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ABSTRACT: A variety of 3-(4-chlorophenyl) acrylic acids 4a,b and 3-(4-
chlorophenyl)acrylate esters 5a−i were synthesized and structurally proven
by spectroscopic studies such as IR, 1H NMR, and 13C NMR as well as mass
spectrometry. All substances were investigated for their antiproliferative
efficacy against the MDA-MB-231 cell line. Among these, acrylic acid
compound 4b demonstrated the most potent cytotoxic effect with an IC50
value of 3.24 ± 0.13 μM, as compared to CA-4 (IC50 = 1.27 ± 09 μM).
Additionally, acrylic acid molecule 4b displayed an inhibitory effect against β-
tubulin polymerization with a percentage inhibition of 80.07%. Furthermore,
compound 4b was found to produce considerable cell cycle arrest at the G2/
M stage and cellular death, as demonstrated by FACS analysis. In addition,
the in vivo antitumor screening of the sodium salt of acrylic acid 4b was
carried out, and the results have shown that the tested molecule showed a
significant decrease in viable EAC count and EAC volume, accompanied by a considerable increase in the life span prolongation, if
compared to the positive control group. Furthermore, molecular modeling studies were performed to understand how the highly
efficient chemicals 4b and 5e interact with the colchicine-binding region on tubulin. This work aims to shed light on the reasons
behind their exceptional cytotoxicity and their better capacity to inhibit tubulin in comparison to CA-4.

1. INTRODUCTION
One of the leading causes of death worldwide is cancer.1

Despite the availability of different chemotherapeutic agents,
no effective regimens for dealing with cancer sequences have
been proposed, and the disease remains lethal and terrible.2,3

Microtubules, including α- and β-tubulin subunits, play a
critical role in numerous biological activities, including spindle
formation and cellular shape maintenance.4,5 In order to
prepare the chromosomes for cell division into a pair of
daughter cells, tubulin is polymerized during the cellular cycle
to form microtubules.6,7 Microtubules are an attractive target
for the development of anticancer drugs due to their function
in cell mitosis.8,9 The usual tubulin inhibitor, combretastatin A-
4 (CA-4) I, binds to the colchicine (Col) site, causing
microtubule depolymerization and the apoptotic death of
cancer cells.10,11 For the synthesis of related compounds that
may have future biological functions, CA-4 I has acted as a
fundamental structural template.12 Numerous compounds that
resemble CA-4 have been created and studied as possible
anticancer drugs.13−15 Two aromatic rings are connected by a
different moiety, such as olefins, enamides, or heterocyclic
functions, to form CA-4 analogues.16−18 According to SAR

studies, ring A’s trimethoxy group is a crucial pharmacophoric
site for tubulin, whereas ring B’s halogenated phenyl group
preserves the antitubulin activity.19,20 The maintenance of
tissue growth and homeostasis depends heavily on apoptosis, a
critical cellular function.21,22 Apoptotic pathway regulation
issues have been connected to a variety of diseases, including
cancer.23 In order to find effective cancer treatments, it has
become common practice to design and prepare novel
chemotherapeutic chemicals that are capable of triggering
apoptotic death.24−26

Much emphasis has been paid to the construction of
scaffolds with tiny molecular structures as their principal
structural design in the hunt for potential anticancer
candidates.15,27 The acrylate moiety, a synthetic small
molecular scaffold, is a prized element in modern medical
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Figure 1. Molecular structure design of the synthesized acrylate derivatives 4a,b and 5a−i.

Scheme 1. Synthesis of Target Acrylate Compounds 4a,b, and 5a−ia

aReagents: (i) Ac2O at 70 °C for 40 min; (ii) 4-chlorobenzaldehyde in NaOAc reflux for 2 h; (iii) 20% KOH reflux for 1−2 h; (iv) appropriate
aliphatic alcohol in NaOAc reflux for 5−6 h.
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chemistry.28 The molecules based on this scaffold have a wide
range of actions, such as anticancer, antioxidant, and anti-
inflammatory medicines, due to their broad scope and affinity
for a number of biological targets.29−31

As potential chemotherapeutic agents, compounds contain-
ing acrylate groups play a crucial role in inducing apoptotic cell
death and disrupting tubulin polymerization, thereby exerting
their anticancer effects.32,33 Specifically, structurally akin to
chalcone and aroylacrylic acids, the substituted benzoylacrylic
acids demonstrate a capacity to inhibit EGFR selectively and
covalently, as elucidated in a previous study.32 Furthermore, a
study by Hao et al.33 has highlighted the ability of acrylic
phenethyl ester-2-pyranone derivatives to induce apoptosis and
G2/M cell cycle arrest by targeting GRP94 in colorectal
cancer. Additionally, the indole-3-acrylic acid conjugates
demonstrated exceptionally potent anticancer agents that
exhibit effectiveness against a diverse range of hematological
and solid human tumor cell lines.34

In light of these findings, our primary objective is to design
and synthesize novel aryl acrylic acids (4a,b) and acrylate
esters (5a−i) integrated into the trimethoxybenzene scaffold of
CA-4, connected via a carboxamide linker (Figure 1). The
intention behind this design is to explore the potential
antiproliferative effects of these compounds on the MDA-
MB-231 breast cancer cell line. To comprehensively under-
stand the mechanisms at play, our investigation will encompass
cellular mechanistic studies. This will encompass evaluating the
compounds’ capacity to induce apoptosis, impact tubulin
polymerization, and trigger cell cycle arrest. Furthermore,
molecular modeling studies are undertaken to elucidate the
underlying basis for the potent antiproliferative activities
observed in the most active candidates.

