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a b s t r a c t 

Present work deals with the synthesis, characterization, structural properties and in silico studies of ethyl 

6-(4-(cyclohexylmethyl)-1 H -1,2,3-triazol-1-yl)pyridine-3-carboxylate ( 1 ). The synthesized derivative was 

characterized by spectroscopic as well as single crystal XRD technique. The structure reveals weak non- 

covalent contacts such as C-H ···π , lone pair ···π and π ···π stacking interactions along with C-H ···O and 

C-H ···N hydrogen bonds to form the supramolecular assembly. A detailed analysis of the intermolecular 

interactions was performed by using the Hirshfeld surface analysis and energy framework calculations, 

indicating that the dispersion energy is dominant over the electrostatic one in all the structural dimer 

studied. In addition, the intermolecular interactions have been characterized using the quantum theory of 

“atoms in molecules”, molecular electrostatic potential (MEP) and the non-covalent interaction plot (NCI 

plot) index analysis. Compound displayed the IC 50 value of IC 50 = 37.40 μM in comparison to reference 

drug indomethacin (IC 50 = 48.25 μM) against lipoxygenase (LOX). Docking studies revealed important 

interactions and binding energy of the compound in comparison with the standard drugs used. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Triazole derivatives are of great importance in medicinal chem- 

stry because they can be used for the preparation of a great va- 

iety of heterocyclic compounds with different biological activities 

ncluding anticancer [1] , antitumor [2] , antimalarial [3] , antituber- 

ular [4] , antileishmanial [5] , antifungal [6] , antibacterial [7] , an- 

ihypertensive [8] , among other activities. The importance of tri- 

zole derivatives in medicinal chemistry is mainly related with 

ome structural properties such as high dipole moment, rigidity, 

nd capability to bind with a great variety of enzymes and re- 

eptors through weak intermolecular interactions (hydrogen bonds, 
∗ Corresponding authors. 
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ipole-dipole and π-stacking) when they bind with the biological 

arget [9] . There are many derivatives of 1-(pyridine-2-yl)-1,2,3- 

riazole and tetrazolo[1,5-a]pyridines that act as an intermediate 

n organic synthesis or as ligands in coordination compounds and 

ave shown biologically important properties [10] . 

Animal tissues respond to harsh external factors like 

athogens, irritants by higher migration of certain neutrophils 

nd macrophages to the affected site. Increased blood flow, ele- 

ated cellular metabolism, vasodilatation may be amongst many of 

he initial symptoms. Lipoxygenase can be regarded as important 

actor in enhancing the inflammatory reactions. Lipoxygenase 

nzymes play a key role in converting arachidonic acid to biolog- 

cally active leukotrienes, which in turn are responsible for many 

nflammatory and allergic reactions [11] . These leukotrienes are 

otorious for the allergic indications caused by their inflammatory 

eactions. The inflammatory phase may be treated by inhibition of 

5-lipoxygenase pathway [12] . LOXs are sensitive to antioxidants 

https://doi.org/10.1016/j.molstruc.2021.130283
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130283&domain=pdf
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s they are involved in inhibition of lipid hydroperoxide forma- 

ion due to scavenging of lipid oxy- or peroxyradicals and can 

inimize LOX catalysis by less availability of lipid hydroperoxide 

ubstrate [13] . Studies have shown that blockade of arachidonic 

cid metabolism through inhibition of lipoxygenase activity will 

ltimately be helpful in reducing the inflammatory effects. Scaf- 

olds used for scavenging alkyl/ aryl oxygen free radicals have 

een used as anti-inflammatory agents. Different isomeric triazole 

erivatives [14] are also known for their oxygen free radicals 

cavenging properties. 

Non-covalent interactions play a relevant role in a variety of 

olecular architectures, supramolecular assembly and crystal en- 

ineering. In addition, some conventional X-H ···X and unconven- 

ional C-H ···Y (being X or Y = F, Cl, O, N or S) hydrogen bonds,

-H ···π , lone pair ···π and π ···π stacking interactions are the most 

mportant and widely studied to understand the supramolecular 

rchitectures of organic and inorganic compounds [15a] . In contin- 

ation of our work of search for the newer models having undis- 

utable structures [15b–d] for the known ailments through azole 

hemistry [16] , we have designed and synthesized new derivatives 

f 1,2,3-triazole bearing substituent at position 1 and 4 of the tri- 

zolo ring [16b,17] . The synthesized compound was characterized 

y 1 H and 

13 C Nuclear Magnetic Resonance (NMR), UV-Vis and 

R spectroscopy. The crystal structure of the title compound was 

olved by X-ray diffraction methods a detailed analysis of the inter- 

olecular interactions has been performed by using the Hirshfeld 

urface analysis and DFT calculations. In addition, the lipoxygenase 

LOX) activity of 1,4-disubstituted 1,2,3-triazole was determined by 

 spectrophotometric method and the binding affinity values of the 

ative ligand, the title compound and the reference drug were ob- 

ained by Docking studies. 

. Experimental 

.1. Synthesis. 

Target compound was synthesized by already reported pro- 

edure with slight modification [10 , 16b] . A solution containing 

 mmol of ethyl tetrazolo[1,5-a]pyridine-6-carboxylate and 0.1 

mole of Cu(OAc) 2 in THF was stirred at room temperature. Then 

prop-2-ynyl)cyclohexane (1.1 mmole) was added and the reaction 

ixture was stirred at room temperature for 20 min under THF 

 Scheme 1 ). The progress of reaction was monitored through thin 

ayer chromatography (TLC) and the remaining solvent was re- 

oved under vacuum. The residue was purified by flash column 

hromatography (FCC) to give target molecule. 

