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ABSTRACT
3-(Adamantan-1-yl)-4-(4-fluorophenyl)-1-f[4-(2-methyoxyphenyl)piprazin-
1yl]-methylg-4,5-dihydro-1H-1,2,4-triazole-5-thione (AFT) was synthesized
and spectroscopic investigations have been made experimentally and the-
oretically. The electrostatic potential maps and frontier orbital visualizations
were used to comment of molecular polarity and stability in AFT. In AFT,
thione group, methoxyphenyl ring, and triazole are the strongest repulsion
and attractive reactive sites. The chemical descriptors in different solvents
and NLO properties are predicted. For different solvents and gas phase,
UV-vis theoretical spectra are being used to assess the electronic transition.
Solvation free energy in water (hydration free energy) indicates good solu-
bility of AFT in an aqueous medium, factor that corroborates the biological
activity, in as much as that bioorganic processes occur in aqueous
medium. Solvation produces a lowering of absorption in the UV-vis region.
After evaluating the drug likeness properties, the title compound was
examined for its analgesic activity by means of molecular docking and MD
simulations. The MD simulations and docking studies suggested inhibitory
activity against analgesic protein glutamate receptor.
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Introduction

Researchers are increasingly focused on developing novel and safe therapeutic molecules for med-
ical use. Heterocyclic medicines containing nitrogen are readily accessible on the market.
Triazoles are nitrogen containing molecules that serve as a major pharmacophore in a variety of
biological processes.1 Because of their intriguing structural properties and biological activity, tria-
zoles have piqued the curiosity of many scientists in agricultural and therapeutic domains.2,3 The
varied capabilities of triazoles and its derivatives in pharmacology, food, and agriculture have
drawn a lot of attention in recent years. Numerous derivatives, for example, have been identified
as agrochemicals with significant biological action.4,5 Anti-TB activity of triazole with diverse
functional groups has been reported.6,7 Adamantane is a widely utilized molecular platform for
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making rigid non-aromatic ligands that are used to make thermally stable metal organic frame-
works.8 Transition metal carbene complexes are the most common coordination compounds with
azoles bearing an adamantane molecule.9 Alsayed et al. reported design and biological evaluation
of adamantane against tuberculosis.10 Zefirov et al. reported tubulin targeted antimitotic agents
based on admantane.11 DNA cross linking agents and retinoic acid ligands are among the anti-
cancer drugs that include the adamantane component.12 The core structural units of physiologic-
ally active chemicals and innovative materials are functional adamantane derivatives.13–15

Spectroscopic investigations and docking studies of biologically active adamantane derivatives
are reported recently.16,17 Potential ligands for the production of metal complexes include pipera-
zine and its derivative compounds containing other appropriate donor atoms.18 Substitution on
both nitrogen’s of piperazine produce symmetrically di-substituted compounds as well as sym-
metrically mono di-substituted derivatives.19 Piperazine based ligands are unique in nature since
they can be easily adjusted to fit a specific application. Piperazine and its derivatives are
extremely important in biology and due to their broad spectrum of activity, they are also found
in many commercial medications.20,21 Piperazine is the third most commonly utilized nitrogen-
based pharmacophore according to the US FDA.22 Al-Alshaikh et al. reported XRD analysis
of AFT.23

Computational chemistry is now a well-known collaborator with experimental chemistry. In
the recent decade, there has also been a surge interest in quantum chemical computations. Thus,
theoretical calculations were done to understand how the AFT molecule interacts and frontier
molecular orbitals, reactivity descriptors and molecular electrostatic potential maps were investi-
gated for this purpose. Aslo, solvents effects, spectroscopic, and MD simulations are reported for
AFT in the present study.

