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ABSTRACT

In the study, by using 5-amino-4-arylazo-3-methyl-1H-pyrazole derivatives and 2-hydroxy-5-
(phenyldiazenyl) benzaldehyde; eight novel heterocyclic disperse disazo-azomethine dyes were syn-
thesized, their chemical structures were characterized via FT-IR and 'H NMR studies. Synthesized
compounds were also investigated computationally by performing various techniques. In the computa-
tional part of the study, geometry optimizations, frequency analyses, frontier molecular orbital (FMO)
calculations, molecular electrostatic potential (MEP) map calculations, FT-IR and NMR spectral analyses
were performed on the compounds. Additionally, to reveal their potentials against SARS-CoV-2 main pro-
tease (SARS-CoV-2 MP™), acetylcholine esterase (AChE), heat shock protein (HSP90«) and nicotinamide
N-methyl transferase (NNMT), molecular docking calculations were also performed on the synthesized
compounds. Molecular dynamics (MD) simulations were carried out on the top-scoring ligand-receptor
complexes to evaluate the stability of the complexes and the interactions between ligands and receptors
in more detail. Results showed that synthesized compounds can interact with all these four receptors

effectively and can be promising structures for further studies.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Although the main usage of azo dyes is the dyeing of textile
fabrics, there are many uses such as in liquid crystalline displays,
computational studies, electro-optical devices, inkjet printers, solar
cells, biological-medical studies, photo-sensitizers, photochromic
materials and metallochromic indicators [1-10]. Researches show
that these compounds can be used as antibacterial, antifungal, an-
titumor, antioxidant agents due to their broad range of pharmaco-
logical and medical potential [11-16].

Schiff bases were first synthesized by the German chemist Hugo
Schiff in 1864. They are also named as azomethine compounds due
to their CH=N group in their structure. Schiff bases, like azo dyes,
have wide usage areas from textile dyeing to pharmacology even
in vulcanization of rubber [17-21].
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Lately azo-azomethine compounds are gaining interest due to
their printing system properties and biological-medical studies
[22-24]. Therefore, several studies have been published on the syn-
thesis and spectral properties of azo-azomethine dyes [4,25-30].

From December 2019, Coronavirus disease-19 (2019-nCoV,
COVID-19) is still spreading all over the world causing many
deaths. Although there are vaccines developed and under devel-
opment against COVID-19, there is no drug developed against
this disease yet. Although some approved drugs currently on
the market (e.g., remdesivir which is the only Food and Drug
Administration-approved drug for the treatment of COVID-19 till
now) are used to reduce the effects of COVID-19, there is a need
to develop new specific drugs for this disease and will likely be in
the future, too.

One of the potential targets for the treatment of this disease is
SARS-CoV-2 MP™, Playing a key role in viral replication and tran-
scription [31] makes SARS-CoV-2 MP™ a promising target for drug
development studies against COVID-19. Therefore, chemical com-
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pounds that effectively interact with the active site of the enzyme
can inhibit SARS-CoV-2 MP™ and thus can be a potential treatment
for COVID-19. In the literature, there is some recent studies on the
inhibition of SARS-CoV-2 MP™ [32-37].

In the present study, eight heterocyclic disperse disazo-
azomethine dyes were synthesized by condensation of 5-amino-4-
arylazo-3-methyl-1H-pyrazoles and 2-hydroxy-5-(phenyldiazenyl)
benzaldehyde. Their structures were characterized by FI-IR, 'H
NMR, elemental analysis and computational studies were per-
formed on synthesized compounds.

In the study, it was aimed to investigate the pharmaceutical po-
tentials of the synthesized compounds computationally. For this
purpose, reverse docking screening was performed for each com-
pound. It was observed that the highest binding affinity was ob-
tained for NNMT. Thus, molecular docking calculations and molec-
ular dynamics simulations were performed for synthesized com-
pounds and NNMT. In addition to NNMT, since AChE, HSP90« and
especially SARS-CoV-2 MP™ are attractive targets for the treatment
of Alzheimer’s disease (AD), cancer and COVID-19, respectively, it
was aimed to investigate the inhibition potentials of the synthe-
sized compounds for these targets with the assistance of compu-
tational tools. The above-mentioned diseases, including COVID-19,
which is affecting the whole world nowadays, are still important
diseases without a complete cure, and new potential drugs need
to be proposed for their treatment.

One of the aims of this study is to investigate whether the
synthesized compounds can effectively interact with SARS-CoV-2
MP theoretically. Furthermore, to reveal their potentials against
Alzheimer’s disease and cancer it was also investigated that how
the synthesized molecules interact with AChE and HSP90« through
computational studies. As it is well known, Alzheimer’s disease is
a neurological disease that develops in the form of memory loss,
dementia and decreased cognitive functions due to the death of
brain cells over time. Today, the most effective therapeutic ap-
proach for the treatment of AD is inhibiting AChE. Inhibiting this
enzyme leads to an increase in the acetylcholine level in brain.
The main drugs for controlling the AD are galantamine, rivastig-
mine and donepezil. Since the selective AChE inhibitors have pos-
itive therapeutic effects on the disease, it is important to develop
new selective AChE inhibitors to overcome this disease.

On the other hand, it is known that HSP90« is highly expressed
in most tumor cells and plays a key role in the proliferation, ma-
lignant transformation, and progression of cancer cells. Currently,
most HSP90« inhibitors under clinical evaluation act by blocking
the binding of ATP to the HSP90« N-terminal domain and thereby,
induce the degradation of many HSP90«-dependent on co-proteins
[38].

Since the development of effective HSP90« inhibitors could
make important contributions to cancer research, another aim
of this study was to demonstrate the HSP9O« inhibition poten-
tial of the synthesized compounds. In addition to AChE, HSP90«
and SARS-CoV-2 MP™, since the inverse docking calculations per-
formed in the study showed that synthesized compounds can ef-
fectively interact with NNMT, molecular docking and MD sim-
ulation studies were also performed for the synthesized com-
pounds and NNMT. NNMT is an enzyme which catalyzes the trans-
fer of methyl group from S-adenosyl-L-methionine to nicotinamide
to form N-methylnicotinamide and S-adenosyl-L-homocysteine. It
took part in the regulation of body weight and insulin sensitiv-
ity. It was reported that NNMT takes a role in various diseases,
metabolic disorders, obesity and type 2 diabetes. Additionally, in-
creased expression of NNMT enhances cell proliferation and dis-
ease progression in a wide variety of cancers. In the literature, it
was suggested that NNMT inhibitors can be developed as drug can-
didates to treat abovementioned metabolic diseases. [39] Results of
molecular docking and MD simulations showed that synthesized
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compounds can effectively interact with selected target receptors
and can be promising structures for further studies.

