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INTRODUCTION 

Compounds with a pyridine core have attracted attention for potential applications in 

various fields such as biochemistry, materials science, medicine or molecular biology, due to 

their different chemical structures, physical and electrical properties such as electrochromic or 

fluorescent [1,2]. 

Pyridine and its derivatives exhibit a wide range of biological activities, such as 

antitumor, antiparasitic, antimicrobial, anti-inflammatory, antidiabetic, antiviral, and antipyretic 

[3,4]. 

Although several synthetic routes have been developed to obtain these important 

compounds, most of them present many disadvantages such as expensive catalysts, toxic 

reagents and solvents, high temperatures, low reaction yields, or multiple steps in the synthetic 

process. 

Therefore, due to the applications of compounds with a pyridine nucleus, a research 

direction of great interest is the development of new or improved synthesis methods for 

obtaining them, with various substrates and with better reaction yields. 

Attention to environmental issues, such as pollution problems and the need for new 

sources of energy and raw materials, has increased significantly in recent years. Traditional 

industrial chemistry processes are usually focused on optimizing reaction efficiency and 

chemical yield. Due to increasingly stringent legislative regulations and growing awareness in 

the scientific community of the problems arising from the intensive production of toxic and 

polluting waste, it is now well-known that the production of waste and/or the use of hazardous 

chemicals must be taken into consideration when estimating the efficiency of a process. 

About 30 years ago, a new approach to chemistry began to emerge, which is now called 

”green chemistry” and is characterized by the design of reaction products and processes that 

reduce or eliminate the use or generation of hazardous substances [5]. This perspective 

requires a prediction of environmental impact when designing a chemical compound or the 

process by which it will be manufactured on a large scale. In the context of green chemistry, 

new tools are being developed that harmoniously combine design, process, toxicology, and 

finished materials considerations with experimentally demonstrated examples of successful 

commercial process implementation. 

Attempts are being made to develop methods that produce low amounts of waste, 

involve low energy consumption and low costs. The development of efficient catalytic systems 

and the use of alternative reaction media are powerful tools to achieve the goal of both 

economically and environmentally sustainable chemistry. 

This PhD thesis describes some examples of how the use of an unconventional 

catalytic system coupled with suitable reaction media can provide a significant improvement in 

results along with a decrease in the risk of environmental pollution. 

Incorporating green chemistry is essential for implementing sustainable and 

environmentally friendly processes, and this PhD thesis represents an important step in 

catalyzing this vision. 

In this context, the doctoral thesis had as its main purpose the use of unconventional 

methods for the synthesis of nitrogen heterocyclic compounds and their comparison with 

classical methods, aiming at the evaluation of some of their biologically active properties. 

The fulfilment of the main purpose of the doctoral thesis was achieved by pursuing the 

following specific scientific objectives:  

 the development of new methods of synthesis, conventional and 

unconventional, of nitrogen heterocyclic compounds with structural diversity 
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(quaternary pyridinium salts, indolizines, pyridinium-indolizine hybrids, metal 

complexes);  

 characterization of the structure of compounds synthesized by classical and 

non-conventional methods; 

 evaluation of the toxicity of some studied compounds, from the class of 

quaternary pyridinium salts and the class of indolizines, on the germination of 

wheat seeds (Triticum aestivum); 

 investigating the cytotoxicity of some indolizine compounds on the model 

microorganism, the yeast Saccharomyces cerevisiae, during the multiplication 

and alcoholic fermentation processes. 

 investigation of some biologically active properties of heterocyclic compounds 

with nitrogen (quaternary pyridinium salts, indolizines, pyridinium-indolizine 

hybrids, metal complexes) such as antimicrobial, antioxidant, anticancer, 

antineurodegenerative and anti-inflammatory. 

 in silico evaluation of some N-heterocyclic compounds against Alzheimer's 

disease by determining the intra-molecular interactions as well as the binding 

affinity to the target molecule. 

The doctoral thesis is divided into two main parts which are structured in ten chapters. 

The first part of the doctoral thesis highlights the recent studies in the specialized literature on 

the development of new derivatives of pyridinium salts and indolizines through classical or 

unconventional reactions. 

The first chapter provides a general introduction to the development of new 

derivatives of pyridinium salts and indolizines by classical or unconventional reactions. The 

chapter is focused on the description, according to literature data, of the obtaining reactions 

for these classes of compounds and the catalytic conditions used, being focused on general 

aspects, the most interesting and recent applications of catalysis in classical or non-

conventional media. "Green chemistry" has been used in recent years for the synthesis of a 

variety of nitrogen heterocycles and contributions to this field are covered in this chapter. 

The second chapter describes a wide range of practical applications of nitrogen 

heterocyclic compounds that vary according to their chemical structure. Quaternary pyridinium 

salts and indolizines are highlighted as pharmaceutical and biologically active molecules but 

also have applications in materials science, bioimaging, chemistry, food industry and medicine. 

Classical synthesis reactions are widely used for various organic transformations, and 

Chapter 3 deals with the various classical reactions in organic solvents applied in the synthesis 

of quaternary pyridinium salts, indolizine derivatives and pyridinium-indolizine hybrids in this 

PhD thesis. Also, a new method for the synthesis of metal complexes incorporating N-

heterocyclic ylides is presented. The compounds obtained by classical syntheses are 

characterized by modern analysis techniques, such as elemental analysis, IR analysis, NMR 

and MS. 

Catalytic conditions are of high importance in many organic reactions, and therefore a 

description of the effect of non-conventional reaction conditions, such as ultrasound or 

microwave assistance in obtaining quaternary pyridinium salts, is presented in Chapter 4. 

Chapter 5 presents ”green chemistry” synthesis methods by using biocatalysis with 

plant enzymes, pure (commercial) enzymes as well as the unconventional I2/H2O2 catalytic 

system. The methods used for the purification and structural characterization of the indolizine 

derivatives are also presented. 

Quaternary pyridinium salts and indolizine compounds show various medical, 

biological, pharmaceutical and food applications among others. To select a potential drug or 
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germicide, the target compounds must be non-toxic or have low toxicity to beneficial 

microorganisms, plants, animals and humans. In this context, in Chapter 6, the original results 

obtained from the evaluation of the toxicity of these compounds, in the case of their potential 

use as drugs, toxicity which was carried out on plants and model microorganisms, are 

presented. 

The selection of molecules through modern techniques of analysis and evaluation of 

drug-target molecule interactions can offer important advantages in pharmaceutical chemistry 

and pharmacotherapy. Therefore, in the context of the difficulty of treating numerous 

conditions, Chapter 7 deals with different methods of evaluating the biologically active 

potential of heterocyclic nitrogen compounds and the original results obtained. Considering the 

potential of bipyridinium salts, indolizines and pyridinium-indolizine hybrids as antioxidants and 

cholinesterase inhibitors, Chapter 8 describes the evaluation of the factors involved in 

cholinesterase inhibition by molecular docking calculations with the most relevant hybrid 

molecules, as well as the influence of their structures on binding modes to target molecules. 

Chapter 9 reveals the general conclusions and original elements of this PhD thesis. 

The obtained results led to the synthesis and structural characterization of heterocyclic 

nitrogen compounds with structural diversity through classical and unconventional methods, 

which could contribute to the complex process of identifying potential drugs or germicides for 

a wide range of practical applications. Finally, Chapter 10 presents the dissemination of the 

results obtained in this doctoral thesis. 

CHAPTER 3. Preparation of N-heterocyclic compounds by classical 

catalysis 

3.1. Introduction 
The synthesis of the studied compounds from this thesis (quaternary pyridinium salts, 

indolizines, metal complexes) was carried out starting from three bipyridine compounds (Figure 

3.1). 

 
Figure 3.1. The chemical structure of bipyridine compounds used as starting reactants in 

synthesis reactions. 

3.2. Specific scientific objectives 

The specific scientific objective of this chapter was to synthesize heterocyclic nitrogen 

compounds (quaternary pyridinium salts, indolizines, pyridinium-indolizine hybrids, metal 

complexes) by conventional (classical) obtaining methods. 

3.3. Synthesis of quaternary pyridinium salts  
Quaternary pyridinium salts were conventionally prepared using methodology selected 

from the literature, with acetonitrile as the solvent, under reflux conditions by conventional 

heating and continuous stirring up to 48 h (Figure 3.3) [274,285]. Symmetrical bis-quaternary 

salts of bipyridinium S1a–e have been prepared using a conventional methodology reported in 

the literature [285], of 4,4'-bipyridyl and halogenated derivatives using a stoichiometric ratio 

1:2 (Figure 3.4), in anhydrous acetonitrile at reflux. Bipyridinium bisquaternary salts S1a-e 

were obtained after 12-24 h of reaction with conventional heating to 80°C (Table 3.1). The 
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obtained ScPy were dried in the oven, stored in flasks at room temperature and used in 

subsequent analyses. The compounds obtained by chemical synthesis showed high yields 

(85-95% ± 1%) and high melting points (>300°C). The synthesis of bis-quaternary salts S2a-q 

was achieved by alkylation of 1,2-di(pyridine-4-yl)ethane with reactive halogenated reagents 

(Figure 3.5) in anhydrous acetonitrile by a conventional method reported in the literature 

[50,274].  

 

 
Figure 3.4. Conventional synthesis of bis-quaternary salts of bipyridinium S1a-e 

 
Figure 3.5. Conventional synthesis of bis-quaternary salts of bipyridinium S2a-q derived from 

1,2-di(pyridine-4-yl)ethane  

3.4. Synthesis of indolizine compounds 

Pyridinium salts have the property of forming pyridinium ylides in a base medium, this 

property being important in the synthesis of other heterocyclic compounds by dipolar 
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cycloaddition reactions [36]. The indolizine compounds were prepared using the methodology 

shown in Figure 3.6, according to the classical synthesis methodology selected from the 

literature [22,36,279].  

A series of indolizines has been prepared from 1 mmol bis-quaternary salt of bipyridinium 

(S1a-e) and 2 mmol of activated alkyne (ethyl propiolate). The reaction mixture was stirred 

continuously (500 rpm) and conventionally warmed (Figure 3.7).  

 

 

         
Figure 3.7. The general route of classical synthesis of bis-indolizines Iz1a-e from quaternary 

bipyridinium salts and the involved reaction mechanism 

Another series of indolizine derivatives were generated from the reaction of 1 mmol of 

bipyridinium bis-quaternary salt (S2a-e) and 2 mmol of activated alkyne (ethyl propiolate), the 

reaction mixture was stirred continuously (500 rpm) for up to 24 hours and with conventional 

heating on the magnetic stirrer (Figure 3.8). The compounds were precipitated from the 

reaction medium with methanol, ethyl ether or water and then purified by recrystallization. 

Several non-symmetrical bipyridine monoindolizines have been prepared by methods already 

reported in the literature [287,351]. 4,4'-bipyridyl, 1,2-di(4-pyridyl)ethane and 1,3-bis(4-

pyridyl)propane were used as substrates for the Iz1-f, Iz2-f, Iz-2g, Iz3-a and Iz3-b indolizines 

synthesis (Figure 3.9, Table 3.3). To prepare these compounds, 4,4'-bipyridine was first 

monoalkylated before cyclization with ethyl propiolate. 
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Figure 3.8. General route of classical synthesis of some bis- indolizines from ScPy derived 

from 1,2-di(pyridine-4-yl)ethane  

  
Figure 3.9. The general route of classical synthesis of mono-indolizines 

3.5. Synthesis of N-alkylpyridinium-indolizine hybrids 

To prepare several structurally diverse N-alkylpyridinium-indolizine hybrids (Iz-Py), the 

nature of both the original bipyridines and N-alkyl substitutes was varied. Two strategies were 

followed, both based on the formation of the indolizine nucleus by 1,3-dipole cycloaddition of 

alkynes with ylides formed in situ from appropriately substituted pyridine salts (Figure 3.10). 

