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Abstract: A series of new hetercycles-linked chalcone conjugates has been designed and
synthesized by varying different alkane spacers. These conjugates were tested for their in vitro
cytotoxic potential against a panel of selected human cancer cell lines namely, lung (A549 and
NCI-H460), prostate (DU-145 and PC-3), colon (HCT-15 and HCT-116), and brain (U-87
glioblastoma) by MTT assay. Notably, among all the tested compounds, 4a exhibited potent
cytotoxicity on NCI-H460 (lung cancer) cells with ICsp of 1.48 + 0.19 uM. The compound 4a
showed significant inhibition of tubulin polymerization and disruption of the formation of
microtubules (ICsp of 9.66 + 0.06 uM). Moreover, phase contrast microscopy and DAPI staining
studies indicated that compound 4a can induce apoptosis in NCI-H460 cells. Further, the flow-
cytometry analysis revealed that compound 4a arrests NCI-H460 cells in the G2/M phase of the
cell cycle. In addition, molecular docking studies of the most active compounds 4a and 4b
selectively bind into colchicine site of the tubulin, revealed the possible mode of interaction by

these new conjugates.

Keywords: Heterocycles, anticancer activity, chalcones, aldol condensation, tubulin

polymerization inhibitor, molecular modeling.



1. Introduction

Tubulin is an o,B-heterodimeric protein that forms the cytoskeletal framework of microtubules.'
It is one of the most active molecular targets of numerous anticancer ligands that cause cell cycle
arrest at the G2/M phase by interfering with the microtubule polymerization/depolymerization
process.>” Many clinically used natural product anticancer agents such as colchicines (A; Figure
1), MDL-27048, taxanes, combretastatin A-4 (B), podophyllotoxin and vinca alkaloids are
tubulin-binding agents.* Antimitotic agents generally interact with tubulin at three known
binding sites namely, the colchicine, the vinca alkaloid and the paclitaxel binding sites. Agents
that target the colchicine site (e.g., colchicines, combretastatin A-4 and podophyllotoxin)’ or the
vinca alkaloid site (e.g., vinblastine)® are known as microtubule destabilizing agents. On the
other hand, agents that bind to the paclitaxel site (e.g., paclitaxel)’ are referred to as microtubule-
stabilizing agents. As microtubules play a vital role in several cellular functions such as the
formation of the mitotic spindle, cytoplasmic organelle movement, maintaining cell shape, intra-
cellular transport and cell replication, interfering with microtubule dynamics lead to severe side
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effects.” " Therefore, it is essential to develop new tubulin-binding agents and antimitotic agents

with novel modes of action to overcome side effects as well as drug resistance.

Chalcones (1,3-diaryl-2-propen-1-ones) are precursors of flavonoids and isoflavonoids
that possess a wide range of biological activities such as anticancer, anti-diabetic, anti-
hypertensive, anti-viral, anti-inflammatory, anti-tuberculosis, anti-oxidant, anti-leishmanial, anti-

filarial, anti-malarial, anti-bacterial and anti-fungal activities.! ™1

The biological activities of
chalcones are largely attributed to the presence of a,p-unsaturated ketone functionality, as
removal of this group makes them inactive. The extensive exploration of chalcones can be
attributed to their ease of synthesis, relatively simpler chemical architecture, being precursors for
important synthetic manipulations and promising biological activities. Naturally occurring
chalcones and their synthetic analogs displayed significant cytotoxic activity against various
cancer cells.””> One of the most widely proposed anticancer mechanisms of chalcones is the
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prevention of tubulin polymerization by binding to the colchicine-binding site.
promising anti-cancer activities, considerable efforts have been dedicated to discovering new
potential chalcone-based drug candidates during the last decade. A majority of these naturally
occurring anti-cancer compounds are substituted with electron donating hydroxy and/or methoxy
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groups at various positions around the chalcone scaffold.'’ In order to ascertain more advanced
structure—activity relationships (SARs) of chalcones, it is of great importance to synthesize new

compounds with more diverse substitutions patterns.

In continuation of our earlier efforts in the field of anti-cancer drug discovery,' ™ herein,
we report the synthesis of a series of novel hetercycles-linked chalcone conjugates (C, Figure 1)
with diverse substitutions and evaluated for their in vitro cytotoxic activity on selected human

cancer cell lines.

Fig. 1. The structures of colchicine (A), combretastatin A-4 (B), and heterocycles-linked new
chalcone conjugates 4a-y.

2. Results and discussion
2.1. Chemistry

Two core structural components (i) an aldehyde, and (i1) a ketone are required for achieving the
target chalcone conjugates 4a—y. The synthetic route for the preparation of the hetercycles-linked
chalcone conjugates 4a—y was outlined in Scheme 1. Initially, the etherification of vanillin (1)
was carried out with dibromo alkane spacers of varying lengths (n = 2,3,4), in the presence of
K,COs as the base to give the intermediates 2a—c. Next, various nitrogen containing heterocycles
were tethered to the alkane spacer of 2 by refluxing in acetonitrile in the presence of K,CO3, to
afford the aldehyde intermediates 3a—h in quantitative yields. Finally, aldol condensation
reaction was performed between intermediates 3a—h and a variety of substituted acetophenones
by using Ba(OH); as the base to furnish the chalcone derivatives 4a—y in good yields. All the
newly synthesized compounds were characterized by HRMS, 'H and '>C NMR spectroscopy.



Almost similar pattern was observed in 'H and '?C NMR spectra of all the final synthesized
compounds of this series. The double bond of the chalcone moiety was in the trans-configuration
as denoted by the coupling constant (J) values of 15-16 Hz. In the >’C NMR spectrum, the
characteristic peaks corresponding to the chalcone moiety were observed: the carbonyl carbon
appeared in the range ¢ 183-192 whereas the aromatic carbons along with the olefinic carbons
appeared in the range of § 163—104. The HRMS (ESI) of all the compounds showed an [M + H]*

peak equivalent to their molecular formulae.

o
B
OH . Br/HRBr K>,CO3 _ O\H,nr \H/
CH5CN KZCOS/CHSCN
OHC OMe OHC OMe
2a-c

n=3-4 reflux, 4-5h reflux, 4-5 h
1

o)

Me | Ba(OH)/EtOH
f, 12 h

. Iﬁ[)“er T“”e©3 o %
O Cfin O

da-y

= H, CI, Br, CHg, OCHj, CF3, NH,, OH

4a; R = piperidinyl, n =3, R'= 4-methoxy

4b; R = piperidinyl, n =3, R' = 2-hydroxy

4c; R = piperidinyl, n =3, R' = 4-bromo

4d; R = piperidinyl, n =4, R'=H

4e; R = piperidinyl, n =4, R" = 4-bromo

4f; R = piperidinyl, n = 4, R" = 4-chloro

4g; R = piperidinyl, n = 4, R' = 2,4-dichloro

4h; R = morpholinyl, n =2, R' = 4-methoxy

4i; R = morpholinyl, n = 2, R' = 4-bromo

4j; R = morpholinyl, n = 2, R' = 2,4-dichloro

4k; R = morpholinyl,‘n =2, R" = 4-trifluoromethyl
4l; R = morpholinyl, n'= 3, R! = 4-methoxy

4m; R = 2,6-dimethylmorpholin yl, n = 3, R' = 4-methoxy

4n; R = 2,6-dimethylmorpholin yI, n = 3, R' = 2-methoxy
40; R = 2,6-dimethylmorpholin yl, n = 3, R' = 2,4-dichloro
4p; R = 2,6-dimethylmorpholin yl, n = 3, R' = 4-methyl

4q; R = indolinyl, n = 3, R' = 4-methoxy

4r; R =indolinyl, n = 3, R" = 2 4-dichloro

4s; R = 1,2,3,4-tetrahydroquinolin yl,n =3, R' = H

4t; R = 1,2,3,4-tetrahydroquinolin yl, n = 3, R'= 4-methoxy
4u; R = 1,2,3,4-tetrahydroquinolin yl, n = 3, R = 4-bromo
4v; R =1,2,3,4-tetrahydroquinolin yl, n = 3, R' = 4-chloro
4w; R = 1,2,3,4-tetrahydroquinolin yl, n = 3, R'= 2,4-dichloro
4x; R = 1,2,3,4-tetrahydroquinolin yl, n = 3, R'= 4-amino
4y; R = 3,5-dimethyl-1 H-pyrazolyl, n = 3, R = 4-methoxy

Scheme 1. Synthesis of different heterocycles-linked new chalcone conjugates 4a—y.

2.2. Biological evaluation
2.2.1. Invitro cell growth inhibitory activity

The new chalcone conjugates 4a—y were evaluated for their in vitro antiproliferative activity
against a panel of seven human cancer cell lines namely, lung (A549 and NCI-H460), prostate
(DU-145 and PC-3), colon (HCT-15 and HCT-116) and brain (U-87 glioblastoma) by using 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Concentration-
4



response course analysis was carried out to establish the drug concentration required to inhibit
the growth of cancer cells by 50% (ICsp) after incubation for 48 h. Combretastatin A-4 (CA-4)

was used as the reference standard and the screening results were summarized in Table 1.

