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NOVEL TETRAZOLE AND 1,3,4-OXADIAZOLE
DERIVATIVES SYNTHESIS, MOLECULAR DOCKING,
ADME, POTENTIAL ACTIVATOR FOR RABBIT
MUSCLE PYRUVATE KINASE
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Oguzhan OZDEMIRY, Yesim KAYA?, Mustafa ARSLAN®

ABSTRACT. The activation of muscle pyruvate kinase (PK) increases
the conversion of phosphoenolpyruvate (PEP) to pyruvate, which results in
the production of ATP. This is critical for supplying the energy needed for
muscle contraction. In this study, we synthesized 1,4-dihydropyridine/pyridine
compounds bearing tetrazole and 1,3,4-oxadiazole groups by using Hantzsch
method and characterized by FT-IR spectroscopy, elemental analysis, and
'H and '3C NMR and studied PK activation, ADME, and molecular docking.
The studies revealed that all original synthesized compounds activated PK
and ACso (half-maximal activating concentration) values of the compounds
were extremely effective (1.30 uM to 14.65 pM).
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INTRODUCTION

Pyruvate kinase (PK, EC: 2.7.1.40) is recognised as a crucial mechanism
in the metabolic pathway that generates energy for cells. There are four
major PK isozymes of pyruvate kinase in mammals, and these are generally
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associated with type M1, which is related to muscle, heart and brain, type L,
which is related to liver, type R, which is related to red cells and type M2, which
is related to early fetal tissues as well as most cancer cells. The PKM1 isoform
is expressed in tissues of adults and eliminates the M2 isoform following birth.
In comparison with M2, this isoform has powerful pyruvate kinase activity on its
own as well. As is, action occurs without allosteric activation with D-fructose-
1,6-bisphosphate (FBP). PK is known to generate ATP, the primary source of
energy within the cell [1,2]. Accordingly, PK activation is known to be influenced
(regulated) by several factors, including the availability of ATP, hormones, and
metabolic intermediates. This contributes to balancing the energy demand in
the body and when a high energy demand is needed, the PK enzyme is
activated to meet this demand [3]. The activity of PK is generally known to
be responsible for regulating the energy status of cells so that they can fulfil
their functions and maintain cellular energy homeostasis [4]. From a health
perspective, PK deficiency is a hereditary disorder caused by mutations in
the gene encoding the enzyme. One of the best examples of this is hemolytic
anaemia. Anaemia is known to cause a serious decrease in PK activity as it
causes metabolic abnormalities [5]. It may induce symptoms that include
weariness, jaundice, and muscle weakness, as well as muscle cramps, pain,
and an increased risk of injury [6]. Furthermore, to how it functions in PK
deficit, the drop-in PK activity with aging has been related with sarcopenia, a
natural loss of muscular mass and strength [7]. Furthermore, some types of
cancer may have altered PK activity which can affect their energy metabolism
and contribute to their growth and survival. Finally, it is known to be affected in
heart diseases such as heart failure, which can affect energy production in heart
cells and contribute to disease progression [8]. Given these total conditions,
changes in PK activity can have important effects on energy metabolism and
contribute to the development and arrest of various diseases and conditions
[9-11].

Tetrazoles are five-membered heterocyclic compounds containing
four nitrogen atoms and one carbon atom in the ring structure and oxadiazoles
are known as five-membered heterocyclic compounds containing one nitrogen
atom, two oxygen atoms and two carbon atoms in the ring structure [12, 13].
Nitration of hydrazine [14-16], cyclisation of nitriles [17-19] and azidation of
nitriles [19-22] are the most well-known methods used for the synthesis
of tetrazoles. Oxadiazoles are synthesized by the reaction of nitriles with
diazonium salt or isocyanate, reaction of carboxylic acids with hydrazine or
hydrazides or reaction of amides/nitriles with isocyanate or diazonium salt
[23-25]. Tetrazoles are known for their stability and high explosive potential
and used in military applications [26]. They are also used in pharmaceuticals as
active ingredients in some drugs [27], including anti-ulcer [28], anti-fungal [29]
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and anti-tumour [30,31] drugs. Oxadiazoles are used in various applications
in medicinal chemistry, including anti-proliferative [32], anti-tumour [33, 34],
anti-thrombotic [35] and anti-microbial agents [36, 37], as well as the active
ingredient in some herbicides [38] and in the synthesis of composite materials
due to their high thermal stabilities and electrical conductivities [39].

Tetrazole and oxadiazole chemical compounds have been found to
have a variety of effects on pyruvate kinase. Tetrazole was discovered to
mobilize the enzyme under pressure, and the presence of K*, Mg?*, and ADP
offered additional protection [40]. Oxadiazole, on the other hand, has been
demonstrated to have a twofold impact on liver and erythrocyte pyruvate kinases,
serving as an allosteric activator in the absence of fructose 1,6 bisphosphate
and a competitive inhibitor in its presence [41]. These findings indicate that
both substances may regulate pyruvate kinase activity, potentially influencing its
role in glycolysis and other metabolic processes. In addition, investigations
have revealed that tetrazole and oxadiazole can alter pyruvate kinase activity by
binding to particular locations on the enzyme [42]. This highlights the possibility
for tetrazole and oxadiazole to be used as key drugs in the research of the
pyruvate kinase enzyme mechanism, modulating enzyme activity and regulation.