In computational studies, geometry optimizations, frequency
analyses, frontier molecular orbital calculations, molecular electro-
static potential map calculations, IR and NMR spectral analyses
were performed.

Considering that the synthesized compounds will have poten-
tial pharmaceutical properties based on previous studies in the
literature, molecular docking calculations were also performed to
estimate the binding affinities of the investigated compounds for
NNMT, AChE, HSP90« and SARS-CoV-2 MP™©,

In addition to molecular docking calculations, MD simulations
were also performed on the ligand-receptor complexes which has
the highest scores in molecular docking studies to evaluate the
flexibility and stability of the ligand-receptor interactions at the
atomic level.

2. Experimental
2.1. Materials and methods

Chemicals used for the synthesis were supplied from Merck and
Aldrich Chemical Company without further purification. Solid state
IR spectra were noted using a Shimadzu IRAffinity-1 Fourier Trans-
form Infrared (FT-IR) spectrophotometer. Nuclear magnetic reso-
nance ('H NMR) spectra were detected on Agilent 400/54 400 MHz
NMR in deuterated dimethyl sulfoxide (DMSO-d6) using tetram-
ethyl silane (TMS) as the internal reference. Chemical shifts (§)
were given in ppm. Melting points were recorded on Thermo
Fisher Scientific IA9100 melting point apparatus. Elemental anal-
ysis was done on Leco CHNS-932 analyzer.

Computational studies on the synthesized compounds were car-
ried out using Gaussian Rev.D01 software package [40]. Conforma-
tional search for each compound was performed with the use of
VeraChem Vconf software package [41]. GaussView 5 [42] and Dis-
covery Studio Visualizer [43] software packages were used for the
visualization of the results.

In molecular docking calculations AutoDock Tools [44] and
AutoDock Vina [45] software packages were used, and Discovery
Studio Visualizer [46] was used to visualize the results. The struc-
tures of the proteins were obtained from RCSB protein data bank
(PDB IDs: 2iip, leve, 3qdd, 6lu7) [31,46-48]. The structures of
sinefungin, donepezil, ganetespib, remdesivir, hydroxychloroquine
and favipiravir were obtained from PubChem Database [49], and
the structures of ritonavir and lopinavir were obtained from Zinc
Database [50]. Prior to docking calculations, water molecules were
removed, polar hydrogens and Gasteiger charges were added and
docking calculations were performed with the use of Lamarckian
genetic algorithm. Molecular docking calculations were performed
in a grid box covering the active sites of AChE, HSP90« and NNMT.
In molecular docking calculations performed for SARS-CoV-2 MP™©,
AutoGridFR software [51] was used for the determination of the
binding pocket. Inverse docking calculations were performed with
the use of ACID web server [52]. In drug-likeness analyses DruLiTo
software package [53] was used. The highest scoring ligand-protein
complexes in molecular docking calculations were used in MD sim-
ulations for evaluating the stability and the flexibility of ligand-
protein interactions at the atomic level. MD simulations were per-
formed with the use of GROMACS [54]. Topology of the proteins
were prepared with the use of CHARMMS36 forcefield [55] and
TIP3P water model. Ligand topologies were obtained from Swiss-
Param server [56]. MD simulations were performed in a dodec-
ahedron box after neutralization. The energy minimizations were
carried out by employing steepest descent minimization algorithm.
NVT and NPT equilibrations were proceeded in 100 ps, then MD
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Fig. 1. General route for the synthesis of disazo-azomethine dyes (4a-4h).

simulations were performed at 1 bar and 300 K reference pressure
and temperature for 30 ns.

2.2. Synthesis

2-Arylhydrazone-3-ketiminobutyronitriles (1a-1h), 5-amino-
4-arylazo-3-methyl-1H-pyrazoles (2a-2h) and 2-hydroxy-4-
(phenyldiazenyl)benzaldehyde (3) were prepared according to
the literature [57-59]. By using these reagents 2-{[(3-methyl-
4-((4-arylphenyl)diazenyl)—1H-pyrazole-5-yl))imino]methyl}—5-
(phenyldiazenil)phenol compounds (4a-4h) were synthesized by
following method.

2.2.1. General procedure for the synthesis of
2-{[(3-methyl-4-((4-arylphenyl )diazenyl )—1H-pyrazole-5-
yl))iminoJmethyl}—5-(phenyldiazenil)phenol (4a-4h)
compounds

2.01 g (10 mmol) of 3-methyl-4-(phenyldiazenyl)—1H-pyrazol-
5-amine (2a); was dissolved in 30 ml toluene and poured into
2,26 g (10 mmol) of 2-hydroxy-4-(phenyldiazenyl)benzaldehyde
(3) - 30 ml toluene mixture in a 250 ml round bottom flask. A
Dean-Stark apparatus is placed between flask and condenser for
removing the water formed as a result of the reaction, and the
mixture is refluxed for 24 h. After the reaction was completed, the
yellowish-brown final product was filtered, dried and crystallized
by using DMF & water. All 4a-4h products were synthesized as the
method mentioned above, the general route for the synthesis of
disazo-azomethine dyes is shown in Fig. 1 and all 2D structures of
the synthesized compounds are given in Supplementary Informa-
tion.

2.2.1.1. 2-{[3-methyl-4-phenyldiazenyl-1H-pyrazole-5-yl-
iminoJmethyl}—5-(phenyldiazenil)  phenol, 4a. Yellowish-brown
crystals, yield 63% mp 236-237 °C (DMF-H,0), IR: v
(cm~1) = 1630, v = 1608 (2 C=N), v = 1415 (N=N), v = 3078
(Ar-H), v = 2977 (CH3), 'H NMR (DMSO-dg, 400 MHz) § = 2.61
(3H, s, CH3), § = 715 - 836 (13H, m, Ar-H), 6 = 9.49 (1H, s,
N=CH), § = 13.38 (1H, b, NH), § = 14.45 (1H, b, OH). Anal Calcd.
for C,3HgN;0: C, 67.47; H, 4.68; N, 23.95%. Found: C, 67.61; H,
4.59; N, 23.78%.

