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ABSTRACT: Starting from three ibuprofen−coumarin hit compounds, we
designed 18 derivative compounds targeting cyclooxygenase-2 (COX-2) by
introducing different substituents onto them by using the computational auto in
silico ligand directing evolution (AILDE) method. After synthesizing and testing
the activity, we found that 6 representative compounds have micromolar enzyme
inhibitory activity against COX-2. Additionally, 16 compounds have shown certain
inhibitory activity in cervical cancer cells. Among these compounds, 6c (IC50 =
0.606 μM, HeLa) and 7g (IC50 = 0.783 μM, HeLa) have exhibited excellent
activity, which is approximately 10 times better than the commercial drug gefitinib.
According to molecular simulation results, the halogen atoms of 6c and 7g on the
coumarin ring can form halogen bonds with COX-2, which significantly improves their activity compared to their hit compounds 6a
and 7a. However, the key interactions were lost in binding with COX-1. The calculation results revealed that the two compounds are
selective COX-2 inhibitors, with potential selectivity indexes of 6-fold and 5-fold, respectively. The cell-based activity of compounds
6c and 7g toward HEK293 cells demonstrates that our compounds possess an acceptable safety toward normal cells. The results
indicate that 6c and 7g can serve as potential lead compounds for further lucubrate.

1. INTRODUCTION
Malignant tumors are one of the main reasons for human death
around the world. According to statistics, 19.3 million patients
were diagnosed in 2020, and the number of deaths reached 9.9
million.1 At present, chemotherapy is one of the main methods
for the treatment of malignant tumors. However, many
chemotherapeutics have problems such as multiple drug
resistance, high toxicity, and low specificity.2−4 Therefore, it
is imperative to develop novel antitumor drugs with diverse
structures, high efficiency, and low toxicity.
Inflammatory response plays an important role in the

occurrence and development of tumors, and cyclooxygenase
(COX) is one of the important targets that affect inflammatory
response.5−7 COX acts by catalyzing the formation of
prostaglandins and related compounds from arachidonic acid
with three isomers: COX-1, COX-2, and COX-3.8,9 Among
them, COX-2 is basically not expressed in the normal
physiological environment of the body, and its expression
level only increases when the body is stimulated.10 In recent
years, many studies have shown that COX-2 is highly
expressed in various types of tumor cells, including liver
cancer cells, cervical cancer cells, and skin cancer cells.11−13 It
plays a multifaceted role in the occurrence and development of
tumors, as well as in the tolerance of tumor cells to
chemotherapy and radiation therapy.14−17

Ibuprofen is a common COX inhibitor that can be used to
treat various diseases in clinical practice.18,19 It is widely used

due to its excellent activity and high safety.20−22 Due to the
high expression of COX-2 in tumor cells and the inhibitory
effect of ibuprofen on COX-2, ibuprofen may also have certain
antitumor potential. In recent years, researchers have modified
the molecular structure of ibuprofen, resulting in compounds
exhibiting certain antitumor activity. Shokri et al.23 coupled
ibuprofen with a known targeted peptide sequence NGR,
where the NGR peptide can selectively bind to the
overexpressed aminopeptidase N in tumor blood vessels and
exert its effect. The results of antitumor experiments showed
that the NGR-coupled form of ibuprofen had a good inhibitory
effect on SKOV-3 tumor cells. Özlem et al.24 synthesized a
series of derivatives by covalent bonding between lipoic acid
and ibuprofen, and the cytotoxicity of newly synthesized
derivatives on human glioblastoma cells U87-MG was
evaluated. The results showed that the derivatives could
effectively inhibit U87-MG, and they had an IC50 value of 5.97
μM for U87-MG cell lines.
Natural products are the most important source of new drug

development due to their chemical diversity, biological
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diversity, and druglike properties. Coumarin compounds are an
important class of pyranone oxygen-containing heterocyclic
compounds with high bioavailability and low toxicity that can
be used as lead structural frameworks. Coumarin compounds
are widely distributed in plants such as Rutaceae, Umbelliferae,
Oleaceae, Meliaceae, Asteraceae, and Orchidaceae. Based on
their excellent pharmacological activity, some coumarin
derivatives have been approved for clinical treatment.25−27

Coumarin compounds can exhibit excellent antitumor activity
by inhibiting the expression of MMP2 and VEGFA,28 as well as
inhibiting the activities of carbonic anhydrase IX and XII,29

making them an important research object in antitumor
studies.30−33

Coumarin has a wide range of applications, and many
studies have modified the structure of coumarin to obtain
drugs with stronger antitumor activity. Compared with
coumarins, hybrid molecules have the potential to reduce
cross-resistance, reduce side effects, and improve efficacy and
specificity.34 Pilli et al.35 synthesized a series of coumarin
hydrazone derivatives and screened their anticancer activity
against A549, HeLa, SK-NSH, MCF-7 human cancer cells, and
normal rat kidney cell NRK-49F using the MTT assay. The
results showed that all compounds exhibited good to moderate
cytotoxicity, with compounds 12a and 18a having the
strongest activity. Achar et al.36 synthesized a series of silver(I)
complexes with benzimidazole-based N-heterocyclic carbene
ligands, and the drug activity test showed that the compounds
had a significant inhibitory effect on human lung cancer cell
lines A549 and H1975. Channar et al.37 designed, synthesized,

and characterized a series of novel benzocoumarin thiazole
imine ternary derivatives. The antitumor experimental results
showed that the synthesized derivatives had a certain inhibitory
effect on cervical cancer HeLa cells, with inhibition rates
ranging from 21.0 to 69.7%.
In this study, we used the cyclooxygenase inhibitor

ibuprofen as the precursor and designed and synthesized
three coumarin ibuprofen hybrid hit compounds by connecting
diacylhydrazide (−CONHNHOC−), oxadiazole, and acylhy-
drazone (−CONHN�C−) with the coumarin backbone.
Subsequently, we simulated a batch of lead compounds by
introducing different substituents on the structure of coumarin
using auto in silico ligand directing evolution (AILDE).38−41

By calculating their binding energies with COX-2, we selected
some promising compounds for synthesis. Through enzyme
activity and cell experiments, we obtained two lead compounds
with excellent activity against cervical cancer cells: 6c (IC50 =
0.606 μM, HeLa) and 7g (IC50 = 0.783 μM, HeLa). The
calculation results also revealed that the two compounds are
potential selective COX-2 inhibitors. We believe that our
research will provide new ideas and a basis for exploring cancer
chemotherapy methods targeting COX-2.

2. RESULTS AND DISCUSSION
2.1. Hit-to-Lead (H2L) Optimization. Based on the drug

combination principle, bishydrazide, oxadiazole, and acylhy-
drazone (Figure S1) are selected as the linker groups to
connect ibuprofen and coumarin to obtain three hit
compounds 6a, 7a, and 8a (Scheme 1). We performed the