2. RESULTS AND DISCUSSION
2.1. Chemistry. Scheme 1 depicts a general schematic of

the synthesis of the target substances 3-(4-chlorophenyl)acrylic
acids 4a,b and 3-(4-chlorophenyl)acrylate esters 5a−i. The
crucial oxazolone intermediate 3a,b was produced by cyclo-
condensing 4-chlorobenzaldehyde with the active methylene
molecule, 2-aryl-2-oxazoline-5-one. As a representative exam-
ple, the infrared (IR) spectra of compound 3b revealed a
prominent stretching band at 1801 cm−1, which corresponded
to the lactone ring’s C�O.
The required 3-(4-chlorophenyl)acrylic acids 4a,b were

produced by reacting the important oxazolone intermediates
3a,b with 20% KOH. The acrylic acid derivative 4b could be
easily deduced since there were two clear broad signals of
carboxylic−OH and amidic−NH protons at δ 12.85 and 9.91
ppm, respectively. In addition, the two aromatic protons of the
3,4,5-trimethoxyphenyl (TMP) moiety of compound 4b
appeared as a singlet signal at δ 7.33 ppm. Additionally, the
4-chlorophenyl protons of compound 4b appeared as two
doublet of doublet signals at δ 7.67 and 7.48 ppm with integral
two protons for each signal. The aliphatic methoxy protons of
compound 4b were observed as two set signals at δ 3.85 and
3.74 ppm, integrating six and three protons, respectively. The
close examination of the 13C nuclear magnetic resonance
(NMR) spectrum of acrylic acid derivative 4b revealed two
carbonyl groups (C�O) at δ 166.67 and 165.77 ppm assigned
to carboxylic acid and amidic groups, respectively. All the
aromatic and aliphatic carbons of compound 4b were found in
the ranges of δ 153.16−105.80 and 60.57−56.53 ppm,
respectively. The 1H NMR spectra of compound 4a, an acrylic

acid, were discovered to follow a pattern identical to that of
compound 4b.
The 3-(4-chlorophenyl)acrylate ester derivatives 5a−i were

produced by heating 3a,b at reflux with appropriate aliphatic
alcohols, including methyl alcohol, ethyl alcohol, n-propyl
alcohol, isopropyl alcohol, and n-butyl alcohol, while also being
in the presence of anhydrous sodium acetate (NaOAc).
Compounds 5a−i had a common singlet signal due to the −
NH group of the amide moiety at δ 10.08−9.93 ppm in the
1H-NMR spectra of the title molecules. Additionally, doublets
of doublet signals at ppm δ 7.70−7.67 and 7.50−7.47 that were
attributable to the 4-chlorophenyl group shared two character-
istic signals. Additionally, the aliphatic and olefinic protons
showed up at the predicted chemical shifts. The carbonyl
carbon (C�O) of the acrylate ester moiety can be found at δ
166.04−165.47 ppm in the 13C NMR spectra of the 3-(4-
chlorophenyl)acrylate ester derivatives 5a−i, while the carbon-
yl carbon (C�O) of the amide function can be found at δ
165.85−164.78 ppm. Additionally, the compounds 5a−i’s 13C
NMR spectra revealed unique methoxy carbons in the range of
δ 60.57−52.30 ppm. At the anticipated chemical shift signals,
the aliphatic, olefinic, and aromatic carbons were visible. The
newly produced acrylate compounds 4a, b, and 5a−i were also
found to be pure, and elemental studies confirmed this, with
the results correlating with the products’ chemical formula.
2.2. Biology. 2.2.1. In Vitro Cytotoxic Activity against

MDA-MB-231 Breast Carcinoma Cell Line. 3-(4-
Chlorophenyl)acrylic acids 4a,b and 3-(4-chlorophenyl)-
acrylate esters 5a−i were recently synthesized compounds
whose cytotoxic activity was evaluated using the MTT method
against the MDA-MB-231 human breast carcinoma cell line.
Cytotoxic activity against the breast cancer cell line MDA-MB-
231 in vitro Table 1, outlines the results, and provides them as

Table 1. IC50 (μM) Values of the Prepared Molecules
against MDA-MB-231 Cancerous Cellsa

IC50 value (μM)

comp no R1 R2 MDA-MB-231 MCF-10A

4a H H 8.24 ± 0.37 NT
4b OCH3 H 3.24 ± 0.13 23.29 ± 0.32
5a H CH3 4.84 ± 0.19 NT
5b H C2H5 15.81 ± 0.41 NT
5c H n-C3H7 14.26 ± 0.33 NT
5d H n-C4H9 45.86 ± 1.02 NT
5e OCH3 CH3 4.03 ± 0.16 NT
5f OCH3 C2H5 11.59 ± 0.24 NT
5g OCH3 n-C3H7 23.21 ± 0.40 NT
5h OCH3 iso-C3H7 25.25 ± 0.51 NT
5i OCH3 n-C4H9 28.11 ± 0.56 NT
CA-4 1.27 ± 09 14.21 ± 0.29

