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Abstract 

 

Computational-based strategies have become of great significance in drug discovery, owing to 

their key contributions towards the development of new therapeutics.  

In various diseases, the overall lack of response to existing therapeutic treatments, primarily 

associated with gene mutations, is the major driver of drug resistance. Therefore, this work 

focuses on addressing this challenge, by designing and identifying new potential bioactive 

hybrids, using molecular and reverse docking as prediction studies, targeting three diseases; 

malaria, cancer, and microbial related infections.  

4(1H)-pyridone-based antimalarial, 2,5-disubstituted benzimidazole-based anticancer, and 

quinoxaline-6-carboxamidine-urea-based antimicrobial compounds were designed via 

molecular hybridization and molecular docking, synthesized through multi-step synthetic 

routes. Their potential inhibitors as were predicted using biological screening. 

A library of new 4(1H)-pyridone-containing intermediates, and target molecules were 

successfully synthesized. Seven of the newly synthesized compounds 2.9a, 2.9b, 2.10c, 2.11b, 

2.11c, 2.12a, 2.12b screened for antimalarial activities, only target compounds 2.9a and 2.9b 

displayed excellent inhibitory activities (96% and 97%  at 1 μM, 99% and 98% at 5 μM) against 

K1 CQ resistant strain (CQR) and CQ-sensitive (CQS) NF54, (Table 2.4), compared to that of 

CQ  reference drug with an inhibitory activity of 100, both at 1 and 5 μM respectively. Other 

newly synthesized intermediates 2.10c, 2.11b, 2.11c, 2.12a, 2.12b gave moderate to low 

inhibitory P. falciparum activities. 

The IC50 of these target compounds 2.9a and 2.9b displayed notable anti-plasmodial activities 

against K1 CQ resistant strain (CQR) at 0.10 and 0.04, while at 0.13 and 0.05 against P. 
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falciparum CQ-sensitive (CQS) NF54. Single crystal structures of intermediate compounds 

2.4a and 2.4b were also determined using X-ray diffraction.  

Molecular modelling of target compounds 2.9a and 2.9b showed binding potential of these 

compounds 2.9a and 2.9b, unto the Q0 binding site of the cytochrome bc1 complex and the 

disruption of the electron transport chain of the mitochondrial.  

In the second aspect of the work, as a result of remarkable anticancer activities of 2-

disubstituted benzimidazole derivatives, series of 2-disubstituted benzimidazole derivatives 

3.4a-e, and 3.6a-f, Scheme 3.5, were designed, using literature reports as a guide. The target 

molecules 3.6a-f were successfully synthesized when pyrrolidine was employed as the catalyst, 

ensuring the formation of final products. The synthesized compounds were tested for 

cytotoxicity activity against MCF-7 cell lines, but none of the target compounds, even at all 

concentrations (0.195-100 μg/mL), demonstrated cytotoxicity comparable to the standard drug, 

camptothecin, which induces cell death at 57% (at 0.08 μg/mL). As a result, the target 

structures were docked using reverse docking, and the most likely target compound 3.4b, gave 

a docking score of -9.16.  

Finally, in the third aspect of the work, quinoxaline-6-carboximidine target molecules 4.5a-f 

were successfully designed and synthesized. Out of twelve envisaged target structures, only six 

were successfully synthesized, which may be due to the presence of an electron-withdrawing 

substituent on the phenyl ring of the isocyanate. This discovery emphasizes the importance of 

the presence of an electron withdrawing group in the isocyanate derivatives towards the 

reactivity with the amidine 4.4. Successfully synthesized target compounds 4.5a-f were docked 

unto Escherichia coli lytic transglycosylase (PDB code: 2PIC) and beta-lactamase (PDB code: 

2NZE). The molecular docking results indicated that these target structures could be important 

targets for the discovery and development of novel antibacterial medicinal agents.
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Chapter One 

Introduction 

 

1.1 Introduction to Computational Methods in Drug Discovery 

The first synthetic drug, chloral hydrate known as a sedative-hypnotic was discovered in 1869.1 

Drug discovery involves the use of computational, experimental, translational, and clinical 

modelling to identify novel drug candidates.2 Drug discovery primarily underpins  the design 

of new therapeutics that can bind to a known enzyme or target responsible for  a particular 

disease. This step could  further progress  into the identification of “lead compounds” that can 

be synthesized for potential candidate drug development.3 The tedious long drug development 

process has stirred researchers to consider alternative options to hasten the process. 4 Amongst 

these, is the use of computational modelling, by means of computer aided drug design (CADD) 

and structure-based drug design (SBDD), through molecular docking and synthesis of the novel 

compounds. Computational methods have played a  key role in rationalizing the path to drug 

discovery, it has proven to be a time-saving and therefore, a cost effective method.5  

1.2 Molecular Docking and its Discovery 

Molecular docking is a powerful, in silico structure-based computational drug discovery 

technique, used to model and study the interaction of ligands (chemical structure) with their 

molecular targets (protein) and  was first used in the middle of  the 1970s.6 The ligand-protein 

interaction enables one to depict the activities of a specific ligand in the binding site of the 

target protein, thereby elucidating the vital biochemical processes.7 Molecular docking also 

performs vital functions in the prediction of ligand binding onto nucleic acids. It also predicts 

an adjusted orientation on its target, as well as different binding modes, which is used in the 

design and development of active drug agents.8 Two fundamental strategies are employed in 
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performing molecular docking, which are; simulation and shape complementary strategies.8 In 

the simulation strategy, interaction takes place through H-bonding between the ligand and the 

target in a distance, while in shape complementary strategy, interaction takes place by 

characteristic surface structure of the ligand and the target, Figure 1.1.9 Docking can be attained 

through two interconnected  steps which include ligand conformation in the protein active site, 

subsequently the conformations are ranked through the means scoring function.10   

A B  

Figure 1.1: Docking performed by (A) simulation strategy (B) shape complementary strategy8 

The docking software include Autodock, FlexX, Surflex, Glide and Gold11 Auto dock is a 

leading software used by researchers due to its program accessibility, while other software like 

Gold, Glide, Surflex, and Flex, are mostly used commercially due to their speed and 

efficiency.12 

During an in-silico docking experiment, new ligands are discovered by the means of a template 

created by the target structure. Docking is initiated via a database of compounds with a known 

protein receptor, then the probable ligand binds onto the receptor (protein) in the binding site.13 

Considering hit identification and lead optimization, libraries of small molecular structures are 

docked into macromolecular targets (protein) and their potential is scored to their binding 
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sites,14 Figure 1.2. Procedures during docking are arranged in  such a way that the binding 

modes and all interractions are evaluated by the docking scores which shows that binding has 

taken place.12 In vitro or in vivo assays such as minimum inhibitory concentration MIC, 

inhibition of enzymes and cytotoxicity assays are done in order to validate the obtained in silico 

testing of virtual hit compounds before drug development.15  

 

Figure 1.2: Discovery of novel hit and lead compounds through in silico docking 13 

However, one must be aware of the limitations associated with molecular docking, since it is 

only helpful in determining and distinguishing between good and poor inhibitors. As a result, 

in practice, molecular docking results are not accurate enough to determine the potency of 

compounds conclusively, as IC50-values are. 

 

1.2.1 Importance of in silico Docking in Drug Discovery 

In silico docking or rational drug design has a tremendous role in structure-based drug 

discovery.7 Molecular docking, in general, helps to identify novel ligand that binds to a specific 
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protein in a binding site through a virtual screening.16 Drug development may take several 

years, is costly and be cumbersome for researchers.17 Most pharmaceutical companies have 

engaged in silico applications in the areas of pharmacokinetics (ADMET: absorption, 

distribution, metabolism, excretion and toxicity) and pharmacodynamics (potency, affinity, 

efficacy, selectivity), before exploring a particular lead compound as a drugs.10  Also, rational 

drug design through in silico has been considered an effective way of drug discovery compared 

to the traditional way. In silico application, figures out the rationale behind the molecular basis 

of a particular disease by the means of the three-dimensional structure of the biological target.16 

Consequently, the use of molecular docking via in silico testing by in vitro has been found 

useful in validation of research work before chemical synthesis and in vivo screening of novel 

compounds.15  

1.3 Reverse Molecular Docking as an Alternative Strategy in Drug Discovery  

 Reverse molecular docking is a new and alternate strategy used in drug discovery, which helps 

in the repositioning of drug and drug rescue. 18  In reverse docking, the ability of one or a few 

compounds to bind a large dataset of proteins is evaluated in silico. In contrast to conventional 

virtual screening, which identifies the ligands of a targeted protein from a compound database, 

reverse screening is used to identify the potential targets of a given compound from a large 

number of receptors by examining their known ligands or crystal structures, Figure 1.3. 19 

Reverse docking helps in discovering new targets for existing drugs and natural compounds, 

thereby, describing their polypharmacology and molecular mechanism.20 In reverse docking, 

the goal is to discover protein targets that can bind to a certain ligand. The important component 

of reverse docking is comparable to forward docking which involves; preparation of data sets, 

searching for ligand poses, and scoring and rating the complicated structures. 21   This strategy 
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is useful for identifying molecular targets of orphan bioactive compounds, proposing new 

molecular mechanisms, finding alternative indications of drugs, or predicting drug toxicity.     

