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Abstract: Using fine organic synthesis methods and the latest capabilities of computational chemistry, for
the first time, 2-(4-amino-6-phenyl-1,2,5,6-tetrahydro-1,3,5-triazine-2(1H)-ylidene)-malononitrile, which
contains a triazine ring and various functional groups in the molecule, was synthesized without the presence
of a catalyst through a one-step three-component reaction. Structural analyses were carried out using X-ray
and Hirshfeld surface analysis, and it was determined that asymmetric molecules of 2-(4-amino-6-phenyl-
1,2,5,6-tetrahydro-1,3,5-triazine-2(1H)-ylidene)-malononitrile and a dimethylformamide solvent molecule in
the asymmetric unit crystallize as a racemate in the monoclinic P21/c space group. These molecules exhibit
stereochemical activity at the carbon atoms where the triazine rings are attached to the phenyl ring.

For the first time, theoretical predictions using Density Functional Theory calculations for the
synthesis reaction of tetrahydro-s-triazine via a one-step three-component condensation without a catalyst
were experimentally tested. Comprehensive theoretical-experimental studies were conducted using quantum
chemical calculations to simulate these chemical reactions, leading to significant results. The synthesis
under milder conditions and atom-efficient methods obtained through computer simulations further enhances
the importance of this work.

This compound has shown high inhibitory effects on acetylcholinesterase in living organisms, and
multiple analyses, including "molecular docking” studies, have revealed that in the future, representatives of
these inhibitors with different functional groups could potentially be used as drugs against epilepsy,
Alzheimer’s, and other neurological diseases.
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1. Introduction

An enzyme inhibitor is a molecule that
binds to an enzyme and reduces its activity. As
we know, enzymes accelerate chemical
reactions that convert substrate molecules into
products essential for life. When an enzyme
binds to its substrate at the active site, it
facilitates the reaction. Enzyme inhibitors, on
the other hand, bind to an enzyme at a specific
site other than the active site, thereby slowing
down the reaction's most challenging step [1-2].

An enzyme inhibitor binds to the enzyme's

active site, blocking substrate binding and
preventing the enzyme from catalyzing the
reaction. It can also bind to a different site on
the enzyme, halting the process, which is why it
is called an inhibitor [3-4].

An enzyme inhibitor is not just a molecule
that binds to enzymes. Enzyme activators bind
to enzymes and increase their activity [5-6].

When an inhibitor binds, it prevents the
substrate from entering the enzyme's active site
and stops the enzyme from catalyzing the
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reaction. The inhibitor binding may be
reversible or irreversible. Irreversible inhibitors
usually change the enzyme chemically by
entering the reaction and modifying it. These
inhibitors often remove essential amino acids
from the enzyme's active site, stopping its
function. Conversely, reversible inhibitors bind
in a non-covalent manner, allowing the enzyme
to return to its active state after dissociation.
Enzyme inhibitors can have various forms
depending on whether they bind to the enzyme,
the enzyme-substrate complex, or both [7-10].
As mentioned above, drug molecules'
selectivity towards enzymes makes enzyme
inhibitors valuable for drug discovery and
development. Their discovery and development
involve intensive research in biochemistry,
bioorganic chemistry, and pharmacology.
Enzyme inhibitors often have high specificity
(no interaction with other proteins) and potential
(measured by the dissociation constant showing
the concentration needed to inhibit the enzyme)
high specificity and potential ensure low
toxicity and effective action [11-14].
Acetylcholinesterase  (AChE) is an
enzyme found in our central and peripheral

nervous systems, in nerve and muscle tissues,
erythrocytes, and the placenta. AChE quickly
breaks down acetylcholine into acetate and
choline, rendering it harmless.
Butyrylcholinesterase (BChE) is another type of
cholinesterase synthesized in the liver and
released into the bloodstream. It is found in fatty
tissues, the small intestine, lungs, and other
organs, as well as in the brain and plasma.
BChE hydrolyzes butyrate and other esters of
choline [15].

AChE and BChE catalyze the hydrolysis
of acetylcholine and similar esters. One AChE
molecule can hydrolyze 4x10° ACh molecules
per minute, and it can maintain this efficiency
over 150 cycles. BChE is found in plasma and
various tissues, especially the liver.

