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ABSTRACT: Semisynthetic modifications of natural products have bestowed us with many anticancer drugs. In the present work, a
natural product, eugenol, has been modified synthetically to generate new anticancer agents. The final compounds were structurally
confirmed by NMR, IR, and mass techniques. From the cytotoxicity results, compound 17 bearing morpholine was found to be the
most active cytotoxic agent with IC50 1.71 (MCF-7), 1.84 (SKOV3), and 1.1 μM (PC-3) and a thymidylate synthase (TS) inhibitor
with an IC50 of 0.81 μM. Further cellular studies showed that compound 17 could induce apoptosis and arrest the cell cycle at the S
phase in PC-3 carcinoma. The docking study strongly favors compound 17 to be a TS inhibitor as it displayed a similar interaction to
5-fluorouracil. The in silico pharmacokinetics and DFT computational studies support the results obtained from docking and
biological evaluation and displayed favorable pharmacokinetic profile for a drug to be orally available. Compound 17 was found to be
a promising TS inhibitor which could suppress DNA synthesis and consequently DNA damage in prostate cancer cells.

■ INTRODUCTION
Natural products are reservoir of bioactive molecules with
diverse and remarkable pharmacological potential.1 Natural
products and their semisynthetic molecules have played a
fascinating role in the advancement of cancer therapy.2,3 The
semisynthesized natural products derivatives has been an
advantage in terms of a better pharmacokinetics profile,
diminishing toxicity with improved antiproliferative poten-
tial.4,5 Eugenol (4-allyl-2-methoxyphenol) is a natural aromatic
pale yellow phenol with moderate water solubility and
complete solubility in organic solvents.6,7 It possesses
important antioxidant, anticancer, antiinflammatory, and
antiviral potential.8,9 It is a nonmalignant and nonmutagenic
molecule that exerts anticancer activity through β-catenin/
E2F1/surviving downregulation, DNA synthesis inhibition,
increased reactive oxygen species production, decreased
mitochondrial membrane potential, and triggering apoptosis
with cell cycle arrests.10−13

Cancer is the second leading cause of deaths globally and
increasing tremendously with lung cancer at the top followed

by breast and colorectal cancers.14 The most common
treatments employed to fight the disease are chemotherapy,
radiotherapy, and surgery while targeted therapies are receiving
great attention currently. Among the targets, thymidylate
synthase (TS), a folate-dependent enzyme required for DNA
replication is attracting medicinal chemists in the field of
oncology. This enzyme catalyzes methylation of deoxyuridine
monophosphate (dUMP) to thymine monophosphate
(dTMP) using CH2THF cofactor, which after phosphorylation
results in thymidine triphosphate (dTTP) formation, a
precursor for DNA synthesis.15 Inhibition of TS causes
thymine deprivation resulting in thymidine triphosphate
(dTTP) exhaustion, eventually leading to cell death, induction
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of apoptosis, and antiproliferation.16 Also, TS enzyme regulates
various proteins involved in the apoptosis process.17,18 Owing
to resistance, insensitivity, and toxicity of the available TS
inhibitors,19,20 new chemotherapeutic agents with better
efficacy and safety is an emerging area in the cancer therapy.
During the last decades, the design of 1,3,4-oxadiazole based

derivatives as anticancer agents has increased remarkably in
medicinal chemistry due to their wide mode of actions.21 For
instance, compound I showed a telomerase inhibitory activity
with IC50 2.30 μM,22 compound II as HDAC1 inhibitor with
IC50 = 0.017 μM,23 compound III was found to be 8-fold (IC50
2.1 μM) more effective as FAK inhibitor than Cisplatin (IC50
8.6 μM),24 while compound IV was 15-fold more potent TS
inhibitor with IC50 0.62 μM than pemetrexed.25 Moreover,

conjugation of oxadiazole scaffold with bioactive natural
products also represents a promising approach.26−28 Oxadia-
zole fused thymol (V),29 furanolabdane,30 and isosteviol
derivatives31 have shown significant inhibitory activities with
IC50 1.95 μM, GI50 0.08−0.34 μM, and IC50 0.95−3.36 μM,
respectively, toward tested cancer cells (Figure 1). These
abovementioned reports of eugenol and 1,3,4-oxadiazole with
broad biological targets for antiproliferative effect encouraged
us to conjugate natural product eugenol with 1,3,4 oxadiazole
scaffold. The present work reports the synthesis of eugenol-
based 1,3,4-oxadiazole-hybrids (5−17) and their cytotoxicity,
docking, and computational studies as TS inhibitors.

Figure 1. Rationale for the present work.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of Compounds. A

natural product, eugenol 1, was used as the starting material for
the synthesis target compounds 5−17 (Scheme 1). All the
intermediates 2−4 were prepared and confirmed by comparing
their melting point in the literature.8 Compound 1 was reacted
with ethyl bromo acetate in the presence of potassium
carbonate and anhydrous acetone to yield compound 2,
which was treated with hydrazine hydrate in methanol to yield
compound 3. Then, after the addition of carbon disulfide drop
by drop in the basic alcoholic mixture of compound 3 at 0−5
°C, the mixture was refluxed for 12 h, and acidification using
HCl yielded the key intermediate 4 in 86% yield, which was
utilized for the obtainment of final compounds 5−17.
Treatment of 4 with freshly prepared different N-substituted
chloroacetamides in dry propanone afforded final hybrids 5−
14 (68−90% yield) and with formaldehyde and different
aliphatic amines in ethanol gave compounds 15−17 (70−85%
yield).
Biological Evaluation. Antiproliferative Activity. The

final eugenol compounds (5−17) were screened for anti-
proliferative activity against three human adenocarcinomas,
namely, breast (MCF-7), prostate (PC-3), and ovarian
(SKOV3) using the MTT method as previously described.32

