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Abstract

Pyrrolidone derivatives are promising substances for supporting and restoring cognitive functions in various etiological forms
and disorders. The search for active molecules in this class of substances is becoming increasingly relevant, particularly in
connection with the prevalence of post-COVID-19 cognitive deficits, neurodegenerative diseases, and traumatic brain injuries.
In order to obtain new potential nootropics, a chemical modification of the synthetic framework we previously obtained, 1-
benzyl-4-(5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-yl)pyrrolidin-2-one, was carried out by introducing an acetate group
and subsequent amidation with the corresponding amines. The structure and purity of the obtained amides were confirmed by
elemental analysis, '"H NMR spectroscopy, '*C NMR spectroscopy, and LC/MS. The effectiveness of the performed chemical
modification was confirmed by molecular docking to the nootropic biomolecules, the a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA) receptor and the muscarinic (M1) acetylcholine receptor, as well as by pharmacological studies of
antiamnesic activity. In the passive avoidance test in mice, the most promising compound, 1-benzyl-4-{4-[2-0x0-2-(piperidin-
1-yl)ethyl]-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-yl} pyrrolidine-2-one 9d, was found, which eliminated the amnesic
effect of scopolamine: 100% of the animals that had reached the learning criterion, and the antiamnesic activity was 106.4%.

Rezumat

in cadrul acestui studiu, pentru obtinerea unor noi compusi cu potential nootrop, a fost realizati modificarea chimici a structurii
sintetice obtinute anterior, 1-benzil-4-(5-sulfaniliden-4,5-dihidro-1H-1,2,4-triazol-3-il)pirolidin-2-ona, prin introducerea unei
grupari acetat, urmata de amidare cu aminele corespunzatoare. Structura si puritatea amidelor obtinute au fost confirmate prin
analiza elementald, spectroscopie RMN 'H, spectroscopie RMN '3C si cromatografie lichida cuplatd cu spectrometrie de masa
(LC/MS). Eficienta modificarii chimice realizate a fost sustinuta atat prin studii de andocare moleculara asupra unor biomole-
cule relevante pentru activitatea nootropa, receptorul a-amino-3-hidroxi-5-metil-4-izoxazolpropionic (AMPA) si receptorul
muscarinic colinergic M1, cét si prin evaluarea farmacologici a activititii antiamnezice. In testul de evitare pasivi efectuat la
soareci, cel mai promitator compus identificat a fost 1-benzil-4-{4-[2-oxo-2-(piperidin-1-il)etil]-5-sulfaniliden-4,5-dihidro-1H-
1,2,4-triazol-3-il} pirolidin-2-ona (9d), care a contracarat efectul amnezic indus de scopolamina: 100% dintre animalele care au
atins criteriul de invatare au prezentat mentinerea performantei cognitive, iar activitatea antiamnezica determinata a fost de
106,4%.

Keywords: synthesis, amides of 2-(3-(1-benzyl-5-oxopyrrolidin-3-yl)-5-thioxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)acetic acid,
docking studies, nootropic activity

Introduction One of the factors of these disorders is traumatic
brain injury. Unfortunately, in recent years, there has
been an increase in the number of cases of injuries to
military and civilians as a result of hostilities (4, 5).
The COVID-19 pandemic has left a significant mark
on the occurrence of brain disorders. As numerous
studies have shown, this disease causes not only

In recent decades, there has been an increase in the
demand for nootropic drugs (1). This trend is associ-
ated with the spread of neurodegenerative diseases
of various etiologies, accompanied by CNS disor-
ders with a decrease in cognitive functions (2, 3).
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acute respiratory disorders, but also has a long-term
negative impact on the central nervous system (6).
Among the undesirable effects are accelerated brain
aging and decreased cognitive function, which are
likely associated with increased neuroinflammation,
oxidative stress, and impaired neuroplasticity (7).

A constant unstable nervous and psychological state
catalyzes the process of brain aging, contributing to
neurodegenerative processes leading to dementia (8,
9). As a result, it can occur much earlier, and the
number of patients who have dementia may increase
(10). Alzheimer's disease is completely incurable
and has needed in-depth study and the search for new
treatments for many years (11, 12). With the availa-
ble drugs, it is only possible to reduce symptom
manifestations, so it is not surprising that scientists
are increasingly interested in research aimed at iden-
tifying an active molecule with a unique mechanism
of action on memory (13-18).

A promising matrix for the rational design of biolog-
ically active compounds with nootropic effects is the
2-pyrrolidone core - a main scaffold that forms the
basis of the racetam group of nootropics (19, 20).
The rationale for seeking effective nootropics in this
class of compounds is explained by the absence of
adverse psychopharmacological effects (specifically
sedation, analgesia, or motor or behavioral changes),
unlike other classes of psychoactive drugs (21-25).
It should be noted that the presence of an additional
neuroprotective effect has expanded the practical use
of racetams, namely, in the complex therapy of trau-
matic brain injuries, neuroinflammation, strokes,
and encephalopathy of various etiologies (26-31).
The range of indications for racetam use has become
a focal point for directing scientific research. The
evolution of the creation of racetam nootropics is
based on modifying the structure of the first racetam
drug, piracetam. Through the modification of the N-
side chain and the introduction of substituents at po-
sition 4 of the pyrrolidin-2-one cycle, analogs of pi-
racetam with better pharmacokinetic and safety pro-
files, as well as an expanded spectrum of pharmaco-
logical effects, have been created. In our opinion,
this approach is justified and supported by scientific
research and clinical application data (32). That is
why the choice of an already existing nootropic race-
tam of the new generation for further modification
will allow the creation of a potential series of deriv-
atives with nootropic properties. 1-Benzyl-pyrroli-
din-2-one is a structural fragment of the racetam
nootropic nebracetam, whose modification with a 3-
thio-1,2,4-triazole framework, saturated with het-
eroatom substituents, has led us to obtain promising
compounds with nootropic activity (33). In our opin-
ion, further modification of the structural framework
of 1-benzyl-4-(5-sulfanylidene-4,5-dihydro-1H-
1,2,4-triazol-3-yl)pyrrolidin-2-one may improve
pharmacological properties, particularly increasing
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antiamnesic activity. One promising direction for
further structural modification of the basic scaffold
4-(5-thioxo-4,5-dihydro-1H-1,2,4-triazol-3-yl)pyr-

rolidin-2-one is the incorporation of a molecular
fragment, such as an acetic acid amide, into its struc-
ture. This choice is justified by the fact that some
racetams contain a fragment of the acetic acid amide.
For example, this includes the classic nootropic pi-
racetam. It is this fragment of the molecule that is
considered key to its ability to enhance the function-
ing of the central nervous system. Somewhat modi-
fied derivatives of piracetam — neofiracetam and
phenylpiracetam — also retain the structural fragment
of the acetic acid amide. Although in racetams this
fragment is attached to the nitrogen atom of the pyr-
rolidone ring, in our series, we relocated it to the thi-
otriazole fragment to preserve the key pharmaco-
phoric element and to evaluate the influence of its
topological position on interactions with nootropic
targets. Figure 1 shows the structural design of po-

tential nootropic molecules.
H
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Figure 1.
Structural design of potential nootropic molecules

Materials and Methods

Analytical methods

Reagents manufactured by Sigma-Aldrich, USA,
were used in this work. The required reagents were
purified using standard techniques. Control of the re-
actions was carried out using thin-layer chromatog-
raphy (eluent — ethyl acetate-hexane 1:2) on “Sorbfil
UV-254” plates.