Differences in enzyme specificity can
result in significant toxicological distinctions
among organophosphorus compounds.
Organophosphorus compounds (OP) inhibit
AChE, causing severe neurotoxicity. Research
into inhibitors' mechanisms and central nervous
system activity has been extensive. OP
insecticides significantly inhibit AChE, leading
to severe poisoning symptoms [16].

2. Materials and methods

2.1. Synthesis of 2-(4-amino-6-phenyl-
1,2,5,6-tetrahydro-1,3,5-triazine-
2(1H)-ylidene)malononitrile.

(E)-1-(amino(1H-pyrazol-1-

yl)methylene)guanidinium chloride (188 mg, 1
mmol), benzaldehyde (106 mg, 1 mmol), and
malononitrile (66 mg, 1 mmol) mixture was
stirred in methanol for 5 hours. Then, the
solvent was removed under vacuum from the
reaction zone and recrystallized from methanol
using charcoal to obtain suitable crystals for X-
ray analysis by slow evaporation of the DMF
solution. The colorless solid (47%) was
obtained. Analysis: C,7H27N130 calculated for
Mr =549.6: C 59.01, H 4.95, N 33.13; found: C
58.98, H 4.89, N 33.07%. 'H NMR (DMSO-
de) 0 8.58 (NH), 8.30 (NH), 7.95 (CH), 7.31 -
7.45 (5H, Ar-H), 5.62 (CH), 2.72 and 2.88
(2CH3). ®C NMR (DMSO-dg) & 165.17,
162.44, 155.68, 141.91, 128.78, 128.72, 125.73,
119.45, 119.19, 61.867, 37.8. ESI-MS: m/z:
550,5 [M+H]".

2.2. Details of the Computer

Calculations

The Gaussian 16 software package was
used for computer calculations. The

mechanisms and intermediate stages of all the
intermediate steps described in Scheme -1 were
calculated using the DFT/B3LYP function with
Grimme's empirical dispersion correction (D3).
The 6-31G(d,p) basis sets were used for all
atoms. The reaction calculation was carried out
under the experimental conditions (1 atm and
the boiling point of the solvent (methanol) at
337.15 K). All reaction pathways were
calculated with the self-consistent reaction field
and the dielectric constant of methanol (¢ =
32.613). The internal reaction coordinates were
used to confirm the relationships between all
intermediate stages and transition states. The
Cartesian coordinates, total energies, and Gibbs
energies of all structures were calculated
without geometric constraints [17-20].
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2.3. Measurement of AChE Enzyme
Activity.

The effect of new compounds on AChE
enzyme activity was investigated using Ellman's
method. The IC50 and Ki values were
determined, and inhibition types were identified.
As previously noted, cholinesterases catalyze
the breakdown of acetylcholine to choline and
acetate. The product of this reaction, 5-thio-2-
nitrobenzoic acid, forms a yellow color when
reacting with DTNB. The resulting composite

color absorbs at 412 nm, and the absorbance is
measured at 412 nm within 5 minutes using
empty cuvettes as blanks [21-24].

2.4. Molecular Docking Calculations.

In this study, silico docking studies were
performed using the AutoDock Vina program.
In addition, the DFT/B3LYP theoretical
approach and the Gaussian 09W software with
the 6-311++G(d,p) basis set were used for the
optimization of the structures studied for
molecular docking [25-29].

3. Results and Discussion

3.1. Structural Analysis of the Obtained
Compound
Triazine derivatives can be synthesized
through various methods. The most common
methods  include  nucleophilic  aromatic
substitution of cyanuric chloride, formation of
triazine rings by cycloaddition reactions, and
cyclotrimerization of nitriles [30]. Especially,
the use of a one-step three-component reaction

is effective and easy, allowing for
multifunctional compounds to be obtained.
Thus, in this study, (E)-1-(amino(1H-pyrazol-1-
yl)methylene)guanidinium chloride,
benzaldehyde, and  malononitrile  were
synthesized using a one-step three-component
reaction to form 2-(4-amino-6-phenyl-5,6-
dihydro-1,3,5-triazine-2(1H)-
ylidene)malononitrile (Scheme 1).

NH,

NH
)k /K
H,N N

N
4

N/N\ + N
O\

Ar

A

HN” NH
> N
7
)\ 7
HNT NN

I
N

without catalyst

CH30H, reflux,
80°C, 5-6 h.

