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GENERAL CHARACTERISTICS OF THE WORK
Relevance and significance of the topic

Currently, considerable attention is given to the study of 4-aryl-2-thioxo(oxo)-
pyrimidine-5-carboxylates, since pharmaceuticals based on these compounds exhibit
cardiotropic, antiviral, and antitubercular activities and are used in medical practice. Among the
important challenges in the synthesis of these substances is the development of one-pot synthetic
methods employing inexpensive, regenerable catalysts, including those aimed at obtaining
enantiomerically enriched 4-aryl-substituted dihydropyrimidines.

In this work on the synthesis of dihydropyrimidine-5-carboxylates, we set out to use
readily available, inexpensive, and highly reactive starting materials such as ethyl acetoacetate,
urea, thiourea, and aromatic benzaldehydes. Despite extensive research on substituted
dihydropyrimidine-5-carboxylates, to date there have been no systematic studies on synthesis
involving catalytic systems based on (+)-tartaric acid, choline chloride, imidazolium-based ionic
liquids, and low-methoxylated pectin, which can influence the chemo- and stereoselectivity of
the Biginelli reaction — a relevant and promising task.

The use of dihydropyrimidine-5-carboxylates for developing synthetic methods for new
derivatives can be considered a convenient model for studying several theoretical problems: the
mutual influence of the nature of the 4-aryl substituent and the dihydropyrimidine ring on
reactivity and chemoselectivity under enolization, substitution, and addition reaction conditions,
as well as investigating the relationship between biological properties and structure. This defines
the relevance of the present study.

Research purpose

The objective of this work is to develop new catalytic systems based on (+)-tartaric acid,
choline chloride, imidazolium ionic liquids, and low-methoxylated pectin for the development of
synthetic methods for substituted dihydropyrimidine-5-carboxylates, as well as to study their
structure and properties. Additionally, the synthesis of dihydro-2H-thiazolo[3,2-a]pyrimidine-6-
carboxylates with activated methylene groups, and a,B-unsaturated compounds from the group of
arylidene-3-oxo-5-aryl-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidine-6-carboxylates, necessary for
studying the dependence of biological properties on compound structure, was planned.

Research objectives

In accordance with the stated objective of the dissertation, the following tasks were
established:

» Development of synthetic schemes for new eutectic mixtures based on functionalized
imidazolium ionic liquids;
« Investigation of the activity, selectivity, and stability of (+)-tartaric, citric, galacturonic

acids, choline chloride, and the synthesized eutectic mixtures under Biginelli reaction conditions;
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* Determination of optimal conditions for the synthesis of substituted dihydropyrimidine-5-
carboxylates and their use in constructing condensed heterocyclic derivatives;

* Identification of organocatalytic properties of low-methoxylated pectin for developing a
synthetic method for monastrol - a mitotic kinesin Eg5 inhibitor;

» Study of one-pot reactions of substituted dihydropyrimidine-5-carboxylates with aromatic
aldehydes and monochloroacetic acid;

* Evaluation of the structure—antimicrobial and antitumor activity relationships within the
series of synthesized substituted dihydropyrimidine-5-carboxylates.
Research hypothesis

The research presented in this work was based on the hypothesized possibility of
selectively obtaining substituted dihydropyrimidine-5-carboxylates, including enantiomerically
enriched derivatives, through the use of both carboxy-functionalized eutectic mixtures and
natural low- and high-molecular-weight organic acids.

A key structural feature of the studied group of compounds is the presence of a thioxo
group, which upon reaction with monochloroacetic acid can lead to an S-alkylation product
accompanied by intramolecular cyclization, resulting in dihydro-2H-thiazolo[3,2-a]pyrimidine-
6-carboxylates bearing an activated methylene group. Meanwhile, the interaction of this latter
group with aldehydes may yield a,B-unsaturated compounds belonging to the class of arylidene-
3-o0x0-5-aryl-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidine-6-carboxylates. These compounds are
promising candidates for studies evaluating the relationships between structure and antimicrobial
activity as well as structure and antitumor activity, considered within a unified framework of
activity manifestation.

Review and justification of the selected research methods

Throughout the course of this work, methods of fine organic synthesis were employed,
guided by the objectives and tasks related both to the creation of carboxy-functionalized eutectic
mixtures and the comparative study of their catalytic properties in the synthesis of substituted
dihydropyrimidine-5-carboxylate derivatives, as well as to the development of one-pot synthetic
methodologies for polycyclic heterosystems based on these compounds.

Research efforts focused on the development of new catalytic systems based on choline
chloride, imidazolium ionic liquids, low-methoxylated pectin, and eutectic mixtures derived
from natural tartaric acid, aimed at optimizing chemo- and stereoselectivity in the formation of
3,4-dihydropyrimidin-2(1H)-ones (thiones), as well as enabling the organocatalyzed synthesis of
the enantiomerically enriched compound monastrol. Thin-layer chromatography (TLC) was
utilized to monitor the progress of reactions. The synthesized substituted dihydropyrimidine-5-
carboxylates and their derivatives were purified by recrystallization and column

chromatography.



BRIEF DESCRIPTION OF THE WORK
The INTRODUCTION consists of a rationale for the research topic, the aim and main
objectives of the study, the research hypothesis, a review and justification of the chosen research
methods, and a brief description of the work.
1. ANALYSIS OF KNOWN METHODS FOR THE SYNTHESIS OF
SUBSTITUTED DIHYDROPYRIMIDINE-5-CARBOXYLATES AND THEIR
TRANSFORMATION PATHWAYS
This chapter is devoted to a review of the literature data on the synthesis of substituted
dihydropyrimidine-5-carboxylates and their transformation pathways. It describes the main
methods for synthesizing substituted dihydropyrimidine-5-carboxylates via cyclization of
precursors, as well as approaches to the preparation of polycyclic dihydropyrimidines.
2. SYNTHESIS OF FUNCTIONALIZED ETHYL DIHYDROPYRIMIDINE-5-
CARBOXYLATES CATALYZED BY IONIC LIQUIDS
The detailed analysis of the data presented in the previous chapter enabled the
identification of the most promising directions for the development of functionalized
imidazolium salts aimed at investigating their catalytic properties in the Biginelli reaction.
2.1. Synthesis and catalytic properties of functionalized imidazolium-based ionic liquids
At the onset of our research, the literature lacked data on the ionic liquid 17-22 (Fig. 2.2)
catalyzed synthesis of dihydropyrimidin-2(1H)-ones (thiones) 1-16 (Fig. 2.1).

H,N cat, solvent
reflux or
2
o~ O

1 R'=R?=R3=H, R*=OH X=S 2 R'=R2=R%=H, R*=0H, X=0

3 R'=R?=R3=R*=H, X=S 5 R'=R2=R3=R*=H, X=0

4 R'=R?=R*=H, R3=0Me, X=S 9 R'=F, R?=R3=R*=H, X=0

6 R'=R?=R*=H, R3=F, X=S 10 R'=R?=R*=H, R®=0OMe, X=0
7 R'=R3=R*=H, R?>=NO,, X=S 13 R'=R%=CI, R?=R*=H, X=0

8 R'=R?=R*=H, R3=NO,, X=S 15 R'=R*=H, R?=R3=0OMe, X=0
11 R'=R?=R*=H, R3=CI, X=S

12 R'=R?=R*=H, R®>=NMe,, X=S

14 R'=R3=CI, R?=R*=H, X=S

16 R'=R%=H, R?=R3=0Me, X=S

Y

Fig. 2.1. Catalyzed synthesis of ethyl dihydropyrimidine-5-carboxylates

As a model system, the condensation of ethyl acetoacetate, 3-hydroxybenzaldehyde, and
urea or thiourea was selected. This process involves the initial interaction of the aldehyde with
urea (or thiourea) to form an imine, which subsequently reacts with the enol form of ethyl
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acetoacetate. Intramolecular nucleophilic attack of the carbonyl group by the amine is
accompanied by the elimination of water, leading to the formation of monastrol 1 and the oxo-
analog of monastrol 2, respectively. The first ionic liquid chosen for this study was 1,3-
dimethylimidazolium iodide 17, synthesized according to the reaction scheme depicted in figure
2.2.

= RICHHal — /™—\
NN-H 2 N N-
\—/ - VR1 //@%/ R1
2
R® oy
17 Rl=Me, R2=H, Y=| 98%

18 R1=(CH,),CN, R?=(CH,),Me, Y=Br = 91%
19 R1=(CH,),CN, R?=(CH,),Me, Y=BF, 68%
20 R1=(CH,),CN, R2=(CH,),Me, Y=PF; 73%
21 R1=R2=(CH,),CN, Y=CI 85%
22 R1=R?=(CH,),CN, Y=PF, 73%

Fig. 2.2. Synthesis of ionic liquids

Under the selected conditions, refluxing an ethanolic solution containing 10 mol% of
ionic liquid 17 with ethyl acetoacetate, 3-hydroxybenzaldehyde, and urea resulted in the
formation of product 2 with a 9% yield. Increasing the yield of product 2 to 20% was achieved
by performing the reaction solvent-free at 100 °C for 8 hours. The application of ultrasonic
irradiation, while simultaneously halving the catalyst amount, shortened the reaction time to 4
hours and increased the yield of the target compound to 33%. When ethyl acetoacetate, 3-
hydroxybenzaldehyde, and thiourea were reacted with 10 mol% of ionic liquid 17 in boiling
ethanol, monastrol 1 was obtained with a yield not exceeding 13%. Under ultrasonic irradiation,
the yield of the heterocyclization product increased to 35%, with the catalyst amount halved and
the synthesis time reduced from 24 hours to 30 minutes.

The relatively low yields of compounds 1 and 2 are likely related to the known fact [1]
that upon heating, 1,3-dimethylimidazolium iodide 17 releases methyl iodide, forming 1-
methylimidazole, which does not catalyze the reaction. Previously [2-5], our laboratory
described several examples of nitrile-functionalized ionic liquids used as catalysts or co-catalysts
in 1,3-addition reactions of methyl vinyl ketone or acrylate esters, acrylonitrile with aromatic
aldehydes, isatins, and in the synthesis of 4-substituted 2-carens; however, data on catalytic
activity in the Biginelli reaction were absent.

To investigate the influence of the ionic liquid anion nature on catalytic properties in the
studied reactions, bromide 18 was initially synthesized. The heterocyclization reaction of ethyl
acetoacetate, benzaldehyde, and thiourea was selected as the first model to study the catalytic
properties of salt 18. It was established that the reaction of ethyl acetoacetate, 3-
hydroxybenzaldehyde, and thiourea in boiling ethanol in the presence of 10 mol% ionic liquid 18
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proceeds with a 3% higher yield compared to 10 mol% ionic liquid 17. It was shown that the
reaction proceeds with similar yields when replacing ethanol with ethyl acetate as solvent or
increasing the catalyst amount. Thus, the nature of the substituent in the starting aromatic
aldehyde had little effect on the yields of target compounds 3 and 1, which were obtained in 12—
16% vyield. The positive effect of ultrasonic irradiation on the heterocyclization reaction was
observed for the synthesis of ethyl dihydropyrimidine-5-carboxylates 3 and 1, reflected in the
reduction of reaction time from 8-12 hours to 30 minutes and an increase in yields to 47% and
30%, respectively.