Scheme 1. Synthetic Routes of Compounds 2, 3, 4, 5, 6a−6g, 7a−7h, and 8a−8fa

aReagents and conditions: (i) Diethyl malonate or ethyl acetoacetate, ethanol, reflux; (ii) (1) 1 mol/L NaOH, reflux; (2) 1 mol/L HCl,
acidification; (3) SOCl2, rt; (iii) (1) SOCl2, rt; (iv) (1) methanol, rt; (2) hydrazine hydrate, ethanol, reflux; (v) acetic acid-sodium acetate, reflux;
(vi) triethylamine, methylene dichloride, 0−5 °C; (vii) phosphorus oxychloride, reflux.
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calculation of AILDE to the H2L optimization of 6a, 7a, and
8a to discover potent anticancer lead compounds. The AILDE
protocol was developed by the author before as an in silico
efficient and general approach for rapid identification of potent
drug lead from hit compound.38−41 AILDE performs minor
chemical modifications on the scaffold of a hit compound, and
these modifications can result in minimal losses or, in some
cases, even increases in ligand efficiency. In this study, 9 most
commonly used substituents (−Br, −CF3, −CH3, −Cl, −F, −
NH2, −NO2, −OCH3, and −OH) in current drugs were
considered as minor modification groups to replace in the R
position (5−8-position on the coumarin ring) of the three hit
compounds (6a, 7a, and 8a). According to the docking and
molecular dynamics (MD) simulation results of the three hit
compounds with COX-2, the three hit compounds show a
binding mode similar to that of COX-2 (Figure 1A). Both of

them formed hydrophobic interactions with side chains of
V349, L352, V523, and L531 by using the ibuprofen part. The
coumarin part occupies the interior of the active cavity and
forms π−π interaction with F209 and F381, T−π interaction
with F205, and hydrophobic interaction with L534. By

analyzing the binding mode of hit compounds and COX-2,
we found that the H atom on the 5-position of the coumarin
ring was about 1.2 Å to the side chain of L534 (Figure 1B),
which is a limited space for replacing an atom or a group with a
larger radius than H. Therefore, we did not consider the group
optimization on the 5-position. For the 6- and 7-position, it is
observed that there is relatively enough space between hit
compounds and COX-2 for the optimization of substituents
(Figure 1B) so that the nine commonly used substituents were
introduced to the two positions to generate new lead
compounds. For the 8-position, its distance to the F209 (2.8
Å) can only accommodate one single atom, so we only
consider replacing three halogen atoms (−Br, −Cl, −F) at the
8-position.
Based on the above analysis, we conducted ALIDE

calculations on 6, 7, and 8-positions (where the 8-position
only considers halogen substitution) of the coumarin ring. In
addition to considering single substitution, we also calculated
the compounds produced by disubstitution. We generated 156
potential lead compounds for each hit compound. The binding
free energy shifts (ΔΔG) are calculated to evaluate the
potential activity of new compounds. The calculated process is
shown in Figure 2. A positive ΔΔG value indicated a decrease
in the activity of the new compound compared to the hit
compound, while a negative value indicated an increase in the
activity of the new compound compared to the hit compound.
Eighteen top-ranked and easily synthesizable compounds were
synthesized for further bioassay tests. The structures of
selected compounds with the calculated results are shown in
Scheme 1 (For detailed structures, see Figure S2 in the
Supporting Information).

2.2. Synthesis. According to the active substructure
splicing principle and AILDE computational approaches, target
compounds 6, 7, and 8 were prepared, and the routes are
outlined in Scheme 1. First, following the reference method,
from commercially available salicylic aldehyde, diethyl
malonate, or ethyl acetoacetate, and other chemical reagents,
the synthetic reactions of a series of substituted 3-acetyl-
coumarin 3, coumarin acyl chloride 4, and ibuprofen-hydrazide
5 proceeded smoothly with satisfactory yields. Subsequently,
compounds 6a−6g were prepared using the reaction of 5 and
different substituted 3-acetyl-coumarin 3 in the presence of
AcOH-NaAc at 70−80 °C in good yields. In the presence of a
slight excess of triethylamine as a catalyst, 4 and 5 were easily

Figure 1. Simulated binding mode of hit compounds with COX-2.
(A) The superimposition of modeled complex structures of COX-2
with 6a, 7a, and 8a. 6a is shown in yellow sticks, 7a is shown in
magenta sticks, and 8a is shown in cyan sticks. The receptor (PDB
ID: 5F1A) is shown in green sticks and white cartoons. (B) The
binding mode of the R position on the coumarin ring of 6a with
COX-2. 6a is the representative in the cavity for view and is shown
with a yellow ball-and-stick model. COX-2 is shown with green sticks
and a gray surface. The distances are shown with red dashed lines and
labeled in blue font. The substitution positions on the coumarin ring
are labeled with blue numbers.

Figure 2. Calculation process of our study. It includes molecular dynamics (MD) simulation, AILDE, and free energy calculation. The detailed
calculation methods are described in Section 4 and the Supporting Information.
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converted to ibuprofen−coumarin bishydrazide hybrid deriv-
atives 7a−7h in methylene dichloride at 0−5 °C. Finally,
compounds 7 were further reacted with POCl3 at 80−85 °C to
produce the new target compounds 8a−8f. The results are
displayed in Table 1. Compounds 6a−6g, 7a−7h, and 8a−8f
were identified by 1H and 13C NMR and HRMS (ESI), and
the proposed structures are consistent with all of the data.

2.3. Biological Evaluation. To testify compounds as
potential COX-2 inhibitors, 6 compounds (6c, 6d, 6f, 7a, 7e,
7f) were used to perform the enzyme-based activity test, and
celecoxib was used as a reference drug with the IC50 = 0.076
μM. As shown in Table 2, All 6 tested compounds have
micromolar enzyme inhibitory activity against COX-2 with a
range from 0.294 to 2.671 μM. 7e displayed moderate COX-2
inhibitory activity (IC50 = 0.294 μM), which proved that our
compound indeed has a certain inhibitory effect on COX-2.
Then, the HeLa cells were chosen for cell-based activity testing

due to their strong positive COX-2 expression.42−45 All of the
18 synthesized compounds were subjected to cell-based
antitumor activity in vitro by using standard 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tet-
razolium sodium salt (CCK8) assay, and gefitinib as the
positive control (result shown in Table 1). The results show
that 16 compounds (except 8d and 8e) have potential
antitumor activities with the IC50 values (HeLa cells) ranging
from 0.606 to 121.54 μM. The activity values of most
compounds are less than 10 μM, among which compounds 6c
and 7g have the most excellent activity with IC50 of 0.606 and
0.783 μM on HeLa cells, respectively. Their activities are better
than those of ibuprofen and the commonly used antitumor
drug gefitinib (∼10-fold activity improvement). We may
observe that the overall activities of series 6 and 7 compounds
are better than those of series 8, indicating that the skeleton
structure of series 6 and 7 has more advantages in drug
properties.

2.4. Binding Mode Analysis and Selectivity Study. We
chose the two compounds with the best activity, 6c (IC50 =
0.606 μM) and 7g (IC50 = 0.783 μM), as well as their lead
compounds 6a (IC50 = 4.641 μM) and 7a (IC50 = 4.608 μM),
to compare their interaction modes with those of COX-2. The
binding modes were obtained from the AILDE calculation
results (shown in Figure 3A,B,E,F). We can observe that four
compounds exhibit extremely similar binding poses in the
active pocket of COX-2. The coumarin ring is inserted into the
bottom of the active cavity, and the ibuprofen fragment lies in
the door of the active cavity. Comparing compounds 6a and
6c, we can see that their coumarin rings form T−π interactions
with F381 and F205 and π−π interactions with F209. The
difference between compounds 6a and 6c in their interaction
with COX-2 is that the 6-position bromine atom (R = 6,8−
2Br) on the coumarin ring of 6c forms two halogen bonds with
the main chain of G533 and V228, enhancing the binding
between 6c and COX-2, which was not observed in the
binding of 6a to COX-2 (Figure 3A,B). This explains why the
structural change of the compound from compound 6a to
compound 6c can increase the activity of compound 6c.
Similar to the cases of 6a and 6c, compound 7g has better
activity than 7a because the R substituent of 7g (R = 6,8-2Cl)
also forms halogen bonds with G533 and V228 (Figure 3E,F).
The expression of COX-2 is significantly upregulated in

most cancer cells. In contrast, in normal cells, COX-2 is barely
expressed, while the expression of COX-1 remains relatively
stable and is crucial for maintaining normal cellular
physiological functions. We conducted docking and MD
experiments with compounds 6c and 7g on COX-1 (MD
trajectories are shown in Figure S3 of the Supporting
Information). By comparing the binding modes of the
compounds with those of COX-1 and COX-2, we aim to
assess the safety of these compounds in normal cells. We first
used molecular docking to obtain the initial conformation of
6c and 7g binding to COX-1 and then performed a 4 ns’ MD
simulation based on the docking result, obtaining stable
conformations of 6c and 7g binding to COX-1. First, by
analyzing the binding mode of 6c with COX-1 (Figure 3C), we
can see that compared with its binding mode with COX-2
(Figure 3B), the conformation of the F209 side chain at the
bottom of the COX-1 cavity has a large angle deflection, and
the active cavity space is compressed, which leads to 6c not
fully penetrating the bottom of the COX-1 cavity and the
coumarin ring undergoing an angle deflection, further causing a