aNT; not tested.
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IC50 values, using Col as the positive control. The examined
acrylate compounds have variable degrees of cytotoxicity when
applied to the MDA-MB-231 cell line. Compounds 4b, 5a, and
5e were the most effective acrylate molecules on cell viability
and caused inhibition of cell proliferation with IC50 ranges
from 3.24 to 4.83 M, followed by compounds 4a, 5b, 5c, and
5f with IC50 values ranges from 8.55 to 15.89 M. The activity
of the newly synthesized molecules can be arranged in
descending order as follows. However, the IC50 values for
the acrylate ester compounds 5g, 5h, and 5i were higher,
ranging from 23.15 to 28.06 M. The least active substance was
compound 5d, with an IC50 value of 45.78 M. Additionally, it
was shown that, when compared to CA-4 (IC50 = 1.27 M),
acrylic acid derivative 4b (IC50 = 3.24 M) was the most
effective anticancer drug against MDA-MB-231 breast
carcinoma cells, followed by methyl acrylate compound 5e
(IC50 = 4.06 M). It is therefore reasonable to believe that the
anticancer activity of the 3-(4-chlorophenyl) acrylate deriva-
tives 4a,b, and 5a−i against MDA-MB-231 cells predominated
over the presence of a carboxylate or methylate moiety. Finally,
the cytotoxic action was reduced when the TMP ring was
replaced with a dimethoxyphenyl group, showing that the
TMP is more tolerable for the antiproliferative activity. It is
noteworthy that the synthesized acrylic acid derivative 4b
revealed a higher IC50 to normal MCF-10A breast cells; IC50 =
23.29 μM (Table 1). The mean tumor selectivity index
calculated for compound 4b was found to be 7.2, which
demonstrates good selectivity toward tumor cells.
2.2.2. β-Tubulin Polymerization Inhibition Activity.

Previous reports suggested that β-tubulin polymerization is a
multistep process triggered by the creation of assembled
protofilaments as well as the regulation of actin filaments.35 As
a crucial component of the cytoskeleton, β-tubulin polymer-
ization has been identified as a possible target in cancer drug
development.36 To evaluate whether the representative active
acrylate derivatives target the tubulin-microtubule system,
compounds 4b, 5a, and 5e were selected to investigate their
abilities to disrupt microtubule assembly. The impact of
selected newly prepared acrylate derivatives 4b, 5a, and 5e on
β-tubulin polymerization at a concentration value of 25 μM is
outlined in Figure 2. CA-4 was included as a reference

compound. The results demonstrated that compounds 4b and
5e were proven to be strong inhibitors with β-tubulin
polymerization inhibition activity percentages of 80.07 and
77.81%, respectively, comparable to CA-4 (inhibition value of
89.77%). It is clear from the results that tubulin was the
molecular target of these compounds and that this molecular
target interferes with microtubule polymerization. Treatment
with compound 5a at a concentration of 25 M, on the other
hand, prevented the polymerization of tubulin by 57.13%.
2.2.3. Cell Cycle Analysis. Chemotherapy for cancer may

target cells in the G2M stage of the cell cycle.37 Numerous
studies have demonstrated that tubulin assembly inhibitors can
stop cancer cells in the G2/M stage and induce cellular
apoptosis.38 We used a flow cytometric assay to further assess
the cellular molecular mechanism activities of 3-(4-chlor-
ophenyl) acrylic acid 4b in MDA-MB-231 malignant cells due
to its strong ability to block -tubulin polymerization. The effect
of acrylic acid derivative 4b on the advancement of the cell
cycle in MDA-MB-231 cells was investigated in order to
validate the cellular mechanism. As demonstrated in Figure 3,
untreated control MDA-MB-231 cells had a typical cell cycle
pattern at each stage, including the G1, S, and G2M phases. In
contrast, cancer cell accumulation was found at the G2/M
stage to be 3.82 times higher in the treated group of MDA-
MB-231 cells than in the untreated control group after
treatment with acrylic acid derivative 4b at a concentration
equivalent to its IC50 value (3.24 M). It is important to note
that the percentage of G2M phase increased from 7.35% in the
control group to 28.08% in the acrylic acid 4b-treated group.
The findings demonstrate that acrylic acid 4b can prevent cell
mitosis and stop MDA-MB-231 cells in the G2M phase, which
reduces MDA-MB-231 cellular growth and proliferation.
2.2.4. Cell Apoptosis Analysis. An Annexin V-FITCPI

(AVPI) double staining technique was used to assess
compound 4b′s ability to trigger apoptosis in order to
ascertain whether it might do so. MDA-MB-231 cells were
stained with two dyes and subjected to a FACS analysis after
48 h of treatment with acrylic acid 4b at its IC50 dose (3.24
M). It was discovered that acrylic acid 4b might accelerate late-
secondary cellular apoptosis, increasing it from 0.24% in the
control untreated group to 12.62% in the acrylic acid 4b
treated group (Figure 4). Additionally, a rise in early primary
apoptosis was observed, going from 0.69% in the control group
that received no treatment to 8.09% in the cells that were
treated with acrylic acid 4b (Figure 4). According to these
results, this class of chemicals may harm MDA-MB-231 cells
while they are in the G2/M phase and cause apoptosis.
2.2.5. In Vivo Antitumor Screening. The in vivo antitumor

activity of acrylic acid derivative 4b against EAC cells mice was
evaluated by parameters such as EAC counting, EAC volume,
and life span prolongation. For the in vivo studies, the acrylic
acid derivative 4b was converted into sodium salt to enhance
its bioavailability. The highest efficacious dose of the acrylic
acid derivative 4b was found to be 20 mg/kg, as evidenced by
the intraperitoneal injection of the EAC carrying mice with
various concentrations of the sodium salt of compound 4b.
Figure 5A shows how many EAC cells there were in the study
group. The findings showed that after treatment with 20 mg/
kg of the sodium salt of compound 4b, the mean number of
EAC cells in EAC-bearing mice fell from 358.47 × 106 to 39.12
× 106. Similar to this, it was discovered that the mean EAC cell
volume in EAC-bearing mice was 5.720.71. For the group that
received the sodium salt of component 4b, it was 0.370.19