2.2.1.2. 2-{[(3-methyl-4-((4-methoxyphenyl)diazenyl)—1H-pyrazole-
5-yl))iminoJmethyl}—5-(phenyldiazenil) phenol, 4b. Red crystals,
yield 72%, mp 236-237 °C (DMF-H,0), IR: v (cm~!) = 1649, 1605
(2 C=N), v = 1423 (N=N), v = 1242 (C-0-Ar), v = 3072 (Ar-H),
v = 2968 (CH3), 'H NMR (DMSO-dg, 400 MHz) § = 2.58 (3H, s,
CH3), § = 3.85 (3H, s, 4-0CH3), § = 7.11 - 8.33 (12H, m, Ar-H),
8 = 9.46 (1H, s, N=CH), § = 13.28 (1H, b, NH), § = 14.54 (1H,
b, OH). Anal Calcd. for Co4Hy1N;0,: C, 65.59; H, 4.82; N, 22.31%.
Found: C, 65.44; H, 4.88; N, 22.52%.

2.2.1.3. 2-{[(3-methyl-4-((4-chlorophenyl)diazenyl)—1H-pyrazole-5-
yl))iminoJmethyl}—5-(phenyldiazenil) phenol, 4c. Dark red crystals,
yield 86%, mp 264.2-264.5 °C (DMF-H,0), IR v (cm~!) = 1635,
1606 (2 C=N), v = 1421 (N=N), v = 3066 (Ar-H), v = 2936 (CH3),
TH NMR (DMSO-dg, 400 MHz) § = 2.59 (3H, s, CH3), § = 7.13 -
8.33 (12H, m, Ar-H), § = 9.46 (1H, s, N=CH), § = 13.41 (1H, b,
NH), § = 14.43 (1H, b, OH). Anal Calcd. for C,3HgCIN;0: C, 62.23;
H, 4.09; N, 22.09%. Found: C, 62.36; H, 4.20; N, 22.27%.

2.2.14. 2-{[(3-methyl-4-((3-nitrophenyl)diazenyl)—1H-pyrazole-5-
yl))iminoJmethyl}—5-(phenyldiazenil) phenol, 4d. Red crystals, yield



H.Y. Odabasoglu, T. Erdogan and F. Karci

Journal of Molecular Structure 1252 (2022) 131974

&
5 i
N
HO
N
b
~
00NN NNNNN NNNNNNNNN
HBWWOODLRERE® O UITUILI LI U b s it
SREE 8808 RESAREILE
N Y Me
N aromatic protons
—OH N-H —r——y
" p e DMSO
e & H
& 8 1
| | —N=C—
° = ° B oA W W w N
O (=] O O m=n n W ~n O
] 2 8 gamn & g g
LI (L B 17T 71T 7T 17T 7717 7T T T T 17 7T 17T 7T 1T 77
PPM 140 13.0 12.0 110 100 90 30 7.0 60 50 40 3.0 20 1.0 0.0
o PENN NNN NNNNNN NNN
g8 2288 382 888832 ZRE
g = > s
8 = 2 2 8
o - > w
U A AL AN L L N L L T L L U B O B
PP 40 8.30 8.20 8.10 )0 7.0 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.10 7.00 6.0

Fig. 2. 'H NMR spectrum of 4b in DMSO-ds.

63%, mp 266-267 °C (DMF-H,0), IR: v (cm~!) = 1630, 1604 (2
C=N), v = 1415 (N=N), v = 1523,1350 (N=0), v = 3095 (CH3),
v = 2966 (Al-H), 'TH NMR (DMSO-ds, 400 MHz) § = 2.59 (3H,
s, CH3), § = 7.09 - 8.50 (12H, m, Ar-H), § = 9.42 (1H, s, N=CH),
6 = 1346 (1H, b, NH), 6 = 1436 (1H, b, OH). Anal Calcd. for
Cy3H1gNgO3: C, 60.79; H, 3.99; N, 24.66%. Found: C, 60.61; H, 3.92;
N, 24.50%.

2.2.1.5. 2-{[(3-methyl-4-((3-methoxyphenyl)diazenyl)—1H-pyrazole-
5-yl))iminoJmethyl}—5-(phenyldiazenil) ~ phenol, 4e. Brownish
yellow crystals, yield 75%, mp 215-216 °C (DMF-H,0), IR: v
(cm~1) = 1630, 1606 (2 C=N), v = 1429 (N=N), v = 1240
(C-0-Ar), v = 3057 (Ar-H), v = 2960 (CH3), 'H NMR (DMSO-dg,
400 MHz) § = 2.60 (3H, s, CH3), = 3.85 (3H, s, 3-0CH3), § = 7.05
- 833 (12H, m, Ar-H), § = 9.47 (1H, s, N=CH), § = 13.38 (1H, b,

NH), § = 14.43 (1H, b, OH). Anal Calcd. for Cp4Hp;N7O5: C, 65.59;
H, 4.82; N, 22.31%. Found: C, 65.67; H, 4.68; N, 22.59%.

2.2.1.6. 2-{[(3-methyl-4-((3-chlorophenyl)diazenyl)—1H-pyrazole-5-
yl))iminoJmethyl}—5-(phenyldiazenil) phenol, 4f. Red crystals, yield
67%, mp 223.4-223.9 °C (DMF-H,0), IR: v (cm~!) = 1635, 1606
(2 C=N), v = 1423 (N=N), v = 3055 (Ar-H), v = 2974 (CH3), 'H
NMR (DMSO-dg, 400 MHz) § = 2.60 (3H, s, CH3), 6 = 7.12 - 8.31
(12H, m, Ar-H), § = 9.44 (1H, s, N=CH), § = 13.42 (1H, b, NH),
8 = 14.38 (1H, b, OH). Anal Calcd. for C53HgCIN;O: C, 62.23; H,
4.09; N, 22.09%. Found: C, 62.41; H, 4.00; N, 21.97%.