As already reported [287,351] the compounds Iz-Py-1, Iz-Py-2 and Iz-Py-3 were obtained by 

controlled monomethylation of 4,4'-bipyridyl in acetone, followed by a second alkylation step 

with iodoacetophenone resulting in the unsymmetrical bispyridinium bis-alkylated salts, and 

then subjected to regioselective monocycloaddition with ethyl propiolate on the ylide-

generating fragment (Figure 3.10.a). For the Iz-Py-1-Iz-Py-11 series, with 2 or 3 carbon atoms 

respectively between the two pyridine rings, the molecules differ mostly like the N-

alkylpyridinium group (Figure 3.10.b). It has been experimentally found that the optimal 

synthesis protocol involves first generating the indolizine nucleus, and then quaternization of 

pyridinium-indolizine resulting from the use of various alkylating agents (Figure 3.11, Table 

3.4). As already reported in the literature [287], the compounds Iz-Py-1, Iz-Py-2 and Iz-Py-3 

were obtained by controlled monomethylation of 4,4'-bipyridine, followed by a second 

alkylation step with iodoacetophenone that generated the unsymmetrical bispyridinium bis-

alkylated salts and then subjected to regioselective cycloadditions with ethyl propiolate on the 

ylide-forming fragment. 
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Figure 3.10. General routes of synthesis of a series of N-pyridinium-indolizine hybrids (Iz-Py) 

 

 
Figure 3.11. The general route of synthesis of N-alkylpyridinium-indolizine hybrids and the 

involved reaction mechanism  

3.6. Synthesis of a new mixed lanthanum (III) complex incorporating a bipyridinium 
ylide 

The proligand used for the synthesis of a mixed lanthanum(III) complex was the bis-

quaternary salt of bipyridinium S1-a (Figure 3.12), which was prepared by the method 

described in subchapter 3.2 [50].  

 
Figure 3.13. Synthesis of the mixed complex Ln (III) – ylide (La-Nd-DPY) from quaternary 

bipyridinium salt S1-a and the mechanism of generating reactive ylide in the basic medium 
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A mixed metal complex of La and Nd was synthesized by dissolving 0.5 mmol S1-a in a 

round-bottomed flask, adding 0.33 mmol lanthanum (III) sulfate to 20 mL of methanol, under 

heating at 60°C and stirring (300 rpm). Further, 1 mL triethylamine (Et3N) was added and a 

colour shift from light yellow to purple was observed, the color turn being specific to the 

corresponding ylide formation reaction (Figure 3.13).  

3.8. Results and discussion 

Characterization of quaternary pyridinium salts 

Bipyridinium bis-quaternary salts S1a-e and S2a-q have been synthesized according to 

the methodology presented in the literature [36,50,192,274], and the experimental analyses 

carried out confirmed their structure. These compounds were synthesized in anhydrous 

acetonitrile by conventional heating at reflux, under continuous stirring for 12-48 h.  

The chemical structure and purity of the synthesized compounds have been 

demonstrated by elemental, spectrophotometric and chromatographic analyses. 

The FT-IR spectra of the synthesized compounds have been investigated in the 4.000–

400 cm−1 frequency range, and the observed bands confirm the proposed chemical structures 

(Figure 3.14 and Annexes A1–A12). In the FT-IR spectra of newly synthesized compounds 

S1d, S1e, S2d and S2e, bond-specific bands of the proposed chemical structures were also 

identified (Figure 3.14.a-d). The synthesized compounds were also characterized by proton 

and carbon NMR spectra, the signals specific to protons and carbon atoms in the chemical 

structures of the synthesized compounds being attributed according to data from the 

specialized literature [354–357].  

Synthesis of indolizine compounds 

The symmetrical bis-indolizines Iz1a-c and Iz2a-c were prepared from the corresponding 

quaternary salts of 4,4'-bipyridinium and 1,2-di(4-pyridinium) ethane. The synthesis reactions 

were based on the formation of the indolizine ring by 1,3-dipole cycloaddition of alkynes with 

in situ formed ylides from appropriately substituted pyridinium salts. 

The chemical structure and purity of the synthesized compounds have been 

demonstrated by elemental, spectrophotometric and chromatographic analyses. FT-IR spectra 

of synthesized compounds Iz1a-e and Iz2a-e have been investigated in the 400–4.000 cm−1 

frequency range, and the bands in the spectra obtained confirm the proposed chemical 

structures. The FTIR spectra of Iz1a-c compounds are shown in Figure 5.9 and for Iz1d-e and 

Iz2a-e compounds in Annexes A13-A19. The indolizine structures were further confirmed by 
1H-NMR.  

Structural characterization of N-alkylpyridinium-indolizine hybrids 

In this thesis, several N-alkylpyridinium-indolizine hybrids with structural diversity were 

prepared by varying the nature of both the original bipyridine and N-alkyl substituents. Two 

strategies were followed, both based on the formation of the indolizine ring by 1,3-dipole 

cycloaddition of alkynes with in situ formed ylides from appropriately substituted pyridinium 

salts. As already reported in the literature, compounds Iz-Py-1, Iz-Py-2 and Iz-Py-3 were 

obtained by controlled monomethylation of 4,4'-bipyridine, followed by a second alkylation step 

with iodoacetophenone that generated the unsymmetrical bispyridinium bis-alkylated salts, 

and then subjected to regioselective monocycloaddition with ethyl propiolate on the ylide-

forming fragment. To prepare the pyridine analogue Iz1-f, 4,4'-bipyridine was first alkylated 

with iodoacetophenone before cyclization with ethyl propiolate. 

The resulting monoindolizines of indolizinyl-pyridine type, Iz2-f, Iz-2g, Iz3-a and Iz3-b 

were isolated with yields of 12-51%. The final reaction step with various alkylating agents was 

performed in CH3CN to result in pyridinium-indolizine salts Iz-Py-4-Iz-Py11 with good to 

excellent yields (50-100%). Three of the indolizinyl-pyridine intermediates, Iz2-g, Iz3-a, and 
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Iz3-b, were selected for biological evaluation as neutral analogues. The compounds showed 

high purity, as assessed by spectrophotometric, chromatographic, and elemental analyses, 

and were used without further purification. 1H and 13C NMR spectra are collected in Annexes 

A47-A71. 

Synthesis of a mixed lanthanum (III) complex incorporating a bipyridinium ylide 

In a recent study, sulfates of Ln(III) (Ln = La, Nd) to synthesize two new Ln(III) binuclear 

homo-metallic complexes incorporating a bipyridinium ylide [374]. To provide more applicative 

valences to some N-heterocyclic ligands, it was aimed in this thesis to create new coordination 

species containing both viologen and lanthanide compounds, as well as to evaluate their 

biological properties. The synthesis, characterization, and biological properties of the new 

mixed Ln (III) complex were carried out to obtain a complex with improved potential as an 

anticancer agent.  

The new mixed-use complex of LN (III) was obtained with a yield of 60%. La-Nd-DPY 

has been isolated as a violet powder, stable in the presence of air and moisture, and soluble 

in DMSO and DMF, poorly soluble in alcohols, acetone, acetonitrile, and water. X-ray 

diffraction analysis on powder (PXRD- Eng. „Powder X-ray diffraction”) revealed the 

amorphous nature of the complex. PXRD experimental models for both complex and initial 

compounds, recorded for comparative purposes in the 2θ = 15-90° range, are shown in Figure 

3.17. However, various characterization tools such as Fourier transform infrared spectroscopy 

(FT-IR), elemental analysis, electrospray ionization mass spectrometry (ESI-MS), UV-Vis 

spectroscopy and thermogravimetric analysis (TGA) were used to propose the structure for 

La-Nd-DPY. Elemental analysis led to the hypothesis of the stoichiometric formula of the newly 

obtained complex, as being of the type [LaNd(μ2-DPY)(μ4-SO4)2(Et3N)]Br2·2H2O·CH3OH. 

 
Figure 3.17. X-ray diffractograms on powder for samples indicated in the range 2θ=15-90°. 

La-Nd-DPY (orange), sulphate of La (III) (blue), sulphate of Nd (III) (red) and S1-a (green) 

The IR spectrum of La-Nd-DPY mixed complex (Figure 3.18) shows weak and medium 

absorption bands in the region 1.640–1.440 cm−1, which are attributed to the stretch vibrations 

of double bonds C=C and C=N of phenyl and pyridine structures respectively, in the structure 

of the ylide [41].  
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Thermogravimetric analysis (TGA) was used to assess the thermal stability of the 

obtained mixed complex Ln (III) and the main mass losses recorded when heating.  

Analysis by liquid chromatography coupled with mass spectrometry (LC-MS) allowed the 

identification of fragments from the analyzed complex, with the appearance of intense 

characteristic peaks in the range 0–500 (m/z), corresponding to ylide structure, and less 

intense peaks after m/z 500, corresponding to lanthanide-based fragments (Figure 3.21, Table 

3.5). 

 
Figura 3.18. Overlay of IR spectra of quaternary bipyridinium salt S1-a (black) and La-Nd-DPY 

mixed complex (red) 

All the results of the structural analyses described above allowed the proposal of a 

structural model for the La-Nd-DPY mixed complex in the form of a coordination polymer, 

whose monomer units consist of an organic N-heterocyclic DPY ligand (the ylide of compound 

S1-a), an ion La (III), an ion Nd(III), two sulfate groups and one triethylamine molecule (Figure 

3.22.). 

 
Figure 3.22. Proposed 1-D polymer structure for La-Nd-DPY 

A literature review has not identified any other studies describing a linear chain model 

constructed with alternating Ln (III) ions joined by sulfate groups in a bischelated way. On the 

other hand, the six coordination of such Ln(III) ions, although still relatively rarely identified, 

join the group of lanthanide-based complexes presented so far in the literature [374,384–387]. 

Higher coordination requirements of ions La (III) and Nd (III) may be the probable cause for 

the polymer complex La-Nd-DPY.  
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The redox behavior of the La-Nd-DPY complex was evaluated by cyclic voltammetry 

experiments (CV), both in methanol (pH = 7.3) and DMSO (pH = 10.4), which reveals that the 

oxidation/reduction potentials of the mixed complex are shifted towards positive or negative 

values, being assigned to the corresponding ligand (Figure 3.23).  

 
Figure 3.23. Cyclic voltammograms of the mixed Ln complex 10−6M in DMSO and MeOH 

solutions, on the platinum working electrode; E = ±1 V/EAg/AgClsat; scan rate 50 mVs-1; 10 

consecutive voltametric cycles. 

The redox potentials assessed are within the relevant and accessible biological range. 

In cells that are proliferating, the reduction potential is approximately -0,24 V [53], while inside 

the tumor it can be up to 100 mV smaller. This means that biological reducing agents, i.e., 

redox group GSSG/2GSH or ascorbic acid, can reduce synthesized compounds [54], 

according to the results obtained, the process of biological reduction of the synthesized mixed 

complex can be carried out. 

Scanning electron microscopy (SEM) showed that the new mixed complex develops in 

a morphology similar to the fibrillar network quite uniform and homogeneous, with porous 

characteristics, as can be seen at higher magnifications (Figure 3.24 A, B, C and D). This type 

of morphology is thus different from the homo-metallic La-DPY and Nd-DPY complexes, which 

exhibited multiform crystalline structures and morphologies (elongated micro- and 

nanoparticles, aggregate micro- and nanoparticles) [27]. EDX analysis, obtained at a selected 

point in the image with the highest magnification, confirmed the presence of both lanthanum 

ions (III) in the mixed complex. 

 

 
Figure 3.24. A-D: SEM images of the complex La-Nd-DPY; E: EDX spectrum obtained at a 

selected point from the 50,000x magnification image, together with elemental composition. 
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CHAPTER 4. Generation of symmetric bipyridinium quaternary salts 

by unconventional catalysis 

4.2. Specific scientific objectives 

The specific scientific objective of the research presented in this chapter was to generate 

heterocyclic compounds with nitrogen (bisquaternary salts of bipyridinium) by unconventional 

methods belonging to green chemistry. 