Methods

AFT is synthesized as reported23 and vibrational (Supplementary material, Figures S1 and S2)
were recorded on a DR/Jasco FT-IR and Bruker RFS instruments. Theoretical analysis were done
by Gaussian09 and GaussView5 at B3LYP-D3(BJ)/6–311þG(5D, 7F) level24,25 and wavenumbers
are assigned by means of GAR2PED software.26 The MD simulations studies were carried on the
docked complexes for protein with AFT using the Desmond 2020.1 from Schr€odinger, LLC. The
sampling was done using same parameters for MD run in order to obtain reproducibility of the
results. The OPLS-2005 force field27–29 and explicit solvent model with the SPC water molecules
were used in this system.30 Naþ were included for neutralizing charges. 0.15M, NaCl solutions
included in the system to simulate physiological environment. Initially, system was equilibrated
using NVT ensemble for 100 ps to retrain over the protein-AFT complex. Followed by this a
short run equilibration and minimization using NPT ensemble for 12 ps. The NPT ensemble was
set with temperature 27 �C, the relaxation time of 1.0 ps and pressure 1 bar maintained in all the
simulations.31 Martyna-Tuckerman–Klein chain coupling scheme32 barostat method was used for
pressure control with a relaxation time of 2 ps. Particle mesh33 was used for finding electrostatic
interactions, and the radius for the coulomb interactions were fixed at 9Å. RESPA integrator was
used for 2 fs step for each trajectory to calculate the bonded forces. The RMSD, Rg, RMSF, and
H-bonds were calculated to monitor the stability of the MD simulations.

Results and discussion

Geometrical parameters (DFT/XRD)

For AFT (Figure 1 and Supplementary material, Table S1), in the piperazine: C55-N8¼ 1.4775/
1.4683Å, C52-N8¼ 1.4694/1.4643Å, C58-N7¼ 1.4743/1.4543Å, C49-N7¼ 1.4722/1.4613Å, C55-
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C58¼ 1.5269/1.5103Å, C52-C49¼ 1.5312/1.5123Å and reported values are 1.465, 1.463, 1.458,
1.471, 1.511, 1.514Å34 and 1.488, 1.485, 1.488, 1.477, 1.547, 1.535Å, respectively.35 The adaman-
tane CC lengths are 1.5626–1.5443/1.5424–5004Å while reported values are 1.5422–1.5573Å
(DFT), 1.5195–15395Å (XRD)36 and 1.5406–1.5563 (DFT), 15223–1.542 (XRD).37 The phenyl
ring CC bond lengths are 1.4222–1.3860/1.4011–1.3674Å (PhI) and 1.3972–1.3869/
1.3773–1.3514Å (PhIV)36 and the reported values are 1.3885–1.4052 (DFT), 1.3634–1.3994
(XRD).37 For AFT, lengths of CS and CF are 1.7179/1.6612Å and 1.3896/1.3653Å and corre-
sponding reported values are 1.6766/1.6818Å35 and 1.3538/1.3572Å.38 For methoxy phenyl deriv-
atives the CO lengths are 1.4391–1.3701Å,37 1.4042, 1.4378,39 and for AFT, CO lengths are
1.4012/1.3743Å and 1.4504/1.3993Å. In AFT pyrazole ring of AFT, CN lengths are:
C34¼N6¼ 1.3181/1.3093Å, C34-N4¼ 14080/1.3903Å, C35-N4¼ 1.4049/1.3873Å, C35-
N5¼ 1.3637/1.3423Å and reported data are, 1.3025/1.2941Å, 1.3936/1.3722Å, 1.3590/1.3322Å,
and 1.4017/1.3744Å, respectively.40 N-N length for AFT is 1.3991/1.3843Å and reported values
are 1.3693–1.3771/1.3688–1.3944Å (DFT/XRD).40 At C35 and C34, angles are N5-C35-
S1¼ 129.2/128.7�, N4-C35-S1¼ 127.4/128.3�, N5-C35-N4¼ 103.4/103.0�, and N4-C34-N6¼ 109.5/
109.7�, N4-C34-C22¼ 128.2/127.1�, and N6-C34-C22¼ 122.3/123.1� and this variations are due
to interaction with neighbors.40 At N4, 35-N4-C34 is decreased by 11.4/11.2� and the angle C34-
N4-C36 is increased by 2.9/11.6� from 120� due to neighboring unit interactions.

IR, Raman, and VCD spectra

Vibrational experimental data with theoretical values are given in Table S2 (Supplementary
material) (PhI and PhIV-ortho and para phenyl rings, PhII and PhIII –piperazine and triazole
rings and PhV is the admantane ring).

Figure 1. Optimized geometry of AFT.
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Figure 2. HOMO-LUMO plots of AFT.
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Adamantane ring modes
For AFT, the tCH2 are in the region 2961–2880 and the CH2 bending modes at 1471–868 cm�1

(DFT), at 1320 (IR), 1260 cm�1 (Raman).41,42 The adamantane tCC are from 668 to 1019 cm�1

(DFT) with bands at 781, 918 (IR) and at 783 cm�1 (Raman). The band at 783 cm�1 (DFT) and
781 cm�1 (IR) is identified as cage breathing mode.43 Haress et al.44 reported these C-C modes at
1003, 652, 748, 780 cm�1 (IR) and 658–1091 cm�1 (DFT) and Al-Abdullah et al.36 gave these at
738, 840, 915, 952, 1025 cm�1 (IR), 739, 936, 953, 1023 cm�1 (Raman) 740–1022 cm�1 (DFT).