The elemental analysis was performed on a
“Hewlett-Packard” automatic analyzer, M-180, by
the company. '"H NMR spectra were recorded on a
Varian Gemini 400 MHz spectrometer and '*C NMR
spectra on a Varian Gemini 101 MHz spectrometer,
both using DMSO-d6 as solvent. Chemical shifts are
reported in & (ppm) relative to residual solvent
peaks. Coupling constants (J) are given in Hz, and
multiplicities are described using standard abbrevia-
tions (s, d, t, g, m). LC/MS spectra were recorded on
an Agilent 1100 LC/MSD SL system equipped with
a diode array detector (G1315B, 3D) and a quadru-
pole mass detector (G1946B) operating in positive
ESI mode. Chromatographic separation was
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performed on a Zorbax SB-C18 Rapid Resolution
HT cartridge (4.6 x 30 mm, 1.8 pum). The mobile
phase consisted of A = H.O + 0.1% HCOOH and B
= MeCN + 0.1% HCOOH, using a linear gradient at
a flow rate of 1.0 mL/min. The column temperature
was maintained at 25 °C, and the injection volume
was 5 pL.

Receptor-oriented flexible docking

The Autodock 4.2 software package was used for re-
ceptor-oriented flexible docking. Ligands were pre-
pared using the MGL Tools 1.5.6 program (34). The
Ligand optimization was performed using the Avo-
gadro program. To perform calculations in Autodock
4.2, the receptor and ligand data were converted to a
special PDBQT format. The nootropic effect has a
complex mechanism that involves AMPA receptors
and muscarinic (M1) acetylcholine receptors (35-
37). The active macromolecular center of the
nootropic targets (PDB IDs 3LSF and 6ZFZ) from
the Protein Data Bank (PDB) was used as a biologi-
cal target for docking. 3LSF B+E: coordinates x =
6.886,y=53.146,z=28.488, size x =22,y =26,z =
40; 6ZFZ A: coordinates x =22.442,y =20.533,z =
-6.969, size x=24,y = 26, z = 24. The receptor maps
were generated using the MGL Tools and AutoGrid
programs. Water molecules, ions, and the ligand
were removed from the PDB file. Visual analysis of
the complexes of the tested molecules in the pep-
tides' active sites, redocking visualization, and
RMSD calculation were performed using the Dis-
covery Studio Visualizer program.
Pharmacological study of antiamnestic activity
Justification of the amnesia model, selection of com-
pounds for study, and comparison of drugs

An important component of the nootropic effect is
antiamnestic action. Based on docking results, sev-
eral synthesized compounds were evaluated for
antiamnestic properties in a basic scopolamine-in-
duced amnesia model in mice (33). Since this model
is based on the disruption of cholinergic memory
mechanisms, the selection of compounds was guided
primarily by the docking results for the muscarinic
(M1) acetylcholine receptor. On the other hand, it
was important to limit the number of animal studies
in accordance with bioethical principles. Therefore,
4 of the 12 synthesized compounds were selected for
the pharmacological experiment: 9¢, 9d, 9e, and 9i.
Piracetam was used as a comparison drug at a dose
of 300 mg/kg based on the chemical affinity to the
synthesized substances and the proven antiamnestic
effect (33).

Memory study method

To determine the effect of compounds on the pro-
cesses of consolidation and recovery of memory en-
grams, the passive avoidance test (PAT) was used,
as described in (33). The PAT is a widely used be-
havioral paradigm for assessing learning and
memory. It is based on rodents' natural preference
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for dark environments and their ability to learn to
avoid entering a dark compartment previously asso-
ciated with an aversive stimulus (typically a mild
foot shock). Memory retention is evaluated by meas-
uring the latency to enter the dark compartment dur-
ing the retention trial; longer latencies indicate better
learning and memory performance. The PAT study
device has two parts: an illuminated starting plat-
form and a darkened chamber with an electrode
floor. They are connected by an opening with a door.
The study is conducted for two days. On the first day,
the animals are trained. The mouse is placed on an
illuminated platform with its tail facing the entrance
to the dark chamber. The latency to entry into the
dark compartment is determined, during which the
animal is subjected to electrical stimulation at 0.6
mA. 24 h after this, the memory trace is tested: the
latency time of entry is determined again. If the
mouse does not enter the dark chamber within 3 min,
it is considered to have reached the learning criterion
(latency period is 180 s).

Modeling of amnesia and parameters of antiamnes-
tic activity

Anterograde amnesia was modeled by the admin-
istration of scopolamine hydrobromide trihydrate
(Thermo Fisher Scientific, China) at a dose of 1.5
mg/kg intraperitoneally (i.p.) (38). Scopolamine was
administered 20 min before the formation of PAT
(electropainful stimulation of the mouse paw). After
24 h, the latent period of entry of animals into the
dark chamber and the number of animals that
reached the learning criterion were re-determined.
The index of antiamnestic activity (AA) was calcu-
lated using the modified Buttler formula (38):

AA = (ATLD — ATLAC) / (ATLVC —
ATLAC)x100 (%),

AA — antiamnestic activity, %; ATLD — the change
in latency of the training and retention test for the
drug-treated group (substances or piracetam);
ATLAC - the change in latency of the training and
retention test for the scopolamine-treated group (am-
nesia control group); ATLVC — the change in latency
of the training and retention test for the vehicle con-
trol group.

Also, during PAT testing, the number of unfinished
attempts to enter the animal into the dark chamber
(NUAE) was determined after 24 hours, which char-
acterizes hesitation to enter (39). The animals are
peeking into the dark compartment without full-
body entry.

The study used 42 white male mice weighing 20 - 25
g. In accordance with the requirements of bioethics,
a minimum number of animals of the same sex were
used at the pharmacological screening stage to deter-
mine the presence of a mnemotropic effect of the
tested compounds. The animals were obtained from
the vivarium of the National Pharmaceutical
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University (Kharkiv, Ukraine). The experiment was
performed at the Educational and Scientific Institute
of Applied Pharmacy of the National University of
Pharmacy. The mice were kept at 22 - 23°C, 50% air
humidity, a 12-hour light/dark cycle, and free access
to food and water.

