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Abstract: A series of N-acylhydrazone derivatives (2a—2p) containing 6-methoxy-naphthalene and acylhydrazone moi-
eties were synthesized in good yield using microwave irradiation and developed as potential COX-2 inhibitors. Further-
more, the interactions between COX-2 and the compounds were examined in detail by molecular modeling studies such
as structure—activity relationship and molecular docking performed using Gaussian 09 and Discovery Studio 3.5. As a
result, it was found that N-acylhydrazone compounds displayed a different mechanism than SC-558 as COX-2 inhibitor
by binding to different active sites of the protein, COX-2. Compound 2c¢ would be a good COX-2 inhibitor candidate

for preclinical studies.

Key words: Naproxen, microwave, acyl hydrazones, molecular docking

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used to reduce pain, inflammation, and fever. Most NSAIDs
reduce pain by preventing prostaglandin biosynthesis, by inhibiting the activity of the cyclooxygenase enzyme
(COX).! Until 1990, only one form of the COX enzyme was known and it was thought to be responsible for both
its anti-inflammatory activity and unwanted side effects. After 1990, it was found that the COX enzyme had
2 iso forms: COX-1 (constitutive form) and COX-2 (inducible form). Inhibition of the COX-1 enzyme causes
some of the unwanted side effects such as gastrointestinal hemorrhage, ulceration, and decreased renal function,
while inhibition of COX-2 is responsible for reducing pain, fever, etc.? An ideal NSAID would inhibit COX-2
enzyme activity without affecting COX-1 enzyme activity. To find an ideal NSAID, researchers synthesized
many COX-2 selective hybrid NSAID compounds. Unfortunately, at the end of 2004, the COX-2 selective
NSAID drug rofecoxib was withdrawn from the market because it was discovered that it increased the risk of

cardiovascular events.3
After that many new studies were conducted to find NSAIDs that were safe in both gastrointestinal and

cardiovascular terms. In these studies, naproxen showed the lowest cardiovascular risk*® but had significant
gastrointestinal side effects.~8 As part of the research, molecular modeling techniques® were used to design
and develop the optimal compound(s) with less time, labor, and cost. Such methods also became increasingly
useful in many other clinically oriented studies. '°

In the present study, we planned to synthesize hybrid compounds of naproxen that minimize the side

*Correspondence: ttaskin@gantep.edu.tr
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effects of NSAIDs!! according to the literature.5~® In addition, in the literature acyl hydrazone derivatives
of naproxen have shown cytotoxic activity against a human prostate cancer (Pc-3) cell line in vitro.'? These
compounds were synthesized with higher yields, less reaction time, and in an environmentally friendly manner.
Additionally, molecular modeling techniques were applied to identify the site of ligand binding and the geometry

of the complex.

2. Results and discussion
The synthetic route used to synthesize naproxen-based acylhyrazone derivatives is outlined in the Scheme. The

starting compound, 2-(6-methoxy-naphthalen-2-yl)-propionic acid hydrazide (1), was prepared according to the

published procedure. 2
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Scheme. Synthetic route of naproxen-based acylhyrazone derivatives (R: H, F,Cl, Br, CHs and OCH3).

In the present study, naproxen-based acylhydrazone derivatives were synthesized using both conventional
and microwave-assisted methods. Detailed information on these methods is given in the Experimental section.
For the microwave-assisted method, the reaction of hydrazide 1 with benzaldehyde was carried out at 50 W,
100 W, 200 W, and 300 W for 2 min in the synthesis of 2a to optimize the reaction of microwave irradiation
(MWTI) power. The obtained results showed that the yield of product 2a was improved as the MWI power
increased from 50 W to 200 W but as the MWI power continued to increase the yield of the products decreased.
Consequently, 200 W was used for synthesizing all the others (Figure 1).
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Figure 1. Effect of MWI power on the yield of compound 2a.

The results showed that the yield of all the products in the microwave-assisted method was higher
compared to the yield obtained by synthesis using the conventional technique. A comparative study in terms
of reaction time and yield is shown in Table 1. The yield and time data for compounds 2a, 2b, 2d, 2g, and
2m are taken from the literature.'? The melting points, molecular formulae, and weights of the synthesized
compounds are also given in Table 1.

The synthesized compounds were also characterized by IR, ' H NMR, and APT-NMR spectra.
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Table 1. Molecular formula, molecular weight, melting points, reaction yields, and formulae of the compounds

synthesized.
Molecular M(?lecular Time (min) | Yield (%) | Melting
Entry | R formula welght point (°C)
(g/mol) CH | MW | CH | MW