2.2.1.7. 2-{[(3-methyl-4-((3-methylphenyl)diazenyl)—1H-pyrazole-
5-yl))imino/methyl}—5-(phenyldiazenil) phenol, 4 g. Red crystals,
yield 57%, mp 230-231 °C (DMF-H,0), IR: v (cm~1) = 1635, 1606
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Fig. 3. Optimized geometry and selected geometric parameters of 4a (bond lengths are in black and bond angles are in blue).
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Fig. 4. Calculated vibrational spectra for compound 4d

Table 1
Selected peaks for investigated compounds.

N-H O-H C:N(azomethine) C:N(azomethine)
stretching stretching stretching stretching
(computional)  (computional)  (computional)  (experimental)
(cm1) (cm1) (ecm1) (cm™1)

4a 3657 3217 1647 1630

4b 3661 3195 1646 1649

4c 3658 3207 1647 1635

4d 3657 3209 1646 1630

4e 3658 3200 1647 1630

4f 3657 3216 1647 1635

4g 3654 3199 1645 1635

4h 3656 3258 1639 1664

(2 C=N), v = 1417 (N=N), v = 3055 (Ar-H), v = 2954 (CH;), 'H
NMR (DMSO-dg, 400 MHz) § = 2.59 (3H, s, CHs), § = 2.36 (3H,
s, 3-CH3), § = 711 - 8.33 (12H, m, Ar-H), § = 9.47 (1H, s, N=CH),
§ = 13.36 (1H, b, NH), § = 14.35 (1H, b, OH). Anal Calcd. for

Cy4HyN50: C, 68.07; H, 5.00; N, 23.15%. Found: C, 68.24; H, 4.87;
N, 23.29%.

2.2.1.8. 2-{[(3-methyl-4-((2-methoxyphenyl)diazenyl )—1H-pyrazole-
5-yl))iminoJmethyl}—5-(phenyldiazenil) — phenol, 4h. Dark yel-
low crystals, yield 54%, mp 204-205 °C (DMF-H,0), IR: v
(cm~1) = 1664, 1610 (2 C=N), v = 1414 (N=N), v = 1242 (C-
0-Ar), v = 3066 (Ar-H), v = 2961 (CH3), 'H NMR (DMSO-ds,
400 MHz) § = 2.57 (3H, s, CH3), § = 3.89 (3H, s, 2-OCHj3),
8 = 7.09 - 8.38 (12H, m, Ar-H), § = 9.52 (1H, s, N=CH), § = 13.31
(1H, b, NH), § = 13.88 (1H, b, OH). Anal Calcd. for C;4Hy;N;0,: C,
65.59; H, 4.82; N, 22.31%. Found: C, 65.28; H, 5.01; N, 22.58%.

3. Results and discussion

Synthesized compounds are prepared by using aniline deriva-
tives by diazotization, coupling, ring closing and condensation re-
actions respectively. All synthesized compounds are characterized
by elemental analysis and spectroscopic methods.
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Fig. 5. Structure and calculated 'H NMR chemical shifts for 4a.
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Table 2
Calculated global reactivity descriptors for 4a-4h.
4a 4b 4c 4d 4e 4f 4g 4h

HOMO -6.10297 —5.83222 —6.16801 —6.36556 —6.02760 —6.22080 —6.06869 —5.87548
LUMO —2.94972 —2.84468 —3.07407 —3.28469 —2.97285 —3.09829 —2.89556 —2.75706
Gap 3.15326 2.98754 3.09394 3.08087 3.05475 3.12251 3.17312 3.11843
I 6.10297 5.83222 6.16801 6.36556 6.02760 6.22080 6.06869 5.87548
A 2.94972 2.84468 3.07407 3.28469 2.97285 3.09829 2.89556 2.75706
S 0.63426 0.66945 0.64643 0.64917 0.65472 0.64051 0.63029 0.64135
n 1.57663 1.49377 1.54697 1.54044 1.52738 1.56125 1.58656 1.55921
n —4.52634 —4.33845 —4.62104 —4.82512 —4.50022 —4.65954 —4.48213 -4.31627
X 4.52634 4.33845 4.62104 4.82512 4.50022 4.65954 448213 431627
w 6.49734 6.30022 6.90189 7.55689 6.62967 6.95318 6.33113 5.97423

3.1. FT-IR results

Examining FT-IR spectra of the 4a-4h compounds, it was ob-
served that the C=O stretching vibrations of compound 3 at
v = 1668 cm~! disappeared [59]. In addition to that, at synthe-
sized 2a-2h compounds, the doublets of the primary N-H stretch-
ing observed [57,58,60] in the 3400-3456 and 3292-3362 cm™!
regions disappeared, instead, large absorptions of O-H and N-H
stretching in the 3100-3400 cm~! region appeared.

In 4a-4h compounds there are two types of C=N stretching
vibrations, which are azomethine C=N and imidazole C=N. FT-
IR spectra showed that azomethine and imidazole C=N stretch-
ing vibrations were found to be in 1630-1664 cm~! and 1604-
1610 cm™! regions, respectively.

In some compounds azomethine C=N and imidazole C=N
stretching vibrations were seen separately, while in others this dis-
tinction was not clearly observed. O-H, N-H, C=N, N=N (1414-1429
cm~1) and N=0 (4d: 1523, 1350 cm~!) absorptions are compatible
with the literature [12,59,61].

3.2. TH NMR spectra

TH NMR spectrum of compound 4b is given in Fig. 2 and in-
spections were made through this compound. When the previous
studies in the literature were examined[59, 60], amino group peaks
on the pyrazole ring of 2a-2h compounds, which were observed
between 6.40-6.70 ppm, and the aldehyde peak of compound 3,
observed at 10.36 ppm, both disappeared. It is seen that instead
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Fig. 8. Representation of the molecular docking results for 4d - AChE complex.

Table 3
Calculated binding affinities of 4a-4h and reference molecules.

Binding Scores (kcal/mol)

Compound
HSP90« SARS-CoV-2

NNMT (2iip) AChE (1eve) (3qdd) MPre (6lu7)
4a -11.8 -11.0 -11.3 -8.2
4b -11.6 -10.1 -10.1 -8.0
4c -11.8 -10.8 -114 -8.0
4d -11.5 -11.6 -11.2 -8.7
4e -12.2 -11.4 -11.1 -8.0
4f -12.0 -11.3 -11.2 -84
4g -12.3 -11.1 -11.0 -8.6
4h -10.6 -10.8 -10.8 -8.0
Sinefungin -9.0 - - -
Donepezil - -10.7 - -
Ganetespib - - -10.2 -
Remdesivir - - - -8.2
Ritonavir - - - -7.0
Lopinavir - - - -6.8
Hydroxychloroquine - - - -6.2
Favipiravir - - - -5.0

of these two peaks, an azomethine peak formed between 9.42-
9.52 ppm in 4a-4h compounds. As a result of the desired Schiff
base formation on compound 4e, the § = 12.10 ppm peak of the
-NH proton in the pyrazole ring and the § = 11.52 ppm peak of
the -OH proton in the salicylidene ring slightly slided down to
8 = 13.28 ppm and § = 14.54 ppm, respectively.