Animals were randomly divided into 7 groups of 6
animals each. Sample size per group was 6, based on
previous studies (33) and effect size estimates (D =
2.0 - 2.5) (40). Group 1 — vehicle control (VC): ani-
mals that were administered intragastrically (i.g.)
water 10 min before i.p. administration of 0.9%
NaCl solution to standardize the experimental con-
ditions. Group 2 — amnesia control (AC) animals
were administered i.g. water, and after 15 min, am-
nesia was simulated by administering scopolamine
1.5 mg/kg i.p.; after 20 min, PAT was formed. Group
3 — animals that were administered the comparison
drug piracetam (Farmak, Ukraine) 300 mg/kg i.g.
(33), after 15 min, amnesia was simulated, and after
20 min, PAT was formed. Groups 4 - 7 — animals
that were administered the test substances 15 min be-
fore amnesia simulation, and after the next 20 min,
PAT was formed. Animals in groups 4 - 7 were ad-
ministered i.g. aqueous suspensions of the investi-
gated pyrrolidine derivatives, stabilized with Tween-
80, at equimolar doses (87 - 100 mg/kg). The choice
of this dose level is explained by the fact that they
are about 1/10 of the LD50, which

was determined in silico for compounds of this series
[33]. The volume of fluid administered, i.e., was 0.1
ml per 10 g of body weight.

Ethical approval

All animal procedures were approved by the Bioeth-
ics Committee of the National University of Phar-
macy, Ukraine (Approval No. 12/2024, protocol
10.01.2024). Experiments complied with the Euro-
pean Convention for the Protection of Vertebrate
Animals (1986, revised 1998), Directive 2010/63/EU,
and Ukrainian legislation (Law No. 3446-1V, 2006) (41).
Statistical analysis

Statistical analysis was performed using Statistica v.
12.0. The nature of the distribution was determined
by the Shapiro-Wilk test. As the data were normally
distributed, comparisons were made using ANOVA
with post hoc Tukey's test. Results are presented as
means + standard error (M£SEM) and percentages.
Categorical outcomes (number of animals that have
reached the learning criterion) were evaluated by
Fisher's angular transformation (¢). Differences
were considered statistically significant at p < 0.05.

Results and Discussion

In order to obtain target amides 9 (a-1), a chemical
modification of the scaffold 4-(5-thioxo-4,5-dihy-
dro-1H-1,2,4-triazol-3-yl)pyrrolidin-2-one (33) that
we previously obtained was carried out by
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introducing an acetic acid moiety and subsequent
amidation with the corresponding amines (Figure 2).
The first two stages of the synthesis are analogous to
the previously described synthesis (33) and involve
obtaining 1-benzyl-5-oxo-pyrrolidine-3-carboxylic
acid 3 and the corresponding hydrazide 4. Further
heating of hydrazide 4 with ethyl 2-isothio-cyanato-
acetate 5 in methanol led to the formation of the in-
termediate thiosemicarbazide 6, which was cyclized
into  2-[3-(1-benzyl-5-oxo-pyrrolidin-3-yl)-5-sul-
fonyliden-4,5-dihydro-1H-1,2,4-triazol-4-yl]acetic
acid 7. Further amidation of acid 7 with the corre-
sponding amines 8 (a-1) was carried out in the pres-
ence of carbonyldiimidazole (CDI) under heating in
an anhydrous dioxane medium (Figure 1).

The synthesized amides of 2-(3-(1-benzyl-5-o0x-
opyrrolidin-3-yl)-5-thioxo-4,5-dihydro-1H-1,2,4-
triazol-4-yl)acetic acid 9 (a-1) are white precipitates,
which are well soluble in 2-propanol, ethanol, meth-
anol, dimethylformamide (DMF), and dimethyl sul-
foxide (DMSO), and insoluble in water.

The structures and purities of the compounds ob-
tained were confirmed by elemental analysis, 1H nu-
clear magnetic resonance (NMR) spectroscopy, and
carbon-13 NMR spectroscopy.

(3C NMR) spectroscopy and liquid chromatography
mass spectrometry (LC/MS). The reaction was mon-
itored by thin-layer chromatography.

General method of synthesis of amides of 2-(3-(1-
benzyl-5-oxopyrrolidin-3-yl)-5-thioxo-4, 5-dihydro-
1H-1,2,4-triazol-4-yl)acetic acid 9 (a- 1)

To benzylamine 1 (0.01 mol) was added itaconic
acid 2 (0.01 mol) in DMF when heated to 180-200°C
for 5 hours. The resulting precipitate was washed
with ethanol and filtered. Further, CDI (0.011 mol)
in dioxane was added to the obtained 1-benzyl-5-0x-
opyrrolidine-3-carboxylic acid 3, and then hydrazine
hydrate in an equimolar ratio. The reaction mixture
was stirred while heating to 80°C for 5 hours. The
precipitate formed was filtered off, dried, and crys-
tallized from ethanol. To I1-benzyl-5-oxopyrroli-
dine-3-carbohydrazide 4 (0.01 mol) in 50 ML of
methanol with stirring, add 0.01 mol of 2-isothiocy-
anate acetic acid 5. The reaction mixture was heated
to 60°C for 4 hours. Next, the reaction mixture is
cooled, 100 mL of water is added, and the precipitate
formed is filtered off and dried. The resulting inter-
mediate thiosemicarbazide 6 is dissolved in water,
heated to dissolution, and 0.15 mol of sodium hy-
droxide is added at 100°C for 3 hours. Then leave to
cool to room temperature. After cooling, acidify the
mixture with hydrochloric acid to pH = 6.5-7. The
resulting  2-[3-(1-benzyl-5-oxo-pyrrolidin-3-yl)-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-4-
yl]acetic acid 7 is filtered off and dried. To a 30%
solution of acid 7 in dioxane, CDI (1.1 equiv.) was
added portionwise. The reaction mixture was stirred
for 3 h at room temperature, and the corresponding
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amine 8(a-1) was added as a 50% dioxane solution.
The mixtures are stirred for 5 hours, dioxane is dis-
tilled off on a rotary evaporator, and the residues are
diluted with water and acidified with 0.1 M

hydrochloric acid solution to pH=5-6. The final
product precipitate 9(a-1) is filtered off and dried.
Crystallization was carried out from 2-propanol. .
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Figure 2.
Compound synthesis scheme (33)

2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]acetamide
9a

78% yield. '"H NMR (400 MHz, DMSO-dy) &: 4.38
(s, 2H) (CHa, 2H); 5.29 (s, 2H) (CH», 2H); 2.77-2.89
(m, 2H) (CHa, 2H); 3.56 (t,J = 12 Hz, 1H), 3.62 (m,
2H), (-CH,-CH-CH,- 5H pyrrolidine); ArH+NHo:
7.2—7.32 (m, 7H); 13.80 (s, 1H, NH- 1,2,4-triazole).
13C NMR (100 MHz, DMSO-dy) &: 174.63, 173.24,
171.18, 153.85, 136.35, 128.38, 128.36, 127.82,
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51.67,47.50,47.12, 35.89, 34.21. 21.13% N, 9.67%
S, Calculated for Ci5H17Ns50,S. Found,%: N 21.35,
S9.71. LC/MC m/z: 332.2 [(M+H)"].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N,N-dime-
thylacetamide 9b