2a H Ca1HopN202 308.42 3007 | 2 80% | 97 134.0-136.0
2b 2-Cl C91H19CINo O, | 342.86 3007 | 2 78 | 87 164.5-165.1
2c 3-Cl Co1H19CINoOg | 342.86 120 | 2 83 | 92 167.8-168.9
2d 4-Cl C91H19CINo Oy | 342.86 3007 | 2 69¢ | 70 170.6-171.3
2e 2-Br CnglgBINQOQ 387.31 120 2 62 81 173.1-173.8
2f 3-Br Co1H19BrN,O4 | 387.31 120 2 76 | 80 178.1-179.7
2g 4-Br C21H19BrN,O2 | 387.31 3007 | 2 84% | 85 174.1-175.6
2h 2-F C21H19FN5O5 326.41 120 2 84 | 96 151.9-153.6
2i 3-F Ca1H19FN2O4 326.41 120 2 72 | 93 171.2-173.6
2j 4-F Co1H19FN2 0O, 326.41 180 2 81 87 175.2-176.6
2k 2-OCHgs | Cg92H22N2O3 338.44 120 2 84 | 87 162.5-163.2
21 3-OCHjs | CooH2oN2O3 338.44 120 | 2 63 | 66 162.5-163.0
2m 4-OCHg | C2H22N503 338.44 300 | 2 75% | 85 146.8-147.9
2n 2-CHj; Co2H22N204 322.44 120 2 82 | 85 161.6-162.5
20 3-CHs Co2H22N5 04 322.44 120 2 85 | 89 174.5-175.7
2p 4-CHs Co2H22N204 322.44 120 2 75 | 82 158.1-159.2

?These data are taken from the literature.?

In the IR spectra of compounds 2a—p, the N-H, C=0, and C=N bands were observed in the 3184-3154
em 1, 1687-1646 cm !, and 1611-1593 cm ~! regions, respectively.

In agreement with the literature data, all groups exhibited 2 sets of signals in the 'H NMR spectrum
of compounds 2a—p.'31* An azomethine (CH=N) group proton appeared at Jvalues between 8.15 and 8.54
ppm as a singlet. The amide protons (CONH) appearing as singlets resonated at ¢ values between 11.53 and
11.86 ppm. Furthermore, the protons of CONH and CH=N exhibited 2 separate signals in ' H NMR spectra at
11.23-11.54 ppm and 7.85-8.26 ppm respectively, due to the nitrogen inversion and 2 conformers (E/Z) of each
structure. The other protons were observed according to the expected chemical shift and integral values.

In the APT-NMR spectra of compound 2a—2p, the carbon signal due to -CHO was observed at ¢ values
between 174.91 and 175.69 ppm. The chemical shift of amidic carbonyl groups of the other form was exhibited at
0 values between 169.77 and 170.66 ppm. The other carbons were observed according to the expected chemical
shifts.

In order to obtain information about the electronic structures and 3D geometries of naproxen-based
acylhyrazone derivatives (Table 1), molecular modeling techniques were also implemented. In the present study,
we used 2 methods: structure—activity relationship (SAR) and molecular docking. Before these applications,
we prepared the target compounds (2a-2p). First of all, the target compounds were optimized using semi-
empirical/PM3 and DFT/B3LYP/6-31G* levels as implemented in G09,'% because they were mostly used
in molecular modeling techniques. The conformations of these compounds were subsequently computed using
conformation search and minimization of DS 3.5'6 using the CHARMm. '” The conformational analysis reported
the 2 most stable conformers, which are shown only for compound 2a as template (Figure 2). Moreover, the

absolute energy values for each conformer of all compounds are listed in Figure 3.
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Figure 2. Structure of the E/E (left) and Z/Z (right) conformers of 2a.
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Figure 3. The absolute energy values for each conformer of all compounds.

It is known that a structure—activity relationship study is a good method to predict various biological

1821 ip the absence of experimental data. In particular, net

activities using quantum chemical descriptors
atomic charges, HOMO-LUMO energies, frontier orbital electron densities, and superdelocalizabilities have
been used to correlate with various biological activities.?? In addition, Parr et al.'® have defined a new
descriptor, electrophilicity index, which was applied for prediction of various biological activities of chemical
compounds. Maynard et al.'® have also mentioned that electrophilicity index is directly correlated with the
ability to identify the function or capacity of an electrophile and the electrophilic power of the inhibitors.

21,23=24 confirmed electrophilicity index as a possible descriptor of biological activity

Moreover, previous studies
for different chemical structures. In the present study, we focused on the quantum chemical descriptors of the

investigated compounds, because these descriptors helped us to achieve a deeper understanding of the structure
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activity relationship of the compounds without their activity values. The direct and indirect calculated semi-
empirical (PM3) and density functional theory (DFT)-based chemical descriptors are shown in Table 2 for the
E/E conformer of 2a-2p in G09, due to its being the most stable conformer of the studied compounds. Then
we evaluated the calculated data containing PM3- and DFT-based chemical descriptors. Figure 4 shows that
both of them have almost the same trends for the investigated compounds, but comparison amongst compounds
or evaluation of results obtained by DFT-based chemical descriptors was more pronounced than PM3-based
chemical descriptors, because the data obtained by semi-empirical theory-based chemical descriptors values were
very close together and inevitably more difficult to examine in comparisons. In this part, we concluded that the
calculated data obtained by DFT for the target compounds (2a-2p) were more accurate and consistent than
the others.
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Figure 4. DFT- and PM3-based chemical descriptors of compounds 2a—2p.