Figure 2. Effect of compounds 4b, 5a, and 5e on β-tubulin
polymerization was investigated using an ELISA assay for β-tubulin.
Results are the averages of three tests with n = 3 and CA-4 as the
reference molecule.
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(Figure 5B). When compared to the positive control group, the
EAC volume in the mice treated with the sodium salt of
chemical 4b dramatically decreased by 15.46-fold. Additionally,
Figure 5C showed how compound 4b′s sodium salt affected
the study group’s life expectancy. The outcomes showed that
the mice treated with sodium salt of compound 4b had a life
expectancy extension of (41) days as opposed to the control
group’s (16) days. When compared to the EAC cell positive
group, it was discovered that the control group treated with
sodium salt of chemical 4b had a 2.56-fold longer life
expectancy. The findings of the current investigation
unquestionably demonstrate the sodium salt of the acrylic
acid derivative 4b′s tumor-inhibitory efficacy against EAC
cells. According to our findings, sodium acrylate 4b treatment
had a substantial impact on the EAC cell count and EAC
volume of ascites tumor-bearing animals. This was accom-
panied by an increase in the life expectancy in the treated
group. These results unmistakably demonstrate the antitumor
activity of compound 4b of acrylic acid against EAC.

2.2.6. Molecular Docking Study. The exceptional cytotox-
icity and tubulin inhibitory activity displayed by the very
powerful compounds 4b and 5e compared to CA-4 were
interestingly revealed by molecular docking research. Notably,
with binding free energies of −6.1, −6.7, and −6.4 kcal/mol,
respectively, all three compounds, CA-4, 4b, and 5e, were
discovered to exactly fit and occupy the desired Col binding
position on tubulin (Figure 6). The important amino acid
residue Cys241 was found to form hydrogen bonds with both
CA-4 and compound 4b (Figure 8), according to closer
inspection (Figures 7−9), while compound 5e (Figure 9)
established a strong hydrophobic interaction and S-halogen
interaction with the conserved amino acid (Cys241). Addi-
tionally, a number of amino acids, including Gln247, Leu248,
Ala250, Lys254, Leu255, Asn258, Lys352, and Ala316, had
strong hydrophobic interactions that provided a thorough
description of the tubulin pocket.
The important hydrogen connection produced by the

carboxylate functionality with Cys241 and the strong hydro-

Figure 3. Cell cycle distribution of MDA-MB-231 breast cancer cells after 48 h of treatment with compound 4b.

Figure 4. Annexin V-FITC/propidium iodide assay method. MDA-MB-231 cells were treated with acrylic acid compound 4b for 48 h and stained
with Annexin V-FITC and/or propidium iodide and counted for apoptosis using a flow cytometer.
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phobic contacts between the chlorophenyl fragment of 4b and
the hydrophobic groove formed by Leu248, Ala250, Lys254,
and Leu255 are both responsible for the enhanced inhibitory
binding activity of 4b. It is interesting to note that the provital
H-bond with Cys241 was broken by esterification of the
carboxylate functionality in 5e. This could account for 5e′s
slightly lower tubulin-binding inhibitory efficacy than 4b. It is
noteworthy that the polar interactions with Leu248, Met259,
and Lys254 as well as the hydrophobic interactions involving
the side chains of the aforementioned amino acid residues, as

well as the hydrogen bond and hydrophobic interaction with
Cys241, played a significant role in the intricate process of
protein−ligand binding. These important interactions probably
play a role in the exceptional tubulin inhibitory activity that
CA-4, compounds 4b, and compound 5e all exhibit.39−41 The
results of the docking study point to compounds 4b and 5e′s
extraordinary capacity to disrupt the process of tubulin
polymerization as the likely cause of their potent cytotoxic
effects on the MDA-MB-231 breast cancer cell line.

Figure 5. Impact of sodium salt of compound 4b on tumor size parameters of EAC-bearing mice (A) EAC cell count at different doses (mg/kg);
(B) EAC volume; (C) life span prolongation. Data expressed as the mean ± SE (n = 10).

Figure 6. Superposition of CA-4 (cyan), 4b (yellow), and 5e (magenta) in the Col-binding pocket of tubulin in surface view depiction. The
hydrogen bond with the key amino acid residue Cys241 is shown to be conserved in CA-4 and its analogues 4b and 5e.
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Figure 7. Binding mode of CA-4 in the Col-binding pocket of tubulin. Hydrogen bonds are shown by yellow dashed lines.

Figure 8. Binding mode of compound 4b (3D left panel and 2D right panel) in the Col-binding pocket of tubulin. Hydrogen bonds are shown by
yellow dashed lines.

Figure 9. Binding mode of compound 5e (3D left panel and 2D right panel) in the Col-binding pocket of tubulin. Hydrogen bonds are shown by
yellow dashed lines.
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2.2.7. In Silico Predictive ADME Study for Targeted
Compounds 4b and 5e. Using the Discovery Studio suite
v.5,42 computer-assisted absorption-distribution-metabolism-
elimination-and-toxicity (ADMET) tests were carried out to
evaluate the pharmacokinetic properties of 4b and 5e, which
showed strong activity. The water solubility, absorption, atom-
based Log P98, two-dimensional (2D) polar surface area,
blood−brain barrier (BBB) level, and likelihood of cytochrome
P450 2D6 activity were all factors that this research looked at
in relation to the chemical structure of compounds 4b and 5e.
The analysis of the PSA_2D and A LogP98 characteristics
produced the data shown in the ADMET plot (Figure 10),
which offered important details about the pharmacokinetics of
the drugs. Additionally, the ability of 4b and 5e to be absorbed
and permeate the brain was assessed by looking at the human
intestinal absorption (HIA) and BBB plots. Compounds 4b
and 5e have limited ability to passively cross the BBB, which
could result in adverse effects on the central nervous system,
according to the dots on the BBB plot (Figure 10). Figure 10’s
depiction of the HIA plot revealed that 4b and 5e had good
intestinal absorption, with a sizable proportion of the drug able
to passively cross the intestine, as opposed to the BBB.
Furthermore, the chemical showed good water solubility.
Compounds 4b and 5e were discovered to have good
bioavailability overall based on the ADMET characteristics
(4b PSA = 91.51 and 5e PSA = 83.132), whereas molecules
with PSA >140 tend to have poor bioavailability. Table 2
contains comprehensive computations of the ADMET
parameters.