This study was designed on the basis of the good results of our
previously synthesized ureido phenyl substituted 1,4-dihydropyridines on
pyruvate kinase [43]. The 1,4-dihydropyridine/pyridine compounds with
tetrazole and 1,3,4-oxadiazole groups were produced and described. In vitro
studies demonstrated that these compounds have activatory effects on PK. The
chemical features of the produced compounds were examined in computational
molecular modeling. Additionally, drug-likeness score, bio-based RO5, docking of
molecular structures with PK, and frontier molecular orbitals (AE, LUMO-HOMO
gap) were calculated. The goal is to detect possible new medication substances
that are active for the therapy of cancer and muscle-related sickness by activating
the PK with synthetically produced substances.

RESULTS AND DISCUSSION

4-cyanophenyl-1,4-dihydropyridine compound was synthesized in a high
yield by the Hantzsch method using 4-cyano benzaldehyde, ethyl acetoacetate,
ammonium acetate and L-proline as a catalyst. Firstly, the tetrazole compounds
were obtained with NaNs-NH4Cl in DMF at 140°C for overnight. Then,
Oxadiazole substituted-1,4-dihydropyridine and 2,6- dimethylpyridine derivatives
were successfully synthesized with reacting acid chlorides and tetrazole
compounds by heating and shown in scheme 1.
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In the '"H NMR spectrum of the 4-cyanophenyl-1,4-dihydropyridine
compound, the hydrogen atom attached to the nitrogen atom at the position 1
resonances as a singlet around 6.0 ppm due to the electronegativity of
nitrogen, while the hydrogen atom at the position 4 resonances around 5.0
ppm. The protons of the aromatic ring containing nitrile group at the fourth
position are seen as doublet at 7.4 and 7.6 ppm. In the IR spectra, nitrile
stretching is observed in the 2230 cm™'. The peak of the carbon atom of the
nitrile was observed at 119 ppm in the 3C NMR.

While obtaining tetrazole compound from 4-cyanophenyl-1,4-
dihydropyridine compound, azide-nitrile 1,3-dipolar cycloaddition reaction
was carried out. In the tetrazole compound, while the hydrogen atom attached
to the nitrogen atom at the position 1 was seen as a singlet around 6.0 ppm
in the "H NMR, nitrile stretching peak was disappeared in the 2230 cm™" in IR
and the peak of carbon atom of the nitrile was not seen any more at 119 ppm
in the '3C NMR. Hydrogen atom of the tetrazole ring was not observed in 'H
NMR due to its acidity. However, the chemical shifts of the doublets of the
aromatic ring attached to the tetrazole ring shifted to the downfield due to the
tetrazole ring and resonance as two doublets between 7.40 and 8.00 ppm.
In addition, the specific stretching peak of the tetrazole ring in IR was observed
between 2600-3000 cm™'.
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Scheme 1. Synthesis of tetrazole and 1,3,4-oxadiazole substituted
1,4-dihydropyridine
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The compound (1) was oxidized with cerium (IV) ammonium nitrate
(CAN) in methanol at room temperature to obtain an aromatized pyridine
compound containing tetrazole. When the 'H NMR values of the compound
(5) was examined, the hydrogen atom attached to the nitrogen atom at the
position 1 and hydrogen atoms at the position 4 were not seen any more due
to aromatization of the 1,4-dihydropyridine ring. For the 1, 3, 4-oxadiazole
compounds for example the compound (6), two different carbon peaks were
observed in '*C NMR. One is for the oxadiazole ring at around 165 ppm and
the other is methyl at around 25 ppm.

Activation effect on rabbit muscle PK is demonstrated in vitro. The
study was carried out on nine organic substances containing 1,4-
dihydropyridine/pyridine compounds including tetrazole and oxadiazole, with
ACso values between 1.30 uM and 14.65 pM. The ACso values for tetrazole
and oxadiazole compounds containing 1,4-dihydropyridine/pyridine is given
in Table 1.

Table 1. ACso result of tetrazole and 1,3,4-oxadiazole compounds
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According to the results shown in Table 1, the activators used in this
study exhibited the values in the range of 1.30 uM - 14.65 uyM and were
shown to exhibit better activation than N-(4-Chloro-3-fluorophenyl)-7-fluoro-2-
oxo-1,2,3,4-tetrahydroquinoline-6-sulfonamide (90 uM) [44], DASA-10 (10 yM),
TEPP-46 (79.5 uM) [45], which are the best-known activators in the literature.
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However, although it was observed that 1,4 dihydropyridine derivatives
containing 1, 3, 4-oxadiazole showed higher activation than 1,4-dihydropyrimidine,
both types of compounds have good activation when the chlorine group is
bound on the 1,3,4- oxadiazole structure ((7) = 1.79 uM and (3) = 1.30 yM).
But, 1,3,4-oxadiazole with an ethyl group on it was 3,73 uM for (4) and 6,05
MM for compound (8), indicating that 1,4 dihydropyridine was almost twice
active in the activation value. While the methyl (6) and benzyl (9) groups
bearing 2,6-dimethylpyridine structure exhibited ACso values of 14.65 yM and
9.76 uM respectively, the results in the form methyl (2) groups of 1, 4
dihydropyridine structures were 1.62 pM, approximately nine times lower
ACsp values. All results are supported by the recent use in the literature of
activators such as AMPK (a1B1y1) [46], Nrf2 activator [47] and Caspase-3
[48] with oxadiazole compounds.