After that, SAR results of the compounds (2a—2p) were explained using DFT-based chemical descrip-
tors. These descriptors provide information about the chemical reactivity (biological activity) and stability
of naproxen-based acylhyrazone derivatives. Molecular dipole moment is a measure of net molecular polarity;
Enonmo, Erunmo are directly correlated with donating and accepting electronic density of the system, respec-
tively. Ionization potential (IP) and electron affinity (EA) define the susceptibility of the compound towards
nucleophilic and electrophilic attack, respectively. TP and EA were also easily obtained from HOMO and LUMO
energies. Chemical hardness (7)) is directly correlated with the stability of the molecule. The chemical potential
(1) characterizes the escaping tendency of the electron density from the equilibrium state and electrophilicity

index (w) is a measure of the electrophilic power of a molecular towards a nucleophile structure. If the elec-
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trophilicity value of a compound was larger than that of other compounds, the mentioned compound has higher

reactivity and biological activity than the others.

In the SAR study, 2b—2p were compared with 2a, which does not have any substituent groups on the
benzene ring, and the positive controls, SC-558 and NS-398 compounds, with help of the calculated DFT-based
chemical descriptors. Then we interpreted the effect of different substituent groups (-Cl, -Br, -F, -OCH 3,
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Figure 5. A. The dipole moment values of compounds 2a—2p; B. DFT-based chemical descriptors of compounds 2a—2p.
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—CHj3) on different positions of the benzene ring of 2a and mentioned positive controls. Firstly, molecular
dipole moment or molecular polarity values shown in Table 2 were examined. Compounds 2b-2j, including
electron-withdrawing groups (~Cl, —Br, —F'), were more polar than compounds 2k—2p, containing electron-donor
groups (-OCHj3, —-CH3). Compounds 2c, 2f, and 2i, which included halogen atoms on the meta position of the
benzene ring, have higher molecular dipole moment values than the others and the positive controls as shown in
Figure 5A. It was not sufficient to predict the biological activities of the compounds. In addition, we looked at
other calculated descriptors. In parallel with the results of the molecular dipole moment descriptor, the obtained
DFT-based descriptors such as ionization potential and electron affinity showed similar trends for all compounds
(Figure 5B). As a complement, electrophilicity index (w) values of the compounds were also evaluated. The
electrophilicity index as a possible descriptor of biological activity indicated that the substitution of the —Cl,
—Br, and —F groups to the meta position of the benzene ring (compounds 2c, 2f, and 2i, w: 3.039, 3.037, 2.923)
resulted in a remarkable increase in COX-2 inhibitory potency, whereas -OCHg3 or —CHg3 groups showed weak
selectivity for COX-2, due to low w values, for example compounds 2k, 2m, and 2p, w: 2.591, 2.577, 2.679,
respectively. It is interesting to note that compounds ortho and para substituted with electron-withdrawing
groups exhibited moderate w values compared to meta substituted forms of each compound like compounds
2c, 2f, and 2i as shown Figure 6 and Table 2.

On the other hand, electron-donor groups such as ~-OCH3 and ~CHj3 reduce the w values in these
compounds. In particular, ortho and para substituted forms of compounds 2k, 2m, and 2p exhibited lower w
values.

In summary, the substituents and positions on the benzene ring of the investigated compounds had very
important effects on biological activity (Figure 6; Table 2). When the compounds were compared with the
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Figure 6. The electrophilicity index values of compounds 2a—2p.
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positive controls, SC-558 and NS-398 compounds, none of them were as effective as the positive controls (Figure
6). Therefore, molecular docking was performed to determine why naproxen-based acylhydrazone derivatives
showed less activity than SC-558 as standard compound. Moreover, the ligands (compounds 2c, 2f, 2i, 2k, 2m,
and 2p), which were chosen based on the results of the SAR study, were docked with the active site of COX-2
to understand their orientations. For comparison of the ligands orientations, we superimposed each compound’s
best pose, which was obtained by locating the lowest binding energy, the largest minus CDOCKER energy and
the lowest minus CDOCKER interaction energy. In addition, root mean square deviation (RMSD) values of
each pose were calculated and all RMSD values of the compounds were smaller than 2.0 in DS 3.5 (Table 3). It
was shown that SC-558 as standard compound containing the 4-bromobenzylidene moiety fitted into the cavity
formed by Leu352,GIn192, Met522, Trp387, Leu384, Phe381, Gly526, Tyr385, Ala527, and Tyr348, while the
3-(trifluoromethyl)-1H-pyrazole moiety fitted into the other cavity formed by Tyr355, Val349, Leu359, Valll6,

Table 3. Molecular docking results of the selected compounds (2c, 2f, 2i, 2k, 2m, and 2p).