4.4. Results and discussion 

With conventional methods, it took 12 to 24 hours for the complete alkylation of 1,2-di(4-

pyridyl)ethane with reactive halogenated derivatives in anhydrous solvent and reflux 

conditions. Irradiation with MW or US reduced reaction time and reaction products from the 

class of quaternary pyridinium salts were obtained in a much shorter time (a few minutes).  

In Table 4.1, the results obtained in the classical synthesis and by the two green methods 

are compared, the yields obtained thus making obvious the remarkable advantage of these 

unconventional alternatives in terms of saving time, solvents and increasing reaction yield. 

Green synthetic alternatives successfully led to bisquaternary bipyridinium salts with very good 

yields, close to those of the classical method. In the classical method of synthesis, a much 

larger volume of solvent was used (150 acetonitrile anhydrous equivalents). In reactions with 

a synthesis efficiency of less than 90%, unreacted starting compounds were identified by thin-

layer chromatography, but due to their solubility in the reaction medium, they were removed 

by washing the precipitate obtained with hot anhydrous acetonitrile. MW or US-assisted 

reactions were monitored after 5, 10 and 15 minutes. 

Table 4.1. Comparative yields and reaction conditions for classical and unconventional synthesis, 

respectively 

ScPy 

Classic heating 
Irradiation with MW 

(300 W) 

Irradiation with US 

(35 Hz) 

Time 

(min) 
T (°C) η (%) 

Time 

(min) 
T (°C) η (%) 

Time 

(min) 
T (°C) η (%) 

S2a 1440 80.0 92 5-10 95.0 95 60 60.0 90 

S2b 1440 80.0 95 5-10 95.0 95 60 60.0 95 

S2c 1440 80.0 94 5-10 95.0 95 60 60.0 95 

S2f 1.40 80.0 88 5-10 95.0 90 60 60.0 90 

S2g 1440 80.0 94 5-10 95.0 94 60 60.0 95 

S2h 1440 80.0 90 5-10 95.0 93 60 60.0 90 

S2i 1440 80.0 82 5-10 95.0 85 60 60.0 85 

S2j 1440 80.0 81 5-10 95.0 83 60 60.0 90 

S2k 720 80.0 93 5-10 95.0 95 60 60.0 90 

S2l 720 80.0 92 5-10 95.0 95 60 60.0 90 

S2m 1440 80.0 98 5-10 95.0 98 60 60.0 98 

S2n 1440 80.0 85 5-10 95.0 88 60 60.0 86 

S2o 1440 80.0 85 5-10 95.0 87 60 60.0 90 

S2p 720 80.0 90 5-10 95.0 92 60 60.0 93 

S2q 720 80.0 76 5-10 95.0 77 60 60.0 80 

It has been found that an increase in reaction time for MW or US assisted reactions no 

longer leads to an increase in reaction efficiency. Therefore, the optimal time frame of 5-10 

minutes was considered, which was the best approach for the synthesis of such ScPy. It is 

important to underline that MW irradiation was particularly efficient, with only a few minutes 

required to obtain the desired products with excellent yields, while several hours of 

conventional heating in classical conditions would be required to generate the same results. 
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Also, US irradiation was effective, yields were excellent in all cases analyzed, and reaction 

times were reduced from 12-24 hours under conventional heating to just one hour of US-

assisted synthesis, these results are also similar to those reported in the literature for other 

classes of compounds [149,400].  

According to literature data, MW or US assisted syntheses in this thesis are proposed 

for the first time as methods for obtaining bisquaternary bis-pyridinium salts S2a-c and S2f-q, 

thus paving the way for the generation of ScPy by green methods with high yields. The infrared 

(FT-IR) spectra of the compounds obtained were analyzed in a frequency range between 4,000 

and 400 cm−1, and the identified bands confirmed the proposed chemical structures by 

comparison with the data obtained for classical synthesis control compounds (Figure 4.3). The 

synthesized compounds showed in the NMR spectra signals specific to protons and carbon 

atoms from the chemical structures of the proposed compounds, assigned according to data 

from the specialized literature [354–357] (Figure 4.4.a). 13C-RMN spectra also confirmed the 

chemical structures of ScPy (Figure 4.4.b). The NMR spectra corresponding to the compounds 

are collected in Annexes A20 to A46.  

(a)  

(b)  

(c)  
Figure 4.3. FTIR overlay spectrum of a) S2a, b) S2b, c) S2c: black-classical synthesis, brown-

synthesis with US, blue-synthesis with MW. 
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Figure 4.4. Spectrum overlay a) 1H-RMN, b) 13C-RMN for compound S2a: black-classical 

synthesis, brown-assisted synthesis with US, blue-assisted synthesis with MW.  

CHAPTER 5. Generation of symmetrical bis-indolizines by 

unconventional catalysis 

5.2. Specific scientific objectives 

The specific scientific objective of the research presented in this chapter was to generate 

indolizine derivatives by unconventional obtaining methods, belonging to "green chemistry". 

5.7. Results and discussion  

Optimization of reaction conditions for the biocatalysis process 

To optimize the efficiency of the synthesis process, the influence of biocatalytic medium 

and experimental conditions in the synthesis of indolizine compounds was investigated (Table 

5.1). The first experiments were carried out with 1 g of horseradish roots in phosphate buffer 

solution at pH = 6.0, with continuous stirring, at room temperature and for 168 hours.  

Table 5.1. Optimization of reaction conditions for Iz1a compound synthesis  

Vegetable source of 

enzyme catalyst 

Plant weight  

 (g) 

pH of buffer 

solution 

20 ±3°C 25 ±3°C 37 ±3°C 

Time (Hours) 

Horseradish root  

0.5 6.0 >120 >120 >120 

0.5 7.0 >120 >120 >120 

0.5 8.0 >120 >120 >120 

1.0 6.0 >120 >120 >120 

1.0 7.0 >120 >120 >120 

1.0 8.0 >120 >120 >120 

1.5 6.0 117 112 113 

1.5 7.0 114 106 109 

1.5 8.0 119 124 110 

2.0 6.0 96 88 94 

2.0 7.0 87 84 86 

2.0 8.0 93 87 88 

By monitoring the reaction with thin-layer chromatography, it was found that the reactants 

were consumed over time and the final reaction product (Iz1a) was obtained in a reaction time 

of over 120 hours. Additional optimization experiments were conducted for the synthesis of the 

compound Iz1a, and the results are presented in Table 5.1. The most promising results were 
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obtained at pH = 7.0 and with 2 g of plant material when the reaction product was obtained 

with 84% yield at room temperature. 

The synthesis of indolizine derivatives by enzymatic biocatalysis  

The investigation of catalytic conditions was extended to 7 plants evaluated in this 

thesis and also to the use of various reactive halogenated derivatives (Figure 5.6). Indolizine 

derivatives were also obtained by multicomponent, single-step reactions catalyzed by pure 

horseradish peroxidase (POD-HRP). This synthesis process resulted in the synthesis of 

desired compounds as solid powders with yields of 40-76%. 

Following biocatalytic processes with enzymes extracted from fresh plant products, as 

well as with the pure enzyme POD-HRP, appropriate reaction products with moderate to very 

good yields (45%–86%) were obtained. The proposed reaction mechanism for oxidizing 

enzyme-catalyzed syntheses involves the intermediate formation of pyridinium cations from 

pyridine derivatives and reactive halogenated derivatives (Figure 5.7).  

Free radical products generated by oxidases are highly reactive species that can, in 

some cases, alter the heme group of the enzyme [421]. For example, for horseradish 

peroxidase (HRP), substrates for which this type of reaction has been observed according to 

literature data are alkyl- and aryl hydrazine, nitromethane or cyclopropanone hydrate. Radicals 

with low reactivity can be added to vinyl groups in the structure of heme peroxidase, these 

changes in the protein heme are also generated in some cases by oxidation products formed 

by peroxidases when oxidizing halide ions. Therefore, the oxidation of bromide by HRP could 

involve the formation of HOBr and its addition as HOBr to vinyl groups in heme oxidases [423].  

 
Figure 5.7. Proposed mechanism for the conversion of reactants to intermediate compounds 

and then to indolizine derivatives, promoted by enzymatic catalysts from plant sources.  

Further, the research was expanded by testing six other local plants. The reactions 

were carried out by cascade biocatalysis, with a complex enzyme system from whole tissues 

of fresh plants and obtaining reaction products with good yields (45-86%). These methods 

have been investigated to minimize the number of unwanted by-products and to avoid the use 

of toxic solvents. After separation and purification of the reaction products, it was found that 

the synthesized bis-indolizines led to the expected structures (Figure 5.9, Figure 5.10), the 

results obtained being consistent with those of the control bis-indolizines previously obtained 

by classical chemical synthesis [375], presented in Chapter 3. Comparing reaction conditions 

in classical and biocatalyzed synthesis and yields in final products, it was found that the use of 

multi-enzyme systems to catalyze bis-indolizine reactions was the most effective in terms of 

green chemistry from the studied methods (Table 5.2). 
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Figure 5.9. FT-IR analysis of compounds: a) Iz1a, b) Iz1b, c) Iz1c obtained by conventional 

catalysis (CS) and biocatalyzed reactions of plant enzymes: HR-horseradish root, PRSNR- 

parsnip root, CR- celery root, FBG- bean sprouts, PG- pumpkin germs, PRSLP- parsley root. 

(a)  
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(b)  

(c)  

Figure 5.10. 1H RMN analysis of compounds: a) Iz1a, b) Iz1b, c) Iz1c obtained by conventional 

catalysis (black), biocatalyzed reactions by plant enzymes (blue), pure peroxidase (brown) and 

with catalytic system I2/H2O2 (green) 

CHAPTER 6. Evaluation of cytotoxicity of some studied quaternary 

pyridinium salts and indolizines  

6.1. Specific scientific objectives 

The specific scientific objective of this chapter was to assess the toxicity of synthesized 

compounds. To achieve this objective, the effects of some studied compounds, from the class 

of quaternary pyridinium salts and the class of indolizines, on the germination of wheat seeds 

(Triticum aestivum) were investigated. Given the considerable increase in the importance of 

indolizine derivatives, the cytotoxicity of some indolizine derivatives on the model eukaryotic 

microorganism, Saccharomyces cerevisiae yeast, during alcoholic multiplication and 

fermentation processes has been investigated.  

6.5. Results and discussion 
6.5.1 Cytotoxicity of some compounds as assessed by Triticum aestivum test 
Given the broad spectrum of potential applications of ScPy in various fields, the effects 

of 11 selected ScPy (S1a-e, S2a-e and S2i), with different electronic effects (attractive and 

electron repellent), on wheat seed germination were investigated, as a first step towards 
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estimating the potential danger of these chemicals to the environment. The compounds S1a-

e, S2a-e and S2i were also selected to see if different functional groups could generate toxic 

effects, given that, for example, the nitro group in certain chemical molecules has been shown 

to induce toxicity. According to literature data, during this test, the most sensitive physiological 

parameters in plant germination and development for T. aestivum species were evaluated. 

GS values greater than 95 % and close to those obtained for control (C) (Figure 6.5), as 

well as relative seed germination rates (GRS) ranging from 98.96 % to 100.75 % (Figure 6.6) 

for seeds treated with quaternary pyridinium salts, demonstrated that the tested ScPy 

derivatives had no negative influence on seed germination. Furthermore, the values obtained 

for the radicels relative growth parameter (RRC) were not negatively influenced by the 

presence of test compounds (Figure 6.7). For samples evaluated by exposure to ScPy at 

various concentrations, values greater than 100% were obtained, therefore ScPy has been 

shown not to exhibit cytotoxic effect on seed germination [469]. Germination index values (GI, 

%), greater than 95% and close to those obtained for the control (Figure 6.8), confirm that the 

tested ScPy does not exert phytotoxicity [444]. Toxicity studies performed by Triticum aestivum 

assay on quaternary pyridinium salts S1a-e, S2a-e and S2-i at two different concentrations 

(10-5 M and 10-6 M), showed no inhibitory effect on seed germination and early stem growth. 