After stirring bromide 18 with potassium tetrafluoroborate in dry acetone at room
temperature for 24 hours, crystalline product 19 was obtained. It was found that replacing the Br~
anion with BFs~ did not affect the catalytic properties of ionic liquid 19, as reflected in the 10%
yield of product 3. A similar trend was observed in the monastrol 1 synthesis model, where the
yield did not exceed 8%. Consequently, our attention shifted to hexafluorophosphate 1-(2-
ethylcarbonitrile)-3-propyl-1H-imidazol-3-ium 20, which at 8 mol% catalyzed the formation of
compound 3 over 15 hours with a 27% yield, twice that observed with ionic liquid 18. Increasing
the amount of catalyst 20 twofold proportionally increased the yield of the target product (46%),
while prolonged reflux (20 hours) led to only a slight yield increase. It was established that salt
20 also catalyzes the reaction of ethyl acetoacetate, 3-hydroxybenzaldehyde, and thiourea in
boiling ethanol. Similar to product 3, a 26% yield of monastrol 1 was obtained by increasing the
catalyst amount from 8 mol% to 15 mol% and reducing the reaction time from 15 hours to 8
hours, respectively. The efficiency of target product 1 formation increased with both catalyst
loading up to 20 mol% and reaction time up to 18 hours. Replacing 3-hydroxybenzaldehyde with
4-methoxybenzaldehyde led to the formation of 4-methoxyphenyldihydropyrimidine-5-
carboxylate 4.

Additionally, it was of interest to determine how replacing thiourea with urea and ionic
liguid 17 with ionic liquid 20 would affect the reaction of ethyl acetoacetate with 3-
hydroxybenzaldehyde. It was established that using 10 mol% catalyst 20 resulted in a 61% yield,
whereas under analogous catalytic conditions with ionic liquid 17, the yield did not exceed 9%.
Increasing the catalyst 20 loading to 15 mol% increased the target product yield by 4%.

We hypothesized that the presence of a second nitrile group in the ionic liquid molecule
would enhance catalytic properties due to reversible interaction of nitriles with alcohols in the
presence of acid catalysts, forming imidoester hydrohalides capable of catalyzing the reaction.
To confirm this, hexafluorophosphate 1,3-bis(2-cyanoethyl)-1H-imidazol-3-ium 22 was

synthesized from chloride 21.



In boiling ethanol for 16 hours, ionic liquid 22 at 8 mol% catalyzed the reaction of ethyl
acetoacetate, benzaldehyde, and thiourea, yielding dihydropyrimidine-5-carboxylate 3 with a
37% yield — 10% higher than with catalyst 20. A yield of 58% was achieved upon prolonged
reflux (22 hours). Increasing the catalyst amount to 15 mol% raised the product 3 yield to 43%,
49%, and 58% when the reaction was conducted for 20, 24, and 30 hours, respectively. Further
increasing the catalyst loading to 25 mol% with reaction times of 18 and 22 hours afforded ethyl
dihydropyrimidine-5-carboxylate 3 in 52% and 63% yields, respectively.

The dependence of catalytic activity of ionic liquid 22 on catalyst loading (10 mol%, 15
mol%, 25 mol%) was also examined using the model reaction of ethyl acetoacetate and 4-
methoxybenzaldehyde with thiourea. It was found that the yield of product 4 generally depended
on reaction time: at 10 mol% catalyst and 24 hours, the yield was 73%; at 15 mol% catalyst and
16 hours, 53%; and at 20 mol% catalyst and 22 hours, 68%.

The catalytic activity of 10 mol% hexafluorophosphate 22 in the model reaction of ethyl
acetoacetate, 3-hydroxybenzaldehyde, and urea 2 was half that of hexafluorophosphate 20 (33%
vs. 61% yield, respectively). A similar trend was observed when comparing 15 mol% loadings of
22 and 20, with yields of 42-49% and 65%, respectively. Using 20 mol% hexafluorophosphate
22 increased the yield to 55%.

An interesting observation was made when replacing urea with thiourea in the reaction of
ethyl acetoacetate, 3-hydroxybenzaldehyde in the presence of catalytic amounts of ionic liquid
22. Comparative analysis of the activity of 15 mol% hexafluorophosphates 20 and 22 showed
identical results, reflected by a 26% yield of compound 1 in both cases. This trend persisted
when catalyzing with 20 mol% of either hexafluorophosphate 20 or 22 over 14 and 12 hours
(yields of 33% and 36%, respectively), as well as with prolonged reaction times (yields of 57%
and 55%, respectively). Further increasing catalyst 22 loading to 25 mol% and 30 mol% did not
significantly improve the yield of monastrol 1, which was 50% and 54%, respectively. A 59%
yield was obtained after a 24-hour reaction using 30 mol% of catalyst 22.

The effect of ultrasonic irradiation on the heterocyclization reaction catalyzed by ionic
liquid 22 was also studied. It was found that within 30 minutes, 10 mol% catalyst 22 catalyzed
the formation of compound 1 with a 64% yield. Notably, this yield is twice as high as that
observed with ionic liquid 17 under similar conditions. On the other hand, replacing ethanol with
ethyl acetate as solvent in the presence of 10 mol% ionic liquid 22 increased the yield of product
1 from 26% to 38%. Furthermore, the beneficial effect of the hexafluorophosphate anion in ionic
liquid 22 compared to bromide 18 on monastrol 1 yield was noted, with yields of 16% and 38%,
respectively. Increasing the catalyst loading to 20 mol% and the reaction time to 20 hours further

increased the yield of compound 1 to 63%.



2.2. Synthesis of functionalized ethyl dihydropyrimidine-5-carboxylates catalyzed by
choline chloride

To determine the scope of the described approach to 3,4-dihydropyrimidin-2(1H)-one 7a,
the reaction of ethyl 3-oxobutanoate with urea and benzaldehyde catalyzed by choline chloride at
1 mol%, 10 mol%, and 15 mol% was investigated at room temperature without solvent for 24
hours. In all experiments, no formation of the target product was observed. At a reaction
temperature of 70-80°C, compound 5 was formed within one hour with yields of 5%, 6%, and
20% for catalysis by 1 mol%, 10 mol%, and 15 mol% choline chloride, respectively. Under the
same conditions, replacing urea with thiourea resulted in an 11% lower yield of the thioanalog 3
compared to compound 5.

Next, the influence of the substituent nature in the aromatic aldehyde on the yield of final
products was studied. It was found that with 4-fluorobenzaldehyde, the target compound 6 was
obtained in 52% yield. Replacing thiourea with urea and 4-fluorobenzaldehyde with its
regioisomer 2-fluorobenzaldehyde enabled the synthesis of 2-fluorophenyl-substituted ethyl 6-
methyl-2-oxo-3,4-dihydropyrimidine-5-carboxylate 9 with a 61% yield. The reaction efficiency
was also evaluated with 3-nitro- and 4-nitrobenzaldehydes. Under optimized conditions, choline
chloride-catalyzed one-pot three-component reactions afforded the target compounds 8 and 7
with yields of 80% and 78%, respectively. 4-Methoxybenzaldehyde exhibited reactivity
comparable to benzaldehyde, yielding compound 10 in 69%. The yield of the oxo derivative 9
was 41%. It was established that choline chloride also catalyzes the heterocyclization reaction of
ethyl 3-oxobutanoate 2 with urea and 3-hydroxybenzaldehyde in boiling ethanol, producing the
oxo-analog of monastrol 2 with a 74% yield. Using 4-dimethylaminobenzaldehyde in a reaction
catalyzed by 25 mol% choline chloride with ethyl acetoacetate and thiourea, complete
conversion was achieved within 8 hours, and the desired compound 12 was isolated with a 73%
yield. 2,4-Dichlorobenzaldehyde reacted with ethyl acetoacetate, urea, or thiourea in boiling
ethanol in the presence of 25 mol% choline chloride for 8 hours, affording the corresponding
derivatives 13 and 14 with yields of 60% and 78%, respectively.

Within this study, it was found that 4-chlorobenzaldehyde reacts with ethyl acetoacetate
and thiourea in boiling ethanol in the presence of 25 mol% choline chloride for 8 hours to form
the 4-chlorophenyl-substituted compound 11. It was shown that the reaction of ethyl acetoacetate
and urea in boiling ethanol catalyzed by 25 mol% choline chloride with 3,4-
dimethoxybenzaldehyde yields the target product 15 in amounts comparable to those obtained
from benzaldehyde and 4-methoxybenzaldehyde under similar conditions. The thioanalog 16

was synthesized with a 63% yield.
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Considering that the highest yield of 80% was obtained for compound 4 using 3-
nitrobenzaldehyde, this model was selected as the standard reaction for recycling choline
chloride. It was established that the catalyst could be reused up to five times with negligible loss
of efficiency, although the reaction time increased to 12 hours.

2.3. Methods for synthesis and analysis of imidazolium ionic liquids and study of their
catalytic properties in the Biginelli reaction

The melting point was determined using a «Boétius» apparatus. *H and *3C NMR spectra
were recorded on a “Bruker Avance III” spectrometer operating at 400,13 MHz and 100,61
MHz, respectively. IR spectra were recorded using a “Perkin Elmer Spectrum 100 FTIR
Spectrometer”. Elemental analysis data of the synthesized compounds were obtained on an
“Elementar Vario LIII” instrument. An ultrasonic generator UZG 13-0.1/22 was used to
determine the effect of ultrasound irradiation on catalytic activity. The compounds were purified
by column chromatography (CPC) on silica gel 40/63 um and 60/100 pum, and thin layer
chromatography (TLC) using “Silicagel” 60 F254 and “Silufol” plates.

2.4. Conclusions of Chapter 2

1. Synthesis routes for imidazolium ionic liquids functionalized with alkyl and nitrile
groups, both symmetrical and asymmetrical, have been developed. The constants of these ionic
liquids have also been clarified, and their catalytic activity in the reaction of acetoacetic ester
with aromatic aldehydes, urea and thiourea has been determined.

2. The results show that the efficiency of the formation of ethyl 4-(aryl)-6-methyl-2-oxo-
3,4-dihydropyrimidine-5-carboxylates catalyzed by functionalized ionic liquids depends on the
nature of the anion and the side-chain substituent, while the nature of the aromatic aldehyde has
a minor effect. The highest catalytic activity is exhibited by imidazolium salts substituted with
nitrile and hexafluorophosphate groups.

3. A positive effect of ultrasonic irradiation was demonstrated, reducing the
heterocyclization reaction time from 24 hours to 30 minutes when using hexafluorophosphate
1,3-bis(2-cyanoethyl)-1H-imidazol-3-ium 22 in the synthesis of a practically important
derivative of ethyl dihydropyrimidine-5-carboxylates 1, which is a specific inhibitor of kinesin
Eg5.

4. The influence of choline chloride quantity on the course of heterocyclization reactions
involving ethyl acetoacetate, urea, thiourea, benzaldehyde, and mono- (methoxy, fluoro, chloro,
nitro) and disubstituted (methoxy, chloro) benzaldehydes was revealed.