Pharmacokinetic properties prediction

ADME (Absorption, Distribution, Metabolism and Excretion) plays an
important role in the evaluation of whether organic molecules can be active
pharmaceutical ingredients. Because thanks to the results evaluated as a
result of ADME studies, many organic molecules are eliminated before in
vitro and in vitro studies. The tetrazole and oxadiazole compounds designed
and synthesised by us were evaluated mutually via SwissADME, Molsoft and
Molinspiration. These results were shown in Table 2. The evaluation was based
on water solubility (MolLogS), octanol water partition (MolLogP), hydrogen bond
acceptors (HBA), hydrogen bond donors (HBD), total surface area (TPSA),
the blood-brain barrier (BBB) and drug-likeness score. All results are presented
in Table 2. The molecular weight of tetrazole and 1,3,4-oxadiazole compounds
were found to be 395.41 g/mol and 473.52 g/mol, which fulfils the RO5 rule
of molecular weight less than 500. The solubility of the molecules in water was
found to be between 2.46 and 5.18 moderate to poor. Drug similarity scores
ranged from -0.14 to 0.34, indicating potential drug active ingredient. The
BBB Score is computed utilizing statistical assessments of the number of
aromatic rings, MWHBN (a combination of molecular weight, hydrogen bond
donor, and hydrogen bond acceptor), heavy atoms, topological polar surface
area, and pKa. The scores for each of the nine molecules varied between
1.58 to 2.61, signifying a medium value (6-High, O-Low). [49].

The synthesized two-tetrazole and seven-oxadiazole compounds
fulfilled all the pharmacokinetic properties required by the Lipinski rule [50].
Again, all molecules fulfil the requirements of Veber’s rule, HBA number
should be less than 10, polar surface area should be <140 and molecular
weight should be <500 [51]. By fulfilling 1 = logP < 6 and 0 = tPSA < 132 A2,
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all compounds satisfied the Egan rule. Drug similarity regulates for the Ghose
rule should be demonstrated to be between 20 and 70 total atomic numbers,
molecular weight 160 to 480, log P -0.4 to 5.6, and molar refraction 40 to 130.
Complete the rule and compare it to all compounds [52, 53]. Furthermore,
the Muegge rule was looked into, and it became apparent that all created
ligands entirely fulfilled the rule. A comparison of all compounds is provided

in Table 2.

Table 2. ADME result of synthesized compounds
Ligands 1 2 3 4 5 6 7 8 9
No.HBA |7 7 7 7 8 8 7 7 7
No.HBD |2 1 1 1 1 0 1 2 1
Num.
rotatable 8 8 9 9 8 8 9 8 9
bonds
MolLlogP 1) 16 1278 |338 |356 [3.03 (335 [396 [246 [5.18
(mgl/L)
MolLogS |, 77 |341 |.340 |352 [-339 |356 |449 |277 |-530
(mgl/L)
Molar 4684 1135 [1183 1183 [104.9 [1100 [1183 [1084 |1183
Refractivity
TPSA(A2)  |103.55 |103.55 |103.55 [103.55 |103.55 |104.41 |103.55 [103.55 |103.55
&%')' Vol. 418 |aa5 |456 462 [384 |a11 |42z |a18 463
Drug
Likeness (023 (025 (017 [028 |011 |-0.13 [-0.14 [023 [0.01
Score
Synthetic 1, 1o |439 |441 |455 [319 (347 |456 |419 |4.56
accessibility
BBB Score [2.36 |2.61 [2.56 [2.56 |2.06 [2.31 [226 [2.36 [1.58
g';:i(;;g‘igiit 1247 124/ |-1.24/ |-1.24/ |-048/ |-048/ |-0.48/ |-1.247|-0.48/
group 351 [4.97 |497 |498 [370 |24.80 [22.71 [3.51 |24.80
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HOMO-LUMO levels

In molecular orbital theory, The HOMO-LUMO (Highest Occupied
Molecular Orbital - Lowest Occupied Molecular Orbital) computation analyzes
the electronic structure and reactivity of molecules. Table 3 illustrates the
results of theoretical DFT calculations for nine novel compounds. Based on
the research, a small HOMO-LUMO gap increases the molecule’s susceptibility
to chemical processes because transporting an electron from HOMO to LUMO
needs less energy [54-57]. The larger the gap, the more energy needs to be
transferred to move an electron to the LUMO, making the molecule less reactive.
Compound (1) has the highest activity (E=4.01 Ev), whereas compound (5) has
the lowest activity (E=5.13 Ev).