Scheme 1. Reaction for the synthesis of 2-(4-amino-6-phenyl-5,6-dihydro-1,3,5-triazine-2(1H)-
ylidene)malononitrile

The studied compound crystallizes in an
asymmetric unit containing two independent
molecules (Molecule I and Molecule I1) and one
dimethylformamide solvent molecule. Fig. 1
shows the overlap of Molecule | and Molecule
Il in the asymmetric unit with a difference of
0.173 A.

Both molecules | and Il form a dihedral
angle of 86.8° (2)° and 86.63° (9)° respectively,

for the phenyl ring (1) on C4-C9 and the triazine
ring (I1) on C16-C21. Each molecule has one
stereogenic center. The asymmetric unit consists
of a racemic mixture with the C13 atoms linked
through N-H--*N and N-H---O hydrogen
bonds. The molecules are connected in parallel
layers via the dimethylformamide solvent
molecule.

CHEMICAL PROBLEMS 2024 no. 4 (22)



SAID ASLANOV et al.

471

Molecule Il

Fig. 1. Molecular structure of the compounds

3.2.DFT Study of the
Reaction

The reaction mechanism calculated based

Synthesis

on Density Functional Theory (DFT) is shown
in Scheme 2.
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Scheme 2. Mechanism of triazine ring formation and synthesis of tetrahydro-s-triazine (PRO) from
pyrazole and malononitrile based on quantum chemical calculations

Based on X-ray analysis, the pyrazole
group's nucleophilic addition to the nitrile
carbon of malononitrile initiates the formation
of the triazine ring. This structure is stabilized
by the presence of malononitrile’s imine
(CH=N) nitrogen atom, which acts as a proton
acceptor.

The initial step involves the nucleophilic
attack on the nitrile carbon by pyrazole's
nitrogen (protonated by hydrogen). This results

in the formation of intermediate INT1 and
protonation of malononitrile’s nitrogen atom.
Intermediate INT2 is formed through a series of
steps involving proton migration
(tautomerization). This is followed by the
elimination of a proton from malononitrile's
imine nitrogen and the formation of
intermediate INT3. The structure of INT3
undergoes a proton transfer to form INT4,
followed by the release of an amine proton to
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produce the final product, tetrahydro-s-triazine
(PRO). The proposed mechanism is confirmed
through quantum chemical calculations.

3.3. Study of Enzyme Activity and

Inhibitor Effects

We analyzed the enzyme and isoenzyme
activities using inhibitors prepared in our
laboratory in collaboration with the University
of Bartin, Turkey.

As previously noted, acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE)
enzymes play a critical role in the peripheral

nervous system. AChE hydrolyzes
acetylcholine, terminating neurotransmission.
BChE, on the other hand, hydrolyzes

butyrylcholine and other esters. This study
focused on the inhibitory effects of the newly
synthesized compounds on AChE and BChE.
The IC50 and Ki values were determined for
AChE (Ki = 52.07 = 8.33 uM, IC50 = 71.5 uM)

and BChE (Ki =
198.24 uM).

In vitro experiments showed that the
newly synthesized compound effectively
inhibits AChE and BChE activities. The IC50
values obtained from these experiments
confirmed the inhibitor's strong activity.

3.4. Molecular Docking Studies

We performed molecular docking studies
to understand the inhibitory mechanisms of the
synthesized compounds. The binding affinity of
the molecules to the catalytic active sites of
AChE was evaluated using AutoDock Vina.
High binding scores were obtained, indicating
strong interactions with the active sites. The
preferred  binding modes showed the
compound's ability to interact with both
hydrophobic and hydrophilic residues in the
active site. The calculated binding affinities and
docking results are shown in Fig. 2.

16537 + 6.94 uM, IC50 =

'] L e
/ | |

N

Fig. 2. Evaluation of binding affinity and docking results for the AChE active site. New inhibitor-
AChE.

The docking study identified favorable
binding modes where the compound fits into the
enzyme's active site, forming hydrogen bonds
with key residues.

Additionally, the root-mean-square
deviation (RMSD) values between the re-
docked and co-crystallized ligands were
sufficiently good to accept the docking method
as accurate. These results also confirmed the
reliability of the docking method.