The evaluation of the most sensitive germination indicators for the evaluation of phytotoxicity 

of indolizine derivatives was also carried out by the Triticum aestivum test. GS values (%), very 

similar to control samples based on literature data [440,469], demonstrate that the presence 

of test compounds had no negative influence on wheat seed germination (Figure 6.9). The 

obtained results are similar to other literature results presented for the T. aestivum method in 

assessing the phytotoxicity of some chemical compounds [440,459,460]. 

GRS (%) and RRC (%) values greater than 100% for samples treated with indolizine 

derivatives demonstrate that the presence of test compounds did not cause harmful effects on 

wheat seed germination (Figures 6.10 to 6.11). The obtained results are similar to other data 

presented in the literature for similar studies evaluating phytotoxicity by wheat seed 

germination method [440,469]. The values obtained for the vigor index (IV) between 79.13 ± 

0.48% and 96.83 ± 0.95%, higher than 75% and close to the mean value obtained for the 

control sample (85.80 ± 0.52%) reveal the absence of harmful effects of the tested compounds 

on wheat seed germination (Figure 6.12).  

  
Figure 6.5. Seed germination (GS, %) of Triticum 

aestivum L. exposed to different concentrations 

of ScPy (10-5M - light green, and 10-6M – dark 

green). The values shown represent the average 

of four replicates for each experimental condition 

and the SD error bars 

Figure 6.6. Relative seed germination (GRS, %) 

of Triticum aestivum L. exposed to different 

concentrations of ScPy (10-5M - light green, and 

10-6M – dark green). The plotted values represent 

the average of four repetitions and the error bars 

with SD 
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Figure 6.7. Relative radicels increase (CRR, %) 

of T. aestivum exposed to different 

concentrations of ScPy (10-5M - light green, and 

10-6M – dark green). The data represents the 

average of four repetitions and error bars with SD 

Figure 6.8. Sprouting index for seeds of T. 

aestivum treated with different concentrations of 

ScPy (10-5M - light green, and 10-6M – dark 

green). The data represent the mean of four 

repetitions and the error bars with standard 

deviation 

  
Figure 6.9. Seed germination (GS, %) of Triticum 

aestivum L. exposed to different concentrations 

of indolizine compounds (10-3M - light blue, and 

10-4M – dark blue). The values represent the 

average of four replicates for each experimental 

condition with the SD error bars 

Figure 6.10. Relative radicle increase (CRR, %) 

of T. aestivum exposed to different 

concentrations of indolizine compounds (10-3M - 

light blue, and 10-4M – dark blue). The data 

represent the mean of four repetitions and the 

error bars with standard deviation 

In conclusion, physiological parameters describing the germination process showed that 

exposure of seeds to compounds evaluated in the germination medium has no toxicological 

effects on the development and growth of wheat germ and strains compared to controls treated 

only with water. To evaluate at the cellular level the impact of seed exposure to various 

indolizine compounds in the germination process, the obtained sprouts were analyzed, by 

selecting representative germs for each experimental condition, by confocal microscopy. 

Indolizines Iz1a-e or Iz2a-e at tested concentrations (10-3 M, 10-4 M) did not exert a cytotoxic 

effect on plant organisms, their adsorption did not result in damage to the structure of plant 

tissues or physiological processes such as cell growth and differentiation.  

  
Figure 6.11. Relative seed germination (GRS, %) 

of T. aestivum exposed to different 

concentrations of indolizine compounds (10-3M - 

light blue, and 10-4M – dark blue). The plotted 

values represent the average of four repetitions 

and the error bars with SD. 

 

Figure 6.12. The vigor indices (IV, %) for seeds 

of T. aestivum exposed to different 

concentrations of indolizine compounds (10-3M - 

light blue, and 10-4M – dark blue). The values 

shown are the mean of four replicates for each 

experimental condition and the standard 

deviation error bars 
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6.5.2. Impact of some indolizine derivatives on Saccharomyces cerevisiae yeast 
growth  

Given the considerable increase in the importance of indolizine derivatives, in this 

doctoral thesis, the cytotoxicity of these compounds on model yeast cells Saccharomyces 

cerevisiae was investigated, during alcoholic multiplication and fermentation processes. In this 

context, alternative approaches with a view of minimal use of animal tests in scientific 

experiments were pursued and the cytotoxicity of indolizine derivatives on yeast cells was 

assessed. The kinetic parameter values determined after 48 hours for samples supplemented 

with Iz1c compound were close to those of the control sample (Table 6.1).  

The dry matter yield obtained for the control sample (12.72% ± 0.16%) showed similar 

values to the samples to which the analyzed compounds Iz1a, Iz1b and Iz1c at concentrations 

of 1 μM and 10 μM were added (Figure 6.24). The best dry matter yield was obtained for the 

medium supplemented with the Iz1a compound at a concentration of 10 μM (15.49% ± 0.13%), 

followed by samples to which the analyzed chemical compounds were added: 1 μM Iz1b 

(14.81% ± 0.08%) and 10 μM Iz1c (14.05% ± 0.36%). A lower biomass yield compared to that 

of the control sample showed the samples to which the compounds Iz1c (12.68% ± 0.31%) 

and Iz1b (12.21% ± 0.17%) at concentrations of 1 μM and 10 μM respectively were added 

(Figure 6.24). 

Table 6.1. Kinetic parameters determined after 48 hours of cultivation under submerged conditions with 

agitation and aeration: n = number of generations; μ= growth rate; tg = generation time 

Test 

sample 
 Concentration n µ [h-1] tg [h] 

Control   18,6 ± 0,4 0,38 ± 0,06 2,58 ± 0,26 

Iz1a  1 µM 15,4 ± 0,1 0,32 ± 0,12 3,12 ± 0,28 

Iz1a  10 µM 13,2 ± 0,3 0,27 ± 0,14 3,63 ± 0,14 

Iz1b  1 µM 11,4 ± 0,4 0,24 ± 0,13 4,21 ± 0,16 

Iz1b  10 µM 11,8 ± 0,3 0,25 ± 0,17 4,07 ± 0,24 

Iz1c  1 µM 19,4 ± 0,1 0,40 ± 0,08 2,47 ± 0,36 

Iz1c  10 µM 21,4 ± 0,0 0,44 ± 0,04 2,24 ± 0,28 

After the first 24 hours of cultivation, budding for the control sample showed a value of 

17.5% ± 0.8%, close to that of the sample supplemented with Iz1c at a concentration of 10 μM 

(18.08% ± 0.7%). After 48 hours of cultivation, the budding value in the presence of the same 

concentration of Iz1c (19.90% ± 1.1%) was higher than that of the control sample as opposed 

to the 1 μM concentration, where the budding value after 24 hours showed the highest value 

of 21.3% ± 1.2%, and after 48 hours the lowest value of 16.24% ± 1.3%. In the case of 

indolizine Iz1a, at the minimum concentration used in this experiment, a higher degree of 

budding of cells was achieved compared to the control and approximately 20 % lower after 48 

hours of submerged cultivation. At the maximum concentration tested, the presence of Iz1b 

produced budding of more than 20% of yeast cells, while at the minimum analyzed 

concentration values comparable to those of controls were obtained after 48 hours of 

submerged cultivation (Figure 6.25). 
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Figure 6.24. Yield of dry biomass for yeast grown 

in liquid medium supplemented with test 

compounds. The control sample was not 

supplemented with indolizine derivatives in the 

growth medium of yeast cells. The values 

obtained represent the average of three 

experimental repetitions for each sample ± SD. 

 

Figure 6.25. The degree of budding of yeast cells 

of S. cerevisiae in the presence of indolizine 

compounds at different concentrations in the 

culture medium. The control was considered free 

of indolizine compounds in the growth medium of 

yeast cells. The values obtained represent the 

average of three experimental repetitions for 

each sample ± SD 

Figure 6.26 (a) shows that the presence of Iz1a at 1 μM concentration resulted in a 

lower degree of autolysis of S. cerevisiae yeast cells in the multiplication process (2.27% ± 

0.08%, 0.87% ± 0.06%, 1.07% ± 0.07 %) than that of the control sample after 24, 48 and 120 

hours of cultivation (1.60% ± 0.03%, 2.34% ± 0.05%, 2.68% ± 0.06%). Also, the presence of 

Iz1a at 10 μM concentration resulted in a lower degree of autolysis after 24 and 48 hours of 

cultivation (0.82% ± 0.01%, 1.04% ± 0.02%) compared to the control, and after 120 hours of 

cultivation, it was observed that the degree of autolysis showed a higher value compared to 

the control. The presence of Iz1b in the growth medium at both concentrations tested resulted 

in autolysis values higher after 24 hours by approximately 0.6% compared to the control. After 

48 and 120 hours of cultivation, the autolysis values for samples supplemented with Iz1b 

compound at both tested concentrations showed values very close to those given by the 

control after 48 and 120 h of cultivation (Figure 6.26 b). Supplementation of the culture medium 

of S. cerevisiae yeast cells with Iz1c at a concentration of 1 μM resulted in lower autolysis 

values than those shown by the control after 24, 48 and 120 hours of cultivation. Also, the 

presence of Iz1c at a concentration of 10 μM in culture medium resulted in lower autolysis 

values (1.09% ± 0.03%, 1.36% ± 0.02%) than those of the control after 48 and 120 hours of 

cultivation (Figure 6.26 c). 

 The multiplication dynamics of yeast cells for the control sample were similar to that of 

samples supplemented with the studied compounds (Figure 6.27), indicating that these 

compounds do not adversely influence the growth and multiplication process of yeast cells. 
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Figure 6.26. Degree of autolysis of yeast cells for 

culture medium supplemented with compounds 

a) Iz1a, b) Iz1b, c) Iz1c at different 

concentrations. The control sample was not 

supplemented with indolizine compounds in the 

growth medium of yeast cells. The values 

obtained represent the average of three 

experimental repetitions for each sample ± SD 

  

 

Figure 6.27. Dynamics of yeast cell multiplication 

in culture medium supplemented with 

compounds a) Iz1a, b) Iz1b, c) Iz1c at different 

concentrations. The values obtained represent 

the average of three experimental replicates for 

each sample ± SD 

 

CHAPTER 7. Evaluation of biologically active properties 

7.2. Specific scientific objectives 

The specific scientific objective of this chapter was to evaluate the biologically active 

properties of heterocyclic nitrogen compounds (quaternary pyridinium salts, indolizines, 

pyridinium-indolizine hybrids, metal complexes). To achieve this goal, the antimicrobial, 

antioxidant, anticancer, antineurodegenerative and anti-inflammatory properties of compounds 

obtained by classical and unconventional synthesis methods were determined. 

7.9. Results and discussion 
7.9.1. Determination of antimicrobial properties 

The antimicrobial activity of quaternary pyridinium salts (ScPy) is a topical subject, this 

class of compounds having known germicidal properties [480,503]. Evaluation of the 

antibacterial activity of S2a-c and S2f-q salts was performed using the TTC test as a qualitative 

test and the microdilution method as a quantitative method. The class of tetrazolium salts that 

are widely used in various chemical and biological applications [504,505], contains organic 

compounds that can form intensely colored azoderivatives known as formazan's 

[491,506,507]. This property can be used to detect and measure cell viability [507–510].  

In this thesis, the antimicrobial effects of some quaternary pyridinium salts (ScPy) 

containing in their structure various electron substitutes, attractive or repellent, which can 

influence these evaluated properties. 

Evaluation of inhibition percentage of growth of microorganisms by TTC test 

The TTC colorimetric test has proven to be an effective colorimetric method for evaluating 

antibacterial properties [491,507]. The obtained results in this thesis demonstrated the 

antibacterial potential of ScPy expressed as percentages of inhibition of bacterial cell growth. 
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After testing ScPy against the pathogenic microorganism E. coli, nine compounds 

demonstrated good antibacterial activity. The presence of vital cells of bacteria was evidenced 

by an intense red color of formazan obtained in the growth medium by the TTC method. After 

adding ScPy, a reduction in color intensity to colorless could be observed. From Figure 7.3 the 

percentage of inhibition of bacterial growth ranged from 3% to 59%, depending on the structure 

of ScPy. A strong inhibitory effect (59%) against E. coli was demonstrated by the compound 

S2c, followed by S2q (50%), S2g (42%) and S2k (33%). It was also observed that the bacteria's 

vital cells were inhibited by ScPy S2b, S2i and S2p, with an average percentage of inhibition 

of less than 20%. A reduced inhibitory potential against the bacterial strain tested was obtained 

for S2o, with an inhibition percentage of 10%, while S2l had the lowest inhibitory effect (3%). 