3. CONCLUSIONS
In summary, the intermediate oxazolone derivatives 3a,b were
used to manufacture the target compounds, 3-(4-
chlorophenyl)acrylic acids 4a,b, and 3-(4-chlorophenyl)-
acrylate esters 5a−i. Spectroscopic methods confirmed the
chemical structures of the generated compounds. The MDA-
MB-231 breast cells were tested for in vitro cytotoxic activities

against the target acrylate derivatives. The most effective
compound against MDA-MB-231 breast cancer cells was
discovered to be acrylic acid derivative 4b, with an IC50 value
of 3.24 M as opposed to CA-4 (IC50 = 1.27 M). In comparison
to CA-4 (inhibition percentage 89.77%), acrylic acid
compound 4b showed good tubulin polymerization inhibition
effectiveness with a percent inhibition value of 80.07%.
Additionally, in cellular mechanistic investigations, it was
discovered that the representative acrylic acid derivative 4b
caused significant cell cycle stopping at the G2/M phase and
cellular death in MDA-MB-231 cells. The sodium salt of
compound 4b′s in vivo anticancer testing had a significant
impact on lowering the EAC count and tumor volume. In
addition, it boosted the life expectancy extension in
comparison to the favorable control group. Furthermore,
according to the docking results, the exceptional cytotoxicity of
compounds 4b and 5e against the MDA-MB-231 cells may be
caused by their strong inhibition of tubulin polymerization.

Figure 10. For acrylate molecules 4b and 5e, the HIA and blood brain barrier plots are shown.

Table 2. Computer-Aided ADMET Parameters of Acrylate
Compounds 4b and 5e

parameter 4b 5e

BBB_Leva 3 2
absorption Levb 0 0
AQ SOL Levc 3 2
Alog P98d 1.55 3.25
ADME_PSA_lev 91.51 83.132

aBlood brain barrier level; 4 = undefined, 3 = low penetration, 2 =
medium penetration, 1 = high penetration. bAbsorption Level; 3 =
very low absorption, 2 = low absorption, 1 = moderate, 0 = good
absorption. cAqueous solubility level; 4 = optimal, 3 = good, 2 = low
solubility, 1 = very low but soluble, 0 = extremely low. dPolar surface
area; compounds must have a log p value not greater than 5.0 to attain
reasonable probability of being well absorbed.
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4. EXPERIMENTAL SECTION
4.1. Chemistry. 4.1.1. General. General details in

Supporting Information Appendix A
4.1.2. General Process for Synthesizing (Z)-3-(4-Chlor-

ophenyl)-2-(substitutedbenzamido)acrylic Acids 4a,b. For
1−2 h, a suspension of oxazolone derivative 3a,b (0.01 mol) in
potassium hydroxide (20%, 25 mL) was refluxed. Following
the completion of the reaction, the reaction mixture was
cooled and neutralized with a weak hydrochloric acid. The
precipitated product was crystallized with aqueous ethanol
(70%) to afford pure acrylic acid compound 4a,b.
4 . 1 . 2 . 1 . ( Z ) - 3 - ( 4 - C h l o r o p h e n y l ) - 2 - ( 3 , 4 -

dimethoxybenzamido)acrylic Acid (4a). Yield (1.37 g, 38%)
mp 211−213 °C. IR (ATR, ν, cm−1): 3112−2610 (br OH),
3192 (NH), 2935, 2867 (CH aliphatic), 1682, 1630 (C�O),
1586, 1504 (C�C), 1298, 1205 (C−O). 1H NMR (400 MHz,
DMSO-d6) (δ, ppm): 12.84 (s, 1H, O−H), 9.79 (s, 1H, N−
H), 7.62 (dd, J = 25.5, 10.0 Hz, 2H, Ar−H), 7.53 (d, J = 10.2
Hz, 1H, Ar−H), 7.48−7.40 (m, 2H, Ar−H), 7.38 (d, J = 6.0
Hz, 1H, Ar−H), 7.36 (s, 1H, olefinic CH), 7.08 (d, J = 8.3 Hz,
1H, Ar−H), 3.83 (s, 3H, OCH3), 3.81 (s, 3H, OCH3). MS
(m/z, %): 361.07 (M+, 24.62), 208.23 (100). Found: C, 59.83;
H, 4.54; N, 3.81; C18H16ClNO5 (361.78) requires C, 59.76; H,
4.46; N, 3.87.
4 . 1 . 2 . 2 . ( Z ) - 3 - ( 4 - C h l o r o p h e n y l ) - 2 - ( 3 , 4 , 5 -

trimethoxybenzamido)acrylic Acid (4b). Yield (1.80 g,
46%) mp 227−229 °C. IR (ATR, ν, cm−1): 3115−2612 (br
OH), 3193 (NH), 2935, 2867 (CH aliphatic), 1682, 1630
(C�O), 1586, 1504 (C�C), 1298, 1152 (C−O). 1H NMR
(400 MHz, DMSO-d6) (δ, ppm): 12.85 (s, 1H, O−H), 9.91 (s,
1H, N−H), 7.67 (d, J = 8.6 Hz, 2H, Ar−H), 7.48 (d, J = 8.6
Hz, 2H, Ar−H), 7.41 (s, 1H, olefinic CH), 7.33 (s, 2H, Ar−
H), 3.85 (s, 6H, 2OCH3), 3.74 (s, 3H, OCH3). 13C NMR (100
MHz, DMSO-d6) (δ, ppm): 166.67, 165.77, 153.16, 140.99,
134.19, 133.18, 131.86, 131.42, 129.15, 128.85, 128.58, 105.80,
60.57, 56.53. MS (m/z, %): 391.55 (M+, 38.02), 206.24 (100).
Found: C, 58.16; H, 4.69; N, 3.64; C19H18ClNO6 (391.80)
requires C, 58.24; H, 4.63; N, 3.57.
4.1.3. General Process for Synthesizing (Z)-3-(4-Chlor-

