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ABSTRACT
Pyridazine nuclei are essential elements of many natural and syn-
thetic compounds with important biological activities. NMR and IR,
as well as studies of mass spectrum, were emplyed to synthesize
and characterize the title compound 6-chloro-3-[(4-methylphenoxy)
methyl] [1,2,4] triazolo[4,3-b] pyridazine (CMTP). The structure of this
compound was confirmed by using single crystal X-ray diffraction
technique and it got crystallized in the monoclinic crystal system
with the space group P21/c. The values of unit cell parameters are:
a¼ 12.0965(7) Å, b¼ 13.6075(7) Å, c¼ 7.7686(4) Å, b¼ 93.942(3)� and
Z¼ 4. Intermolecular hydrogen bonds of two types i.e., C-H…O and
C-H…N, were noticed. Hirshfeld surface analysis was employed to
account for these interaction bonds. Energy frameworks were carried
out to know the dominant interaction energy involved in the
molecular packing. DFT calculations were constructed to find the
agreement between the theoretical and experimental values. HOMO-
LUMO energy levels have been determined; global hardness, global
softness, and other quantum chemical parameters have been calcu-
lated to reveal the chemical reactivity of the compound. In order to
investigate the antioxidant activity of the compound, molecular
docking studies were performed.

KEYWORDS
Pyridazines; XRD and DFT
calculations; Hirshfeld
surface; energy framework;
antioxidant activity;
docking study

1. Introduction

Heterocyclic aromatic compounds are the most important sources for synthesizing novel
compounds that have a significant interest as a result of their unique properties and
amazing effects [1]. Nitrogen containing heterocycles compounds show diverse bio-
logical properties [2]. Pyridazine is an aromatic ring having two adjacent nitrogen
atoms. Multiple nitrogen atoms in these compounds present unique chemistry [3]. The
pyridazine-derived compounds show antibacterial, antifungal, and antiviral activities [4].
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The pyridazine nucleus represents a versatile scaffold to develop new pharmacologically
active compounds [5, 6] which can act as potential anti-microbial, anti-hypertensive [7],
anti-cancer [8], anti-inflammatory [8, 9], anti-HAV [10] and anti-fungal agents [11].
Pyridazine with other heterocyclic/pharmacophoral ring possesses potential antitumor
activity [12–14]. In view of their broad spectrum of biological properties, and as a part
of our ongoing work [15, 16], synthesis and characterization of the title compound are
carried out. The compound was characterized by various spectroscopic techniques and
the structure was determined by a single crystal X-ray structural analysis, theoretical cal-
culations were also carried out.

2. Materials and methods

2.1. Experimental

The chemicals required for the synthesis of the title compound (CMTP) were procured
from Sigma Aldrich Chemical Co. The progress of the reaction was monitored by thin
layer chromatography (TLC) performed on aluminium-backed silica plates, and the
spots were detected by exposure to UV-lamp at k¼ 254 nm. Melting point and boiling
point were measured on a Chemiline, microcontroller based melting point/boiling
point-Cl725 apparatus with a digital thermometer. IR spectra were recorded on the
Agilent Technologies Cary 630 FTIR spectrometer. 1H and 13C NMR spectra were
recorded on VNMRS-400 Agilent-NMR spectrophotometer. The mass spectra were
obtained with a VG70-70H spectrometer. The elemental analysis (C, H, and N) was per-
formed on Elementar Vario EL III elemental analyzer. The result of elemental analysis
is within ±0.4% of the theoretical value.

2.1.1. Synthetic procedure for ethyl 2-(4-tolyloxy)acetate (3)
To a solution of substituted phenol (1, 0.03mol) in dry acetone (35ml), anhydrous
potassium carbonate (6.4 g, 0.044mol) and ethyl chloroacetate (2, 0.044mol) were
added. The reaction mixture was refluxed at 70 �C for 10 h to afford phenoxyacetic ethyl
ester (3). The progress of the reaction was monitored by TLC [mobile phase: ethyl acet-
ate/hexane (1:3)]. After completion of the reaction, the mixture was cooled and the
solvent was removed by distillation. The residual mass was triturated with cold water to
remove potassium carbonate and extracted with ether (3� 30ml). The ether layer was
washed with 10% sodium hydroxide solution (3� 30ml) followed by water (3� 30ml)
and then dried over anhydrous sodium sulfate and evaporated to afford compound (3)
as yellow liquid which slowly solidifies [17].