The results are illustrated in Table 1. Among all the final
compounds, 1,3,4-oxadiazole-Mannich base bearing morpho-
line heterocycle (17) was the most active cytotoxic agent with
IC50 1.71, 1.84, and 1.1 μM, while doxorubicin exhibited IC50
1.74, 2.88, and 2.61 μM, against MCF-7, SKOV3, and PC-3,
respectively. Also, compound 9 having fluoro-substituted
thioacetamide group exhibited promising cytotoxicity with
IC50 in the range 2.09−3.36 μM toward the tested cell lines.
Against the breast cancer cells, compounds 8, 12, and 15

displayed significant cytotoxicity with IC50 < 10 μM,
compounds 5, 6, and 11 were moderately cytotoxic with
IC50 less than 25 μM and other compounds were found to be
mild and inactive. Against ovarian and prostate cancer cells,
compound 10 with the COOMe group displayed good
sensitivity with IC50 8.74 and 7.07 μM, respectively; however,
it was mildly cytotoxic against breast cancer cells. Besides,
compound 15 possessing pyrrolidine ring in the Mannich base
skeleton displayed good antiproliferation toward prostate
carcinoma with IC50 10.01 μM. Compounds 5, 11, 12, 15,
and 16 with IC50 in the range 14.09−26.33 μM and

Scheme 1. Synthetic Pathway for the Eugenol Derivatives (5−17)

Table 1. In Vitro Cytotoxicity of Eugenol Derivatives (5−
17)a

half maximal inhibitory concentration (IC50, μM)

compounds breast MCF7 ovarian SKOV3 prostate PC3

5 25.74 ± 3.52 15.73 ± 3.43 11.18 ± 2.72
6 16.33 ± 2.80 41.06 ± 5.27 16.98± 1.08
7 45.89 ± 3.80 65.4 ± 2.81 24.30 ± 1.53
8 10.74 ± 2.76 70.01 ± 2.42 29.96 ± 0.91
9 2.87±0.56 3.36±0.80 2.09±0.68
10 45.01 ± 2.92 8.74 ± 1.06 7.07 ± 3.90
11 15.21 ± 3.77 26.33 ± 3.09 51.09 ± 2.92
12 6.54 ± 1.42 14.09 ± 2.17 16.72 ± 4.10
13 38.92 ± 3.20 61.09 ± 3.84 20.27 ± 0.75
14 172.86 ± 1.36 181.46 ± 3.58 124.90 ± 0.36
15 9.55 ± 0.71 16.86 ± 1.64 10.01 ± 0.99
16 33.18 ± 2.04 19.54 ± 2.48 26.65 ± 0.86
17 1.71±0.95 1.84±0.27 1.1±0.07
doxorubicin 1.74 ± 0.34 2.88 ± 0.68 2.61 ± 0.23

aData represent the mean values ± standard deviation of three
independent experiments.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00933
ACS Omega 2023, 8, 18811−18822

18813

https://pubs.acs.org/doi/10.1021/acsomega.3c00933?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00933?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compounds 5, 6, 7, 8, 12, 13, and 16 with IC50 in the range
11.18−29.96 μM were found to be moderate in killing the
ovarian and prostate cancer cells, respectively. The remaining
compounds were either mild (IC50 > 50) or less active (IC50 >
100). From these data, it is clear that most of the eugenol
derivatives (except 14) have the ability to hinder cancer cell
proliferation.
In Vitro Thymidylate Synthase Activity. The cytotoxic

hybrids (8, 9, 10, 12, 15, and 17) with IC50 ≤ 10 μM against
the tested cell lines, were selected for the TS inhibition activity
in order to recognize their mechanism as TS inhibitors. These
compounds as shown in Table 2 significantly inhibited TS with

IC50 1.01, 1.21, and 0.81 μM for compounds 9, 10, and 17,
respectively, which supports the promising cytotoxicity of these
compounds whereas pemetrexed inhibited TS with IC50 2.81
μM. Other compounds 12 and 15 displayed comparable TS
repression to pemetrexed, while compound 8 was found to be
a moderate TS inhibitor. These data suggest that the

synthesized eugenol derivatives have the potential to suppress
TS enzyme leading to cancer cell antiproliferation.
Compound 17 Arrest Cell Cycle at S Phase. Cell cycle

dysregulation is an important cause of cancer cells prolifer-
ation, therefore blocking the cell cycle is an effective strategy to
prevent cell proliferation. Compound 17, the most potent
cytotoxic compound on PC-3 cells and elicited highest TS
inhibitory activity was selected to explore its cellular
mechanism responsible for cancer cell antiproliferation.
Exposure of PC-3 cells with compound 17 and the control
were stained with propidium iodide at their pre calculated, IC50
for 48 h and their effects on cell cycle profile and apoptosis
were analyzed by flow cytometry.33 As illustrated in Figure 2,
compound 17 increased the percentage of cell population at
the S phase of the cell cycle from 37.69 to 62.07%, compared
to vehicle control. Such increase was accompanied by the
significant reduction of cell population at G1 and G2 phases
from 37.69 to 29.30 and 24.60 to 8.61%, respectively. These
results suggested that compound 17 could arrest cell cycle at
the S phase.
Compound 17 Induced Cancer Cell Apoptosis in PC-3

Cells. To further assure the apoptotic ability of compound 17,
a flow cytometric assay utilizing Annexin V-propidium iodide
dual staining was performed, which differentiates between live,
apoptotic (early and late), and necrotic cells. As shown in
Figure 3, after 48 h of treatment of PC-3 cells with compound
17, a decrease in the percentage of live cells in green (R1) were
noticed. Moreover, a significant increase in total apoptotic
(early and late in purple and blue) cells was observed from
1.08 to 47.58% (R2 and R4) as a slight increase in necrotic
cells to 3.56% (R1, red color) from 1.62%. This result indicates
that compound 17 induces apoptosis in PC-3 cells.