Piprazine ring modes
The piperazine tCH2 are at 3000, 2851 cm�1 (IR), 3020, 2947 cm�1 (Raman) and at 3024 to
2811 cm�1 (DFT) for AFT and reported values (IR/Raman) are at 3014, 2977, 2876, 2820/2999,
2981, 2885, 2843 cm�1.45 The corresponding CH2 deformations modes of AFT could be assigned
to 1372 cm�1 in IR and to 1470, 1387 cm�1 (Raman) and from 1478 to 843 cm�1 (DFT).45

Piperazine ring stretching modes in AFT is present at 907 cm�1 (Raman) and theoretical values
are 1130, 1030, 989, 906, 895, 748 cm�1.45

Triazole ring modes
For AFT DFT analysis gives mode at 1482 cm�1 as tC¼N and Sebastian et al.46 reported this
mode as 1538/1540/1533 cm�1 in Raman/IR/DFT. The bands at 1338, 1300, 1072 cm�1 are the
tCN modes theoretically and reported values are at 1318, 1188, 1145 cm�1 (IR) and at 1329,
1194, 1141 cm�1 (DFT)35 and at 1369, 1302, 1092 cm�1 (DFT).46 For AFT, tNN is at 962 cm�1

(DFT) with reported values at 103740 and at 1080 cm�1.46

Phenyl ring modes
The tCH of rings of AFT are at 3062, 3042/3075/3083, 3076, 3060, 3044 cm�1 (IR/Raman/DFT)
for PhI and at 3105/3099, 3097, 3080, 3080 cm�1 (IR/DFT) for PhIV.42 The ring tCC are at
1572/1570, 1552, 1490, 1442, 1294 cm�1 (Raman/DFT) and 1572/1582, 1574, 1494, 1391, 1283/
1585, 1500 cm�1 (Raman/DFT/IR) for PhI and PhIV, respectively.42 For AFT, ring breathing
mode of PhI and PhIV are assigned at 1041 and at 798 cm�1 (DFT).47–51 The CH bending modes
are at: 1168/1165, 1103/1283, 1168, 1101, 1034 cm�1 (IR/Raman/DFT) for PhI; 1009/1247, 1148,
1090, 1007 cm�1 (IR/DFT) for PhIV (in-plane bending) and 744/953, 909, 837, 744 cm�1 (IR/
DFT) for PhI and 845/851/960, 937, 845, 815 cm�1 (IR/Raman/DFT) for PhIV (out-of-plane).42

C-O, CF, CS, CH2, and CH2 modes
For AFT, the methoxyphenyl tCO are at 1190, 981 cm�1, tCS at 516 cm�1 (DFT)41,42 and tCF is
assigned at 1186 cm�1.51,52 The tCH3 and tCH2 are from 3021 to 2888 and 3015 to 2956 cm�1

and bending modes from 1479 to 1114 and 1444 to 723 cm�1 (DFT).42

Table 1. Calculated energy parameters for AFT at B3LYP-D3(BJ)/6-311þG(5D, 7F).

Parameters Vacuum Benzene Methanol Water

Energy (au) �2011.802400 �2011.451967 �2011.457388 �2011.437714
Solvation energy (eV) – �9.54 �9.39 �9.92
EHOMO (eV) �6.9550 �6.5800 �6.7218 �6.7324
ELUMO (eV) �0.4643 �0.3992 �0.4895 �0.4920
EHOMO-LUMO (eV) 6.4907 6.1808 6.2323 6.2404
Hardness (eV) 3.2454 3.0904 3.1162 3.1202
Chemical potential (eV) �3.7097 �3.4896 �3.6057 �3.6122
Electrophilicity index (eV) 2.1202 1.9702 2.0860 2.0909
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VCD signals (Supplementary material, Figure S3) are efficient markers for identification53 and
ring modes show polarization at 1390 cm�1 (right polarization) and 1570 cm�1 (left polarization).
The tCH2/tCH3 modes show polarization at 2968, 2951, 2903, 2819 cm�1 (right polarization)
and 3026, 2959, 2912, 2899, 2850, 2833, 2812 cm�1 (left polarization). Also bending of these
groups at 1305, 1257, 1174 cm�1 (right polarization) and at 1395, 1371, 1349, 1251, 1150 cm�1

(left polarization) gives polarization. The tC¼N at 1481 cm�1 is good marker for configuration.