2.1.2. Synthetic procedure for 2-(p-tolyloxy)acetic acid (4)
The phenoxy ester (3, 0.02mol) was dissolved in ethanol (12ml), 35% sodium hydrox-
ide solution (2ml) was added and the mixture was refluxed for 5–9 h. The reaction was
monitored by TLC using hexane: ethyl acetate: methanol (6:3:1). The reaction mixture
was cooled and quenched with 2N hydrochloric acid [8]. The precipitate was filtered,
washed with water, and finally recrystallized to afford the compound (4).
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2.1.3. Synthetic procedure for 3-chloro-6-hydrazinylpyridazine (6)
After stirring the compound (3), 6-Dichloropyridazine (2mmol) in ethanol (25ml) for
30min at room temperature, hydrazine hydrate (2mmol) was added. The reaction was
further refluxed for 1 h at 100 �C. It was monitored by TLC using hexane: ethyl acetate
(6:2) as the mobile phase. The white product of 3-chloro-6-hydrazinylpyridazine (6) was
filtered, washed, dried, and recrystallized from ethanol [18].

2.1.4. Synthetic procedure forN’-(6-chloropyridazin-3-yl)-2-(p-tolyloxy)acetohydra-
zide (7)

To acetic acid (4, 2mmol) stirring in dry DCM (20ml), lutidine (3mmol) was added at
25-27 �C, followed by the addition of 3-chloro-6-hydrazinylpyridazine (6, 2mmol). The
reaction mixture was stirred at the same temperature for 35min. After reducing the
temperature to 0–5 �C, TBTU (2mmol) was added to the mixture. The temperature was
maintained below 5 �C for a period of 30min. The reaction mass was stirred overnight
and monitored by TLC. The solvent was evaporated under reduced pressure, quenched
by the addition of crushed ice, and the solid obtained was filtered and dried. This crude
product was subjected to column chromatography, and eluted with the solvent mixture
of ethyl acetate: hexane (4:1) to get the pure product which was recrystallized to afford
compound (7) [8].

2.1.5. Synthetic procedure for chloro-3-((p-tolyloxy)methyl)-[1,2,4]triazolo[4,3-b] pyri-
dazine (CMTP) (8)

The pyridazine phenoxy acetohydrazide (7, 0.40 g, 0.02mol) and chloroamine T
(2mmol) in ethanol were heated and refluxed with stirring for 5 h. Sodium chloride
formed in the reaction was filtered off, and washings were evaporated in a vacuum; the
residue was extracted with 5% hydrochloric acid, and washed thoroughly with dichloro-
methane. The aqueous layer was neutralized with 10% sodium hydroxide to give CMTP
(8) (Fig. 1).

2.2. Spectral data

2.2.1. Ethyl 2-(4-tolyloxy)acetate (3)
Yield 88%; B.P. 141–144 �C; FT-IR (KBr, �max cm�1): 1731–1760 (ester, C¼O),
1127–1259 (ester, C–O); 1H NMR (400MHz, DMSO) d (ppm): 1.46 (t, J¼ 7Hz, 3H,
CH3 of ester), 2.38 (s, 3H, CH3), 4.55 (q, J¼ 6Hz, 2H, CH2 of ester), 5.04 (s, 2H,
OCH2), 6.94 (d, J¼ 8.80Hz, 2H, Ar-H), 7.09 (d, J¼ 8.80Hz, 2H, Ar-H); LC-MS m/z
195 [Mþ 1]. Anal. Calcd for C11H14O3 (194): C, 68.02; H, 7.27. Found: C, 68.01;
H, 7.18%.

2.2.2. 2-(p-Tolyloxy)acetic acid (4)
Yield 81%; M.P. 142–144 �C; FT-IR (KBr, �max cm�1): 1730–1745 (C¼O), 1253–1262
(Ar–O-C), 3375–3380 (OH); 1H NMR (400MHz, DMSO) d (ppm): 2.39 (s, 3H, CH3),
4.66 (s, 2H, OCH2), 6.79–6.84 (d, J¼ 8.80Hz, 2H, Ar-H), 7.03–7.09 (d, J¼ 8.80Hz, 2H,
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Ar-H), 13.13 (bs, 1H, OH); LC-MS m/z 167 [Mþ 1]. Anal. Calcd. for C9H10O3 (166):
C, 65.05; H, 6.07. Found: C, 65.02; H, 6.04%.

2.2.3. 3-chloro-6-hydrazinylpyridazine (6)
Yield 65%; M.P. 136–138 �C; FT-IR (KBr, �max cm�1): 1178–1181 (C¼N), 3327–3139
(hydrazine NHNH2);

1H NMR (400MHz, DMSO) d (ppm): 4.59 (bs, 2H, NH2), 7.21 (d,
J¼ 8Hz, 2H, Ar-H), 8.48 (s, 1H, NH); LC-MS m/z 145 [Mþ] 147 [Mþ 2]. Anal. Calcd.
for C4H5ClN4 (145): C, 33.23; H, 3.49; N, 38.76. Found: C, 33.21; H, 3.47; N, 38.73%.