Table 2. In Vitro TS Activitya

compounds IC50 (μM)

8 3.67 ± 0.58
9 1.01±0.41
10 1.25 ± 0.35
12 2.93 ± 0.71
15 2.57 ± 0.31
17 0.81±0.21
pemetrexed 2.81 ± 0.31

aIC50 values are the mean ± S.D. of three separate experiments.

Figure 2. Cell cycle distribution of compound 17 and control at their pre calculated IC50 for 48 h in prostate PC3 cells by PI staining using flow
cytometry. One-way ANOVA was used to test for statistical difference (*p < 0.05).
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The outcomes of cell cycle and apoptosis studies were found
to be in agreement with the reported literature.34,35 5-
fluorouracil and other TS inhibitors arrest the S stage of the
cycle in different cancer cells. In the present work also,

compound 17 displayed significant TS suppression via
arresting S stage and apoptosis, indicating that compound 17
could block thymidine triphosphate (dTTP) leading to
controlled antiproliferation.

Figure 3. Apoptosis analysis of compound 17 and control at their pre calculated IC50 for 48 h in prostate PC3 cells by PI staining using flow
cytometry. One-way ANOVA was used to test for statistical difference (*p < 0.05).

Table 3. In Silico Physicochemical/Pharmacokinetic Properties of Eugenol Hybrids (5−17)d

Lipinski parameters

compd. no. MWa HBAb HBDc i log Po/w violations nROTBe TPSAf % ABSg BBBh GI ABSi

5 445.92 6 1 4.23 0 10 111.78 70.43 no high
6 445.92 6 1 3.53 0 10 111.78 70.43 no high
7 425.50 6 1 3.55 0 10 111.78 70.43 no high
8 480.36 6 1 4.45 0 10 111.78 70.43 no high
9 447.46 8 1 3.95 0 10 111.78 70.43 no high
10 469.51 8 1 4.17 0 11 138.08 61.36 no low
11 490.37 6 1 3.12 0 10 111.78 70.43 no high
12 490.37 6 1 3.20 0 10 111.78 70.43 no high
13 405.47 7 0 3.62 0 9 112.22 70.28 no high
14 403.50 6 0 3.95 0 9 102.99 73.46 no high
15 361.46 5 0 3.97 0 8 84.75 79.76 no high
16 375.49 5 0 4.16 0 8 84.75 79.76 no high
17 377.46 6 0 3.97 0 8 93.98 76.57 no high

aMolecular weight. bHydrogen bond acceptor. cHydrogen bond donor. dPartition coefficient. eNumber of rotable bonds. fTopological PSA.
gAbsorption %. hBlood−brain barrier. iGastrointestinal absorption.
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In Silico Physicochemical and Pharmacokinetics
Studies. The development of new drugs has been a costly,
risky and challenging venture with a low victory success rate.
Most of the molecules, due to undesirable drawbacks and low
efficacy in clinical trials do not reach the market. Therefore, in
silico pharmacokinetic and toxicity prediction in early stages of
drug development provides an idea about the effectiveness and
success of the molecule therapeutically. The emergence of
computational studies has led to optimization of pharmacoki-
netic and toxicity parameters resulting in drug discovery in an
efficient manner. The physicochemical and pharmacokinetic

properties of the newly synthesized hybrids (5−17) have been
evaluated by Swiss ADME software.36 The fate of the
synthesized molecules for successful drug depends upon
certain rules such as Lipinski and Veber. Lipinski rules are
hall mark in the innovation and discovery of a drug which
states that a molecule must have MW < 500, lipophilicity (i log
Po/w) < 5, hydrogen bond acceptor (HBA) below 10 and
hydrogen bond donor (HBD) below 5. These rules further
included molecule flexibility (nROTB) and polar surface area
(PSA) less than 10 and 140 Å2, respectively. It can be observed
from Table 3 that the synthesized molecules possess promising

Table 4. Toxicity Studies of the Eugenol Hybrids (5−17)

compds AMES toxicity LD50 (mol/kg) oral rat chronic toxicity (log mg/kg b.w/day) hepatotoxicity skin sensitization

5 no 2.52 0.987 yes no
6 no 2.52 0.987 yes no
7 no 2.46 1.21 yes no
8 no 2.63 0.785 yes no
9 no 2.50 0.916 yes no
10 no 2.46 1.04 yes no
11 no 2.54 0.977 yes no
12 no 2.54 0.977 yes no
13 no 2.71 1.834 yes no
14 no 2.88 1.294 yes no
15 no 2.79 1.08 yes no
16 no 2.82 1.007 yes no
17 no 2.622 1.273 yes no