5. Testing the reaction of ethyl 3-oxobutanoate with urea and benzaldehyde showed that
the reaction progress depends on the amount of choline chloride, solvent nature, temperature,

and reaction time.
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6. It was noted that, in most cases, the yields of ethyl 3,4-dihydropyrimidin-2(1H)-thiones
are higher than those of their oxygen-containing analogs. It was established that choline chloride
can be reused as a catalyst up to five times in the synthesis model of compound 8 without loss of
activity.

3. CATALYZED BY NITRILE- AND CARBOXY-FUNCTIONALIZED EUTECTIC
LIQUIDS AND PECTIN SYNTHESIS OF ETHYL DIHYDROPYRIMIDINE-5-
CARBOXYLATES

To determine the structure and assess the purity of the chemical compounds, a range of
physicochemical analytical methods was employed, including infrared spectroscopy, NMR
spectroscopy, and elemental analysis. In light of the promising prospects for the application of
eutectic solvents, this dissertation presents a study on the synthesis of novel eutectic mixtures
based on nitriles, as well as an investigation of their physicochemical and catalytic properties.
3.1. Synthesis of mono- and dinitrile-functionalized eutectic mixtures and study of their
catalytic properties in the Biginelli reaction

At the beginning of our research, no data were available in the literature regarding the use
of hexafluorophosphate 22 for the synthesis of eutectic solvents. During the study, two eutectic
mixtures, 25 and 26, were synthesized, and their catalytic properties were subsequently
investigated.

The first eutectic liquid, compound 25, was obtained by mixing salt 22 with urea in the
absence of a solvent. It was shown that refluxing an ethanolic solution of an equimolar mixture
of ethyl acetoacetate, benzaldehyde, and urea with 12 mol% of compound 25 for 8 hours resulted
in the formation of ethyl dihydropyrimidin-5-carboxylate 5 in 18% yield.

The 2-fluoro-substituted analog 9 can be obtained via the reaction of 2-
fluorobenzaldehyde with urea and ethyl acetoacetate in boiling ethanol, catalyzed by 15 mol%
and 25 mol% of eutectic mixture 25, over 12 and 18 hours, with yields of 22% and 31%,
respectively. The maximum yield of 47% was achieved by refluxing the reactants in water in the

presence of 25 mol% of eutectic mixture 25.

y OO R o S ©
N/ H,N )y Rz [\ [\ e |vY
[ N =0| _H,N" "NH NN N-R1 H,N~ NH, Rl'Nv/N\
N\ HaN e H,N  R2
) oy 2
R2 n 22 R1=R2=(CH,),CN, Y=PF; =S
23 R1=(CH,),CN, R2=CH,CN, Y=CI HoN

24 R1=R!=Me, R2=CH,CN,Y=PFg
25 R1=R2=(CH,),CN, Y=PF, n=182%

28 R1=R1=Me, R?=CH,CN,Y=PFg, n=1 93% 26 R1=R2=(CH,),CN, Y=PF88%
29 R1=R1=Me, R?=CH,CN,Y=PFg, n=2 70% 27 R1=(CH,),CN, R2=CH,CN, Y=CI 75%
Fig. 3.1. Synthesis of eutectic mixtures based on 1H-imidazolium hexafluorophosphate

derivatives
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Under similar conditions, using anisaldehyde, ethyl 4-methoxypheny! dihydropyrimidine-
5-carboxylate 10 was synthesized with yields of 9%, 26%, and 31% in the presence of 15 mol%
and 20 mol% of catalyst 25. The formation of the oxo-analog of monastrol 2 through the reaction
of urea with ethyl acetoacetate and 3-hydroxybenzaldehyde, catalyzed by 15 mol% of eutectic
mixture 25, proceeded in boiling ethanol or ethyl acetate with yields of 22% and 28%,
respectively.

Thus, a positive effect was observed when ethanol was replaced with ethyl acetate in the
Biginelli reaction catalyzed by a eutectic mixture based on hexafluorophosphate 22 and urea.
The product yield remained nearly unchanged with an extended reaction time up to 12 hours.
Replacing ethanol with ethyl acetate and doubling the catalyst loading led to an increase in the
yield of compound 5 to 25%. The thio-analog 26 of eutectic mixture 25 was used as a catalyst in
the reaction of ethyl acetoacetate with benzaldehyde and thiourea in boiling ethanol and ethyl
acetate. In the presence of 15 mol% of the eutectic mixture for 12 hours, the product was
obtained with a yield of 41%. Increasing the catalyst amount by 5 mol% and the reaction time to
16 hours led to an improved yield of 53%. At the same catalyst loading, after 20 and 22 hours,
the product yields were 69% and 81%, respectively. Increasing the catalyst loading to 25 mol%
did not significantly affect the reaction outcome (yield 65%).

In order to investigate the effect of solvent nature on the formation of the target
compound 3, model reactions were carried out in ethyl acetate. When using 15 mol%, 20 mol%,
and 25 mol% of the catalyst, the product yield of compound 3 was higher by 42%, 11%, and
30%, respectively. A similar effect was observed in the synthesis of the 2-fluoro derivative 6
with 15 mol% of the eutectic mixture, where the yield in ethanol was 42% lower compared to the
reaction in boiling ethyl acetate (yield 61%). A comparable yield (68%) was recorded for the
synthesis of the 4-methoxy derivative 4 when the reaction was carried out in boiling ethanol in
the presence of 20 mol% of eutectic mixture 26.

The investigation of the influence of the amount of eutectic mixture 26, solvent, and
reaction time on the formation of monastrol 1 was initiated using ethanol, 10 mol% catalyst, and
a reaction time of 15 hours (yield: 18%). When the catalyst loading was increased to 15 mol%
and the reaction time was reduced to 10 hours, the yield increased to 31%, whereas with 20
mol% of catalyst and a 12-hour reaction, the yield reached 49%. Using the same amount of
eutectic mixture 22, a further increase in reaction time by 4 and 8 hours led to yields of 59% and
66%, respectively. A maximum yield of 78% was achieved with 25 mol% catalyst over 22 hours.
Replacing ethanol with ethyl acetate had no significant impact on the formation of compound 1
when catalyzed by 12 mol% and 15 mol% of the eutectic mixture (yields: 27% and 52%,
respectively). However, when using 20 mol% of catalyst over 12 hours, the highest yield of 83%

was obtained.
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The formation of the 4-nitro derivative 8 with a yield of 10% was observed upon
refluxing an equimolar mixture of ethyl acetoacetate 2, 4-nitrobenzaldehyde, and thiourea in the
presence of 10 mol% of eutectic mixture 26. A trend of increasing yield was noted, reaching
19%, 21%, and 59% after 12, 15, and 21 hours, respectively, when using 15 mol% of catalyst.
This trend persisted when 20 mol% of the catalyst was employed for 10 and 16 hours, resulting
in yields of 63% and 79%, respectively. As in the case of monastrol synthesis, replacing ethanol
with ethyl acetate did not significantly affect the formation of the target product 8, as indicated
by yields of 49% (15 mol% catalyst, 24 hours), 58% (20 mol% catalyst, 16 hours), and 68% (25
mol% catalyst, 22 hours). The application of ultrasonic irradiation allowed for a reduction in
catalyst loading to 5 mol% and a drastic decrease in reaction time to 30 minutes, affording the
product in yields of 80% in ethanol and 89% in ethyl acetate.

To investigate the effect of catalyst nature on the formation of ethyl dihydropyrimidine-5-
carboxylates, a third eutectic mixture, compound 27, was selected. It was prepared by mixing an
equimolar amount of the known chloride 23 [5,6] with thiourea under solvent-free conditions. In
the synthesis of the 4-methoxy derivative 4, eutectic mixture 27 was less effective compared to
eutectic mixture 26. Increasing the amount of eutectic mixture 27 to 25 mol% resulted in a yield
of 63%, and no significant improvement was observed when the heterocyclization reaction was
carried out in ethyl acetate instead of ethanol. The yields of product 1 in ethyl acetate with 15
mol%, 20 mol%, and 25 mol% catalyst were higher than in ethanol by 22%, 3%, and 1%,
respectively, also indicating no direct correlation between catalyst loading and efficiency of
product formation.

Eutectic mixtures 28 and 29 were synthesized by heating the previously described
hexafluorophosphate of 3-(cyanomethyl)-1-methyl-1H-imidazol-3-ium 24 with urea and
thiourea, respectively. In the heterocyclization reaction conducted in boiling ethanol for 8-12
hours, product 5 was obtained in yields of 18% and 19% with 15 mol% of eutectic mixture 28. A
slight increase in yield up to 25% was observed when the catalyst loading was raised to 25 mol%
and the reaction time extended to 16 hours. A comparable yield (25%) was obtained in 8 hours
when using 8 mol% of eutectic mixture 29. Conducting the reaction in boiling ethyl acetate
allowed the yield of compound 5 to be increased to 53% within 8 hours using 8 mol% of eutectic
mixture 29.

For the synthesis of the thio-analog 3, compound 30 was used as a catalyst in amounts of
15 mol%, 20 mol%, and 30 mol% in boiling ethanol and ethyl acetate. The reaction between
thiourea, benzaldehyde, and ethyl acetoacetate proceeded more efficiently in ethanol (yield 74%)
than in ethyl acetate (yield 63%) in all experiments, even with increased reaction time and

catalyst amount.
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An inverse correlation between the solvent nature and the efficiency of formation of the
practically important compound monastrol 1 was observed. Using 10 mol% of the catalyst for 8
hours resulted in yields of 15% in ethanol and 18% in ethyl acetate; with 15 mol% catalyst under
the same conditions, yields were 17% in ethanol and 20% in ethyl acetate. At 20 mol% catalyst
for 12 hours, the yield reached 42% in ethanol but only 20% in ethyl acetate. When 25 mol% of
the catalyst was used for 24 hours, the product yield was 65% in ethanol and 26% in ethyl
acetate. Finally, with 30 mol% catalyst over 24 hours, the yield was 75% in ethanol and 63% in
ethyl acetate. A similar trend was observed in the synthesis of the 4-methoxy derivative 16,
catalyzed by eutectic mixture 30.

3.2. Synthesis of carboxy-functionalized eutectic mixtures and comparison of their catalytic
properties with pectin in the Biginelli reaction

Previous studies in our laboratory demonstrated that carboxy-functionalized
quaternization products of N-methylimidazole catalyze the Biginelli reaction, whereas data on
the synthesis of eutectic solvents were not available. On the other hand, it was also of interest to
compare the catalytic activity of mono- and dibasic carboxy-functionalized eutectic mixtures,
natural monobasic galacturonic acid, tribasic citric acid, and multibasic low-methoxylated pectin.

As starting compounds, the well-known chlorides 3-carboxymethyl-1-methyl-1H-
imidazol-3-ium salts 30 and 31 [5,6] (Fig. 3.2) were used.