Table 1. Structures and Cell-Based IC50 (HeLa Cell) of
Ibuprofen−Coumarin Hybrid Compounds with Calculated
(ΔΔGcal) and Experimental (ΔΔGexp) Binding Free Energy
Shift Compared to Hit Compounds 6a, 7a, and 8a

Cpds. yield, %

cell-based
IC50

(HeLa, μM) Fa
ΔΔGexp

(kcal mol−1)
ΔΔGcal

(kcal mol−1)

6a (Hit) 85 4.641 1.00 0.00 0.00
6b 66 2.588 1.78 −0.34 −0.27
6c 68 0.606 7.61 −1.21 −1.25
6d 64 6.650 0.69 0.22 0.31
6e 86 2.186 2.11 −0.44 −0.47
6f 67 4.344 1.06 −0.04 −0.28
6g 83 2.564 1.80 −0.35 −0.69
7a (Hit) 72 4.608 1.00 0.00 0.00
7b 84 42.693 0.11 1.33 0.17
7c 62 8.916 0.52 0.39 0.47
7d 85 136.56 0.03 2.02 0.53
7e 76 3.676 1.25 −0.13 −1.08
7f 64 6.246 0.74 0.18 0.81
7g 65 0.783 5.89 −1.06 −1.21
7h 75 0.889 5.18 −0.98 −2.51
8a (Hit) 62 4.659 1.00 0.00 0.00
8b 68 121.54 0.04 1.94 1.78
8c 75 82.163 0.06 1.71 0.31
8d 65 >200 1.06
8e 70 >200 1.08
8f 72 42.299 0.11 1.31 0.66
ibuprofen >200
gefitinib 5.285

aActivity fold compared to hit compounds, F = IC50(Hit)/IC50(Lead)

Table 2. Enzyme Activity Results of Representative
Compounds

Cpds. COX-2 (IC50, μM)
6c 2.671
6d 1.043
6f 1.513
7a 2.824
7e 0.294
7f 0.982
celecoxib 0.076
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conformational change in the F381 side chain (Figure 3D).
This series of conformational changes results in the interaction
between 6c and COX-1 retaining only the π−π interaction
with F209, while the hydrophobic interactions with F381 and
F205 are lost. The halogen bond interactions between the 6-
position bromine atom on the coumarin ring with G533 and
V288 are also lost due to improper distance or angle (Figure
3C,G), which ultimately leads to a weakening of the interaction
between 6c and COX-1 compared to that of COX-2. Upon
further analysis of the interaction between 7g and COX-1
(Figure 3G), we found that the conformational change of the
F381 side chain in the cavity also caused the conformational
deflection of the 7g coumarin ring and the outward movement
of the entire molecule, resulting in the loss of its interaction
with F205 and F209, as well as the loss of its halogen bond
interactions with G533 and V288 (Figure 3H). Due to the
outward movement of the molecule, the ibuprofen fragment at
the end of the molecule collided spatially with the I523 side
chain at the entrance of the cavity, which also resulted in a
weakening of the interaction between 7g and COX-1
compared to that of COX-2.

We also used the MM-PBSA method46 to calculate the
binding free energies (ΔGbind) of compounds 6c and 7g with
COX-1 (detailed calculation method shown in the Supporting
Information), and compared it with the binding free energies
of compounds 6c and 7g with COX-2 obtained in the previous
AILDE calculation (Table 3). We found that the binding free
energy of compound 6c with COX-2 is −47.34 kcal mol−1,
which is 1.07 kcal mol−1 stronger than its binding with COX-1
(−46.27 kcal mol−1). Using the equation ΔΔGbind =
−RT ln SI, we can calculate the predicted selectivity index
(SI) to be 6.02. From the energy component, we can see that
the main reason for the difference in binding affinity is the
electrostatic energies (ΔEele). The ΔEele value of compound 6c
with COX-2 is −7.46 kcal mol−1, which is 1.60 kcal mol−1
higher than its value with COX-1 (−5.86 kcal mol−1). This is
mainly due to the loss of halogen bonds of 6c with COX-1
compared to its interaction with COX-2. Similarly, we
obtained a selectivity index of 5.09 for 7g through a
computational prediction.
In summary, the different conformations of key amino acid

residues in the COX-1 and COX-2 cavities lead to different
binding modes of compounds, resulting in differences in

Figure 3. Predicted binding mode of compounds 6c and 7g with COX-1 and COX-2. (A) Binding mode of 6a with COX-2. 6a is shown as
magenta sticks, and COX-2 is shown as yellow sticks and green cartoons. (B) The binding mode of 6c with COX-2. 6c is shown as magenta sticks,
and COX-2 is shown as yellow sticks and cartoon. (C) The binding mode of 6c with COX-1. 6c is shown as magenta sticks, and COX-1 is shown
as cyan sticks and cartoon. (D) Superimposition of 6c with COX-2 and COX-1. The complexes formed by 6c with COX-2 and COX-1 are colored
yellow and cyan, respectively. (E) The binding mode of 7a with COX-2. 7a is shown as magenta sticks, and COX-2 is shown as yellow sticks and
green cartoons. (F) The binding mode of 7g with COX-2. 7g is shown as magenta sticks, and COX-2 is shown as yellow sticks and cartoon. (G)
The binding mode of 7g with COX-1. 7g is shown as magenta sticks, and COX-1 is shown as cyan sticks and cartoon. (H) Superimposition of 7g
with COX-2 and COX-1. The complexes formed by 7g with COX-2 and COX-1 are shown in yellow and cyan, respectively.