Figure 4. HOMO and LUMO molecular orbital for compounds 5−17.
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oral absorption and permeability as they did not show any
Lipinski violations in respect of molecular weight, HBA, HBD,
and lipophilicity. Also all the compounds except 10 were found
to be flexible, suggesting that they did not have bioavailability
problem. All the compounds possess high gastrointestinal
absorption in the range 70.43−79.76%, except compound 10
which displayed low gastrointestinal absorption of 61.36%. All
the molecules were found to be nonpermeable to the brain.
These results suggested that the synthesized molecules have
acceptable physicochemical and pharmacokinetics features,
which are required for a molecule to be orally available.
The toxicity prediction of the synthesized hybrids (5−17)

was done by available software tools (http://biosig.unimelb.
edu.au/pkcsm/prediction) and is shown in Table 4. All the
molecules were found to be non-mutagenic, noncarcinogenic,
and safe with LD50 in the acceptable range of 2.46−2.82 mol/
kg. Chronic toxicity was also found to be in the safer zone with
no skin sensitization effect. However, these compounds were
found to be hepatotoxic.
DFT Physicochemical Properties. The quantum theory

approximation is one of the reliable computational methods in
drug discovery. DFT/B3LYP/6-311G**(d,p) with TD-DFT
measurements were done for eugenol derivatives 5−17. The
difference between the charge separation in HOMO and
LUMO of the molecules designates Fermi molecular orbitals,
as depicted in Figure 4.
The electronic envelop was cumulated on the donor

fragment, 4-allyl-1,2-dimethoxyphenyl fragments in HOMO
orbital which was switched to LUMO orbital characterized by
thiomethyl triazole and the substituted aromatic moieties for

compounds 1−10, 13, 14, thiomethyl triazole and oxadiazole
ring in compounds 11, 15−17; however, in compound 12,
localization of the LUMO zone was distributed in similar
manner to HOMO. DFT calculations were applied to calculate
HOMO, LUMO, and energy gap (Eg) illustrated in Table 5.
It was found that strong relationship exists between Eg and

nature of the substituents such as 2−Cl−C6H5; 3−Cl−C6H5;
2−CH3−C6H5; 2,4-dichlore−C6H4; 2,4-difoloro−C6H4; mor-
pholineyl; C6H11; 2−COOH−C6H4−; 2−Br−OCH3−C6H4;
4−Br−C6H4; pyrrolidinyl; and piperidinyl and morpholino-
methyl and the Eg was found in the order, 3.755 (11) < 4.218
(9, 13) < 4.435 (14) < 4.490 (12) < 4.572 (6) < 4.680 (7, 15)
< 4.898 (5) < 4.925 (16) < 4.925 (17) < 5.034 (10) < 7.23
(8). For chemical reactivity, parameters such as electro-
negativity (χ), chemical potential (IP), and electrophilicity
index (ω) were calculated which correspond to more
electrophilic (HOMO) and nucleophilic (LUMO) sites. The
antioxidant potential of the molecules is inversely proportional
to ionization potential,16 and we observed that all the
synthesized eugenol derivatives possess low IP indicating that
these molecules have good potential to scavenge free radicals.
Molecular Potential Maps. The presence of electron

density and chemical reactivity of synthesized molecules
toward nucleophilic or electrophilic sites of biological media
can be distinguished by molecular electrostatic potential
(MEP). The MEP of the synthesized molecules was generated
by the same DFT parameters as discussed before. As shown in
Figure 5, the red color signifies the electrophilic zone with
negative potential, blue color as the nucleophilic zone and
positive potential, while the green zone for a neutral site. It can

Table 5. DFT Calculations of Eugenol Derivatives 5−17 Computed by the B3LYP and 6-311G** (d,p) Basis Set

no. EHOMO (eV) ELOMO (eV) Eg (eV) H (eV) S (eV) χ (eV) IP (eV) ω (eV)

5 −5.959 −1.061 4.898 2.449 302.318 −3.510 3.510 2.503
6 −6.095 −1.524 4.572 2.286 323.815 −3.810 3.810 3.175
7 −5.905 −1.225 4.680 2.340 316.196 −3.565 3.565 2.715
8 −8.003 −0.767 7.236 3.618 204.650 −0.017 0.017 0.000
9 −5.905 −1.687 4.218 2.109 351.114 −3.796 3.796 3.416
10 −5.905 −0.871 5.034 2.517 294.176 −3.388 3.388 2.280
11 −5.823 −2.068 3.755 1.878 394.367 −3.946 3.946 4.146
12 −5.986 −1.497 4.490 2.245 329.834 −3.742 3.742 3.118
13 −5.769 −1.551 4.218 2.209 351.114 −3.660 3.660 3.176
14 −5.986 −1.551 4.435 2.218 333.881 −3.769 3.769 3.202
15 −5.959 −1.279 4.680 2.340 316.411 −3.619 3.619 2.798
16 −5.905 −0.980 4.925 2.463 300.678 −3.442 3.442 2.406
17 −5.905 −0.980 4.925 2.463 300.678 −3.442 3.442 2.406

Figure 5. MEP for the eugenol derivatives (5−17).
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be observed that the negative potential (red surfaces)
surrounds the oxadiazole ring and positive potential (blue
surfaces) was distributed around the molecular skeletons.
These zones in MEPs were responsible in detection of the
active site for the receptors.
Molecular Docking Study. The synthesized eugenol

derivatives (5−17) were docked against TS protein (PDB
6QXG) to support out biological results. It has been reported
that 5-fluorouracil (5-FU) interacts with the active site through
GLY222, SER216, ASN226, ARG50, HIS256, ARG175,
CYS195, GLY217, ASP218, ARG215, and ARG176 residues.30

The induce-fit-docking was applied to generate final poses by
OPLS force field. The final pose was selected based on both
lowest binding free energy (ΔG) and RMSD. The inhibition-
constant (Ki) was generated for all the compounds 5−17,
which must be in the range 0.1−1.0 μM, and inversely
proportional to binding energy efficiency (Table 6). Our
docking findings revealed that the compounds 5−17 can
perceive the key amino acids in diverse ways such as hydrogen
bonding, arene cations, and arene−arene interactions.