WL X
@gl X 4-6min ©Cl <H NJ\NH>
N/\N J 105°C_ Ry @ 2
</ W/OH + HaN™ "NH; ———> |\/N/>]/0H
X=0, S
30 R=-Me 32 R=-Me, X=S, n=0,5
31 R=-CH=CH, 33 R=-Me, X=S, n=2

34 R=-CH=CH,, X=S, n
35 R=-CH=CH,, X=S, n
36 R=-CH=CH,, X=S, n

1
2
4

Fig. 3.2. Synthesis of eutectic mixtures based on
3-carboxymethyl-1-methyl-1H-imidazol-3-ium chloride
The synthesis of eutectic liquids 32 and 33 involved mixing imidazolium salts 30 and 31
with thiourea in various proportions. When the reagents were mixed in a 1:2 ratio, eutectic
mixture 33 was synthesized. On the other hand, it was of interest to determine how replacing the
methyl group with a vinyl group would affect both the yield and the physicochemical properties
of eutectic mixtures 32—36. It was found that the yields of the target mixtures increased with the
amount of starting thiourea, reaching 66%, 73% and 77%, whereas the melting points, which
ranged from 80-120°C, 115-145°C, and 95-125°C, respectively, did not show a clear

correlation.

15



After synthesizing the above-mentioned eutectic mixtures, we proceeded to investigate
the possibility of synthesizing a molecular hybrid of N-methylimidazole with optically active
tartaric acid and thiourea according to the scheme shown in figure 3.3.

MeCN

OH O
N OH O 10 min \N/\\SH@O :
NNy, HoL S 20°C l, -~ “OH
~ - OH O OH
§oow o
37

S
OH O
HZNJ\NH2 SN© S HzN\n/NHz
I%/NH Y OH S

38
Fig. 3.3. Synthesis of the eutectic mixture based on N-methylimidazole
and tartaric acid

N-Methylimidazole, under the action of a solution of (+)-tartaric acid in MeCN at room
temperature for 10 minutes, is converted into compound 37. A mixture of salt 37 and thiourea in
a 1:2 ratio was stirred for one hour at 85-95°C until it transformed into the colorless liquid 38.

It was established that the synthesized eutectic mixtures 32-36 catalyze the
heterocyclization reaction of ethyl acetoacetate with urea or thiourea in the presence of
benzaldehyde, 2-fluorobenzaldehyde, 4-nitrobenzaldehyde, anisaldehyde, 3-
hydroxybenzaldehyde, 4-dimethylaminobenzaldehyde and 2,4-dichlorobenzaldehyde, producing
ethyl dihydropyrimidin-5-carboxylates with the following vyields: compound 3: 12-88%;
compound 6: 29-34%; compound 8: 5-71%; compound 4: 22-59%; compound 2: 14-56%;
compound 12: 22-57%; compound 14: 27-55%.

pe baza sarii de acid tartric natural si acid citric.

CO,H CO,H OH CO,Me OH
HO,C COZHCO w o ° © © O,
2 W 2 OH L SNOH H OH H )
OH oy | © o) o) o) o)
OH OH CO,Me OH CO,H
47 48 49

Fig. 3.4. Structure of low-methoxylated pectin 49, D-galacturonic acid 48,

and citric acid 47

Within the scope of this work, a comparison was conducted of the catalytic activity of

natural monobasic galacturonic acid 48, tribasic citric acid 47, and multibasic low-methoxylated
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pectin 49 with the synthesized dibasic carboxy-functionalized eutectic mixture 38, obtained
based on the salt of natural tartaric acid.

As in previous syntheses of ethyl dihydropyrimidin-5-carboxylates, the new eutectic
mixtures catalyze the heterocyclization reaction of ethyl acetoacetate with thiourea and 3-
hydroxybenzaldehyde, leading to the formation of ethyl dihydropyrimidin-5-carboxylate 3 with
yields ranging from 7% to 72%. It was found that conducting the reaction under ultrasonic
irradiation in the presence of eutectic mixture 38 reduces the reaction time to 30 minutes with a
product yield of 55%. Similar to the nitrile-functionalized eutectic mixtures, good results were
obtained in refluxing ethanol using 25 mol% of catalyst 32 (yield 39%), 30 mol% of catalyst 34
(yield 51%), 20 mol% of catalyst 35 (yield 61%), 20 mol% of catalyst 36 (yield 42%), and 10
mol% of catalyst 38 (yield 67%).

It should be noted that in the last case, asymmetric induction was also observed, as

evidenced by the specific rotation of [cr]DZG+O.832 (c 0.0133, MeOH). According to literature

data [7], the specific rotation of the S-enantiomer of monastrol is [«] o l+1.1 (c 0.007, MeOH),

indicating that the optical purity of our product was 76%.

It was demonstrated that when the reaction is conducted in refluxing ethyl acetate, the
yields of monastrol 1 are as follows: 71% with 25 mol% catalyst 33, 29% using 20 mol%
catalyst 34, 53% using 30 mol% catalyst 35 and 72% with 25 mol% catalyst 36. It was
established that 20 mol% citric acid catalyzes the model reaction in refluxing ethanol with a
yield of 61%. For catalyst 35, the yield can be increased from 23% to 81% under ultrasonic
irradiation conditions, simultaneously reducing the reaction time from 18 hours to 30 minutes.

Under ultrasonic irradiation of an ethanolic solution of ethyl acetoacetate, thiourea, and
3-hydroxybenzaldehyde with D-galacturonic acid, the target product 1 was formed with a yield
of 8%. When the reaction was carried out in refluxing ethanol, the yield did not exceed 28% and
replacing ethanol with ethyl acetate also did not lead to an increase in yield. The low product
yields are likely due to the known instability of D-galacturonic acid [8].

Our attention was drawn to commercially available low-methoxylated pectin, which in
some cases is a by-product of pectin production. Studies were conducted under reflux using ethyl
acetate and ethanol as solvents and 2% pectin as the catalyst. Under optimized conditions, the
yield of the target product 1 increased to 72% and 79%, respectively. Moreover, the catalyst can
be reused up to five times.

3.3. Methodology for synthesis and analysis of nitrile-functionalized eutectic mixtures and
study of their catalytic properties in the Biginelli reaction

Melting points were determined using a Boétius apparatus. *H and 3C NMR spectra were

recorded on a “Bruker Avance Il1” spectrometer operating at 400,13 MHz and 100,61 MHz,

17



respectively. IR spectra were measured using a “Perkin Elmer Spectrum 100 FTIR”
spectrometer. Elemental analysis data of the synthesized compounds were obtained using an
“Elementar Vario LIII” analyzer. For ultrasonic irradiation in the study of catalytic activity, an
ultrasonic generator UZG 13-0.1/22 was used. In the work, silica gel with indices of 40/63 pum
and 60/100 um was used to purify the obtained compounds, and “Silicagel” 60 F254 plates and
“Silufol” plates were used in thin-layer chromatography.

3.4. Conclusions of Chapter 3

1. The synthesis and catalytic activity of mono- and dinitril-functionalized eutectic
mixtures in the heterocyclization reaction of ethyl acetoacetate with urea, thiourea,
benzaldehyde, 3-hydroxybenzaldehyde, 2-fluorobenzaldehyde, 4-fluorobenzaldehyde, 4-
methoxybenzaldehyde, and 4-dimethylaminobenzaldehyde were successfully realized and
investigated. A dependence of the reaction time on the composition, amount of eutectic mixtures,
and nature of the solvent was established. The best results (yields up to 83%) were generally
obtained when the reaction was conducted in boiling ethyl acetate catalyzed by the symmetrical
dinitril-functionalized eutectic mixture 22.

2. Comparative testing of the catalytic activity of eutectic mixtures 28 and 29, differing
only in the amount of urea in their composition, demonstrated the promise of such substances,
leading to a reduction in the reaction time of ethyl acetoacetate with urea and benzaldehyde,
along with an increase in the yield of the target product 5.

3. It was shown that the yields of the practically important monastrol 1 were, in most cases,
higher when the reaction was conducted in ethanol compared to ethyl acetate. It was established
that the asymmetric dinitril-functionalized eutectic mixture 27 is less catalytically active than
both the symmetrical dinitril-functionalized eutectic mixture 26 and the mononitril-
functionalized eutectic mixture 30.

4. The synthesis and comparative testing of the catalytic activity of mono-, di-, tri-, and
polybasic carboxy-functionalized substances in the Biginelli reaction were carried out.

5. It was found that N-methyl-substituted eutectic mixtures catalyze the heterocyclization
reaction less efficiently than the corresponding N-vinyl-substituted analogues. An increase in the
amount of thiourea in the N-methyl-substituted eutectic mixture positively affected the reaction
product yield, which was not observed in the case of the N-vinyl-substituted eutectic mixture.

6. A comparison was made of the catalytic activity of monobasic galacturonic acid, tribasic
citric acid, and polybasic low-methoxylated pectin with the synthesized dibasic carboxy-
functionalized eutectic mixture 38 based on natural tartaric acid. The yield of monastrol 1 was
generally higher when the reaction was conducted in ethanol than in ethyl acetate, including

under ultrasonic irradiation conditions.
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7. 1t was established that the dibasic carboxy-functionalized eutectic mixture 38 acts as an
asymmetrizing agent, whereas in other catalyses involving natural chiral acids, the reaction
product was racemic. The possibility of reusing low-methoxylated pectin up to five cycles was
demonstrated.

4. HETEROCYCLIZATION OF MONASTROL

The modification of known pharmaceutical agents is one of the key strategies in
medicinal chemistry for the discovery of new biologically active compounds, which may
incorporate, in addition to carbon, one or more atoms of other elements. The ethyl 4-(aryl)-6-
methyl-2-thioxo-3,4-dihydropyrimidine-5-carboxylates synthesized in the previous chapters are
multifunctional compounds, and the construction of polycyclic systems based on them can be
achieved either through the interaction of an electrophilic reagent with a nucleophilic fragment
of the molecule - leading to the formation of an adduct - or by elimination of small molecules
such as water, hydrogen sulfide, or others, resulting in the formation of new cycles.

Monastrol 1 is an aromatic compound in which the hydroxyl group is bound to a carbon
atom of the aromatic ring and can potentially undergo a Pechmann condensation to form a

coumarin according to the method described in [9].
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Fig. 4.1. Proposed mechanism for the formation of tetrahydropyrimidothiazine-7-
carboxylates
It was found that heating a mixture of ethyl acetoacetate with ethyl

dihydropyrimidinethione 1 in concentrated sulfuric acid leads to the formation of a mixture of
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two major products, which could not be separated. The fact that the reaction product consists of a
mixture of two compounds is also supported by the data from the 3C NMR spectrum.

A possible mechanism for the formation of the isomeric compounds 39 and 40 is
presented in figure 4.1. Initially, under the action of concentrated sulfuric acid, an acid-catalyzed
cleavage of the B-keto acid occurs. Then, the product of crotonic condensation of acetone,
mesityl oxide, reacts with the thiol form of monastrol to form an adduct, which undergoes a
series of transformations leading to the formation of bicyclic products with endo- and exocyclic
C=C double bonds, 39 and 40.