ophenyl)-2-(substitutedbenzamido)acrylate Esters 5a−i. A
mixture of oxazolone derivative 3a,b (0.01 mol), appropriate
primary alcohol (25 mL), and anhydrous NaOAc (1.48 g,
0.018 mol) was heated to reflux for 5−6 h. The mixture was
chilled before being placed into 50 mL of ice-cold water. To
get pure acrylate ester derivatives 5a−i, the precipitate was
purified by column chromatography with chloroform:
methanol (9:1) as eluent.
4.1.3 .1 . (Z)-Methyl 3-(4-Chlorophenyl) -2-(3 ,4-

dimethoxybenzamido)acrylate (5a). Yield (2.03 g, 54%)
mp 141−143 °C. IR (ATR, ν, cm−1): 3322 (NH), 3018 (CH
aromatic), 2969, 2878 (CH aliphatic), 1714, 1648 (C�O),
1587, 1505 (C�C), 1249, 1186 (C−O). 1H NMR (400 MHz,
DMSO-d6) (δ, ppm): 9.96 (s, 1H, N−H), 7.67 (d, J = 8.5 Hz,
2H, Ar−H), 7.63 (d, J = 8.4 Hz, 1H, Ar−H), 7.54 (s, 1H, Ar−
H), 7.47 (d, J = 8.5 Hz, 2H, Ar−H), 7.35 (s, 1H, olefinic CH),
7.08 (d, J = 8.4 Hz, 1H, Ar−H), 3.84 (s, 3H, OCH3), 3.82 (s,
3H, OCH3), 3.73 (s, 3H, OCH3). 13C NMR (100 MHz,
DMSO-d6) (δ, ppm): 165.61, 165.52, 151.97, 148.41, 133.89,
132.51, 131.46, 130.93, 128.70, 127.52, 125.27, 121.30, 111.04,
110.98, 55.69, 55.59, 52.30. MS (m/z, %): 375.13 (M+, 18.36),
296.10 (100). Found: C, 60.83; H, 5.02; N, 3.62;
C19H18ClNO5 (375.80) requires C, 60.72; H, 4.83; N, 3.73.

4 .1 .3 .2 . (Z ) -E thy l 3 - (4 -Ch loropheny l ) -2 - (3 ,4 -
dimethoxybenzamido)acrylate (5b). Yield (1.99 g, 51%)
mp 163−165 °C. IR (ATR, ν, cm−1): 3303 (NH), 3018 (CH
aromatic), 2978, 2874 (CH aliphatic), 1712, 1649 (C�O),
1587, 1505 (C�C), 1222, 1157 (C−O). 1H NMR (400 MHz,
DMSO-d6) (δ, ppm): 9.93 (s, 1H, N−H), 7.67 (d, J = 8.5 Hz,
2H, Ar−H), 7.62 (d, J = 8.2 Hz, 1H, Ar−H), 7.53 (s, 1H, Ar−
H), 7.47 (d, J = 8.5 Hz, 2H, Ar−H), 7.33 (s, 1H, olefinic CH),
7.08 (d, J = 8.4 Hz, 1H, Ar−H), 4.19 (q, J = 7.0 Hz, 2H,
OCH2CH3), 3.84 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 1.23 (t,
J = 7.0 Hz, 3H, OCH2CH3). 13C NMR (100 MHz, DMSO-d6)
(δ, ppm): 165.65, 164.94, 151.92, 148.39, 133.81, 132.57,
131.43, 130.61, 128.69, 127.85, 125.38, 121.24, 111.04, 110.95,
60.95, 55.70, 55.60, 14.12. MS (m/z, %): 389.49 (M+, 11.10),
254.14 (100). Found: C, 61.47; H, 5.03; N, 3.79;
C20H20ClNO5 (389.83) requires C, 61.62; H, 5.17; N, 3.59.
4.1 .3 .3 . (Z) -Propyl 3- (4-Chlorophenyl ) -2- (3 ,4-

dimethoxybenzamido)acrylate (5c). Yield (2.38 g, 59%) mp
155−157 °C. IR (ATR, ν, cm−1): 3324 (NH), 3018 (CH
aromatic), 2969, 2937 (CH aliphatic), 1714, 1648 (C�O),
1587, 1505 (C�C), 1275, 1057 (C−O). 1H NMR (400 MHz,
DMSO-d6) (δ, ppm): 9.94 (s, 1H, N−H), 7.68 (d, J = 8.6 Hz,
2H, Ar−H), 7.65−7.59 (m, 1H, Ar−H), 7.53 (d, J = 1.6 Hz,
1H, Ar−H), 7.47 (d, J = 8.6 Hz, 2H, Ar−H), 7.33 (s, 1H,
olefinic CH), 7.08 (d, J = 8.5 Hz, 1H, Ar−H), 4.10 (t, J = 6.5
Hz, 2H, OCH2CH2CH3), 3.84 (s, 3H, OCH3), 3.81 (s, 3H,
OCH3), 1.61 (h, J = 7.2 Hz, 2H, OCH2CH2CH3), 0.88 (t, J =
7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) (δ, ppm):
165.76, 165.07, 151.92, 148.39, 133.84, 132.56, 131.48, 130.66,
128.70, 127.89, 125.42, 121.25, 111.05, 110.95, 66.40, 55.69,
55.60, 21.60, 10.32. MS (m/z,%): 403.67 (M+, 26.06), 364.77
(100). Found: C, 62.56; H, 5.42; N, 3.59; C21H22ClNO5
(403.86) requires C, 62.45; H, 5.49; N, 3.47.
4 .1 .3 .4 . (Z ) -Buty l 3 - (4 -Ch loropheny l ) -2 - (3 ,4 -