Examination of Table 3 reveals that the molecular LUMO-HOMO range
(AE) is between 4.01 eV and 5.13 eV. Therefore, although the results seem to
be very close to each other, the highest reactivity was observed in compound
(1) and compound (9), while the lowest reaction reactivity was observed in
compound (5). Furthermore, from the boundary orbital representation in
Table 3, the molecules exhibited electrophilic attacks on atoms with HOMO
orbitals (positive charges or atoms) and nucleophilic attacks on atoms with
LUMO orbitals (negative charges or electrons).

Table 3. HOMO. LUMO. IP. EA and AE (LUMO-HOMO gap) data
for synthesized compounds

Compound Hg{\/’l o Ll:xo Iﬁgl\(lllz)ugna(:;) p:)(:Z:\zt?at:(er) afIfEilnei‘t:;/r(ogA)
eV eV
1 -5.46 -1.45 4.01 -5.46 -1.45
2 -5.45 -1.25 4.20 -5.45 -1.25
3 -6.45 -2.00 4.46 -6.45 -2.00
4 -6.85 -2.01 4.84 -6.85 -2.01
5 -7.07 -1.94 5.13 -7.07 -1.94
6 -5.43 -1.23 4.20 -5.43 -1.23
7 -5.50 -1.29 4.21 -5.50 -1.29
8 -6.65 -1.82 4.83 -6.65 -1.82
9 -5.46 -1.43 4.04 -5.46 -1.43
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Table 3 is also researched. The theoretical ionization potential (IP)
using negative HOMO energies and possible electron affinity (EA) values
using negative LUMO energies have been estimated (Koopman’s theorem)
[58].

Molecular docking and structure activity relationship (SAR) study

This molecular docking evaluation was performed on the PK (PDB:1PKN)
via the Swiss Dock docking server [59, 60]. The evaluation of the docking
results and the selection of the structure with the best value were performed
via UCSF chimera [61]. Various insertion parameters such as fullfitness (FF),
van der Waals energy (AGvdw), AGligsolvpol and Gibbs free energy (AG)
were examined. The determined binding constants are in agreement with
the experimental ACso values, indicating a significant correlation between
computational predictions and tetrazole, and 1,3,4-oxadiazole compounds
experimental observations of the interaction, especially for the direct
calculation of the ACso for pyruvate kinase enzyme (Table 4).

Table 4. Molecular docking results of synthesized compounds

Compound | ACs | AG Fullfitness | AGvdw AGligsolvpol
(uM) | (kcal/Mol) | (FF) (kcal/Mol) | (kcal/Mol)

1 201 |-7.75 -3023.03 -41.55 -9.62

2 162 |-7.45 -3000.90 | -36.85 9.77

3 130 |-7.82 -2087.46 | -59.89 -10.26

4 373 | -7.27 -2950.90 | -33.99 -8.65

S 10.31 | -7.85 -2966.07 -60.19 -9.04

6 14.65 | -7.26 -2950.90 | -33.99 -10,43

7 179 |-7.97 -2943.40 | -53.07 -9.04

8 6.05 |-7.88 -2951.21 -39.44 -9.62

9 9.76 |-7.88 -2928.07 | -39.81 9.77

Details of the SAR study are given in Table 5, vdW (Van Der Waals)
bonds are a critical step in the formation of a stable protein-ligand most active
compound. Because vdW interactions are the most effective type of interaction
in determining the shape and orientation of organic compounds within the
active binding site of the protein [62]. This is the attractive factor that can
attract organic substances towards the proteins and allow them to form a
more stable complex [63]. In this study, we found that when tetrazole/1,3,4
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oxadiazole molecules were near the active site of the PK (1PKN), the electron
clouds of the two molecules (acceptor and donor) interacted to form partially
positively and negatively charged regions. This formation occurred with a
combination of tetrazole/1,3,4-oxadiazole molecules and a variety of residues
such as methionine, arginine, proline, tyrosine, glycine and glutamic acid.

Conventional hydrogen bonds are established at molecular docking
due to the difference in electronegativity between the nitrogen or oxygen atoms
in the tetrazole/1,3,4 oxadiazole and the hydrogen atom of the amino acid
residues [64]. These kinds of bonds generally have interaction weaker than
covalent bonds, even though they are more powerful than vdW interactions [65].
In the context of protein-ligand interactions, conventional hydrogen bonding
was occurred between the PK and the residues Glu A:383 and Glu A:331 for
tetrazoles (two molecules) and Arg A:341 and Arg A:338 for oxadiazoles in
the seven new molecules.

m-Alkyl and alkyl interactions appear in molecular docking through the
attraction between 1r-electrons on aromatic groups in the structure of organic
compounds and alkyl groups in the opposite structure. -Alkyl and alkyl
interactions are much weaker than both traditional hydrogen bonds and vdW
interactions, but they are important for stabilization in protein-ligand interactions
[66]. The interactions between PK and tetrazoles were observed between
Arg A:341, Ala A:348, Pro A:339, lle A:380, Leu A:379 and Leu A:179 residues,
whereas for 1,3, 4-oxadiazoles, it was realized through various residues of the
amino acids such as arginine, alanine, proline, isoleucine, leucine and tyrosine.