 

*L represents Ligand; *R represents receptor 

Figure 1.3: Image illustrating the difference between virtual screening and reverse docking22 

The fundamental premise of reverse docking is that the interaction energy of a small-molecule 

ligand and a putative protein target determines their binding strength (docking energy).23 Many 

researcher have used reverse docking as a main or secondary strategy to investigate a broad 

range of targets of a small molecule.20 
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Figure 1.4: A schematic representation of reverse docking.20  

 

1.4 The Concept of Molecular Hybridization 

Molecular hybridization is a novel approach in drug development that involves combining 

pharmacophoric moieties from various bioactive substances to create a new hybrid product 

with better affinity and efficacy over the parent medications.24 It is a useful tool for developing 

new drug prototypes. The pharmacophores address the active sites of various targets and have 

the potential to overcome drug resistance. Molecular hybridization includes, drug-drug 

molecular hybridization which occurs when two or more drugs hybridize, Figure 1.5. 25 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

7 

 

 

 

Figure 1.5: Molecular hybridization of compounds.26  

1.5 Study Rationale 

In various diseases, the overall lack of response to existing therapeutic treatments, primarily 

associated with gene mutations, is the major driver of drug resistance. Drug resistance has been 

on the increase over the years and has posed a major threat to public health across the globe.   

Also, infectious agents including fungi, bacteria, viruses other parasites have further shown a 

rise in multidrug resistance with an increase in morbidity and mortality.27. Irrespective of the 

extensive advances in the development of effective drugs, the overwhelming need for new 

drugs remains a priority. Therefore, this work focuses on addressing this challenge, by 

designing and identifying new potential bioactive hybrids, using molecular and reverse docking 

as prediction studies, with the hope of finding potential new lead therapeutics which can be 

developed into drug candidates.  

Molecular docking analysis was solely used as a complementary study, to identify the best fit 

ligands to give optimum binding at the active sites. Molecular docking has been found useful 

in the design of active lead compounds. With the aid of molecular docking tools, antimalarial, 
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anticancer and antimicrobial molecules were designed, synthesized, characterized and virtually 

screened for their biological activities.   

 

1.6 Aim   

The overall aim of this research was to design, and identify new potential bioactive hybrids 

using molecular docking as prediction studies, and to evaluate the biological activities against 

three target diseases; malaria, cancer and microbial related infections. 

 

1.6.1 Specific Objectives 

More specifically, this research work is divided into three aspects which are: 

In silico guided design, synthesis and antimalarial activities of novel 4(1H)-pyridone 

derivatives; investigation of 2-substituted benzimidazole derived compounds anticancer agent; 

and synthesis of quinoxaline-6-carboxamidine-urea based antimicrobial compounds. 

 

1.6.1.1  Objective (i) Molecular docking and in-silico guided design, synthesis and 

antimalarial activities of novel 4(1H)-pyridone derivatives 

(a) To design a series of novel 4(1H)-pyridone derivatives based on the best prediction 

docking scores from in-silico analysis;   

(b) To synthesize the identified compounds and investigate their structure activity 

relationship; 
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(c) To evaluate the in vitro antiplasmodial activity of the synthesized compounds against 

CQ-sensitive (CQS) NF54 and chloroquine-resistance (CQR) K1 P. falciparum strains. 

 

1.6.1.2  Objective (ii) Investigation of 2-substituted benzimidazole derived 

anticancer compounds 

(a) To synthesize and characterize a library of novel 2-substituted benzimidazole derived 

anticancer compounds and investigate their structural-activity relationship profile; 

(b) To use reverse docking and molecular similarity searching to establish the in-silico 

breast cancer target profiles for a set of benzimidazole analogues; 

(c) To evaluate their anti-cancer activity against a selection of cancer cell-lines. 

 

1.6.1.3  Objective (iii) Synthesis of quinoxaline-6-carboxamidine-urea based 

antimicrobial compounds 

(a) To synthesize and characterize a library of novel quinoxaline-6-carboxamidine-urea 

based antimicrobial compounds and investigate their structural-activity relationship 

profile; 

(b) To use reverse docking and molecular similarity searching of a selected series of 

derivatives against six different bacterial proteins; 

(c) To evaluate their inhibitory activity against various microbes, selected from previous 

literature reports that displayed antimicrobial activity against this class of compounds. 
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Chapter Two  

An Investigation of 4(1H)-Pyridone-Derived Compounds as Antimalarials 

 

2.1 Global Malaria Burden 

Over the years, malaria has been a major global life-threatening disease in which 228 million 

cases were reported with 405,000 number of deaths in 2018, Figure 2.1.28 Malaria is a parasitic 

disease caused by a protozoan of which five species: Plasmodium falciparum, P. ovale, P. 

malariae, P. knowlesi, P. vivax, and P. falciparum are known to infect humans. Plasmodium 

vivax and P. falciparum are the most predominant. It accounts for more than 95% percent of 

malaria cases globally29 Figure 2.1; particularly among children under  the age of  five and 

pregnant women in  Sub-Saharan Africa.30  
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Figure 2.1: Malaria Transmission Worldwide.31 

The parasite is transmitted to the human through the bites of an infected female anopheles 

mosquito.32 In malaria prevalent regions of the world such as the tropical and sub-tropical 

regions, major challenges in health care have been associated with drug resistance caused by 

the Plasmodium parasite.33  Factors contributing to the increase in malaria include: (i) 

resistance of parasites to commonly used antimalarial drugs; (ii) breakdown of control 

programmes; (iii) complex emergencies such as insecurity and mass population movements.; 

(iv) collapse of local primary health services; and (v) resistance of mosquito vectors to 

insecticides.32- 34 

 

2.2 Malaria Life Cycle 

The dual host life cycle of malaria parasite is complex, and it is divided into four stages which 

are liver stage, blood stage, transmission stage and the mosquito stage, Figure 2.2. At these 

different stages, there is a need to develop drugs that target each stage.35, 36 Infection begins 

with the liver stage,  when the sporozoites from the salivary gland of the anopheles mosquito 

and are injected into the skin of the human during the blood sucking after which the parasites  

invade the liver cell (hepatocytes)  in about 30 minutes during the blood meal.34, 37 After 10 

days, the liver cells burst, and merozoites invade into the red blood cells, where replication of 

these parasites and invasion of new red blood cells occur, and malarial symptoms are developed 

at this erythrocytic stage.36 These parasites later undergo asexual reproduction in which they 

differentiate into female and male gametocytes. When this happens, new sporozoites are 

formed, which later invade the liver cell of the human host. The aforementioned stages are 

referred to as the transmission and the mosquito stages.38 Although, drug resistance has been 
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attributed only to P. falciparum and P. vivax 39, studies showed that in order to eradicate malaria 

and the spread of P. falciparum at the sexual stage to mosquito vectors, it is essential to 

combine treatments that inhibit the growth of gametocytes.40 

 

Figure 2.2: Life Cycle of the Malaria Parasite.36 

2.3 Malaria Chemotherapy 

Presently, structural classes of antimalarial drug derivatives are in use which include; 4-

aminoquinolines (chloroquine (CQ), and amodiaquine), 8-aminoquinolines (primaquine), 

atovaquone and artemisinin, Figure 2.3.41 
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Figure 2.3: Structural Classes of Antimalarial Drugs.42 

In order to treat malaria, the following have to be considered:(i) the pattern of local resistance 

where the disease was acquired; (ii) the age of patient;  (iii)  the parasite species; (iv) the 

pregnancy status of the patient; and (v) the disease severity.43 In 2018, the Department of 

Health in South Africa highlighted important reasons for treating  malaria  which included; 

prevention of  growth,  prevention of death, severe malaria growth, morbidity reduction, 

eradication of parasitemia and its further spread, and reduction of the emergence of drug 

resistance.44  In order to prevent severe malaria, prompt treatment can help to reduce its effect.43 

In the 1940s, there was an introduction of an individual drug, the 4-aminoquinoline 

chloroquine,45 Figure 2.4. Later, in 1952, additional drugs such as primaquine were approved 

by the Food and Drug Administration (FDA).46  In spite of the positive achievement of  these 

individual drugs in the treatment of  malaria,  with chloroquine as the most widely used drug, 

Plasmodium falciparum developed resistance and these individual drugs became ineffective.47 
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Artemisinin(and its derivatives) is an antimalarial drug which has short-life and can be removed 

in the blood in a duration of 1- 3 h. It is used for treatment of symptomatic patients. It acts on 

young ring and more mature trophozoite; thus, eliminating biomass of the parasites.48 Due to 

longer half-life of combination therapy with artemisinin, WHO introduced artemisinin-based 

combination treatments (ACT) in 2005, which help to mitigate against individual drug 

resistance; thus, increasing cure rate for malaria case. 49, 50 In order to avert and reduce malarial 

infections, general public preventive measures must be established to reduce risks and 

infections.51 

 

2.4 Mechanism of Action of Recent Synthetic Antimalarial Drug-like Candidates  

         

Figure 2.4: Quinoline derived compounds 

Heme detoxification in the digestive vacuole, folate and pyrimidine production in the cytosol, 

and electron transport in the mitochondrion are all often targeted biological processes.52 