It was of interest to carry out a heterocyclization reaction of monastrol 1 with
monochloroacetic acid, which contains a highly reactive C—CI bond and a carboxyl group. These
functional groups are required for S-alkylation as well as for intramolecular cyclization
involving the N-8 atom, resulting in the formation of a product with an activated methylene
moiety. This, in turn, can undergo condensation with aromatic aldehydes via the Knoevenagel

reaction, yielding a,p-unsaturated compounds.
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46 R'= NMe,, R?>=H

Fig. 4.2. Synthesis of heterocyclization products of monastrol 1

Upon refluxing an equimolar mixture of monastrol 1, monochloroacetic acid, and
benzaldehyde in dimethylformamide (DMF), ethyl 2-benzylidene-5-(3-hydroxyphenyl)-7-
methyl-3-0xo0-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidine-6-carboxylate 41 was obtained in 46%
yield. 1t was found that replacing benzaldehyde with anisaldehyde did not significantly affect the
course of the reaction, as reflected by a comparable yield (43%) of the methoxy-substituted
product 42. It was shown that the nitro- and chloro-substituted derivatives 43 and 44 can also be
synthesized by refluxing equimolar mixtures of 4-nitrobenzaldehyde or 4-chlorobenzaldehyde
with monastrol and monochloroacetic acid in DMF, resulting in yields of 8% and 15%,
respectively. Within the framework of this research, the 2-fluorinated compound 45 was

synthesized, yielding 21%. Under similar conditions, the synthesis of the dimethylamino-
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substituted product 46 was carried out using dimethylaminobenzaldehyde, resulting in a 58%

yield.

4.1. General methodology for synthesis and analysis of monastrol heterocyclization poducts
The melting points were determined using a “Boétius” apparatus. The 'H and *C NMR

spectra were recorded on a “Bruker Avance III” spectrometer operating at 400,13 and 100,61

MHz, respectively. IR spectra were recorded using a “Perkin Elmer Spectrum 100 FTIR

spectrometer”. Elemental analysis data of the synthesized compounds were obtained using an

“Elementar Vario LIII” analyzer. Silica gel with particle sizes of 40/63 um and 60/100 pum, as

well as “Silicagel” 60 F2s4 and “Silufol” plates, were used in the experimental work.

4.2. Conclusions of Chapter 4

1. Synthetic routes for the heterocyclic derivatives of monastrol containing
pyrimidothiazine-7-carboxylate and thiazolopyrimidine-6-carboxylate fragments have been
proposed.

2. For the first time, the synthesis of bicyclic products bearing endo- and exocyclic C=C
double bonds in pyrimidothiazine-7-carboxylates has been achieved. The experimentally
established reaction pathway indicates selective bond formation between atoms N-8 and C-22,
with no interaction involving the phenolic group of the starting monastrol.

3. One-pot synthetic approaches have been developed for the preparation of ethyl 5-(3-
hydroxyphenyl)-7-methyl-3-o0xo-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidine-6-carboxylates
bearing a 2-benzylidene fragment, starting from benzaldehyde, anisaldehyde, and 4-nitro-, 4-
chloro-, 4-dimethylamino-, and 2-fluoro-substituted benzaldehydes, under reflux in a polar
aprotic solvent.

5. BIOLOGICAL ACTIVITY OF THE OBTAINED COMPOUNDS

As part of this study, a structure—biological activity relationship assessment was
conducted for a series of substituted ethyl dihydropyrimidine-5-carboxylates, in collaboration
with the research group of professor Athenia Geronikaki from Aristotle University of
Thessaloniki, Greece, and the research team led by professor Steven De Jonghe from the
Catholic University of Leuven, Belgium.
5.1. Evaluation of antimicrobial activity

The synthesized compounds 1-16 were evaluated for their antibacterial activity against
Streptococcus aureus (S. aureus), Escherichia coli (E. coli), and Pseudomonas aeruginosa (P.
aeruginosa), as well as their resistant strains: Methicillin-resistant Staphylococcus aureus
(MRSA), resistant Escherichia coli, and resistant Pseudomonas aeruginosa. The minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) ranged from
0,42 to 8,0 pg/mL and 0,50 to 8,0 pug/mL, respectively. The MIC values decreased in the

following order: 2—9—5—10—6—9—1=16—7—15—14—3—12—8—-13—11. Taking into
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account the combined MIC and MBC values, the overall activity order was as follows:
10>5>9>2>6>4>15>1=16>7>3>14>12>8>13>11. Among all the tested compounds, compound
10 exhibited the highest activity, with MIC/MBC values ranging from 0,75-4,0 pg/mL and 1,0—
8,0 pg/mL, respectively.

The results indicate that P. aeruginosa is the most sensitive strain to the tested
compounds. Specifically, compounds 1, 4, 6, 8 and 11 showed the best activity against P.
aeruginosa (MIC = 0,4 pg/mL), whereas compounds 2 and 11 demonstrated the lowest activity,
with MIC values expressed in uM. Compounds 7, 14 and 16 showed good activity against this
strain, with their MIC values reported in pg/mL. Meanwhile, compounds 3, 5, 9 and 10 had MIC
values expressed in M.

Compound 9 showed similar activity against S. aureus (MIC = 0,75 pg/mL), which
appeared to be the most resistant strain among those tested. Sensitivity to the compounds varied
across bacterial strains. For the most sensitive bacteria, the order of activity was:
1=12=4=6=8>16=7=14>5=3=10=9>15=13>2=11, whereas for S. aureus, the activity order was:
9>2>12>5=3=1=10=4=15=16=7=13=14=6=8>11. The two most active analogs, compounds 5
and 10, are cyclic urea derivatives.

The “structure—activity ” relationship (SAR) study revealed that the presence of a fluorine
atom in the 2-position of the phenyl ring (compound 9) enhances antibacterial activity against
non-resistant strains. The absence of fluorine in the phenyl moiety (compound 5) slightly
decreased the antibacterial activity, making it comparable to that of the 2,4-dichlorophenyl-
substituted derivative (compound 13). Replacement of the urea fragment with its analog,
thiourea, in the 3,4-dihydropyrimidinone ring further reduced the biological activity of the tested
compound.

The compounds were also tested against three resistant bacterial strains: Methicillin-
resistant S. aureus (MRSA), resistant Escherichia coli (E. coli), and resistant Pseudomonas
aeruginosa (P. aeruginosa). It is noteworthy that the compounds exhibited greater activity
against resistant strains compared to non-resistant ones. The order of activity against the resistant
strains can be represented as: 2>6>10>4>5>16>3=15=7>1>12=14=8=11>9>13. Compound 2
demonstrated the highest activity against resistant strains with MIC values ranging from 0,4 to
2,0 pg/mL, followed by compounds 6 and 10. Comparison of the activity against non-resistant
and resistant strains showed that compound 10 was the only one to exhibit nearly the same level
of activity across all tested strains. When comparing the activity of the compounds against both
non-resistant and resistant strains, compound 10 was the most active in both cases, whereas
compounds 8 and 11 showed lower activity.

Structure-activity relationship studies revealed that the presence of a phenolic group in

the ethyl 6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate  scaffold  favors
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antibacterial activity against resistant strains. Introduction of fluorine at the 4-position of the
phenyl ring and replacement of the carbonyl group with a thiocarbonyl fragment (compound 6)
led to a decrease in antibacterial activity. Replacement of fluorine (compound 6) with a methoxy
group in the benzene ring (compound 4) also reduced the desired activity, as was the case for the
2,4-dichlorophenyl derivative (compound 14).

5.2. Evaluation of fungicidal activity

The synthesized compounds were tested against fungal strains: Aspergillus fumigatus (A.
fumigatus), Aspergillus niger (A. niger), Penicillium funiculosum (P. funiculosum) and Candida
albicans (C. albicans) using ketoconazole as a reference drug for determining the minimum
inhibitory concentration (MIC) and minimum fungicidal concentration (MFC). The activity level
decreased in the following order: 2—1—-10—»6—15—-7—-16—12—3—-5—9—-4=14—-11—
8—13. Compound 2 exhibited the best antifungal activity among all tested compounds, with
MIC values ranging from 0,65 to 2,0 pg/mL and MFC values from 1,0 to 4,0 pg/mL. It was
found that among the most dangerous fungi, Candida albicans along with Aspergillus fumigatus
were the most sensitive to the action of the investigated compounds. Compounds 1, 2, 4, 6, 7, 9,
11, 13, and 15 showed good activity against C. albicans with an MIC of 0,75 pg/mL. Compound
2 also demonstrated similarly good activity against Aspergillus niger. Compounds 1, 3, 4, 5, 6, 7,
and 14 exhibited good activity against A. niger, while compounds 2, 3, 4, and 6 were effective
against Penicillium funiculosum with an MIC of 1,0 ug/mL. However, none of the compounds
surpassed the activity of ketoconazole. It is worth noting that A. fumigatus was the most resistant
strain to the tested compounds.

Structure-activity relationship studies showed that the presence of a phenolic group in
ethyl dihydropyrimidin-5-carboxylate 2 favors antifungal activity. Replacement of the urea
fragment with thiourea in the 3,4-dihydropyrimidine ring, as in monastrol 1, led to decreased
antifungal activity. Similarly, the 4-methoxy derivative 10 ranked third in activity, showing
reduced efficacy. Substitution of the hydroxyl group in monastrol 1 with fluorine in compound 6
further diminished antifungal activity. The oxo- and thio-analogues 5 and 3 exhibited similar
activity, indicating that the nature of the heteroatom does not significantly affect activity. Thus,
antifungal activity mainly depends on the nature and position of substituents on the phenyl ring.
A common observation is that compound 2 showed the highest activity against resistant strains
as well as in antifungal assays, while compounds 8 and 11 were the least active as both
antibacterial and antifungal agents.

Regarding biofilm inhibition, this process is aimed at preventing or reducing the
formation of a protective bacterial biofilm. Compound 10 exhibited a stronger antibiofilm effect,
inhibiting the formation of Pseudomonas aeruginosa biofilm by 70,22%, compared to 54,67%

for compound 6. At sub-inhibitory concentrations (0,25 pug/mL), compounds 6 and 10 inhibited
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biofilm formation by 33,33% and 59,11%, respectively. Both compounds demonstrated
significant antibiofilm potential compared to the control.
5.3. Molecular docking

To predict the potential mechanisms of action of the synthesized compounds, molecular
docking was carried out on various biological targets, with a focus on enzymes typically
associated with antibacterial mechanisms of action, such as: E. coli DNA gyrase, S. aureus
thymidylate kinase, E. coli primase, as well as the MurA and MurB enzymes of E. coli. Docking
results indicate that the most probable mechanism of action is the inhibition of the E. coli MurB
enzyme, as suggested by the binding scores, which correlate well with the observed biological
activity. The most active compound 9, formed three hydrogen bonds: between the oxygen atom
of its carboxyl group and the Ser229 residue (O+e+H, 1.57 A), the same oxygen atom and GIn120
(OeseH, 2.74 A), and between the oxygen atom of the second carbonyl group and Arg327
(Oes+H, 2.45 A). Additionally, docking studies were performed for all tested compounds, as well
as the reference drug ketoconazole, on the enzyme lanosterol 14a-demethylase (C. albicans) and
DNA topoisomerase IV to investigate their potential antifungal mechanism of action. The results
show that compound 2 is the most active, exhibiting strong binding to the enzyme’s active site
through its carboxyl group, which interacts with the Fe atom of the heme group. A strong
coordination (iron) bond and a hydrogen bond (HeseN, 2.74 A) were formed between the
compound and the enzyme. Furthermore, hydrophobic interactions were observed with several
residues, including Tyrl18, Tyr122, 1le131, Tyr132, Leu376 and Met508. Ketoconazole also
interacts with the heme group via hydrophobic and aromatic interactions involving its benzene
ring. However, due to the stronger coordination of compound 2 with the iron atom in the heme
group, it forms a more stable complex with the enzyme. This suggests that compound 2 may
serve as a promising inhibitor of lanosterol 14a-demethylase (CYP51A1).
5.4. Evaluation of cytotoxicity of the compounds

The cytotoxic activity of the synthesized compounds was evaluated against pancreatic
adenocarcinoma (Capan-1), colorectal carcinoma (HCT-116), glioblastoma (LN229), lung
carcinoma (NCI-H460), acute lymphoblastic leukemia (DND-41), acute myeloid leukemia (HL-
60), chronic myeloid leukemia (K562), and non-Hodgkin lymphoma (Z138) cell lines, in
comparison with the reference drugs etoposide (a DNA topoisomerase Il inhibitor) and
nocodazole (a tubulin polymerization inhibitor). The testing revealed significant differences in
cytotoxicity among the compounds, as some exhibited promising activity, while others showed
minimal or no effect at the tested concentrations.