Amide-T1T stack interactions are based on the interaction between the
m-electrons of tetrazole or 1,3,4-oxadiazole rings and the carbonyl group of
amino acid residues [67]. In the current study, the 1T-donor hydrogen bond
interaction between the compound (5) and PK was observed through the Glu
A:331 residue, whereas for the compound (2) it was observed through the
Arg A:341 residue. The 1r-donor hydrogen bond interaction between the
compound (5) and (4) with PK was mediated by an aliphatic or aromatic CH
in the structure of the novel molecule, with the Gln A:328 and Asn A:74 residues
acting as hydrogen bond donors.

T-Sigma interactions result in molecular docking via the C-H-1r or C=C-1r
interaction when the r-electron cloud of an aromatic ring interacts with the
sigma bond of a nearby atom [68]. It is found between the Ser A:345 residue
and the compound (6), the Gly A:344 residue and the compound (2), the (8)
with Met A:376 residue of muscle PK.
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Figure 1.

2D interaction of compounds.
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Table 5. Interaction results of synthesized compounds

1 2 3 4 5 6 7 8 9
Ser
Ser A:204,
A:345, |[GIn Asp Ser Arg
Leu A:328, A:176, A:332, |Ala A:119,
A:352, |(Glu Asp Thr A:342, Lys Glu
Asn A:331, A:177, Gly |A:340, |Gly A:206, |A:383, |Arg A:338,
Met A:376 A:349, |Ser A:207, Gly |Ala A:344, Thr Leu lle A:380,
Thr A'.340’ Ala A:361, A:294, Thr|A:342, |Arg A:327, |A:32, |AlaA:384,
Arg A-'338‘ A:387, |Gly A:327, GIn|{Met A:341, GIn Leu lle A:34,
Van Der Pro A:38 "|Leu A:362, A:328, Glu|A:329, |Arg A:328, |A:352, |Asp A:33,
Waals Ala A'.384’1 A:32, Glu ~|A331, 1le Glu A:338, Ser Ser A: |Glu A:383,
Ala A:3877 Asp _ A:363, lle |A:334, Sgr A:343, |Ala A:361, |345, Gly A:344,
Leu A,352’ A:33,i |A:334, lle |A:361, His |Asp  |A:384, Asn Arg Gin A:16,
) Gin A:50, Gly [A:77, His |A:346, |Glu A:74, A:341, |[Asp A:33,
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CONCLUSIONS

This work was carried out to discuss the synthesis, characterization,
computational analysis and in vitro activation study of novel nine compounds.
The highest effect of the tetrazole and 1,3,4-oxadiazole substituted 1,4-
dihydropyridine compounds were found to be 1.30 uM for the compound (3),
while the compound (7) containing another chlorine functional group substituted
2,6-dimethylpyridine showed a very good result with 1.79 yM. Again, considering
the whole study, it was observed that the AC50 values of 1,4- dihydropyridines
were much higher than 2,6-dimethylpyridine. However, it was shown that all
of the newly synthesized derivatives (1-9) have a very good activation potential
against PK (1.30 uM-14.65 uM).

The molecular docking results of the nine new compounds synthesized
for PK activation showed that the predicted AG values were close to each other
(-7.27 and -7.97) and the AGvdw value was in the range of -39.33 to0 -60.19.
The software Orca 5.0.2 was used to determine the HOMO-LUMO values,
ionization potential, electron affinity and the most stable conformation of the
compound using molecular mechanics and the B3LYP technique. The most
reactive molecule was found to be compound (1) (AE=4.01eV).

The specific isoform of PK expressed in muscle tissue and is a key
enzyme involved in the final step of glycolysis to generate energy in the form
of ATP. So, it will be a pioneering result for many studies that muscle PK may
also be involved in other cellular processes such as gene expression and cell
proliferation.

EXPERIMENTAL SECTION

FT-IR spectra were collected using a SHIMADZU Prestige-21 (200 VCE)
spectrometer via an ATR. The 'H and *C NMR spectra were acquired with
spectrometers set to 300 and 75 Hz on the VARIAN Infinity Plus, correspondingly.
The chemical shifts 'H and '3C are referring to the internal deuterated solvent.
A Thermo Scientific Flash 2000 instrument was used for the elemental analysis.
Sigma Chem. Co. provided the materials used, which included ethyl acetoacetate,
4-cyanobenzaldehyde, ammonium acetate, and protein assay reagents. All of
the chemicals used were of the analytical grade.

1,4-Dihydropyridine Synthesis; 4-Cyanobenzaldehyde (5.0 mmol),
ethyl acetoacetate (10.0 mmol), ammonium acetate (5.0 mmol) and L-proline
as a catalyst were dissolved in methanol (5 mL) and stirred for 6 hours at
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80°C in a flask. At the end of the reaction, the reaction mixture was allowed
to cool to room temperature and poured into 100.0 mL of ice-cold water and
stirred. The precipitate was filtered off and dried. The product was purified by
crystallisation from ethanol. The structural analysis of the product was confirmed
by 'H, *C NMR and FTIR spectra.