Table 3. Calculated Binding Free Energies of Compound 6c and 7g with COX-1 and COX-2, Respectively

binding free energies (kcal mol−1)a

Cpds. COX ΔEele ΔEvdW ΔEMM ΔGPB ΔGnP −TΔS ΔGbind predicted SIb

6c COX-1 −5.86 −66.18 −72.04 21.33 −8.01 12.45 −46.27 6.02
COX-2 −7.46 −66.75 −74.22 22.44 −7.78 12.22 −47.34

7g COX-1 −6.11 −66.54 −72.63 22.01 −7.69 12.95 −45.36 5.09
COX-2 −6.42 −65.50 −71.92 20.58 −7.58 12.59 −46.33

aΔEele, electrostatic energies; ΔEvdW, van der Waals interaction; ΔEMM: molecular mechanical (MM) gas-phase binding energy, which consists of
ΔEele and ΔEvdW; ΔGPB: electrostatic contribution of solvation free energy; ΔGnp: nonelectrostatic of solvation free energy; −TΔS: entropic
contribution; ΔGbind: binding free energies, equals ΔEMM + ΔGPB + ΔGnp − TΔS. bSI was calculated according to the equation ΔΔGbind =
ΔGbind(COX-2) − ΔGbind(COX-1) = −RT ln SI. For more details about the calculation method, see the Supporting Information.
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binding ability, allowing compounds to have better binding to
COX-2, and ensuring that the compound has certain selectivity
and safety. We have also quantitatively demonstrated this point
through calculations and predicted that the two highly active
compounds, 6c and 7g, are COX-2 selective inhibitors with SI
of approximately 6-fold and 5-fold, respectively.
To clarify the selectivity of our compounds to cancer cells

and normal cells, we also performed experiments and tested
the proliferation inhibitory activity of compounds 6c and 7g on
HEK293 cells, which is a cell line derived from human
embryonic kidney cells. The results showed that the IC50
values of 6c and 7g on HEK293 cells were 32.230 and 19.960
μM, respectively. Comparing the inhibitory activities of the
two compounds on HeLa cells, we can see that these two
compounds exhibit 53.18- and 25.49-fold selectivity for cancer
cells over normal cells, respectively (Table 4). The selectivity
value demonstrates that our compounds possess an acceptable
safety toward normal cells.

3. CONCLUSIONS
In this study, we used the cyclooxygenase inhibitor ibuprofen
as the precursor and synthesized three ibuprofen−coumarin
hybrid hit compounds by connecting diacylhydrazide,
oxadiazole, and acylhydrazone to the coumarin backbone. To
obtain more potential antitumor active compounds, we
employed the computational AILDE method for rational
structure optimization from hit-to-lead. We ultimately
designed and synthesized 18 ibuprofen−coumarin derivatives
targeting COX-2, among which compounds 6c (IC50 = 0.606
μM, HeLa) and 7g (IC50 = 0.783 μM, HeLa) exhibited
excellent activity against cervical cancer cells. The calculation
results and cell-based activity assay demonstrated that they
have potential selectivity for COX-2. The novel compound
structures discovered in this study provide new ideas for the
research of anticancer drugs targeting COX-2.

4. MATERIALS AND METHODS
4.1. Computational Methods. 4.1.1. Molecular Docking

and MD Simulation. The three-dimensional (3D) structures
were prepared by SYBYL 7.0. Structures of COX-1 (PDB ID:
6Y3C)47 and COX-2 (PDB ID: 5F1A)48 were downloaded
from the RCSB Protein Data Bank (PDB, https://www.rcsb.
org/).49 The hydrogens of the receptor were added using
Discovery Studio 4.0. The GOLD 3.0 was used to dock
compounds into the active center. MD simulation was
performed using Amber16. More description of the computa-
tional settings can be seen in the Supporting Information.
4.1.2. AILDE. Fifty snapshots were extracted from the last

500 ps of the MD trajectory with a time step of 10 ps by using
the Cpptraj module in the Amber16 program. We introduced
different small groups (−Br, −CF3, −CH3, −Cl, −F, −NH2, −
NO2, −OCH3, and −OH) to replace hydrogen atoms of 6a,

7a, and 8a in the snapshots by using a modified version of
AutoGrow.50 Because the growth algorithm started from the
hit compound placed in the binding site and was based on the
binding conformation, a series of new compounds bound to
the receptor were generated as lead compounds. Then, we
minimized the complex structure to obtain the final structures
of the newly generated lead−receptor complexes. First, we
minimized all side chain atoms of the receptor and fixed the
receptor backbone and lead compound. Second, we minimized
the complex, allowing all of the atoms to move. Both steps
were a combination of the 2000-step steepest descent method
and the 2000-step conjugated gradient method with a
convergence criterion of 0.2 kcal mol−1. Each snapshot of
the lead−receptor complex was dealt with using the same
minimization strategies to maintain parallel processes.
4.1.3. Free Energy Calculation. The MM-PBSA method

was used to calculate the binding free energy (ΔGbind) between
the receptor and the ligand.46 This value was obtained by
calculating the differences in free energies between the ligand−
receptor complex (Gcpx) and the unbound receptor (Grec) and
ligand (Glig) as follows

= +G G G G( )bind cpx rec lig (1)

The binding free energy shift (ΔΔGcal) between the hit−
receptor and lead−receptor complex is defined as follows

=G G G(Lead) (Hit)cal bind bind (2)

ΔΔG was used to evaluate the change in the binding affinity
after group replacement. A positive ΔΔG value indicates a
decrease in the binding affinity, and a negative value represents
an increase in the binding affinity. ΔΔG was also used to
predict the selectivity index (SI) value in our study according
to the following equation51−53

=

=

G G G

RT

(COX 2) (COX 1)

ln SI
bind bind bind

(3)

For more information on the principles and methods of
binding free energy calculation in this study, see the
Supporting Information.

4.2. Chemistry Section. 4.2.1. General.Mp was measured
on an uncorrected X-4 digital melting point apparatus. 1H and
13C NMR were recorded on a Bruker Avance 400 MHz
spectrometer (CDCl3 and DMSO-d6) with resonances relative
to tetramethylsilane (TMS) as an internal standard. Mass
spectra (ESI) were recorded on a Waters XEVO G2-XS mass
spectrometer. Unless otherwise stated, starting materials,
reagents, and solvents used in this experiment were
commercially available (analytically pure) and used without
further purification. TLC analysis was performed on silica gel
plates GF254 (Wuhan, Geao Co.).
4.2.2. Synthesis Procedure for Compounds 6a−6g.

Intermediates 2, 3, 4, and 5 were generally prepared according
to the literature procedures and an approach similar to those
previously reported. A mixture of substituted 3-acetyl-
coumarin 3 (5 mmol), ibuprofen-hydrazide 5 (5.2 mmol),
and AcOH (10 mL) was refluxed. The completion of the
reaction was monitored by TLC, the reaction mixture was
poured into crushed ice to precipitate the product and was
filtered, and the crude product was further recrystallized from
CH2Cl2/EtOH to provide compounds 6a−6g.
4.2.2.1. (E)-2-(4-Isobutylphenyl)-N′-(1-(2-oxo-2H-chro-

men-3-yl)ethylidene)propanehydrazide (6a). White solid.

Table 4. Selectivity of Cell-based Activity of Compounds 6c
and 7g toward Cancer Cells (HeLa) and Normal Cells
(HEK293)

Cpds.
cell-based IC50
(HeLa, μM)

cell-based IC50
(HEK293, μM) SIa

6c 0.606 32.230 53.18
7g 0.783 19.960 25.49

aSI = IC50(HEK293)/IC50(HeLa).
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Mp: 111−113 °C; 1H NMR (400 MHz, CDCl3) δ: 8.85 and
8.33 (s, 1H, NH and OH, keto−enol tautomerism, keto-
(−CONH−)/enol(−HOC�N−) ratio 34/66), 8.14 and 7.68
(s, 1H, H-4 coumarin), 7.59−7.12 (m, 8H, ArH), 4.57−4.55
and 3.78−3.76 (m, 1H, CH), 2.50−2.47 (m, 2H, CH2), 2.18
and 1.91 (s, 3H, CH3), 1.89−1.83 (m, 1H, CH), 1.66 and 1.51
(d, J = 8.0 Hz, 3H, CH3), 0.91 (d, J = 4.0 Hz, 6H, 2 × CH3);
13C NMR (100 MHz, CDCl3) δ: 176.31, 159.95, 154.03,
144.68, 141.41, 140.22, 138.94, 132.29, 130.10, 129.30, 128.47,
127.58, 124.76, 119.08, 116.63, 45.12, 41.98, 30.26, 22.46,
22.32, 18.79; HRMS (ESI) m/z: Anal. calcd for C24H27N2O3
[M + H]+: 391.2022, found: 391.2025 (M+, 100); anal. RP-
UPLC tR(keto) = 24.710 min, tR(enol) = 26.277 min, purity
99.55%, UV 330 nm.
4.2.2.2. (E)-N′-(1-(6-Fluoro-2-oxo-2H-chromen-3-yl)-