Name | Binding | CDOCKER | CDOCKER [ HBOND- [ HBOND- [ RMSD
Eng. Eng. Int. Eng. LYS83 TYRI115
2c -10.8774 | -14.3397 33.7329 1(1.868 A) [ 1(2.446 A) |0
2f 3.448 ~13.998 ~33.242 - - 0
2i -8.969 | -12.435 ~31.730 1(1.885A) [1(2360A) [0
2k -9.599 | -11.724 -35.332 1(1.822A)[1(2334A)]0
2m | 1.932 ~7.2496 -29.318 - 1 (2436 A) [0
2p -10.020 | -13.714 -32.771 1(1.872A)[1(23204)]0
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Figure 7. Interactions between the COX-2 and SC-558 (left) and compound 2c¢ (right) on a 2D diagram.
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Arg120, Leu531, and Ser353 (Figure 7). These features?® were mentioned and common in COX-2 inhibitors like
SC-558. Due to the lowest binding energy value of compound 2c according to docking results, compound 2c
was the best-docked conformation of the selected compounds. As a result of molecular docking, the OH group

of Tyr115 formed a hydrogen bond (2.446 A) with the N=C moiety of compound 2¢, and the N-H moiety of

Lys83 hydrogen bonded (1.868 A) to the C=0 of the hydrazone (Figure 8). When we look at the other selected
compounds 2f, 2i, 2k, 2m, and 2p, which are base forms of 2c, their orientations were different from that
of compound 2c in active site of COX-2 (Figures 9A-9F). It was observed that orientations of the compounds
that bind the same amino acids of the active site of COX-2 were very important to determine their biological

activities in the same active site of COX-2.

Leudsg
Tyr115

1\
Leus31

Gin192 |

Ala516

Phe518

< Afg513

Figure 8. The orientation of SC-558 and compound 2c in COX-2 enzyme (SC-558 is shown in orange and H bonds

are shown in green).

Furthermore, we observed the main different active sites of the selected compounds and SC-558. Figures 7
and 8 exhibited active sites of compound 2¢ and SC-558, which are located outside and inside the COX-2 surface,
respectively. This condition was realized with different selectivity and reactivity of the selected compounds and
SC-558 in COX-2. It was observed that the selected compounds (2a—2p) were at different pockets (active sites)
of COX-2, as given in Figure 7. This situation may explain why the compounds did not display significant
selective activity as compared to SC-558 against COX-2 enzyme.

In conclusion, a series of N-acylhydrazone derivatives were synthesized by the reaction of naproxen
hydrazide with a variety of aromatic aldehydes using conventional and microwave irradiation techniques. To
explore the electronic structures and the mechanisms of naproxen-based acylhydrazone derivatives against COX-
2, structure—activity relationship was determined and molecular docking was performed in this study.
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superimposed in COX-2 enzyme. (SC-558 is shown in orange, the selected compounds (2c, 2f, 2i, 2k, 2m, and 2p)

are shown in red, green, violet, claret red, blue, and pink, respectively; H bonds are shown in green).
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Figure 9. C. The orientation of SC-558 and compound 2k; D. The orientation of SC-558 and compound 2m, and
2p) superimposed in COX-2 enzyme. (SC-558 is shown in orange, the selected compounds (2¢, 2f, 2i, 2k, 2m, and

2p) are shown in red, green, violet, claret red, blue, and pink, respectively; H bonds are shown in green).
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docked conformation in COX-2 enzyme; F. The orientation of SC-558 and the selected compounds (2¢, 2f, 2i, 2k, 2m,
and 2p) superimposed in COX-2 enzyme. (SC-558 is shown in orange, the selected compounds (2¢, 2f, 2i, 2k, 2m,

and 2p) are shown in red, green, violet, claret red, blue, and pink, respectively; H bonds are shown in green).
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Based on the synthesis of N-acylhydrazone derivatives, microwave irradiation provided higher yields in
a shorter reaction time and in a more environmentally friendly manner than the conventional method. From
the results of molecular modeling, it can be concluded that compound 2c is potential inhibitor of COX-2.
Moreover, according to the structure—activity relationship and molecular docking results, it can be stated that
N-acylhydrazone derivatives exhibit a totally different mechanism than SC-558 and they bind to a different
active site of COX-2. This study reports a deeper insight into the binding of N-acylhydrazone derivatives to
COX-2 based on standard compounds. Additionally, the present study will help in the design and development
of potent prodrug compounds without undesired effects against COX-2.

3. Experimental
3.1. Chemicals and instrumentation

Naproxen was kindly supplied by Abdi Ibrahim Pharmaceuticals. Microwave irradiation was carried out in
a microwave oven (Milestone-RotaPREP). All chemicals were from the Aldrich Chemical Co. Melting points
were measured in sealed tubes using an electrothermal digital melting point apparatus and are uncorrected. IR
spectra (KBr) were recorded on a Thermo Scientific Nicolet iS10 spectrometer. APT and ' H NMR spectra were
obtained using a Bruker DPX-400, 400 MHz High Performance Digital FT-NMR Spectrometer using DMSO-dg.
All chemical shift values were recorded as ¢ (ppm). Chemical shift (4) values of rotameric hydrogens whenever
identified are presented within parentheses by assigning an asterisk (*) along with that of other forms. The
purity of the compounds was controlled by thin layer chromatography on silica gel-coated aluminum sheets.
Compounds 2a, 2b, 2d, 2g, and 2m are already recorded in the literature.'? Conventional synthesis of these
compounds was carried out using the reported procedure.'? Except for compounds 2¢ and 20, the compounds
have CAS Registry Numbers but no reference, analytical, or spectral data; therefore, the analytical and spectral
data for the unknown products are described here (Table 1).