The antibacterial action of ScPy is manifested in a mechanism of destruction of the lipid 

membrane by dipole-dipole interactions of positively charged quaternary nitrogen with polar 

head groups of acid phospholipids [503,513]. It has also been previously shown that there is a 

good relationship between structural descriptors (LogP, polarizability, polar surface (2D) and 

Van der Waals surface (3D)) and antibacterial properties of these types of ScPy [191]. 

Minimal inhibitory concentrations (MIC) 

The MIC values of ScPy, S2a-c and S2f-q were determined as a quantitative 

assessment of their antibacterial activity, recording a different sensitivity against Gram-

negative bacteria. MIC values ranged from 0.312 to 2.5 mg/mL (Figure 7.4). The lowest MIC 

value (0.312 mg/mL) was exhibited by S2c, S2g and S2q compounds against E. coli. Some 

differences in antibacterial activities were also observed for tested compounds. Thus, S2i, S2k 

and S2p compounds showed higher MIC values of 0.625 mg/mL, while S2l and S2o showed 

the highest CMI value (2.5 mg/mL). 

The results obtained by the microdilution method confirm the data determined by the TTC 

test (Figure 7.3). These results showed a greater antibacterial potential of ScPy studied in this 

PhD thesis compared to other ScPy against the E. coli strain [515]. 

  

Figure 7.3. Percentages (%) of inhibition of E. 

coli growth by ScPy as determined by the 

Tetrazolium/Formazan test 

Figure 7.4. Antibacterial activity of ScPy against 

E. coli, expressed as MIC (mg/mL) determined 

by microdilution method 

7.9.2. Determination of antioxidant properties 

Oxidative stress is implicated in numerous conditions, such as cancer, diabetes and 

neurodegenerative diseases [293,295,517,518]. Reactive oxygen species can cause cell 

damage and subsequent cell death because they oxidize vital cellular components such as 

lipids, proteins, and DNA (Figure 7.7). Moreover, the human body is exposed throughout life 

to excitatory amino acids (such as glutamate), whose metabolism produces ROS, thereby 

increasing toxicity. Antioxidant mechanisms include O2 removal, elimination of reactive 

oxygen/nitrogen species or their precursors, inhibition of ROS formation, chelation of metal 

ions necessary for catalysis of ROS generation and regulation of endogenous antioxidant 

activity [519–521]. The percentage of DPPH radical inhibition indicative of antioxidant activity 

was calculated at organic compound concentrations of 48 μg/mL, 188 μg/mL and 750 μg/mL 

(Figure 7.8). Although activity was assessed for several molecules as shown in Table 7.1, 
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some compounds showed a large standard deviation due to precipitation in the reaction 

mixture. 

Most molecules showed little or no antioxidant activity when evaluated at a 

concentration of 48 μg/mL. Increasing the concentration of the analyzed compounds to 750 

μg/mL led to a significant increase in the percentage of inhibition. Among the hybrid 

compounds, the neutral compound Iz3-b showed promising activity, with nearly 60% inhibition 

at 188 μg/mL, but solubility problems prevented accurate determinations at higher 

concentrations. The compound Iz-Py-7 showed the highest antioxidant properties 

(approximately 90% inhibition) at 750 μg/mL. Similar trends were observed for symmetric 

analogues, with bipyridinium salts showing better activity compared to bis-indolizines (Table 

7.1). 

 
Figure 7.8. Antioxidant activity (%) determined using the DPPH method at test substance concentrations 

of 48 μg/mL (green), 188 μg/mL (blue), or 750 μg/mL (grey), routine was used as a positive control. All 

analyses were carried out in triplicate and each value corresponds to the mean value ± SD.  

7.9.3. Determination of anticancer properties 

Cytotoxic activity on cancer cell lines 

The cytotoxic activity of the La-Nd-DPY complex was evaluated on various cell lines 

representative of different human cancers, such as A2780 and A2780cisR for ovarian cancer, 

cisplatin-sensitive and cisplatin-resistant, respectively, PC3 cells for prostate cancer, and 

MCF7 cells for breast cancer. Cisplatin has been included as a positive reference standard in 

comparative determination, as it is a drug containing a metal (platinum) and is clinically 

approved for cancer chemotherapy [537,538]. The effect of the compounds on cell viability was 

assessed by the MTT assay after incubation for 24 hours and 48 hours. La-Nd-DPY 

demonstrated constant high cytotoxic activity for all cell lines after 48 hours of exposure. At 

shorter incubation times (24 h), the cytotoxic profile was particularly different for A2780cisR 

ovarian cancer cells and prostate cancer cells (Figure 7.10).  

Among ScPy and symmetrical indolizine compounds, higher cytotoxicity of S2-e, Iz2-e 

and Iz1-c compounds was noted. Cisplatin after both incubation periods was found to be less 

cytotoxic on cell lines than mixed Ln complex (La-Nd-DPY) in all studied cancer cell types 

(Figure 7.11). The mixed Ln complex has shown a high cytotoxic action on cisplatin-resistant 

cells and PC3 cells, which are known for their extremely aggressive behavior [539]. These 

results indicated that neither pro-ligand S1-a nor lanthanide salts are the active species 

responsible for the observed cytotoxicity of the mixed lanthanide complex. 
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Figure 7.11. IC50 values (μM) obtained for La-Nd-DPY complex and cisplatin on different cancer cell 

types after 24 and 48 hours of incubation. The data shall be the mean of at least two independent 

experiments in hexaplicate each ± SD 

Cytotoxic activity on tumor spheroids  

Following the evaluation of cytotoxicity on human cancer cell lines, the interaction of 

the La-Nd-DPY mixed complex on an advanced three-dimensional cancer cell model of 

multicellular tumor spheroids derived from the PC3 prostate cancer cell line was evaluated. 

This type of three-dimensional culture method highlights the in vivo microenvironment of tumor 

cells, with cultured cells growing into spheres that promote cell-to-cell and cell-ECM 

(extracellular matrix) interactions, and which are lacking in conventional 2D culture. PC3 tumor 

spheroids were cultured and grown for 3 days, after which they were incubated in the presence 

of the La-Nd-DPY complex for 48 hours. Images of PC3 spheroids exposed to different 

concentrations of the mixed lanthanide complex are shown in Figure 7.13.  

Spheroid size and shape were affected by exposure to higher concentrations of the 

analyzed complex (La-Nd-DPY) according to microscopic images (Figure 7.13), this result is 

confirmed by decreased growth of PC3 spheroids by exposure to mixed Ln complex (Figure 

7.14.a). There was a decrease in the size of incubated spheroids with the higher concentration 

(50 μM) of the analyzed compound, although there was already a noticeable delay in spheroid 

growth compared to controls, starting at a concentration of only 5 μM. The results obtained 

from the viability tests shown in Figure 7.14.b show that, unlike conventional monolayer 

cultures, in the case of 3D spheroids the complex shows lower cytotoxicity (values ~80% of 

control viability at higher concentrations).  

 
Figure 7.13. Representative microscopic images of PC3 spheroids before (0 h) and after (24 and 48 h) 

exposure to different concentrations of the mixed Ln complex. The reference control are spheroids 

incubated with culture medium only (control-0μM) or 0.5 % DMSO 
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This result is similar to other data presented in literature studies, with 3D culture 

systems frequently being more refractory to cancer treatments due to limited drug penetration 

and activation of multiple resistance mechanisms [540]. Spheroid models can mimic metabolic 

and proliferative gradients of tumors in vivo, with subsequent changes in cell phenotype and 

status, exhibiting multicellular chemoresistance.  

Production of ROS 

The potential induction of intracellular ROS formation by La-Nd-DPY and cisplatin in 

A2780 and PC3 cells was analyzed using a fluorescent compound, H2DCFDA, which can 

detect hydrogen peroxide, hydroxyl radicals or peroxynitrite. ROS formation was present for 

the mixed complex in a way directly proportional to the concentration for both cell lines. 

Regarding cisplatin, its cytotoxicity has been correlated with the generation of mitochondrial 

ROS that can generate harmful processes and influence metabolic functions, which can 

ultimately lead to cell death [530,540]. However, under the same experimental conditions, no 

production of ROS, detectable in the presence of cisplatin, was observed, probably due to the 

short exposure time (3 hours) (Figure 7.15). 

 
Figure 7.14. Effect of exposure to La-Nd-DPY complex on PC3 spheroid growth (a) represented by 

mean spheroid diameter (in μm) as a function of number of days of cultivation and cell viability after 48 

hours (b) assessed by APH assay in parallel with monolayer cultured cells. Controls are spheroids or 

cells cultured in monolayer by incubation with culture medium alone or 0,5 % DMSO. The data presented 

are the average of the experiments performed in hexaplicate ± SD 

  
Figure 7.15. Production of ROS by A2780(a) and PC3(b) cells after 3-hour exposure to La-Nd-DPY and 

cisplatin (cisPt) detected with H2DCFDA. The results are expressed in relative units of fluorescence 

(mean of four replicates ± SD). Control samples (Ctrl) consist of cells incubated only in culture medium. 

Evaluation of apoptosis 

Caspase activation 

Apoptotic cell death is mediated by caspases, a family of cysteine proteases important 

for maintaining homeostasis by regulating inflammation and cell lysis [541]. To evaluate the 

influence of mixed Ln complex on cellular apoptosis, the active form of caspases 3 and 7 was 

quantified in cell lines A2780 and PC3 [542]. The complex studied, La-Nd-DPY, could not 
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activate caspase-3/7 in these cell lines, and the values detected were like those obtained for 

control cells incubated only in the culture medium (Figure 7.16). 

DNA fragmentation 

To confirm the obtained results with the caspase activation method, a Hoechst staining 

test of nuclei was performed to determine the percentage of apoptotic cells in a population of 

PC3 cells in the presence and absence of the La-Nd-DPY complex. Morphological hallmarks 

of apoptosis include DNA condensation, chromatin fragmentation or apoptotic fragment 

formation, and the appearance of apoptotic markers in evaluated cultures.  

Correlating the inability of this prostate cancer cell line to activate caspase-3/7 observed 

in the previous method, no statistically significant increase in apoptosis levels was observed in 

a cell population after 24- or 48-hour exposure to IC50 concentrations of the evaluated 

compound (Figure 7.17). Therefore, cell death observed in the cytotoxicity test is not caused 

by apoptosis and other mechanisms of cell death exist under these conditions. 

 
 

 
 

Figure 7.16. Caspase-3/7 activity in A2780(a) 

cells and PC3(b) cells after exposure for 24 hours 

to a concentration corresponding to the IC50 

value obtained for the same cell line. Data were 

obtained from three examples per condition and 

were expressed as a mean ± SD from two 

independent tests in relative units of fluorescence 

Figure 7.17. a) Representative microscopic 

analysis of PC3 cells stained with Hoechst 33,342 

(A) in the absence (control) or presence of La-Nd-

DPY complex for 24 hours or 48 hours; b) 

Quantification of the number of apoptotic PC3 

cultured cells (%).  

7.9.4. Evaluation of antineurodegenerative activity 

Cholinesterase inhibition  

Cholinesterase activity was assessed using the Ellman spectrophotometric method 

[543]. Several compounds were evaluated in this method against electric eel 

acetylcholinesterase (AChE) and butyrylcholinesterase (eqBChE), and compounds that 

showed remarkable activity on them were further tested against human enzymes (hAChE and 

hBChE). The objective of this method was to select molecules that could significantly inhibit 

cholinesterase. To achieve this objective, a selection of the action of compounds at a 

concentration of 4 μM against eeAChE and eqBChE was first carried out (Figure 7.18). Only 

molecules that inhibited at least 50% of ChE activity at this micromolar concentration were then 

evaluated over a higher concentration range to accurately calculate IC50 values. Data obtained 

by this method are collected in Table 7.2 (Figure 7.19 for IC50 curves). 