2.2.4. N’-(6-chloropyridazin-3-yl)-2-(p-tolyloxy)acetohydrazide (7)
Yield 84%; M.P 127–129 �C; FT-IR (KBr, �max cm�1): 1675 (C¼O), 3124–3230 (NH-
NH); 1H NMR (400MHz, DMSO) d (ppm): 2.25 (s, 3H, CH3), 4.71 (s, 2H, OCH2), 6.89
(d, J¼ 9.2Hz, 2H, Ar-H), 7.05 (d, J¼ 9.2Hz, 1H, 4-pyridazin-H), 7.10 (d, J¼ 9.2Hz,
2H, Ar-H) 7.20 (d, J¼ 9.2Hz, 1H, 5-pyridazin-H), 8.99 (s, 1H, NH), 10.94 (s, 1H, NH);
13C NMR (100MHz, DMSO): d 22.91, 67.29, 115.29, 119.87, 129.39, 130.01, 132.17,
152.38, 158.55, 164.06, 168.76; LC-MS m/z 293 [Mþ] 295 [Mþ 2]. Anal. Calcd. For
C13H13ClN4O2 (293): C, 53.34; H, 4.48; N, 19.14. Found: C, 53.32; H, 4.45; N, 19.12%.

Figure 1. Reaction pathway for the synthesis of the title compound CMTP (8).
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2.2.5. Chloro-3-((p-tolyloxy)methyl)-[1,2,4]triazolo[4,3-b] pyridazine (CMTP) (8)
Yield: 82%.M.P 117–121 �C. IR (KBr, �max cm�1): 1341 (C¼N), 1H NMR (400MHz,
DMSO) d (ppm): 2.27 (s, 3H, CH3), 5.57 (s, 2H, CH2), 6.98–8.10 (m, 6H, Ar-H) as shown
in Fig. 2. 13C NMR (100MHz, DMSO) d (ppm): 21.33, 67.66, 114.23, 123.01, 127.11, 130.12,
132.02, 141.99, 150.01, 156.23, 1632. LC-MS m/z 275 (Mþ 1), 277 (Mþ 2). Anal. Cal. For
C13H11ClN4O (274): C, 56.84; H, 4.04; N, 20.40. found C, 56.88; H, 4.14; N, 20.41%.

2.3. X-Ray intensity data collection, structure solution and refinement

A block of yellow colored single crystal with approximate dimensions
0.20� 0.15� 0.10mm3 was chosen for X-ray data collection. The data were collected on a
Bruker CMOS diffractometer equipped with MoKa radiation with wavelength 0.71073Å at
293K. The data reduction of all the measured reflections was done using APEX3 [19] pack-
age. The crystal structure was solved by direct methods using SHELXS-97. Using SHELXL-
97 [20], the refinement against F2 was carried out. All the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms attached to carbon atoms were allowed to ride on
their parent atoms. Using PLATON [21], geometrical calculations were carried out. The
molecular graphics were generated using MERCURY [22]. A total of 174 parameters were
refined with 2606 unique reflections which converge the residual factor R to 0.053.
Crystallographic data (CIF) of the compound CMTP has been deposited at the

Cambridge Crystallographic Data Centre with CCDC No. 1838281. Table 1 lists the
crystal data, and refinement details.

3. Results and discussion

3.1. X-Ray diffraction, DFT calculations and frontier molecular orbitals

The title compound (C13H11ClN4O) crystallizes in the monoclinic crystal system in the
space group P21/c. The unit cell constants are: a¼ 12.0965(7) Å, b¼ 13.6075(7) Å,

Figure 2. 1HNMR spectrum of the compound CMTP.
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c¼ 7.7686(4) Å and b¼ 93.942(3)�. The ORTEP of the compound is shown in Fig. 3a.
The density functional theory (DFT) calculations for the compound were carried out
with optimized [B3LYP/6-31þG(d,p)] basis set using Gamess software program [23].
The optimized structure of the compound is shown in Fig. 3b. DFT calculations were
performed in order to compare the theoretical values and the values obtained from
XRD like bond lengths and bond angles. The calculated and experimental results are
almost the same as shown in Table 2, and Fig. 4. Figure 4a illustrates the agreement
between DFT and XRD bond lengths with correlation coefficient R2 ¼ 0.9828. Most of
the calculated and experimental bonds lengths are nearly the same (Fig. 4b). Noticeable
agreements between DFT and XRD bonds angles with R2 ¼ 0.9902 are also seen (Fig.
4c). In most cases, the calculated and experimental angles values are almost identical
(Fig. 4d). A comparison of a few selected torsion angles from XRD and DFT are listed
in Table 3.
The frontier molecular orbitals HOMO and LUMO of the compound were generated.