Ethyl 6-(4-(cyclohexylmethyl)-1H-1,2,3-triazol-1-yl)pyridine-3- 

arboxylate (1) . White crystalline solid, m.p. = 124-125 °C, 

 F = 0.45 ( n -hexane: EtOAc), IR (KBr, cm 

−1 ): ν 3140, 3060, 2845,

710, 1591. 1485 1 HNMR (CDCl 3 ) δ 9.02 ( d , 1H, H-C(8)), 8.45( dd ,

H, H-C(5)), 8.32( s , 1H, H-C(9)), 8.24 ( d , 1H, H-C(6)), 4.45 ( q , 2H,

-C(2)), 2.70 ( d , 2H, H-C(11)), 1.75-1.62 ( m , 5H, H-C(13), H-C(14),

-C(15), H-C(16), H-C(17)), 1.42 ( t , 3H, H-C(1)), 1.34-0.90 ( m , 6H, 

-C(12), H-C(13), H-C(14), H-C(15), H-C(16), H-C(17)); 13 C NMR 

CDCl 3 ) δ 166.0 (C(3)), 152.6 (C(8)), 150.2 (C(10)), 146.7 (C(7)), 

40.1 (C(5)), 125.5 (C(4)), 117.8 (C(6)), 112.9 (C(9)), 60.6 (C(2)), 38.8 

C(12)), 33.3 (C(11)), 32.5 (C(13)-(17)), 26.2 (C(15)), 26.0 (C(16)- 

14)), 14.0 (C(1)), Elemental analysis calculated for C 17 H 22 N 4 O 2 

314.174): C, 64.95; H, 7.05; N, 17.82. Observed: C, 64.90; H, 7.11; 

, 17.75. 

.2. Instrumentation. 

Melting points were determined on a Yanaco melting point ap- 

aratus and are uncorrected. IR spectrum was recorded on a Nico- 

et FTIR 5DX spectrometer using KBr disc method. 1 H-NMR and 
2 
3 C-NMR spectra were recorded on a JEOL JNM-ECA 300 MHz spec- 

rometer. Tetramethylsilane (TMS) was used as reference. 

.3. Crystal data and structure refinement. 

Suitable single crystals of compound 1 were selected for X-ray 

nalyses and diffraction data were collected on a Bruker Kappa 

PEX-II CCD detector with M o K α radiation at 100 K. Using the 

ADABS program semi emperical correction was applied [18a] . 

HELX program was also used to solve all structures by direct 

ethod [18b] . Positions and anisotropic parameters of all non-H 

toms were refined on F 2 using the full matrix least-squares tech- 

ique. The H atoms were added at geometrically calculated posi- 

ions and refined using the riding model [18c] . The details of crys- 

allographic data and crystal refinement parameters for the com- 

ound 1 is given in Table 1 . 

.4. Hirshfeld surface calculations. 

An analysis of the Hirshfeld surfaces and the corresponding 

D fingerprint plots (full and decomposed) [19] was carried out 

mploying CrystalExplorer 17.5 [20] program to visualize and quan- 

ify different molecular interactions. The Hirshfeld surfaces were 

apped over d norm 

and shape index properties. The d norm 

is a sym- 

etric function of distances to the surface from nuclei inside and 

utside the HS ( d i and d e, respectively), relative to their respective 

an der Waals (vdW) radii, which enables identification of the re- 

ions of particular importance to intermolecular interactions. The 

 norm 

surfaces were mapped over a fixed color scale of -0.050 au 

red) – 0.750 Å au (blue). The shape-index property is based on the 

ocal curvature of the surface, and it is especially useful to identify 

lanar π-stacking arrangements [19a] . 

.5. Theoretical methods 

All quantum chemical calculations were carried out by using 

he Gaussian 09, Rev D.01 software package [21] . The molecular 

tructure of the title compound was optimized using the exper- 

mental single-crystal X-ray data at the B3LYP/6-311G(d,p) level 

f theory [22] . Frequency calculations on optimized geometry in- 

icate that all stationary points were found to be true minima 

zero imaginary frequencies) on the potential energy surface. Time- 

ependent density functional theory (TD-DFT) approach was used 

o calculate the absorption properties at the same level of theory 

nd taking into account the solvent effect (ethanol) by using the 

onductor-like polarizable continuum model (CPCM). 

The calculations of non-covalent interactions were performed 

sing Gaussian 09, Rev D.01 [22] at the B3LYP-D3/def2-TZVP ap- 

roximation. The computed interaction energies were corrected 

or basis set superposition errors by means of the counterpoise 

ethod (BSSE) [23] . The Grimme’s D3 dispersion correction has 

een used in the calculations [24] . The interaction energies were 

omputed by calculating the difference between the energies of 

he monomers and the ones of their assembly. The molecular elec- 

rostatic potential (MEP) surface has been computed at B3LYP- 

3/def2-TZVP level of theory and the 0.001 a.u. isosurface as an 

stimate of the van der Waals surface. The topological analysis of 

lectron density distribution has been analyzed with the help of 

uantum theory of “atoms in molecules” (QTAIM) method [25] by 

sing the AIM20 0 0 program [26] as well as the non-covalent in- 

eraction plot (NCI plot) [27] . 

.6. In-vitro Lipoxigenase activity. 

The lipoxygenase activity of synthesized 1,2,3-triazole was de- 

ermined by spectrophotometric method with slight modification 
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Table 1 

Crystallographic data for ethyl 6-(4-(cyclohexylmethyl)-1 H -1,2,3-triazol-1-yl)pyridine-3-carboxylate ( 1 ). 

CCDC deposition number 1895558 

Crystal data 

Chemical formula C 17 H 22 N 4 O 2 

Formula weight 314.38 

Crystal system, space group Triclinic, P ̄ı

Temperature (K) 296 

Unit cell dimensions a = 6.1192(16) Å 

b = 9.143(3) Å 

c = 15.484(5) Å 

α = 84.571(8) °
β = 83.661(11) °
γ = 79.508(8) °

Volume ( ̊A 3 ) 844.2(4) 

Z 2 

Radiation type Mo K α

μ (mm 

−1 ) 0.08 

Crystal size (mm) 0.44 × 0.20 × 0.17 

Data collection 

Diffractometer Bruker Kappa APEXII CCD 

Absorption correction Multi-scan (SADABS; Bruker, 2005) 

T min , T max 0.940, 0.975 

N ° of measured, independent and observed [ I > 2 σ ( I )] reflections 10697, 3276, 1497 

R int 0.043 

(sin θ / λ) max ( ̊A −1 ) 0.617 

Refinement 

R [ F 2 > 2 σ ( F 2 )], wR ( F 2 ), S 0.068, 0.214, 1.03 

N ° of reflections 3276 

N ° of parameters 211 

N ° of restrains 2 

H-atom treatment H-atom parameters constrained 

�〉 max , �〉 min (e Å −3 ) 0.23, -0.17 
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28] . Inhibition was determined by measuring the loss of soy- 

ean 15-LOX activity (5 μg) with 0.2 μM linoleic acid as the sub- 

trate prepared in borate buffer (0.2 M, pH 9.0). The inhibition 

n triplicate at various concentrations of synthetic compound was 

ecorded at 234 nm using UV-Vis spectrophotometer. Indomethacin 

as used as positive control, while methanol was used as nega- 

ive control. IC 50 indicating the concentration of 50% inhibition was 

lso calculated [29] > . 