Binding of antimalarial agents to heme (in heamoglobin) has been recognized as a possible 

mode of action of 4-aminoquinoline compounds. Basically, it has been reported that heme is 

an amphiphilic molecule which consists of water soluble component i.e. polar hydrophilic 

attached to water insoluble hydrocarbon chain i.e. fat soluble chain and performs a major 

biological functions such as detoxification of drugs and cellular respiration.53 In the cell when 
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heme is in its free state it is crystallized, into a brown pigment referred to as hemozoin, and 

into mitochondrial cytochromes upon the cell’s invasion by the parasite.54 In the red blood cell 

the parasite survive when these parasites damage the hemoglobin which leads to hemozoin 

formation via crystallization of the heme, this leads to detoxification of the heme. In the 

plasmodium parasite, the formation of hemozoin is responsible for malaria disease.55 

Therefore, studies showed the importance of the possible use of heme crystallization inhibitors 

which could serve as anti-parasitic agents in the Plasmodium parasite.56 Over the years, 4-

aminoquinoline Figure 2.4,  compounds have shown promising action against the blood stages 

of Plasmodium in a way by which hemozoin formation is hindered.53 Therefore, in the 

Plasmodium parasite using 4-aminoquinoline compounds, the major target is the free heme in 

which complexes are formed, thereby hindering formation of hemozoin. In order to detect heme 

crystallization inhibitor, high-throughput colorimetric assay can be used.57  

 

2.5 Antimalarial Drug Resistance 

Antimalarial drug resistance can be referred to as multiplication or survival of a parasite strain, 

in spite of  drug administration and absorption in an equal or higher dose recommended within 

the tolerance of the subject.58 The mode of resistance in chloroquine is through gene mutation 

that occurs in the gene encoding a transporter protein (PfCRT).59 

In order to clinically evaluate antimalarial drug resistance, the following factors has to be 

compared: (i) the effectiveness of the antimalarial drug agent, (ii) assessment of ex vivo/in vitro 

cultured sensitivities of cultured P. falciparum and (iii) evaluation of  the subsequent infection 

through selective pressure of antimalarial treatment.60 
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It was reported that in the South East Asia, malaria parasites have begun to display resistance 

to new clinically tested  artemisinin class of drugs.61 Studies also showed that resistance 

parasites have become resistant to artemisinin-based combination therapy (ACT) partner in the 

Greater Mekong Sub region. Due to this emergence of resistance to existing drugs, there is a 

pressing call for the development of new inhibitor. 62 with specific structures and new 

mechanisms of action different from present therapies, capable of selectively killing the 

parasite. Hence, many researchers have come up with various approaches for the synthesis of 

drug-like candidates which could help to eliminate or reduce the transmission of this deadly 

parasite. Antimalarial drug resistance has raised concerns among researchers worldwide and 

encouraged them to discover new promising antimalarial pharmacophores which may display 

different modes of action for drug formulations.63 Also, extensive efforts had been made by 

major pharmaceutical companies to eradicate or reduce malaria cases, primarily by improving 

and enhancing the pharmacokinetic properties through structural modification of existing 

antimalarial drugs which may ultimately boost their malaria inhibitory activity.34 

2.6 Discovery of 4(1H)-Pyridone as Antimalarial Scaffolds 

Researchers have reported the various substituted pyridones as antimalarial agents. Pyridones 

are isomers of hydroxypyridines, which are formed through carbonyl tautomerism Figure 2.5. 

The  oxygen can be located at any of the carbon atoms; C-2, C-3, or and C-4 of the pyridine 

ring.64  
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Figure 2.5: Tautomeric forms of 4-pyridone 

As far back as 1960s, studies done by the Walter Reed Army Institute of Research demonstrated 

that clopidol, Figure 2.6, a derivative of  4(1H)-pyridone, was active against Plasmodium sp., 

as well as chloroquine-resistant strains, in which clopidol inhibits the electron transport chain 

in mitochondrial.65 Pyridones then became motifs of interest in antimalarial drug research.66  

Studies have shown since 4(1H)-pyridone derivatives  to be  a class of inhibitors targeting the 

Qi-site of cytochrome bc (complex III) in the mitochondrial electron transport chain, which is 

a validated target for the selectively elimination of P. falciparum parasites.67 

Figure 2.6: Structures of atovaquone, clopidol and some 4-(1H)Pyridone motifs 
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2.7 Structure Activity Relationship (SAR) Studies of 4-(1H)Pyridone Derivatives 

In order to design a new series of antimalarial drug agents, researchers have used SAR 

modelling methods to establish the antimalarial activity of 4-(1H)pyridone derivatives by 

comparing the biological activities or physicochemical properties.67 of such compounds with 

those of the modelled molecular characteristics.68 Thus, SAR modelling could help in the 

discoveries and design of series of antimalarial drug candidates. 

SAR studies conducted by GSK on clopidol via the optimization of the different substituent on 

clopidol, Figure 2.6, the 4(1H)-pyridone motif, revealed that the presence of a substituent on 

position 5, exhibited the greatest effects towards antimalarial activity and physicochemical 

properties. They observed a marked increase in in-vivo antimalarial activity, primarily 

attributed to the replacement of one of the chloro substituents on clopidol with a diarylether 

side chain. This significant finding led to the synthesis of  GW844520,  Figure 2.6, which has 

been shown to exhibit  remarkable in vitro and in-vivo inhibitory activities with ED50 values in 

the lower nanomolar range.69  

However, the unexpected cardiotoxicity side effects displayed by GW844520, resulted in 

Yeast et al. 65, partnering  with GSK. Their main objective was to further explore the 

antimalarial potential of this class of compounds by modifying and synthesizing various 

derivatives of disubstituted clopidol.  All their efforts finally gave rise to the synthesis of 4-

pyridone derivative, GSK932121, Figure 2.6. Using SAR studies, they synthesized a series of 

diaryl ether containing-4-pyridones which were tested against Plasmodium falciparum (in 

vitro) and murine Plasmodium yoelii (in vivo). The result from this study demonstrated that 

diaryl ether substituted 4-pyridones displayed superior antimalarial activity compared to their 

corresponding chloro-containing derivatives, clopidol. Further structural modification at 
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carbon 5 of the pyridone framework, led to the synthesis of 5-pyridinyl-4(1H)-pyridones, 

Figure 2.6, which have shown a superior pharmacokinetic characteristic when compared to the 

lipophilic phenoxyphenyl pyridone derivatives previously reported.70 This improved 

pharmacokinetic profiles observed of this compound may be a result of its derivation  from 

anticoccidial drug clopidol. 65 

2.8 Pharmacokinetic Profile of 4 (1H)-Pyridones as Antimalarial Compounds 

Pharmacokinetics is referred to as a reaction of the body to a particular medication through its 

absorption, distribution, metabolism, and excretion (ADME) processes.71 The antimalarial 

drug activity in the blood depends on the profiles of its fundamental pharmacokinetic and 

pharmacodynamic processes, the vulnerability of the malarial parasites to the medication(s), 

the sum of asexual malaria parasites present in the blood and mechanism of action of the host-

defence.72   

Therefore, the pharmacokinetic profile of 4-pyridone clinical candidates was investigated as a 

possible means to further enhance their antimalarial activity. 67  These studies showed that the 

structural modification of 4-pyridones at the different carbon positions, namely positions 5 and 

6, could improve their solubility properties. Incorporation of a CH2OH group at position C6 of 

the 4-pyridone increased the in vitro antimalarial activity, compound I (GSK932121), Figure 

2.7, displaying a P. falciparum IC50 value of 0.002 µM, compared to the presence of a methyl 

group at position 6 of compound II (GW844520), Figure 2.7, which displayed an IC50 value 

of 0.007 µM. This marked enhanced antimalarial activity was ascribed to the presence of the 

CH2OH group, which improved solubility and pharmacokinetic properties of compound I, 

Figure 2.7.67 
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Also, substituting the lipophilic phenolate moiety (in red), compound III, Figure 2.7 with a 

pyridine ring in compound IV,73has shown to have a noteworthy effect on its pharmacokinetic 

profile and thus antimalarial activity. As a result, the in vitro and in vivo bioassays on the newly 

synthesized 4(1H)-pyridone-based compounds revealed promising malarial inhibitory 

activity.65 The development of the pharmacokinetic profiles of these compounds became 

significantly important due the presence of the pyridine ring and a polar hydroxymethyl group 

linked at the C6 position of the 4(1H)-pyridone ring, compound IV. This led to a prominent 

increase in the solubility and oral bioavailability in mice, while still maintaining their 

antimalarial properties.70  

 

Figure 2.7: Structures illustrating transformation of 4-pyridones at the position C6 and 

modification of lipophilic phenolate moiety of 4-(1H)pyridone with a pyridine ring. 67,73 
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2.9 Reported Syntheses of 4(1H)-pyridones as Antimalarial Compounds 

As an improved alternative synthesis to the 10 step procedure reported by  Yeast et al. 67, 

Fernandez et al.,68 developed a 5-step synthesis which afforded GSK932121 in a good yield, 

Scheme 2.1. 