HOMO means the highest occupied molecular orbital and LUMO refers to the lowest
unoccupied molecular orbital. For the compound CMTP, the molecular orbital energies
and their energy gaps were studied because the energy gap between the molecular

Table 1. The crystal data and structure refinement details.
CCDC deposit No. 1838281

Shape, Color Block, Yellow
Crystal size 0.20� 0.15� 0.10mm3

Empirical formula C13H11ClN4O
Formula weight 274.71
Temperature 293 K
Radiation, Wavelength MoKa, 0.71073 Å
h range for entire data collection 3.00� to 26.40�
Crystal system, Space group Monoclinic, P21/c
Cell parameters a¼ 12.0965(7) Å

b¼ 13.6075(7) Å
c¼ 7.7686(4) Å
b¼ 93.942(3)�

Volume 1275.71(12) Å3

Z 4
Density (calculated) 1.430Mg m�3

Absorption coefficient 0.296mm�1

F000 568
Index ranges �15� h� 15

�17� k� 17
�9� l� 9

Reflections collected 38427
Independent reflections 2606 [Rint ¼ 0.0569]
Absorption correction Multi-scan
Refinement method Full matrix least-squares on F2

Data / restraints / parameters 2606 / 0 / 174
Goodness-of-fit on F2 1.110
R-sigma 0.0258
Final [I> 2r(I)] R1¼ 0.0530, wR2 ¼ 0.1416
R indices (all data) R1¼ 0.0782, wR2 ¼ 0.1686
Extinction coefficient 0.040(7)
Largest diff. peak and hole 0.345 and� 0.322 eÅ�3

Measurement Bruker CMOS Diffractometer
Software for structure solution SHELXS97
Software for refinement SHELXL97
Software for molecular plotting ORTEP PLATON Mercury
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orbitals often allows for a good description of the kinetic stability and chemical reactiv-
ity of the molecule. A molecule with a small energy gap between the molecular orbitals
is more polarized, and is associated with low kinetic stability, high chemical reactivity,
and is called a soft molecule. A large value of energy gap is generally associated with
the high kinetic stability and low chemical reactivity [24]. The distribution of molecular
orbitals HOMO and LUMO levels, and their energy gap for the compound are shown
in Fig. 5. The HOMO and LUMO energies of the compound are �5.905 eV and
�2.653 eV, respectively. The estimated energy gap between the HOMO and LUMO lev-
els is 3.252 eV. The small HOMO-LUMO energy gap implies that the molecule is soft
and more reactive. The HOMO is exactly localized in the phenoxy ring, oxygen atom,
and methylene, whereas the LUMO is localized in triazole and pyridazine rings (nine
membered ring C10/N14) and chlorine atom. Table 4 lists the energy gap and the other
global reactivity descriptors including the ionization potential, the electron affinity, glo-
bal hardness, global softness, the absolute electronegativity, the chemical potential, and
the global electrophilicity for the compound.

3.2. Geometric structure

All the rings in the structure are in planar conformation. It is also evident by the tor-
sion angles values for N12-N11-C10-C9 ¼ �179.7(2)�, N11-N12-C13-C18 ¼
�179.1(3)�, C13-N14-C10-C9¼ 179.8(2)�, C10-N14-C13-N12¼ 0.0(2)� and C3-C2-C7-
C6 ¼ �0.2(4)�. The maximum deviation from the plane for the five membered ring
(C10-N11-N12-C13-N14) is 0.002(2) Å for N11; for the ring (C13-N14-N15-C16-C17-
C18) is 0.009(2) Å for C16; for the ring (C2-C3-C4-C5-C6-C7) is 0.004(2) Å for C7; for
the nine membered ring (C10-N11-N12-C13-C18-C17-C16-N15-N14) is 0.014(2) Å for
N12. The triazole and phenoxy rings are bridged by C5-O8-C9-C10 group. This group
is in plane with the triazole and phenoxy rings as indicated by the torsion angle values
of 178.8(2)� for C5-O8-C9-C10 atoms. The methoxy-phenyl ring has nearly trigonal
geometry as indicated by the bond angle values of C1-C2-C3¼ 121.0(2)�, C1-C2-
C7¼ 122.0(2)�, C3-C2-C7¼ 117.0(2)�, C3-C4-C5¼ 119.8(2)�, C5-C6-C7¼ 119.2(2)�,
C2-C7-C6¼ 122.8(2)�, C4-C5-C6¼ 119.5(2)�.