As shown in Table 6 and Figure 6, all the compounds except
16 have nearly the same binding energy (ΔG in the range
−7.20 to −7.89 kcal/mol), but lower than reference drug, 5-
FU (ΔG −8.10 kcal/mol), and displayed interactions with the
active site similar to 5FU, suggestion that the synthesized
molecules interacted with TS protein analogues to 5FU as TS
inhibitor. The most active compounds 9 and 17 were found to
bind with the TS pocket via H-bond with Arg50 amino acid.
Furthermore, compound 9 also formed other H-bond with
Arg176 and π−π interaction with Trp109, whereas C�S of
compound 17 formed strong H-bond with Arg50, Arg175, and
π−π interaction with Arg215. Other compounds were
stabilized in binding pocket of the vital TS backbone through
binding with ASN226, CYS195, ASP218, ARG50, ARG175,
ARG215, SER216, and ARG176. The docking interaction of
compounds 9 and 17 strongly support their in vitro TS
inhibitory activity with IC50 1.01 and 0.81 μM, respectively.
From the above results, compound 17 emerged as a promising
lead for a TS inhibitor.

■ CONCLUSIONS
Eugenol-based new 1,3,4-oxadiazole incorporated N-substi-
tuted acetamide and Mannich bases as anticancer agents were
prepared with moderate to good yield. In silico physicochem-
ical and toxicity studies of the molecules showed that most of
the molecules have drug likeness properties and found to be
non-mutagenic, noncarcinogenic, and safe with LD50 in the
acceptable range of 2.46−2.82 mol/kg. Cytotoxicity results
concluded that compound 17 bearing a morpholine ring was
found to be the most active which blocks proliferation of
breast, ovarian, and prostate cancer cells with IC50 1.71, 1.84,
and 1.1 μM, respectively, and TS inhibition effectively with
IC50 of 0.81 μM. It induces S phase arrest due to S phase
checkpoint activation and triggers apoptosis by irreparable
DNA damage in PC3 cells.

■ EXPERIMENTAL SECTION
Materials and Methods. The solvents and other reagents

required for the synthesis of target molecules were either
purchased from Sigma-Aldrich (Merck Germany), Across
(USA) or freshly prepared in the lab. NMR spectra, FT-IR,
and mass spectra were recorded on a Bruker spectrometer in
CDCl3 at 80 MHz, Thermo Scientific spectrophotometer
(ATR method), and Thermo Scientific LCQ Fleet
(LCF10605), respectively, while melting points were per-
formed on a SMP40 machine which were uncorrected. Target
molecules were analyzed for their elemental composition on
LEECO Elementar Analyzer. Compounds 2−4 were prepared
according to our previous reported work.8

General Procedure for Synthesis of Compounds 5−
14. Compound 4 (2 mmol), anhydrous acetone (50 mL), and
potassium carbonate (1.5 mmol) were refluxed for an hour and
then cooled to 40−45 °C and added by different N-substituted
chloroacetamides (1.1 mmol). Refluxing was continued for 6−
12 h, while reaction monitoring was carried out by TLC silica
gel 60 WF254S aluminum sheet. After consumption of the
starting reactants, it was filtered, and the filtrate was
concentrated and poured in water (50 mL) and extracted
with ethyl acetate (50 mL). Recrystallization was employed to
purify the compounds using petroleum ether/ethyl acetate or
isopropyl alcohol or dichloromethane/cyclohexane.

Table 6. Binding-Affinity Energies (kcal/mol) of Eugenol
Derivatives (5−17) against TSa

no. ΔG RMSD H. B EInt. Eele Ki

5FU −8.10 2.19 435.10 −16.66 −12.39 0.94
5 −7.52 1.53 26.24 −17.01 −7.86 1.98
6 −7.48 1.84 6.83 −16.56 −8.75 1.54
7 −7.56 3.52 13.84 −13.42 −8.03 2.16
8 −7.68 2.61 21.41 −16.67 −7.21 1.73
9 −7.75 1.71 38.28 −16.21 −7.32 1.94
10 −7.82 3.69 37.42 −6.71 −7.25 1.81
11 −7.59 2.16 17.01 −13.90 −8.19 1.43
12 −7.76 2.66 13.18 −12.18 −9.71 1.49
13 −7.52 2.87 65.71 −14.14 −8.31 1.56
14 −7.74 1.69 10.64 −16.29 −7.34 0.16
15 −7.20 1.38 57.63 −16.47 −9.53 0.94
16 −6.90 2.41 53.95 −9.61 −8.42 1.02
17 −7.89 4.26 95.13 −10.23 −7.41 1.98

aWhere ΔG: free binding energy of the ligand; RMSD: root-mean-
square deviation; H.·B: H-bonding energy between protein and
ligand; EInt.: binding affinity of H-bond interaction with receptor;
and Eele: electrostatic interaction over the receptor.