It is noticeable from the initial screening that the hybrids 4a, 4b, 41 and 4y displayed a
broad range of activities against all the tested human cancer cell lines with ICs, values ranging
from 1.48 £ 0.19 uM to 10.98 + 0.81 uM. Among them, the most potent compound was 4a with
ICsp values of 1.48 £0.19 and 1.73 + 0.16 uM against NCI-H460 and HCT-116 cell lines,
respectively. Moreover, the compound 4a was also found to be active against all the tested
cancer cell lines with ICs( values less than 10 uM. Interestingly, the compound 4b was found to
be active in all the seven cancer cell lines with ICsg values in the range of 1.63 + 0.15 to 3.24 +
1.2 uM. The compounds 4b and 4y showed potent cytotoxic activity on the HCT-15 cell line,
with ICsp values less than 5 uM, which was significant compared to the activity of CA-4 (ICs
8.87 £ 0.88 uM). Except for 41, 4m, 4n, 4p and 4y, all other chalcone conjugates were found to
be inactive on the HCT-116 cell line. These five compounds 41, 4m, 4n, 4p and 4y were also
effective against the U-87 and A549 cell lines. It was also observed that, in DU-145 cell line, the
compounds 41, 4m and 4n displayed potent cytotoxicities with ICsy values of 2.02 + 0.14, 3.27 +
1.16 and 3.87 £ 1.0 uM, respectively. In the PC-3 cell line, except 4b (ICsp 1.95+£0.02 uM), none
of the compounds showed better activity than CA-4 (ICsp 3.53 + 1.1 uM). The compounds 4r—-w

were found to be inactive against all the cell lines, with ICs values greater than 15 uM.

Based on the in vifro cytotoxic activities, the structural activity relationships (SARs) of
the chalcones 4a—y have been proposed. In order to comprehend the SARs, we varied the
substitutions on both'the A and B rings, the length of the linkers as well as the nitrogen
heterocycles in these conjugates. It could be easily observed from the in vitro cytotoxicity data
that the conjugates with piperidine (4a and 4b) and morpholine (41) linked to the B ring elevated
the biological response, compared to those with other nitrogen heterocycles. The presence of
larger nitrogen heterocycles such as indoline and tetrahydroquinoline (4q—x) completely
abolished the cytotoxic activity. The effect of substitution on ring A is interesting in the light of
the results of the SAR study, which demonstrates that the presence of electron-donating groups
such as 2-hydroxy and 4-methoxy (4a, 4b, 41, 4m and 4y) is favorable for activity, in contrast,
electron withdrawing groups such as 4-chloro, 4-bromo (4c, 4e-g, etc) resulted in significant loss
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of activity. The importance of linker length on cytotoxic activity is demonstrated by the fact that

analogues with the linker length of three showed enhanced cytotoxicity than those with linker

lengths of two or four. Based on the promising cytotoxic activity, the most active compounds 4a

from this series was taken-up for detailed further studies.

Table 1. Cytotoxic activity (ICso in pM)” of heterocycles-linked new chalcone conjugates 4a-y.

Compound  HCT-15°  NCI-H460° HCT-116"  U-87° DU145" pPC-3¢ A549"

4a 5.34+0.06  1.48+0.19  1.73%0.16 6.30+0.33  5.08+0.05  9.53%0.01 " 3.29+0.74
4b 3.24+1.2 1.63+0.15  2.011.1 2.8740.16  2.73+0.14 1.95+0.02 3.13+0.03
4c >20 8.16£0.98  >20 >20 17.09+0.65 ~ 8.93+0.26  16.52+0.96
4d >20 >20 >20 >20 >20 9.18+0.82 >20

de 8.97+1.0 >20 >20 4.01+0.09  >20 7.54%1.1  9.06+0.04
4f 8.11£1.0 10.19+0.62  >20 8.01+0.39 7.74%1.01  6.84+0.91 8.99+0.65
4g >20 16.3240.35  >20 6.09£1.10°  5.73+0.51  7.29+0.22  9.48+0.07
4h 7.5440.45  9.96+0.18  >20 7.09+£0.65  8.74+0.01  9.19+0.39  8.21+0.67
4 >20 >20 >20 >20 9.74+0.09  8.89+0.98  12.08+0.29
4j 18.23+0.68  >20 19.93.40.62 - >20 6.74+0.61  5.12+0.96 >20

4k >20 >20 >20 > 20 >20 6.1740.26  19.09+0.63
41 10.98+0.8  9.89+0.9 6.78+0.4 7.12+0.2 2.02+0.14  7.89+0.71  5.36:0.02
4m 8.6420.6 4.1840.55  7.87+0.29 5.6740.08  3.27+1.16  >20 7.42+0.44
4n 6.360.1 8.1+0.2 6.48+0.16 5.03£0.09  3.87+1.0 > 20 5.32+0.01
40 >20 >20 >20 >20 >20 8.8740.19 >20

4p 8.69+0.4 >20 5.45+0.3 4214045  >20 >20 9.12+0.30
4q 19.92+0.89 20 >20 15.21+0.82  16.08+0.05 >20 18.68+0.13
4r >20 520 19.23+0.86  19.80+0.11 >20 >20 > 20

4s >20 >20 > 20 19.75+0.67 >20 >20 >20

4t >20 >20 >20 18.21+0.92  >20 >20 > 20

4u >20 >20 >20 >20 >20 >20 19.08+0.85
4v >20 >20 >20 16.21+0.82  18.09+0.65 >20 >20

4w >20 >20 >20 >20 >20 8.17+#0.78 >20

4y 4.03+0.17  8.96+0.18  3.97+1.04 6.93+0.74  5.74%1.0 4.78+0.06  3.70+0.11
CA-4' 8.87+0.88  0.048+0.02 9.12+0.52 9.75+0.63  0.28+0.15  3.53x1.1  9.29+0.36

50% inhibitory concentration after 48 h of compound treatment. ™ Colon cancer cells.

“" Lung cancer cells. ¢ Glioblastoma cancer cells. "¢ Prostate cancer cells. CA-4: Combretastatin A-4, reference

compound.



2.2.2. Morphological observations using phase contrast microscope

The induction of the formation of apoptotic bodies has always been an ideal criterion in
developing anti-cancer therapeutics. To observe whether the treatment with the compounds could
lead to loss of cell viability and induction of apoptosis, NCI-H460 cells were treated with the
most active compound 4a. Cells were observed and photographs were taken with phase contrast
microscope. Compound 4a treated NCI-H460 cells showed cell wall deformation, cell shrinkage
and resulted in reduced number of viable cells, whereas these distinctive morphological features
were absent in control cells as shown in Fig. 2. This indicates that the compound 4a induces

marked morphological changes in NCI-H460 cells.

Fig. 2. Effect of the compound 4a [(a) 0.0 uM; (b) 1.25 uM; (c) 2.5 uM; (d) 5.0 uM] on the
morphology and cell viability of NCI-H460 cells.

2.2.3. DAPI nucleic acid staining

DAPI (4',6-diamidino-2-phenylindole) is a fluorescent dye capable of strong binding to
A-T rich sequences of DNA and aids in the visualization of chromatin condensation or nuclear

damage. It distinguishes live cells from apoptotic cells by staining the characteristic condensed



nuclei of the latter bright blue.”® Therefore, this staining technique was performed to detect the
induction of apoptosis by the compound 4a in NCI-H460 cells. From Fig. 3, it was established
that the nuclear structure of untreated control cells was intact whereas NCI-H460 cells treated

with 4a displayed condensed, horse-shoe shaped or fragmented nuclei.

Control

Fig. 3. Nuclear morphology in NCI-H460 cells stained with DAPI. NCI-H460 cells treated with
compound 4a [(a) 0.0 uM; (b) 2.5 uM; (c) 5.0 uM; (d) 10.0 uM] for 24 h were stained with
DAPI. The images were captured with a fluorescence microscope.

2.2.4. Generation of Reactive Oxygen Species (ROS)

The generation of ROS is a characteristic feature of many chemotherapeutic agents, thereby
initiating oxidative damage to the mitochondrial permeability and membrane potential. Hence,
DCFDA staining method*” has been used to assess the generation of intracellular ROS of
compound 4a in NCI-H460 cells. The treatment of compound 4a for 6 h resulted in enhanced
DCFDA fluorescence in a dose-dependent manner, indicating the capability of compounds in
accumulating ROS (Fig. 4). On the other hand, a decreased fluorescence intensity was observed
when NCI-H460 cells were treated with N-acetyl cysteine (NAC) prior to treatment with 4a,
indicating the compound-induced cytotoxicity by ROS generation. Moreover, H,O, treatment of
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NCI-H460 cells led to the increased fluorescence when compared to the control due to the

generation of free radicals.