Figure 3. (a) The thermal ellipsoid plot of the compound with 50% probability ellipsoids. (b) DFT
optimized structure of the compound CMTP.

MOLECULAR CRYSTALS AND LIQUID CRYSTALS 7



The structure is stabilized by C9-H9B…O8 and C17-H17…N11 intermolecular
hydrogen bond interactions given in Table 5. The crystal packing of the molecules
viewed down a axis is shown in Fig. 6a. In the crystal, there is a molecule connected

Table 2. Comparison of bond lengths and bond angles.
No. Bond (Å) XRD DFT No. Angle (�) XRD DFT

1 Cl19 C16 1.722 1.7446 1 C5 O8 C9 116.2 117.84
2 O8 C9 1.412 1.4087 2 N15 N14 C10 126.4 127.88
3 O8 C5 1.375 1.3745 3 N15 N14 C13 127.8 126.96
4 N14 N15 1.365 1.3564 4 C10 N14 C13 105.7 105.16
5 N14 C10 1.363 1.3682 5 N14 N15 C16 112.1 113.68
6 N14 C13 1.385 1.3972 6 N12 N11 C10 108.7 109.25
7 N15 C16 1.295 1.3034 7 N11 C10 N14 109.1 109.03
8 N11 C10 1.309 1.3230 8 N14 C10 C9 120.8 121.79
9 N11 N12 1.390 1.3690 9 N11 C10 C9 130.1 129.18
10 C10 C9 1.483 1.4978 10 O8 C9 C10 107.9 108.47
11 N12 C13 1.311 1.3234 11 N11 N12 C13 106.9 107.18
12 C17 C16 1.423 1.4360 12 C16 C17 C18 119.2 118.71
13 C17 C18 1.347 1.3694 13 O8 C5 C4 115.7 115.41
14 C5 C4 1.384 1.4027 14 O8 C5 C6 124.8 124.86
15 C5 C6 1.377 1.3975 15 C4 C5 C6 119.5 119.72
16 C4 C3 1.381 1.3906 16 C3 C4 C5 119.8 119.89
17 C13 C18 1.418 1.4158 17 N12 C13 N14 109.5 109.38
18 C6 C7 1.384 1.4026 18 N14 C13 C18 116.3 116.97
19 C3 C2 1.385 1.4073 19 N12 C13 C18 134.2 133.65
20 C7 C2 1.369 1.3970 20 Cl19 C16 N15 114.7 115.87
21 C2 C1 1.509 1.5126 21 Cl19 C16 C17 118.7 118.31

22 N15 C16 C17 126.6 125.82
23 C5 C6 C7 119.2 119.38
24 C2 C3 C4 121.8 121.60
25 C2 C7 C6 122.8 121.92
26 C3 C2 C7 117.0 117.48
27 C1 C2 C3 121.0 120.99
28 C1 C2 C7 122.0 121.52
29 C13 C18 C17 117.9 117.86

Figure 4. Plot of XRD versus DFT: (a) bond lengths (b) bond lengths vs. bond number. (c) bond angle
values (d) bond angle values vs. angle number.
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with two molecules, one through C9-H9B…O8 hydrogen bonds and another through
C17-H17…N11 hydrogen bonds. Furthermore, the hydrogen bonds in the structure exhibit
R2

2(8) graph-set motif [25] which connects another two molecules in the crystal (see Fig.
6b). The crystal structure is reinforced by medium to weak p-p interactions (Table 6), as
the centroid-centroid distance between the rings is less than 3.8Å with small slip angles (b
and c < 25�). p-p stacking interactions occur between aromatic rings of the molecules due
to their polarizable p electron densities which stabilizes the aromatic molecules. In Table 6,
Cg1 is the centroid of the triazole ring, Cg2 is the centroid of the pyridazine ring, Cg3 is
the centroid of the phenoxy ring, and Cg4 is the centroid of the nine membered ring.