The already mentioned high UV-Vis absorbance of the molecules Iz1-f, Iz-Py-1, Iz-Py-

2 and Iz-Py-3, together with their low solubility in water, prevented their study in a wide range 

of concentrations, and the promising effects obtained for a selected concentration of 4 μM, 

especially for Iz-Py-1 and Iz-Py-2 against eeAChE, could not be confirmed (Figure 7.18.a). 

Similarly, unloaded indolizine-pyridine (Iz2-g, Iz3-a and Iz3-b) are inactive against both 

enzymes (Figure 7.18.b and c). Most corresponding symmetrical cation pyridinium-indolizine 

hybrids were active at 4 µM, unlike that observed for most bis-indolizines (Table 7.3) which 

easily form aggregates in aqueous solutions. The generally better solubility of pyridinium-

indolizine hybrids allowed them to be assessed over a wider concentration range. Cationic 

hybrids showed IC50 with micromolar values, with slight selectivity for eeAChE compared to 
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eqBChE (Table 7.2), except for the compound Iz-Py-7 and its analogue Iz-Py-10, which 

showed the highest selectivity (being 10 times more active than eeAChE compared to 

eqBChE). For comparison, the evaluation of symmetric analogues (Table 7.3) was performed 

using eeAChE with an enzyme activity of 0.5 U. The evaluated compounds showed IC50 values 

in the 2-5 μM range. The series of compounds Iz3a-b and Iz-Py-8-11, which contain the 3-p-

methoxybenzoyl group, demonstrated higher activity against the two enzymes compared to 

their Iz2-f analogues, Iz-Py-4-7. This effect may be related to the better flexibility of the 

propylene bridge compared to the shorter ethylene bridge between the pyridyl nuclei. 

Table 7.2. IC50 (μM) concentration values for inhibition of ChE * 

Analysed 

samples  

Iz2-g Iz-Py-4 Iz-Py-5 Iz-Py-6 Iz-Py-7 Iz3-a Iz3-b 

ee AChE - 4.4 ± 0.5 - 2.0 ± 0.4 5.4 ± 0.1 - - 

eq. BChE - 17.5 ± 8.2 - 8.8 ± 3.5 55.4 ± 2.3 - - 

hAChE nd 6.6 ± 1.1 nd 8.0 ± 0.9 37.1 ± 4.1 nd nd 

hBChE nd nd nd nd nd nd nd 

Analysed 

samples 

Iz-Py-8 Iz-Py-9 Iz-Py-10 Iz-Py-11 Donepezil 

ee AChE 2.6 ± 0.6 > 10 µM** 7.9 ± 0.6 2.7 ± 0.6 0.052 ± 0.007 

eq. BChE 7.5 ± 3.4 4.8 ± 1.3 72.1 ± 15.9 7.3 ± 1.2 6.0 ± 1.7 

hAChE 3.3 ± 0.7 nd 4.0 ± 0.9 9.4 ± 2.5 0.029 ± 0.005 

hBChE 38.9 ± 14.0 nd > 100 µM nd 9.2 ± 5.6 

*IC50 values (μM) are averaged ± standard deviation of three independent determinations per condition; 

molecules indicated as inactive (-) showed no significant activity during a first selection at a 

concentration of 4 μM. Donepezil was used as a control (Figure 7.19 and Figure 7.20 for IC50 curves). 

** Formation of aggregates at higher concentrations in the presence of eeAChE.  

   

   
Figure 7.18. Preliminary assessments of the activity of the studied compounds (4 μM) on eeAChE and 

eqBChE. The error bars are the standard deviation obtained from three independent experiments carried 

out in at least three copies. 

The compounds Iz3a-b and Iz-Py-8-11, which contain the 3-p-methoxybenzoyl group 

as a substitute, demonstrated higher activity against the two enzymes compared to their Iz2-f 

analogues, Iz-Py-4-7. This effect may be related to the better flexibility of the propylene bridge 

compared to the shorter ethylene bridge. In terms of inhibition of eeAChE, the pyridinium-

indolizine hybrid Iz-Py-5 was the only inactive hybrid compound. This hybrid has in its structure 

the voluminous lipophilic group N-dimethoxybenzyl together with the substitute 3-p-

methoxybenzoyl. Its analogue Iz-Py-9 demonstrated higher activities against both enzymes, 

however, a more detailed analysis of Prism curves and calculations (Figure 7.19) showed that 
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its solubility limited to concentrations greater than 10 μM in the presence of eeAChE leads to 

a decrease in the value of the R2 coefficient when compared to the other molecules tested.  

Table 7.3. Assessment of AChE activity inhibition potential  

Analyzed 

compound  

IC50 

AchE 

(μM) 
Chemical structure Analyzed 

compound 

IC50 

AchE 

(μM) 
Chemical structure 

S1a 
4.4 ± 

0.4 

 

Iz1a 3.7 ± 0.9 

 

S1b 
Inactive 

(˃20) 

 

Iz1b 
Inactive 

(˃20) 

 

S1c 
2.0 ± 

0.3 

 

Iz1c 2.4 ± 0.3 

 

S2a 
5.7 ± 

1.2 

 

Iz2a 
Inactive 

(˃20) 

 

S2b 

 

5.3 ± 

2.2 

 

Iz2b 
Inactive 

(˃50) 

 

S2c 
Inactive 

(˃50) 

 

Iz2c 
Inactive 

(˃20) 

 

The compound Iz-Py-11, an analogue of Iz-Py-9, in which 3-p-methoxybenzoyl was 

replaced by the methyloxycarbonyl group of smaller size, showed good activity against both 

eeAChE (IC50 = 2.7 μM) and eqBChE (IC50 = 7.3 μM) without any apparent limitation of 

solubility. Due to the high cost of human cholinesterase, only a few active molecules were 

selected for further evaluation (Table 7.2 and Figure 7.20 for IC50). For most compounds tested, 

the IC50 values against hAChE remained in the same micromolar range, except for the 
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compound Iz-Py-7 which lost its cholinesterase inhibiting activity on human enzymes, with IC50 

> 30 μM for hAChE. Two molecules, Iz-Py-8 and Iz-Py-10, differing only in the nature of the 

substituent at position 3 of the indolizine core, were also tested against hBChE. The 

effectiveness of the compound Iz-Py-8, which previously showed a micromolar IC50 value 

significant compared to eqBChE, in the case of human enzyme the value decreased strongly 

(IC50 / 5) compared to hBChE. The compound Iz-Py-10 was not active (IC50 > 100 µM) 

confirming previously observed selectivity for AChE over BChE. 

Docking calculations were then performed to compare the possible binding 

mechanisms of Iz-Py-8 and Iz-Py-10 compounds at the active sites of the two human ChE. 

While both are active as AChE inhibitors (fish or human), these compounds exhibited different 

behavior on BChE (equine or human) (Chapter 8).  

 
Inhibition of amyloid fibrils 

To monitor the effect of molecules on the process of amyloid fibril formation, the T-

based fluorescence test (ThT) is generally used, since it is very sensitive to β-folded structures 

of fibrils [545]. By binding to fibrils, ThT displays redshifted emission, allowing selective 

detection of structures rich in β sheets, such as fibrils. Two models of amyloid peptides were 

used, both derived from the tau protein sequence (Figure 7.22). 

  
Figure 7.22. The process of formation of tau-τ- fibrils (in β-folded structures: red) and the sequences of 

the two tau models used in this study. 

The AcPHF6 model is a short peptide of 6 amino acids corresponding to the nucleus 

of tau fibrils [546]. Its fibril formation process is much faster than tau protein or amyloid 

peptides, which can take days and is well suited for the first selection of a set of molecules by 

ThT fluorescence tests [500]. Studies were conducted in phosphate buffer, and the ThT 

fluorescence signal was recorded in the absence and presence of Iz-Py and Iz molecules at a 

concentration of 100 μM (corresponding to a ratio of 1/1 to amyloid peptide). For the AcR3 

model, heparin was added as a fibrillation inducer and 10 μM heparin corresponding to a 0.1/1 

ratio to this amyloid peptide was used. The results reported in Figure 7.23 are expressed as a 

percentage inhibition of ThT fluorescence. Control wells were used to evaluate any possible 

intrinsic fluorescence emission of hybrids. No fluorescence additional to that of free ThT was 

detected for these controls. 

As can be seen in Figure 7.23.a, most hybrid compounds showed activity in the 

AcPHF6 model. The compounds Iz2-g and Iz3-b were significantly less effective. The length 

of the bridge between pyridine nuclei does not appear to play an important role, since similar 

activities were observed for both compounds analyzed with two or three carbon atoms, nor did 

the nature of the substituents in the structure of each hybrid. To investigate this process further, 

the four most active compounds Iz-Py-4,5,6 and 7, as well as Iz1-f, were evaluated on the 

longer peptide model AcR3. The efficiency of the inhibition process was found to be divided by 

at least a factor of two (Figure 7.23). 
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Figure 7.23. ThT tests on AcPHF6(a) and AcR3(b) models of amyloid fibrils (λexcitare = 440 nm, λemisie = 

480 nm). The results are expressed as % ThT fluorescence inhibition using a compound/model ratio of 

1/1 (concentration 100 μM). The error bars are the average of three independent experiments conducted 

in triplicate. 

It was noted that fluorescence inhibition in ThT assays does not necessarily represent 

inhibition of amyloid fibril formation, and ThT displacement related to the tested compounds 

may also occur. Consequently, a solution of AcR3 fibrils was prepared in the presence of ThT 

and ThT signals were recorded before and immediately after the addition of compounds of the 

Iz-Py-4,5,6 and 7 series (Figure 7.24.a, dotted lines). No decrease in the ThT signal to 480 nm 

was observed, suggesting that the compounds are unable to replace the bound dye. The same 

observation was obtained for compound Iz1-f. To verify that the recorded signal is still from 

bound ThT, it was verified that the fluorescence of the compounds did not increase significantly 

in the presence of preformed fibrils at the working wavelengths (Figure 7.24.a, continuous 

lines). However, a slight increase and redshift of the fluorescence signal were observed in 

Figure 7.24.a (dotted lines) when adding the charged molecules Iz-Py-4-6 is probably due to 

this additional, even weak, fluorescence and suggests that Iz-Py-4-6 interacts strongly with 

fibrils. This is confirmed by the high fluorescence emission in the presence of fibrils when 

excited to maximum absorbance, while not showing fluorescence in their absence (Figure 

7.24.b). The compound Iz1-f was evaluated by the ThT test (Figure 7.24). The strong 

absorption of Iz-Py-1 and Iz-Py-2 compounds around 415 nm and, in addition, the strong 

fluorescence of Iz-Py-1 and Iz-Py-3 in the wavelength range of bound ThT fluorescence 

emission did not allow their assessment [547] (Figures 7.21 and 7.26). The compound Iz-Py-

7, which has in its structure two ester groups on the indolizine core, is the exception to this 

observation. The analogues Iz-Py-9 and Iz-Py-11 exhibited the same behavior (Figure 7.25): 

Iz-Py-11 with two ester groups showed no significant emission in the presence of AcR3 fibrils, 

unlike Iz-Py-9, suggesting the importance of the benzoyl substituent for higher interaction with 

fibrils. 

  

Figure 7.24. (a) Evaluation of the displacement of the fluorescence maximum of ThT. The excitation 

wavelength was λ=440 nm. The compound/ThT ratio was 10/1 (100/10 μM) and AcR3 fibrils were 

prepared from 100 μM peptide in the absence (continuous lines) or in the presence of ThT (dotted 

lines). (b) Fluorescence emission of compounds (100 μM) individually (dotted lines) or in the presence 

of 100 μM preformed fibrils (solid lines). The excitation wavelength corresponds to their maximum 
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absorbance (value given in parentheses); ThT in the presence of fibrils is used for comparative 

evaluation 

 
Figure 7.25. Interaction of Iz-Py-9 and Iz-Py-11 with AcR3 fibrils. (a) ThT test, λexcitation = 440 nm. 