 Scheme 2.1: Synthesis of 4(1H)-Pyridones from Isoxazole 

4(1H)-pyridone GSK932121 antimalarial clinical drug candidates were synthesized in good 

yields through a 5-step synthetic approach, Scheme 2.1. The notable progress was due to the 

key action of the isoxazole I, which was employed as the precursor. The two major reactions 

which were conducted included the selective acylation of the unprotected 3-hydroxymethyl-5-

methyl isoxazole derivative III to yield the intermediate compound IV and the reductive 

cleavage of the nitrogen-oxygen bond of this intermediate to afford the intermediate pyridone 

V, Scheme 2.1.68   
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2.10 In-Silico Studies and Binding of 4(1H)-Pyridones to Cytochrome bc1 

New 4(1H)-pyridones motif or analogues could as well be designed since it has been proven 

that GSK932121 and GW844520, Figure 2.6, could bind at Qi site which could overcome the 

atovaquone Qo resistance.74, 75  This class of inhibitors were reported to have shown potent 

antimalarial activity in in-vivo screening as a result of a complex which formed with the co-

crystallization structure of the cytochrome bc1. In 2015, Capperin and his team studied the 

binding modes of the 4(1H)-pyridones at Qi site complex III (cytochrome bc1), Figure 2.8. 

Docking studies conducted on the binding of 4(1H)-pyridones class of inhibitor onto 

cytochrome bc1 revealed that both the 4(1H)-pyridones and the co-crystallized bovine 

cytochrome bc1 complex exhibit the same binding modes at the Qi sites.49 This was made 

possible by a strong hydrogen bond between most of the residues and these pyridones. The 

amide head of these pyridones was separated by a short distance less than 3.3 Å, and also from 

the carbonyl group. 49 

 + 
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Figure 2.8: The binding of GW844520 and GSK932121, to cytochrome bc1 Qi binding site49 

GSK932121 and GW84450 are 4-(1H)-pyridones with a single heavy atom (oxygen) between 

the benzene rings. Gamo et al. identified potent and selective 4-(1H)-pyridone-based 

antimalarial agents (clusters 87 and 143) where the benzene/pyridine rings are separated by 

two heavy atoms 76. Compounds with the sulphur and oxygen heavy atoms between the 

benzene/pyridine rings performed better more with ethene. In this research, guided by in-silico 

screening, a series of new cytochrome bc1 (Qi site) inhibitors, containing the 4(1H)-pyridone 

scaffolds, Figure 2.9, were designed and docked to investigate their binding potency against 

this active site. The results emanating from this study showed an enhanced binding energy of 

-10.3 kcal/mol, Figure 2.10, which may be as a result of the sulfur linker via ligand binding.77 

Docking of the specific target compound placed the sulphur close to PHE30, and this was 

interesting for two reasons. Firstly, crystallographic evidence suggests that strong interactions 

exist between divalent sulphur atoms and aromatic rings, and the sulphur of the target molecule 

Figure 2.9 is within range (<5 Å) of PHE3078. Secondly, in human cytochrome bc1 there is a 

Serine amino acid instead of Phenylalanine which provides a good opportunity to design 

species-specific inhibitors.79 The docked pose of the of the target compound in Figure 2.9 

showed a hydrogen bond interaction between the nitrogen of the pyridone and histidine 12. A 

water bridge is observed between the oxygen of the pyridone and ASP218. The pyridone also 

forms two pi-stacking interactions between HIS192 and PHE210. Additional hydrophobic 

interactions were observed between the ligand and PHE30, VAL34, VAL184 and PHE185. 

This finding thus supports the viability of this class of compounds as potential antimalarials, 

owing to their observed binding at the Qi site which could make them possible candidates to 

overcome the resurgent effects of resistance. 
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Thus, based on our findings through these in-silico studies and previous work  recently carried 

out on 2,6-dimethyl-4-(1H)pyridones, 80, 70, 65 we have successfully designed and synthesized 

a  new series of antimalarial agents which may selectively inhibit the Qi site of the complex III 

the electron transport chain of mitochondria, Figure 2.9. The synthesis of these antimalarials 

was further enhanced by using the formerly synthesized GSK932121 and GW844520 as 

precedented support, owing to their remarkable in-vivo inhibitory malarial activity. Moreover, 

the design of the new 4-(1H)pyridone-based antimalarial target molecules primarily stemmed 

from the structural modification of GSK932121, Figure 2.9. This modification was 

accomplished by the incorporation of the lipophilic benzyl(phenyl) sulfide using palladium 

catalyzed cross coupling reactions (i.e the sulfur linker as compared to oxygen linker) as the 

major step, after the use of the reported method to introduce 1-phenoxybenzene moiety into 

the molecule posed great challenges. These changes in the synthesis of these compounds were 

moderately successful. 
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Figure 2.9: Modification of GSK932121 to afford the target molecules and the binding pose 

of a specific target molecule into the Qi-site of cytochrome bc1 of P. falciparum.   
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Figure 2.10: The binding of 3-(4-(benzylthio)phenyl)-2,6-dimethylpyridin-4(1H)-one onto 

malaria cytochrome bc1 in the Qi binding site with binding energy of -10.3 kcal/mol 

2.11 Synthesis of Derivatives of 2,6-dimethylpyridin-4(1H)-ones 

Guided by the findings from our molecular docking studies, we designed and screened libraries 

of 4(1H)-pyridone based compounds using molecular docking tools. We used Autodock Vina 

to identify 4(1H)-pyridone-benzylthiophenyl derivatives as novel targets with potential Qi-site 

inhibitory activity. The target molecules were synthesized according to previous reports.81 - 82 

2.11.1 Synthesis of 2,6-dimethylpyridin-4(1H)-one derivatives via a reported method 

In an attempt to synthesize the envisaged target compounds 2.9a-b, we proceeded by way of a 

well-developed method65, Scheme 2.2, which included; (a) a Dakin West reaction of β-aryl 

ketone via reductive methylation; 81,83 (b) an oxidative cyclization reaction with acetic 

anhydride; (c) an amination reaction; 73 and  (d) a benzylation and a thiolation reaction.84 

However, all efforts to synthesize the target compounds were futile and an alternative synthesis 

route was explored.  
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Scheme 2.2: General Reaction Scheme for Unsuccessful Synthetic Approaches to 3-(4-

substituted(benzylthio)phenyl)-2,6-dimethylpyridin-4(1H)-one. Reagents and conditions: (i) 

1-methylimidazole, rt, N2, 15 h; (ii) Eaton’s reagent, 95 oC, N2, 2 h; (iii) NH3, EtOH, 140 oC, 

50 h; (iv) (Boc)2O, DMAP, acetonitrile, 40 oC, 14 h; (v) Dry 1.4-dioxane, DIPEA, Pd(dba)3, 

Xantphos, 90 oC, 4 h. 
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2.11.2  Synthesis of 2,6-Dimethylpyridin-4(1H)-one Derivatives via 4- 

Bromophenylacetone  

The second attempt to synthesize the target compounds 2.9a-b entailed the use of a reductive 

methylation reaction whereby commercially available 4-bromophenylacetic acid 2.1 was 

converted to the ketone 2.3 by treatment with acetic anhydride 2.2 using N-methylimidazole as 

the catalyst, Scheme 2.3. The intermediate compound 2.3 revealed the characteristics peaks in 

the 1H and 13C NMR spectra. The 1H NMR revealed absence of 1H of carboxylic OH and 

appearance of a highly intense singlet, integrating for three alkyl protons of 4-

bromophenylacetone at 2.14 ppm.  

 

 

Scheme 2.3: Synthesis of 4-bromophenylacetone 2.3. Reagents and conditions: (i) 1-

methylimidazole, Ac2O, rt, N2, 15 h. 
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Figure 2.11: 1H NMR Spectrum of 2.3 (400 MHz, DMSO- d6) 
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2.11.2.1 Proposed mechanism for the Darkin-West synthesis of β-Aryl Ketone, 4-

bromophenylacetone  

The mechanism involves; (a) acyl-imidazolium and carboxylate anion formation; (b) acid- 

anhydride acetyl transfer; (c) formation of enolate ion via acid from the anhydride; (d) 

formation of tetrahedral intermediate via nucleophillic attack; (e) breakdown of the tetrahedral 

intermediate and loss of imidazole; (f) attack on acetyl carbonyl; (g) transfer of acetyl group; 

(h) decarboxylation to release CO2 and formation of enolate ion; and (i) protonation of enolate 

ion to form 4-bromo phenyl-2-propanone, Scheme 2.4. 
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Scheme 2.4: Suggested Mechanism for Synthesis of the aryl 4-bromophenylacetone 2.3  

 

2.11.3 Cyclization of 4-Bromoaphenylmethyl ketone 2.3 via Oxidative Cyclization 

Reaction Intermediate benzylmethyl ketone, 2.3 was further treated with acetic anhydride 2.2, 

Scheme 2.5, under inert conditions, in the presence of Eaton’s reagent to give aryl 4(1H)-

pyranone, 2.4a in a moderate yield (48%). Cyclization of 2.4a was confirmed with the 

appearance of a vinylic proton, which resonated downfield as a singlet at δH 6.22 ppm, also 
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characteristic peaks were found in the 1H NMR with two sharp singlets found at δH 2.15 and 

2.28 ppm, which suggested the presence of six protons of the two -CH3 substituents attached 

to positions 2 and 6 of the 4(1H)-pyranone ring. It was also worthy to note that the two doublets 

seen in the aromatic region of the 4(1H)-pyranone ring gave the same coupling constant of 8.4 

Hz, and consistent with the neighbouring effect of these aromatic protons on one another.  