3.2. Reactions

3.2.1. Conventional method

To a stirred solution of 2-(6-methoxy-naphthalen-2-yl)-propionic acid hydrazide (1) (0.5 g, 2.1 mmol) in ethanol
(30 mL) were added various aldehydes (2.1 mmol), after which the mixture was heated at 90-95 °C until
completion of the reaction (TLC monitoring). The mixture was cooled to room temperature and the solvent
was removed by rotary evaporator. The residue was treated with water. The solid separated was filtered and
dried to give the desired products 2a—2p.

3.2.2. Microwave-assisted method

A mixture of 2-(6-methoxy-naphthalen-2-yl)-propionic acid hydrazide (1) (0.5 g, 2.1 mmol) and various alde-
hydes (2.1 mmol) in 3 mL of ethanol was placed in Teflon microwave vessels. The system was heated in a
microwave oven for various times at 200 W. After completion of the reaction the residue was treated with
water. The solid separated was filtered and dried to give the desired products 2a—2p.

3.3. Characterization data

Schematic structures for 2a—2p are shown in the Scheme; experimental data for 2a—2p are given below.
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3.3.1. N’-(3-chlorobenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2c).

White solid, yield 90% (conventional); 96% (microwave), mp 167.8-168.9 °C. IR (¥nae, cm~1): 3178, 3040,
2957, 1666 (C=0), 1611 (CN), 1566 cm~'. 'H NMR (400 MHz, DMSO): § =1.49 (1.46%, 3H, d, J = 7.0 Hz,
CHj), 3.86 (3.84*, 3H, s, OCH3), 4.76 (1H, q, J = 7.0 Hz, CHCH3), 7.11-7.82 (ArH, m, 10H), 8.17 (7.87*, 1H,
s, CH), 11.73 (11.42%, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 18.45, 18.54, 41.03, 44.00, 55.04, 55.05,
105.62, 118.60, 118.70, 125.41, 125.50, 125.56, 125.69, 125.87, 126.24, 126.58, 126.75, 126.86, 128.38, 128.45,
128.93, 129.09, 129.20, 129.49, 130.53, 130.55, 133.05, 133.28, 133.57, 133.63, 136.50, 136.53, 137.13, 140.90,
144.94, 156.99, 157.09, 170.11, 175.16. Anal. calcd. for Co1H19CIN5O4: C, 68.76; H, 5.22; N, 7.64. Found:
C, 68.37: H, 5.19: N, 7.71.

3.3.2. N’-(2-bromobenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2e).

White solid, yield 68% (conventional); 90% (microwave), mp 173.1-173.8 °C. IR (Vpaz, cm ~1): 3154, 3042,
2969, 2930, 1646 (C=0), 1609 (CN), 1543 cm~!. 'H NMR (400 MHz, DMSO): § = 1.50 (1.47*, 3H, d, J =
7.0 Hz, CHy), 3.86 (3.84*, 3H, s, OCH3), 4.77 (1H, q, J = 7.0 Hz, CH), 7.11-7.99 (ArH, m, 10H), 8.54 (8.26*,
1H, s, CH), 11.86 (11.54*, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 19.02, 19.07, 41.50, 44.71, 55.54,
106.13, 119.12, 119.22, 123.73, 123.96, 126.07, 126.24, 126.75, 127.13, 127.28, 127.42, 127.62, 128.36, 128.44,
128.92, 129.00, 129.46, 129.60, 131.66, 131.95, 133.40, 133.46, 133.60, 133.82, 137.02, 137.53, 141.50, 145.33,
157.51, 157.62, 170.66, 175.69. Anal. calcd. for C2; H19gBrN2O4: C, 61.33; H, 4.66; N, 6.81. Found: C, 61.20;
H, 4.721; N, 6.96.

3.3.3. N'-(3-bromobenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2f).

White solid, yield 86% (conventional); 89% (microwave), mp 178.1-179.8 °C. IR (¥naz, cm~1): 3331, 3175,
3048, 2986, 2931, 2845, 1660 (C=0), 1600 (CN), 1552 cm~'. 'H NMR (400 MHz, DMSO): § = 1.49 (1.46*,
3H, d, J = 7.0 Hz, CH3), 3.86 (3.84*, 3H, s, OCHj), 4.75 (1H, q, J = 7.0 Hz, CH), 7.11-7.82 (ArH, m, 10H),
8.16 (7.85%, 1H, s, CH), 11.72 (11.42*, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 18.98, 19.07, 41.57,
44.49, 55.55, 55.56, 106.12, 119.11, 119.21, 122.58, 122.66, 126.00, 126.20, 126.31, 126.47, 126.75, 127.07, 127.26,
127.36, 128.88, 128.95, 129.26, 129.45, 129.60, 131.29, 131.31, 132.58, 132.86, 133.55, 133.78, 137.04, 137.21,
137.23, 137.64, 141.27, 145.31, 157.20, 157.48, 157.58, 170.60, 175.63. Anal. caled. for Co1 H19BrN,Oo: C,
61.33; H, 4.66; N, 6.81. Found: C, 61.17; H, 4.76; N, 6.88.