ethylidene)-2-(4-isobutylphenyl)propanehydrazide (6b). Yel-
low solid. Mp: 186−187 °C; 1H NMR (400 MHz, CDCl3) δ:
8.67 and 8.34 (s, 1H, NH and OH, keto−enol tautomerism,
keto(−CONH−)/enol(−HOC�N−) ratio 33/67), 8.08 and
7.57 (s, 1H, H-4 coumarin), 7.33−7.12 (m, 7H, ArH), 4.56−
4.51 and 3.78−3.76 (m, 1H, CH), 2.48 (d, J = 8.0 Hz, 2H,
CH2), 2.17 and 1.90 (s, 3H, CH3), 1.89−1.84 (m, 1H, CH),
1.66 and 1.51 (d, J = 8.0 Hz, 3H, CH3), 0.91 (d, J = 4.0 Hz,
6H, 2 × CH3); 13C NMR (100 MHz, CDCl3) δ: 176.32,
160.09, 157.65, 150.18, 140.29, 138.94, 130.12, 129.33, 127.85,
127.52, 199.83, 118.23, 118.15, 113.66, 113.42, 45.10, 42.09,
30.24, 22.44, 18.83, 14.21; HRMS (ESI) m/z: Anal. calcd for
C24H26FN2O3 [M + H]+: 409.1927, found: 409.1931 (M+,
100); anal. RP-UPLC tR(keto) = 25.147 min, tR(enol) =
26.788 min, purity 99.62%, UV 330 nm.
4.2.2.3. (E)-N′-(1-(6,8-Dibromo-2-oxo-2H-chromen-3-yl)-

ethylidene)-2-(4-isobutylphenyl)propanehydrazide (6c).
White solid. Mp: 206−207 °C; 1H NMR (400 MHz,
CDCl3) δ: 8.92 and 8.43 (s, 1H, NH and OH, keto−enol
tautomerism, keto(−CONH−)/enol(−HOC�N−) ratio 30/
70), 8.00 and 7.89 (s, 1H, H-4 coumarin), 7.59−7.11 (m, 7H,
ArH), 4.53−4.48 and 3.78−3.76 (m, 1H, CH), 2.49 (d, J = 8.0
Hz, 2H, CH2), 2.18 and 1.90 (s, 3H, CH3), 1.89−1.85 (m, 1H,
CH), 1.66 and 1.50 (d, J = 4.0 Hz, 3H, CH3), 0.91−0.90 (m,
6H, 2 × CH3); 13C NMR (100 MHz, CDCl3) δ: 176.45,
158.29, 149.79, 143.68, 140.22, 139.49, 139.02, 137.51, 130.12,
129.90, 129.36, 127.47, 121.36, 117.14, 111.09, 45.11, 42.23,
30.24, 22.44, 18.89, 14.21; HRMS (ESI) m/z: Anal. calcd for
C24H25Br2N2O3 [M + H]+: 547.0232, found: 547.0235 (M+,
100); anal. RP-UPLC tR = 30.123 min, purity 99.54%, UV 330
nm.
4.2.2.4. (E)-N′-(1-(7-Hydroxy-2-oxo-2H-chromen-3-yl)-

ethylidene)-2-(4-isobutylphenyl)propanehydrazide (6d). Yel-
low solid. Mp: 125−127 °C; 1H NMR (400 MHz, CDCl3) δ:
9.77 (s, 1H, Ar−OH), 8.70 and 8.53 (s, 1H, NH and OH,
keto−enol tautomerism, keto(−CONH−)/enol(−HOC�
N−) ratio 20/80), 7.63 and 7.31 (s, 1H, H-4 coumarin),
7.29−6.96 (m, 7H, ArH), 3.85−3.80 and 3.76−3.71 (m, 1H,
CH), 2.49 (d, J = 8.0 Hz, 2H, CH2), 2.16 and 1.92 (s, 3H,
CH3), 1.87−1.84 (m, H, CH), 1.68 and 1.50 (d, J = 8.0 Hz,
3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2 × CH3); 13C NMR (100
MHz, CDCl3) δ: 172.54, 161.90, 160.42, 155.36, 152.20,
142.57, 141.79, 136.76, 130.13, 129.73, 127.58, 120.58, 114.34,
110.93, 103.46, 45.68, 44.98, 30.23, 22.31, 18.04, 14.69;
HRMS (ESI) m/z: Anal. calcd for C24H27N2O4 [M + H]+:
407.1971, found: 407.1970 (M+, 100); anal. RP-UPLC
tR(keto) = 22.742 min, tR(enol) = 23.904 min, purity
99.40%, UV 330 nm.

4.2.2.5. (E)-2-(4-Isobutylphenyl)-N′-(1-(6-methyl-2-oxo-
2H-chromen-3-yl)ethylidene)propanehydrazide (6e). White
solid. Mp: 168−170 °C; 1H NMR (400 MHz, CDCl3) δ: 8.81
and 8.37 (s, 1H, NH and OH, keto−enol tautomerism,
keto(−CONH−)/enol(−HOC�N−) ratio 32/68), 8.07 and
7.61 (s, 1H, H-4 coumarin), 7.38−7.12 (m, 7H, ArH), 4.60−
4.54 and 3.78−3.76 (m, 1H, CH), 2.49−2.47 (m, 2H, CH2),
2.45−2.39 (m, 3H, CH3), 2.19 and 1.91 (s, 3H, CH3), 1.88−
1.83 (m, 1H, CH), 1.66 and 1.51 (d, J = 8.0 Hz, 3H, CH3),
0.91 (d, J = 8.0 Hz, 6H, 2 × CH3); 13C NMR (100 MHz,
CDCl3) δ: 178.44, 160.18, 152.19, 145.00, 141.44, 140.13,
138.98, 134.43, 133.35, 130.08, 129.29, 127.59,. 126.66,
118.82, 116.31, 45.14, 41.92, 30.25, 22.48, 20.83, 18.79,
14.40; HRMS(ESI) m/z: Anal. calcd for C25H29N2O3 [M +
H]+: 405.2178, found: 405.2181 (M+, 100); anal. RP-UPLC
tR(keto) = 25.734 min, tR(enol) = 27.580 min, purity 98.55%,
UV 330 nm.
4.2.2.6. (E)-N′-(1-(6,8-Dichloro-2-oxo-2H-chromen-3-yl)-

ethylidene)-2-(4-isobutylphenyl)propanehydrazide (6f).
White solid. Mp: 180−182 °C; 1H NMR (400 MHz,
CDCl3) δ: 8.66 and 8.35 (s, 1H, NH and OH, keto−enol
tautomerism, keto(−CONH−)/enol(−HOC�N−) ratio 34/
66), 8.04 and 7.61 (s, 1H, H-4 coumarin), 7.47−7.12 (m, 7H,
ArH), 4.53−4.48 and 3.78−3.76 (m, 1H, CH), 2.49 (d, J = 4.0
Hz, 2H, CH2), 2.17 and 1.90 (s, 3H, CH3), 1.90−1.87 (m, 1H,
CH), 1.66 and 1.51 (d, J = 8.0 Hz, 3H, CH3), 0.91−0.90 (d, J
= 4.0 Hz, 6H, 2 × CH3); 13C NMR (100 MHz, CDCl3) δ:
176.24, 148.27, 139.60, 132.22, 132.06, 130.16, 129.91, 129.37,
128.50, 127.47, 126.50, 126.15, 122.53, 120.89, 104.48, 45.09,
42.22, 30.25, 22.45, 18.89, 14.05; HRMS (ESI) m/z: Anal.
calcd for C24H25Cl2N2O3 [M + H]+: 459.1242, found:
459.1246 (M+, 100); anal. RP-UPLC tR(keto) = 27.339 min,
tR(enol) = 29.455 min, purity 99.55%, UV 330 nm.
4.2.2.7. (E)-N′-(1-(6-Chloro-2-oxo-2H-chromen-3-yl)-