 

Scheme 2.5: Synthesis of 3-(4-bromophenyl)-2,6-dimethyl-4H-pyran-4-one 2.4a. Reagents 

and conditions: (i) Acetic anhydride, 1-Methylimidazole, rt, N2, 15 h; (ii) Acetic anhydride, 

Eaton's reagent (CH4O8P2S), 95 oC, 2 h. 
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Figure 2.12: 1H NMR Spectrum of 2.4 (300 MHz, DMSO-d6)  

2.11.3.1 Crystallographic analysis of compounds 2.4a and 2.4b 

Compound 2.4a was further confirmed with single-crystal X-ray diffractometry (SC-XRD), 

Figure 2.13. Interestingly, further analysis of the crystal structure of compound 2.4a revealed 

the formation of an additional crystal structure, compound 2.4b Figure 2.13, which was not 

detected through other standard means. The formation of this compound could explain the 

observed low yields and the relatively increased reactivity of compound 2.4a. 
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                      2.4a                                                                                          2.4b 

Figure 2.13: Crystal structures of Compounds 2.4a and 2.4b  

Single crystals of 2.4a and 2.4b suitable for X-ray diffraction were grown from saturated 

Hex:EtOAc (3:1) solutions. Crystals of 2.4a crystallized in the monoclinic P21/c space group 

with Z = 4, Figure 2.14, whereas crystals of 2.4b, Figure 2.15, crystallized in the orthorhombic 

space group P212121 also with Z = 4. A slight bend of the 4-BrPh group connected to the 

pyridone ring structure in 2.4a is seen with a O14-C3-C4-C7 torsion angle of -5.1(5)°. The 

corresponding angle in 2.4b is a near-linear 2.0(12) ° with the remaining 4-Br-Ph group only 

slightly twisted (O14-C3-C2-C17 = -7.0(12)°). Each of the arene groups twist with respect to 

the pyridine ring with torsion angles of C3-C4-C7-C8 = 49.1(5) ° (4), C3-C4-C7-C8 = -

67.9(11)° (5), and C3-C2-C17-C18 = 119.7(8)° (5). Molecules in the structure of 2.4a pack in 

three dimensions, Figure 2.14, as a ribbon with the pyridone moieties of adjacent molecules 

linking by weak intermolecular forces, and then overlays with the arene rings to other adjacent 

molecules. A similar pattern is also seen with the packing of molecules in the structure of 2.4b, 

Figure 2.15, except those adjacent molecules are connected via weak intermolecular forces 

from adjacent arene rings on either side of each molecule. No other notable hydrogen bonding 
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or pi-pi stacking interactions were observed in either of the structures of 2.4a and 2.4b. Typical 

bond distances and angles observed in 2.4a and 2.4b compare well with each other as well as 

with other closely related structures.85 

         

Figure 2.14: SCXRD Packing diagrams of 2.4a when viewed along the a-axis and b-axis, 

respectively. 

 

Figure 2.15: Packing diagrams of 2.4b when viewed along the a-axis and b-axis, respectively. 
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2.11.4 Amination of the 4(1H)-Pyranone 

Amination of the 4(1H)-pyranone ring portion of compound 2.4a, Scheme 2.6 was achieved 

with NH4OH in ethanol. Interestingly, the formation of 4(1H)-pyridone was unequivocally 

confirmed with 1H NMR spectroscopy which revealed a singlet in line with the resonance of 

N-H of pyridone at δH 2.06 ppm upfield of the TMS, as earlier reported that the NH signal 

could appear anywhere in the NMR spectrum.86  

                                

Scheme 2.6: Synthesis of 3-(4-bromophenyl)-2,6-dimethylpyridin-4(1H)-one, 2.5. Reagents 

and conditions: (i) NH4OH, EtOH, 140 oC, 50 h. 

 

Figure 2.16: 1H NMR Spectrum of 2.5 (300 MHz, CDCl3) 
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2.11.5 Synthesis of Tert-butyl 3-(4-bromophenyl)-2,6-dimethyl-4-oxopyridine-1(4H)-

carboxylate, 2.6 

At this point, various attempts were made to couple 4-substituted phenyl methanethiols with 

the synthesized 4(1H)-pyridone scaffold to afford the target compounds 2.9a-b. Therefore, we 

protected the free N-H on the pyridone ring with tert-butoxycarbonyl (Boc)-anhydride, using 

4-dimethylaminopyridine (DMAP) as a catalyst and in acetonitrile as the solvent. The reaction 

was conducted at a carefully controlled temperature of 40℃ for a period of 14 h to afford 

compound 2.6 in excellent yield (97%),87 Scheme 2.7. The formation of tert-butyl3-(4-

bromophenyl)-2,6-dimethyl-4-oxopyridine-1(4H)-carboxylate, 2.6 was confirmed with 1H 

NMR spectroscopy with the presence of a distinct singlet of  tert butyl which resonate upfield 

at 9.24 ppm of the TMS. 

 

 

 

 

 

Scheme 2.7: Synthesis of tert-butyl 3-(4-bromophenyl)-2,6-dimethyl-4-oxopyridine-1(4H)-

carboxylate 2.6. Reagents and conditions: (i) (Boc)2O, DMAP, acetonitrile, 40 oC, 14 h. 

 

The protected N-H pyridone was then treated with 4-substituted phenyl methanethiols but 

unfortunately the reaction was unsuccessful.  However, all our efforts to synthesize the target 
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compounds 2.9a-d from the 4(1H)-pyridone scaffold were in vain, prompting us to proceed via 

a different route to obtain the envisaged target compounds 2.9a-b, (Scheme 2.8). 

 

 

Figure 2.17: 1H NMR of tert-butyl 3-(4-bromophenyl)-2,6-dimethyl-4-oxopyridine-1(4H)-

carboxylate 2.6 (400 MHz, CDCl3) 

 

2.12 Altered Synthesis Towards the Target Compounds 2.9a-b using Palladium 

Catalyzed Cross Coupling Reactions as a Key Reaction  

As an alternative approach to successfully synthesize the target compounds 2.9a-d, Scheme 

2.8, a literature search revealed a synthetic pathway which entails the incorporation of a 

palladium catalysed cross coupling reaction as a key reaction. In Organic Chemistry, the use 
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of palladium as a catalyst is highly recognized due to the mild conditions associated with 

coupling reactions and ability to tolerate a range of functional groups.88 Apart from the well-

known hydrogenation and oxidation processes, it also plays crucial role as a catalyst for various 

major C—C, C—S and C-N bond forming reactions. An extensive variety of palladium (0) 

catalysts are applied in organic synthesis for cross coupling reaction. These include 

PdCl2(PPh3)2, Pd(OAc)2 with PPh3 and other phosphine ligands, while Pd(PPh3)4, is the most 

frequently used.89 These catalysts are stable to air and can be reduced to the active Pd (0) 

complexes with organometallics or phosphines used for the cross coupling.90 As a result of the 

complete formation of the coordinatively unsaturated palladium species, palladium complexes 

which generally have less than four phosphines are highly reactive for the additive oxidation 

reaction.91 Oxidative addition reaction is otherwise referred to as rate determining step reaction. 

The role of palladium-catalyzed cross couplings is that two molecules are assembled on the 

metal through the metal-carbon bonds formation.88 
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Scheme 2.8: Successful synthetic approaches to 3-(4-(substitutedbenzylthio)phenyl)-2,6-

dimethylpyridin-4(1H)-one. Reagents and conditions: (i) Dry 1.4-dioxane, DIPEA, Pd(dba)3, 

Xantphos, 90 oC, 4 h.; (ii) 1-Methylimidazole, rt, N2, 15 h.; (iii) Eaton's reagent, 95 oC, 2 h; 

(iv) NH4OH, EtOH, 150 oC, 50 h 
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2.12.1 Formation of Methylsulphane (CH2S) Linker for Hybrid Compounds 2.10-2.12, 

2.9a, b 

Using palladium catalyst Pd2(dba)3, the synthesis of only two target molecules 2.9a and 2.9b 

was successfully achieved, Scheme 2.8.   The reaction pathway commenced  with an aromatic 

nucleophilic reaction by adding phenyl methanethiol to 4-bromophenylacetic, under basic 

conditions (DIPEA), in the presence of  the coupling catalyst Pd2(dba)3 and the ligand 

(Xantphos), Scheme 2.9.92 This reaction worked successful for all the derivatives 2.10a-d in a 

moderate yield of 41%, 43%, 39%, and 35% respectively. 

 

Scheme 2.9: Synthesis of 2-(4-(4-substituted benzylthio)phenyl)acetic acids, 2.10a-d. 

Reagents and conditions: (i) Substituted phenylmethanethiol, dry 1.4-dioxane, DIPEA, 

Pd(dba)3, Xantphos, 90 oC, 4 h.  

Using compound 2.10d as the representative in discussing NMR data, the presence of methyl 

sulfide (CH2S) linker of 2.10d was confirmed by 1H NMR, revealing the presence of a new 

intense singlet integrating for 2H and resonating downfield at a chemical shift of 4.08 ppm. It 

is clearly seen from the spectrum in Figure 2.18 that CH2S protons tends to be more downfield 

than CH2COOH protons. The reason for this is that electronegative components additionally 

attached to carbon change the resonance position of the protons, causing these protons to be 

more down field. Thus, the higher the electronegativity of the directly bonded atom, the more 

the down field shift.93  
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The OH peak of the carboxylic acid functional group was observed as a broad singlet at 12.36 

ppm which confirmed the formation of 2.10d unambiguously, Figure 2.18. 