78% yield. '"H NMR (400 MHz, DMSO-dy) 6: 2.83
(s, 3H) (CHs3, 3H); 3.05 (s, 3H) (CH3, 3H); 4.40 (s,
2H) (CHa, 2H); 4.91 (s, 2H) (CH», 2H); 2.55-2.77
(m, 2H), 3.40 (t, ] = 4.0 Hz, 1H), 3.51-3.60 (m, 2H),
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(-CH,-CH-CH,- 5H pyrrolidine); ArH (5SH): 7.21-
7.23 (d, J = 7.2 Hz, 2H), 7.27-7.29 (m, 1H), 7.32-
7.34 (m, 2H); 13.69 (s, 1H, NH- 1,2,4-triazole). 1*C
NMR (100 MHz, DMSO-ds) &: 174.17, 172.76,
170.74, 152.86, 136.23, 128.23, 128.20, 127.55,
50.36, 47.22, 46.04, 35.89, 35.87, 34.59. 19.48% N,
8.92% S, Calculated for C17H2;NsO,S. Found,%: N
19.71, S 9.15. LC/MC m/z: 360.2 [(M+H)"].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N-(prop-2-
yn-1-yl)acetamide 9c

78% yield. 'H NMR (400 MHz, DMSO-dy) &: 4.39
(s, 2H) (CHa, 2H); 4.91 (s, 2H) (CHz, 2H); 2.32 (s,
1H), 2.59-2.6 (d, J = 4.0 Hz, 3H), 2.82-3.83 (d, J =
4.0 Hz, 1H), (-CH,-CH-CH,- 5H pyrrolidine); 3.91
(m, 1H), 4.05-4.06 (d, J = 4Hz, 2H) (prop-2-yn-1-
yl); ArH: 7.25-7.36 (m, 5H); 8.24 (s, ] = 5.6 Hz, 1H)
(-CO-NH, 1H); 13.70 (s, 1H, NH- 1,2,4-triazole).
13C NMR (100 MHz, DMSO-do) &: 173.91, 172.76,
169.24, 153.29, 136.23, 128.23, 128.20, 127.55,
79.24, 72.30, 50.36, 47.22, 46.57, 35.89, 34.59,
30.74. 18.96% N, 8.68% S, Calculated for
C]gH]qNstS. Found,%: N 19.12, S 8.92. LC/MC
m/z: 370.2 [(M+H)"].
1-Benzyl-4-{4-[2-oxo-2-(piperidin-1-yl)ethyl]-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-
vl}pyrrolidin-2-one 9d

78% yield. '"H NMR (400 MHz, DMSO-ds) 3: 4.4
(dd, J =12.4, 6.8 Hz, 2H) (CH», 2H); 4.93 (s, 2H)
(CHa, 2H); 1.32 (s, 2H), 1.53 (s, 4H), 3.30-3.32 (m,
3H), 3.63 (dd, J=12.3, 6.8 Hz, 1H) (piperidine-2-yl,
10H); 2.52 (d, J = 7.0 Hz, 1H), 2.63(d, ] = 7.0 Hz,
1H), 3.25-3.29 (m, 2H), 3.57-3.61 (m, 1H), (-CH-
CH-CH»-5H pyrrolidine); ArH: 7.21-7.23 (m, 2H),
7.27 (m, 1H), 7.32-7.34 (m, 2H); 13.70 (s, 1H, NH-
1,2,4-triazole). '*C NMR (100 MHz, DMSO-ds) &:
174.17, 172.76, 169.87, 152.89, 136.23, 128.23,
128.20, 127.55, 50.36, 47.22, 46.50, 45.65, 35.89,
34.58, 25.48,24.23.

17.53% N, 8.02% S, Calculated for Cy0H25N50:S.
Found,%: N 17.71, S 8.21. LC/MC m/z: 400.2
[(M+H)'].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N-(4-fluor-
ophenyl)acetamide 9e

77% yield. '"H NMR (400 MHz, DMSO-ds) 5: 4.40
(s, 2H) (CHa, 2H); 4.88 (s, 2H) (CH», 2H); 2.88 (s,
2H), 3.32-3.38 (m, 1H), 3.62 (t, 1H, 6.8 Hz), 3.7-3.8
(m, 1H) (-CH,-CH-CH,- 5H pyrrolidine); ArH: 7.16
(t, 2H, J = 8.8 Hz), 7.22 and 7.27 (dd, 3H, ] = 7.2
Hz), 7.31-7.35 (m, 2H), 7.55-7.58 (m, 2H); 10.5 (s,
1H) (-CO-NH, 1H); 13.70 (s, 1H, NH- 1,2,4-tria-
zole). *C NMR (100 MHz, DMSO-ds) &: 174.04,
172.76, 166.90, 159.26, 156.80, 152.96, 136.23,
135.14, 135.11, 128.23, 128.20, 127.55, 121.68,
121.60, 115.59, 115.37, 50.36, 47.22, 47.02, 35.89,
34.62. 16.46% N, 7.53% S, Calculated for
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C21H20FN5025. Found,%: N 16.72, S 7.78. LC/MC
m/z: 426.0 [(M+H)"].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N- [ (4-
fluorophenyl)methyl]acetamide 9f

76% yield. '"H NMR (400 MHz, DMSO-ds) §: 4.40
(d, =4 Hz, 2H), 4.64-4.72 (q, ] = 12 Hz, 2H), 4.95
(s, 2H) (3xCHa, 6H); 2.59-2.64 (dd, J =4, 8 Hz, 1H),
2.82-2.87 (dd, J = 4, 8 Hz, 1H), 3.68-3.77 (mddd, J
=12, 8, 4 Hz, 2H), 3.87-3.91 (m, 1H) (-CH»-CH-
CHo»- 5H pyrrolidine); ArH: 7.11-7.16 (m, 1H), 7.23-
7.38 (M, 8H); 9.53 (t, J=5.5 Hz, 1H) (-CO-NH, 1H);
13.68 (s, 1H, NH- 1,2,4-triazole). '3C NMR (100
MHz, DMSO-dy) 6: 173.91, 172.76, 169.20, 163.27,
160.81, 153.25, 136.23, 135.32, 135.29, 129.49,
129.40, 128.23, 128.20, 127.55, 115.23, 115.01,
50.36, 47.22, 46.62, 43.33, 35.89, 34.59. 15.93% N,
7.29% S, Calculated for C,,H2,FNsO,S. Found,%: N
16.12, S 7.41. LC/MC m/z: 440.2 [(M+H)"].
1-Benzyl-4-{4-[2-oxo-2-(pyrrolidin-1-yl)ethyl]-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-
vl}pyrrolidin-2-one 9g