.7. Molecular Docking studies. 

Docking studies were carried out using Molecular Operating 

nvironment (MOE2016.08) software. Three-dimensional crystal 

tructure of lipoxygenase was retrieved from Protein Data Bank 

PDB accession code 1JNQ). The docking algorithm was validated 

efore docking of compound by re-dock method. The native ligand 

as re-docked into the binding site of the 1JNQ. The root mean 

quare deviation (RMSD) between the re-dock and experimental 

ose was found within the threshold limit of < 2.0 Å (0.97 Å). The

reparation of ligand and enzyme was performed according to our 

reviously reported procedures [30] , [31] . The view of the docking 

esults and analysis of their surface with graphical representations 

ere done using MOE and discovery studio visualizer [32] . 

. Results and discussion 

.1. Chemical synthesis and characterization 

The target compound ethyl 6-(4-(cyclohexylmethyl)-1 H -1,2,3- 

riazol-1-yl)pyridine-3-carboxylate ( 1 ) was synthesized through a 

ynthetic protocol shown in Scheme 1 . The ethyl tetrazolo[1,5- 

]pyridine-6-carboxylate reacted with copper acetate and (prop- 

-ynyl)cyclohexane in THF as solvent. The resulting solution was 

tirred at room temperature during 20 minutes. The expected 

olecular structure has been confirmed by spectroscopic tech- 

iques and single-crystal X-ray analysis. 
3 
In the 1 H NMR spectra, the methylene protons belonging to the 

yclohexane backbone were observed in the range 0.90–1.75 ppm 

s a multiplet, while the peak appeared at 2.70 ppm was assigned 

o the bridging methylene protons (H-C11). In addition, the protons 

orresponding to the pyridine ring were observed in the range of 

.24–9.02 ppm, and the chemical shift observed at 4.45 ppm as a 

uadruplet was assigned to the methylene ester protons. In the 13 C 

MR spectra, the carbon peaks belonging to the pyridine ring were 

bserved at 117.8–152.6 ppm range. The signal observed at 166.0 

pm was assigned to the ester C = O group. The methylene car- 

on peaks belonging to the cyclohexane backbone were observed 

n the range 26.0–38.8 ppm while the bridging methylene carbon 

as observed at 33.3 ppm. The 13 C NMR spectrum also exhibits 

haracteristic signals for C9 and C10 of the triazole ring at 112.8 

nd 150.3 ppm, respectively. The 1 H and 

13 C NMR signals with the 

orresponding assignments are listed in Table S1 (Supplementary 

aterial). 

.2. Description of crystal structure of (1). 

The title compound crystallizes in the triclinic space group P ̄ı

ccommodating 2 molecules per unit cell. Fig. 1 shows an OR- 

EP view of the molecular structure of 1 along with the optimized 

tructure at B3LYP/6-311G(d,p) level of theory. Relevant interatomic 

istances, angles and torsional angles determined experimentally 

re listed in Table 2 . In ethyl 6-[4-(cyclohexylmethyl)-1 H -1,2,3- 

riazol-1-yl]pyridine-3-carboxylate, the pyridine ring R1 (C4-C8/N1) 

nd 1 H -1,2,3-triazole ring R2 (C9/C10/N2/N3/N4) are planar with r. 

. s. deviations of 0.0068 and 0.0006 Å, respectively. The dihedral 

ngle between R1/R2 is 6.58(21) °. The ethyl part of ester group is 

isordered over two set of sites with occupancy ratio of 0.633(10): 

.367(10). The major part of ester group (C1A/C2A/C3/O1/O2) is 

oughly planar with r. m. s. deviation of 0.1420 and it is oriented 

t a dihedral angle of 14.0(5) ° with the adjacent pyridine ring. The 

yclohexyl ring is in chair form (Cremer-Pople puckering parame- 
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Fig. 1. (a) Molecular structure of 1 showing the atoms numbering, with ellipsoids 

drawn at the 30% probability level; (b) Optimized molecular structure calculated at 

B3LYP/6-311G(d,p) level of theory. 

Table 2 

Selected bond lengths ( ̊A), angles and dihedral angles ( °) 
obtained from XRD and DFT methods for compound 1 . 

Parameters Experimental a Calculated b 

Bond lengths 

O1-C2 1.445(6) 1.450 

O1-C3 1.321(5) 1.348 

O2-C3 1.192(5) 1.209 

N1-C7 1.323(5) 1.330 

N1-C8 1.334(4) 1.332 

N2-N3 1.360(4) 1.361 

N2-C7 1.415(4) 1.413 

N2-C9 1.352(4) 1.365 

N3-N4 1.314(4) 1.292 

N4-C10 1.350(5) 1.375 

C9-C10 1.360(5) 1.373 

C10-C11 1.493(5) 1.496 

Bond angles 

C2-O1-C3 117.7(3) 116.1 

O1-C2-C1 114.4(5) 107.5 

O1-C3-C4 114.4(3) 112.1 

N1-C7-N2 114.7(3) 115.4 

N3-N2-C7 120.1(3) 121.3 

C10-C11-C12 115.3(3) 115.0 

Dihedral angles 

C3-O1-C2-C1 139.0(5) -179.9 

C2-O1-C3-O2 2.2(6) 0.052 

C2-O1-C3-C4 -178.4(3) -179.9 

C8-N1-C7-N2 178.8(3) 179.8 

N3-N4-C10-C11 -178.9(3) 179.7 

N4-C10-C11-C12 -126.9(3) -84.86 

a Obtained from X-ray diffraction analysis 
b Calculated at B3LYP/6-311G(d,p) level of theory. 
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Table 3 

Relevant hydrogen bonds geometrical parameters ( ̊A, °) for ethyl 

6-(4-(cyclohexylmethyl)-1 H -1,2,3-triazol-1-yl)pyridine-3-carboxylate 

( 1 ). 