Figure 6. Docking poses of compounds 9, 17, and 5-FU
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2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-
zol-2-yl)thio)-N-(2-chlorophenyl) Acetamide (5). Recryst.
solvent: petroleum ether-ethylacetate; yield: 82%; mp 90−92
°C; FT-IR (cm−1): 2927.47, 1699, 1607, 1588, 1510, 1367,
1248, 1139, 1027, 753; 1H NMR: 3.36 (d, J = 6.4 Hz, 2H, Ar−
CH2−), 3.89 (s, 3H, Ar−O−CH3), 4.08 (s, 2H, −S−CH2−),
4.61 (s, 2H, −O−CH2−), 5.00−5.25 (m, 2H, CH2�CH−),
5.73−6.23 (m, 1H, CH2�CH−), 6.66−6.83 (m, 3H, Ar−H),
7.40−7.50 (m, 4H, Ar−H), 9.14 (s, 1H, Ar−N−H); 13C
NMR: 32.98 (S−CH2−), 39.84 (−CH2−Ar), 55.85 (Ar−O−
CH3), 69.97 (Ar−O−CH2−), 112.54, 116.02, 120.96, 128.16,
130.48, 131.13, 132.45, 135.58, 137.25, 145.53, 149.68, 158.29,
164.56, 169.76 (−C�O). ESI (+ve): 446.50 [M + H]+.
Elemental analyses for C21H20ClN3O4S (calcd): C, 56.56; H,
4.52; N, 9.42; S, 7.19. Found: 56.44; H, 4.54; N, 9.47; S, 7.17.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-N-(3-chlorophenyl) Acetamide (6). Recryst.
solvent: petroleum ether-ethylacetate; yield: 69%, mp 88−90
°C, FT-IR (cm−1): 3287, 3009, 2929, 1673, 1596, 1535, 1510,
1480, 1458, 1418, 1392, 1282, 1247, 1220, 1161, 1024, 824,
803, 749, 731. 1H NMR: 3.34 (d, J = 6.4 Hz, 2H, Ar−CH2−),
3.84 (s, 3H, Ar−O−CH3), 4.09 (s, 2H, S−CH2−), 4.99−5.25
(m, 4H, CH2�CH−, O−CH2−), 5.72−6.13 (m, 1H, CH2�
CH−), 6.64−7.01 (m, 6H, Ar−H), 8.25−8.36 (m, 1H, Ar−
H), 9.14 (s, 1H, Ar−NH−); 13C NMR: 36.50 (S−CH2−),
39.92 (−CH2−Ar), 55.85 (Ar−OCH3), 61.81 (Ar−O−CH2−
oxadiazole), 110.20, 112.78, 116.04, 116.66, 120.08, 120.70,
121.03, 124.43, 127.44, 135.94, 137.31, 144.52, 148.42, 164.93,
175.05 (C�O). ESI (+ve): 446.33 [M + H]+. Elemental
analyses for C21H20ClN3O4S (calcd): C, 56.56; H, 4.52; N,
9.42; S, 7.19. Found: C, 56.48; H, 4.54; N, 9.39; S, 7.14.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-N-(m-tolyl)acetamide (7). Recryst. solvent:
dichloromethane-cyclohexane; yield: 69%, mp 72−74 °C, 1H
NMR: 2.29 (s, 3H, Ar−CH3), 3.38 (d, J = 6.4 Hz, Ar−CH2−),
3.90 (s, 3H, Ar−O−CH3), 4.09 (s, 2H, S−CH2), 4.63 (s, 2H,
O−CH2−), 5.03−5.19 (m, 2H, CH2�CH−), 5.75−6.14 (m,
1H, CH2�CH−), 6.79−6.85 (m, 3H, Ar−H), 7.31−7.37 (m,
4H, Ar−H), 9.13 (s, 1H, Ar−NH−); 13C NMR: 17.71, 33.02,
39.91, 55.91, 69.92, 112.65, 115.93, 116.09, 121.01, 127.36,
128.35, 130.06, 131.55, 135.62, 137.33, 145.55, 149.72, 164.61,
170.37. ESI (+ve): 426.33 [M + H]+; elemental analyses for
C22H23N3O4S (calcd): C, 62.10; H, 5.45; N, 9.88; S, 7.54.
Found: C, 62.21; H, 5.48; N, 9.85; S, 7.56.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-N-(2,4-di-chlorophenyl) Acetamide (8). Re-
cryst. solvent: isopropyl alcohol; yield: 84%, mp 96−98 °C,
FT-IR (cm−1): 3264, 3064, 1689, 1645, 1596, 1506, 1481,
1211, 829, 800. 1H NMR: 3.33 (d, J = 6.4 Hz, 2H, Ar−CH2−),
3.87 (s, 3H, Ar−O−CH3), 4.07 (s, 2H, S−CH2−), 4.59 (s, 2H,
−O−CH2−), 4.99−5.14 (m, 2H, CH2�CH−), 5.71−6.00
(m, 1H, CH2�CH�), 6.75 (brd, s, 3H, Ar−H), 7.35−7.54
(m, 3H, Ar−H), 9.15 (s, 1H, Ar−N−H); 13C NMR: 32.98,
39.93, 55.91, 70.08, 112.55, 116.09, 121.05, 128.65, 130.56,
131.35, 133.48, 137.27, 145.57, 150.69, 155.00, 161.37, 164.59,
169.51. ESI (+ve): 481.17 [M + H]+; 483.17 [M + 2 + H]+;
elemental analyses for C21H19Cl2N3O4S (calcd): C, 52.15; H,
3.99; N, 8.75; S, 6.68. Found: C, 52.26; H, 4.02; N, 8.77; S,
6.65.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-N-(2,4-diflorophenyl) Acetamide (9). Recryst.
solvent: petroleum ether-ethylacetate; yield: 72%, mp 124−
128 °C, FT-IR (cm−1): 3341, 3063, 1689, 1505, 1446, 1399,

1293, 1210, 830, 800. 1H NMR: 3.41 (brs, 2H, Ar−CH2−),
3.92 (s, 3H, Ar−O−CH3), 6.72−7.33 (m, 6H, Ar−H), 8.82 (s,
1H, Ar−N−H); 13C NMR: 32.98, 38.07, 54.34, 63.74, 112.79,
114.74, 116.84, 121.16, 122.44, 127.43, 128.90, 130.15, 141.85,
145.03, 154.70, 158.53, 163.37. ESI (−ve): 446.08 [M − H]+;
elemental analyses for C21H19F2N3O4S (calcd): C, 56.37; H,
4.28; N, 9.39; S, 7.17. Found: C, 56.45; H, 4.30; N, 9.36; S,
7.15.
Methyl-2-(2-((5-((4-allyl-2-methoxyphenoxy)methyl)-

