyohenyl)ethene (CA-4a)

The obtainedx-phenylcinnamic acid (1.30 g, 3.60 mmol) was added to powdered copper
(2.90 g, 29.90 mmol) in quinoline (15 mL, 16.400313 mol) and the resulting mixture was
heated under nitrogen at 200 °C for 3 h. Upon ogplihe mixture was diluted with ethyl acetate
(50 mL) and the copper was filtered off. The fileravas washed with 5% aq HCI (3x20 mL) and
the aqueous layer was separated and extractedetbith acetate (3x10 mL). The combined
organic layers were washed with brine (2x50 mLjgedliover MgSQ filtered, and concentrated
under reduced pressure to afford a brown oil wricystallized after a few minutes. The
obtained brown solid was dissolved in ethyl acet@®emL), purified by flash column
chromatography on silica gel (EtOAc/n-hexane, 7&)d subsequently recrystallized from
EtOAc-petroleum ether to givea as colorless crystals. Yield 40% (0.45 g, 1.43 ymop 83-
85 °C (lit. [34] 117-118 °C)R (EtOAc/n-hexane, 1:1) 0.49. UV-vis (MeOR)ax (l0g ¢): 298
(3.95). HPLC: 100 %, tR = 3.07 miftd NMR (400 MHz, CDC}) ¢ 6.92 (d,J = 2.0 Hz, 1H,
C2'-H), 6.80 (ddJ = 8.3, 1.9 Hz, 1H, C6H), 6.73 (d,J = 8.3 Hz, 1H, C5H), 6.53 (s, 2H, C2-
H, C6H), 6.47 (d,J = 12.2 Hz, 1H, Cl&t), 6.41 (d,J = 12.2 Hz, 1H, ClaH), 5.49 (s, 1H,
C3-OH), 3.87 (s, 3H, C4-08B3), 3.84 (s, 3H, C4-0Hj3), 3.70 (s, 6H, C3-0OB; C5-
OCH3).2*C NMR (101 MHz, CDCJ) § 152.82 €3, C5), 145.69 C3'), 145.18 C4’), 137.11
(C4), 132.64 C1), 130.59 C1’), 129.43 Cla), 128.99 Cla’), 121.06 C6’), 114.98 C2)),
110.25 C5’), 106.00 C2, C6), 60.87 (C4-@Hs3), 55.90 (C4'-CCH3), 55.88 (C3-@Hj3, C5-
OCHgz). FTIR ATR (KBr) cni: 3382 (¥ O-H), 3068 ¢ =Ca-H), 3041 (¥ =Ca-H), 3010

=CetheneH), 2934 ¢CHy), 2972 (sCHs), 2833 (VO-CHg), 1579 ¢/Ca=Car), 1511 (/Car=Car),
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1455 @5 CHs), 1400 s CHg), 1274 (2sCa-O-C), 1222 ¢ Ca-OH), 1133 ¢C-O-C), 1036 ¢
Ca-O-C), 975 °°° =CetnencH), 877 §°°=Car-H) 793 (°°°=Cpr-H), 761 (°=Car-H). LRMS

(El) m/z 315.9 ([M], 100%). HRMS (El) m/z calcd for,gH,00s: 316.1305. Found: 316.1311.

4.2.2. General procedure for compounitiéa and14b (a-phenylcinnamic acids, core 1)

A mixture of benzaldehydekld and13 (3 mmol), 3,4,5-trimethoxyphenylacetic a&d0.68
g, 3 mmol), acetic anhydride (2 mL), and trimetinylae (2 mL) were heated under nitrogen at
115 °C for 4 h. The mixture was cooled and 5% ad (3G mL) was added. A yellow solid was
obtained which was collected by filtration. It wdssolved in 10% ag NaOH (50 mL) and
washed with ethyl acetate (3x20 mL). The organyela were separated and the aqueous layer
was acidified with 5% aq HCI to pH 3-4. The pretaged crude product was collected by
filtration, washed with water and recrystallizedrfr the isopropanol/water mixture (1:1, 40 mL)

to afforda-phenylcinammic acid derivativdsgla-bas pale yellow crystals

4.2.2.1. (E)-3-(3-Methoxy-2-methylthiophenyl)-2-(3,4,5-trimexyphenyl)prop-2-enoic acid
(14a)

Pale yellow crystals. Yield 34% (0.40 g, 1.02 mmahp 178-180 °CR; (CHCl/MeOH,
10:1) 0.44. UV-vis (MeOH)imax (I0g £): 288 (3.87). HPLC: 97.24 %, tR = 2.79 mihi NMR
(500 MHz, CDC4) 6 8.46 (s, 1H, ClaH), 6.99 (t,J = 8.0 Hz, 1H, C5H), 6.77 (d,J = 8.2 Hz,
1H, C6'H), 6.47 (dJ = 7.8 Hz, 1H, C4H), 6.38 (s, 2H, CH, C6H), 3.91 (s, 3H, C4-083),
3.83 (s, 3H, C3-0@E5), 3.69 (s, 6H, C3-083, C5-OH3), 2.42 (s, 3H, C2’-SH3). °*C NMR
(126 MHz, CDC}) 6 172.36 COOH), 159.75 €3'), 152.95 C3, C5), 141.97 Cla’), 139.48
(C4), 137.71 C1"), 132.30 C1a), 129.88 C2’), 128.52 C5’), 125.12 C1), 122.56 C6’),
110.82 C4’), 107.52 C2, C6), 60.87 (C4-@Hj3), 56.04 (C3-@H3;, C5-0CCH3), 55.93 (C3'-