77% yield. '"H NMR (400 MHz, DMSO-dy) 6: 4.35-
4.42 (q,J =12 Hz, 2H) (CHz, 2H); 4.91 (s, 2H) (CHa,
2H); 1.86 (t,J =12 Hz4H), 3.33 (s, 4H) (pyrrolidine-
1-yl, 8H); 2.59-2.64 (dd, J = 12.4, 7.0 Hz, 1H), 2.82
(dd, J =124, 6.9 Hz, 1H), 3.68-3.71 (m, 2H), 3.75-
3.77 (m, 1H), (-CH,-CH-CH>- 5H pyrrolidine); ArH:
7.23-7.36 (m, SH); 13.65 (s, 1H, NH- 1,2,4-tria-
zole).'*C NMR (100 MHz, DMSO-ds) &: 174.17,
172.76, 171.60, 152.89, 136.23, 128.23, 128.20,
127.55, 50.36, 47.22, 46.50, 46.48, 35.89, 34.58,
24.82. 18.17% N, 8.32% S, Calculated for
Ci9H23N505S. Found,%: N 18.25, S 8.48. LC/MC
m/z: 386.1 [(M+H)"].
1-Benzyl-4-{4-[2-oxo0-2-(thiomorpholin-4-yl)ethyl]-
S-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-
yl}pyrrolidin-2-one 9h

78% yield. '"H NMR (400 MHz, DMSO-dy) 6: 4.4 (q,
J = 14.8 Hz) (CHa, 2H); 4.94 (s, 2H) (CH», 2H);
3.38-3.41 (m, 1H), 3.5-3.8 (m, 7H) (thiomorpholin-
4-yl, 8H); 2.5 (d, J = 2 Hz, 1H), 2.54-2.78 (m, 3H),
3.4 (dd, J =4, 3.8 Hz, 1H) (-CH,-CH-CH,- 5H pyr-
rolidine); ArH: 7.22-7.24 (m, 2H), 7.28-7.29 (d, J =
8 Hz, 1H), 7.32-7.36 (m, 2H); 13.62 (s, 1H, NH-
1,2,4-triazole). *C NMR (100 MHz, DMSO-dy) &:
174.17, 172.76, 169.72, 152.89, 136.23, 128.23,
128.20, 127.55, 50.36, 47.22, 46.94, 46.53, 35.89,
34.58, 27.76. 16.77% N, 15.36% S, Calculated for
Ci9H23N50,8S,. Found,%: N 16.91, S 15.48. LC/MC
m/z: 418.1 [(M+H)*].
1-Benzyl-4-{4-[2-(morpholin-4-yl)-2-oxoethyl]-5-
sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-
yl}pyrrolidin-2-one 9i

75% yield. '"H NMR (400 MHz, DMSO-dy) 8: 4.4 (q,
J=14.8 Hz) (CH», 2H);

4.95 (s 2H) (CHa, 2H); 3.50-3.55 (m, 5H), 3.59-3.63
(m, 3H), (morpholin-4-yl, 8H); 2.5 (d, J = 5.6 Hz,
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1H), 2.74 (dd, J = 12.5, 6.9 Hz, 1H), 3.34-3.41 (m,
3H) (-CH,-CH-CH»- 5H pyrrolidine); ArH: 7.21-
7.23 (d, J = 5.6 Hz, 2H), 7.27-7.29 (d, ] = 6.8 Hz,
1H), 7.32-7.36 (m, 2H); 13.70 (s, 1H, NH- 1,2 4-tri-
azole). 3C NMR (100 MHz, DMSO-dy) &: 174.17,
172.76, 169.81, 152.89, 136.23, 128.23, 128.20,
127.55, 66.38, 50.36, 47.22, 46.47, 44.78, 35.89,
34.58. 17.44% N, 7.99% S, Calculated for
C19H23N50sS. Found,%: N 17.65, S 8.12. LC/MC
m/z: 402.0 [(M+H)"].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N-cyclobu-
tylacetamide 9j

78% yield. 'H NMR (400 MHz, DMSO-ds) 5: 4.34
(9, J = 1.3 Hz) (CHz, 2H); 4.92 (s 2H) (CH2, 2H);
1.52-1.61 (m, 1H), 1.8-1.94 (m, 6H), (cyclobutyl,
7H); 2.59-2.64 (dd, J = 4, 8 Hz, 1H), 2.82-2.87 (dd,
J =4, 8 Hz, 1H), 3.67-3.78 (m, 2H), 3.87-3.93 (m,
1H) (-CH»-CH-CH»- 5H pyrrolidine); ArH: 7.20-
7.38 (m, 5H); 8.43 (d, J = 7.5 Hz, 1H), (-CO-NH,
1H); 13.66 (s, 1H, NH- 1,24-triazole). *C NMR
(100 MHz, DMSO-dg) &: 173.91, 172.76, 169.44,
153.25, 136.23, 128.23, 128.20, 127.55, 50.36,
49.09, 47.22, 46.85, 35.89, 34.59, 31.28, 18.29.
18.17 % N, 8.32 % S, Calculated for C19H23N5028.
Found,%: N 18.35, S 8.43. LC/MC m/z: 386.2
[(M+H)'].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N-(cyclo-
hexylmethyl)acetamide 9k

75% yield. '"H NMR (400 MHz, DMSO-ds) 8: 3.02
(dd, J=6.0, 4.6 Hz, 2H) (CH>, 2H); 4.38 (q, ] = 12
Hz) (CHa, 2H); 4.91 (s 2H) (CH>, 2H); 1.20-1.57 (m,
10H), 1.65-1.7 (m, 1H), (cyclohexyl, 11H); 2.59-
2.64 (dd,J=4, 8 Hz, 1H), 2.82-2.87 (dd, J =4, 8§ Hz,

1H), 3.67-3.78 (m, 2H), 3.87-3.91 (m, 1H) (-CH.-
CH-CHy- 5H pyrrolidine); ArH: 7.23-7.36 (m, 5H);
8.80 (t, ] =4 Hz, 1H), (-CO-NH, 1H); 13.64 (s, 1H,
NH- 1,2,4-triazole). '*C NMR (100 MHz, DMSO-
ds) 6: 17391, 172.76, 170.17, 153.25, 136.23,
128.23, 128.20, 127.55, 50.36, 47.22, 46.73, 44.56,
36.81, 35.89, 34.59, 30.53, 26.54, 25.68. 16.38 % N,
7.50 % S, Calculated for C2,H29N50O,S. Found,%: N
16.85, S 7.78. LC/MC m/z: 428.2 [(M+H)*].
2-[3-(1-Benzyl-5-oxopyrrolidin-3-yl)-5-sulfanyli-
dene-4,5-dihydro-1H-1,2,4-triazol-4-yl]-N-[(3,5-
difluorophenyl)methyl]acetamide 91