It has been recorded that the protons attached to the aromatic
ring had multiplets at § = 7.05-8.50. The protons in the methoxy
group attached to the aromatic ring had singlets at § = 3.85, 3.85
and 3.89 ppm on para-, meta- and ortho- positions respectively. The
protons in the methyl group attached to the pyrazole ring had sin-
glets between § = 2.57-2.61 ppm, while methyl protons attached
to the aromatic ring at ortho- position had multiplets at § = 2.36.

3.3. Computational studies

In computational studies, geometry optimizations, frequency
analyses, frontier molecular orbital calculations, molecular electro-
static potential map calculations, FT-IR and NMR spectral analyses
were performed. Molecular docking calculations and MD simula-
tions were also performed to estimate the binding affinities of the
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Fig. 9. Representation of the molecular docking results for 4c - HSP90« complex.

investigated compounds for selected proteins, and to investigate
the interactions between synthesized compounds and target recep-
tors.

3.3.1. Geometry optimizations

Geometry optimizations were performed by DFT approach
with the use of B3LYP (Becke-3-Lee-Yang-Parr) functional and 6-
311+G(d,p) basis set. To confirm that each optimized geometry cor-
responds to a global minimum, frequency analyses were also per-
formed on the investigated compounds. Optimized geometries of
the investigated compounds are given in Supplementary Informa-
tion. Fig. 3 shows, as an example, optimized geometry and some
geometric parameters for compound 4a.

3.3.2. Vibrational spectra and frequency analyses

Vibrational spectra of the compounds were obtained from
the frequency analyses which were performed with the use of
DFT/B3LYP method and 6-311+G(d,p) basis set. Calculations were
performed in gas phase and no scaling factors were applied. Vibra-
tional spectra of the investigated compounds are given in Supple-
mentary Information. As an example, spectra of compound 4d is
given in Fig. 4.

In Fig. 4, peaks which correspond to N-H stretching, O-H
stretching and C=N stretching were observed at 3657, 3209 and
1646 cm~!, respectively. Same peaks for all 4a-h compounds are
shown in Table 1. There are no significant difference on investi-
gated compounds for C=N stretching. Computational studies of 4a-
4h compounds were unable to be compared with the experimen-
tal data due to N-H and O-H stretching vibrations’ overlapping on
experimental spectra. Table 1 includes both computational and ex-
perimental azomethine C=N stretching vibration values.

3.3.3. NMR spectral analyses

In the study, NMR spectral analyses were also carried out at
DFT level with the use of with the use of DFT/B3LYP method and
6-311+G(d,p) basis set. In these calculations GIAO (Gauge Indepen-
dent Atomic Orbital) method was used. Results for all 4a-4h com-
pounds are given in Supplementary Information section and the
result of compound 4a is given in Fig. 5 as an example.

3.3.4. Molecular electrostatic potential map calculations

Molecular electrostatic potential (MEP) maps of the investigated
compounds, which gives information about electron deficient and
rich parts of a molecule, were obtained at the same level of theory.
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Fig. 10. Representation of the molecular docking results for 4d - SARS-CoV-2 MP™ complex.

Calculated MEP maps of the investigated compounds are given
in Fig. 6 and also in Supplementary Information. For all com-
pounds, negative charge was localized on the oxygen atom(s), aro-
matic rings, chlorine atom (if present), and on the nitrogen atoms
other than N-H group while positive charge was localized domi-
nantly on hydrogen atom of the N-H group. In molecular docking
and MD simulations studies, it was observed that these positive
and negative regions took part in the interactions between ligand
and receptors.

3.3.5. Frontier molecular orbitals and global reactivity descriptors

The frontier molecular orbitals (FMOs) participate in chemical
reactivity. HOMO-LUMO gap determines the chemical stability of
a molecule. In the study, FMOs were computed at the same level
of theory. FMOs and HOMO-LUMO gaps of the investigated com-
pounds are given in Fig. 7. HOMO-LUMO gaps order is as follows:
4¢ > 4a > 4f > 4h > 4c > 4d > 4e > 4b. As a result it can be
said the most stable compound is 4 g.

In this part, some global reactivity descriptors such as ioniza-
tion potential (I), electron affinity (A), electronic chemical potential
(o), electrophilicity index (w), electronegativity () chemical soft-
ness (S) and chemical hardness (1) were calculated for 4a-4h with

10

the use of Egs. (1)-(7) [62-69] and are given in Table 2.

I = — — Eyowmo (1)
A= —— Ewmo )
x=U+A)/2 (3)
n=(I--A)/2 (4)
S=1/n (5)
po=——(+A)/2 (6)
w=p?/2n (7)

Ionization potential (I) is described as the amount of energy re-
quired to remove an electron from an isolated atom or molecule
while electron affinity (A) is described as the amount of energy lib-
erated when an electron is added to an atom or molecule. In the
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Fig. 11. Representation of the molecular docking results for 4g - NNMT complex.

study, the highest ionization potential was estimated for 4d while
the lowest value obtained for 4b. Chemical hardness (;) is a mea-
sure of resistance of a molecular system to change of its electron
distribution and shows a similar trend to the HOMO-LUMO gaps.
In the study the highest chemical hardness was obtained for 4 g.
Chemical softness (S) is the inverse of chemical hardness and in
the study, the lowest chemical softness was obtained for 4 g. Elec-
tronic chemical potential () is a measure of escaping tendency of
electrons from a system.

In the study, the lowest value of electronic chemical potential
was obtained for 4d Electronegativity (, ) is the negative of the
electronic chemical potential, thus, in the study highest electroneg-
ativity was obtained for 4d Since, low electronic chemical poten-
tial and high electronegativity correspond to a better electrophilic
character, the highest electrophilicity index () was obtained for
4d, as expected.