OCHjz), 18.41 (C2-&H3). FTIR ATR (KBr) ci': 3068 (/=Ca-H), 2958 (/asCHs), 2932 (bsv
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O-H), 2851 (s CHs), 2832 (#O-CHs), 1682 (/C=0), 1578 ¢'Ca=Ca;), 1506 (/Ca=Cp), 1454
(825 CHs), 1407 §s CHs), 1265 (/C-0), 1237 (asCar-O-C), 1125 (¢C-O-C), 1065 {&Car-O-C),
967 §°°° =CetnencH), 795 §°°° =Car-H), 741 §°°° =Car-H), 724 (°°°=Ca-H). LRMS (EI) m/z
390.1 ([M[, 58.5%), 325.1 (100%). HRMS (EI) m/z calcd fozol€»,06S: 390.1132. Found:
390.1149.

4.2.2.2. (E)-3-(2-Methylthiophenyl)-2-(3,4,5-trimethoxyphBpyop-2-enoic acid 14b)

Pale yellow crystalsYield 40% (0.43 g, 1.19 mmol). mp 190-192 °&.(CHCl/MeOH,
10:1) 0.43. UV-vis (MeOHYmax (I0g ¢): 268 (4.04). HPLC: 100 %, tR = 2.88 mitH NMR
(500 MHz, CDC4) 6 8.23 (s, 1H, ClaH), 7.26 (d,J = 7.2 Hz, 1H, C3H), 7.20 (t,J = 8.3 Hz,
1H, C4'H), 6.87 (tJ = 7.9 Hz, 1H, C5H), 6.79 (dJ = 7.3 Hz, 1H, C6H), 6.40 (s, 2H, CH,
C6-H), 3.84 (s, 3H, C4-0B3), 3.69 (s, 6H, C3-083, C5-OCH3), 2.53 (s, 3H, C2’-SB5). °C
NMR (126 MHz, CDC4) § 172.22 COOH), 153.02 €3, C5), 140.00 C2’), 139.45 C1a)),
137.81 (C4), 133.69 C1la), 132.83 C1’), 129.89 C3’), 129.78 C1), 129.25 C6’), 125.96
(C4), 124.76 C5'), 107.41 C2, C6), 60.87 (C4-@Hs), 56.04 (C3-@Hs, C5-OCH3), 16.32
(C2-SCHs). FTIR ATR (KBr) cnit: 3062 (/=Ca-H), 2965 (/asCHs), 2924 (bsvO-H), 2829 ¢
O-CHg), 1684 { C=0), 1582 ¢ Ca=Char), 1507 [’ Ca=Char), 1454 s CHz), 1409 ¢s CHy),
1261 (¥ C-0), 1238 (4s Car-O-C), 1125 ¢ C-O-C), 1066 (s Car-O-C), 898 {°°P =Cp-H), 834
()°° =Car-H), 740 (°® =Ca-H). LRMS (El) m/z 360.1 ([M], 100%), 295.1 (93.3%). HRMS

(El) m/z calcd for GgH200sS: 360.1026. Found: 360.1055.

4.2.3. General procedure for compountsa and15b ((2)-stilbene, core 2)

a-Phenylcinnamic acid4¢4a-b (0.80 mmol) were added to powdered copper (0.48.6&y}

mmol) in quinoline (3.5 mL, 3.23 g, 25 mmol) ance thesulting mixture was heated under
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nitrogen at 200 °C for 2.5 h. Upon cooling, the taig was diluted with ethyl acetate (30 mL)
and the copper was filtered off. The filtrate waastved with 5% aqg HCI (3x20 mL) and the
agueous layer was separated and extracted with athtate (3x10 mL). The combined organic
layers were washed with brine (3x20 mL), dried oMgSQ,, filtered, and concentrated under
reduced pressure to afford brown oils. The residas dissolved in ethyl acetate (2 mL) and
purified by flash column chromatography on silica ¢EtOAc/n-hexane, 10:1) to afford pure
productsl5a-bas white solids.

4.2.3.1. (2)-1-(3-Methoxy-2-methylthiophenyl)-2-(3,4,5-trimaxyphenyl)ethend %a)

White solid. Yield 40% (0.11 g, 0.32 mmol). mp 78-&. R; (EtOAc/n-hexane, 10:1) 0.67.
UV-vis (MeOH) Zmax (l0g €): 288 (4.15). HPLC: 98.85 %, tR = 3.50 mitd NMR (500 MHz,
CDCl) ¢ 7.14 (t,J = 7.7 Hz, 1H, C5H), 6.90 (d,J = 8.2 Hz, 1H, C6H),