dimethoxybenzamido)acrylate (5d). Yield (1.71 g, 41%)
mp 138−140 °C. IR (ATR, ν, cm−1): 3395 (NH), 3018 (CH
aromatic), 2874, 2841 (CH aliphatic), 1712, 1649 (C�O),
1587, 1505 (C�C), 1274, 1040 (C−O). 1H NMR (400 MHz,
DMSO-d6) (δ, ppm): 9.97 (s, 1H, N−H), 7.67 (d, J = 8.4 Hz,
2H, Ar−H), 7.63 (d, J = 7.6 Hz, 1H, Ar−H), 7.55 (s, 1H, Ar−
H), 7.47 (d, J = 8.4 Hz, 2H, Ar−H), 7.36 (s, 1H, olefinic CH),
7.08 (d, J = 8.4 Hz, 1H, Ar−H), 4.10 (t, J = 6.4 Hz, 2H,
OCH2CH2CH2CH3), 3.84 (s, 3H, OCH3), 3.82 (s, 3H,
OCH3), 3.73 (s, 2H, OCH2CH2CH2CH3), 1.61 (h, J = 6.8 Hz,
2H, OCH2CH2CH2CH3), 0.88 (t, J = 7.3 Hz, 3H,
OCH2CH2CH2CH3). 13C NMR (100 MHz, DMSO-d6) (δ,
ppm): 165.57, 165.50, 151.95, 148.39, 133.86, 132.50, 131.45,
130.91, 128.69, 127.50, 125.23, 121.27, 111.04, 110.96, 66.36,
55.70, 55.59, 52.30, 21.57, 10.30. MS (m/z,%): 417.98 (M+,
14.52), 304.24 (100). Found: C, 63.11; H, 5.88; N, 3.45;
C22H24ClNO5 (417.88) requires C, 63.23; H, 5.79; N, 3.35.
4.1.3.5. (Z)-Methyl 3-(4-Chlorophenyl)-2-(3,4,5-

trimethoxybenzamido)acrylate (5e). Yield (2.46 g, 61%)
mp 121−123 °C. IR (ATR, ν, cm−1): 3319 (NH), 2998, 2939,
2874 (CH aliphatic), 1707, 1658 (C�O), 1586, 1505 (C�
C), 1209, 1176 (C−O). 1H NMR (400 MHz, DMSO-d6) (δ,
ppm): 10.08 (s, 1H, N−H), 7.69 (d, J = 8.4 Hz, 2H, Ar−H),
7.50 (d, J = 8.4 Hz, 2H, Ar−H), 7.39 (s, 1H, olefinic CH), 7.34
(s, 2H, Ar−H), 3.86 (s, 6H, 2OCH3), 3.75 (s, 6H, 2OCH3).
13C NMR (100 MHz, DMSO-d6) (δ, ppm): 165.90, 165.85,
153.20, 141.13, 134.44, 132.86, 131.98, 131.51, 129.24, 128.49,
127.76, 105.84, 60.57, 56.54, 52.82. MS (m/z, %): 405.23 (M+,
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15.02), 44.95 (100). Found C, 59.32; H, 5.07; N, 3.36;
C20H20ClNO6 (405.83) requires C, 59.19; H, 4.97; N, 3.45.
4.1.3 .6 . (Z)-Ethyl 3-(4-Chlorophenyl)-2-(3 ,4 ,5-

trimethoxybenzamido)acrylate (5f). Yield (2.44 g, 58%) mp
159−161 °C. IR (ATR, ν, cm−1): 3236 (NH), 3010 (CH
aromatic), 2961, 2838 (CH aliphatic), 1716, 1630 (C�O),
1597, 1508 (C�C), 1283, 1194 (C−O). 1H NMR (400 MHz,
DMSO-d6) (δ, ppm): 10.04 (s, 1H, N−H), 7.69 (d, J = 8.6 Hz,
2H, Ar−H), 7.50 (d, J = 8.6 Hz, 2H, Ar−H), 7.37 (s, 1H,
olefinic CH), 7.32 (s, 2H, Ar−H), 4.21 (q, J = 7.1 Hz, 2H,
OCH2CH3), 3.85 (s, 6H, 2OCH3), 3.75 (s, 3H, OCH3), 1.25
(t, J = 7.1 Hz, 3H, OCH2CH3). 13C NMR (100 MHz, DMSO-
d6) (δ, ppm): 165.94, 165.27, 153.19, 141.08, 134.37, 132.92,
131.94, 131.23, 129.22, 128.65, 128.03, 105.79, 61.47, 60.57,
56.54, 14.60. MS (m/z, %): 419.46 (M+, 8.53), 213.18 (100).
Found: C, 59.88; H, 5.40; N, 3.22; C21H22ClNO6 (419.86)
requires C, 60.07; H, 5.28; N, 3.34.
4.1.3.7. (Z)-Propyl 3-(4-Chlorophenyl)-2-(3,4,5-