3.3.6. Molecular docking calculations

Molecular docking calculations were performed for selected
proteins (NNMT, AChE, HSP90« and SARS-CoV-2 MP™ to estimate
that how synthesized compounds bind to the active site of these
selected proteins. Results of inverse docking calculations showed

1

Table 4
Calculated binding selectivities of 4a-4h.

Binding Selectivities

Compounds 2iip:1eve 2iip:3qdd 2iip:6lu7 1eve:3qdd 1eve:6lu7 3qdd:6lu7

4a 3.9 23 4319 0.6 112.1 186.0
4b 125 12.5 4319 1.0 345 345
4c 5.4 2.0 605.1 0.4 1121 308.3
4d 0.8 1.7 112.1 2.0 132.7 67.6
4e 3.9 6.4 1187.6 1.7 308.3 186.0
4f 33 3.9 431.9 1.2 132.7 1121
4g 7.6 8.9 511.3 1.2 67.6 57.1
4h 0.7 0.7 80.1 1.0 112.1 1121

that the synthesized compounds interacted effectively with NNMT.
Since the increased expression of NNMT causes disease progression
in a wide variety of cancers and various diseases, and inhibitors
of this enzyme is suggested as drug candidates, the NNMT inhibi-
tion potential of the synthesized compounds were investigated via
molecular docking and MD simulations.

As it is well known, AChE inhibitors are used to treat some
central nervous system diseases such as Alzheimer’s disease, while
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Fig. 12. Comparisons of top-scoring synthesized compounds and reference molecules (a) Donepezil - AChE and 4d - AChE complexes, (b) Ganetispib - HSP90« and 4c -
HSP90« complexes, (c) Remdesivir - SARS-CoV-2 MP™ and 4d - SARS-CoV-2 MP™ complexes and (d) Sinefungin - NNMT and 4g - NNMT complexes.

Table 5
Drug-likeness analyses results.

Calculated value

P. T iteri

arameter crteria ab ac ad e af ag ah
MW - 500 40917 43918 44313 45415 43918  443.13 42318  439.18
logP** <5 4.676 4705 5.042 4.682 4705 5.042 5.068 4705
HBD* <5 2 2 2 2 2 2 2 2
HBA"** <10 8 9 8 8 9 8 8 9

*Molecular Weight; **octanol-water partition coefficient; **H-Bond Donor; ***H-Bond Acceptor.

heat shock protein inhibitors can be used for the treatment of var-
ious types of malignancies.

Many studies have been reported on acetylcholinesterase inhi-
bition. One of the most important and effective AChE inhibitors
in the market, which is marketed under the trade name Ari-
cept, is donepezil. Therefore, donepezil was selected as a reference
molecule for molecular docking calculations in this study.

Ganetespib is also selected as reference molecule because of
being an important HSP90« inhibitor with potential antineoplas-
tic activity. HSP90« takes part in protein folding and in the stabi-
lization of proteins; it has important role in the stabilization of a
number of proteins required for tumor growth hence it was also
widely accepted that inhibition of this protein could contribute to
the treatment of different kinds of cancer.

On the other hand, the epidemic caused by the SARS-CoV-2
continues to cause many people to die all over the world. Although

12

the studies on this issue are gaining speed, the studies are gath-
ered in three groups as (1) vaccine development, (2) the use of
existing drugs against the new type of virus and (3) new drug
design. Some recent studies involve the inhibition of SARS-CoV-2
MPr [70-80], so in this study we intended to test the activity of
newly synthesized compounds against SARS-CoV-2 MP™ via molec-
ular docking calculations.

In this part, in addition to newly synthesized compounds, bind-
ing affinities of some known inhibitors were also estimated. Calcu-
lated binding affinities of the compounds are shown in Table 3.

Binding affinities of the investigated compounds for AChE were
found to be in the range of —10.1-—11.6 kcal/mol. It was found that
almost all compounds show identical or higher binding affinity ac-
cording to donepezil.

In the study, it was found that the binding affinities of the in-
vestigated compounds for HSP90« are in the range of —10.1 to
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Fig. 13. RMSDs of ligands after least square fit to proteins and RMSDs of proteins after least square fit to proteins.

—11.4 kcal/mol while the binding affinity of the reference molecule
ganetespib is —10.2. These results show that almost all the synthe-
sized compounds possess higher binding affinity than ganetespib.
The highest binding affinity was observed for 4c. Molecular dock-
ing results showed that in HSP90« - 4c complex, chlorine atom at
the para- position

Lastly the binding affinities of the investigated compounds
for SARS-CoV-2 MP™ were found to be in the range of —8.0-
—8.7 kcal/mol. To make a comparison, binding affinities of some
selected reference molecules (remdesivir, ritonavir, lopinavir, hy-
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droxychloroquine and favipiravir) which are recommended com-
pounds for the treatment of COVID-19 were calculated also.

Results show that newly synthesized compounds show almost
identical binding affinity with remdesivir. On the other hand, it
was found that the calculated binding affinities of the investigated
compounds are higher than those of ritonavir, lopinavir, hydroxy-
chloroquine and favipiravir.

These results show that investigated compounds possess good
binding affinity for AChE, HSP90w, SARS-CoV-2 MP™ and NNMT.
Thus, it can be concluded that the newly synthesized compounds



H.Y. Odabasoglu, T. Erdogan and F. Karci

Journal of Molecular Structure 1252 (2022) 131974

25 7
AChE - 4d complex AChE - 4d complex
E 6 1 [ "
~ -1 2]
= 24 g
';g 2541 | 1] WEE e e
o 2.3 8
5~ 84 MMNE 1111 D) A
= °
o >
2,5, 305 3 ) [N I S 10 N O S 1 OO
[ONn c
- o
= “E 2~ O 0 1111 1 OCOMOATO OO
5214 2
& T W | | | 1]
20 T T T T T 0 Ll ll ALl = T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Simulation Time (ns) Simulation Time (ns)
2.0 5 T
HSP90a - 4c complex HSP90«. - 4c complex
£

-
©
1

-
@
1

Pl ™, oo

b8
Xy
L

-
)
1

Radius of Gyration of Protein (ni

IS
1

w
1

N
1

Number of Hydrogen Bonds

N
!