]
=1
(=1
o

1500+

1000+

500

DCFDA Fluorescence (RFU)

[=]
L

00&@ &S m‘?@ & &

Concentration

Fig. 4. Effect of compound 4a on Reactive Oxygen Species’ (ROS) levels. Dose-dependent
increment of fluorescence was observed compared to control. Each bar
represents mean + SD from three independent experiments.

2.2.5. Flow-cytometry analysis

Usually, anticancer therapeutics prevent the proliferation of cancer cells by blockade of the cell
cycle at a specific checkpoint. From the in vitro screening results, it was evident that the
compound 4a showed significant activity against NCI-H460 cells. Hence, it was our interest to
figure out whether this cytotoxicity was due to cell cycle arrest, through cell cycle analysis.
NCI-H460 cells were treated with compounds 4a, at concentrations of 1.25, 2.5 and 5 uM for 24
h, stained with propidium iodide and further analyzed by using BD flow cytometry. The results
from Fig. 5 indicated that the NCI-H460 untreated control cells exposed to DMSO showed
34.71% cells in G2/M phase, whereas cells treated with 4a showed 39.30, 42.88 and 48.85%
increase in G2/M population at 1.25, 2.5 and 5 uM concentrations respectively after 24 h. A
simultaneous decreased number of cells in GO/G1 phase were also observed. These results
clearly indicated that treatment of NCI-H460 cells with compound 4a resulted in G2/M phase

arrest.
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Fig. 5. Cell cycle analysis of NCI-H460 cancer cells treated with compound 4a for 24 h. (A) The
cell cycle distribution was analysed by using propidium iodide staining method and

analysed by flow cytometry (BDc6 accuri). (B) Data of 10,000 cells was collected for each data
file. The percentage of the cell population in GO/G1, S and G2/M phase were calculated by
using the BDcbaccuri software.
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2.2.6. Effect on tubulin polymerization

To investigate whether the synthesized compounds can interact with microtubule system in order
to elicit antiproliferative activity, the compound 4a was evaluated for its tubulin polymerization
inhibitory activity in a cell-free in vitro assay.” The compound 4a displayed G2/M cell cycle
arrest which is a hallmark of tubulin polymerization. Hence, we investigated the ability of
compound 4a to inhibit tubulin polymerization by monitoring the increase in fluorescence
emission at 440 nm (excitation wavelength is 360 nm) for 1 h at 37 °C (Fig. 6). In this assay,
Combretastatin A-4 (CA-4) and paclitaxel, were used as reference standards at 3 uM
concentration. The compound 4a were included at final concentrations of 10,5, 2.5, 1.25, 0.625
uM respectively. The experiment performed in duplicates. The ICsy value was calculated from
the drug concentration required to inhibit 50% of tubulin assembly compared to control. The
compound 4a was found to be a potent inhibitor of tubulin polymerization with an ICs, value of

9.66 + 0.06 uM (Fig. 7).

5500
>0 =—@—control
w 4500
g 4000 == 10uM
8 3500 5UM
=
8 2059 ) SuM
@ 2500
§ 2000 —te=1.25uM
w1500 =—0—0.625uM
+099 CA-4@3uM
500
o - : . , , : : IPaclita><e| @3uM
0 10 20 30 40 50 60 70

Time (min)

Fig. 6. Effect of compound 4a on the tubulin polymerization: tubulin polymerization was
monitored by the increase in fluorescence at 360 nm (excitation) and 440 nm (emission)
for 1 h at 37 °C.
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Fig. 7. % Dose-response inhibition of tubulin polymerization by compound 4a at final
concentrations of 10, 5, 2.5, 1.25, 0.625 uM. Combretastatin A-4 (CA-4) and paclitaxel, were
used as reference standards at 3 uM concentration.

2.3. Molecular docking

To elucidate the mode of binding with tubulin, the synthesized compounds were docked into the
colchicine-binding site of tubulin (PDB ID:1SAO0) located at the interface of the a,f3 subunits. >
Co-crystallized ligand colchicine was re-docked into tubulin as to validate the docking
protocol, with a root mean squared deviation (RMSD) of 0.67 A. Colchicine interacted strongly
with the critical amino acid residues Leu248, Leu255, Asn258 and Lys352 in the colchicine-
binding site of tubulin. Therefore, these amino acid residues were very important for the binding
of tubulin inhibitors. To confirm the correct binding mode and ensure a geometric fit,
compounds 4a and 4b were docked into the colchicine-binding site of tubulin (Fig. 8).
Compounds 4a and 4b exhibited strong hydrophobic interactions with Thr179, Ala316, Lys254
and Met259, as well as critical amino acid residues including Leu248, Leu255, Asn258 and
Lys352. We can clearly see that the hydrophobic pockets of colchicine binding site are occupied
by A ring and the carbonyl group of the a,B-unsaturated ketone moiety. The ring B and the linker
region of molecules extend into the interface between the o- and -chains which are surrounded
by GIn176, Ser178, Tyr210 and Pro255 of the a-subunit and Asp229, Met325 and Val355 of the
B-subunit. More importantly, the protonated nitrogen of piperidine formed hydrogen-bonding
with the side chain of Asp 329 in both compounds. Moreover, the oxygen atom of the a,[3-
unsaturated carbonyl system formed a hydrogen-bonding with the side chain of Asn101 (N—
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H....0 =1.971 A). In compound 4b, it is the phenolic OH that forms hydrogen-bonding with the
side chain of Asnl101 as well as the backbone of Thr179. Moreover, the ring A formed cation-nt
stacking with the nitrogen in the sidechain of Lys254. Asnl101 played a very important role
during the protein-ligand binding process, possibly explaining the stronger inhibitory activity of

compounds against all the cancer cell lines.

ALA 316 \ﬁ"3 28
\

ASP 329

~LysTHBz353 E LYS 326
MET 325

ASN 101

ASN 101 ASN 101

Fig. 8. (A), (B) Docking poses of ligands 4a, 4b respectively and the interacting amino acids at
the colchicine binding domain of tubulin. (C), (D) Poses represent the superimposition of 4a and
4b with colchicine at the colchicine binding domain.

Based on the modeling, it is clear that these molecules fit well in the tubulin o, interface
with favorable interactions. An understanding of this interaction between tubulin and the hit
compounds will aid in the development of new inhibitors with potent antitumor activities. The

results of the molecular docking study showed linear linker played a bridging role between the

phenyl and heterocyclic rings leading to a successful docking at the target binding site. The
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optimal linker length was three; linkers longer or shorter were not efficient in binding to the
target site. To gain further insight of our findings, we demonstrated the superimposition of
colchicine with the ligands and the corresponding superimposition poses suggest that methoxy
phenyl ring of ligands under investigation occupied a similar position with respect to 2-
methoxycyclohepta-2,4,6-trien-1-one ring of colchicine and the carbonyl group in 4a and 4b
superimposes with the amide carbonyl of the colchicines. All these interactions together
contribute to the hypothesis that the synthesized compounds exhibit efficient binding into the

colchicines binding site on tubulin and thus, the ensuing antimitotic activity.
3. Conclusion

In summary, a series of heterocycles-linked chalcone conjugates were synthesized, and evaluated
for their in vitro anticancer potential. Interestingly, the compound 4a showed the most potent
antiproliferative activity on the NCI-H460 cell line. Based on the in vitro cytotoxic activities, the
structure activity relationships (SARs) of the chalcones 4a—y have been proposed. The presence
of piperidine (4a and 4b) and morpholine (4]) linked to the ring B together with the presence of
electron-donating groups on ring A elevated the biological response. The importance of linker
length on cytotoxic activity is demonstrated by the fact that analogues with the linker length of
three showed enhanced cytotoxicity than those with linker lengths of two or four. Additionally,
4a effectively inhibited the polymerization of tubulin through binding at the colchicine binding
site. It also induced apoptosis in NCI-H460 cells through the generation of ROS and arresting the
G2/M phase of the cell cycle. Overall, the current studies demonstrate that the heterocycles-
linked new chalcone conjugate 4a has the potential to be developed as lead and their further

structural modifications may produce promising new cancer therapeutics.

4. Experimental protocols
4.1. Chemistry

All reagents and solvents were obtained from commercial suppliers and were used without
further purification. Analytical thin layer chromatography (TLC) was performed on MERCK
precoated silica gel 60-F,s4 (0.5 mm) aluminum plates. Visualization of the spots on TLC plates
was achieved by UV light. 'H and '>C NMR spectra were recorded on bruker 300 and 500 MHz
spectrometers using tetramethyl silane (TMS) as the internal standard. Chemical shifts for 'H and
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13C are reported in parts per million (ppm) downfield from tetra methyl silane. Spin multiplicities
are described as s (singlet), bs (broad singlet), d (doublet), dd (double doublet), t (triplet), q
(quartet), and m (multiplet). Coupling constant (J) values are reported in hertz (Hz). HRMS were
determined with Agilent QTOF mass spectrometer 6540 series instrument.

Wherever required, column chromatography was performed using silica gel (60-120 or 100-

200) or neutral alumina.