After docking validation, most active

compounds were similarly placed in the
catalytic active site.

The binding affinities of the docked
compounds were analyzed using docking
calculations. These scores are presented in
Table 1. The new compound showed binding
affinity to the AChE enzyme similar to standard
inhibitors. Additionally, their binding affinities
were consistent with previously well-studied

inhibitors.
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Table 1. Binding Affinity of the New Inhibitor to the AChE Enzyme
- Docking Calculations
New Inhibitor AChE
New Inhibitor -6.623
TAC!! -9.579
FITAC is used as a standard inhibitor for AChE enzyme.
The interactions between the best-docked ring of Tyr341.
compound and enzyme residues were analyzed In addition to these interactions, the

to understand their inhibition
mechanism.

The phenyl ring of the new compound fits
well with the hydrophobic residues of the AChE
enzyme. However, the cyano fragment of the
compound is positioned far from the catalytic

active site. The carboxyl part of the compound

possible

sulfonyl part of Tyr72, Trp286, and Tyr341
residues form aromatic hydrogen bonds.
Through a bridge, the Tyr72 residue also forms
a hydrogen bond with the Thr75 residue. These
interactions likely contribute to the compound's
binding affinity. Multiple hydrogen bonds are
formed with Arg213, Asn350, Asp352, and

forms a hydrogen bond with the Tyr72 residue GIn353 residues, as shown in Fig. 3.
and a n-7 stacking interaction with the phenyl
,/--‘/ ] . i
§ A
-~ .
Jj“ "T'_"-.‘\\ e 3000 T
% "( —.—"s-‘r\
/
X > -mnf)\ /
— .‘ - YR MY r e "3
¥ ‘
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[

Fig. 3. Best binding site of the new compound in the catalytic active site of the enzyme. The
docking compound is represented as black sticks, with residues forming hydrogen bonds shown
with black dashed lines, cyan dashed lines for aromatic hydrogen bonds, and blue dashed lines for
7-1 stacking.

Water molecules, particularly Wat707,
Wat751, Wat720, Wat922, Wat708, and
Wat701, play a significant role in the enzyme's
catalytic active site. They form hydrogen bonds
with Glu277, Asp352, Arg213, Glu349, and
some hydrophobic residues, facilitating the
enzyme's catalytic activity in substrate
hydrolysis.

Summarizing the above, the new synthetic
compound exhibits AChE inhibitory activity.
The [IC50 values determined from the
experiments are consistent with standard

inhibitors across all targets.

Molecular modeling results showed that
the new inhibitor binds to the AChE enzyme
with a binding affinity of -6.623 kcal/mol.
These data confirm the compound's potential
effectiveness in treating Alzheimer's disease and
preventing retinal damage by inhibiting the
enzyme and blocking signal transduction in
cells.

Thus, summarizing the above findings, it
can be concluded that AChE is a crucial enzyme
that controls the transmission of signals in nerve
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cells. This enzyme catalyzes the hydrolysis of
acetylcholine into choline and acetic acid,
allowing active cholinergic neurons to return to
normal function. The inhibition of cholinesterase

enzymes has a positive effect on treating
Alzheimer's disease and other neurodegenerative
conditions.

Conclusion

Using fine organic synthesis methods and
the latest capabilities of computational
chemistry, for the first time, (E)-1-[amino(1H-
pyrazol-1-yl)methylene]guanidinium  chloride,
benzaldehyde, and  malononitrile  were
synthesized without a catalyst, in a one-step,
three-component reaction with methanol in a
1:1:1 molar ratio, over 5 hours. The compound
2-(4-amino-6-phenyl-5,6-dihydro-1,3,5-triazine-
2(1H)-ylidene)malononitrile was synthesized
with a 47% vyield. The obtained substance was
analyzed by X-ray structure analysis, showing
that it crystallizes as a monoclinal racemate in
an asymmetric unit with two independent
molecules and one dimethylformamide solvent
molecule. Each molecule has stereochemical
activity at the carbon atoms where the triazine
rings are attached to the phenyl ring. Hirshfeld
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surface analysis provided stability insights, and
Van der Waals interactions played a role in
monocrystal formation.

Using modern computational program
capabilities, DFT calculations for the
mechanism of the one-step, three-component
reaction were theoretically studied and
confirmed by experimental results.