D-H ···A d(D-H) d(H ···A) d(D ···A) < (D-H ···A) 

C9-H9 ···O2 i 0.93 2.57 3.457(1) 159 

C8-H8 ···N1 i 0.93 2.66 3.426(1) 141 

C12-H12 ···O2 i 0.98 2.91 3.858(1) 162 

C17-H17A ···N4 ii 0.97 2.98 3.911(1) 160 

C11-H11A ···N3 ii 0.97 2.76 3.676(1) 158 

Symmetry codes: (i) –x + 1,-y,-z; (ii) x + 1, + y, + z. A = acceptor; D = 

donor 
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ers: q 2 = 0.016 Å, q 3 = -0.2297 Å, ϕ2 = 358.16 °, and Q = 0.5171
˚ ) with basal plane (C13/C14/C16/C17) [r. m. s. deviation 0.0023 Å] 

aving apical atoms C12 and C15 at a distance of -0.604 (5) Å and

.625 (6) Å, respectively. 

As can be seen from Table 2 , the agreement between the exper- 

mental and computed geometrical parameters is good. The main 

verage deviation between the computed and experimental bond 

engths and bond angles are 0.027 Å and 3.9 °, for the O1-C3 bond

ength and O1-C2-C1 angle, respectively. The N3-N4 bond length 

f 1.314(4) Å (calculated: 1.292 Å) is slightly shorter than that ex- 

ected for an N-N single bond (1.42 Å) [33] , while the two C-N

ond lengths involving the triazole ring are between the character- 

stic single (1.42 Å) and double bond lengths (1.27 Å) [34] . In con-

rast, we have observed a longer C-N bond length [N2-C7: 1.415(4) 
˚ ] involving the N2 atom of the triazole ring (R2) and the C7 of the

yridine ring (R1). The C3-O1bond length [1.321(5) Å] shows con- 

iderable double-bound character according to the sum of covalent 
4 
adii (1.42 Å). In accordance with Table 2 and Fig. 1 b, when the X-

ay structure of the title compound is compared with its optimized 

ounterparts, slight conformational discrepancies are observed be- 

ween them. The most significant structural disparities are found 

n the orientation of the ethyl group, defined by the torsion an- 

le C3-O1-C2-C1 in which the experimental value is found to be 

39.0(5) ° compared with the computed value (-179.9 °). The opti- 

ized molecular structure of 1 clearly shows that the ring R3 is in 

 different orientation compared with the X-ray structure, as can 

e seen in the N4-C10-C11-C12 dihedral angles [Experimental: - 

23.9(3) °, calculated: -84.86 °]. The differences between observed 

nd calculated geometrical parameters of the title compound can 

e attributed to the fact that theoretical calculations have been 

erformed with isolated molecules in gas-phase whereas the ex- 

erimental values correspond to the crystalline state, in which the 

ntermolecular interactions involving the ethyl group play an im- 

ortant role (see below). 

In the crystal packing of 1 , molecules are linked through C9- 

9 ···O2 and C8-H8 ···N1 hydrogen bonds, creating R 2 2 ( 18 ) and R 2 2 (6)

raph-set motifs, respectively ( Fig. 2 a , Table 3 ). The crystal struc- 

ure of 1 is further stabilized by C-H ···N hydrogen bonds, as shown 

n Fig. 2 . The H11A and H17A atoms interact with N3 and N4 atoms

f the triazole ring forming C11-H11A ···N3 and C17-H17A ···N4 hy- 

rogen bonds ( Fig. 2 d, Table 3 ). In addition, the overall 3D as-

ociation is mainly guided by two additional C5-H5 ···N3 and C1- 

1C ···N4 hydrogen bonds ( Fig. 2 e), which exhibit medium direc- 

ionality and H ···N distances longer than the sum of vdW radii. 

Apart from hydrogen bonds in the formation of 3D architec- 

ures, the X-ray data reveal that the crystal packing also exhibits 

···π stacking interactions ( Fig. 2 b, Table 4 ), involving the cen- 

roids Cg1 (N2-N4/C9/C19) and Cg2 (C4-C8/N1). The geometric 

arameters reported in Table 4 clearly indicate the presence of 

eak off-set stacked interactions, as reflected by the inter-centroid 

g1 ···Cg2 distance of 3.6091(12) Å [35] . 

In 1 , the centroid of the 6-membered ring (Cg2) of the asym- 

etric unit is in contact with the O2 atom from the carbonyl group 

f a nearby molecule through lone pair ···π interactions (symme- 

ry code: 2-x, -y, -z), with average O2 ···Cg2 distance of 3.6447(12) 
˚
 ( Fig. 2 c). The shorter separation O2 ···C6 = 3.524 Å and the re-

aining distances separating the O-atom from each atom of the 

yridine ring are below and above the sum of vdW radii. Hence, 

he lp(O) ···π interactions can be classified as weak in the title 

ompound [36] . As shown in Fig. 2 c, this self-assembled dimer 

s also stabilized by C-H ···π interactions involving the H2A of the 

thyl group of one molecule and the triazole ring (Cg1) of another 

olecule, with H2A ···Cg1 distance of 3.68 Å. 

.3. Hirshfeld surface analysis 

We have performed Hirshfeld surface analysis in order to get 

urther insight into the packing motifs and the contributions of 

he main intermolecular contacts, which are responsible of the 

upramolecular assembly of the title compound. Fig. 3 a shows 
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Fig. 2. (a) Partial view of the self-assembled dimer formed by C9-H9 ···O2, C12-H12 ···O2, and C8-H8 ···N1 hydrogen bonds; (b) A view of the π ···π stacking interactions 

showing Cg1 ···Cg2 contacts (Cg1: green, Cg2: orange); (c) Molecular pair stabilized by C2-H2A ···π and lone pair (O2) ···π interactions; (d) Partial view of the crystal packing 

of 1 showing C11-H11A ···N3 and C17-H17A ···N4 hydrogen bonds; (e) Self-assembled dimer stabilized by C1-H1C ···N4 and C5-H5 ···N3 hydrogen bonds. 