4.2. General experimental procedure for the synthesis of

heterocycles-linked chalcone conjugates 4a—y

Aldehyde intermediate 3, acetophenone (1 mmol), and barium hydroxide (1 mmol) were
dissolved in EtOH (5 mL). The reaction mixture was stirred for 12 h at room temperature and
then evaporated in vacuo, water (5 mL) was added and the mixture was neutralized with HCI (1
M, 1.75 mL) and extracted with EtOAc. The organic layer was separated, washed with water,
dried, and evaporated in vacuo. The residue yielded crude chalcones (4a-y) which were purified

by column chromatography (Silica gel, 60—120 mesh, 9:1 hexane/ethyl acetate).

4.2.1. (E)-3-(3-Methoxy-4-(3-(piperidin- 1-yl)propoxy)phenyl)- 1 -(4-methoxyphenyl)prop-2-en-1-
one (4a). Yellow liquid, yield 81%; "H NMR (500 MHz, CDCLy): ¢ 8.03 (d, 2H, J = 9.0 Hz),
7.75 (d, 1H, J = 16.0 Hz), 7.39 (d, 1H, J= 16.0 Hz), 7.20 (dd, 1H, J = 2.0, 8.5 Hz), 7.15 (d, 1H,
J=2.0Hz), 6.98 (d, 2H, J =9.0 Hz), 6.92 (d, 1H, J = 8.0 Hz), 4.12 (t, 2H, J = 7.0 Hz), 3.92 (s,
3H), 3.88 (s, 3H), 2.51 (t, 2H, J = 7.0 Hz), 2.46-2.39 (m, 4H), 2.10-2.04 (m, 2H), 1.94-1.87 (m,
4H), 1.64-1.56 (m, 2H); °C NMR (125 MHz, CDCL): J 189.3, 151.3, 149.6, 145.7, 138.9,
136.8, 129.9 (2€), 128.9 (2C), 127.5, 123.3, 119.3, 112.4, 110.6, 68.8, 59.0, 56.1, 54.6 (2C),
27.2,25.9 (2C), 24.4, 23.4; HRMS (ESI); m/z caled. for CosH3NO4, 410.2331, found 410.2326
M + HJ%.

4.2.2. (E)-1-(2-Hydroxyphenyl)-3-(3-methoxy-4-(3-(piperidin- 1 -yl )propoxy)phenyl)prop-2-en-1-

one (4b). Yellowish brown liquid, yield 88%; "H NMR (500 MHz, CDCls): 0 12.94 (s, 1H), 7.94
(dd, 1H, J=1.5, 8.0 Hz), 7.88 (d, 1H, J = 15.0 Hz), 7.53-7.48 (m, 2H), 7.25 (dd, 1H, J=1.9, 8.3
Hz), 7.17 (d, 1H, J=2.0 Hz), 7.03 (dd, 1H, J = 1.0, 8.5 Hz), 6.96-6.93 (m, 2H), 4.14 (t, 2H, J =
7.0 Hz), 3.94 (s, 3H), 2.49 (t, 2H, J = 7.0 Hz), 2.45-2.37 (m, 4H), 2.08-2.03 (m, 2H), 1.61-1.57

(m, 4H), 1.50-1.41 (m, 2H); °C NMR (125 MHz, CDCl): 6 189.5, 151.3, 149.6, 145.7, 137.3,
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131.9 (2C), 130.0 (2C), 129.7, 127.5, 123.3, 119.3, 112.6, 110.7, 67.6, 56.1, 55.7, 54.5 (2C),
26.5,25.9 (2C), 24.4; HRMS (ESI): m/7 calcd. for Co4H30NOy, 396.2175, found 396.2165 [M +
HI".

4.2.3. (E)-1-(4-Bromophenyl)-3-(3-methoxy-4-(3-(piperidin- 1-yl)propoxy)phenyl)prop-2-en-1 -
one (4c). Yellow liquid, yield 80%; 'H NMR (500 MHz, CDCls): § 7.88 (d, 1H, J = 8.5 Hz), 7.80
(d, 1H, J = 8.5 Hz), 7.76 (d, 1H, J = 15.5 Hz), 7.64 (d, 1H, J = 8.5 Hz), 7.58 (d, 1H;J = 8.5 Hz),
7.32(d, 1H, J = 15.5Hz), 7.21 (dd, 1H,J=2.0, 8.5Hz),7.14 (d, 1H, J=2Hz),6.93 (d, IH, J
=8.5Hz), 4.13 (t, 2H, J = 6.5 Hz), 3.92 (s, 3H), 2.50 (t, 2H, J = 7.5 Hz), 2:43—2.37 (m, 4H),
2.09-2.01 (m, 4H), 1.62—1.57 (m, 4H); °C NMR (125 MHz, CDCl): 6 189.5, 151.3, 149.6,
145.7, 137.3, 131.9 (2C), 130.0 (2C), 129.7, 127.6, 123.3, 119.3, 112.6, 110.7, 67.6, 56.1, 55.7,
54.6 (2C), 26.5, 25.9 (2C), 24.4; HRMS (ESI): m/z calcd. for Co4H,sBrNO3, 458.1331, found
458.1327 [M + HJ* .

4.2.4. E)-3-(3-Methoxy-4-(4-(piperidin-1-yl)butoxy)phenyl)- I -phenylprop-2-en-1-one (4d).
Brown semi-solid; 'H NMR (500 MHz, CDCls): ¢ 8.02 (dd, 2H, J = 5.0, 3.2 Hz), 7.78 (d, 1H, J
=15.6 Hz), 7.61-7.58 (m, 1H), 7.52 (t, 2H, J = 7.8 Hz), 7.40 (d, 1H, J = 15.1 Hz), 7.25-7.22 (dd,
1H, J=1.9, 8.3 Hz), 7.18 (d, 1H, J = L.9 Hz), 6.91 (d, 1H, J = 2.0 Hz), 4.11 (t, 2H, J = 6.7 Hz),
3.94 (s, 3H), 2.48-2.36 (m, 6H), 1.94-1.82 (m, 2H), 1.75-1.68 (m, 2H), 1.64—1.59 (m, 4H),
1.48-1.42 (m, 2H); °C NMR (125 MHz, CDCL): ¢ 190.7, 151.1, 149.6, 145.2, 138.5, 132.5,
128.6 (2C), 128.4 (2C), 127.7,.123.2, 120.0, 112.4, 110.6, 68.8, 58.9, 56.1, 54.6 (2C), 27.2, 25.9
(2C), 24.4, 23.3; HRMS (ESI) calcd. for C,5H3,NOs, 394.2382, found 394.2388 [M + H]".

4.2.5. (E)-1-(4-Bromophenyl)-3-(3-methoxy-4-(4-(piperidin- 1 -yl )butoxy)phenyl)prop-2-en-1-one
(4e). Brown semi-solid; '"H NMR (500 MHz, CDCls): 6 8.12 (t, J =1.7 Hz, 1H), 8.12 (t, J= 1.6
Hz, 1H), 7.92 (d, J=7.8 Hz, 1H), 7.77 (d, J = 15.5 Hz, 1H), 7.38 (t, J/ = 7.8 Hz, 1H), 7.34 —7.31
(m, 1H),7.15(d, /=19 Hz, 1H), 6.90 (d, J=8.3 Hz 1H), 6.77 (d, J = 2.0 Hz, 1H), 4.09 (t, J =
6.7 Hz, 2H), 3.94 (s, 3H), 2.43 — 2.36 (m, 6H), 1.90 — 1.83 (m, 2H), 1.63 — 1.57 (m, 4H), 1.48 —
1.41 (m, 2H); °C NMR (125 MHz, CDCl): 6 189.1, 151.3, 149.6, 146.1, 140.4, 136.0, 135.4,
131.2,130.2, 126.9, 126.6, 123.5, 119.2, 112.4, 110.6, 68.8, 58.9, 56.1, 54.5 (2C), 27.2, 25.8
(20), 24.4, 23.3; HRMS (ESI) calcd. for CpsH3;BrNOs, 472.1487, found 472.1486 [M + H]".
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4.2.6. (E)-1-(4-Chlorophenyl)-3-(3-methoxy-4-(4-(piperidin-1-yl)butoxy)phenyl)prop-2-en- 1-one
(4f). Yellow solid; Mp: 79-80 °C; 'H NMR (500 MHz, CDCL): J 7.95 (d, 2H, J = 6.8 Hz), 7.76
(d, 1H,J=15.6 Hz), 7.47 (d, 2H, J=5.6 Hz), 7.33 (d, 1H, J = 15.6 Hz), 7.21 (dd, 1H, J = 8.3,
1.8 Hz), 7.15 (s, 1H), 6.90 (d, 1H, J = 7.4 Hz), 4.09 (t, 2H, J = 6.7 Hz), 3.93 (s, 3H), 2.51-2.27
(m, 7H), 1.95-1.85 (m, 2H), 1.74-1.64 (m, 2H), 1.64—1.51 (m, 4H), 1.47-1.40 (m, 2H); '*C
NMR (125 MHz, CDCls): 6 189.3, 151.2, 149.6, 145.7, 138.9, 136.8, 129.8 (2C), 128.9 (20),
127.5,123.3, 119.3, 112.4, 110.6, 68.8, 58.9, 56.0, 54.6 (2C), 27.2, 25.9 (2C), 24.4, 23.4; HRMS
(ESI) calcd. for Co5H3,CINO;, 428.1992, found 428.1990 [M + H]™.