I 0 NI

N
o
1

15 T T T T T 0 INN TS llllklllnlul Illll-l ’ _' 1yl ll‘ll i
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Simulation Time (ns) Simulation Time (ns)
25 6
SARS-CoV-2 MP° - 4d complex SARS-CoV-2 MP° - 4d complex
gz 44 w5 I | I
£ =
[
o D4 mi T [
a 5
= 234 g,
§ W WH '“ MWW 2341 11 o 0ommn m ]
= £
5.2.2 ‘s
% E 20 N e e .. 1 m
@ £
3 3
S ]
@
14

-
- 2

20 T T T T T O I THI i P | Il III!I-I L "
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Simulation Time (ns) Simulation Time (ns)
2.0 6
NNMT - 4g complex NNMT - 4g complex
54l

-
(<]
I

3
£
[ =
5
S
L8
o
S
S e o i A g
€17
> .
9
k3
«
2164
©
14
15 | ‘ , . .
0 5 10 15 20 25 30

Simulation Time (ns)

Fig. 14. Radius of gyrations of proteins and number of hydrogen bonds

can be promising structures as potential inhibitors for AChE,
HSP90«, SARS-CoV-2 and NNMT. For AChE and SARS-CoV-2 MP™,
the highest binding affinity values were obtained for 4d, and for
HSP90« and NNMT, the highest binding affinity values were ob-
tained for 4c and 4 g, respectively. Results showed that 4d inter-
acted with TYR334, PHE330, ASP72, TYR121, ASN85, TYR70, PROS6,
SER122, GLY118, GLY117 and HIS440 amino acids of AChE. In AChE-
4d complex, an additional hydrogen bond was formed between
the -NO, oxygen of 4d and HIS440, and probably this is the rea-
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formed between ligands and receptors during the MD simulations.

son why the highest binding affinity was observed for 4d among
all derivatives. It was observed that 4d interacted with ASN142,
CYS145, LEU27, HIS41, ARG188 and MET49, additionally an unfavor-
able donor-donor interaction was also observed between 4d and
GYL143 amino acid of SARS-CoV-2 MP™, In SARS-CoV-2 MP™© -
4d complex, -NO, oxygen of 4d acted as a hydrogen bond accep-
tor in the formation of an additional hydrogen bond between 4d
and ARG188 amino acid of SARS-CoV-2 MP™, Results showed that
all derivatives, including 4d, interacted with residues in the cat-
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Fig. 16. The structures of 4d - AChE complex recorded at 5, 10, 15, 20, 25 and 30 ns.
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Fig. 18. The structures of 4d - SARS-CoV-2 MP™ complex recorded at 5, 10, 15, 20, 25 and 30 ns.

alytic dyad of SARS-CoV-2 MP™ (CYS145 and HIS41). In HSP90«
- 4c complex, differently from 4a, chlorine atom at the para- po-
sition of the phenyl ring took part in the formation of hydrogen
bond formed between 4¢ and SER52 and alkyl interaction formed
between 4c¢ and VAL186. Results showed that 4c¢ interacted with
ASN51, SER52, VAL186, PHE22, ILE26, TRP162, PHE138 and LEU107
amino acids of HSP90«. In NNMT-4 g complex, it was observed
that 4 g interacted with LEU167, TYR204, ALA168, ASN90, ASP85,
CYS165, TYR20, TYR24, LYS8, TYR86, CYS141, ALA169, SER7 and
VAL143 amino acids of NNMT.

Among all synthesized compounds, 4b, which has a methoxy
group at para- position of the phenyl ring possesses the lowest
binding affinity in all cases. In Figs. 8-11 molecular docking results
are illustrated.

In Fig. 12, comparative representations of the top-scoring syn-
thesized compounds and reference molecules are given. Results

16

showed that all compounds bound to the same binding pocket
with corresponding reference molecules. It was observed that in
donepezil - AChE and 4d - AChE complexes, TYR334, TYR70 and
PHE330; in ganetispib — HSP90« and 4c - HSP90« complexes,
LEU107, TRP162 and PHE138; in remdesivir - SARS-CoV-2 MP™ and
4d - SARS-CoV-2 MP™ complexes, HIS41 and MET49; and lastly in
sinefungin - NNMT and 4 g - NNMT complexes, TYR20, CYS165,
ASP85, TYR86, ALA168, ALA169 and LYS8 are the common amino
acids which took part in the ligand-receptor interactions.

Binding selectivities of the investigated compounds and corre-
sponding targets were calculated and are given in Table 4. In de-
termining the binding selectivities, inhibition constants (K;) which
were calculated by using of Eq. (8) were used. [81] Results showed
that all compounds have considerably high selectivity for AChE,
HSP90« and especially for NNMT than SARS-CoV-2 MP™, The bind-
ing selectivities of all compounds, except 4h, were found to be
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Fig. 19. The structures of 4g - NNMT complex recorded at 5, 10, 15, 20, 25 and 30 ns.

higher for NNMT than HSP90w«. Additionally, it was observed that
binding selectivities of all compounds, except 4d and 4h, were
found to be higher for NNMT than AChE. On the other hand, a clear
trend could not be observed in the relative binding selectivities of
the compounds for AChE and HSP90«. For some of the compounds
(4d, 4e, 4f and 4 g) the binding selectivities for AChE were found
to be slightly higher than HSP90«, while for other compounds (4a
and 4c), binding selectivities were found to be slightly higher for
HSP90«, but in both cases it was observed that they were close to
each other.

K = lOBindingEnergy/1.366
i =

(8)

3.3.7. Drug-likeness analysis

In this study, Lipinski’s rule of five [82] was also used to evalu-
ate drug-likeness of the investigated compounds. Lipinski’s rule of
five expresses the molecular properties which are important for a
drug’s pharmacokinetics. Results are given in Table 5. According to
Lipinski’'s rule, a potential drug must have no more than one vio-
lation. Results showed that investigated compounds, except 4c, 4d
and 4f, represent no violation of the criteria of Lipinski’s rule and
compounds that violates the criteria have no more than one vio-
lation. logP values of these compounds were found to be slightly
higher than the reference value of 5.

3.3.7. Molecular dynamics (MD) simulations

After molecular docking calculations, 30 ns MD simulations
were performed on the top-scoring ligand-protein complexes,
NNMT - 4 g, AChE - 4d, SARS-CoV-2 MP™ - 4d and HSP90«x -
4c. MD results of the investigated compounds are given in Supple-
mentary Information.