Composite ratio/ThT = 1/1 (100 μM), AcR3 fibrils being prepared from 100 μM peptide, 10 μM heparin 

in the absence (continuous lines) or in the presence (dotted lines) of 100 μM ThT. (b) Fluorescence 

emission for Iz-Py-9 and Iz-Py-11 compounds (100 μM) individually and in the presence of 100 μM of 

preformed fibrils (prepared in the absence of ThT). The excitation wavelength corresponds to their 

maximum absorbance. 

To study the interaction of hybrid molecules, circular dichroism spectroscopy (CD) was 

used, which provides structural information about amyloid peptides during the aggregation 

process. CD spectra of the AcR3 peptide were recorded in a phosphate buffer in the presence 

of heparin as a fibrillation inducer. They showed the typical profile of a peptide with a large 

fraction of β-folded structures, characterized by a wide negative shoulder around 218 nm 

(Figure 7.28, red color) in less than 24 hours at 37°C. No significant difference was observed 

when compounds Iz1-f and Iz-Py1-3 were added over the fibrillation mixture (Figure 7.28.a), 

demonstrating that these compounds did not prevent the formation of β-folded structures. 

These results tend to show that Iz1-f and Iz-Py1-3 do not inhibit fibril formation or at least the 

formation of structures rich in β-folded sheets. 

 

  
Figure 7.26. Fluorescence spectra. (a) The spectra were recorded at a concentration of 20 μM in a 

phosphate buffer of 50 mM in the presence of 0.1 % DMSO. The excitation wavelengths correspond 

to the maximum absorbance (values in parentheses); (b) The spectra were recorded at a 

concentration of 100 μM in a phosphate buffer of 50 mM in the presence of 0.5 % DMSO. The 

excitation wavelength was 440 nm, which is used for the ThT test. To compare the fluorescence 

profiles of ThT dye (10 μM) in the presence of AcR3 and AcPHF6 fibrils (100 μM), they are 

represented in red. The fluorescence intensity of Iz-Py-1 and Iz-Py-3 compounds at 480 nm is 

highlighted. 
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Figure 7.27. Fluorescence spectra for Iz-Py-1 

and Iz-Py-3 with AcR3 fibrils. Spectra were 

recorded at a concentration of 100 μM of the 

compound in 50 mM phosphate buffer in the 

presence of 0.5% DMSO, individually or in the 

presence of 100 μM of preformed AcR3 fibrils. 

The excitation wavelength corresponds to their 

maximum absorbance (value between 

parentheses). To compare the fluorescence 

profile of ThT dye (100 μM) in the presence of 

ACR3, it is shown in red 

  

Figure 7.28. (a) CD spectra were obtained after 24 hours of incubation at 37 °C of AcR3 at 100 μM 

individually (red) or in the presence of 100 μM Iz1-f and Iz-Py1-3 (green, blue, grey and pink). Heparin 

10 μM was used as a fibrillation inducer. (b) Fluorescence emission of Iz1-f and Iz-Py1-3 series (100 

μM) for each compound separately (dotted lines) and in the presence of 100 μM of preformed AcPHF6 

fibrils (solid lines). The excitation wavelength corresponds to their maximum absorbance (value given 

in parentheses); For comparison, 10 μM ThT was used in the presence of fibrils (continuous red line) 

CHAPTER 8. Analysis of compounds synthesized by in silico 

studies (molecular modelling) 

8.2. Specific scientific objectives 

The specific scientific objective of the research presented in this chapter was to evaluate 

in silico N-heterocyclic compounds against Alzheimer's disease by determining intra-molecular 

interactions as well as binding affinity to the target molecule. To accomplish this goal, docking 

studies with the most relevant molecules were conducted to understand the factors involved in 

cholinesterase inhibition, as well as the influence of chemical structures on key molecule 

binding modes involved in AD. 

8.5. Results and discussion 
A set of ADMET descriptors has been determined for hybrid molecules and obtained 

data are collected in Table 8.1.  

Table 8.1. ADMET molecular descriptors calculated for a series of hybrid molecules. 

The 

analyzed 

compound 

The number of 

binding 

acceptor sites 

of H 

Molecular weight 

(g/mol) 

LogP 

(LogD) PSA (Å2) 
BBB 

crossing  

Iz-1-f 5 370.4 
3.78 

(3.77) 
60.6 yes 

Iz-Py-1 4 385.4 
-0.16 

(-0.16) 
51.6 yes 

Iz-Py-2 9 430.4 
-0.22 

(-0.22) 
94.8 no  
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The 

analyzed 

compound 

The number of 

binding 

acceptor sites 

of H 

Molecular weight 

(g/mol) 

LogP 

(LogD) PSA (Å2) 
BBB 

crossing  

Iz-Py-3 6 415.4 
-0.32 

(-0.32) 
60.9 yes 

Iz2-f 7 414.4 
4.15 

(3.96) 
69.9 yes 

Iz2-g 5 338.3 
2.86 

(3.14) 
69.9 yes 

Iz-Py-4 6 429.5 
0.21 

(0.21) 
60.9 yes 

Iz-Py-5 10 565.6 
1.62 

(1.62) 
79.3 no 

Iz-Py-6 8 473.5 
-0.42 

(-0.42) 
81.1 no 

Iz-Py-7 4 353.4 -1.09 60.9 yes 

Iz3-a 7 428.5 
4.60 

(4.36) 
69.9 yes 

Iz3-b 5 352.4 
3.30 

(3.53) 
69.9 yes 

Iz-Py-8 6 443.5 
0.65 

(0.65) 
60.9 yes 

Iz-Py-9 10 579.6 
2.06 

(2.06) 
79.3 no 

Iz-Py-10 4 367.4 
-0.64 

(-0.64) 
60.9 yes 

Iz-Py-11 8 503.5 
0.77 

(0.77) 
79.3 no 

To perform a comparative study between the hybrid compounds in Table 8.1 and other 

synthesized compounds, the descriptors were also calculated for some symmetrical bis-

pyridinium salts and bis-indolizines (S1a-c, S2a-c and Iz1a-c and Iz2a-c respectively). All 

calculations were performed using Marvin software and collected in Table 8.2.  

Table 8.2. ADMET molecular descriptors for symmetrical bis-pyridinium salts and bis-indolizines  

The analyzed compound 

The number of 

binding 

acceptor sites 

of H 

Molecular 

weight (MW) 

LogP  

(=LogD) 

S1a 4 394.4 -4.24 

S1b 14 484.4 -4.36 

S1c 8 454.5 -4.55 

S2a 4 422.5 -3.35 

S2b 14 512.5 -3.47 

S2c 8 482.5 -3.66 

Iz1a 8 584.6 6.37 

Iz1b 18 674.6 6.25 

Iz1c 12 644.6 6.06 

Iz2a 8 612.6 7.26 

Iz2b 18 702.6 7.14 

Iz2c 12 672.7 6.95 
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Pyridil-indolizines (Iz1-f, Iz2-f, Iz2-g, Iz3-a and Iz3-b) are not protonated or are only 

partially protonated at 7.4 pH (calculated pKa of 4.6 for Iz1-f and 5.6 for the other compounds), 

resulting in a large increase in lipophilicity reflected by high LogP values. Alkylation of the 

pyridine ring leads to the generation of monocationic molecules over a wide pH range, thereby 

conferring ADMET descriptor values compatible with potential CNS drugs [596].  

In the series of hybrid molecules derived from 1,2-di(4-pyridyl)ethane and 1,3-bis(4-

pyridyl)propane, it was found that the change of the more hydrophobic p-methoxybenzoyl 

group on the indolizine nucleus by the methyloxycarbonyl group has no effect on PSA, but 

significantly decreases LogP values (from 0.65 for Iz-Py-8 to -0.64 for Iz-Py-10, or 2.06 for Iz-

Py-9 to 0.77 for Iz-Py-11). Increasing the chain length between the two pyridine nuclei does 

not affect PSA but leads to an increase in lipophilicity (LogP being between -0.32 for Iz-Py-3 

and 0.65 for Iz-Py-8).  

The BBB penetration capability was estimated using the Swiss ADME web service. The 

results predicted that some molecules exhibit high PSA and/or LogP values (Iz-Py-5, Iz-Py-6, 

Iz-Py-9, Iz-Py-11), i.e., those compounds containing large lipophilic substituents are not 

favorable to BBB penetration. The symmetric bis-pyridinium dications (S1a-c, S2a-c) are too 

polar (strongly negative logP). It has also been observed that bis-indolizines (Iz1a-c, Iz2a-c) 

are too lipophilic (LogP > 6), with high PSA values. Their calculated high lipophilicity is 

experimentally correlated with low solubility in water and the formation of aggregates. 

However, the involvement of an active BBB penetration mechanism cannot be excluded. 

Docking calculations were performed to compare possible binding modes of Iz-Py-8 

and Iz-Py-10 compounds (Figure 8.3) at the active sites of the two human cholinesterase, 

hAChE and hBChE. While both compounds were found to be active as AChE inhibitors (electric 

eel or human), they exhibited different behavior on BChE (equine or human). It is difficult to 

design a good inhibitor that is active on both hAChE and hBChE because these two enzymes 

differ considerably in size (the binding site of hAChE is much smaller than that of hBChE) and 

composition (residues W286, V294, Y124, Y337, F297 for hAChE and A277, P285, Q119, 

A328 and V288 respectively for hBChE).  

The compounds Iz-Py-8 and Iz-Py-10 showed Glide docking scores of -11.3 and -9.3 

kcal/mol, respectively, in hAChE and -9.1 kcal/mol and -8.5 kcal/mol in hBChE, respectively. 

These theoretical affinity models are consistent with the experimental IC50 values presented in 

Chapter 7, with the Iz-Py-8 compound being more active than Iz-Py-10 on both enzymes. In 

the hAChE active site (Figure 8.4), the optimized spatial orientation of the Iz-Py-8 compound 

was identified with the pyridinium fragment facing towards the bottom of the catalytic site, close 

to E202 and catalytic serine S203 (Figure 8.4.b). 

This binding mode has been fully preserved among the 20 best positions of the 

compound Iz-Py-8, probably determined by stabilizing interaction with negatively charged 

E202. The compound Iz-Py-8 was not in a suitable position for enzymatic hydrolysis with 

hAChE. The Iz-Py-10 compound with a methylester group was oriented with the pyridinium 

fragment towards the grid box input (x, y, z) and the methylester group at position 3 in the 

catalytic process area at the bottom, allowing possible hydrolysis (Figure 8.4.b). The indolizine 

fragment is surrounded by W86, Y337, F338 residues and the pyridinium fragment establishes 

- stacking interactions with W286. Due to its smaller size, the Iz-Py-10 compound showed 

more heterogeneity between binding positions. These data are consistent with similar activity 

observed for both Iz-Py-8 and Iz-Py-10 on hAChE. 

At the binding site of hBChE, the Iz-Py-8 compound adopted an optimized conformation 

oriented with the pyridinium fragment inserted at the bottom of the catalytic site, close to the 

H438 catalytic subunit. The charge is stabilized by the hydroxyl groups in tyrosine Y332, 
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tyrosine Y440 and three carbonyl groups of residues A328, G78 and H438 (Figure 8.4.d). The 

W82 residue provides a favorable  interaction with the pyridinium fragment.  

The methyl ester is located less than 5 Å catalytic S198 and it is assumed that this 

compound may adopt a tight binding mode to butyrylcholine (the natural substrate). This 

binding mode was highly conserved among the twenty best positions of the compound Iz-Py-

8. The optimized conformation of the compound Iz-Py-10 showed its pyridinium fragment 

oriented towards the entrance to the grid box, where it is stabilized by oxygen from the carbonyl 

group of the A328 residue (Figure 8.4.c). The methyl ester at position 1 is in a very good 

position for hydrolysis by subunit S198. The compounds Iz-Py-8 and Iz-Py-10 adopted a 

protected orientation of their pyridinium fragments at the active site of hBChE, but an inverse 

positioning in hAChE, Iz-Py-8 appears with the pyridinium fragment towards the active site, 

while Iz-Py-10 has the same fragment oriented towards the entrance to the grid box. 