78% yield. '"H NMR (400 MHz, DMSO-ds) &: 4.55
(d, J=4Hz, 2H) (CHz, 2H); 4.34-4.42 (dd, J = 16, 12
Hz) (CH,, 2H); 4.93 (s 2H) (CH,, 2H); 2.59-2.64
(dd,J=4,4 Hz, 1H),2.82-2.87 (dd, ] =4, 8 Hz, 1H),
3.67-3.70 (m, 1H), 3.73-3.78 (m, 1H), 3.87-3.91 (m,
1H) (-CH,-CH-CHo»- 5H pyrrolidine); ArH: 6.9-6.94
(9, J =4 Hz, 1H), 6.96-6.97 (m, 1H) 7.02-7.05 (d, J
=12 Hz, 1H), 7.23-7.36 (m, 5H); 9.73-9.76 (m, 1H),
(-CO-NH, 1H); 13.67 (s, 1H, NH- 1,2,4-triazole).
13C NMR (100 MHz, DMSO-do) 6: 173.91, 172.76,
169.22, 164.65, 164.48, 162.18, 162.01, 153.25,
141.70, 141.60, 141.49, 136.23, 128.23, 128.20,
127.55, 112.00, 111.96, 111.79, 111.74, 102.94,
102.68, 102.43, 50.36, 47.22, 46.62, 43.58, 43.52,
43.46, 35.89, 34.59.

15.31%N, 7.01 % S, Calculated for C2;H21F2N50,S.
Found,%: N 15.78, S7.43. LC/MC m/z: 458.2
[(M+H)"].

«Drug-like» properties and molecular docking

For the tested molecules, the parameters of «drug-
like» properties were calculated to assess compli-
ance with Lipinski's rule, and an analysis was per-
formed using the software pkSCM (Table I).

Table I
Predictive «drug-like» and ADMET properties
No Descriptor Permeability
MW | RotB | Log P | nOHNH | nON | PS4 BBB CNS
9a | 3314 5 -0.42 3 7 131.02 | -0.953 | -3.010
9b | 359.45 5 -0.69 1 7 132.87 | -0.957 | -3.756
9¢c | 369.45 6 0.63 2 7 183.02 | -0.953 | -3.433
9d | 399.51 5 1.10 1 7 162.00 | -1.195 | -3.113
9e | 425.48 7 0.73 2 7 171.89 | -0,811 | -3.063
9f | 439,51 7 0.41 2 7 178.20 | -0.751 | -3.232
9g | 385,49 5 0,16 1 7 162.80 | -0.605 | -3.531
%h | 417.56 5 0.14 1 7 172.90 | -0.672 | -3.563
9i | 401.49 5 1.67 1 8 167.47 | -0.700 | -3.767
9 | 385,48 5 -0.91 3 8 162.31 | -0.608 | -3.394
9k | 427,56 7 -0.76 3 8 9531 | -0.534 | -3.111
91 | 457.50 7 -1.40 3 8 95.31 | -0.948 | -3.263

molecular weight (MW), rotatable bond (RotB), lipophilicity coefficient (Log P), number of hydrogen bond donors (nOHNH), number of
hydrogen bond acceptors (nON), topological polar surface area (tPSA), permeability brain blood barrier (BBB), permeability central nervous

system (CNS)

Testing of the synthesized compounds showed that
they all comply with Lipinski's rules. Penetration
through the blood-brain barrier (BBB), expressed as
log BB (ranging from —1.195 to —0.534), indicates
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that the compounds can cross the BBB, although par-
tially limited, i.e., they may moderately enter the
brain via passive diffusion. The central nervous sys-
tem (CNS) permeability parameter (logPS)
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characterizes the permeability of brain capillary en-
dothelial membranes. A range from —2 to —3 repre-
sents a moderate level for small organic molecules
with average penetration. The remaining com-
pounds, which show significantly more negative val-
ues, are likely to face the greatest barriers to CNS
access. However, this does not exclude potential ef-
fects at sufficient doses or transporter involvement.
According to in silico analysis, all studied molecules
show no signs of pronounced toxicity based on basic
structural and pharmacological criteria. None of the
compounds contains structural fragments associated
with mutagenicity, carcinogenicity, or reproductive
toxicity, indicating the absence of toxicophores in
their molecular structures.

Another important indicator is the absence of PAINS
alerts in all molecules. This means that the studied
compounds are unlikely to yield false-positive re-
sults in biological tests and will not exhibit nonspe-
cific activity. Similarly, the absence of Brenk alerts
indicates the chemical stability of the molecules and
a low propensity for unwanted reactions with biolog-
ical macromolecules.

The potential risks associated with compounds are
exclusively related to CYP450 enzyme inhibition,
which is typical of many drugs and is not considered
a critical factor in the early stages of development.
An informational assessment of the «drug-like»
properties and pharmacokinetic profile of the studied
compounds showed that they have favorable charac-
teristics and can be recommended for further molec-
ular docking.

Molecular docking of the synthesized compounds
was carried out against the muscarinic (M1) acetyl-
choline receptor and AMPA receptor (PDB ID:
6ZFZ, 3LSF) at well-documented ligand-binding
sites (35, 36). The replacement of the NMDA target
with the AMPA receptor in our previous studies (33)
was based on current evidence highlighting the role
of AMPA receptors in cognitive processes and the
mechanisms of action of nootropic agents. Many
racetams (including piracetam, aniracetam, and oxi-
racetam) exert their activity primarily by modulating
AMPA receptors, thereby enhancing synaptic trans-
mission and memory (42). Therefore, selecting the
AMPA receptor as a target is more justified for mod-
eling potential nootropic compounds.

Based on their chemical structures, the substances
under investigation are molecular hybrids of
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nebracetam, which has an agonistic mechanism of
action at the muscarinic (M1) acetylcholine receptor
(37). Therefore, he was also selected for redocking,
in addition to the co-crystallized agonist 77LH281
(36). Considering the target compounds' classifica-
tion as pyrrolidone nootropics, most of them, partic-
ularly the reference drug piracetam, modulate the
AMPA receptor via positive allosteric modulation
(35). In this regard, a redocking was performed for it
relative to the chosen target. Despite the availability
of crystallographic models of these receptors with
co-crystallized ligands, the mechanism of action of
racetam nootropics has not been definitively estab-
lished; therefore, re-docking of reference molecules
was conducted for two targets. In the AMPA recep-
tor crystal, piracetam occupies multiple positions
along the dimer interface, existing as several con-
formers with low electron density, indicating partial
occupancy and molecular flexibility. This reflects its
low affinity and weak binding stability, consistent
with the millimolar K; value (35). Therefore, for re-
docking, both the main ligand and the piracetam con-
former were used. The obtained evaluation values
from the re-docking (scoring function, free energy,
and binding constant) were used as standards (Table
II). The redocked native ligand structures showed
similar orientations and binding positions in the ac-
tive site region in relation to the crystallized native
ligand structures with RMSD values < 2 A. (Pirace-
tam (3LSF) - 1.0432 A; piracetam conformer
(3LSF) = 0.9523 A, ligand77LH281  (6ZFZ)
1.2306 A. The ligand poses and binding site areas
were determined correctly, as shown in Figure 3 (a-c).
The synthesized compounds and the comparison
drug nebracetam contain an asymmetric carbon
atom; thus, they can exist as enantiomers R and S
(Figure 4). The molecular configuration is critical for
ligand-receptor interaction; therefore, appropriate
conformations of the enantiomers were generated,
taking into account the correspondence of the chiral
centers.