Compounds 3, 5, 7, 12, 13 and 15 did not exhibit significant cytotoxicity (ICso > 100 uM)
against any of the tested cell lines, indicating a lack of anticancer potential within the studied

concentration range. Similarly, compound 9, which displayed the best antibacterial activity
24



among all tested compounds, was inactive against all cancer cell lines. In contrast, compounds 4,
8, 11 and 16 demonstrated notable cytotoxic effects. Compound 4 exhibited moderate activity
against most cell lines, with ICso values ranging from 7,2 UM (Capan-1) to 59,4 uM (LN229).
Compound 16 showed cytotoxicity with ICso values between approximately 30 and 88 uM across
all tested lines. Compound 8 demonstrated appreciable activity, particularly against
hematological cancer cell lines such as Z138 (ICso = 7.9 uM) and HL-60 (ICso = 9.0 uM), and
was also effective against solid tumors such as Capan-1 (ICso = 11.0 pM).

Compound 11 proved to be one of the most active molecules, with ICso values below 10
uM for nearly all cell lines tested, including LN229 (ICso = 6.3 pM), HL-60 (ICso = 5.6 uM) and
Z138 (ICso = 5.9 uM), suggesting a strong cytotoxic effect comparable to that of standard
anticancer agents etoposide and nocodazole.

5.5. Conclusions of Chapter 5

1. Antibacterial activity of the synthesized compounds was observed against S. aureus, E.
coli and P. aeruginosa, including their resistant strains. Compounds 9b and 32d demonstrated
significant antibiofilm potential against P. aeruginosa biofilm formation compared to the
control, including at sub-inhibitory concentrations (0,25 x MIC). The compounds exhibited
higher activity against resistant strains than against non-resistant ones.

2. The fungicidal activity of the compounds was evaluated against fungal strains
Aspergillus fumigatus, Aspergillus niger, Penicillium funiculosum and Candida albicans. It was
established that the activity largely depends on the nature and position of the substituents in the
benzene ring.

3. Among the tested compounds, compound 10 was identified as a lead structure, active
against resistant bacterial strains and exhibiting antifungal activity. Based on the in silico data, it
is suggested that the strong interaction of the compound with iron in the heme group results in
the formation of a more stable complex, making it a promising inhibitor of lanosterol 14a-
demethylase (CYP51A1).

4. A number of compounds from the ethyl dihydropyrimidine-5-carboxylate series
demonstrated promising cytotoxic activity, while others showed minimal effects against Capan-
1, HCT-116, LN-229, NCI-H460, DND-41, HL-60, K562 and Z138 cell lines. Compound 11
was among the most active molecules, with ICso values below 10 uM for nearly all tested cell
lines, including LN229 (ICso = 6.3 uM), HL-60 (ICso = 5.6 uM), and Z138 (ICso = 5.9 uM),
indicating a strong cytotoxic effect comparable to that of standard anticancer agents such as
etoposide and nocodazole.

GENERAL CONCLUSIONS AND RECOMMENDATIONS
1. Based on functionalized imidazolium-based ionic liquids, synthetic schemes for new

eutectic mixtures were developed, and a comparative study was conducted on the catalytic
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activity of choline chloride, galacturonic acid, citric acid, and low-methoxylated pectin in the
synthesis of substituted ethyl dihydropyrimidine-5-carboxylates under ultrasonic irradiation or
refluxing conditions in water, ethyl acetate, or ethanol.

2. It was established that the dicarboxy-functionalized eutectic mixture 38, derived from
natural tartaric acid, acts as an asymmetrizing agent in the studied reaction, whereas in other
catalytic systems involving natural chiral acids, the reaction products were racemic. The
possibility of reusing both low-methoxylated pectin and eutectic mixture 38 was demonstrated
(up to five cycles).

3. New synthetic schemes were developed for the Eg5 mitotic kinesin inhibitor monastrol,
and condensed heterocyclic derivatives were synthesized based on its structure.

4. For the first time, the synthesis of bicyclic products with endo- and exocyclic C=C
double bonds of pyrimidothiazine-7-carboxylates was achieved in concentrated sulfuric acid.
The experimentally established reaction pathway indicates the selectivity of bond formation
between atoms N-8 and C-22, and the absence of interaction with the phenolic group of the
starting monastrol.

5. An efficient one-pot synthetic approach was developed for the preparation of ethyl 5-(3-
hydroxyphenyl)-7-methyl-3-o0xo-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidine-6-carboxylates
containing a 2-benzylidene fragment, based on the reaction of monastrol with monochloroacetic
acid and aromatic aldehydes under reflux in a polar aprotic solvent.

6. It was found that the antibacterial activity of the synthesized compounds against S.
aureus, E. coli, and P. aeruginosa was lower than their activity against resistant strains,
including Methicillin-resistant S. aureus (MRSA), resistant Escherichia coli and resistant
Pseudomonas aeruginosa.

7. The fungicidal activity of the compounds was investigated against fungal strains
Aspergillus fumigatus, Aspergillus niger, Penicillium funiculosum, Candida albicans and it was
established that the activity strongly depends on the nature and position of substituents in the
benzene ring.

The obtained data allowed for the formulation of the following recommendations:

1. The identified patterns of the newly catalyzed synthesis of ethyl dihydropyrimidine-5-
carboxylates open up possibilities for structural modification of substituted derivatives and
expand the theoretical understanding of the chemical and catalytic properties of functionalized
ionic liquids and novel imidazolium-based deep eutectic mixtures, as well as choline chloride,
galacturonic and citric acids, and low-methoxylated pectin.

2. The newly obtained data on the asymmetric synthesis of monastrol complement

theoretical knowledge on the Biginelli reaction.
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3. The developed methods formed the basis for the selective synthesis of a series of
heterocyclic compounds. Lead compounds were identified that are active against bacterial strains
with antifungal properties and exhibit significant antibiofilm potential against P. aeruginosa
biofilms.
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International de Inovare si Educatie Creativa pentru Tineret (ICE-USV). 23-25 mai, 2025,
Suceava, Romania, pp. 40-45.
https://academia/conf.2025/conf.Suceava.p.39+%20art.2%20p.44.pdf

29. CIOBANU, N., MACAEV, F. Bioactivity of 3,4-dihydropyrimidine-2-(ti)s. In: IX-a editie

a Targului International de Inovare si Educatie Creativa pentru Tineret (ICE-USV). 23-25 mali,
2025, Suceava, Romania, pp. 45-46. https://academia/conf.2025/conf.Suceava.p.39art.20p.44.pdf

30. YHOBAHY, H. HoBbie BO3MOXXHOCTH CHHTE3a MPOJYKTOB JECTHAPOTHUPUMHIUHOBOTO Psijia.
B: Meocoynapoonwviii konkypc 011 HayuHo-nedacocuueckux pabomuuxos “Jlhyuwuti neoacoe
CHI' — 20237, Obwenayuonanvruoe osudxcenue babex. 10 mas, 2023, Acrana, Ka3zaxcraH,
ycrHbIi qoknaa. http://astana/bobec/%202%20medal

31. VERDES, A., CIOBANU, N., GORINCIOI, E., DRAGALIN, I., MACAEV, F. Sustainable
Synthesis of (x)-Monastrol: Utilizing Biginelli Multicomponent Reaction with Ethanol and D-
Glucuronic Acid as Ecofriendly Reactants. In: "Yesterday’s cultural heritage — contribution to
the development of tomorrow’s sustainable society”. 8-9 februarie, 2024, lasi, Romania, 9, pp.
299-300. ISSN 2558 — 894X. https://ibn.idsi.md/vizualizare_articol/204302

32. YOBAHY, H.I'. bwuoakruBHocts 3.,4-muruaponupumuani-2-(tu)os. B: Kouxypc
eacecoonvul “JIVUILIUN HAYYHBIH COTPYIHHK — 2023”7 codpyjcecmea He3asucumbix

2ocyoapcms. 3 Hos10ps1, 2023, Actana, Kasaxcran, yctHbii nokiaz. http://academia/conf.2023

3.3. in the works of scientific events included in the Register of materials published on the basis
of scientific events organized in the Republic of Moldova

1. CIOBANU, N. Metode de sinteza derivatiilor dihidropirimidinelor. In: Conferinta stiintifica
cu participare internationala ,,UNIVERSITAS EUROPAEA: spre o societate a cunoasterii prin
europenizare §i globalizare”. 7-8 noiembrie, 2019, ULIM, Chisinau, Moldova, raport oral.

https://egbahdxjiaz.exactdn.com/wp-content/uploads/2019/10/Program-Conf ULIM 2019.pdf
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2. CIOBANU, N., MACAEV, F., STINGACI, E., BARBA, A. Unusual heterocyclization of
monastrol under the conditions of the pechmann reaction. In: International Conference
achievements and perspectives of modern chemistry dedicated to the 60th anniversary from the
foundation of the Institute of Chemistry. 9-10 octombrie, 2019, Chisinau, Moldova, raport oral.
http:\Conference_Program\10.10.2019 In.chim.pdf

3. CIOBANU, N., MACAEYV, F. Sinteza si bioactivitate 3,4-dihidropirimidin-2-ones (thion). In:

Conferinta stiintifico-practica cu participare internationala cu genericul: ,, Perspective in
cercetarea produselor farmaceutice de origine sintetica si naturalda”. Revista Farmaceuticd a
Moldovei. 2021, 45(2), p. 38. ISSN 1812-5077.

4. CIOBANU, N., MACAEYV, F. Synthesis and bioactivity 3,4-dihydropyrimidin-2-ones (thion).
In: Conferinta stiintifico-practica cu participare internationala cu genericul: ,, Perspective in
cercetarea produselor farmaceutice de origine sintetica si naturala” Revista Farmaceutica a
Moldovei. 2021, 45(2), p. 39. ISSN 1812-5077.