Tetrazole Synthesis: To the solution of nitrile compound (5.0 mmol)
in Dimethylformamide (DMF, 5 mL), sodium azide (20.0 mmol) and ammonium
chloride (20.0 mmol) were added and heated overnight at 140 °C in a flask.
At the end of the reaction, the reaction mixture was allowed to cool to room
temperature and poured into 100.0 mL of ice-cold water and stirred. HCIl was
used to adjust the pH of solution to 1. The precipitate was filtered off and
dried. The product was purified by crystallisation from acetone/hexane. The
structural analysis of the product was confirmed by 'H, *C NMR and FTIR
spectra.

Aromatization of 1,4-Dihydropyridine compounds: 1,4-dihydropyridine
derivative (1 mmol) in 5.0 mL of water was dissolved. MeOH and NH4sSCN
(1.20 mmol) were added to the solution and then stirred. Solution of 2.0 mmol
CAN in MeOH (10 mL) was added to the reaction mixture by dropwise over
30 minutes using the dropping funnel and the mixture was stirred for two
hours at room temperature. The reaction mixture was then poured into 100.0 mL
of water and extracted with dichloromethane. The organic phase was washed
three times with water and dried with sodium sulphate. Dichloromethane was
removed using a rotary evaporator. The product was purified by crystallisation
from acetone/hexane. The structural analysis of the product was confirmed
by 'H, *C NMR and FTIR spectra.

Oxadiazole Synthesis: Tetrazole derivatives (1.0 mmol) were dissolved
in 2.0 mL of acyl chloride and heated overnight at 100°C under an inert
atmosphere. The reaction mixture was then poured into 100 mL of water and
extracted with dichloromethane. The organic phase was washed three times with
water and dried with sodium sulphate. Dichloromethane was removed using
a rotary evaporator. The product was purified by crystallisation from acetone/
hexane. The structural analysis of the product was confirmed by 'H, '*C NMR
and FTIR spectra.

Diethyl 4-(4-(1H-tetrazol-5-yl)phenyl)-2,6-dimethyl-1,4-dihydropy
ridine-3,5-dicarboxylate (1): M.p.100.8°C, '"H NMR (300 MHz, CDCI3): 8.18
(2H, d, Ar-H), 7.62 (2H, d, Ar-H), 6.66 (1H, s NH), 4.99 (1H, s, CH), 4.00
(2x2H, g, CHy), 2.39 (2x3H, s, CH3), 1.47 (2x3H, t, CH3). '®* CNMR (75 MHz):
166.7, 164.2, 164.4, 145.8, 139.0, 129.5, 128.5, 127.6, 121.6, 62.6, 22.7, 19.0.
11.74. FT-IR v (cm™): 3024.89 (Ar-H), 2939.52 (Aliphatic-H), 1722.43(C=0),
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1656.77(C=0), 1500.62 (N=N). Chemical Formula: CxH23Ns04, Elemental
Analysis (Calculated): C, 60.44; H, 5.83; N, 17.62; O, 16.10, (Found): C, 60.21;
H, 5.94; N, 17.50.

Diethyl-2,6-dimethyl-4-(4-(5-methyl-1,3,4-oxadiazol-2-yl)phenyl)-
1,4-dihydropyridine-3,5-dicarboxylate (2): M.p. 126.8°C, 1H NMR (300
MHz, CDCls): 7.81 (2H, d, Ar-H), 7.47 (2H, d, Ar-H), 6.82 (1H, s NH) , 5.09
(1H, s, CH), 4,05 (2x2H, q, CH>), 2.75 (3H, s, CH3), 2.61 (2x3H, s, CH3), 1.33
(2x3H, t, CHs), 13C NMR (75 MHz, CDCls): 167.7, 165.4, 163.7, 152.5,
145.3, 145.3, 129.2, 126.5, 121.5, 103.3, 60.0, 40.3, 19.4, 14.5, 11.3. FT-IR
v (cm™): 3275,13 (N-H), 3097.89 (Ar-H), 2983.88 (Aliphatic-H), 1691.57 (C=0),
1651.07 (C=0), 1498.69 (N-N). Chemical Formula: CxH2sN30s. Elemental
Analysis (Calculated): C, 64.22; H, 6.12; N, 10.21; O, 19.44, (Found): C, 64.56;
H, 6.21; N, 10.04.

Diethyl-4-(4-(5-(chloromethyl)-1,3,4-oxadiazol-2-yl)phenyl)-2,6-
dimethyl-1,4-dihydropy ridine-3,5-dicarboksilate (3): M.p. 87,8°C, '"H NMR
(300 MHz, CDCls): 7.92 (2H, d, Ar-H), 7.48 (2H, d, Ar-H), 6.02 (1H, s NH),
5.03 (1H, s, CH), 4.95 (2H, s, CH2ClI), 4.06 (2x2H, q, CH2), 2.39 (2x3H, s,
CHs), 1.21 (2x3H, t, CH3). *C NMR (75 MHz, CDCls): 167.5, 162.0, 152.5,
144.8, 139., 129.1, 127.5, 121.4, 103.6, 60.1, 46.1, 19.8, 14.5. FT-IR v (cm™):
3307,92 (N-H), 2980.09 (Aliphatic-H), 1691.15 (C=0), 1678.07 (C=0), 1485.19
(N-N), 1205.51 (C-O-C). Chemical Formula: C2H24CIN3Os, Elemental Analysis
(Calculated): C, 59.26; H, 5.43; Cl, 7.95; N, 9.42; O, 17.94, (Found): C, 59.42;
H, 5.51; N, 9.66.