1,3,4-oxadiazol-2-yl)thio)acetamido) Benzoate (10). Recryst.
solvent: petroleum ether-ethylacetate; yield: 74%, mp 86−88
°C, FT-IR (cm−1): 3285, 2981, 1683, 1646, 1590, 1506, 1487,
1229, 1154, 996, 788; 1H NMR: 3.36 (d, J = 6.4 Hz, Ar−
CH2−), 3.87−3.94 (m, 6H, Ar−O−CH3), 4.24 (s, 2H, S−
CH2−), 5.02−5.27 (m, 4H, CH2�CH−, O−CH2−), 5.83−
6.04 (m, 1H, CH2�CH−), 6.66−7.31 (m, 5H, Ar−H), 7.59
(t, J = 6.4 Hz, 1H), 8.50 (d, J = 8.0 Hz, 1H), 8.64 (s, 1H,
ArNH); 13C NMR: 37.24, 39.81, 52.45, 55.79, 61.69, 112.65,
115.91, 116.52, 120.61, 123.27, 130.84, 134.57, 137.23, 140.57,
145.09, 150.15, 164.91, 168.24. ESI (+ve): 470.25 [M + H]+;
elemental analyses for C23H23N3O6S (calcd): C, 58.84; H,
4.94; N, 8.95; S, 6.83. Found: C, 58.75; H, 4.96; N, 8.99; S,
6.85.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-N-(3-bromophenyl) Acetamide (11). Recryst.
solvent: isopropyl alcohol; yield: 64%, mp 114−116 °C; FT-IR
(cm−1): 3185, 2987, 1730, 1673, 1607, 1592, 1509, 1374,
1250, 1141, 1026, 965, 965, 800; 1H NMR: 3.33 (d, J = 6.4 Hz,
Ar−CH2−), 3.83 (s, 3H, Ar−O−CH3), 4.03 (s, 2H, S−
CH2−), 4.62−5.14 (m, 4H, CH2�CH−, O−CH2−), 5.71−
5.97 (m, 1H, CH2�CH−), 6.57−6.81 (m, 3H, Ar−H), 7.18−
7.79 (m, 4H, Ar−H), 9.5 (s, 1H, Ar−NH−); 13C NMR: 32.98
(S−CH2−), 39.83 (−CH2−Ar), 55.77 (Ar−OCH3), 61.45
(Ar−O−CH2−oxadiazole), 112.57, 115.87, 116.01, 120.97,
122.64, 126.63, 130.66, 130.94, 132.94, 135.60, 137.39, 145.11,
145.43, 149.02, 164.75. ESI (+ve): 490 [M + H]+; 492 [M + 2
+ H]+; elemental analyses for C21H20BrN3O4S (calcd): C,
51.44; H, 4.11; N, 8.57; S, 6.54. Found: C, 51.51; H, 4.12; N,
8.54; S, 6.53.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-N-(4-bromophenyl) Acetamide (12). Recryst.
solvent: isopropyl alcohol; yield: 90%, mp 128−130 °C; FT-IR
(cm−1):3188, 2985, 2930, 1729, 1670, 1602, 1509, 1488, 1375,
1251, 1208, 1141, 1030, 964, 913, 798; 1H NMR: 3.42 (d, J =
6.4 Hz, 2H, Ar−CH2−), 3.95 (s, 3H, Ar−O−CH3), 4.12 (s,
2H, S−CH2−), 4.69 (s, 2H, O−CH2−), 5.07−5.31 (m, 2H,
CH2�CH−), 5.86−6.08 (s, 1H, CH2�CH−), 6.75−6.96 (m,
3H, Ar−H), 7.26−7.74 (m, 4H, Ar−H), 9.19 (s, 1H, Ar−
NH−); 13C NMR: 32.26 (S−CH2−), 39.96 (−CH2−Ar),
55.80 (Ar−OCH3), 61.64 (Ar−O−CH2−oxadiazole), 105.93,
112.70, 116.09, 116.69, 121.08, 123.42, 129.42, 123.81, 136.40,
137.32, 147.92, 150.10, 164.40. ESI (+ve): 490 [M + H]+; 492
[M+2 + H]+; elemental analyses for C21H20BrN3O4S (calcd):
C, 51.44; H, 4.11; N, 8.57; S, 6.54. Found: C, 51.46; H, 4.11;
N, 8.52; S, 6.52.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-1-morpholinoethanone (13). Recryst. solvent:
dichloromethane-cyclohexane; yield: 70%, mp 84−86 °C, FT-
IR (cm−1): 2970, 2928, 1627, 1589, 1514, 1464, 1385, 1279,
1220, 1167, 1069, 1025, 843, 802, 1H NMR: 3.38 (d, J = 6.4
Hz, Ar−CH2−), 3.72−3.90 (m, 11H, morpholine ring protons,
Ar−O−CH3), 4.36 (s, 2H, S−CH2−), 5.03−5.27 (m, 4H,
CH2�CH−, O−CH2−), 5.76−6.25 (m, 1H, CH2�CH−),
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6.69−7.04 (m, 3H, Ar−H). ESI (+ve): 406.83 [M + H]+;
C19H23N3O5S (calcd): C, 56.28; H, 5.72; N, 10.36; S, 7.91.
Obsd: 56.20; H, 5.75; N, 10.33; S, 7.90.
2-((5-((4-Allyl-2-methoxyphenoxy)methyl)-1,3,4-oxadia-

zol-2-yl)thio)-1-(piperidin-1-yl)ethanone (14). Recryst. sol-
vent: dichloromethane-cyclohexane; yield: 64%, mp 82−84 °C,
FT-IR (cm−1): 3280, 2984, 2930, 1670, 1602, 1509, 1486,
1376, 1251, 1210, 1141, 1030, 964, 914. 1H NMR: 1.18−2.89
(m, 10H, piperidine ring), 3.32 (d, J = 6.4 Hz, Ar−CH2−),
3.84 (brds, 5H, Ar−O−CH3, S−CH2−), 4.98−5.22 (m, 4H,
CH2�CH−, O−CH2−), 5.70−6.19 (m, 1H, CH2�CH−),
6.64−6.98 (m, 3H, Ar−H). ESI (+ve): 404.25 [M + H]+;
elemental analyses for C20H25N3O4S (calcd): C, 59.53; H,
6.25; N, 10.41; S, 7.95. Found: C, 59.41; H, 6.20; N, 10.35; S,
7.92.
General Procedure for the Synthesis of Compounds