5. CIOBANU, N. Sinteza si activitatea unor derivati de dihidropirimidind cu folosire diverti
catalizitori organici. In: Conferinta stiintifica studenteasca cu participare internationald. 20
aprilie, 2022, Chisinau, Moldova, LXXI, p. 405. ISBN 978-9975-76-394-3.

6. HOBAHY, H., MAKAEB, ®. Materiale biodegradabile si regenerabile in sinteza mijloacelor
profilactice impotriva diferitelor virusuri ale plantelor agricole. B: Meowcoynapoonas nayumno-
npaxkmuueckas kongepenyus “‘Hayxa. Obpazosanue. Kynomypa”, “Stiinta. Educatie. Cultura”,
NOCBAUCHHAS 31-ou 20008UUHE KOMPATCKOI O TOCYIAPCTBEHHOI' O
VYHUBEPCHUTETA. 11 despans, 2022, Kompat, Mosnoga, c. 215-218.

ISBN 978-9975-83-176-5.

7. YHOBAHY, H., MAKAEB, ®. CuHTe3 U npuMeHEHUE TUTHAPONMPUMHINHOB B KaueCTBE
XUMHUYECKUX CpPEICTB 3aluThl pacteHuil. B: Meowcdynapoonas Hayuno-npaxmuueckas
koHgepenyua “Hayxa. Obpazosanue. Kynomypa”, “Stiinta. Educatie. Cultura”, noceawennas
31-o1i co0osuune KOMPATCKOI'O I'OCY/J[APCTBEHHOI'O YHUBEPCUTETA. 11 deBpans,
2022, Kompar, Monmosa, c. 311-313.

ISBN 978-9975-83-176-5.

8. CIOBANU, N., MACAEYV, F., OCOPNAIA, N., OZOL, L. Sinteza si activitatea biologica
dihidropirimidinelor. In: Universitas Europaea: Towards a knowledge-based society through
europianisation and globalization. 17-20 octomber, 2022, ULIM, Chisinau, Moldova, raport
oral. http:\\\PROGRAM-conferinta-aniversara-ULIM-1.pdf
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9. CIOBANU, N., MACAEV, F., OCOPNAIA, N., OZOL, L. Sinteza si activitatea biologica
dihidropirimidinelor. In: Conferinta stiintifica nationala cu participare internationala “Integrare
prin Cercetare si Inovare”, dedicata Zilei Internationale a Stiintei pentru Pace si Dezvoltare. 9-
10 noiembrie, 2023, USM, Chisinau, Moldova, p. 593. ISBN 978-9975-62-687-3.

ISBN 978-9975-62-690-3.

10. CIOBANU, N., MACAEV, F. Perspective pentru sinteza dihidropirimidinelor. In:
Conferinta stiintifico-practica internationala “Instruire prin cercetare pentru o societate
prospera”. 18-19 martie, 2023, UPS, Chisinau, Moldova, X, pp. 296-298.

ISBN 978-9975-46-716-2.

11. YOBAHY, H., MAKAEB, ®., OKOIIHAS, H. VYcnoBusi mnomay4deHUuss HEKOTOPBIX
MPOU3BOJIHBIX  AUTHAPONUPUMUIMHOB.  B:  Meowodynapoonas  nayuno-npaxmuuecxas
konpepenyus  “Hayka. Obpazosanue. Kynomypa”’, noceésawennas 32-ou 20008ujuHe
Kompamcrozo eocyoapcmesennoco ynueepcumema. 10 pespans, 2023, KI'Y, Kompar, MoioBa,
c. 438. ISBN 978-9975-83-254-0.

12. GORINCIOI, E., CIOBANU, N. Complete assignments of the 'H, *C and N spectra
for(x)-monastrol by D and 2D HR NMR techniques. In: Conferinta stiintificd nationald cu
participare internationala ,,Integrare prin Cercetare si Inovare”. 7-8 noiembrie, 2024, USM,
Chisinau, Moldova, p. 577.
https://cercetare.usm.md/wp-content/uploads/Programa-Conferintei-1.pdf

13. CIOBANU, N., MACAEYV, F. Selectarea metodei optimale pentru sinteza dihidropirimidin-

2-onelor(thione) folosind diversi biocatalizitori. In: Congresul international cercetare-inovare-

antreprenoriat inovativ. 17-18 mai, 2024, Chisinau, Moldova, pp. 264-266.

ISBN 978-9975-46-964-7.

14. CIOBANU, N., MACAEV, F. Kataiutnueckuii xapakTep IBTEKTHUYECKUX CMECEH B CUHTE3E
muruaponupumunuHoB. B:  Conferinta stiintifica nationala cu participare internationala
., Integrare prin Cercetare §i Inovare”. 7-8 noiembrie, 2024, USM, Chisinau, Moldova, c. 689.

https://cercetare.usm.md/wp-content/uploads/Programa-Conferintei-1.pdf

15. CIOBANU, N. Detectarea metodelor de sinteza a derivatilor de dihidropirimidine. In:
Conferinta stiintifica cu participare internationala ,, Obtinerea si cercetarea farmaceutica a
unor noi molecule si produse farmaceutice cu potential terapeutic”. 31 ianuarie, 2020, Chisinau,

Moldova, raport oral. https://drive.google.com/file/d/1ZMMK

16. CIOBANU, N. Synthesis of monastrol using ecological catalysts. In: Conferinta stiintifica a
doctoranzilor Tendinte contemporane ale dezvoltarii stiintei: viziuni ale tinerilor cercetatori. 10
iunie, 2019, Chisinau, Moldova, V111, pp. 38-43.

http:///Conf./USDC//10/06/2019//p,38-43.pdf
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18. CIOBANU, N. Environmental safety of catalytic conditions in the synthesis of
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Conference with international participation. 14-15 septembrie, 2023, Chisinau, Moldova, VI, p.
205. ISBN 978-9975-3430-9-1.

19. CIOBANU, N., MACAEYV, F. Environmental conditions in the synthesis of monastrol. In:
Scientific seminar: Advanced materials to reduce the impact of toxic chemicals on the
environment and health. 23 septembrie, 2023, Chisinau, Moldova, pp. 34-37.

UDC: 547.781.1:502.5.

20. CIOBANU, N., MACAEV, F. Selection of the optimal method for synthesis of
dihydropyrimidin-2-ones(thiones) using various catalysts. In: Natural sciences in the dialogue of
generations. 12-13 septembrie, 2024, Chisinau, Moldova, VII, p. 33.

ISBN 978-9975-62-756-6.

21. CIOBANU, N., MACAEV, F. Synthesis and activity of 3,4-dihydropyrimidin-2-ones
(thiones) using various organic catalysts. In: 10th International Conference on Materials Science
and Condensed Matter Physics MSCMP-2024. 1 octombrie, 2024, Chisinau, Moldova, p.100.
ISBN 78-9975-62-763-4.

22. GORINCIOI, E., CIOBANU, N., MACAEV, F. Low-ester pectin as recyclable green
catalyst for eco-friendly synthesis of (x)-monastrol. In: Natural sciences in the dialogue of
generations. 12-13 septembrie, 2024, Chisinau, Moldova, VII, p. 58.

ISBN 978-9975-62-756-6.

23. CIOBANU, N. Metode noi de sinteza derivatiilor dihidropirimidinelor. In: Conferinta
stiinfifica cu participare internationala ‘“Universitas europaea: towards a knowledge-based
society through europeanisation and globalization”. 16 octombrie, 2020, ULIM, Chisinau,
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36


http://conf./USDC%2010.06.2020%20p.82-86/.pdf

AHHOTAIMS

Huccepranuss «CHHTe3  3aMeIEHHBIX JAUTHAPONHPHUMHIMH-S-KapOOKCHJIATOBY,
npeacTaBieHHas KaHauzatom - Yobany Haranabsi, Ha COMCKaHUE CTENEHH JIOKTOpa
XMUMHMUYECKUX HayK 0 crennanbHocTy — 143.01. Oprannyeckast XuMHUS.

Kunmmnay, 2025

CTpykTypa AuccepTalMM: IUCCEpTalUsi HalKMCaHAa HA PYCCKOM S3bIKE U COCTOMT W3
BBEJICHUS, IISITH IJ1aB, OOIIMX BBIBOJOB M peKOMEHaluil, oubauorpapuu u3 196 Haspanuii u 2
npunoxennd. Juccepramust cogepxkur 129 crpaHun ocHoBHOTO TekcTa, 21 Tabmuisr 40
pucyHkoB. [losrydeHHbIE pe3ynbTaThl OMyOIMKOBAaHbI B 62 HAyYHBIX paboTax.

KuroueBrble ciioBa: TUruaponupuMuaNH-5-KapOOKCUIIAT, TETParuApONUPUMUIOTHAZUH- /-
KapOOKCHIIAT, 2-0eH3mmeH-3,5-muruapo-2H-Tuazono| 3,2-a JmupumMuanH-6-kapOoOKCHIIaT,
KOHJICHCAIIMsI, NIOHHAS! )KUJIKOCTbh, IBTEKTUYECKAsI CMECH.

ear HayyHoil padoOTHI: CO3aHHE HOBBIX KATAIM3UPYEMBIX CHUCTEM CHHTE3a
3aMEIEHHBIX JUTHAPONTUPUMHUANH-5-KapOOKCHIIaTOB U pa3pabOTKU CENEKTUBHBIX METOJIOB MX
TpaHcopMalu B OPraHUYECKUE TIeTepOaTOMHBbIE MPOAYKThI, HEOOXOIUMBIX Uil H3y4EHHS
3aBUCHUMOCTH CBOMCTB OT CTPYKTYpHI BEILIECTB.

3agauM  MCCIECAOBAHUS: ONPEJICICHUE ONTUMAIBHBIX YCIOBHM IOJYYEHHS OTHII
JUTUIPOMUPUMHINH-5-KapOOKCUIIATOB M KCIIOJIb30BAHUE TOCIETHUX Ui TOCTPOCHUS CBSI3U
YTIEPOA-TeTEPOaTOM LHUKIUYECKHX IPOW3BOJHBIX; OIpEAETeHHE ONTUMAIbHBIX YCIOBUN
MOJydCHUs  HETpEACTbHBIX  COCOMHEHWH W3  Tpynmbel  THa30J0[3,2-a|nupuMunH-6-
KapOOKCUJIaTOB M NHUPUMHUAOTHA3UH-/-KapOOKCHUIIATOB, OIIEHKA B3aWMOCBS3H «CMIPYKMYpa-
ouoakmugHocmvy B PpANYy ~ CHUHTE3UPOBAHHBIX  3aMEIIEHHBIX  JTUTHIPONUPUMMINH-5-
KapOOKCHJIATOB.