Diethyl-4-(4-(5-ethyl-1,3,4-oxadiazol-2-yl)phenyl)-2,6-dimethyl-
1,4-dihydropyridine-3,5-dicarboxylate (4): M.p. 99.6°C, 'H NMR (300
MHz,CDCls): 9.22 (NH, s) , 7.89 (2H, d, Ar-H), 7.40 (2H, d, Ar-H), 6.02 (1H,
s NH), 5.15 (1H, s, CH), 4.08 (2x2H, q, CH2), 2.93 (2H, q, CH2), 2.39 (2x3H,
s, CHs), 1.48 (3H, t, CHs), 1.20 (6H, t, CHs), *C NMR (75 MHz, CDCls): 167.8,
165.2, 152.4, 145.36, 129.0, 128.5, 121.6, 103.3, 60.6, 40.2, 21.2, 19.3, 14.9,
11.0. FT-IR v (cm™): 3304,05 (N-H), 2980.08 (Aliphatic-H), 1678.02 (C=0),
1651.07 (C=0), 1487.12 (N-N). Chemical Formula: Cz3H27N3Os, Elemental
Analysis (Calculated): C, 64.93; H, 6.40; N, 9.88; O, 18.80, (Found): C, 65.02;
H, 6.56; N, 9.69.

Diethyl-4-(4-(1H-tetrazol-5-yl)phenyl)-2,6-dimethylpyridine-3,5-
dicarboxylate (5): M.p. 141.3°C, '"H NMR (300 MHz, CDCI3): 8.21 (2H, d,
Ar-H), 7.42 (2H, d, Ar-H), 4.05 (4H, q, CH), 2.69 (2x3H, s, CHs), 0.90 (2x3H, t,
CHjs), *C NMR(75 MHz, CDCls): 167.6, 158.0, 155.9, 145.9, 139.3, 129.3, 127.3,
125.4, 62.1, 22.7, 13.8. FT-IR v (cm™): 3096.78 (Ar-H), 2989.66 (Aliphatic-H),
2868.75, 1722.43 (C=0), 1556.20, Chemical Formula: CxH21NsO4, Elemental
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Analysis (Calculated): C, 60.75; H, 5.35; N, 17.71; O, 16.19, (Found): C, 60.24;
H, 5.41; N, 17.88.

Diethyl-2,6-dimethyl-4-(4-(5-methyl-1,3,4-oxadiazol-2-yl)phenyl)
pyridine-3,5-dicarboxylate (6): M.p. 90.2°C, 'H NMR (300 MHz, CDCl3):
8.15(2H, d, Ar-H), 7.52 (2H, d, Ar-H), 4.00 (4H, q, CH2), 2.69 (2x3H, s, CH3),
2.65 (3H, s, CHs), 0.90 (2x3H, t, CH3), *C NMR(75 MHz, CDCls): 167.6, 164.5,
164.2, 155.9, 145.1, 140.1, 129.1, 127.1, 126.8, 124.9, 61.7, 23.0, 13.83, 11.29.
FT-IR v (cm™): 3064.89 (Ar-H), 2980.66 (Aliphatic-H), 1720.22 (C=0), 1682.77
(C=0), 1556.55. Chemical Formula: C22H23N30s, Elemental Analysis (Calculated):
C, 64.54; H, 5.66; N, 10.26; O, 19.54, (Found): C, 64.25; H, 5.71; N, 10.42.

Diethyl-4-(4-(5-(chloromethyl)-1,3,4-oxadiazol-2-yl)phenyl)-2,6-
dimethylpyridine-3,5-dicarboxylate (7): M.p. 81.5°C, '"H NMR (300 MHz,
CDCl3): 8.11 (2H, d, Ar-H), 7.57 (2H, d, Ar-H), 4.89 (2H, s, CH>), 4.01 (2x2H,
g, CH), 2.59 (2x3H, s, CHs), 1.00 (2x3H, t, CHs). *C NMR (75 MHz, CDCl5):
167.6, 165.6, 162.6, 156.0, 145.0, 140.0, 129.3, 127.5, 126.9, 126.7, 123.5, 61.7,
33.1, 23.1, 13.9. FT-IR v (cm-1): 3064.89 (Ar-H), 2980.66 (Aliphatic-H), 1720.52
(C=0), 1697.37 (C=0), 1556.66 (N-N). Chemical Formula: C22H22CIN3Os,
Elemental Analysis (Calculated): C, 59.53; H, 5.00; CI, 7.99; N, 9.47; O,
18.02, (Found): C, 59.88; H, 5.20; N, 9.65.