15−17. Compound 4 (0.005 mol) was taken in a 100 mL
clean round-bottom flask and then added 50 mL of ethanol. To
the mixture, suitable secondary amine (0.006 mol) and
formaldehyde (0.006 mol) were added and the reaction was
refluxed for 6−8 h. When the reaction completed, the mixture
was concentrated under vacuum and poured on to the cold ice
water (50 mL) and products were isolated by extracting with
ethyl acetate (25 mL × 2). Finally, crude products were
crystallized by ethanol.
5-((4-Allyl-2-methoxyphenoxy)methyl)-3-(pyrrolidin-1-yl-

methyl)-1,3,4-oxadiazole-2(3H) Thione (15). Recryst. solvent:
ethanol; yield: 65.46%, mp 134−136 °C, FT-IR (cm−1): 2933,
1507, 1417, 1259, 1216, 1140, 1028, 912, 847, 804. 1H NMR:
1.50−2.22 (m, 4H, pyrrolidine ring −CH2−CH2−), 2.35−2.59
(m, 4H, pyrrolidine ring, CH2−N−CH2), 3.30−3.70 (m, 4H,
Ar−CH2−, N−CH2−N−), 3.88 (s, 3H, Ar−O−CH3), 5.07−
5.18 (m, 4H, CH2�CH−, O−CH2−), 5.76−6.14 (m, 1H,
CH2�CH−), 6.77−7.01 (m, 3H, Ar−H); 13C NMR: 24.42,
39.81, 44.97, 55.85, 61.96, 112.85, 116.03, 117.44, 120.71,
137.17, 144.95, 146.06, 150.31, 158.29, 160.80, 177.80. ESI
(+ve): 362.25 [M + H]+; elemental analyses for C18H23N3O3S
(calcd): C, 59.81; H, 6.41; N, 11.63; S, 8.87. Found: C, 59.78;
H, 6.38; N, 11.60; S, 8.90.
5-((4-Allyl-2-methoxyphenoxy)methyl)-3-(piperidin-1-yl-

methyl)-1,3,4-oxadiazole-2(3H)thione (16). Recryst. solvent:
ethanol; yield: 63.50%, mp 138−140 °C, FT-IR (cm−1): 2936,
1516, 1439, 1413, 1316, 1215, 1174, 1142, 1051, 805. 1H
NMR: 0.95−1.28 (m, 6H, piperidine protons), 3.24−3.40 (m,
6H, piperidine protons, Ar−CH2−), 3.79−3.89 (brs, 3H (Ar−
O−CH3) + 2H (−N−CH2−)), 5.0−5.19 (m, 4H, CH2�
CH−, O−CH2−), 5.73−6.22 (m, 1H, CH2�CH−), 6.68−
6.99 (m, 3H, Ar−H); ESI (+ve): 376.92 [M + H]+; elemental
analyses for C19H25N3O3S (calcd): C, 60.78; H, 6.71; N,
11.19; S, 8.54. Found: C, 60.65; H, 6.73; N, 11.16; S, 8.52.
5-((4-Allyl-2-methoxyphenoxy)methyl)-3-(morpholino-

methyl)-1,3,4-oxadiazole-2(3H)-thione (17). Recryst. solvent:
ethanol; yield: 68%, mp 144−146 °C, FT-IR (cm−1): 2907,
1512, 1465, 1417, 1342, 1260, 1225, 1142, 1058, 1027, 923,
808. 1H NMR: 3.35−3.43 (m, 2H, −Ar−CH2−), 3.72−3.92
(m, 11H, Ar−O−CH3, morpholine protons), 5.11−5.21 (m,
4H, CH2�CH−, O−CH2−), 5.77−6.27 (m, 1H, CH2�
CH−), 6.71−7.03 (m, 3H, Ar−H), 13C NMR: 39.87, 47.35,
48.09, 55.93, 61.84, 62.04, 112.87, 114.79, 116.07, 116.74,
120.79, 123.63, 137.19, 139.08, 147.43, 160.00, 166.22, 178.78.
ESI (+ve): 378.05 [M + H]+; elemental analyses for
C18H23N3O4S (calcd): C, 57.28; H, 6.14; N, 11.13; S, 8.49.
Found: 57.33; H, 6.16; N, 11.10; S, 8.48.

Antiproliferative Activity. The cytotoxicity study was
performed on MCF-7, SKOV3, and PC-3 cancerous cells
according to our published work by the MTT method.
Doxorubicin was used as a positive control for comparison.30

In Vitro Thymidylate Synthase Enzymatic Assay. It
was performed as per previously published work.30 Pemetrexed
was used as a reference drug.
Cell Cycle Analysis. It was performed as per previously

published work.30 The experimental method has been
provided in the Supporting Information.
Apoptosis Analysis. It was performed as per previously

published work.30 The experimental method has been
provided in the Supporting Information.
Statistical Analysis. Results are presented as mean ± SD,

performed in triplicate. One-way ANOVA was used to
determine statistical significance (*p < 0.05).
DFT and Docking Studies. They were performed as

previously published work.16 The experimental protocol is
available in the Supporting Information.
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