HoBu3Ha ¥ HayyHasi OPUTHHAJIBHOCTH PadoThI — BbIsBICHHE 3()(PEKTUBHOCTH CHHTE3a
mpermapaTa MOHAcTpoJia M aHaJOTMYHO IOCTPOCHHBIX 3TUJ  JUTHAPONUPUMHANH-5-
KapOOKCHUJIaTOB TpPHU KCIOJIb30BAHUM KATAJTUTHYECKUX KOJIMYECTB XUPAJbHBIX AareHTOB Ha
ocHoBe (+)-BUHHOHM, TaJlaKTypOHOBOW, JHMOHHOW KHCJIOT W HH3KOMETOKCHIMPOBAHHOIO
nekTuHa. Pa3zpaboTaH peruoceneKTUBHBIM METOJ| CHHTEe3a OUIMKINYECKHX MPOU3BOAHBIX pAla
MUPUMHUI0THA3UH- /-KapOOKCUIIaTOB B yCIOBUAX peakiuu [lexmana.

Pemiénnasi Ba:xkHasi Hay4yHasi mnpodJiemMa - pa3paboTaH MOAXOJI K CEpUH paHee
HEU3BECTHBIX HOHHOTEHHBIX  MaTepUAIOB  HMMUIA30JIMEBOTO  psAJa U YCTaHOBJICHBI
KaTAJINTUYECKUE CBOWCTBA IPHU IMOJYYEHHHM IMPAKTUYECKH BAKHBIX BEIIECTB U3 TPYIIbI 3TUI
JUTUPONUPUMHUINH-5-KapOOKCHIIATOB.

Teoperudeckasi 3HAYUMOCTH PadoThl - Pa3zpaboraHHbIi HOBBIH 3(PPEKTUBHBIA METOJ
OJTHOPEAKTOPHOTO mojyueHus 3Tui  S-(3-ruapokcuderun)-7-metui-3-0kco-3,5-qurumpo-2H-
THa30J10[ 3,2-a|MUpUMHINH-6-KapOOKCHIIATOB ¢ 2-OCH3WIUIACHOBBIM (DPAarMEHTOM  SIBJISICTCS
CYILLECTBEHHBIM BKJIAJIOM B pa3BUTHUE OCHOB OPraHUYECKON XUMHH.

IIpuknaagnasi 3HAYMMOCTH PadoTBI - pa3paboTaHHBIE METOJBI JIETJIM B OCHOBY
CEJIGKTUBHOTO CHHTE3a CEpPUM TMPOU3BOJIHBIX OSTUJI AUTHAPOTHPUMHUINH-5-KapOOKCUIATOB.
AHanu3 3aBUCUMOCTH «CTPYKTYpa-CBOWCTBO» IIOKa3all, 4YTO CHHTE3MpPOBAHHBIC BEIECTBA
0o01aaloT  IIUTOTOKCUYHOCTBIO,  AHTUOAKTEpUANbHOM U (QYHTMIMIHOW  aKTUBHOCTBIO
COINOCTaBUMBIN CO CTaHAAPTHBIMU CPEACTBAMH, YTO, IPEJACTABIIAET IPAKTUUECKUN UHTEPEC IS
yIIIyOJIeHHBIX HCCIeIOBaHUH.

BHenpenue Hay4HBIX pe3yJbTaTOB. MeETOIbl CEJIEKTUBHOIO IOJyYEHHS IPOU3BOIHBIX
JTUTUAPOTIMPUMUIMH-5-KapOOKCUIIATOB  HAILIM TPUMEHEHHE B HAy4YHO-HCCIIEA0BATENbCKOM
nearenbHocTH Jlabopartopun Opranndeckoro Cuntesa Muctutyra Xumun, ['ocymapcTBeHHOTO
VYuusepcurera Moisnossl, [llkonsr @apmannn YHusepcurera Apucrorens Canonnuky, ['penus.
JlaHHple 1O OHMOAKTHMBHOCTH BBISBHJIM IEPCIIEKTHBHBIE BEIIECTBA IS JlAJIbHEHIINX
yrnyoneHHbix uccienoBanuii B Llentpe HccnemoBanms Menunuackux —[Ipemaparos
Yuusepcurera Menuuunsl 1 @apmauvu « Huxkonae Tecmemuyarny».
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ADNOTARE

La teza cu titlul ”Sinteza dihidropirimidin-5-carboxilatilor substituiti”, Tnaintata de
catre candidatul — Ciobanu Natalia, pentru conferirea titlului stiintific de doctor in stiinte
chimice la specialitatea -143.01. Chimie organica.

Chisinau, 2025

Structura tezei: teza este scrisa in limba rusad si constd din introducere, cinci capitole,
concluzii generale si recomandari, bibliografie 196 de titluri si 2 anexe. Teza contine 129 de
pagini de text de baza, 40 figuri si 21 tabele. Rezultatele obtinute sunt publicate in 62 lucrari
stiintifice.

Cuvinte-cheie: dihidropirimidin-5-carboxilat, tetrahidropirimidotiazin-7-carboxilat, 2-
benziliden-3,5-dihidro-2H-tiazolo[3,2-a]pirimidin-6-carboxilat, condensare, lichid ionic, amestec
eutectic.

Scopul lucrarii: crearea de noi sisteme catalizate pentru sinteza dihidropirimidin-5-
carboxilatilor substituiti si dezvoltarea de metode selective pentru transformarea acestora in
produse organice heteroatomice necesare pentru studierea dependentei proprietatilor de structura
substantelor.

Obiectivele cercetarii: determinarea conditiilor optime pentru obtinerea dihidropirimidin-
5-carboxilatilor de etil si utilizarea acestora pentru construirea legaturilor carbon-heteroatom ale
derivatilor ciclici; determinarea conditiilor optime pentru obtinerea compusilor nesaturati din
grupul tiazolo[3,2-a]pirimidin-6-carboxilatilor si pirimidotiazin-7-carboxilatilor, evaluarea
relatiei structura-bioactivitate intr-o serie de dihidropirimidin-5-carboxilati substituiti sintetizati.

Noutatea si originalitatea stiintifica: dezvaluind eficienta sintezei medicamentului
monastrol si a dihidropirimidin-5-carboxilati de etil construiti similar, utilizand cantitati
catalitice de agenti chirali pe bazd de acizi (+)-tartaric, galacturonic, citric si pectin slab
metoxilatd. A fost dezvoltata o metoda regioselectiva pentru sinteza derivatilor biciclici ai unei
serii de pirimidotiazin-7-carboxilati in conditiile reactiei Pechman.

Problema stiintifica solutionata: a fost dezvoltatd o abordare a unei serii de materiale
ionogene necunoscute anterior din seria imidazoliu si au fost stabilite proprietati catalitice in
producerea de substante importante din gruparea etil dihidropirimidin-5-carboxilat.

Semnificatia teoretica. Noua metoda eficienta dezvoltata pentru prepararea intr-un singur
pas a 5-(3-hidroxifenil)-7-metil-3-oxo0-3,5-dihidro-2H-tiazolo[3,2-a]pirimidin-6-carboxilatilor de
etil cu un fragment de 2-benziliden reprezinta o contributie semnificativd la dezvoltarea
fundamentelor chimiei organice.

Valoarea aplicativia. Metodele dezvoltate au stat la baza sintezei selective a unei serii de
derivati de etil dihidropirimidin-5-carboxilat. Analiza relatiei ,,structurd-actiune” a aritat ca
substantele sintetizate poseda citotoxicitate, activitate antibacteriand si fungicidd comparabile cu
agentii standard, ceea ce prezinta interes practic pentru studii aprofundate.

Implementarea rezultatelor stiintifice: metodele de preparare selectiva a derivatilor de
dihidropirimidina-5-carboxilat si-au gasit aplicatii in activitatile de cercetare ale Laboratorului de
Sinteza Organica al Institutului de Chimie al Universitatii de Stat din Moldova si Facultatea de
Farmacie a Universitatii Aristotel din Salonic, Grecia. Datele de bioactivitate au identificat
substante promitatoare pentru studii aprofundate ulterioare la Centrul de Cercetare a Preparatelor
Medicale al Universitatii de Medicina si Farmacie ,,Nicolae Testemitanu”.
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ANNOTATION

Of the thesis entitled ”Synthesis of substituted dihydropyrimidine-5-carboxylates”.
Presented by the candidate Ciobanu Natalia, for obtaining the degree of Doctor of Chemical
Sciences with specialty — 143.01. Organic Chemistry.

Chisinau, 2025

Structure of the thesis: the thesis is written in russian and consists of an introduction, five
chapters, general conclusions and recommendations, a bibliography of 196 titles and 2
appendices. The thesis contains 129 pages of basic text, 40 figures and 21 tables. The obtained
results were published in 62 papers.

Keywords: dihydropyrimidine-5-carboxylate, tetrahydropyrimidothiazine-7-carboxylate,
2-benzylidene-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidine-6-carboxylate, —condensation, ionic
liquid, eutectic mixture.

Research purpose: creation of new catalyzed systems for the synthesis of substituted
dihydropyrimidine-5-carboxylates and development of selective methods for their transformation
into organic heteroatomic products necessary for studying the dependence of properties on the
structure of substances.

Research objectives: determination of optimal conditions for obtaining ethyl
dihydropyrimidine-5-carboxylates and the use of the latter to construct carbon-heteroatom bonds
of cyclic derivatives; determination of optimal conditions for obtaining unsaturated compounds
from the group of thiazolo[3,2-a]pyrimidine-6-carboxylates and pyrimidothiazine-7-
carboxylates, assessment of the “structure-bioactivity” relationship in a series of synthesized
substituted dihydropyrimidine-5-carboxylates.

Scientific novelty and originality: revealing the efficiency of the synthesis of the drug
monastrol and similarly constructed ethyl dihydropyrimidine-5-carboxylates using catalytic
amounts of chiral agents based on (+)-tartaric, galacturonic, citric acids and low-methoxylated
pectin. A regioselective method for the synthesis of bicyclic derivatives of a series of
pyrimidothiazine-7-carboxylates under the conditions of the Pechman reaction has been
developed.

The result obtained. An approach to a series of previously unknown ionogenic materials
of the imidazolium series was developed and catalytic properties were established in the
production of practically important substances from the ethyl dihydropyrimidine-5-carboxylate
group.

The theoretical significance. The developed new efficient method for the one-pot
preparation  of ethyl 5-(3-hydroxyphenyl)-7-methyl-3-o0xo-3,5-dihydro-2H-thiazolo[3,2-
a]pyrimidine-6-carboxylates with a 2-benzylidene fragment is a significant contribution to the
development of the fundamentals of organic chemistry.

The applicative value: the developed methods formed the basis for the selective synthesis
of a series of ethyl dihydropyrimidine-5-carboxylate derivatives. Analysis of the "structure-
property" relationship showed that the synthesized substances possess cytotoxicity, antibacterial
and fungicidal activity comparable to standard agents, which has a practical importance in the
cours of in-depth research.

Implementation of the results. Methods for the selective preparation of
dihydropyrimidine-5-carboxylate derivatives have found application in the research activities of
the Laboratory of Organic Synthesis of the Institute of Chemistry, State University of Moldova,
School of Pharmacy of the Aristotle University of Thessaloniki, Greece. Bioactivity data have
identified promising substances for further in-depth studies at the Center for Research of Medical
Preparations of the University of Medicine and Pharmacy “Nicolae Testemitanu .
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