ethylidene)-2-(4-isobutylphenyl)propanehydrazide (6g).
White solid. Mp: 169−171 °C; 1H NMR (400 MHz,
CDCl3) δ: 8.65 and 8.42 (s, 1H, NH and OH, keto−enol
tautomerism, keto(−CONH−)/enol(−HOC�N−) ratio 29/
71), 8.33 and 8.05 (s, 1H, H-4 coumarin), 7.64−7.13 (m, 7H,
ArH), 4.55−4.50 and 3.78−3.76 (m, 1H, CH), 2.49 (d, J = 8.0
Hz, 2H, CH2), 2.17 and 1.90 (s, 3H, CH3), 1.87−1.84 (m, 1H,
CH), 1.66 and 1.51 (d, J = 8.0 Hz, 3H, CH3), 0.91 (d, J = 8.0
Hz, 6H, 2 × CH3); 13C NMR (100 MHz, CDCl3) δ: 176.28,
159.33, 152.34, 144.08, 140.04, 138.96, 134.28, 132.13, 130.00,
129.35, 127.81, 127.62, 127.50, 120.10, 118.20, 118.02, 30.25,
22.45, 18.85, 17.99, 14.18; HRMS (ESI) m/z: Anal. calcd for
C24H26ClN2O3 [M + H]+: 425.1632, found: 425.1636 (M+,
100); anal. RP-UPLC tR(keto) = 19.105 min, tR(enol) =
28.065 min, purity 96.19%, UV 330 nm.
4.2.3. Synthesis Procedure for Compounds 7a−7i. To a

stirred mixture of 5 (5 mmol) and 4 (5 mmol) in dry CH2Cl2
(20 mL) was slowly added triethylamine (6−8 mmol) and
allowed to stand for 10−12 h at ice bath conditions, then
concentrated and poured into ice water. The solid was filtered
and washed well with a water/ethanol solution. the product
was purified by recrystallization in CH2Cl2/C2H5OH (v/v =
1:2) to afford the desired compounds 7a−7i.
4.2.3.1. N′-(2-(4-Isobutylphenyl)propanoyl)-2-oxo-2H-

chromene-3-carbohydrazide (7a). White solid. Mp: 200−
202 °C; 1H NMR (400 MHz, DMSO-d6) δ: 11.07 (s, 1H,
NH), 10.73 (s, 1H, NH), 8.90 (s, 1H, H-4 coumarin), 8.04−
7.11 (m, 8H, ArH), 3.84−3.83 (m, 1H, CH), 2.42 (d, J = 8.0
Hz, 2H, CH2), 1.85−1.80 (m, 1H, CH), 1.41 (d, J = 4.0 Hz,
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3H, CH3), 0.87 (d, J = 8.0 Hz, 6H, 2 × CH3); 13C NMR (100
MHz, DMSO-d6) δ: 170.69, 159.87, 158.14, 153.89, 147.79,
139.49, 138.58, 134.37, 130.31, 128.81, 127.08, 125.23, 118.29,
118.02, 116.23, 44.23, 42.19, 29.81, 22.18, 18.42; HRMS (ESI)
m/z: Anal. calcd for C23H25N2O4 [M + H]+: 393.1814, found:
393.1833 (M+, 100); anal. RP-UPLC tR = 24.588 min, purity
97.48%, UV 330 nm.
4.2.3.2. N′-(2-(4-Isobutylphenyl)propanoyl)-6-methyl-2-

oxo-2H-chromene-3-carbohydrazide (7b). White solid. Mp:
206−208 °C; 1H NMR (400 MHz, CDCl3) δ: 11.18 (d, J = 8.0
Hz, 1H, NH), 9.04 (d, J = 8.0 Hz, 1H, NH), 8.73 (s, 1H, H-4
coumarin), 7.49−7.10 (m, 7H, ArH), 3.77−3.72 (m, 1H, CH),
2.45−2.41 (m, 4H, 1 × CH 1 × CH3), 1.87−1.81 (m, 1H,
CH), 1.58 (d, J = 8.0 Hz, 3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2
× CH3); 13C NMR (100 MHz, CDCl3) δ: 170.64, 160.70,
157.77, 152.72, 148.69, 140.99, 137.44, 135.83, 135.39, 129.66,
129.44, 127.39, 118.07, 116.66, 116.57, 45.05, 44.60, 30.18,
22.42, 20.77, 18.55; HRMS (ESI) m/z: Anal. calcd for
C24H27N2O4 [M + H]+: 407.1971, found: 407.1970 (M+, 100);
anal. RP-UPLC tR = 25.447 min, purity 97.19%, UV 330 nm.
4.2.3.3. 7-Hydroxy-N′-(2-(4-isobutylphenyl)propanoyl)-2-

oxo-2H-chromene-3-carbohydrazide (7c). Yellow-green
solid. Mp: 224−226 °C; 1H NMR (400 MHz, CDCl3) δ:
11.02 (s, 1H, NH), 10.63 (s, 1H, NH), 8.82 (s, 1H, H-4
coumarin), 7.96−6.82 (m, 7H, ArH), 3.82 (t, J = 8.0 Hz, 1H,
CH), 2.41 (m, 2H, 1 × CH2), 1.84−1.79 (m, 1H, CH), 1.39
(d, J = 8.0 Hz, 3H, CH3), 0.86 (d, J = 8.0 Hz, 6H, 2 × CH3);
13C NMR (100 MHz, DMSO-d6) δ: 170.58, 164.50, 162.28,
160.65, 158.67, 156.45, 148.46, 139.45, 138.60, 132.09, 128.78,
127.07, 114.69, 110.84, 101.90, 44.23, 42.16, 29.16, 22.16,
18.41; HRMS (ESI) m/z: Anal. calcd for C23H25N2O5 [M +
H]+: 409.1763, found: 409.1764 (M+, 100); anal. RP-UPLC tR
= 22.876 min, purity 96.05%, UV 330 nm.
4.2.3.4. 6-Chloro-N′-(2-(4-isobutylphenyl)propanoyl)-2-

oxo-2H-chromene-3-carbohydrazide (7d). White solid. Mp:
206−208 °C; 1H NMR (400 MHz, CDCl3) δ: 11.05 (d, J = 4.0
Hz, 1H, NH), 8.74 (s, 1H, NH), 8.40 (d, J = 8.0 Hz, 1H, H-4
coumarin), 7.65−7.13 (m, 7H, ArH), 3.71 (q, J = 8.0 Hz, 1H,
CH), 2.46 (d, J = 8.0 Hz, 2H, CH2), 1.89−1.82 (m, 1H, CH),
1.61−1.58 (m, 3H, CH3), 0.91 (d, J = 8.0 Hz, 6H, 2 × CH3);
13C NMR (100 MHz, CDCl3) δ: 170.53, 159.93, 157.07,
152.81, 147.47, 141.26, 137.07, 134.51, 130.90, 129.82, 128.82,
127.40, 119.24, 118.36, 117.95, 45.04, 44.88, 30.19, 22.42,
18.44; HRMS (ESI) m/z: Anal. calcd for C23H24ClN2O4 [M +
H]+: 427.1425, found: 427.1424 (M+, 100); anal. RP-UPLC tR
= 25.773 min, purity 96.37%, UV 330 nm.
4.2.3.5. 6-Fluoro-N′-(2-(4-isobutylphenyl)propanoyl)-2-