As a result of the docking, the best affinity of the
studied molecules in enantiomeric configurations (R
and S) was observed towards the muscarinic target
rather than the AMPA receptor (Table II). As shown
in the calculations, all tested molecules have moder-
ate affinity for the AMPA receptor, with estimated
values higher than those of piracetam but not ex-
ceeding the absolute values of nebracetam (Table II).
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Figure 3.
Superimposed co-crystalized and re-docking native ligand in active site of biotarget: a — piracetam against
AMPA receptor, b — piracetam conformer against AMPA receptor, ¢ — ligand77LH281 against muscarinic (M1)
acetylcholine receptor
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Figure 4.

R- and S- stereoisomers of synthesized derivatives 9 (a-1)

Table 11

The values of Affinity DG, free binding energy, and binding coefficients for the best conformational positions of
the test compound in combination with AMPA receptor (PDB ID: 3LSF) and muscarinic acetylcholine receptor
(PDB ID: 6ZFZ)

Molecule AMPA receptor Muscarinic acetylcholine receptor
Affinity DG* | EDoc* | Ki pM * | Affinity DG* | EDoc* | KipM *
9a R -6.1 -4.39 605.37 -8.7 -6.36 21.63
S -7.1 -5.66 71.54 -9.5 -6.79 10.51
9b R -6.7 -5.65 71.66 -8.4 -7.07 6.52
S -6.9 -4.51 498.43 -8.6 -6.73 11.59
9c R -6.8 -5.47 98.27 -8.7 -7.15 5.75
S -7.0 -4.77 320.19 -10.0 -7.04 6.90
od R -7.0 -4.18 862.73 -9.8 -8.15 1.06
S -7.3 -5.91 46.83 -9.6 -7.41 3.68
9e R -7.6 -4.48 517.01 -10.3 -7.76 2.05
S -9.0 -5.51 91.34 -9.9 -7.38 3.86
of R =14 -4.53 477.82 -10.1 -6.08 34.75
S -1.7 -5.36 117.75 -10.4 -7.49 3.22
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Molecule AMPA receptor Muscarinic acetylcholine receptor
Affinity DG* | EDoc* | Ki pM * | Affinity DG* | EDoc* | KipM *

9 R -6.9 -5.07 193.77 9.1 -7.37 3.94

S -7.2 -5.42 106.88 -10.3 -7.53 3.00

oh R -6.5 -4.84 282.33 -9.5 -7.80 1.90

S -71.2 -5.55 85.47 -8.7 -7.00 7.36

9 R -7.0 -5.72 63.96 -9.6 -7.52 3.09

S -7.1 -5.85 51.39 -8.8 -7.04 6.97

9 R -6.7 -4.71 352.73 9.1 -6.67 12.99

S -7.1 -4.85 279.32 -8.6 -6.83 9.83

ok R -6.9 -4.57 450.11 -10.3 -6.35 22.01

S -7.3 -4.29 717.75 -10.0 -6.86 9.32

91 R -8.5 -4.47 532.85 -10.2 -7.61 2.63

S -7.5 -4.76 324.90 -10.5 -5.99 40.51

Ne- R -71.2 -5.79 56.93 -7.6 -6.63 13.92

brace- S 62 5.68 68.80 -7.5 -6.46 18.49
tam

. -5.3 -3.88 1430
Piracetam 5 g 4005 | 1140% -5.6 -3.59 2320
ligand77LH281 -9.0 -7.63 2.57

* Affinity DG, kcal/mol; *EDoc kcal/mol; *Ki uM micromolar; ** Estimated values for the piracetam conformer

According to the obtained data, the tested molecules
had higher activity towards the M1 receptor than the
reference drugs nebracetam and piracetam. Among
the investigated molecules, the lead molecule 9d was
proposed for further experimental screening, as it
showed greater affinity for the M1 receptor than the
co-crystallized agonist 77LH281 (Table II).

Figure 5 (a-b) shows the superpositions of the enan-
tiomers R and S of the compound leader 9d in the
active site of the muscarinic (M 1) receptor compared
to the co-crystallized ligand.

Based on the docking visualization, the nootropic ef-
fect is likely mediated by both configurations, as in-
dicated by the binding modes relative to the agonist
ligand. As seen in Figure 5 (a-b), the R-enantiomer,
unlike the S-isomer, which is characterized by a typ-
ical binding mode of agonists, has proximity to the
site of positive allosteric modulation, specifically the
extracellular vestibule. The formation of a complex
between the R-isomer and a network of hydrophobic
amino acid residues mediates a conformational rear-
rangement in the extracellular vestibule, thereby
causing its contraction and receptor activation (43,
44). Despite the presence of an unfavorable donor—
donor interaction observed during the visualization
of the ligand—target complex (Figure 5 (c-d)), the
calculated docking energy values were the best
among the studied molecules (Table I). This sug-
gests that, under the modeling conditions, the likeli-
hood of these repulsive forces significantly affecting
the stability of the complex and its affinity for the
receptor is low.

In addition to molecule 9d, the compounds 9c, 9e,
and 9i (Table I) also had the most energetically fa-
vorable positions at the M1 receptor among the stud-
ied molecules, with high and medium computed
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docking values for both the R and S enantiomers.
They were also selected for pharmacological screen-
ing.

Thus, the results of molecular docking not only al-
lowed the identification of potential molecules for
pharmacological screening but also guided pharma-
cological research in selecting the appropriate model
for testing nootropic activity, in light of a probable
agonistic effect on the muscarinic (M1) acetylcho-
line receptor. At the same time, the screening results
indicate the effectiveness of predicting pharmaco-
logical effects using molecular docking.
Pharmacological screening

The results of pharmacological screening show (Ta-
ble IIT) that the M-cholinoblocker scopolamine sig-
nificantly impaired learning ability. All animals in
the VC group reached the learning criterion (did not
enter the dark chamber).

The number of mice in the AC group that reached
the learning criterion decreased from 100% to 33.3%
(p <0.01 compared to VC). Also, in the AC group,
NUAE significantly increased (up to 4.17 per ani-
mal, 5 times compared to VC, p < 0.05), indicating
greater uncertainty when deciding to enter the dark
chamber.