3.3.4. N’-(2-fluorobenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2h).

White solid, yield 89% (conventional); 92% (microwave), mp 151.9-153.6 °C. IR (¥nae, cm~1): 3184, 3060,
3010, 2928, 1658 (C=0), 1603 (CN), 1562 cm ~'. 'H NMR (400 MHz, DMSO): § = 1.49 (1.47*, 3H, d, J
= 7.1 Hz, CHs), 3.86 (3.84*%, 3H, s, OCHj), 4.78 (3.82*%, 1H, q, J = 7.0 Hz, CH), 7.11-7.96 (ArH, m, 10H),
8.43 (8.12%, 1H, s, CH), 11.74 (11.44*, 1H, s, NH). APT-NMR (100 MHz, DMSO): § 18.92, 18.97, 41.34, 44.61,
55.53, 106.08, 116.29, 116.50, 119.10, 119.21, 122.25, 122.35, 125.32, 126.01, 126.21, 126.63, 126.73, 127.17,
127.24, 127.37, 128.88, 128.95, 129.47, 129.61, 131.91, 132.00, 132.23, 132.32, 133.58, 133.78, 135.92, 136.98,
137.50, 139.78, 157.49, 157.59, 159.81, 159.92, 162.29, 162.40, 170.47, 175.62. Anal. calcd. for Co; H1gFNoOy:
C, 71.99: H, 5.47; N, 7.99. Found: C, 71.08; H, 5.60; N, 7.98.
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3.3.5. N'-(3-fluorobenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2i).

White solid, yield 79% (conventional); 86% (microwave), mp 171.2-173.6 °C. IR (Vpmaz, cm~1): 3166, 3046,
2051, 2898, 1652 (C=0), 1608 (CN), 1552 cm~'. 'H NMR (400 MHz, DMSO): § = 1.49 (LA7*, 3H, d, J = 7.0
Hz, CH3), 3.86 (3.84*, 3H, s, OCH3), 4.78 (1H, q, J = 7.0 Hz, CH), 7.11-7.83 (ArH, m, 10H), 8.20 (7.90*, 1H,
s, CH), 11.70 (11.42%, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 18.44, 18.54, 40.94, 44.03, 55.00, 55.02,
105.60, 112.42, 112.64, 112.81, 113.03, 116.20, 116.41, 116.48, 116.69, 118.60, 118.70, 123.13, 123.27, 125.51,
125.67, 126.25, 126.66, 126.73, 126.86, 128.40, 128.47, 128.92, 129.09, 130.65, 130.69, 130.73, 130.77, 133.07,
133.29, 136.56, 136.83, 136.88, 136.91, 137.14, 141.18, 145.27, 156.99, 157.10, 161.13, 161.20, 163.55, 163.62,
170.11, 175.19. Anal. caled. for Co; H1gFN2Oo: C, 71.99; H, 5.47; N, 7.99. Found: C, 71.27; H, 5.56; N, 7.93.

3.3.6. N’-(4-fluorobenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2j).

White solid, yield 79% (conventional; 83% (microwave), mp 175.2-177.6 °C. IR (Vpmaz, cm~1): 3249, 3066,
2954, 2895, 1658 (C=0), 1608 (CN), 1552 cm~'. 'H NMR (400 MHz, DMSO): § = 1.49 (1.47*, 3H, d, J
— 7.1 Hz, CH3), 3.86 (3.84%, 3H, s, OCH3), 4.77 (3.82*%, 1H, q, J = 7.0 Hz, CH), 7.11-7.87 (ArH, m, 10H),
8.20 (7.90%, 1H, s, CH), 11.60 (11.32*, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 18.45, 18.46, 40.81,
43.98, 55.02, 55.04, 105.59, 105.61, 115.64, 115.68, 115.85, 115.89, 118.59, 118.69, 125.47, 125.70, 126.27, 126.71,
126.83, 128.38, 128.46, 128.73, 128.82, 128.98, 129.04, 129.09, 129.13, 130.82, 130.85, 130.87, 130.90, 133.07,
133.27, 136.64, 137.11, 141.42, 145.51, 156.98, 157.08, 161.60, 161.78, 164.06, 164.24, 169.93, 175.03. Anal.
caled. for Co1 H19gFNoOo: C, 71.99; H, 5.47; N, 7.99. Found: C, 71.34; H, 5.67; N, 7.86.

3.3.7. N’-(2-methoxybenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2k).

White solid, yield 92% (conventional); 95% (microwave), mp 162.5-163.2 °C. IR (Vpaz, cm ~1): 3316, 3178,
3060, 2975, 2945, 2845, 1666 (C=0), 1602 (CN), 1563 cm~'. *H NMR (400 MHz, DMSO): § = 1.48 (1.46%,
3H, d, J = 7.2 Hz, CHy), 3.83 (3.80%, 3H, s, OCHy), 3.86 (3.84%, 3H, s, OCH3), 4.77 (3.78%, 1H, q, J —
7.1 Hz, CH), 7.86-7.00 (ArH, m, 10H), 8.54 (8.24*, 1H, s, CH), 11.59 (11.27*, 1H, s, NH). APT-NMR (100
MHz, DMSO): § 18.88, 18.97, 41.28, 44.48, 55.57, 56.03, 56.07, 106.13, 112.19, 119.07, 119.17, 121.16, 121.21,
122.61, 122.77, 125.71, 125.83, 125.94, 126.16, 126.77, 127.16, 127.23, 127.29, 128.86, 128.92, 129.47, 129.61,
131.58, 131.89, 133.53, 134.74, 137.17, 137.67, 138.67, 142.44, 157.45, 157.55, 157.95, 158.08, 170.13, 175.40.
Anal. caled. for CosHaaNoOg: C, 72.91; H, 6.12; N, 7.73. Found: C, 72.29; H, 6.12; N, 8.02.