Table 4 

Geometrical parameters ( ̊A, °) for the π-stacking moieties involved in the π ···π interac- 

tions for ethyl 6-(4-(cyclohexylmethyl)-1 H -1,2,3-triazol-1-yl)pyridine-3 carboxylate ( 1 ) a . 

Rings I-J R c 
b R 1v 

c R 2v 
d α β γ symmetry 

Cg1 ···Cg2 3.6091(12) 3.4859 3.3578 7.00 21.5 15.0 1-x,1-y,-z 

Cg2 ···Cg2 4.4427(15) 3.5223 3.5223 0.00 37.5 37.5 2-x,-y,-z 

a Cg1 and Cg2 are the centroids of the N2/N3/N4/C10/C9 and N1/C7/C6/C5/C4/C8 rings, 

respectively. 
b Centroid distance between ring I and ring J. 
c Vertical distance from ring centroid I to ring J. 
d Vertical distance from ring centroid J to ring I. 
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irshfeld surfaces mapped over d norm 

property, and arrows in- 

icate key contacts with numbers. The corresponding full two- 

imensional fingerprint plot and decomposed to show H ···N/N ···H 

nd H ···O/O ···H contacts are displayed in Fig. 3 b. 

The two large adjacent deep-red regions labeled 1 in the d norm 

ap represent the H ···O/O ···H contacts attributed to a pair of C9- 

9 ···O2 hydrogen bonds that forms the inversion dimers. These 

ontacts are visible in the fingerprint plots as a pair of symmet- 

ical spikes at ( d e + d i ) ~ 2.4 Å (see Fig. 3 b) contributing 8.80% to

he total Hirshfeld surface area. 

The bright regions labeled 2 in the d norm 

represent H ···N/N ···H 

ontacts associated to C8-H8 ···N1 hydrogen bonds, which are dis- 

layed as a pair of symmetrical sharp spikes at ( d e + d i ) ~ 2.5 Å

n the corresponding fingerprint plot. The proportion of H ···N/N ···H 

nteractions comprises 14.5% of the total Hirshfeld surface for each 

olecule in the title compound. 

In addition to the above-mentioned hydrogen bonds, the crystal 

acking of 1 is also stabilized by C-H ···π , lone pair ···π and π ···π
tacking interactions. The evidence of C-H ···π contacts is clearly 

isible as the pronounced wings observed on the sides of the fin- 
f

5 
erprint plots, with ( d e + d i ) ~ 3.4 Å. The existence of π ···π stack- 

ng interactions is also justified by the appearance of touching red 

nd blue triangular pairs on the Hirshfeld surfaces mapped over 

hape index ( Fig. 4 ), and in the flat region delineated by the blue

utline above the corresponding aromatic rings on the Hirshfeld 

urface mapped over curvedness ( Fig. 4 ) [37] . The C ···C contacts as-

ociated to π ···π stacking interactions are visible in the fingerprint 

lots as a pale green area at around d e = d i = 1.8 Å [38] . 

The H ···H contacts are reflected in the middle of the scattered 

oints in the fingerprint plots, and they have a significant contri- 

ution to the total Hirshfeld surfaces in 62.8%. 

.4. Energy frameworks analysis 

A new feature recently incorporated into CrystalExplorer17.5 

20] was used for the calculation of pair-wise interaction en- 

rgies in a crystal by summing up four energy contributions, 

amely electrostatic (E ele ), polarization (E pol ), dispersion (E dis ) 

nd exchange-repulsion (E rep ). The calculations were performed 

rom the monomer wave function at the CE-B3LYP/6-31G(d,p) en- 
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Fig. 3. (a) View of the Hirshfeld surface mapped over d norm property. Close contacts are labeled as follows: (1) C9-H9 ···O2 and (2) C8-H8 ···N1; (b) 2D-fingerprint plots: Full 

(left) and decomposed into H ···N/N ···H (center) and H ···O/O ···H (right) showing percentage of contribution to the total Hirshfeld surface area of the molecule. 

Fig. 4. Hirshfeld surfaces of 1 mapped over shape index and curvedness properties. 
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rgy model with scale factors to determine total energy E tot : 

 ele = 1.057, k pol = 0.740, k dis = 0.871, k rep = 0.618. A cluster of

olecules within a radius of 3.8 Å for a central molecule was gen- 

rated. The results include a color-coded molecular cluster related 

o the particular interaction energy. Pair-wise energies are repre- 

ented graphically as framework energy diagrams, which are re- 

tricted to electrostatic and dispersion-energy terms, and total en- 

rgies. The energies are visualized as cylinders linking the centers 

f mass of the molecules, where the cylinder thickness is propor- 

ional to the magnitude of the interaction energy. The cylinders are 

ed for the electrostatic term, green for dispersion term, and blue 

or total energy. 
6 
As illustrated in Fig. 2 , the crystal structure of 1 shows five 

olecular pairs (dimers 1-5 ) and the intermolecular interaction 

nergies (E tot ) for these dimers along with their partitioned en- 

rgies are presented in Table 5 . As shown in Fig. 2 a, dimer 1

s stabilized by three intermolecular interactions (C9-H9 ···O2, C8- 

8 ···N1 and C12-H12 ···O2) with an interaction energy of -44.7 

J/mol (45% contribution of electrostatic energy). The hydrogen 

onding geometry ( Tables 3 and 5 ) favours the formation of the 

-H ···O and C-H ···N hydrogen bonds. The second strongest molec- 

lar pair (dimer 2 , E tot = -45.0 kJ/mol) is mainly stabilized by 

···π stacking interactions involving the centroids Cg1 and Cg2 

see Fig. 2 b). The dispersion energy contributes 91% towards the 
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Table 5 

Total interaction energies (E tot ) 
a partitioned into electrostatic (E ele ), polarization (E pol ), dispersion (E dis ) and exchange- 

repulsion (E rep ) for selected molecular pairs. 