trimethoxybenzamido)acrylate (5g). Yield (2.34 g, 54%)
mp 152−154 °C. IR (ATR, ν, cm−1): 3322 (NH), 2971, 2841
(CH aliphatic), 1707, 1658 (C�O), 1586, 1511 (C�C),
1285, 1209 (C−O). 1H NMR (400 MHz, DMSO-d6) (δ,
ppm): 10.05 (s, 1H, N−H), 7.70 (d, J = 8.5 Hz, 2H, Ar−H),
7.50 (d, J = 8.5 Hz, 2H, Ar−H), 7.37 (s, 1H, olefinic CH), 7.32
(s, 2H, Ar−H), 4.12 (t, J = 6.5 Hz, 2H, OCH2CH2CH3), 3.85
(s, 6H, 2OCH3), 3.75 (s, 3H, OCH3), 1.63 (q, J = 6.9 Hz, 2H,
OCH2CH2CH3), 0.91 (t, J = 7.4 Hz, 3H, OCH2CH2CH3). 13C
NMR (100 MHz, DMSO-d6) (δ, ppm): 166.04, 165.37,
153.18, 141.05, 134.38, 132.89, 131.97, 131.29, 129.21, 128.70,
128.09, 105.77, 66.89, 60.57, 56.53, 22.05, 10.77. MS (m/z,
%): 433.62 (M+, 12.12), 264.25 (100). Found: C, 61.04; H,
5.47; N, 3.05; C22H24ClNO6 (433.88) requires C, 60.90; H,
5.58; N, 3.23.
4.1.3.8. (Z)-Isopropyl 3-(4-Chlorophenyl)-2-(3,4,5-

trimethoxybenzamido)acrylate (5h). Yield (2.69 g, 62%)
mp 126−128 °C. IR (ATR, ν, cm−1): 3283 (NH), 2940, 2875
(CH aliphatic), 1707, 1658 (C�O), 1586, 1513 (C�C),
1304, 1079 (C−O). 1H NMR (400 MHz, DMSO-d6) (δ,
ppm): 10.01 (s, 1H, N−H), 7.68 (d, J = 8.6 Hz, 2H, Ar−H),
7.49 (d, J = 8.6 Hz, 2H, Ar−H), 7.32 (s, 1H, olefinic CH), 7.31
(s, 2H, Ar−H), 5.00 (p, J = 6.2 Hz, 1H, OCH(CH3)2), 3.85 (s,
6H, 2OCH3), 3.74 (s, 3H, OCH3), 1.25 (d, J = 6.2 Hz, 6H,
OCH(CH3)2). 13C NMR (100 MHz, DMSO-d6) (δ, ppm):
165.99, 164.78, 153.18, 141.03, 134.28, 132.96, 131.91, 130.84,
129.20, 128.78, 128.45, 105.76, 69.01, 60.57, 56.54, 22.06. MS
(m/z, %): 433.78 (M+, 18.84), 101.98 (100). Found: C, 60.96;
H, 5.64; N, 3.11; C22H24ClNO6 (433.88) requires C, 60.90; H,
5.58; N, 3.23.
4.1.3 .9 . (Z)-Butyl 3-(4-Chlorophenyl)-2-(3 ,4 ,5-

trimethoxybenzamido)acrylate (5i). Yield (2.37 g, 53%) mp
118−120 °C. IR (ATR, ν, cm−1): 3222 (NH), 3082, 3001
(CH aromatic), 2958, 2939 (CH aliphatic), 1714, 1627 (C�
O), 1598, 1524 (C�C), 1297, 1191 (C−O). 1H NMR (400
MHz, DMSO-d6) (δ, ppm): 10.05 (d, J = 10.6 Hz, 1H, N−H),
7.68 (d, J = 8.5 Hz, 2H, Ar−H), 7.49 (d, J = 8.5 Hz, 2H, Ar−
H), 7.37 (d, J = 6.9 Hz, 1H, olefinic CH), 7.32 (d, J = 7.5 Hz,
2H, Ar−H), 4.11 (t, J = 6.5 Hz, 2H, OCH2CH2CH2CH3), 3.85
(s, 6H, 2OCH3), 3.74 (s, 5H, OCH3 and OCH2CH2CH2CH3),
1.63 (dt, J = 13.9, 6.9 Hz, 2H, OCH2CH2CH2CH3), 0.90 (t, J
= 7.4 Hz, 3H, OCH2CH2CH2CH3). 13C NMR (100 MHz,
DMSO-d6) (δ, ppm): 165.47, 165.41, 152.74, 140.70, 134.01,
132.41, 131.52, 131.07, 128.76, 128.07, 127.32, 105.40, 66.45,

60.10, 56.07, 52.34, 21.61, 10.30. MS (m/z, %): 447.95 (M+,
23.86), 75.92 (100). Found: C, 61.84; H, 6.07; N, 2.94;
C23H26ClNO6 (447.91) requires C, 61.67; H, 5.85; N, 3.13.
4.2. Biological studies. 4.2.1. In Vitro Cytotoxicity Assay.

MTT assay (IC50, μM) was performed in accordance with the
previously reported method.15 See Supporting Information
Appendix A.
4.2.2. Tubulin Assay. The β-tubulin inhibitory activity of

the test compounds was assessed according to the
manufacturer’s instructions. See Supporting Information
Appendix A.
4.2.3. Cell Cycle Study. The cell cycle study of test

compound 4b against MDA-MB-231 cancerous cells was
carried out in accordance with the manufacturer’s instructions.
See Supporting Information Appendix A.
4.2.4. Cell Apoptosis Study. Cell apoptosis assay of the test

compound 4b against MDA-MB-231 cells was carried out in
accordance with the manufacturer’s instructions. See Support-
ing Information Appendix A.
4.2.5. In Vivo Antitumor Screening. For the in vivo studies,

the acrylic acid derivative 4b was converted into sodium salt to
enhance the bioavailability. See Supporting Information
Appendix A.
4.2.6. Molecular Docking Study. See Supporting Informa-

tion Appendix A.
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