oxo-2H-chromene-3-carbohydrazide (7e). White solid. Mp:
200−203 °C; 1H NMR (400 MHz, DMSO-d6) δ: 11.07 (s,
1H, NH), 10.73 (s, 1H, NH), 8.85 (s, 1H, H-4 coumarin),
7.92−7.09 (m, 7H, ArH), 3.81 (q, J = 8.0 Hz, 1H, CH), 2.41
(d, J = 8.0 Hz, 2H, CH2), 1.84−1.77 (m, 1H, CH), 1.38 (d, J =
8.0 Hz, 3H, CH3), 0.84 (d, J = 8.0 Hz, 6H, 2 × CH3); 13C
NMR (100 MHz, DMSO-d6) δ: 170.68, 159.57, 157.89,
150.32, 146.69, 139.49, 138.55, 128.81, 127.07, 119.19, 118.39,
118.30, 115.26, 115.01, 99.49, 44.22, 42.18, 29.61, 22.17,
18.42; HRMS (ESI) m/z: Anal. calcd for C23H24FN2O4 [M +
H]+: 411.1720, found: 411.1722 (M+, 100); anal. RP-UPLC tR
= 24.828 min, purity 98.92%, UV 330 nm.
4.2.3.6. N′-(2-(4-Isobutylphenyl)propanoyl)-6-nitro-2-oxo-

2H-chromene-3-carbohydrazide (7f). Yellow solid. Mp: 212−
215 °C; 1H NMR (400 MHz, DMSO-d6) δ: 11.02 (s, 1H,
NH), 10.63 (s, 1H, NH), 9.01−7.10 (m, 8H, ArH), 3.80 (q, J

= 8.0 Hz, 1H, CH), 2.41 (d, J = 8.0 Hz, 2H, CH2), 1.84−1.79
(m, 1H, CH), 1.39 (d, J = 4.0 Hz, CH3), 0.86 (d, J = 4.0 Hz,
6H, 2 × CH3); 13C NMR (100 MHz, DMSO-d6) δ: 170.89,
158.78, 157.91, 157.30, 146.41, 143.94, 139.51, 138.54, 128.82,
128.31, 127.08, 126.00, 120.44, 118.68, 117.84, 44.22, 42.24,
29.61, 22.16, 18.41; HRMS (ESI) m/z: Anal. calcd for
C23H24N3O6 [M + H]+: 438.1665, found 438.1665 (M+, 100);
anal. RP-UPLC tR = 24.938 min, purity 99.64%, UV 330 nm.
4.2.3.7. 6,8-Dichloro-N′-(2-(4-isobutylphenyl)propanoyl)-

2-oxo-2H-chromene-3-carbohydrazide (7g). Yellow solid.
Mp: 212−215 °C; 1H NMR (400 MHz, DMSO-d6) δ: 11.05
(s, 1H, NH), 10.64 (s, 1H, NH), 8.83 (s, 1H, H-4 coumarin),
8.15−7.10 (m, 6H, ArH), 3.80 (q, J = 8.0 Hz, 1H, CH), 2.42
(d, J = 8.0 Hz, 2H, CH2), 1.85−1.80 (m, 1H, CH), 1.40 (d, J =
8.0 Hz, 3H, CH3), 0.87 (d, J = 4.0 Hz, 6H, 2 × CH3); 13C
NMR (100 MHz, DMSO-d6) δ: 170.82, 158.47, 157.73,
148.32, 146.10, 139.50, 138.52, 132.95, 128.81, 128.74, 128.20,
127.08 120.88, 120.74, 120.31, 44.22, 42.21, 29.61, 22.16,
18.41; HRMS (ESI) m/z: Anal. calcd for C23H23Cl2N2O4 [M +
H]+: 461.1035, found: 461.1034 (M+, 100); anal. RP-UPLC tR
= 26.959 min, purity 99.15%, UV 330 nm.
4.2.3.8. 6,8-Dibromo-N′-(2-(4-isobutylphenyl)propanoyl)-

2-oxo-2H-chromene-3-carbohydrazide (7h). White solid.
Mp: 203−205 °C; 1H NMR (400 MHz, CDCl3) δ: 10.09 (s,
1H, NH), 8.69 (s, 1H, H-4 coumarin), 8.27 (s, 1H, NH),
8.02−7.14 (m, 6H, ArH), 3.70 (q, J = 8.0 Hz, 1H, CH), 2.46
(d, J = 8.0 Hz, 2H, CH2), 1.89−1.82 (m, 1H, CH), 1.60 (d, J =
4.0 Hz, 3H, CH3), 0.91 (d, J = 4.0 Hz, 6H, 2 × CH3); 13C
NMR (100 MHz, CDCl3) δ: 170.63, 158.98, 156.70, 150.28,
147.13, 141.32, 139.84, 136.99, 131.09, 129.86, 127.42, 120.45,
118.62, 118.06, 111.49, 45.04, 44.96, 30.19, 22.42, 18.40;
HRMS (ESI) m/z: Anal. calcd for C23H23Br2N2O4 [M + H]+:
549.0025, found: 549.0024 (M+, 100), anal. RP-UPLC tR =
27.975 min, purity 95.15%, UV 330 nm.
4.2.4. Synthesis Procedure for Compounds 8a−8f. A

suspension mixture of 7 (5 mmol) and phosphorus oxychloride
(2 mL) was stirred at 90−95 °C for 7−8 h. The solution was
concentrated under reduced pressure to remove excessive
phosphorus oxychloride. The residue was poured into ice
water and recrystallized from CH2Cl2/C2H5OH (v/v = 1:2) to
give compounds 8a−8f.
4.2.4.1. 3-(5-(1-(4-Isobutylphenyl)ethyl)-1,3,4-oxadiazol-

2-yl)-2H-chromen-2-one (8a). White solid. Mp:119−121
°C; 1H NMR (400 MHz, CDCl3) δ: 8.53 (s, H, H-4
coumarin), 7.66−7.11 (m, 8H, ArH), 4.46 (q, J = 8.0 Hz, H,
CH), 2.45 (d, J = 4.0 Hz, 2H, CH2), 1.87−1.84 (m, 1H, CH),
1.82 (d, J = 8.0 Hz, 3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2 ×
CH3); 13C NMR (100 MHz, CDCl3) δ: 170.06, 161.01,
156.29, 154.60, 144.81, 141.12, 137.26, 134.02, 129.66, 129.19,
127.10, 125.16, 118.03, 116.95, 112.88, 45.03, 37.18, 30.15,
22.38, 19.73; HRMS (ESI) m/z: Anal. calcd for C23H23N2O3
[M + H]+: 375.1709, found: 375.1709 (M+, 100); anal. RP-
UPLC tR = 26.348 min, purity 99.49%, UV 330 nm.
4.2.4.2. 6-Fluoro-3-(5-(1-(4-isobutylphenyl)ethyl)-1,3,4-ox-