4.2.7. (E)-1-(2,4-Dichlorophenyl)-3-(3-methoxy-4-(4-(piperidin- 1-yl)butoxy)phenyl)prop-2-en- I -
one (4g). Yellow solid; Mp: 79-80 °C; '"H NMR (500 MHz, CDClL): 6. 7.48 (d, 1H, J = 1.9 Hz),
7.42-7.33 (m, 3H), 7.12 (dd, 1H, J = 8.8, 1.9 Hz), 7.07 (d, 1H, J = 1.9 Hz), 6.96 (d, 1H, J=15.9
Hz), 6.88 (d, 1H, J = 8.4 Hz), 4.08 (t, 2H, J = 6.7 Hz), 3.89 (s, 3H), 2.48-2.37 (m, 6H), 1.92—
1.83 (m, 2H), 1.72-1.66 (m, 2H), 1.64—1.57 (m, 4H), 1.47—1.42 (m, 2H); >C NMR (125 MHz,
CDClh): 0 192.8, 151.5, 149.6, 147.1, 137.7, 136.6, 132.3, 130.2, 130.1, 127.2, 127.0, 123.9,
123.6, 112.4, 110.5, 68.8, 58.8, 56.0, 54.5 (2C), 27.1, 25.7 (2C), 24.3, 23.2; HRMS (ESI) calcd
for CpsH30CLNO3, 462.1603, found 462.1618 [M + H] .

4.2.8. (E)-3-(3-Methoxy-4-(2-morpholinoethoxy)phenyl)- 1 -(4-methoxyphenyl)prop-2-en- 1-one
(4h). Yellow liquid, yield 78%; "H NMR (500 MHz, CDCls): 6 8.06-8.00 (m, 2H), 7.75 (d, 1H, J
=15.5Hz), 7.41 (d, 1H, J = 15.5 Hz), 7.21 (dd, 1H, J = 2.0 Hz, 9.0 Hz), 7.16 (d 1H, J=2.0
Hz), 7.01-6.96 (m, 2H),6.91 (d, 1H, J = 8.3 Hz), 4.20 (t, 2H, J = 6.0 Hz), 3.92 (s, 3H), 3.89 (s,
3H) 3.75-3.73 (m, 4H), 2.86 (t, 2H, J = 6.0 Hz), 2.61-2.59 (m, 4H); °C NMR (125 MHz,
CDCly): 6 188.7, 163.2, 150.4, 149.6, 144.0, 131.2, 130.7 (2C), 128.4, 122.7, 119.9, 113.7 (2C),
112.8, 110.7,66.8 (2C), 66.6, 57.3, 56.0, 55.4, 54.0 (2C); HRMS (ESI): m/z calcd. for
C,3H2sNOs, 398.1967, found 398.1969 [M + HJ".

4.2.9. (E)-1-(4-Bromophenyl)-3-(3-methoxy-4-(2-morpholinoethoxy)phenyl)prop-2-en-1-one (4i).
Yellow liquid, yield 83%; '"H NMR (500 MHz, CDCls): § 7.89-7.85 (m, 1H), 7.80 (d, 1H, J =
8.5 Hz), 7.76 (d, 1H, J = 15.5 Hz), 7.66-7.63 (m, 1H), 7.59 (d, 1H, J=9.0 Hz), 7.33 (d, 1H, J =
15.5Hz), 7.21(dd, 1H, J=2.0 Hz, 8.0Hz ), 7.15 (d, 1H, J=2.0 Hz), 6.91 (d, 1H, J = 8.5 Hz),
4.21 (t, 2H, J = 6.0 Hz), 3.92 (s, 3H), 3.75-3.72 (m, 4H), 2.87 (t, 2H, J = 6.0 Hz), 2.61-2.59 (m,
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4H); °C NMR (125 MHz, CDCl): 0 188.8, 163.3, 150.4, 149.6, 144.0, 131.3, 130.7 (2C), 128.5,
122.8, 120.0, 113.8 (2C), 113.0, 110.8, 66.8, 66.6, 57.3, 56.0, 55.5, 54.0 (2C); HRMS (ESI): m/z
caled. for C2,HysBrNOy, 446.0967, found 446.0960 [M + H]".

4.2.10. (E)-1-(2,4-Dichlorophenyl)-3-(3-methoxy-4-(2-morpholinoethoxy)phenyl)prop-2-en-1-
one (4j). Yellow liquid, yield 86%; "H NMR (CDCls, 500 MHz): 6 7.48 (d, 1H, J = 2.0 Hz), 7.41
(d, 1H, J=8.0 Hz), 7.38-7.34 (m, 2H), 7.13 (dd, 1H, J = 2.0, 8.5 Hz), 7.07 (d, 1H, J= 2.0 Hz),
6.96 (d, 1H, J=16.0 Hz), 6.89 (d, 1H, J = 8.0 Hz), 4.19 (t, 2H, J = 6.0 Hz), 3.89 (s, 3H), 3.74—
3.72 (m, 4H), 2.86 (t, 2H, J = 6.0 Hz), 2.60-2.58 (m, 2H); >’C NMR (125 MHz, CDCL): §
192.7, 151.1, 149.7, 146.8, 137.7, 136.7, 132.2, 130.2, 130.1, 127.5, 127.2,124.1, 123.4, 112.8,
110.6, 66.9 (2C), 66.8, 57.3, 56.0, 54.1 (2C); HRMS (ESI): m/z calcd. for C2,H24CLNO4,
436.1082, found 436.1078 [M + H]".

4.2.11. (E)-3-(3-Methoxy-4-(2-morpholinoethoxy )phenyl)-1-(4-(trifluoromethyl)phenyl) prop-2-
en-1-one (4k). Yellow liquid, yield 88%; 'H NMR (500 MHz, CDCL): 6 8.08 (d, 2H, J = 8.0
Hz), 7.79-7.74 (m, 3H), 7.33 (d, 1HJ = 16.0 Hz), 7.22 (d, 1H, J = 6.5 Hz), 7.15 (s, 1H), 6.92 (d,
1H, J=8.0 Hz), 4.21 (t, 2H, J = 6.0 Hz), 3.93 (s, 3H), 3.74-3.71 (m, 4H), 2.89-2.84 (m, 2H),
2.62-2.59 (m, 4H); °C NMR (125 MHz, CDCl): 6 189.8, 151.0, 149.7, 146.2, 141.4, 128.7
(20), 128.6, 128.5, 127.9, 125.8, 125.7,125.6, 125.6, 123.3, 119.7, 112.9, 110.7, 66.8 (2C), 66.6,
57.3, 56.1, 54.0 (2C); HRMS (ESI): m/z calcd. for C23HasF3NQOy, 436.1736, found 436.1727 [M
+ HJ".

4.2.12. (E)-3-(3-Methoxy-4-(3-morpholinopropoxy)phenyl)- 1-(4-methoxyphenyl)prop-2-en-1-one
(41). Yellow liquid, yield 75%; "H NMR (500 MHz, CDCls): 6 8.04 (d, 2H, J = 7.5 Hz), 7.74 (d,
1H, J =15.0 Hz), 7.40 (d, 1H, J=15.0 Hz), 7.20 (d, 1H, J =8.0 Hz), 7.16 (s, 1H), 6.98 (d, 2H, J
=11.0Hz),6.91 (d, 1H, J =5.5 Hz), 4.14 (t, 2H, /= 5.5 Hz), 3.93 (s, 3H), 3.89 (s, 3H), 3.77-
3.72 (m; 4H), 2.58 (t, 2H, J = 6.5 Hz), 2.55-2.50 (m, 4H), 2.08-2.01 (m, 2H); °C NMR (125
MHz, CDCL): ¢ 188.8, 163.3, 150.7, 149.5, 144.3, 131.3, 130.7 (2C), 128.1, 122.9, 119.9, 113.8
(20), 112.7, 110.8, 67.1, 66.6, 56.1, 55.5 (2C), 55.4, 53.5 (2C), 25.9; HRMS (ESI): m/z calcd for
Co4H30NOs, 412.2124, found 412.2113 M + H]".
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4.2.13. (E)-3-(4-(3-(2,6-Dimethylmorpholino )propoxy)-3-methoxyphenyl)- I -(4-methoxyphenyl)
prop-2-en-1-one (4m). Yellow semi-solid, yield 85%; '"H NMR (500 MHz, CDCl): ¢ 8.03 (d,
2H,J=6.5Hz),7.75 (d, 1H, J=15.5 Hz), 7.40 (d, 1H, J = 15.5 Hz), 7.20 (d, 1H, J = 8.0 Hz),
7.16 (s, 1H), 6.97 (d, 2H, J = 8.5 Hz), 6.91 (d, 1H, J = 8.0 Hz), 4.13 (t, 2H, J = 6.5 Hz), 3.92 (s,
3H), 3.88 (s, 3H), 3.70-3.65 (m, 2H), 2.76 (d, 2H, J = 11.0 Hz), 2.51 (t, 2H, J = 7.0 Hz), 2.08-
2.02 (m, 2H), 1.74 (t, 2H, J = 11.0 Hz), 1.16 (s, 3H), 1.15 (s, 3H); >C NMR (125 MHz, CDCl):
0 188.7,163.2, 150.7, 149.5, 144.1, 131.2, 130.6 (2C), 128.0, 122.8, 119.7, 113.7(2C), 112.5,
110.6, 71.5 (2C), 67.2, 59.4 (2C), 56.0, 55.4, 54.8, 26.1, 19.1 (2C); HRMS (ESI): m/z calcd. for
Co6H34NOs, 440.2437, found 440.2457 [M + H]".