 

Figure 2.18: 1H NMR Spectrum of 2.10d (400 MHz, CDCl3) 

The reaction conditions as displayed in Scheme 2.10 were followed for the subsequent 

reactions. Therefore, acetic acid derivatives 2.10a-d were transformed to their corresponding 

ketones 2.11a-d by treatment with acetic anhydride 2.2, Scheme 2.8 and 1-methylimidazole.  
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Scheme 2.10: Synthesis of 1-(4-(4-tert-butylbenzylthio)phenyl)propan-2-one, 2.11c. Reagents 

and conditions: (i) Ac2O, 1-Methylimidazole, rt, N2, 15 h. 

 

The 1H NMR spectrum confirmed the product with the disappearance of the OH group of the 

acetic acids, 2.10a-d and appearance of methyl group of the ketones 2.11a-d which resonated 

upfield as 3H singlet at 2.17 ppm as seen in compound 2.11c, Figure 2.19. 

 

Figure 2.19:1H NMR of 2.11c (300 MHz, CDCl3). 
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In the following step, only two ketones, 2.11a-b, were successfully cyclized under acidic 

conditions to afford the 4(1H)-pyranones, 2.12a-b, Scheme 2.11. The 1H NMR spectrum of 

2.11a also confirmed the formation of the product showing all the characteristic peaks 

associated with it, Figure 2.20. The conversion of compounds 2.11c and 2.11d to their 

corresponding 4-pyrone derivatives 2.12c and 2.12d, was unsuccessful.  This observed trend 

could be due to the electronic profiles of the -C(CH3)3 and -OCH3 substituents since their 

presence led to a lack of reactivity. Both substituents are electron donating groups, however -

C(CH3)3 exert its effect via an inductive effect, whilst the -OCH3 may mesomerically donates 

its electrons. Although the mesomeric effect is stronger in this case, both of these groups have 

an overall unfavourable outcome, which may result from the destabilization of intermediates 

formed during the reaction mechanism. 

  

Scheme 2.11: Synthesis of 4(1H)pyranone derivatives. Reagents and conditions: (i) Eaton's 

reagent, 95 oC, 2 h. 

1H NMR spectroscopy confirmed formation of compound 2.12a by showing a noticeable 

appearance of an additional singlet assigned to one of the two CH3 groups on the 4(1H)-

pyranone ring at δH 2.30 ppm. The other singlet which resonated at δH 2.19 ppm was ascribed 

to the second CH3 group.  The CH3 group at position 6 appeared more downfield due to the 

deshielding effect exerted by the O atom at position 1, the double bonds at position 6 and the 

phenyl group at position 5 as seen in Figure 2.21. 
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Figure 2.20: 1H NMR of 2.11a (300 MHz, CDCl3) 
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Figure 2.21: 1H NMR Spectrum of 2.12a (300 MHz, CDCl3) 

2.12.2 Description of the Crystal Structure of Compound 2.12b 

Furthermore, the structure of compound 2.12b was unambiguously assigned based on the 

crystal structure as seen in Figure 2.22, which crystallized as a brown crystal. The Ortep 

representation of the structure of 2.12b, indicating atom numbering scheme, is shown in Figure 

2.21, and the selected bond length and bond angles are given in Table 2.1. The complex 

crystallizes in a triclinic space group P-1 in which the Sulphur (II) ion is linearly coordinated 

to two Carbon (C) atoms of 1-chloro-4-methylbenzene and 2,6-dimethyl-3-phenyl-4H-pyran-

4-one respectively. The 3-(4-((4-chlorobenzyl)thiophenyl)-2,6-dimetyl-4H-pyran-4-one 

compound was formed by the reaction between 1-(4-(4-chlorobenzylthio)phenyl) propan-2-

one 2.11b and Eaton’s reagent 2.2, Figure 2.22. 
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Table 2.1. Crystal data and structure refinement for 2.12b 

Empirical formula  C2H17ClO2S  

Formula weight  358.0794  

Temperature/K  293.0  

Crystal system  triclinic  

Space group  P-1  

a/Å  8.0458(8)  

b/Å  10.1481(1)  

c/Å  11.4805(1)  

α/°  73.584(3)  

β/°  73.767(3)  

γ/°  87.535(3)  

Volume/Å3  862.659  

Z  4 

 

Table 2.2 Selected bond length (Å) and angles (°) for compound 2.12b 

Bond Lengths (Å) Bond Angles (°) 

S1- C7  

S1-C8 

O1-C20 

O2-C15 

O2-C17 

1.744(2) 

1.820(2) 

1.234(2) 

1.371(2) 

1.362(2) 

C7-S1-C8 

C15-O2-C17 

104.54(7) 

119.7(1) 
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Figure 2.22: Molecular Structure of Compound 2.12b. 

Compounds 2.12a and 2.12b were in turn, converted to 4(1H)-pyridones 2.9a, b under reflux 

using ethanol as solvent in the presence of NH4OH, Scheme 2.12.  

 

 

 

 

 

Scheme 2.12: Synthesis of target compound 2.9a and 2.9b. Reagents and conditions: (i) 

NH4OH, EtOH, 150 oC, 50 h. 

 

Compound 2.9a was used as the representative in analysis of spectra study for the target 

structural validation of 4(1H)-pyridone molecules. Therefore, in the infrared spectrum of 2.9a, 

Figure 2.23, the absorption band of NH, C=O were seen at 3288 cm-1 and 1708 cm-1 stretching 

vibrational frequency while the CH aliphatic of the dimethyl group appeared at 2850 cm-1 and 
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2918 cm-1 respectively. Also, absorption band of C=C of the 4(1H)-pyridone was found at 1618 

cm-1. This was in agreement with earlier assignment in a previous study.94  

Figure 2.23: IR of compound 2.9a 

Furthermore, the chemical shift and multiplicity patterns are in alignment with the anticipated 

structures. The 1H NMR of 2.9a was recorded in DMSO-d6 and displayed a singlet conforming 

to N–H resonance at 11.13 ppm downfield of TMS scale, and this is in agreement with an 

earlier reported literature with a different scaffold but with a similar functional group.73 

However, when 2.9a was run in CD3OD, N-H peaks disappeared completely due to exchange 

of the labile N-H with the deuterium of the CD3OD solvent, Figure 2.17.  The multiplet at 7.11 

- 7.39 ppm confirmed the presence of nine aromatic protons. A low intense H peak at 6.30 ppm 

observed as a singlet, confirmed the presence of the vinylic proton at position 3 of 4(1H)-

pyridone ring. As seen in Figure 2.24, a singlet at 4.19 ppm integrating for two methylene 

protons confirmed the presence of the CH2S linker in the proposed structure, which is 

consistent with previously reported data, with a comparable functionality but a distinct 

moiety95. The presence of six alkyl protons of the two -CH3 substituents attached to the 4(1H)- 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

50 

 

 

pyridone ring on positions 2 and 6 was confirmed with the appearance of sharp, intense singlets 

seen at 2.05 and 2.20 ppm respectively. The 13C NMR of 2.9a displayed twenty carbon atoms 

with C=O having the highest signal at 178.73 ppm while –CH2 linker carbon atom was seen at 

37.98 ppm. The two –CH3 carbon atoms signals appeared at 16.72 ppm and 17.38 ppm, upfield 

of the TMS scale. Finally, the remaining 16 carbon atoms are the sp2 hybridized carbon atoms 

with signals ranging from 78.08 -147.80 ppm. The mass spectroscopic data of 2.9a revealed 

the molecular ion peak at m/z (m+1) 322 which is in correlation with the molecular mass of 

compound 2.9a (C20H19NOS). 