Piracetam caused a characteristic positive mnemo-
tropic effect: 83.3% of animals reached the learning
criterion (p < 0.05 compared to AC), while NUAE
decreased compared to the AC group by 1.56 times,
and AA was 49.4%.

Compound 9c caused an anti-amnestic effect at the
level of piracetam: 83.3% of mice that had reached
the learning criterion (p < 0.05 compared to AS),
NUAE averaged 2.67 per animal, and AA was
46.5%.
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Figure 5.
Docking of molecule 9d (gray) and ligand 77LH281 (orange) in the active site of M1 muscarinic receptor: super-
position of R and S enantiomers (a, b) and their intermolecular interaction diagrams (c, d)

Compound 9d emerged as the absolute leader in the
screening. 100% of animals that have reached the
learning criterion, as did mice from the VC group (p
< 0.01 with respect to AS). NUAE decreased on av-
erage to 2.00 per animal and did not differ signifi-
cantly from the VC group. At the same time, AA was
106.4%.

Compound 9¢ showed no antiamnestic effect. The
learning criterion was reached by 66.7% of animals,
i.e., fewer than in VC (p < 0.05). NUAE was, on av-
erage, 2.33 per mouse, and AA was only 6.7.
Compound 9i turned out to be an outlier in the
screening. It slightly increased the latency to entry
after 24 h and did not affect the number of animals
that reached the learning criterion (as in AS, this
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number was 33.3%). NUAE decreased compared to
AS to 2.17 per mouse, and AA had a negative value
(—47.1).

It is known that racetams can enhance cholinergic
neurotransmission, particularly that mediated by M-
cholinergic receptors, and also act as allosteric mod-
ulators of AMPA receptors (35, 37). Comparison of
the results of pharmacological screening and molec-
ular docking shows that the absolute leader of the
screening, compound 9d, has the minimum Ki values
for both receptors (M-cholinergic receptor and
AMPA receptor) for the S enantiomer. /n vivo stud-
ies in mice confirmed the predicted neurotropic po-
tential of the investigated compounds, as predicted
by molecular docking results.
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Table III

The effect of substances on mice with scopolamine-induced amnesia in the passive avoidance test (M = SEM)

Number of animals
Group. n Transfer latency, sec thlaet al;f:;f ri:ictlel:g):lhe The number of unfinished| AA,
P — n - - g attempts to enter (in 24 h)| %
training (1% retention test (in difference absolute %
day) 24 h) °
Vehicle control -
+ + + +
(VO (nog) | 3850+625| 180.0040.00 | 14150625 6/6 100 0.83 +£0.65
Amnesia control | o ¢34 15 541 153,00+ 14.59% | 84.16 + 15.23* 2/6 33.3%% 417 £1.01% -
(AC) (n = 6)
Piracetam, 300\ 15 17, 13 08| 159.66+20.33 | 112.50+20.10 5/6 83.3# 2.67 +0.49* 49.4
mg/kg (n=6)
Substance 9¢, | 41 o7 1 g 16| 152.50£27.50 | 110.83+28.17 5/6 83.3# 2.67 +1.08 46.5
87 mg/kg (n = 6)
Substance 9d, | 1) ¢34 360 | 180.00£0.00# |145.17£3.60 4% |  6/6 10044 2.00 £ 0.82 106.4
94 mg/kg (n=6)
Substance 9¢, |4, 331 959 | 13533£29.58 | 88.00+23.91* 4/6 66.7* 233+0.76 6.7
100 mg/kg (n = 6)
Substance 91, | 1) 17 g 36| 98.33234.80% | 57.17£28.91* 2/6 333%%& 2.17 £0.98 —47.1
94 mg/kg (n=6)

Notes: n — number of animals; AA — antiamnestic activity; * — p < 0.05; ** — p < 0.01 when compared with vehicle control; # — p <0.05, ##
—p <0.01 when compared with amnesia control; & — p < 0.05 when compared with piracetam

Despite the absence of in vitro confirmation, the ob-
served biological effects were consistent with com-
putational predictions, as compound 9d completely
abolished the scopolamine-induced amnesic effect in
the in vivo experiment. However, no regularities of
the relationship between these parameters are ob-
served. For example, compound 9c, which showed
AA at the level of piracetam, has a high Ki value for
the M-cholinergic receptor and a low Ki value for
the AMPA receptor. The outsider 9i has almost the
same Ki value for the M-cholinergic receptor as 9c,
but a low Ki value for the AMPA receptor, which is
close to the leader 9d. The complexity of the
nootropic effect mechanism can explain this. In par-
ticular, pyrrolidine nootropics can affect the above-
mentioned targets and cause vasodilation in the hip-
pocampus, thereby increasing nutrient and oxygen
delivery to neurons (45). The combination of dock-
ing results and pharmacological screening confirms
that the nootropic mechanism is polytropic. Com-
pound 9d should be considered promising for further
in-depth studies of the nootropic effect and its mech-
anisms.

The study has limitations

In particular, the assessment of the dose-response
pattern for compound 9d, determination of the ED50
and maximum effect, elucidation of possible sex dif-
ferences in the mnemotropic effect of the lead com-
pound, and other aspects of its nootropic activity will
be the tasks of further research.

Conclusions

New potential nootropic substances, amides of 2-(3-
(1-benzyl-5-oxopyrrolidin-3-yl)-5-thioxo-4,5-dihy-
dro-1H-1,2,4-triazol-4-yl)acetic acid, were synthe-
sized. The structure and purity of the obtained
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substances were confirmed by elemental analysis, 'H
NMR, *C NMR spectroscopy, and LC/MS. From
docking studies, potential molecules for experi-
mental screening were identified, and recommenda-
tions were provided for selecting an appropriate
model for nootropic activity, given the probable ag-
onistic effect on the muscarinic (M1) acetylcholine
receptor. The nootropic (anti-amnestic) activity of
the synthesized substances was studied at the PJSC
in a model of scopolamine amnesia in mice. As a re-
sult of experimental studies, the most promising hit
compound 1-benzyl-4-{4-[2-0x0-2-(piperidin-1-
yl)ethyl]-5-sulfanylidene-4,5-dihydro-1H-1,2,4-tri-
azol-3-yl}pyrrolidin-2-one 9d was identified, which
eliminated the amnesic effect of scopolamine: 100%
of animals that had reached the learning criterion,
and the antiamnestic activity was 106.4%.

Thus, the synthesized compounds demonstrate pro-
nounced nootropic properties by modulating neuro-
transmitter systems, particularly the cholinergic sys-
tem, which, in turn, can stimulate neurogenesis and
promote the restoration of neuroplasticity. These
properties indicate the possibility of using these sub-
stances as effective pharmacological tools for the
prevention and correction of cognitive dysfunctions
and neurological disorders resulting from COVID-
19 transmission, and for improving memory in trau-
matic brain injuries and neurodegenerative diseases.
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