4.2.14. (E)-3-(4-(3-(2,6-Dimethylmorpholino )propoxy)-3-methoxyphenyl)-1-(2-
methoxyphenyl)prop-2-en-1-one (4n). Yellow semi-solid, yield 80%; "H NMR (500 MHz,
CDCl): 6 7.93 (d, 2H, J =8.0 Hz), 7.75 (d, 1H, J = 15.5 Hz), 7.38 (d, 1H, J = 15.5 Hz), 7.30 (d,
2H, J =8.5Hz), 7.20 (d, 1H, J = 8.5 Hz), 7.16 (s, 1H), 6.91 (d, 1H, J = 8.5 Hz), 4.13 (t, 2H, J =
6.5 Hz), 3.93 (s, 3H), 3.70-3.65 (m, 2H), 2.76 (d, 2H, J = 12.0 Hz), 2.51 (t, 2H, J = 7.0 Hz), 2.44
(s, 3H), 2.07-2.00 (m, 2H), 1.74 (t, 2H, J = 11.0 Hz), 1.17 (s, 3H) 1.15(s, 3H); °C NMR (125
MHz, CDCL): ¢ 190.1, 150.8, 149.5, 144.6, 143.4, 135.9, 129.2 (2C), 128.6 (2C), 127.9, 123.0,
120.0, 112.6, 110.6, 71.6 (2C), 67.2,59.4 (2C), 56.0, 54.9, 26.1, 21.6, 19.1 (2C); HRMS (ESI):
m/z caled. for CosH34NOs, 440.2437, found 440.2432 [M + H]".

4.2.15. (E)-1-(2,4-Dichlorophenyl)-3-(4-(3-(2,6-dimethylmorpholino)propoxy)-3-methoxyphenyl)
prop-2-en-1-one (40). Yellow solid, yield 78%; Mp: 98-100 °C; '"H NMR (500 MHz, CDCh): 0
7.48 (d, 1H, J=2.0Hz), 7.41 (d, 1H, J = 8.0 Hz), 7.38-7.33 (m, 2H), 7.11 (dd, 1H, J = 2.0, 8.5
Hz), 7.07 (d, 1H, J=2.0 Hz), 6.96 (d, 1H, J = 16.0 Hz), 6.89 (d, 1H, J = 8.5 Hz), 4.12 (t, 2H, J =
6.5 Hz), 3.89 (s, 3H), 3.68-3.65 (m, 2H), 2.75 (d, 2H, J = 10.5 Hz), 2.49 (t, 2H, J = 7.0 Hz),
2.06-2.01 (m, 2H), 1.73 (t, 2H, J = 10.5 Hz), 1.16 (s, 3H), 1.15 (s, 3H); >C NMR (125 MHz,
CDCls): 0 192.7, 151.4, 149.6, 147.0, 137.7, 136.6, 132.2, 130.2, 130.1, 127.2, 127.1, 123.9,
123.5, 112.5, 110.5, 71.6 (2C), 67.2, 59.5 (2C), 56.0, 54.8, 26.1, 19.1 (2C); HRMS (ESI): m/z
caled. for CosH30CLNO,, 478.1552, found 478.1547 [M + HJ".

4.2.16. (E)-3-(4-(3-(2,6-Dimethylmorpholino )propoxy)-3-methoxyphenyl)- 1 -p-tolylprop-2-en- 1 -
one (4p). Yellow semi-solid, yield 80%; "H NMR (500 MHz, CDCl): 6 7.93 (d, 2H, J= 7.5 Hz),
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7.75 (d, 1H, J=15.5Hz), 7.39 (d, 1H, J=15.5 Hz), 7.30 (d, 2H, J=7.5 Hz), 7.21 (d, 1H, J =
8.0 Hz), 7.16 (s, 1H), 6.92 (d, 1H, J = 8.0 Hz), 4.13 (t, 2H, J = 6.5 Hz), 3.93 (s, 3H), 3.73-3.67
(m, 2H), 2.75 (d, 2H, J=11.0 Hz), 2.50 (t, 2H, J = 12.0 Hz), 2.43 (s, 3H), 2.07-2.02 (m, 2H),
1.74 (t, 2H, J = 11.5 Hz), 1.17 (s, 3H), 1.15 (s, 3H); °C NMR (125 MHz, CDCl;): § 190.1,
150.8, 149.5, 144.6, 143.4, 135.9, 129.2 (2C), 128.6 (2C), 127.9, 123.0, 120.0, 112.6, 110.6, 71.6
(20), 67.2,59.5 (20), 56.0, 54.9, 26.2, 21.6, 19.1 (2C); HRMS (ESI): m/z calcd. for C;6H34NO4,
424.2488, found 424.2477 [M + H]".

4.2.17. (E)-3-(4-(3-(Indolin- 1-yl)propoxy)-3-methoxyphenyl)- 1-(4-methoxyphenyl)prop-2-en- 1 -
one (4q). Yellow solid, yield 90%; Mp: 227-229 °C; '"H NMR (500 MHz, CDCls): 0 8.04 (d, 2H,
J=9.0Hz),7.76 (d, 1H, J =15.5 Hz), 7.41 (d, 1H, J = 15.5 Hz), 7.21 (d, 1H, J = 8.5 Hz), 7.17 (s,
1H), 7.09-7.03 (m, 2H), 6.99 (d, 2H, J = 8.5 Hz), 6.91 (d, 1H,J = 8.5 Hz), 6.65 (t, IH, J =17.5
Hz), 6.51 (d, 1H, J=8.0 Hz), 4.19 (t, 2H, J = 6.0 Hz), 3.96 (s, 3H), 3.90 (s, 3H), 3.37 (t, 2H, J =
8.5 Hz), 3.30 (t, 2H, J = 7.0 Hz), 2.97 (t, 2H, J = 8.5 Hz), 2.17 (m, 2H); °*C NMR (125 MHz,
CDCl): 0 188.8, 163.3, 152.6, 150.8, 149.6, 144.2, 131.3, 130.7 (2C), 129.9, 128.1, 127.3,
124.4,122.9, 119.8, 117.6, 113.8 (2C), 112.7, 110.7, 106.9, 66.7, 56.1, 55.5, 53.3, 46.0, 28.6,
27.3; HRMS (ESI): m/z calcd. for CosH3oNOy, 444.2175, found 444.2193 [M + H]".

4.2.18. (E)-1-(2,4-Dichlorophenyl)-3-(4-(3-(indolin- 1-yl)propoxy)-3-methoxyphenyl)prop-2-en-
I-one (4r). Off-white solid, yield 89%; Mp: 92-94 °C; 'H NMR (500 MHz, CDCls): 6 7.48 (d,
1H, J = 1.5 Hz), 7.41 (d, 1H, J = 8.5 Hz), 7.38-7.34 (m, 2H), 7.11-7.01 (m, 4H), 6.96 (d, 1H, J =
16.0 Hz), 6.88 (d, 1H, J=8.0 Hz), 6.64 (t, 1H, J=7.0 Hz), 6.49 (d, 1H, J = 8.0 Hz), 4.18 (t, 2H,
J=6.5Hz),3.92 (s, 3H), 3.35 (t, 2H, J = 8.5 Hz), 3.28 (t, 2H, J = 6.5 Hz), 2.96 (t, 2H, J = 8.5
Hz), 2.16 (m; 2H); °C NMR (125 MHz, CDCl): 6 192.7, 152.6, 151.4, 149.7, 147.1, 137.7,
136.6, 132.3,.130.3, 130.1, 130.0, 127.3, 127.2 (2C), 124.4, 124.0, 123.6, 117.6, 112.6, 110.5,
106.9, 66.7, 56.0, 53.4, 46.0, 28.6, 27.3; HRMS (ESI): m/z calcd. for C;H26C1,NOs3, 482.1290,
found 482.1302 [M + H]".