The root mean square deviation (RMSD) and radius of gyration
are indicators for stability of the complexes. In the study, in or-
der to validate the docking poses and the structural stability, RMSD
and radius of gyration were assessed. Additionally, the number of
hydrogen bonds throughout the MD simulation was monitored.
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RMSDs of ligands after least square fit to proteins and RMSDs
of protein backbones after least square fit to protein backbones are
illustrated in Fig. 13. Results for AChE - 4d complex showed that
ligand immediately reached its equilibrium position in the bind-
ing pocket and held its position throughout the entire simulation.
It was also observed that there was no significant change in the
RMSD of protein during the simulation. Results for HSP90« - 4c
complex showed that ligand reached its equilibrium position after
15th ns and held its position in the binding pocket in the remain-
ing time of the simulation. Additionally, no significant change was
observed in the RMSD of protein during the simulation. Results for
SARS-CoV-2 Mpro - 4d complex showed that although there were
some changes in the position of the ligand, it remained in the
binding pocket throughout the entire the simulation. It was also
observed that although there was a slight increase in the RMSD of
protein backbone between 16 and 24 ns, it remained stable during
the simulation. Lastly, results for NNMT - 4 g complex showed that
ligand immediately reached its equilibrium position in the bind-
ing pocket and held its position throughout the entire simulation.
It was also observed that there was no significant change in the
RMSD of protein during the simulation.

Radius of gyration is another effective parameter for investi-
gating the conformational stability and integrity of protein in the
ligand - protein complexes. In addition to number of hydrogen
bonds formed between ligands and receptors, Rg of the proteins
were monitored during the simulation and are given in Fig. 14. Al-
though the changes in the Rg of SARS-CoV-2 MP™ were slightly
higher than those of AChE, HSP90« and NNMT, it was observed
that there were no significant changes in the Rg of proteins. Thus,
it was concluded that all proteins remained stable during the MD
simulations.

Average Rg values and standard deviations for AChE - 4d,
HSP90x - 4c, SARS-CoV-2 MP™ - 4d and NNMT - 4 g com-
plexes were found to be 2.3296 nm (0.0054), 1.7252 nm (0.0073),
2.2623 nm (0.0163) and 1.7353 nm (0.0057), respectively. Results
also showed that the average number of hydrogen bonds formed
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between ligands and receptors were found to be 3.06, 0.70, 0.84
and 1.78 for AChE - 4d, HSP90« - 4c, SARS-CoV-2 MP™ - 4d and
NNMT - 4 g complexes, respectively. It was observed that the high-
est number of hydrogen bonds was obtained for AChE - 4d com-
plex and the least one was obtained for HSP90« - 4c complex.
Thus, it was concluded that the predominant interactions in the
HSP90«x - 4c and SARS-CoV-2 MP™ - 4d complexes were the in-
teractions other than hydrogen bonds, such as the interactions in
which aromatic rings took part.

Root mean square fluctuations (RMSF) of the residues for all
top-scoring ligand-receptor complexes are given in Fig. 15. Result
of RMSF analyses showed that in AChE - 4d, HSP90« - 4c and
NNMT - 4 g complexes, RMSF of the residues located in the bind-
ing pocket and took part in the interactions between ligands and
receptors were found to be lower than those of the corresponding
uninhibited receptors. On the other hand, in SARS-CoV-2 MP™ - 4d
complex, it was observed that there is no distinct trend in decrease
in the RMSF of the residues located in the binding pocket. RMSFs
of some certain residues were found to be lower than those of the
uninhibited receptor while some of them were found to be higher.

The structures of the top-scoring ligand-protein complexes ex-
tracted from the trajectory during the simulation are given in Figs.
16-19. Results showed that investigated ligands were bound to the
active site of the corresponding receptor and remained bounded in
the binding pocket throughout the entire simulation.

4. Conclusions

A series of 8 novel heterocyclic disperse disazo-azomethine
dyes were obtained by the condensation reaction of 5-amino-4-
arylazo-3-methyl-1H-pyrazoles and 2-hydroxy-5-(phenyldiazenyl)
benzaldehyde. Structure characterizations were made by FT-IR and
TH NMR spectra. In addition to those, computational studies were
performed. In computational studies, geometry optimizations, fre-
quency analyses, frontier molecular orbital calculations, molecu-
lar electrostatic potential map calculations, IR and NMR spectral
analyses were performed. The frontier molecular orbital calcula-
tions indicated that 4 g, which has the biggest HOMO-LUMO gap,
is the most stable compound and on the contrary 4b has been
found as the least stable compound. Molecular docking calcula-
tions were also performed to estimate the binding affinities of
the investigated compounds for acetylcholinesterase (AChE), heat
shock protein (HSP90« ), SARS-CoV-2 MP™ and NNMT. Although all
synthesized compounds have higher binding affinity as reference
molecules, for AChE and SARS-CoV-2 MP™, the highest binding
affinity values were obtained for 4d while 4c possess the highest
binding affinity for HSP90«. On the other hand, when the target
receptor was NNMT, the highest binding affinity was obtained for
4 g. Among all synthesized compounds, 4b, which has a methoxy
group at para- position of the phenyl ring possesses the lowest
binding affinity for AChE, HSP90« and SARS-CoV-2 MP™ while the
lowest binding affinity was observed for 4h in case the target re-
ceptor was NNMT. In addition to molecular docking studies the
drug-likeness analyses evaluated on 4a-4h compounds which has
no violations except 4c, 4d and 4f but these incompatible com-
pounds have only one violation with a slightly higher logP values
then the reference value of 5.

Finally, molecular dynamic simulations were evaluated for
30 ns to the best-scoring compounds on reference molecules men-
tioned above to determine the stability and the flexibility of the
ligand - receptor interactions at atomic level. Results showed that
in all four complexes, AChE - 4d, HSP90« - 4c, SARS-CoV-2 Mpro -
4d and NNMT - 4 g, ligands effectively bound to the active site of
the protein and remained bounded in the binding pocket through-
out the entire simulation. Additionally, since no significant change
in the RMSD and Rg of the proteins, it was concluded that proteins
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remained stable during the MD simulations. When the results of
these studies are examined, it is possible to say that 4 g, 4c and
4d compounds can be strong candidates in potential drug studies.
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