The compound showed high inhibitory
effects on the AChE enzyme in our
experiments, including molecular docking
studies. The results suggest that the compound
has potential as a clinical candidate, with
different functional group inhibitors showing
promise against epilepsy, Alzheimer's disease,
and other neurological disorders in future
clinical applications.
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S.F. Aslanh 1’2, i.N. Allahverdiyev 1’2, I.H. Mahmudov 1, M.E. isakov 1, P. Taslimi 3,
9.R. Sucayev !

Ykademik Oli Qulivev adina Asqarlar Kimyast Institutu, Baki Azarbaycan
2Db'inyar Moktobi, Baki, Azarbaycan
*Bartin Universiteti, Bartin, Tiirkiya
e-mail: s.afsun@mail.ru

Xiilasa: Zorif lizvi sintez iisullar1 vo kompiiter kimyasinin oan son imkanlarindan istifado etmaklo
birmarhoalali tigkomponentli reaksiya vasitasilo ilk dofo katalizator istiraki olmadan molekulda
triazin halgast vo miixtalif funksional qrup saxlayan 2-(4-amino-6-fenil-1,2,5,6-tetrahidro-1,3,5-
triazin-2(1H)-iliden)-malononitril sintez edilmis vo X-ray, Hirsfeld sothi analizi ilo struktur tahlillori
aparilmisdir. Strukturun todqiqi rentgen vo Hirshfeld soth analizlorindon istifado edilmoklo
aparilmisdir vo miioyyan edilmisdir Ki, 2-(4-amino-6-fenil-1,2,5,6-tetrahidro-1,3,5-triazinin
asimmetrik molekullar1 — 2(1H)-iliden)-malononitril vo dimetilformamid halledici molekulu
monoklin rasemat qurulusunda vo P21/c foza qrupunda kristallasir. Bu molekullar triazin
halqalarmin fenil halqasina baglandig1 karbon atomlarinda stereofoalliga malikdir.

Ik dofa olaraq katalizator olmadan bir marhalads iickomponentli kondenslosma ilo tetrahidro-
s-triazinin sintezi reaksiyasi tigin Funksional Sixliq Nazariyasi hesablamalari ilo nazari prognozlar
tocriibi olaraq test edilmis, kvant kimyovi hesablamalarla homin Kkimyovi reaksiyalarin
simuliyasiyast baximindan shatsli nozari-tocriibi aragdirmalar aparilmis vo miihiim naticalor oldo
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olunmusgdur. Kompiiter simulyasiyasi ilo alds olunan daha miilayim soraitdo vo atom gonaotcil {isul
ilo sintez olunmasi bu isin 6nomini daha da artirmisdir;

Bu birlogsmonin canli orqanizmdo asetilxolinesteraza iizro yiiksok inhibitor tosirlora malikdir vo
coxsayli analizlor, o ciimladon “molekulyar doking” todgiqatlart naticasinds malum olmusdur ki,
golocokds bu inhibitorlarin ayri-ayri funksional qrupa malik niimayondalori epilepsiya, Alzeymer vo
digar nevroloji xastaliklora garsi qarsi potensial dorman maddslori kimi istifads oluna bilar.

Acar sozlar: triazin, DFT, enzim inhibitoru, molekulyar doking, Alzeymer.

CO3JAHME HHI'MBUTOPOB HOBOI'O IIOKOJIEHUS C IOTEHITUAJIBHBIM
JAEUCTBUEM INPOTUB BOJIE3HU AJIBIITEMMEPA

C.D. ACJIaHOBl’Z, n.H. AJIJIaXBepL[I/IeBl’Z, n.X. MaXMyLIOBal, M.D.UcakoB 1, IL.Tacanmn 3,
A.P. quaen1