3.3. Hirshfeld surface analysis

CrystalExplorer 17 [26] software was employed to study the Hirshfeld surface. 2D fin-
gerprint plots were generated to find out the percentage contribution of each type of
contact to the total Hirshfeld surface area. The Hirshfeld surface over normalized con-
tact distance dnorm is shown in Fig. 7. This mapping uses red, blue, and white color
schemes. The red and blue colored regions on the surface are from shorter and longer
contacts than van der Waal’s radii respectively; the white-colored regions are from con-
tacts which are exactly equal to the van der Waal’s radii [27]. The bright red region
marked as one is from C9-H9B…O8 contact, 2 and three are from C17-H17…N11
intermolecular hydrogen bonds.
The 2D fingerprint plots show the percentage contribution of each type of contact to the

total Hirshfeld surface area. The strong intermolecular interactions appear as distinct spikes
in the fingerprint plots. The decomposed fingerprint plots are shown in Fig. 8. Figure 8a
presrnts all the contacts, and the shown green to blue-colored regions are from various p-p
stacking interactions. Among all the contacts, the major contribution of 28.2% is from H-H
contacts with di þ de � 2.4Å (Fig. 8b). O-H interactions appear as two characteristic spikes
(Fig. 8f) and N-H interactions show two less distinct spikes (Fig. 8c), which have a signifi-
cant contribution to the crystal packing where the distance di þ de � 2.35Å and 2.5Å
respectively. These interactions covering 5.2% and 20.2% to the Hirshfeld surface directly
imply the greater effect of contribution by N-H rather compared to O-H. Cl-H and C-H
contacts contribute 19.0% and 13.5% respectively to the Hirshfeld surface area.
The electrostatic potential mapped on Hirshfeld surface is generated using B3LYP

function with 6-31G (d, p) basis set. In this map, we get a acurate picture of the

Table 3. Selected torsion angles.
Atoms XRD (�) DFT (�)
C5-O8-C9-C10 178.8 �179.03
C10-N14-N15-C16 178.3 179.94
N15-N14-C10-N11 179.0 179.98
C13-N14-C10-N11 �0.2 �0.02
C4-C3-C2-C1 �179.4 �178.89
C18-C17-C16-CL19 179.2 �179.98
C10-N14-C13-N12 0.0 �0.01
O8-C5-C6-C7 �178.3 179.87
C3-C2-C7-C6 �0.2 �0.21
C13-N14-C10-C9 179.8 �179.71
N12-N11-C10-C9 �179.7 179.70
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intermolecular interactions which are in charge of molecular packing in the crystal. The
blue and red-colored regions on the electrostatic map represent the electropositive
(hydrogen bond donor) and electronegative (hydrogen bond acceptor) respectively. On
the electrostatic map, the electropositive region around C17-H17 atoms is complemen-
tary to the electronegative region near N11 atom (Fig. 9a). Curvedness is a function
which is the root mean square curvature of the surface. It can be taken to recognize the
particular planar arrangement and properties of packing modes [26]. Curvedeness plot
mapped onto the surface shows the non-planar stacking between the molecules, since
there is no flat surface seen on the curvedness plot (Fig. 9b).
Shape index gives direct insight into the stacking arrangement of molecules. Figure

9c displays the molecular Hirshfeld surface mapped over the shape index for the com-
pound CMTP. Shape index maps are used to determine the concave region (red) and
bumps (blue) where two molecular Hirshfeld surfaces touch each other [26]. The red
colored-region on the shape index map represents the surface around the acceptor
atoms, whereas the blue-colored region represents the surface around the donor atoms.

3.4. Energy frameworks

The calculations of the energy framework are based on B3LYP/6-31G (d, p) functional
basis set. The construction of energy frameworks gave a glance at the unique

Figure 5. HOMO-LUMO and energy gap of the compound CMTP.

Table 4. HOMO-LUMO and Global reactivity descriptor values of the compound.
Parameters Values

EHOMO (eV) �5.905
ELUMO (eV) �2.653
Energy gap (DE) (eV) 3.252
Ionization potential (I) (eV) 5.905
Electron affinity (A) (eV) 2.653
Chemical hardness () (eV) 1.626
Global softness (r) (eV-1) 0.307
Eletronegativity (X) (eV) 4.279
Chemical potential (m) (eV) �4.279
Eletrophilicity (x) (eV) 5.630
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quantitative analysis of interaction energies. They have a predominant effect in the supra-
molecular architecture of molecules in the crystal [28, 29]. A cluster of molecules within a
radius of 3.8Å was generated around a single molecule. The interaction energies viz., elec-
trostatic, polarization, dispersion, and repulsion, between the molecular pairs, were calcu-
lated (Table 7). R is the distance between molecular centroids (mean atomic position) in Å.
The molecular pairs which are involved in the interaction along b axis are shown in Figure
10. The scale factors for benchmarked energies used for the construction of energy models
were taken from Mackenzie et al. [29]. The visualization of different interaction energies
coulomb interaction energy (red), dispersion energy (green), and total interaction energy
(blue) of the compound along different axes are shown in Figure 11. The cylinders in the
energy framework represent the relative strengths of molecular packing in several directions.
In order to contract or expand the size of the cylinders in the framework, an overall scale
factor is used [30]. The calculated interaction energies for electrostatic, polarization, disper-
sion and repulsion are �71.3 kJ/mol, �23.6 kJ/mol, �194.0 kJ/mol, and 117.0 kJ/mol