Dimer Symmetry Operation Involved interactions b d( ̊A), < ( °) E ele E pol E dis E rep E tot 

1 -x, -y, - z C9-H9 ···O2 2.57, 159 -25.8 -5.5 -38.5 32.7 -44.7 

C8-H8 ···N1 2.66, 141 

C12-H12 ···O2 2.91, 162 

2 -x, -y, -z Cg1 ···Cg2 3.61 -3.1 -3.4 -64.2 27.0 -45.0 

3 -x, -y, -z C3-O2 ···Cg2 3.64 -3.0 -2.2 -59.2 25.8 -40.4 

C2-H2A ···Cg1 3.68 

4 x, y, z C17-H17A ···N4 2.98, 160 -9.6 -2.8 -43.5 21.6 -36.9 

C11-H11A ···N3 2.76, 158 

5 -x, -y, -z C5-H5 ···N3 3.05, 151 -13.2 -5.4 -22.4 13.8 -29.0 

C1-H1C ···N4 3.12, 155 

a Interaction energies in kJ/mol 
b Cg1 and Cg2 are the centroids of the N2-N4/C19/C9 and N1/C4-C8 rings, respectively. 

Fig. 5. Energy frameworks for the crystal structure of 1 along the a -axis, repre- 

senting the total interaction energy (blue), electrostatic (red) and dispersion (green) 

components. The energy scale factor is 90 and the energy threshold is 5 kJ/mol. 
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Table 6 

QTAIM parameters [ ρ(r) and ∇ 

2 (ρ) ] at the bond critical points 

(CPs) labelled in Fig. 7 . 

CP ρ(r) ∇ 

2 (ρ) 

CP1 0.00349 0.01245 

CP2 0.00596 0.02458 

CP3 0.00709 0.02476 
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tabilization of this dimer. Dimer 3 (E tot = -40.4 kJ/mol) is mainly 

tabilized lone pair ···π interactions between the O-atom of the 

arbonyl group and the pyridine ring (Centroid Cg2) and supported 

y intermolecular C-H ···π (involving H2A and the Cg1 centroid), 

s shown in Fig. 2 c. Two highly directional intermolecular C17- 

17A ···N4 and C11-H11A ···N3 hydrogen bonds generate a molecular 

imer 4 (E tot = -36.9 kJ/mol). This dimer is predominantly disper- 

ive in nature with 78% contribution towards the stabilization. Fi- 

ally, dimer 5 is stabilized by two weak C-H ···N hydrogen bonds, 

ith an interaction energy of -29.0 kJ/mol. We noted that the dis- 

ersion energy (55%) is somewhat higher than electrostatic energy 

45%) towards the stabilization of this dimer. 

We have performed an analysis of the energy frameworks to 

ave a complete picture of all the forces involved in the stabiliza- 

ion of the solid-state geometry of molecules. Fig. 5 shows the en- 

rgetic results graphically represented in the form of energy frame- 

orks. The partial sum of dispersion energies (-227.8 kJ/mol) is 

reater than that of electrostatic energies (-54.7 kJ/mol), which ev- 

dences that the dispersion energy remarkably dominates over the 

lectrostatic energy in the crystal structure of the title compound. 

s shown in Fig. 5 , the separate energy frameworks for electro- 

tatic (red) and dispersive contribution (green) clearly shows that 

he cylinders representing the π ···π stacking interactions has a 

maller diameter for electrostatic interaction in comparison to that 
7 
f the dispersive counterpart. This observation graphically signifies 

hat the dispersion interaction dominates over the electrostatic sta- 

ilization for the π ···π contacts. 

.5. Theoretical study of intermolecular interactions 

The DFT study is devoted to analyze and characterize the hy- 

rogen bonds and π ···π stacking interactions observed in the solid 

tate. 

The molecular electrostatic potential (MEP) of the title com- 

ound calculated at B3LYP-D3/def2-TZVP level of theory is shown 

n Fig. 6 . As expected, the most electron rich part corresponds to 

oth N3 and N4 atoms of the triazole ring, with large and negative 

EP values (-113 and -142 kJ/mol). Additionally, the MEP value at 

he O-atom of the carbonyl moiety is also negative (-130 kJ/mol). 

he MEP values at the H-atom of the triazole and pyridine ring are 

ositive indicating that these atoms could participate in hydrogen 

onding interactions with the N and O-atoms. The values over the 

ix- and five-membered rings of the pyridine and triazole moieties 

re small and opposite in sign, thus favoring the antiparallel stack- 

ng. 

We have used the QTAIM and NCI plot index analysis ( Fig. 7 )

o further characterize the H-bonded dimer observed in the crystal 

tructure and to evaluate its interaction energy. For the H-bonded 

imer (dimer 1 ) showed in Fig. 1 a, the NCI plot shows intense

reen isosurfaces between the O and the N-atom of the pyridine 

ing and the H-atoms of the triazole and pyridine rings corre- 

ponding to C-H ···O and C-H ···N contacts, with a strong dimeriza- 

ion energy ( �E 1 = -51.49 kJ/mol). The C-H ···O hydrogen bonds are 

haracterized by bond critical points (CP) and bond paths connect- 

ng the H and O-atoms ( Fig. 7 b , Table 6 ). The computed electron

ensity values are positive and equal to 0.00349 and 0.00596 a.u. 

or CP1 and CP2, respectively. Similarly, the associated Laplacian 

f electron density [ ∇ 

2 (ρ) ] values are positive for both bond CP 

see Table 6 ). All these values fall within the Koch and Popelier 

imits for hydrogen bonds [39] . Moreover, the QTAIM analyses also 

vidences the existence of C-H ···N hydrogen bonds involving the 

8-H8 bond and the N1 atom of the pyridine ring (CP3). In accor- 

ance to the results listed in Table 6 , the QTAIM parameters for the 

8-H8 ···N1 hydrogen bond (CP3) are larger than those for C-H ···O 

ydrogen bonds (CP1 and CP2), thus evidencing that the former is 
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Fig. 6. Molecular electrostatic potential (MEP) surface of 1 at B3LYP-D3/def2-TZVP level of theory (isosurface: 0.001 a.u.). Energies at the selected points in kJ/mol. 

Fig. 7. (a) NCI plot isosurface of the H-bonded dimer of the title compound; (b) Distribution of bonds and ring CPs (red and yellow spheres, respectively). 

Fig. 8. (a) Self-assembled dimer extracted from the crystal structure; (b) NCI plot isosurface for 1 . Distances in Å. 
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tronger. As shown in Fig. 7 b, the vdW (H ···H) interactions play a

ooperative role with C-H ···O and C-H ···N hydrogen bonds in the 

tabilization of this self-assembled dimer. 