adiazol-2-yl)-2H-chromen-2-one (8b). White solid. Mp:
183−185 °C; 1H NMR (400 MHz, CDCl3) δ: 8.48 (s, H,
H-4 coumarin), 7.39−7.11 (m, 7H, ArH), 4.46 (q, J = 8.0 Hz,
H, CH), 2.45 (d, J = 4.0 Hz, 2H, CH2), 1.87−1.86 (m, 1H,
CH), 1.82 (d, J = 8.0 Hz, 3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2
× CH3); 13C NMR (100 MHz, CDCl3) δ: 170.28, 160.70,
155.89, 150.75, 143.68, 141.18, 137.14,.129.68, 127.10, 121.69,
121.45, 118.67, 118.59, 114.31, 114.07, 45.02, 37.18, 30.17,
22.38, 19.70; HRMS (ESI) m/z: Anal. calcd for C23H22FN2O3
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[M + H]+: 393.1614, found: 393.1613 (M+, 100); anal. RP-
UPLC tR = 26.713 min, purity 99.27%, UV 330 nm.
4.2.4.3. 6-Chloro-3-(5-(1-(4-isobutylphenyl)ethyl)-1,3,4-

oxadiazol-2-yl)-2H-chromen-2-one (8c). White solid. Mp:
182−183 °C; 1H NMR (400 MHz, CDCl3) δ: 8.48 (s, H, H-4
coumarin), 7.60−7.11 (m, 7H, ArH), 4.46 (q, J = 8.0 Hz, H,
CH), 2.45 (d, J = 4.0 Hz, 2H, CH2), 1.87−1.84 (m, 1H, CH),
1.82 (d, J = 8.0 Hz, 3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2 ×
CH3); 13C NMR (100 MHz, CDCl3) δ: 170.28, 160.63,
155.86, 152.89, 143.36, 141.19, 137.11, 133.89, 130.56, 129.68,
128.18, 127.10, 118.96, 118.40, 113.98, 45.02, 37.18, 30.17,
22.39, 19.89; HRMS (ESI) m/z: Anal. calcd for C23H22ClN2O3
[M + H]+: 409.1319, found: 409.1322 (M+, 100); anal. RP-
UPLC tR = 27.959 min, purity 99.20%, UV 330 nm.
4.2.4.4. 6,8-Dichloro-3-(5-(1-(4-isobutylphenyl)ethyl)-

1,3,4-oxadiazol-2-yl)-2H-chromen-2-one (8d). White solid.
Mp: 189−190 °C; 1H NMR (400 MHz, CDCl3) δ: 8.45 (s, H,
H-4 coumarin), 7.69−7.12 (m, 6H, ArH), 4.46 (q, J = 8.0 Hz,
H, CH), 2.45 (d, J = 4.0 Hz, 2H, CH2), 1.87−1.86 (m, 1H,
CH), 1.82 (d, J = 8.0 Hz, 3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2
× CH3); 13C NMR (100 MHz, CDCl3) δ: 170.52, 160.29,
154.54, 148.83, 142.90, 141.24, 137.01, 133.73, 130.38, 129.69,
127.10, 126.70, 123.01, 119.75, 114.71, 45.02, 37.19, 30.17,
22.37, 19.66; HRMS (ESI) m/z: Anal. calcd for
C23H21Cl2N2O3 [M + H]+: 443.0929, found: 443.0933 (M+,
100); anal. RP-UPLC tR = 29.108 min, purity 97.29%, UV 330
nm.
4.2.4.5. 6,8-Dibromo-3-(5-(1-(4-isobutylphenyl)ethyl)-

1,3,4-oxadiazol-2-yl)-2H-chromen-2-one (8e). White solid.
Mp: 226−228 °C; 1H NMR (400 MHz, CDCl3) δ: 8.42 (s, H,
H-4 coumarin), 7.98−7.11 (m, 6H, ArH), 4.46 (q, J = 8.0 Hz,
H, CH), 2.45 (d, J = 4.0 Hz, 2H, CH2), 1.87−1.84 (m, 1H,
CH), 1.82 (d, J = 8.0 Hz, 3H, CH3), 0.89 (d, J = 8.0 Hz, 6H, 2
× CH3); 13C NMR (100 MHz, CDCl3) δ: 170.49, 160.25,
154.83, 150.36, 142.81, 141.24, 139.27, 137.02, 130.44, 129.69,
127.11, 120.19, 117.68, 114.61, 111.54, 45.02, 37.19, 30.17,
22.38, 19.55; HRMS (ESI) m/z: Anal. calcd for
C23H21Br2N2O3 [M + H]+: 530.9919, found: 530.9921 (M+,
100); anal. RP-UPLC tR = 29.544 min, purity 98.94%, UV 330
nm.
4.2.4.6. 3-(5-(1-(4-Isobutylphenyl)ethyl)-1,3,4-oxadiazol-

2-yl)-6-methyl-2H-chromen-2-one (8f). White solid.
Mp:136−137 °C; 1H NMR (400 MHz, CDCl3) δ: 8.47 (s,
H, H-4 coumarin), 7.45−7.11 (m, 7H, ArH), 4.46 (q, J = 8.0
Hz, H, CH), 2.45−2.43 (m, 5H, 1 × CH2 1 × CH3), 1.87−
1.84 (m, 1H, CH), 1.82 (d, J = 4.0 Hz, 3H, CH3), 0.89 (d, J =
8.0 Hz, 6H, 2 × CH3); 13C NMR (100 MHz, CDCl3) δ:
170.01, 161.15, 156.58, 152.78, 144.89, 141.11, 137.27, 135.20,
135.04, 129.65, 128.82, 127.12, 117.78, 116.66, 112.65, 45.03,
37.17, 30.17, 22.39, 20.75, 19.74; HRMS (ESI) m/z: Anal.
calcd for C24H25N2O3 [M + H]+: 389.1865, found: 389.1867
(M+, 100); anal. RP-UPLC tR = 27.415 min, purity 99.83%,
UV 330 nm.

4.3. Antitumor Activity Assay In Vitro. To evaluate the
inhibiting effect of novel ibuprofen−coumarin hybrid com-
pounds on HeLa cells and HEK293 cells, we performed the
CCK8 assay.54,55 First, the cells were seeded at a density of
5000 cells/well in a 96-well plate for culture and then
incubated at 37 °C with 5% CO2 for 24 h. Next, a serum-free
medium containing different concentrations (1.0, 2.0, 4.0, 8.0,
and 10.0 mg/L) of the compound was used. The non-
medicated medium was a negative control, while an equal
concentration of DMSO was a solvent control, and gefitinib

was a positive control. After 24 h of culture, the medium was
discarded, cells were washed once with PBS, and then 10 μL of
CCK8 enhanced solution medium was administered to each
well. After 3 h of incubation, the supernatant was removed, and
150 μL of DMSO was added to each well. The absorbance of
the 96-well plate was then measured at a wavelength of 490
nm, the cell inhibition rate = ((1 − A experiment)/A control)
× 100%, and the IC50 was calculated subsequently.

4.4. Kinase Assay. Seventy-five microliters of COX-2 assay
buffer, 5 μL of COX-2 cofactor, 5 μL of rhCOX-2, and 5 μL of
solvent (the same solvent used to dissolve the inhibitor) were
added to 100% initial activity wells. Then, 80 μL of assay
buffer, 5 μL of COX-2 cofactor, and 5 μL of solvent (the same
solvent used to dissolve the inhibitor) were added to the
background wells. Seventy-five microliters of COX-2 assay
buffer, 5 μL of COX-2 cofactor, 5 μL of rhCOX-2, and 5 μL of
inhibitor (10 μM, 2 μM, 400 nM, 80 nM, 16 nM, 3.2 nM, and
0.64 nM) were added to the inhibitor wells. Then, 5 μL of
COX-2 Probe and 5 μL of COX-2 substrate were added to
every well. The plate was incubated for 10 min at 37 °C. The
plate was read using an excitation wavelength at 560 nm and an
emission wavelength at 590 nm.
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