Ynemumym xumuu npucadox umenu axademuxa A. Kymuesa, Baxy, Asep6aiioocan

*[IIxona [dynws, Baxy, Azepbatioocan
3YHu6epcumem bapmuna, bapmun, Typyus
e-mail: s.afsun@mail.ru
Pe3rome: lcrnonb3ys MeETOObl TOHKOTO OPraHMYECKOTO CHHTE3a M HOBEHIINE BO3MOXHOCTHU
BBIUHCIIUTCIIGHOW XUMHH, BIEepBble moaydeH 2-(4-amuno-6-pennn-1,2,5,6-rerparuapo-1,3,5-
tpuasuH-2(1H )-wiugeH)-MaJOHOHUTPHI, COAEPIKAIUi B MOJIEKYJIEe TPHA3HHOBOE KOJBIO H
pasznuuHble (YHKIIMOHAIBHBIE TPYIIbI, KOTOPHIA CHUHTE3UpPOBaH 0€3 MPHUCYTCTBUSA KaTaau3aTtopa
OJTHOCTATUNHON TPEXKOMIOHEHTHOW peakiueil. CTpyKTypHBIH aHanu3 ObLT TMPOBEACH C
WCIIOJIb30BAaHUEM PEHTIECHOBCKOTO aHaju3a M aHalu3a TMOBEpXHOCTH Xwupuidenbna, U ObLIO
YCTAHOBIICHO, YTO YTO ACHMMETPUYHbIE MOJICKYIbI 2-(4-amunHo-6-¢ernn-1,2,5,6-rerparumpo-1,3,5-
tpuasuHa — 2(1H)-unuaeH)MaToHOHUTPHI U PACTBOPUTENS TUMETHI(HOPMaMUIa KPUCTATITU3YIOTCSI
B BHJI€ palleMara B MOHOKJIHHHOW MPOCTPaHCTBEHHOH rpymme P21/C. TH MOJeKybl TPOSBISIOT
CTEPEOXUMHUYECKYIO aKTUBHOCTh Y aTOMOB yIJIepoja, IJie¢ TPUA3MHOBBIE KOJIbIA TPUCOEIUHEHBI K
(heHUITHPHOMY KOJIBITY.

BrniepBrie aKkcriepuMeHTaIbHO MPOBEPEHBI TEOPETHUECKUE MPECKA3aHUs C UCIIOIb30BAHHEM
pacueroB Teopun nuddeperunanbroro Gynkiponana (DFT) mwis peakuun cuHTE3a TETPAruapo-S-
TpUa3uHa IMYTEM OJHOCTAAUIHON TPEXKOMIOHEHTHOM KOHJeHcauuu Oe3 karanuzaTtopa. Jlns
MOJICTTUPOBAHUSI OJTUX XUMHUYECKHX peakuuid ObUIM TMPOBEACHBI KOMIUIEKCHBIE TEOPETUKO-
AKCIICPUMEHTAJIbHBIC UCCIIEOBAHMS C UCIIOIB30BAHUEM KBAaHTOBO-XHMUUYECKHX PACYETOB, KOTOPHIE
MpUBEIM K 3HAYUTENbHBIM pe3ynbrataM. CuHTe3 B 0Oojiee MSTKHX YCIOBHSX U aTOMHO-
3¢ PeKTUBHBIE METObI, MOTYYEHHBIE C TTOMOIIBI0 KOMITBIOTEPHOTO MOJICITUPOBAHMUS, €I OObIIe
MOBBIIIAIOT BAYKHOCTH 3TOH pabOTHI.

DTO COCNMHEHHE TMPOJEMOHCTPUPOBAJIO  BBICOKHE HHTrHOuUpyromme 3hdeKTsl Ha
AUETUIXOJIMHACTEPa3y B JKMBBIX OpPraHM3Max, a MHOTOYHUCJICHHBIC aHAJIU3bl, B TOM 4YHUCIE
UCCIIEIOBaHUS «MOJIEKYJIIPHOTO CTBHIKOBKH», IMOKa3ald, 4YTO B OYyAyHIeM MpPEICTaBUTENH 3THUX
UHTHOUTOPOB C pPa3HBIMU  (PYHKIMOHAIBHBIMU TPYNIaMH MOTCHIMATLHO MOTYT  OBITh
UCIIOJIb30BaHbl B KauyeCTBE JIEKapCTB MPOTHUB OJMHIENCUH, Oone3HH AublreiimMepa, W Ipyrux
HEBPOJIOTUYECKHX 3a00JIeBaHUH.

KuroueBbie cioBa: tpuasud, TOII, uarubutop (GepMeHTOB, MONEKYISIPHBIA TOKWUHT, OOJIE3Hb
Anbureiimepa.
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