3.3.8. N'-(3-methoxybenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (21).

White solid, yield 75% (conventional); 69% (microwave), mp 162.5-163.0 °C. IR (¥naz, cm~1): 3163, 3040,
2033, 2839, 1664 (C=0), 1610 (CN), 1546 cm—". 'H NMR (400 MHz, DMSO): § = 1.49 (1.46*, 3H, d, J =
7.1 Hz, CHs), 3.82 (3.78%, 3H, s, OCH3), 3.86 (3.84*, 3H, s, OCH3), 4.76 (1H, q, J = 7.0 Hz, CH), 7.11-7.82
(ArH, m, 10H), 8.17 (7.86%, 1H, s, CH), 11.60 (11.32*, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 18.43,
18.63, 40.97, 43.93, 55.07, 55.09, 105.63, 110.71, 111.07, 115.85, 116.05, 118.60, 118.69, 119.54, 119.90, 125.43,
125.47, 126.26, 126.72, 126.76, 126.81, 128.35, 128.43, 128.93, 129.10, 129.83, 129.87, 133.03, 133.24, 135.64,
135.68, 136.60, 137.28, 142.33, 146.50, 156.95, 157.06, 159.45, 169.88, 175.0. Anal. calcd. for CooHooNoO3:
C, 72.91; H, 6.12; N, 7.73. Found: C, 72.54; H, 6.04; N, 7.93.
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3.3.9. N'-(2-methylbenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2n).

White solid, yield 90% (conventional); 95% (microwave), mp 161.6-162.5 °C. IR (¥naz, cm~1): 3334, 3184,
3057, 2989, 2942, 2854, 1655 (C=0), 1603, 1551 cm~'. 'H NMR (400 MHz, DMSO): § = 1.49 (1.47*, 3H, d,
J = 7.2 Hz, CH3), 2.39 (2.35%, 3H, s, OCH3), 3.86 (3.84*, 3H, s, OCH3), 4.77 (3.82*, 1H, q, J = 7.0 Hz, CH),
7.11-7.82 (ArH, m, 10H), 8.45 (8.20%, 1H, s, CH), 11.55 (11.23%, 1H, s, NH). APT-NMR (100 MHz, DMSO):
5 = 19.04, 19.08, 19.44, 19.69, 24.95, 25.80, 33.85, 41.31, 44.56, 48.02, 55.57, 106.13, 119.07, 119.18, 125.98,
126.14, 126.23, 126.41, 126.57, 126.65, 126.78, 127.20, 127.33, 127.81, 128.88, 128.94, 129.48, 129.60, 129.80,
130.06, 131.26, 131.31, 132.66, 133.57, 133.77, 136.88, 137.15, 137.19, 137.58, 142.19, 145.53, 157.48, 157.58,
160.41, 170.22, 175.40. Anal. caled. for CooHaoNoOo: C, 76.28; H, 6.40; N, 8.09. Found: C, 74.56; H, 7.01;
N, 8.58.

3.3.10. N'-(3-methylbenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (20).

White solid, yield 93% (conventional); 96% (microwave), mp 174.5-175.7 °C. IR (Vmaz, cm~1): 3169, 3042,
2933, 2857, 1687 (C=0), 1593 (CN), 1552 cm ~*. 'H NMR, (400 MHz, DMSO): § = 1.49 (1.48* 3H,d, J = 7.2
Hz, CHj), 2.35 (2.33%, 3H, s, CH3), 3.86 (3.84%, 3H, s, OCH3), 4.76 (3.82*, 1H, q, J = 7.0 Hz, CH), 7.11-7.82
(ArH, m, 10H), 8.15 (7.86*, 1H, s, CH), 11.58 (11.20%, 1H, s, NH). APT-NMR (100 MHz, DMSO): § = 18.99,
91.32, 21.40, 41.38, 44.43, 55.58, 106.12, 119.08, 119.18, 124.47, 124.84, 125.92, 126.22, 126.77, 127.18, 127.31,
127.58, 127.73, 128.85, 128.93, 129.11, 129.16, 129.45, 129.60, 130.83, 131.12, 133.54, 133.74, 134.67, 134.71,
137.15, 137.66, 138.44, 138.46, 143.12, 147.09, 157.45, 157.55, 170.30, 175.45. Anal. calcd. for CooHooNoOo:
C, 76.28: H, 6.40: N, 8.09. Found: C, 75.26; H, 6.62; N, 8.15.