Fig. 8 a shows the π-stacked dimer (dimer 2 ) extracted from 

he crystal structure of the title compound. The dimerization en- 

rgy is very large ( �E 2 = -53.90 kJ/mol) due to the antiparallel

rientation of the dipole. We have also computed the NCI plot in 

rder to characterize the π ···π stacking interactions observed in 

imer 2 ( Fig. 8 b). It shows two large isosurfaces located between 

he triazole and pyridine rings thus confirming the existence of 

wo symmetrical π ···π stacking interactions with a large overlap 

f the π cloud, in agreement with their short inter-centroid dis- 

ances ( Fig. 8 a). The NCI plot also shows several green isosurfaces 

hat are located between the O-CH 2 -CH 3 and the ethylcyclohexane 

oieties, thus evidencing the existence of additional vdW contacts 
8 
part from the π-stacking interactions upon the formation of the 

imer. These vdW interactions also contribute to the enhancement 

f the π-stacking interactions as a consequence of the H ···H con- 

acts, and vice versa. 

Fig. 9 a shows the self-assembled dimer of 1 (dimer 3 ) retrieved 

rom the X-ray structure where the lone pair (O2) ···π and C-H ···π
nteractions are established. The interaction energy of this dimer is 

lso large ( �E 3 = -51.45 kJ/mol) due to the combination of lone 

air ···π and C-H ···π interactions. The NCI plot of dimer 3 is rep- 

esented in Fig. 9 b. The two extended isosurfaces located between 

he O2 atoms and the pyridine rings are indicative of the existence 

f the lone pair (O2) ···π interactions. Additionally, the C-H ···π in- 

eractions are confirmed and characterized by green isosurfaces lo- 

ated between the C-H bond of the methylene group and the π- 

ystem corresponding to the pyridine ring. 
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Fig. 9. (a) Self-assembled dimer (dimer 3 ) of 1 extracted from the crystal structure; (b) NCI plot isosurfaces of the dimeric assembly. Distances in Å. 
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Table 7 

LOX IC 50 values of compound 1 and in- 

domethacin used as reference drug. 

Compound LOX IC 50 

1 37.50 

Indomethacin (reference drug) 48.25 
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In order to investigate if the contribution of the lone pair ···π in- 

eractions are energetically favorable, we have computed an addi- 

ional theoretical model, where the N-atom of the triazole ring has 

een replaced by H-atoms (see small red arrows in Figures 9 a and 

 c). In this model, the interaction energy is reduced to �E 4 = -

0.05 kJ/mol thus suggesting that the lone pair ···π interactions are 

ttractive. 

.6. Vibrational analysis 

The experimental and theoretical vibrational wavenumbers of 

 are given in Table S2 (Supplementary material). Comparison be- 

ween experimental and calculated IR spectra are shown in Figure 

1 (Supplementary material). The calculated vibrational wavenum- 

ers are higher than the experimental ones due to neglect of 

nharmonicity present in the real system (solid state), therefore, 

hese wavenumbers were scaled by using the 0.9668 scale factor 

or the B3LYP/6-311(d,p) level of theory. 

In the region between 40 0 0 and 20 0 0 cm 

−1 generally appears

he C-H stretching modes corresponding to aromatic and aliphatic 

ompounds. In addition, the main vibrational modes of the CH 3 

nd CH 2 are also present in this region. For this compound, the ab- 

orption band at 3037 cm 

−1 is assigned to the antisymmetric CH 3 

tretching mode, whereas the IR bands at 2990 and 2942 cm 

−1 are 

ttributed to the antisymmetric CH 2 stretching modes correspond- 

ng to the cyclohexane ring (R3). On the other hand, the band at 

916 cm 

−1 could be assigned to symmetric CH 2 stretching mode 

f R3. 

The C = O stretching vibration is usually one of the most repre- 

entative bands observed in the IR spectra of organic compounds, 

nd it generally appears between 1800 and 1600 cm 

−1 depend- 

ng on the molecular structure. For the compound under study, the 

bsorption at 1746 cm 

−1 is assigned to C = O stretching mode (cal- 

ulated: 1724 cm 

−1 ). The observed bands between 1614 and 1514 

m 

−1 are mainly assigned to C-C stretching modes of rings R1 and 

2. The C-N stretching mode of the triazole ring (R2) appears as a 

and located at 1424 cm 

−1 , in agreement with the calculated value 

1421 cm 

−1 ). The C-O stretching modes with single-bond character 

enerally are predicted between 140 0-10 0 0 cm 

−1 , and for this rea-

on, the IR bands located at 1260 and 1012 cm 

−1 are assigned to 

3-O1 and C2-O1 stretching modes. The bands due to the in-plane 

-H bending modes appear between 1595 and 1114 cm 

−1 (see Ta- 

le S2). 
9 
The IR bands observed between 10 0 0 and 400 cm 

−1 are as- 

igned to a combination of vibrational modes including C-C, C-O 

nd C-N stretching modes and different in-plane and out-of-plane 

ending modes, as can be shown in Table S2. 

.7. UV-Visible spectra 

The UV-Visible spectrum of compound 1 was calculated in 

thanol as solvent at B3LYP/6-311G(d,p) approximation. The ob- 

erved and computed electronic transitions of high oscillator 

trength are listed in Table S3 (Supplementary material). The com- 

arison between experimental and computed electronic spectra 

f 1 are shown in Figure S2 (Supplementary material). The TD- 

FT calculations predict three intense electronic excitations at 229, 

56 and 287 nm which are in agreement with the observed elec- 

ronic excitations at 222, 259 and 277 nm. The absorption band 

t 222 nm in the experimental spectrum is assigned to HOMO- 

 → LUMO, HOMO-1 → LUMO + 1 and HOMO → LUMO + 1 elec- 

ronic transitions being the second one the most relevant in ac- 

ordance with the higher percentage of contribution (Table S3). 

he experimental band at about 259 nm corresponds to HOMO- 

 → LUMO transition, with 94% of contribution. In addition, the 

and observed at 277 nm in the experimental spectrum of 1 is at- 

ributable to HOMO → LUMO electronic transition, with π → π ∗

ature. The most important frontier molecular orbitals (HOMO and 

UMO) with their corresponding energies are presented in Figure 

3 (Supplementary material). The HOMO involves π-bonding or- 

itals of the pyridine and triazole rings and the non-bonding char- 

cter of the carbonyl O-atom. The LUMO exhibits a π anti-bonding 

haracter of carbon, nitrogen and oxygen atoms of both triazole 

nd pyridine-3-carboxylate rings. 