4.2.19. (E)-3-(4-(3-(3,4-Dihydroquinolin-1(2H)-yl)propoxy)-3-methoxyphenyl)- 1 -phenylprop-2-
en-1-one (4s). Yellow solid; Mp: 111-113 °C; '"H NMR (500 MHz, CDCl): 6 8.01 (d, 2H, J =

7.3 Hz), 7.76 (d, 1H, J = 15.6 Hz), 7.58 (t, 1H, J=7.3 Hz), 7.51 (t, 2H, J = 7.5 Hz), 7.39 (d, 1H,
J=15.6 Hz),7.19 (d, 1H, J=7.0 Hz), 7.18 (s, 1H), 7.00 (t, 1H, J=7.5Hz), 6.94 (d, 1H, J=7.1
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Hz), 6.88 (d, 1H, J = 8.3 Hz), 6.64 (d, 1H, J=8.2 Hz), 6.55 (t, 1H, J=7.2 Hz), 4.14 (t, 2H, J =
5.9 Hz), 3.95 (s, 3H), 3.50 (t, 2H, J = 6.9 Hz), 3.29 (t, 2H, J = 4.9 Hz), 2.75 (t, 2H, J = 6.3 Hz),
2.20-2.10 (m, 2H), 1.97-1.89 (m, 2H); '*C NMR (125 MHz, CDCL): 6 190.7, 150.9, 149.7,
145.2, 145.1, 138.5, 132.6, 129.2, 128.6 (2C), 128.5 (2C), 128.0, 127.1, 123.2, 122.4, 120.1,
115.6, 112.8, 110.7, 110.6, 66.6, 56.1, 49.7, 48.0, 28.2, 26.3, 22.3; HRMS (ESI) calcd. for
C2sH30NOs, 428.2226, found 428.2284 [M + HJ".

4.2.20. (E)-3-(4-(3-(3,4-Dihydroquinolin-1(2H)-yl)propoxy)-3-methoxyphenyl)-1-(4-
methoxyphenyl)prop-2-en-1-one (4t). Yellow solid; Mp: 91-92 °C; "H NMR (500 MHz, CDCL):
08.04 (d, 2H, J=8.7 Hz), 7.75 (d, 1H, J = 15.5 Hz), 7.41 (d, 1H, J=15.5 Hz), 7.20 (d, 1H, J =
6.0 Hz), 7.18 (s, 1H), 7.04-6.95 (m, 3H), 6.93 (d, 1H, J =7.2 Hz), 6.88 (d, 1H, J = 8.2 Hz), 6.64
(d, 1H, J=8.2 Hz), 6.55 (t, 1H, J=7.2 Hz), 4.13 (t, 2H, J = 5.7 Hz), 3.95 (s, 3H), 3.89 (s, 3H),
3.50 (t, 2H, J = 6.9 Hz), 3.29 (t, 2H, J = 4.7 Hz), 2.75 (t, 2H, J = 6.3 Hz), 2.22-2.08 (m, 2H),
2.00-1.87 (m, 2H); °C NMR (125 MHz, CDCls): 6 188.8, 163.3, 150.7, 149.7, 145.2, 144.2,
131.4, 130.7 (20), 129.2, 128.2, 127.1, 122.9, 122.4, 119.8, 115.6, 113.8 (2C), 112.3, 110.8,
110.7, 66.6, 56.1, 55.5, 49.7, 48.0, 28.2, 26.3, 22.3; HRMS (ESI) calcd. for C29H3,NO4,
458.2331, found 458.2328 [M + H]".

4.2.21. (E)-1-(4-Bromophenyl)-3-(4-(3-(3,4-dihydroquinolin-1(2H)-yl)propoxy)-3-
methoxyphenyl)prop-2-en-1-one (4u). Yellow solid; Mp: 95-97 °C; "H NMR (500 MHz,
CDCl): 0 7.88 (d, 2H, J = 8.1 Hz), 7.76 (d, 1H, J = 15.6 Hz), 7.64 (d, 2H, J = 8.1 Hz), 7.32 (d,
1H, J=8.5Hz), 7.20 (d; 1H, J =7.3 Hz), 7.17 (s, 1H), 7.00 (t, 1H, J =7.7 Hz), 6.94 (d, 1H, J =
7.3 Hz), 6.88 (d; 1H, J = 8.3 Hz), 6.64 (d, 1H, J=8.2 Hz), 6.56 (t, 1H, J=7.3 Hz), 4.14 (t, 2H, J
= 6.0 Hz), 3:95 (s, 3H), 3.50 (t, 2H, J = 6.9 Hz), 3.29 (t, 2H, J =4.9 Hz), 2.75 (t, 2H, J = 6.3 Hz),
2.20-2.09 (m, 2H), 1.97-1.88 (m, 2H); °C NMR (125 MHz, CDCl): ¢ 189.5, 151.1, 149.7,
145.7,145.2, 137.2, 131.9 (2C), 130.0 (2C), 129.2, 127.8, 127.6, 127.1, 123.3, 122.4, 119.4,
115.7,112.7, 110.8, 110.7, 66.6, 56.1, 49.7, 48.0, 28.2, 26.3, 22.2; HRMS (ESI) calcd. for
CasH29BrNOs3, 506.1331, found 506.1328 [M + H]".

4.2.22. (E)-1-(4-Chlorophenyl)-3-(4-(3-(3,4-dihydroquinolin-1(2H)-yl)propoxy)-3-
methoxyphenyl)prop-2-en-1-one (4v). Yellow solid; Mp: 103-105 °C; "H NMR (500 MHz,
CDCl3): 0 7.96 (d, 2H, J =8.3 Hz), 7.76 (d, 1H, J = 15.6 Hz), 7.47 (d, 2H, J = 8.3 Hz), 7.34 (d,
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1H, J=15.6 Hz), 7.20 (d, 1H, J =8.3 Hz), 7.17 (s, 1H), 7.00 (t, 1H, J=7.7 Hz), 6.94 (d, 1H, J =
7.3 Hz), 6.88 (d, 1H, /= 8.3 Hz), 6.63 (d, 1H, J=8.2 Hz), 6.55 (t, 1H, J=7.3 Hz), 4.14 (t, 2H, J
= 6.0 Hz), 3.95 (s, 3H), 3.50 (t, 2H, J = 6.9 Hz), 3.28 (t, 2H, /= 5.5 Hz), 2.75 (t, 2H, J = 6.2
Hz,), 2.21-2.08 (m, 2H), 2.05-1.83 (m, 2H); °C NMR (125 MHz, CDCl;): 6 189.3, 151.1,
149.7, 145.6, 145.2, 139.0, 136.8, 129.9 (2C), 129.2, 128.9 (2C), 127.8, 127.1, 123.3, 122.4,
119.4,115.7, 112.7, 110.8, 110.7, 66.6, 56.1, 49.7, 48.0, 28.1, 26.3, 22.3; HRMS (ESI) calcd. for
CasH29CINO;, 462.1836, found 462.1836 [M + HJ".

4.2.23. (E)-1-(2,4-Dichlorophenyl)-3-(4-(3-(3,4-dihydroquinolin-1(2H)-yl)propoxy)-3-
methoxyphenyl)prop-2-en-1-one (4w). Yellow solid; Mp: 92-94 °C; 'H NMR (500 MHz,
CDCl): 0 7.49 (s, 1H), 7.43-7.33 (m, 3H), 7.13-7.08 (m, 2H), 7.01-6.91 (m, 3H), 6.86 (d, 1H, J
=8.2 Hz), 6.63 (d, 1H, J =8.2 Hz), 6.55 (t, IH, J =7.3 Hz), 413 (t, 2H, J = 6.0 Hz), 3.92 (s,
3H), 3.49 (t, 2H, J = 6.9 Hz), 3.28 (t, 2H, J = 5.5 Hz), 2.74 (t, 2H, J = 6.3 Hz), 2.19-2.09 (m,
2H), 1.97-1.88 (m, 2H); °C NMR (125 MHz, CDCls): 6 188.0, 146.6, 145.0, 142.3, 140.7,
140.2, 133.0, 131.9, 127.5, 125.5, 125.4, 124.5, 122.5,122.4, 119.3, 118.8, 117.7, 110.9, 107.9,
105.9,61.9, 51.3,45.0, 43.2, 23.4, 21.6, 17.5; HRMS (ESI) calcd. for C2sH3CLNO3, 496.1446,
found 496.1446 [M + H] "

4.2.24. (E)-1-(4-Aminophenyl)-3-(4-(3-(3,4-dihydroquinolin-1(2H)-yl)propoxy)-3-
methoxyphenyl)prop-2-en-1-one (4x). Brown semi-solid; 'H NMR (500 MHz, CDCls): 6 7.93 (d,
2H, J=8.6 Hz), 7.73 (d, 1H, J = 15.5 Hz), 7.41 (d, 1H, J = 15.5 Hz), 7.21-7.14 (m, 2H), 7.00 (t,
1H, J=7.7Hz), 6.94 (d, 1H, J=7.1 Hz), 6.87 (d, 1H, J =8.2 Hz,) 6.70 (d, 2H, J = 8.5 Hz), 6.64
(d, 1H, J=8.2 Hz),6.55 (t, IH, J=7.3 Hz), 4.13 (t, 2H, J = 6.1 Hz), 3.94 (s, 3H), 3.50 (t, 2H, J
=6.9 Hz), 3.29 (t, 2H, J = 5.6 Hz), 2.75 (t, 2H, J = 6.3 Hz), 2.22-2.04 (m, 2H), 1.97-1.85 (m,
2H), 1.67 (brs; 2H); °C NMR (125 MHz, CDCL): ¢ 183.5, 146.3, 145.8, 144.9, 140.5, 138.6,
126.3 (20C), 124.4, 124.0, 123.7, 122.4, 118.0, 117.6, 115.2, 110.9, 109.2 (2C), 108.1, 106.0,
105.9,61.9, 51.4, 45.0, 43.3, 23.4, 21.6, 17.5; HRMS (ESI) calcd. for CogH31N,03, 443.2335,
found 443.2333 [M + H]".