3.3.11. N'-(4-methylbenzylidene)-2-(6-methoxynaphthalen-2-yl)propanehydrazide (2p).

White solid, yield 80% (conventional); 90% (microwave), mp 158.1-159.3 °C. IR (Vpaz, cm ~1): 3331, 3240,
3178, 3013, 2931, 2848, 1672 (C=0), 1611 (CN), 1572 cm~'. 'H NMR (400 MHz, DMSO): § = 1.48 (1.46*,
SH, d, J = 7.0 Hz, CH3), 2.51 (2.50%, 3H, s, CHy), 3.86 (3.84%, 3H, s, OCH;), 4.77 (3.82%, 1H, q, J =
7.0 Hz, CH), 7.11-7.86 (10H, m, 10H), 8.15 (7.86%, 1H, s, CH), 11.53 (11.24*, 1H, s, NH). APT-NMR (100
MHz, DMSO): § = 18.44, 20.95, 24.44, 25.28, 33.34, 40.76, 43.93, 47.51, 55.07, 105.61, 118.57, 118.68, 125.43,
125.70, 126.28, 126.64, 126.74, 126.80, 126.93, 128.37, 128.44, 128.97, 129.11, 129.33, 129.38, 131.50, 131.57,
133.05, 133.25, 136.68, 137.13, 139.39, 139.72, 142.64, 146.63, 156.96, 157.06, 169.77, 174.91. Anal. caled. for
CosH2N20s: C, 76.28; H, 6.40; N, 8.09. Found: C, 75.12; H, 6.80; N, 8.47.

4. Computation
4.1. Molecular structures and optimization

The structures of all compounds were drawn and optimized using semi-empirical/PM3 and DFT/B3LYP/6-
31G* basis set as implemented in Gaussian 09 (G09).'5 The vibrational frequency calculations at the same

level of theories were performed to confirm the global minimum energy of each compound. After that, confor-
mational searching of these compounds was carried out using Chemistry at HARvard Macromolecular Mechanics
(CHARMm) force field of Discovery Studio (DS) 3.5.'¢ CHARMm provides a vast range of functionality for
molecular mechanics. It can be also used in diverse areas of research, including protein modeling and structural

biology. 17
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4.2. Structure—activity relationship study

A structure—activity relationship (SAR) study was conducted to define and explain how the substituent on
the benzene ring affected the chemical reactivity or biological activity based on quantum chemical descriptors.
Molecular dipole moment (u), energies of the highest occupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals (Egoymo, Erumo), ionization potential (IP), electron affinity (EA), chemical hardness
(n), softness, chemical potential (), electronegativity (x). and electrophilicity index (w), which are named

18-21 were computed based on semi-empirical and density functional theories by

quantum chemical descriptors,
using Gaussian 09, due to the reliability and versatility of prediction by these descriptors (Table 2). Additionally,
SC-558 and NS-398 compounds as COX-2 inhibitors were used for comparison with the investigated compounds.
Therefore, we could easily predict whether these compounds were less or more effective than the standard

compounds, SC-558 and NS-398, with these descriptors using Gaussian 09.

4.3. Molecular docking

Molecular docking, an effective method to predict whether ligand(s) will interact with a macromolecular target,
was performed with Discovery Studio 3.5 to provide an insight into the chosen compounds: 2c, 2f, 2i, 2k,
2m, and 2p. These compounds were determined based on the results of the structure—activity relationship
study of the compounds. Subsequently, a standard compound (SC-558) was also compared with these selected
compounds in the 3D visualization window of the DS 3.5 program.

Firstly, ligand(s) and enzyme were prepared using G09 and DS 3.5 software for molecular docking study.
The naproxen-based acylhydrazone derivatives as ligands (Table 1) were prepared using G09 as described
above. The crystal structure of COX-2 (pdb: 1CX2) complexed with 1-phenylsulfonamide-3-trifluoromethyl-
5-(4-bromophenyl) pyrazole (SC-558) was downloaded from the Protein Data Bank (PDB) (www.rcsb.org).?5
The enzyme was taken, hydrogens were added, and undesired agents such as water and ions were removed from
the target protein. Their positions of COX-2 were subsequently optimized using CHARMm force field and the
adopted-basis Newton—Raphson (ABNR) method!” available in the DS 3.5 protocol until the root mean square
deviation (RMSD) gradient was

< 0.05 keal/mol A2, The binding site was defined from protein cavities. The binding sphere for 1CX2
(27, 7.23, 18.29, 22) was selected from the active site using the binding site tools.

In the molecular docking process, COX-2 enzyme was held rigid while the ligands were allowed to
be flexible during refinement. CDOCKER, which includes conformer generation, docking, and scoring, was
performed using the default settings. After this step, the Analyze Ligand Poses subprotocol in DS 3.5 was
applied to calculate the interactions containing hydrogen bonds and bumps between ligand atoms and the
enzyme. Finally, binding energies were also calculated by applying the Calculate Binding Energy subprotocol
in DS 3.5 using the in situ ligand minimization step in the ABNR method. The best score, which included the
largest minus CDOCKER, energy and the lowest minus CDOCKER interaction energy (RMSD must be less
than 2) of each ligand—enzyme complex was selected. Additionally, the lowest binding energy was taken as the

best-docked conformation of the investigated compounds for the macromolecule in the molecular docking study.
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