.8. In-vitro Lipoxygenase Activity 

IC 50 values ( Table 7 ) reveal that the synthesized compound has 

ood potential to inhibit lipoxygenase through hydrogen bonds via 



M.N. Ahmed, S. Shabbir, B. Batool et al. Journal of Molecular Structure 1236 (2021) 130283 

Fig. 10. (a) Overlaid orientations of re-docked (pink) and experimental native ligand (EGC) into the binding site of 1JNQ. (b) Three-dimensional overlaid ribbon diagram of 

native ligand (yellow), indomethacin (green) and compound 1 (pink) into the binding site of lipoxygenase. 

Fig. 11. 3D diagrams of the compounds under study (a) native compound; (b) indomethacin and; (c) compound 1 ; showing interactions with the amino acid residues (in 

stick form). 

Scheme 1. Synthesis of ethyl 6-(4-(cyclohexylmethyl)-1 H -1,2,3-triazol-1-yl)pyridine-3-carboxylate ( 1 ). 
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itrogen of pyridine ring as well as carbonyl of ester moiety. Simi- 

arly π ···π stacking interactions of pyridine moiety are also respon- 

ible for this phenomena as well. Indomethacin used as a refer- 

nce drug also shows π ···π interactions with amino acids. There- 

ore, both pyridine moieties as well as ester functionality together 

ake this molecule potent toward LOX. 

.9. Docking studies 

Docking studies were carried out using Molecular Operating En- 

ironment (MOE2016.08) software. Crystal structure of lipoxyge- 

ase was retrieved from Protein Data Bank (PDB code 1JNQ). Be- 

ore the docking of the compound, we validated the docking algo- 

ithm by re-docking of the native ligand. We performed a complete 

e-docking protocol to validate the docking algorithm. Native co- 

rystallized ligand epigallocathechin (EGC) was extracted and pre- 

ared in a comparable manner as for others. Started with Triangle 

atcher algorithm at placement stage and scored by London dG 

coring function, rescoring was carried out using ASE and affinity 

G scoring functions. Final score was calculated with GBVI/WAS 

GSFscoring function. Best performance in terms of computed 

MSD value, conformation, position and pose (orientation) was ob- 

ained with Triangle matcher and ASE scoring function. The root 

ean-square deviation (RMSD) between the re-dock and experi- 

ental pose was found 0.97 Å which was found within the thresh- 

ld limit of < 2.0 Å. The overlaid position and orientation of the 

e-docked (pink) and experimental native ligand (yellow) into the 

inding site of 1JNQ is shown in Fig. 10 a. 

Three-dimensional (3D) binding pose of the synthesized com- 

ound overlaid on native ligand and indomethacin is shown in 

ig. 10 b. 3D interaction diagram of the native ligand, indomethacin 

nd the synthesized compound is shown in Fig. 11 a-c. It is 

hown in Fig. 11 a that the native ligand establishes six hydro- 

en bonding interactions (HBI) with amino acid residues. The 
10 
mino acids involved are His518, His513, Gln716, Asp766, Ile857. 

is523 is involved in π ···π stacking interactions with the dihy- 

roxy phenyl ring, and Indomethacin forms π ···π contacts with 

he576 ( Fig. 11 b). The 3D binding interactions are shown in Fig. 

1 c. It is revealed from the figure that the compound interacts 

ith the residues through hydrogen bonding interactions. Pyridine 

ing N-atom is involved in hydrogen bonds with His513. While, 

arbonyl oxygen forms hydrogen bond with Arg726, Pyridine ring 

orms π ···π stacking interactions with Phe576. The binding affin- 

ty values of the native ligand, indomethacin, and compound 1 are 

9.0532, -6.4650 and -9.5089 kcal/mol, respectively. 

. Conclusions 

1,4-Disubstituted 1 H -1,2,3-triazole derivative was synthesized 

nd fully characterized by spectroscopic as well as single crys- 

al XRD technique. The molecular structure of the title compound 

as optimized at B3LYP/6-311G(d,p) level of theory showing a very 

ood correlation between the experimental and computed geomet- 

ical parameters. The calculated vibrational frequencies for the title 

ompound are consistent with their experimental IR spectrum in 

he solid state. In addition, we have performed a detailed analysis 

f the intermolecular interactions present in the crystal structure 

f 1 by using the Hirshfeld surface analysis and DFT calculations. 

he crystal packing is mainly governed by C-H ···O and C-H ···N hy- 

rogen bonds and C-H ···π , lone pair ··· π and π ···π stacking in- 

eractions. This study clearly shows that the dispersion energy re- 

arkably dominated over the electrostatic energy in the crystal 

pace, as reflected by the analysis of the energy frameworks. DFT 

nergetic studies with a combination of QTAIM and NCI plots com- 

utational tools evidence that the π ···π and lone pair ···π interac- 

ions observed in the solid state are energetically favorable and at- 

ractive. 



M.N. Ahmed, S. Shabbir, B. Batool et al. Journal of Molecular Structure 1236 (2021) 130283 

b

d

a

t

d

d

D

c

i

C

S

S

B

v

S

o

c

C

D

d

A

f

C

C

f

S

f

R

 

 

 

 

 

 

 

 

[  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

 

 

 

 

 

 

 

[  

[

[

[
[  

[  

[
[  

[  

[  

[
[

[

[
[

[  

[  

[

Docking studies show that the compound forms two hydrogen 

onding interactions with the residues. The N-atom of the pyri- 

ine ring forms hydrogen bonds with His513, whereas carbonyl O- 

tom tends to form hydrogen bonds with Arg726. Pyridine ring in- 

eracts with Phe576 through π ···π stacking interactions. In accor- 

ance with the results reported in this article, the compound un- 

er study may be a good drug candidate in the future. 
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