Solvent effects, chemical, and electronic properties

Solvation free energies in benzene, methanol, and water were obtained through Truhlar’s SMD,54

which uses set of parameters calculated along with IEF-PCM. Solvation free energy estimates the
free energy change in the transfer of a molecule between ideal gas and solvent, being important
for determine different properties such as activity coefficients and solubilities.55 For AFT, the
solvation free energieswere calculated via SMD model in benzene, methanol and water, which
provided values equal �9.54, �9.39, and �9.92 eV, respectively. Although the values obtained be
negative for all solvents tested, the comparison of the calculated solvation free energies values
suggests that water may be better for the solubilization of AFT. However, the value of the solv-
ation free energy in water (hydration free energy) indicates good solubility of AFT in an aqueous
medium, factor that corroborates the biological activity, in as much as that bioorganic processes
occur in aqueous medium.

In the present study the energies of frontier orbital were computed at DFT level and the pre-
dicted shapes of FMOs are given in Figure 2. The frontier molecular orbital energies govern mol-
ecule’s stability and reactivity. The EHOMO-ELUMO gap is an important stability index of the
molecules.56 Lower the gap, softer and more polarizable is the molecule with high chemical
reactivity and low kinetic stability. LUMO is over fluorophenyl ring and the HOMO is shifted
mainly toward triazole and thione moieties (Figure 2). Ionization potential I ¼ �EHOMO and
electron affinity A ¼ �ELUMO. I, A, and energy gap are, 6.955, 0.4643, and 2.312 (Table 1). The
chemical descriptors are: hardness g ¼ (I�A)/2; chemical potential m ¼ �(IþA)/2 and electro-
philicity index x ¼ m2/2g.57 The values of chemical descriptors are: g¼ 3.2454, m ¼ �3.7097,
and x¼ 2.1202.58,59

Table 1 shows that theoretical FMOs energies and HOMO-LUMO gap calculated for AFT are
somewhat lower in solution, indicating that the dielectric constant of the medium somewhat
changes the reactivity of AFT, directly affecting the reactivity indexes, revealing higher values for
hardness in vacuum and higher values for chemical potential in solvated media. However, in gen-
eral, the calculated global reactivity descriptors compared to calculated ones for other bioactive
molecules in literature60 indicates the studied molecule as a soft molecule with good attractive
electron power and moderate donating electron power.

In vacuum, the UV-vis absorptions are at 252.83 and 283.00 nm while, in solvents, only one
absorption is seen, 250.88, 243.14, and 242.94 nm for benzene, methanol, and water, respectively
(Supplementary material, Figure S4). Solvation produces a lowering of absorption in the UV-vis
region. From the MEP plots (Figure 3) red is the strongest repulsion while blue the strongest
attraction. Thione group, methoxyphenyl ring, and triazole are the strongest repulsion and
attractive regions of AFT.61 The dipole moment, polarizability, first and second order hyperpolar-
izability are: 6.519 Debye, 5.517� 10�23, 4.580� 10�30, and �59.234� 10�37 esu.37,62 The energy
gap for AFT is less than urea and hyperpolariazability is 35.23 times that of urea.63.

The strong NBO interactions in AFT are64: N4!p�(N6-C34), O3 ! p�(C68-C70), N5! p�(N6-
C34), N8 r�(C61-C62), S1!r�(N4-C35), F2!p�(C41-C42) and N7!r�(N5-C46) with the stabil-
ization energies, 43.60, 24.96, 23.21, 21.02, 12.02, 17.00, and 17.66 kcal/mol, respectively.
Almost100% p-character is in lone pairs orbitals of S1, F2 and O3 (Supplementary material,
Tables S3 and S4).
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Drug likeness and molecular dynamics simulations

To confirm the potentially active drug nature, drug similarity analysis is performed based on sev-
eral pharmacophoric features of AFT, such as bioavailability, reactivity and metabolic stability.
The hydrogen bond acceptors and donor’s number, rotable bonds, and molar refractivity are all
essential characteristics in determining the drug similarity property of a molecule. The drug like-
ness test is made up of all these factors, and the values corresponding to AFT are enumerated in
Table S5 (Supplementary material). Lipinski developed the Pfizer’s rule of five, which consists of
five rules for identifying a pharmacologically active drug.65 The analgesic AFT had 0 and 4
hydrogen bond donors and acceptors, respectively. The number of donors should be less than 5
and the number of acceptor should be less than 10,66 which is satisfied in the present drug ana-
lysis. Similarly for AFT, the rotatable bonds are 6 but the rule counts less than 10. The polar sur-
face area is 70.55 Å2, which is less than the allowed value of 140 Å2. All of the parameters point
to AFT being an active potential drug with drug qualities.