Table 5. Hydrogen bonds geometry.
D-H … A D-H (Å) H … A (Å) D … A (Å) D-H … A (�)
C9–H9B…O8 a 0.97 2.50 3.439(3) 164
C17–H17…N11b 0.93 2.56 3.260(3) 132

Note: symmetry codes a x,1/2-y,1/2þ z and b 1-x,1/2þ y,-1/2-z .

Figure 6. (a) The packing of the molecules viewed down a axis. (b) The packing diagram showing
R2

2(8) graph-set motif involving C-H…O and C-H…N contacts.

Table 6. p-p interactions.
CgI Cgj Cg-Cg (Å) a (◦) b (◦) c (◦) CgI? (Å) CgJ? (Å) Slippage (Å)

Cg1 Cg2 3.5301(13) 1.37(12) 9.5 10.6 3.4696(9) 3.8421(9) 0.580
Cg1 Cg3 3.7065(14) 5.71(12) 20.3 24.9 3.3619(10) �3.4754(10) 1.288
Cg1 Cg4 3.7641(12) 0.73(11) 22.0 22.7 �3.4775(9) 3.4902(9) 1.410
Cg2 Cg1 3.5301(13) 1.37(12) 10.6 9.5 3.4821(9) 3.4696(9) 0.650
Cg2 Cg4 3.5555(12) 0.65(9) 11.7 12.2 �3.4748(9) 3.4820(7) 0.719
Cg3 Cg1 3.7065(14) 5.71(12) 24.9 20.3 �3.4754(10) 3.3619(10) 1.561
Cg3 Cg4 3.6669(12) 6.42(9) 17.8 18.1 3.4853(10) 3.4923(7) 1.118
Cg4 Cg1 3.7640(12) 0.73(11) 22.7 22.0 3.4901(7) �3.4725(9) 1.453
Cg4 Cg2 3.5555(12) 0.65(9) 12.2 11.7 3.4820(7) �3.4748(9) 0.753
Cg4 Cg3 3.6670(12) 6.42(9) 18.1 17.8 3.4923(7) 3.4853(10) 1.140
Cg4 Cg4 3.4975(10) 0.02(7) 7.0 7.0 �3.4715(7) �3.4715(7) 0.425
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respectively. The total energy is �189.1 kJ/mol. The dispersion interaction energy dominates
over the electrostatic Coulomb interaction energy. The scale factors used for the construc-
tion of energy framework for B3LYP/6-31G (d,p) electron densities are k_ele ¼ 1.057,
k_pol ¼ 0.740, k_disp ¼ 0.871, k_rep ¼ 0.618 [28] (Figs. 10 and 11).

3.5. In vitro antioxidant activity

3.5.1. Free radical scavenging assay
Nitric oxide scavenging activity was measured by slightly modified methods of Marcocci
et al. [31]. Nitric oxide radicals (NO) were generated from sodium nitroprusside. 1mL

Figure 7. Hirshfeld surface mapped over dnorm.

Figure 8. Fingerprint plots of the compound (a) From all the contacts (b) Decomposed fingerprint
plot showing H-H (28.2%) contacts (c) N-H (20.2%) contacts (d) Cl-H (19.0%) contacts (e) C-H (13.5%)
contacts (f) O-H (5.2%) contacts.
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of sodium nitroprusside (10mM) and 1.5mL of phosphate buffer saline (0.2M, pH 7.4)
were added to different concentrations (25, 50, 75 and 100mg/mL) of the test com-
pounds, and incubated for 150min at 25 �C and 1mL of the reaction mixture was
treated with 1mL of Griess reagent (1% sulfanilamide, 2% H3PO4 and 0.1% naphthyle-
thylenediamine dihydrochloride). The absorbance of the chromatophore was measured
at 546 nm, and nitric oxide scavenging activity was calculated using the equation,
% of scavenging ¼ [(A control – A sample)/A blank]� 100.
Here, the antioxidant activity result shows that compound (CMTP) with chloro and

methyl groups exhibit higher activity compared to standard drug.