4.2.25. (E)-3-(4-(3-(3,5-Dimethyl-1 H-pyrazol- 1-yl)propoxy)-3-methoxyphenyl)- I -(4-methoxy
phenyl)prop-2-en-1-one (4y). Yellow semi-solid, yield 80%; "H NMR (500 MHz, CDCls): 6 8.03
(d, 2H, J=9.0Hz), 7.73 (d, 1H, J =15.5 Hz), 7.39 (d, 1H, J=15.5 Hz), 7.19 (dd, 1H, J = 1.7,
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10.0 Hz), 7.15 (d, 1H, J = 1.6 Hz), 6.98 (d, 2H, J =8.5 Hz), 6.83 (d, 1H, J = 8.0 Hz), 5.75 (s, 1H),
4.19 (t, 2H, J = 6.5 Hz), 3.98 (t, 2H, J = 6.0 Hz), 3.93 (s, 3H), 3.89 (s, 3H), 2.37-2.32 (m, 2H),
2.21 (s,3H), 2.18 (s, 3H); °C NMR (125 MHz, CDCL): J 188.8, 163.3, 150.4, 149.5, 147.6,
144.1, 139.2, 131.3, 130.7 (2C), 128.2, 122.8, 119.9, 113.8 (2C), 112.7, 110.6, 104.7, 65.4, 55.9,
55.5, 44.6, 29.6, 13.5, 10.7; HRMS (ESI): m/z calcd. for CosHxoN,Oy, 421.2127, found 421.2120
M + HJ .

4.3. Biology
4.3.1. Cell cultures

Cells were procured from National Centre for Cell Science (NCCS) Pune, India and stocks were
maintained in the sterile laboratory conditions. Lung (A549 and NCI-H460), prostate (DU-145
and PC-3), colon (HCT-15 and HCT-116) and brain (U-87 glioblastoma) cancer cells were
grown in tissue culture flasks in DMEM (Dulbecco modified Eagle medium, Sigma) or MEM
(Minimum Essential Medium, Sigma) supplemented with 10% fetal bovine serum with 1X
stabilized antibiotic-antimycotic solution (Sigma) in a CO, incubator at 37 °C with 5% CO, and

90% relative humidity.

4.3.2. MTT assay

The cytotoxic activity of 4a—y was determined using MTT assay. 1 x 10* cells per well were
seeded in 100 uL. DMEM; supplemented with 10% FBS in each well of 96-well microculture
plates and incubated for 48 h, at 37 °C in a CO; incubator. Compounds, diluted to the required
concentrations in culture medium, were added to the wells with respective vehicle control. After
48 h of incubation, 10 uL. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) (5 mg/mL) was added to all the plates and incubated for 4 h. Then, the
supernatant from each well was carefully decanted, formazon crystals were dissolved in 100 pL

of DMSO and absorbance was recorded at 570 nm wavelength.

4.3.3. Morphological observations using phase contrast microscope
NCI-H460 cells were plated in 6 well culture plates with a density of 1x10° cells/mL and allowed

to adhere for overnight. Cells were incubated with various concentrations of 4a. After 48 h, cells
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were observed for morphological changes and images were taken with phase contrast microscope

(Nikon).

4.3.4. DAPI nucleic acid staining

To clearly examine nuclear morphological changes induced by compounds 4a on NCI-H460
cells, DAPI nuclear staining was performed. Blue-fluorescent DAPI is a nuclear

stain, which can cross intact membrane of live cells and stains the nucleus of the live cells as
light blue, wherein the apoptotic cell nuclei appears as bright blue due to chromatin
condensation. Thus, it was of our interest to examine nuclear fragmentation or chromatin
condensation induced by compound 4a. For this, NCI-H460 cells were stained with DAPI
following the treatment with the compound 4a and cells were observed under fluorescence
microscope for nuclear morphological changes. The results indicate that the nuclear structure of
untreated cells was intact while 4a treated cells showed nuclear shrinkage, fragmented, pyknotic
and horse shoe shaped nuclei (white arrow) and chromatin condensation, and these are the
remarkable features of apoptosis. These findings demonstrate that these compounds could induce

apoptosis in NCI-H460 cells.

4.3.5. Generation of Reactive Oxygen Species (ROS)

NCI-H460 cells were plated in 24 well plates at a density of (1 x 10° cells/mL) and allowed to
adhere for overnight. Then the cells were treated with 1.25 uM, 2.5 uM and 5.0 uM of active
compound 4a for 24 h. The media was replaced with culture medium containing DCFDA dye
(10 uM) and incubated for 30 min dark. The fluorescence intensity from samples was analysed

by spectrofluorometer at an excitation and emission wavelength of 488 and 525 nm, respectively.

4.3.6. Flow-cytometry analysis

NCI-H460 cells (1 x 10° cells/well) in 6 well plate were treated with different 1.25, 2.5 and 5 uM
mM concentrations of the compound 4a for 24 h and cells were collected by trypsinisation,
washed with 150 mM PBS and were fixed with 70% ethanol for 30 min at 4 °C. After fixing,

cells were washed with PBS and stained with 400 uL of propidium
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iodide staining buffer [PI (200 pg), Triton X (100 uL), DNAse-free RNAse A (2 mg) in 10 mL
PBS] for 15 min at room temp in dark. The samples were then analyzed for propidium iodide

fluorescence from 15,000 events by flow cytometry using BD Accuri C6 flowcytometer.
4.3.7. Effect on tubulin polymerization

Tubulin polymerization kit was purchased from Cytoskeleton, Inc. (BK0O11). To evaluate the
effect of compound 4a, fluorescence based in vitro tubulin polymerization assay was conducted
following the manufacturer's protocol. The reaction mixture having porcine brain tissue (2
mg/mL) in 80 mM PIPES at pH 6.9, 2.0 mM MgCl,, 0.5 mM EGTA,1.0 mM GTP

and glycerol in the presence and absence of test compound 4a (final concentration of 10 uM)
was prepared and added to each well of 96-well plate. Tubulin polymerization was followed by a
time dependent increase in fluorescence due to the incorporation of a

fluorescence reporter into microtubules as polymerization proceeds. Fluorescence emission at
440 nm (excitation wavelength is 360 nm) was measured by using a Spectramax M4 Multi mode
Micro plate Detection System. CA-4 was used as positive control in the assay at 3uM final
concentrartion. The ICs value was calculated from the drug concentration required for inhibiting

50% of tubulin assembly compared to control.
4.3.8. Molecular docking

The crystal co-ordinates of a,B-tubulin subunits were retrieved from the protein data bank (PDB
ID: 3E22). As the active site 1.€., colchicine binding site of tubulin is located at the interface of
the subunits, both the chains were considered for molecular modelling studies. The protein
preparation tool was used for the preparation of receptor model (Schrédinger 2015-4). The tool
adds missing side chains and loops and also removes water molecules with a distance of more
than 5 A. Then, restrained minimization was performed utilizing the OPLS 2005 force field to
RMSD of 0.3 A and an active site pocket of colchicine with 20 A equally in each

direction of X, Y, and Z was used for receptor grid generation. The potential ligands 4a and 4b
were sketched by using 2D sketcher and, prepared for docking using Ligprep and a total number
of 10 conformers were generated for each of the ligand. The ligands were docked into the active

site of tubulin using GLIDE-XP (Extra Precision) flexible program.
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ALA 316 $ MeO

® Cytotoxicity: IC5¢ of 1.48 + 0.19 uM on lung cancer cells
® Tubulin polymerization inhibition

® Inducing apoptosis on NCI-H460 cells

ASN 101

® Cell cycle arrest at G2/M phase
® Molecular modelling studies

® Total of 25 new molecules
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New heterocycles-linked chalcone conjugates were synthesized.

Anticancer activity was tested on selected human cancer cell lines.

The compound 4a effectively inhibited polymerization of tubulin in a cell-free assay.
4a induced apoptosis and generation of ROS on NCI-H460 cells.

4a arrested on NCI-H460 cells in G2/M phase of cell cycle.
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