Diethyl-4-(4-(5-ethyl-1,3,4-oxadiazol-2-yl)phenyl)-2,6-dimethyl
pyridine-3,5-dicarboxylate (8): M.p. 100.8°C, '"H NMR (300 MHz, CDCls):
8.18 (2H, d, Ar-H), 7.62 (2H, d, Ar-H), 4.00 (2x2H, q, CH>), 2.99 (2H, q, CH2),
2.39 (2x3H, s, CHg3), 1.47 (3H, t, CH3), 1.24 (2x3H, t, CH3). 3C NMR (75
MHz, CDCls): 166.7, 164.2, 164.4, 145.8, 139.0, 129.5, 128.5, 127.6, 121.6,
62.6, 22.7, 19.0, 11.7. FT-IR v (cm™): 3024.89 (N-H), 2939.52 (Aliphatic-H),
1722.43 (C=0), 1656.77 (C=0), 1500.62 (N-N). Chemical Formula: C23H25N30s,
Elemental Analysis (Calculated): C, 65.24; H, 5.95; N, 9.92; O, 18.89, (Found):
C, 65.56; H, 6.11; N, 10.08.

Diethyl-2,6-dimethyl-4-(4-(5-phenyl-1,3,4-oxadiazol-2-yl)phenyl)
pyridine-3,5-dicarboxylate (9): M.p. 130.9°C, 'H NMR (300 MHz, CDCls):
8.11 (2H, d, Ar-H), 7.48 (2H, d, Ar-H), 7.32 (2H, d, Ar-H), 7.30 (2H, d, Ar-H),
7.25 (H, t, Ar-H), 4.05 (2x2H, q, CH.), 2.39 (2x3H, s, CHs), 1.37 (2x3H, t, CHa).
3C NMR (75 MHz, CDCls): 167.9, 165.0,164.4, 148.6, 139.6, 129.7, 129.1,
128.6, 128.1, 127.6, 127.3, 125.9, 119.5, 60.7, 19.3, 14.39, FT-IR v (cm™):
3038.89 (Ar-H), 2980.02 (Aliphatic-H), 1722.43 (C=0), 1548.84, 1487.12 (N-N).
Chemical Formula: C27H2sN30s, Elemental Analysis (Calculated): C, 68.78;
H, 5.34; N, 8.91; O, 16.97, (Found): C, 68.52; H, 5.18; N, 9.06.
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HOMO-LUMO levels

The theoretical computations and geometrical optimization for the
examined junctions were carried out using the open source DFT code, ORCA
package version 5.0.2 [69], on an overclocked Intel®core i5-6400 CPU (2.71
GHz) with 8 GB RAM. Density functional theory B3LYP [70-73] is used as
D3 zero [74] with dispersion correction and a damping function proposed by
Becke and Johnson with a basis set (def-2-SVP) [75, 76]. Because there are
no imaginary frequencies, the equilibrium geometry has a real minimum on
the potential energy surface (PES).

PK Activity Assay

PK activity was assessed by measuring pyruvate subsequent
generations, which was later measured by oxidization of NADH in the
absence of excessive lactate dehydrogenase [2, 77]. The following reaction
components (final concentrations) were added to a spectrophotometric
cuvette (1 mL): 50 mM Tris-HCI buffer, pH 7.4; 100 mM KCI; 10 mM MgCly;
2 mM ADP; 1 mM PEP; 0.2 mM NAD-H; 8 un/mL LDH. The addition of PK
preparation started the reaction (0.02—0.04 units). A decrease in optical
density was registered at 340 nm on a spectrophotometer. Thermo Scientific
Evolution 201 UV-Visible Spectrophotometer (Driesch, Germany). Activation
effects of the novel compounds on enzyme activities were tested under in
vitro conditions.

In vitro activation studies

Several amounts of these substances were added to the enzyme
reaction mixture for the activation tests of nine compounds. Without a
solution containing produced chemicals, PK activity was assumed to be
100%. Regression analysis was used in conjunction with the Microsoft Office
Excel program to determine the activity percentage values of PK for various
concentrations of each tetrazole and 1,3,4 oxadiazole. Table 1 contains the
ACso values that were determined from Lineweaver-Burk [78] graphs.

Molecular preparation of the structures

The 2D structures of the ligands were drawn using ACD chemsketch
software. Iterative runs of Avogadro 1.9.0. through a shell script provided the
primary 3D generation of the structures as mol2 format [79]. The shell script
was provided by means of batch scripting in the Windows operating system.
The 3D crystal structures for four PK isozymes, 1PKN, were retrieved from
RCSB protein data bank [80]. Water molecules and the co-crystal ligands
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were thereafter excluded from the structures and the PDBs were corrected
in terms of missing atom types and application program interface (Discovery
studio 2020 Client) was applied for generation and running of 2D interaction
[81].

Pharmacokinetic properties prediction

Pharmacokinetic characteristics in computer-assisted drug design
(CADD) are a significant component of drug discovery since they assist
determine if a drug candidate should be tested in a biological system. PK
characteristics aid in and explain the integrity & efficacy of compounds
throughout the early phases of drug development. Therefore, the Swiss
ADME, Molsoft and Molinspiration were used in the study to analyse the
pharmacokinetic properties of the novel nine compounds [82-84].
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