The compounds interact with the AlaW286neighboring amino acid in hAChE due to the 

-cation electrostatic interaction between the benzoyl substituent in the structure of the 

compound Iz-Py-8 and the pyridinium fragment in the structure of the compound Iz-Py-10. As 

regards the two ester groups in the structure of the compound Iz-Py-10, it was noted that in 

the case of both enzymes, a methyl ester is in a favourable position for hydrolysis. 

  

  
Figure 8.4. In a) and b) the binding sites of hAChE with Iz-Py-10 and Iz-Py-8 docked compounds are 
illustrated. In c) and d) respectively, the optimized docking positions of the compounds Iz-Py-10 and 
Iz-Py-8 in the active site of hBChE are represented. Catalytic residues are shown in yellow 

CHAPTER 9. General conclusions and elements of originality 

9.1. General conclusions and elements of originality 

Various procedures have been shown in the literature for the synthesis of indolizines 

that include single or multiple reaction steps. The main routes of synthesis of indolizines include 

the Tschitschibabin reaction, cycloaddition reactions, intramolecular cyclization, 

cycloisomerization from 2-pyridine derivatives and pyridotriazole cycloaddition with alkynes. 

Newer and more environmentally friendly methods such as microwave-assisted reactions, 
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ultrasound, reactions on a solid support, without solvents, without metal catalysts and reactions 

in the aqueous medium have been proposed especially in recent years by the literature through 

"green" syntheses of quaternary pyridinium salts and indolizines compounds.  

In this doctoral thesis, the synthesis of N-heterocyclic compounds (quaternary 

pyridinium salts, indolizines derivatives, pyridinium-indolizine hybrids, metal complex) was 

achieved by conventional methods starting from three bipyridine compounds (4,4'-bipyridyl, 

1,2-di(4-pyridyl)ethane and 1,3-bis(4-pyridyl)propane). Quaternary pyridinium salts obtained 

(S1a-e and S2a-q) by conventional synthesis showed high yields (85-95% ± 1%) and were 

characterized by elemental analysis and spectral methods, IR, 1H NMR and 13C NMR. Through 

classical synthesis, processes were obtained bisindolizines (Iz1a-e, Iz2a-e) and mono-

indolizines with variable yields (12-85%), and were characterized by elemental analysis, IR, 1H 

NMR and 13C NMR. 

Several new N- pyridinium-indolizine (Iz-Py) hybrids with structural diversity were 

obtained by varying the initial bipyridines and N-alkyl substituents with good yields (50-100%). 

Two synthesis strategies were pursued based on the formation of the indolizine core by 1,3-

dipole cycloaddition of alkynes with generated ylides in situ from appropriately substituted 

pyridinium salts. The compounds showed high purity and were characterized by 

spectrophotometric, chromatographic, and elemental analyses.  

A new mixed lanthanide (III) complex of La-Nd-DPY was prepared by reacting the La 

(III) and Nd (III) sulfates with the bis-quaternary salt of bipyridinium S1a. The characterization 

of the possible structure for the new mixed Ln complex was achieved by several modern 

analysis techniques (MS, SEM, PXRD). A modern electrochemical method, cyclic voltammetry, 

was used in the study of the redox potential of the La-Nd-DPY complex, which turned out to 

be within a biologically relevant range.  

The synthesis processes by green methods (MW and US) proceeded with very good 

yields (77-98%) and in a much shorter time (5-15 min) than the classical method.  

The structure of the synthesized compounds was confirmed by determining the melting 

points, IR, NMR, and elemental analyses and comparing the data obtained with those of the 

control compounds obtained by classical synthesis. A series of quaternary pyridinium salts, 

based on the structure of 1,2-di(4-pyridyl) ethane, were obtained using for the first time two 

different green methods, such as microwave irradiation (MW) and ultrasound (US). By using 

unconventional methods in the synthesis processes of organic compounds with important 

biological properties, the consumption of reagents was considerably reduced. 

Although studies with less toxic syntheses of indolizine compounds including methods 

without metal catalysts are presented in the literature, synthesis by biocatalysis with plant 

enzymes in aqueous buffer has not been reported to date in other studies.  

Single-step processes leading to the generation of bis-indolizine symmetric compounds 

have been developed for the first time through new enzyme biocatalysis approaches. The 

unconventional synthesis of bis-indolizines with moderate to excellent yields (40-86%) was 

achieved by multicomponent reactions, starting from bipyridine heterocyclic compounds, 

reactive halogenated derivatives and activated alkynes. A set of local plants was evaluated for 

enzymatic activity in "one pot" biocatalysis of fluorescent indolizine compounds. Most of the 

evaluated plants demonstrated a rich content of oxidoreductase enzymes (POD: 0,56-1,08 

mmol purpurogaline∙g-1 fresh vegetable weight∙min-1, PPO: 27,19-48,95 PPO units /mg fresh 

vegetable weight, CAT: 3,27-21,71 µmol O2∙g-1 fresh vegetable weight∙min-1). Horseradish root 

(Armoracia rusticana) was selected as the most promising source of biocatalysts among the 

evaluated plants, and the yields obtained were higher than in the conventional synthesis 

method.  
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Indolizine compounds could be obtained by catalyzed reactions using the I2 / H2O2 

system, this being an unconventional new synthesis method used for the first time in the 

synthesis of bis-indolizines. The structures of bis-indolizine derivatives have been confirmed 

by NMR spectrometry, elemental analysis, as well as FT-IR spectrometry. 

The tested ScPy were found to have no toxic action on plants, activity assessed by 

their effect on wheat seed germination. The use of simple seed germination tests demonstrated 

the absence of toxic effects of ScPy (S1a-e and S2a-e) and indolizines (Iz1a-e and Iz2a-e) on 

plant germination and thus on the environment. Exposure of wheat seeds to various 

concentrations of ScPy (10-5M; 10-6M) or indolizines (10-3M; 10-4M) showed no harmful effects 

on the process of germination and growth of sprouts. The most sensitive physiological 

parameters demonstrated that the indolizine compounds, at the evaluated concentrations, 

showed no harmful effects on the germination and growth of wheat germ, which is also 

confirmed by microscopic analyses with confocal laser scanning.  

The cytotoxicity of some indolizine compounds on the growth of the yeast model 

microorganism Saccharomyces cerevisiae MIUG 3.6 was also evaluated. By adding 

indolizine derivatives to the fermentation medium of the yeast strain S. cerevisiae MIUG 3.6, a 

stimulation of alcoholic fermentation was found for all analyzed samples by supplementing the 

fermentation media with indolizine compounds compared to the yeast cell fermentation control 

sample (in the absence of tested compounds). Various parameters (number of generations, 

growth rate, generation time, dry matter yield, grade of budding yeast cells and degree of yeast 

autolysis, fermentation intensity), describing yeast growth, suggest that culture medium 

supplemented with different concentrations of bis-indolizines (10 μM and 1 μM) did not exert 

toxic effects on yeast strain growth, under submerged and shaking aerobic cultivation 

conditions. In this thesis, the toxicity of quaternary bipyridinium salts and indolizines 

compounds on plant germination as well as on the growth of the yeast model microorganism 

Saccharomyces cerevisiae in multiplication and fermentation processes was carried out for the 

first time. 

Evaluation of antimicrobial activity demonstrated that most ScPy of the S2a-c and 

S2f-q series had good activity against the pathogenic microorganism E. coli. The most active 

ScPy against E. coli were S2c, S2g and S2q, with a MIC value of 0.312 mg/mL. Of the nine 

bacteria and fungi tested, Alternaria spp. showed the highest sensitivity to symmetric 

compounds assessed at 5 mg/mL (diameter of the inhibition zone was a maximum of 27 mm), 

while Penicillium expansum showed a medium sensitivity (inhibition zone up to 12 mm 

diameter).  

The cytotoxic activity of La-Nd-DPY on cancer cell lines of ovarian (A2780), 

mammary (MCF7) and prostate (PC3) origin and PC3-cell-derived multicellular tumor 

spheroids was evaluated by 3-(4,5-dimethylthiazole), MTT, and acid phosphatase (APH) 

methods. Compared to cisplatin, this new complex showed improved toxicity, with IC50 values 

at least 10 times higher, even at 24 hours of exposure. Cytotoxic effects appear to be mediated 

by the generation of reactive oxygen species (ROS) but not by apoptosis, confirmed by 

activation of caspase 3/7 and Hoechst staining tests of nuclei. The mechanism of cell death 

observed in cytotoxicity tests is likely due to other cell lysis pathways that may be investigated 

in future research. 

In this doctoral thesis, several bis-pyridinium salts and pyridinium-indolizine hybrids 

were synthesized and evaluated. The molecules were tested against processes distinctive to 

AD, i.e., antioxidant properties, inhibition of AChE and BChE, and interference with amyloid 

fibrillation using tau peptide models (). No hybrid indolizine compounds showed significant 

activity on the three targets simultaneously, i.e., antioxidant activity (inhibition of DPPH %>50 

to 48 μg/mL), inhibition of hChE (IC50 < 10 µM) and inhibition of amyloid fibril formation. The 
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Iz-Py-4, 5, 6, 7 and Iz-Py-8, 9, 10,11 series demonstrated reduced antioxidant activity and 

moderate inhibition of amyloid fibril formation. However, most cationic molecules in these two 

series were active on both eeAchE and hChE within a micromolar concentration range.  

Several molecules also inhibited eqBChE but did not inhibit the human enzyme hBChE. 

The Iz-Py-1, Iz-Py-2, and Iz-Py-3 series showed significantly different behavior from the other 

two series of compounds. Both the limitation of solubility (molecules are prone to aggregation 

in aqueous solution) and spectral properties did not allow their study either as cholinesterase 

inhibitors or as fibril inhibitors. However, in the context of amyloid fibril, fluorescence and CD 

experiments have shown that if these molecules do not interfere in the fibrillation process, the 

positively charged compounds Iz-Py-1, Iz-Py-2 and Iz-Py-3, and especially the derivative 

substituted with the nitro group, can be new fluorescent dyes in the formation of amyloid fibril. 

The method of inhibiting thermal denaturation of human albumin observed a promising anti-

inflammatory potential of ScPy S1a-c and S2a-c, close to diclofenac sodium, a known anti-

inflammatory. Alkylation of the pyridine ring leads to the generation of monocationic molecules 

over a wide pH range, generating ADMET descriptor values compatible with potential CNS 

drugs.  

Increasing the length of the chain between the two pyridine fragments does not 

influence PSA values but leads to an increase in lipophilicity. Compounds containing large 

lipophilic substituents are not favorable for penetration of the blood-brain barrier. Simulation 

by comparative molecular modeling of the docked compounds Iz-Py-8 and Iz-Py-10 in hAChE 

and hBChE, revealed in the binding mechanism the importance of the substituent to C-3 (p-

methoxybenzoyl or methyloxycarbonyl, respectively) in the indolizines structure. It was found 

that the Iz-Py-8 hybrid with a larger molecule fits better into the active site of the two enzymes, 

compared to the Iz-Py-10 compound which showed a greater degree of freedom.  

The presented data highlight the role of compounds obtained through synthesis 

processes of "green chemistry" in the research of biological properties.  

Synthetic organic compounds represent a fruitful field of research to detect unknown 

molecules with novel structures and properties that research developments have refined for 

targeted biological roles. 

This PhD thesis also led to the identification and structural characterization of novel 

molecules, which could contribute to the complex process of discovering potential drugs for 

treating a wide range of conditions. These results demonstrated the importance of N-

heterocyclic compounds and constitute the premise for research into new compounds, 

reported in this doctoral thesis, that could be promising agents in future research as low- or 

non-toxically anti-inflammatory, antimicrobial, and anticancer agents. 
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