3.6. Molecular docking studies on antioxidant

Prior to the simulations, bound ligand, cofactor, and water molecules were removed
from the protein. The macromolecule was checked for polar hydrogen, and torsion
bonds of the inhibitors were selected and defined. Gasteiger charges were computed,
and the Auto Dock atom types were defined using Auto Dock version 4.2, the graphical
user interface of Auto Dock supplied by MGL Tools [8, 32]. The binding free energy of
a given inhibitor conformation in the macromolecular structure indicates how the small
molecule, and the target macromolecule fit together. This can be useful for developing
better drug candidates and also for understanding the nature of the binding. Molecular
docking studies were carried out in order to explain in silico antioxidant studies, and a
specific protein tyrosine kinase (1HD2) [33] was identified as the target for antioxidant
compound. The molecular docking studies have been carried out to evaluate the binding
of CMTP. The important binding interactions of the actively docked conformations of
the ligand with the target proteins are identified one by one for all amino acids within
6Å � 6Å � 6Å of the active site of the target protein. The binding interactions of the
target compound have shown strong binding energy at �5.86 kJ/mol, compared to the
standard drug that exhibited binding energy value of �4.89 kJ/mol as shown in Tables 8
and 9 and Figs. 12 and 13.

Figure 9. Hirshfeld surface (a) Electrostatic potential, (b) Curvedness and (c) Shape index map.

Compound

Concentration

25 50 100 IC50
CMTP 75.41 ± 0.17 87.60 ± 0.32 81.39 ± 0.60 17.01 ± 0.15
Ascorbic acid 88.49 ± 0.49 82.99 ± 0.19 83.61 ± 0.07 13.89 ± 0.54
Blank – – – –

(-) Shows no scavenging activity. Values are the means of three replicates ± SD.
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3.6.1. DNA interaction with CMTP is strong and attractive
Molecular docking studies of the compound CMTP with DNA duplex of sequence
d(CGCGAATTCGCG)2 dodecamer (PDB ID: 1BNA) were performed, for the purpose
of predicting the chosen binding site along with the preferred orientation of the mole-
cules inside the DNA groove [34, 35]. From Table 10 and Fig. 14, it can be shown that
the CMTP recognizes the narrow minor groove region of DNA groove mainly through
phenoxy ring and situated within slim A-T regions due to the planarity of the molecule
because of two aromatic phenoxy and pyridazine rings and preferential binding of A
moiety to A-T regions which leads to van der Waals and hydrophobic interaction with
DNA functional groups which stabilizes the groove and the complex. The complex

Table 7. Different interaction energies of the molecular pairs in kJ/mol.

Figure 10. Molecular pairs involved in the calculation of interaction energies along b axis.
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shows the groove fit behavior and is arranged in a perpendicular manner with respect
to the minor groove walls of the helix, and is stabilized by hydrogen bonding between
the carbonyl group and hydroxyl groups of phenoxy ring as shown in Fig. 14. The bind-
ing energy of docked CMTP was found to be �6.35 kJ/mol (Table 10) which conse-
quently determines the stable binding between DNA receptor and CMTP.

4. Conclusions

The compound CMTP (C13H11ClN4O) crystallizes in the monoclinic crystal system.
Hirshfeld surface analysis was performed in order to understand the intermolecular

Figure 11. The graphical representation of electrostatic interactions: Coulomb interaction energy
(red), dispersion energy (green), and total interaction energy (blue) of the CMTP along different axes.
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interactions. From the comparisons between the theoretical and experimental values,
very good agreements are found between DFT and XRD values. The frontier molecular
orbitals (HOMO-LUMO) and the energy gaps between them were calculated. The small
energy gap (3.252 eV) between them indicates a soft molecule and easy transfer of

Table 8. The dock score results of the CMTP with 1HD2 protein. (PDB code: 1HD2).

Table 9. The dock score results of the Ascorbic acid with 1HD2 protien. (PDB code: 1HD2).
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electrons from HOMO to LUMO. An approach to comprehend the molecular packing
in crystals via energy framework was accomplished. Different interaction energies,
viz., electrostatic, dispersion, polarization, and repulsion between the molecular pairs
were calculated. It was found out that the dispersion energy is the dominant factor.
Results of the in silico study confirm that the compound CMTP is a promising high
active molecule as antioxidant therapy and good binding energy with exact pocket
side to the specific protein. It is evident that the interaction energy of the compound
is lower compared to that of the standard, suggesting it to be selected as an antioxi-
dant agent to the oxidative stress, caused by hydroxyl radicals. Molecular docking
studies reveal that the compound exhibits high antioxidant activity compared to the
standard drug.

Figure 12. 3D and 2D interactions of compound CMTP with the 1HD2 protein by two hydrogen
bonds with Lys 33 amino acid.

Figure 13. 3D and 2D interactions of the standard drug with the 1HD2 protein by two hydrogen
bonds with Lys 33 amino acid.
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