 

Figure 2.24: 1H NMR Spectrum of Target Compound 2.9a (400 MHz, CD3OD-d4) 
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2.13 Modified Synthesis of Target Molecules 2.27-2.31 via Suzuki Miyaura Coupling 

Reaction 

2.13.1 Suzuki Miyaura Coupling Reaction  

The well-studied Suzuki Miyaura coupling reaction is used to create carbon-carbon bonds to 

produce conjugated systems of alkenes, styrenes, or biaryl compounds, and primarily involves 

the use of metal catalysts, such as Pd metal.96 Boronic acids are used as reagents in this type of 

reactions due to their versatile transformations in organic synthesis.97  They are organoborons 

with three valence electrons, made up of a carbon-based substituent and two hydroxyl groups.98 

The Coupling reaction occurs in the presence of a metallic catalyst and a base,  between an 

aryl, or alkene or boronic acid or its ester and aryl, alkenyl and alkynyl halide or triflate yielding 

linked alkenes, styrenes, or biaryl compounds, Scheme 2.13.91  

Scheme 2.13: General reaction scheme of Suzuki cross-coupling reaction 

2.13.2 Impact of Cross-Coupling Reaction in Drug Discovery  

In identifying potential drug candidates, cross coupling reactions have  shown to be of 

significant value in the process of drug development and discovery.99 Cross-coupling reactions 

are a versatile, cost -effective and reliable approach and enable rapid expansion of structure-

activity relationships (SAR) to give rise to new libraries of promising drug candidates, a 

strategy which is  not feasible via the multi-step synthetic pathways.100,101 Cross-coupling 
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reactions have been found useful in the parallel synthesis of drug-like and drug fragment-like 

compounds.102 

2.13.2.1 Synthetic Applications of Suzuki Miyaura Coupling Reaction in Drug Discovery  

This section highlights the impactful applications of cross-coupling reactions in medicinal 

chemistry with a few recent examples in the field, with emphasis on the Suzuki–Miyaura. One 

of the most renowned and prescribed medications, losartan, an angiotensin II receptor 

antagonist, was synthesized via cross-coupling reaction to afford this product at an excellent 

yield (93%), Scheme 2.14.100-103   

 Scheme 2.14: Synthesis of Losartan through cross coupling reaction 

An antidepressant medication was also synthesized by GlaxoSmithKline using biaryl Suzuki 

coupling reaction with the aid of cost-effective palladized charcoal (Pd/C) to give a good yield 

(64%), (Scheme 2.15).104 
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Scheme 2.15: Synthesis of GSK, SB-245570 through biaryl Suzuki coupling reaction 

 

The Suzuki Miyaura Coupling reaction has been extensively used in the total synthesis of 

natural products such as Camptothecin.105 Camptothecin was synthesized from readily 

available fused pyridine, which was coupled to bis(pinacolato)diboron in the presence of a 

palladium catalyst and potassium acetate to form a boronic ester. The boronated product was 

further coupled to an arylhalide in the presence of a palladium catalyst, dimethoxyethane and 

sodium carbonate to form an aldehyde product in an excellent yield (94%). Camptothecin,  was 

subsequently formed after several synthetic steps of the reaction, Scheme 2.16.106 
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Scheme 2.16: Total synthesis of Camptothecin, by the means of the Suzuki-Miyaura Coupling 

reaction 

2.13.3 Synthesis of Target Molecules 2.27-2.31 

In an attempt to optimize the overall yield and to simplify the methodology towards the 

synthesis of our previously designed (3-(4-(4-subtituted-benzylthio)phenyl)-2,6-dimethyl 

pyridin-4(1H)-one) 2.9a, Scheme 2.8, we devised a modified design which led to the extension 

of the library by an additional five (5) compounds 2.27-2.31, Scheme 2.17. Various 2-

substituted-phenylboronic acids 2.17-2.20 underwent a Suzuki-Miyaura coupling reaction in 

the presence of PdCl2(PPh3)2 (10 mol%), and K2CO3 to afford the intermediate products 2.22-

2.26 in low to excellent yields (39 – 75%), Scheme 2.17. 
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 Scheme 2.17: Synthesis of intermediates products 2.22-2.26- via Boronic Acids 2.17-2.21. 

Reagents and conditions: (i) PdCl2(PPh3)2, K2CO3, distilled H2O, 80 oC, 3 h; (ii) NH4OH, 

EtOH, 150 oC, 50 h. 

The precursor 3-(4-bromophenyl)-2,6-dimethyl-4H-pyran-4-one) 2.4a Scheme 2.17, was 

prepared by using a well-established procedure.73,74 Several attempts were made to synthesize 

the desired target 4(1H)-pyridone derivatives 2.27-2.31, but the reactions were all unsuccessful. 

In the intermediate series, 2.23-2.26, compound 2.23 was used as a representative in the 

spectroscopic studies. The 1H NMR analysis of this compound displayed a total of 18 protons, 
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revealing the following key signals; nine aromatic protons which appeared as multiplets 

between 7.62-7.20 ppm; two alkene (H-C=C-H) protons which appeared as a singlet at 7.16 

ppm. A singlet proton of a vinyl of the 4H-pyran-4-one ring was also observed downfield at 

6.26 ppm, while the remaining two –CH3 protons at the position 2 and 6 of the 4H-pyran-4-

one ring were observed downfield TMS at 2.3 and 2.2 ppm, respectively Figure 2.25. The result 

of the 13C NMR of 2.23 presented twenty-one carbon atoms with 15 peaks, with the δC value 

ranging from 178.5 ppm to 18.7 ppm. A carbonyl carbon on the position 4 of the 4H-pyran-4-

one is seen at 178.5 ppm while other twelve carbon atoms are aromatic carbons, displayed 

around 164.8 ppm to 113.8 ppm and the remaining two carbon atoms are ascribed to two –CH3 

groups at the position 2 and 6 of the 4H-pyran-4-one ring, seen at 18.7 and 19.8 ppm 

respectively.  

Figure 2.25: 1H NMR Spectrum of 2.23 (400 MHz, CDCl3)). 
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2.13.4 The Mechanism of the Miyaura Suzuki Coupling Reaction 

The mechanism involves the oxidative additive of the aryl bromide 2.4a to the palladium 

catalyst to give II. The transmetalation reaction step leads to the formation of organoboron 

compound ArB(OH)2 in the presence of a base K2CO3. The final step involves a reductive 

elimination to give the 2.22 and to regenerate the palladium catalyst [77], Figure 2.26. 

 

Figure 2.26: Catalytic cycle for Suzuki-Miyaura cross-coupling illustrating the formation of 

2.21.88,99,100,107 
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2.13.5 Alternative synthesis of target compound 2.16  

As a result of limited commercial availability of specific alkylated boronic acids in our 

laboratory and prompted by the failed formation of target compounds 2.27-2.31, through the 

use of 2-substituted phenylboronic acids 2.17-2.20, Scheme 2.17, we opted to synthesize one 

of the desired target compounds, compound 2.16 via the styrylphenylboronic acid pinacol ester 

2.14, Scheme 2.18. In this method, the styrylphenylboronic acid pinacol ester 2.14 was 

synthesized in a moderate yield (62%) from 1-bromo-4-phenethylbenzene in the presence 10% 

mol of PdCl2(dppf) and potassium acetate. Further heating of compound 2.14 with the catalyst, 

PdCl2(PPh3)2 (10 mol%) and base, K2CO3 gave the compound 2.15 in a low yield of 39%. 

Unfortunately, this adapted route towards the synthesis of compound 2.16 has also been shown 

to be futile.  

Scheme 2.18: Synthesis of target compound 2.16, Reagents and conditions: (i) 

Bis(pinacolate)diboron, dry 1,4-dioxane, PdCl2(dppf) (10 mol%), KOAc, 120 oC, 5 h; (ii) 

PdCl2(PPh3)2 (10 mol%), K2CO3, distilled H2O, 80℃, 3 h; (iii) NH4OH, EtOH, 150℃, 50 h 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

59 

 

 

The 1H NMR spectrum of 2.14 showed tetramethyl dioxaborolane at position 1 of the 

styrlbenzene, 2.14, Figure 2.27. The characteristic 12 protons of the four –CH3 groups gave a 

sharp, intense singlet were seen upfield at 1.28 ppm, while in the aromatic region there were 

11 protons around 7.05-7.73 ppm respectively, which were attributed to 9 protons of the two 

benzene rings and 2 protons of the vinyl linker. Also, as Figure 2.28 seen in the 13C NMR 

spectrum of 2.14 (Figure 2.28) there were twenty carbon atoms with seven peaks, with the δC 

value ranging from 135.2 ppm to 24.9 ppm. The two tertiary carbon atoms of the tetramethyl 

dioxaborolane moiety were seen as a single peak at 135.2 ppm, while the two ethylenic carbon 

atoms are seen as a single peak at 126.6 ppm. The other ten carbon atoms are aromatic carbons, 

which were displayed between 129.6 ppm and 125.8 ppm. The remaining four carbon atoms 

are attributed to four –CH3 groups of the tetramethyl dioxaborolane, appearing at 24.9 ppm.  

 

Figure 2.27: 1H NMR Spectrum of 2.14 (400 MHz, CDCl3) 
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Figure 2.28: 13C NMR Spectrum of 2.14 (100 MHz, CDCl3) 

1H NMR analysis in Figure 2.29 of compound 2.15 displayed additional four aromatic proton 

signals, which appeared at 7.24, 7.26, 7,58, and 7.60 ppm, shifted downfield compared to 

compound 2.14. The additional four aromatic protons are as a result of coupling of (E)-4,4,5,5-

tetramethyl-2-(4-styrylphenyl)-1,3,2-dioxaborolane, 2.14, to the 3-(4-bromophenyl)-2,6-

dimethyl-4H-pyran-4-one 2.4a. The result of the 13C NMR spectrum of 2.15 presented twenty-

seven carbon atoms with 15 peaks, with the δC values ranging from 186.8 ppm to 18.8 ppm. A 

carbonyl carbon substituent on the position 4 of the 4H-pyran-4-one is seen at 186.8 ppm while 

other twenty-one carbon atoms are aromatic carbons, displayed around 178.6 ppm to 113.8 

ppm and the remaining two carbon atoms are ascribed to two –CH3 groups at the position 2 

and 6 of the 4H-pyran-4-one ring, seen at 18.8 and 19.8 ppm respectively, Figure 2.30.  
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Figure 2.29: 1H NMR Spectrum of 2.15 (400 MHz, CDCl3). 
 