The series of adamantane derivatives in combination with carbamazepine, amantadine also
produces an analgesic effect.67–69 PASS analysis70 predicts analgesic activity for AFT
(Supplementary material, Table S6) and hence the analgesic protein glutamate receptor (4MF3)
was used for docking.71,72. The binding affinity is �9.5 kcal/mol (Supplementary material, Table
S7) and amino acids Glu14, Asp175, Ser174, Tyr197 Glu15 forms interactions with AFT
(Supplementary material, Figure S5) means AFT shows activity against glutamate receptor and
can be used a new analgesic drug.

Molecular dynamics and simulation (MD) of the ligand (AFT) bound main 4MF3 was studied
in details to understand the nature of possible binding motifs and structurally stable conforma-
tions. In order to obtain the information of accurate structural convergence in MD studies, repli-
cation of the simulations was done using same system parameters. The RMSD of 100 ns
simulation trajectories displayed a stable conformation of the ligand bound protein (Figure 4a,
red) complex with 0.2 Å deviations. While the ligand RMSD also displayed very less deviation

Figure 3. MEP plot of AFT.
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indicating the stable complex with 4MF3. Root mean square fluctuations of the whole C-alpha
atom of 4MF3 at a function of 100 ns time scale displayed very less deviations except at 257 resi-
due position (8Å) indicating very stable and compact protein ligand complex (Figure 4b).73

The number of Hydrogen bonds (Figure 4c) formed throughout the simulations was found to
be 2. Radius of Gyration (Figure 4d) of C-alpha atom of 4MF3 displayed the conformational con-
vergence toward a compact structure leading to a stable 4MF3- AFT complex which is also in
agreement with RMSF values. The binding SASA (Figure 5a) displayed lowering of surface area
in the ligand bound protein complex as compared to the unbound protein structure. This indi-
cates the compactness of the ligand bound protein complex and suggesting an equilibrated as
well as converged structure. Since the process was done for 100 ns and both shows a steady SASA
values from 60 ns to 100 ns around 660 to 805 (A2) for unbound and 165 to 280 (A2) for the
bound structures.74

The total energy (Figure 5b) of whole system is found to be very stable and minimized global
energy. The two major non bonded interactions played important role in stabilizing the complex
such as van der Waals & Coulomb Energy. The Coulomb Energy displayed high contribution to
achieve a global minima structure of the whole protein-ligand complex throughout the simulation
time of 100 ns as compared to van der Waals energy. The screenshot of the trajectories of every
20 ns displayed very less conformational change of the ligand bound at the binding cavity of
4MF3 (Supplementary material, Figure S6). Non significant variations of the poses of every 20 ns
frame were observed during the entire simulation process.75,76 Therefore it can be suggested that
the ligand bound to the protein making a stable conformation throughout the simulation time.

Figure 4. (a) RMSD of backbone atoms of apo and its complex with ligand, (b) Ligand RMSF of ligand complex, (c) H-bond of
complex with ligand, and (d) Rg of ligand.
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Conclusion

The vibrational spectroscopic properties of AFT have been studied and vibrational assignments
are done using PED. All the geometrical parameters given by DFT computations correlate with
the experimental observations. The adamantane cage ring breathing mode is assigned at 783 cm�1

theoretically which is supported by the IR band at 781 cm�1. Reactive sites, FMOs and various
electronic and chemical properties in different solvents are identified. UV-vis spectra for various
solvents will disclose electronic properties. The drug likeness analysis is performed to verify the
drug nature of the title compound based on its bioavailability. Molecular docking supports the
results of chosen the analgesic based on ligand-protein interactions. Root mean square fluctua-
tions of the whole C-alpha atom of 4MF3 at a function of 100 ns time scale displayed very less
deviations except at 257 residue position (8Å) indicating very stable and compact protein ligand
complex. Total RMSD finding indicates that AFT binding to protien’s active site is steady.
Docking of AFT has binding affinities and possibly useful as a new analgesic drug agents.
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