 

 
Figure 2.30: 13C NMR Spectrum of 2.15 (101 MHz, CDCl3). 
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2.13.6 An Investigation into the possible reasons for the failed formation of target 

compounds 2.16, 2.25-2.28    

The unsuccessful synthesis of the target compounds 2.16, 2.25-2.28 could be due to the initial 

introduction of the electron-donating group in the substituted phenylboronic acids, 2.14, 2.17-

2.21, which led to a reduction in the reactivity of the pyrone ring. This alternatively could have 

also led to an unfavourable SN2 nucleophilic substitution of amino group on position 1 of the 

4(1H)-pyran-4-one ring. Another reason for unsuccessful reaction could be the occurrence of 

steric hindrance, as a result of the bulkiness of the 4(1H)-pyran-4-one substrate which led to 

an increase in the energy of the substrate that slows down the rate of reaction.108 As a result of 

increased energy of the substrate and lack of reactivity displayed by the 4(1H)-pyran-4-ones, 

the thermogravimetric analysis TGA Figure 2.31 was conducted on the series of selected 4H-

pyran-4-ones 2.4a, 2.15, 2.22, and 2.25. Compounds 2.15, 2.22, and 2.25 displayed a high rate 

of thermal decomposition and instability even at a temperature of 37 oC, 73 ℃, and 104 

℃respectively, lower than the temperature (140℃)67 at which the reaction would have taken 

place, using ammonium hydroxide (NH4OH) as the reactant.67 Compound 2.4a (starting 

material to compounds 2.14, 2.17-2.21), was relatively stable as compared to compounds 2.15, 

2.22, and 2.25, as seen in Figure 2.31.  
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Figure 2.31: Thermogravimetric Analysis (TGA) of Selected Compounds 2.4a, 2.15, 2.22, and 

2.25 

2.14 Density Functional Theory (DFT) analysis 

A Density Functional Theory (DFT) computation study was performed to gain more insight 

into the substituent effect(s) of boron-containing compounds on (by-)product formation, as 

well as the lack of reactivity of compounds 2.15, 2.22-2.25 to form 2.16, 2.27-2.31, Scheme 

2.17. In general, input structures were derived from crystallographic information files (CIFs) 

for the relevant compounds (or derivations thereof) and optimized in the gas phase until 

conversion with zero imaginary frequencies was achieved. Considering the C-C coupled 

compounds 2.15, 2.22-2.25, their corresponding frontier molecular orbitals and associated 

properties may be analyzed to help explain the difference in-stability, as well as their lack of 

reactivity with NH4OH to form the corresponding compounds 2.16, 2.27-2.31. The highest 
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occupied molecular orbital (HOMO) may be visualized as providing the source of electrons in 

an oxidizing reaction and therefore be correlated to the ionization potential of the compound. 

In contrast, the lowest unoccupied molecular orbital (LUMO), may in turn be visualized as the 

electron sink in a reduction reaction and hence be correlated to the electron affinity of the 

compound. The HOMOs and LUMOs of compounds 2.15 and corresponding 2.16 (theoretical), 

as well as 2.23 and corresponding 2.28 (theoretical) were chosen as representative examples 

and are depicted in Figure 2.32. In general, the HOMOs of compounds 2.15, 2.22-2.26 are 

primarily distributed over the biphenyl group (at the site where C-C coupling took place). 

Electron diffusion via resonance is inhibited in the case of aliphatic linkers (e.g., 2.22), but 

electron diffusion to include the remaining arene groups is present in case of unsaturated linkers 

(e.g., 2.23). The LUMOs of both examples are comparable with one another, with the LUMOs 

being delocalized mainly over the biphenyl groups as well as the pyranone ring structure Figure 

2.32. The nucleophilic attack of the ammonia molecule on a partially electron-poor carbon 

atom adjacent to the oxygen atom is accepted as the first step towards the formation of 

pyridone, as part of the general Baeyer pyridine synthesis mechanism Scheme 2.19.109 In this 

case, electron transfer between both the ether-like oxygen (in the pyranone ring) and the 

carbonyl oxygen is vital for the formation of an anionic oxygen intermediate specie in the 

pyranone ring moiety Scheme 2.19. In general, the LUMO of the reactant and the HOMO of 

the corresponding product molecule should be correlated so that electron transfer can be 

observed. Collectively, the reactivity (reduction/oxidation) of the compounds 2.15, 2.22-2.26 

is suggested to lie within the biphenyl moiety and only slightly populated within the pyrone 

ring system (containing the oxygen-containing functional groups) where electron transfer is 

expected.  It is thus interesting to note that the corresponding HOMO of the product molecules 

(compounds 2.16, 2.27-2.31) is only slightly populated on either of the two oxygen atoms 
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which may also indicate the molecule’s lack of reactivity towards the ammonium cation. This 

observation remains unchanged when the implicit solvent model (EtOH) is included in an 

attempt to more closely mimic the reaction conditions. For example, after fully optimizing 

compound 2.15 (including the implicit solvent model of EtOH), the HOMO and LUMO is 

practically identical to 2.15 (gas phase optimized), Figure 2.32. 

  

Scheme 2.19: Conjugate addition mechanism for the conversion of 4-pyrone to 4-pyridone 

 

Figure 2.32: B3LYP functional DFT calculated HOMOs and LUMOs of the indicated neutral 

compounds from this study. A contour of 0.03 e/Å3 was used for the MO plots.  
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Each compound’s energy gap (ΔE, energy difference between the HOMO and LUMO) may 

directly be compared to provide information on its respective molecular reactivity and stability. 

As a result, a molecule with a small energy gap is thought to be more polarizable, softer, more 

reactive, and kinetically less stable. Table 2.3 shows the energy gap (ΔE), ionization potential 

(I), electron affinity (A), electronegativity (χ), chemical potential (μ), chemical hardness (η), 

chemical softness (S), and electrophilicity index (ω) of compounds 2.14, 2.17-2.21and 2.16, 

2.27-2.31. It is clear from the data that the energy gap of the pyranone-based compounds (2.15, 

2.22-2.26) is generally slightly larger than the energy gap of the corresponding pyridone 

compounds (2.16, 2.27-2.31), implying higher stability and thus lowered reactivity. 

Incorporating the solvent effect (EtOH as an implicit solvent model) further increases both ΔE 

and the ionization potential slightly by ca. 0.02 and 0.1 eV, respectively, suggesting lower 

reactivity when compared to the corresponding isolated molecule in the gas state. Comparing 

the effect of the functional groups in 2.14, 2.17-2.21, the energy gap varies between 3.91 and 

5.17 eV, where the C2H2-linked (ethene bridge) functional groups (2.23 and 2.26) are the least 

stable (3.91 and 3.94 eV, respectively), and the C2H4-linked (ethylene bridge) functional 

groups (2.15 and 2.22) are the most stable (4.55 and 5.17 eV, respectively). This trend is also 

reflected in their corresponding electron affinity (A), chemical softness (S) and electrophilicity 

indices (ω), where compounds having the lowest electron affinity would be the compounds 

most likely to act as Lewis’s acids in the reactions converting pyranones to pyridones. The 

remainder of the computed reactivity descriptors compares relatively well among the two series 

of compounds (2.14, 2.17-2.21 and 2.16, 2.27-2.31) and functional-group related compounds 

between the two series of compounds. 
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Table 2.3: Molecular parameters and reactivity descriptors of compounds 2.15, 2.22-2.26, and 

2.16, 2.27-2.31. 

Parameter Compound 

2.15 2.22 2.23 2.24 2.25 2.26 2.16 2.27 2.28 2.29 2.30 2.31 

Energy gapa (ΔE) (eV) 4.55 5.17 3.91 4.42 3.94 4.08 4.44 5.09 3.95 4.37 3.88 4.05 

Ionization potentialb (I) 

(eV) 

5.84 6.23 5.63 5.82 5.67 5.63 5.60 5.78 5.46 5.68 5.46 5.46 

Electron affinityc (A) 

(eV) 

1.29 1.06 1.72 1.41 1.73 1.55 1.16 0.69 1.51 1.31 1.58 1.41 

Chemical potentiald (μ) 

(eV)  

-

3.56 

-

3.64 

-

3.68 

-

3.61 

-

3.70 

-

3.59 

-

3.38 

-

3.23 

-

3.49 

-

3.50 

-

3.52 

-

3.44 

Electronegativitye (χ) 

(eV) 

3.56 3.64 3.68 3.61 3.70 3.59 3.38 3.23 3.49 3.50 3.52 3.44 

Chemical hardnessf (η) 

(eV) 

4.55 5.17 3.91 4.42 3.94 4.08 4.44 5.09 3.95 4.37 3.88 4.05 

Chemical softnessg (S) 

(eV) 

0.22 0.19 0.26 0.23 0.25 0.25 0.23 0.20 0.25 0.23 0.26 0.25 

Electrophilicity indexh 

(ω) (eV) 

1.39 1.28 1.73 1.48 1.74 1.58 1.28 1.03 1.54 1.40 1.60 1.46 

a ΔE = EHOMO - ELUMO. b I = -EHOMO. c A = -ELUMO. d μ = -(I + A)/2. e χ = -μ. f η = I - A. g S = 1/η. h 

ω = μ2/2η. 
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2.15 Molecular Modelling (Molecular Docking and Prime MM-GBSA) of Pyridones 

Schrodinger Maestro was used to simulate the interaction and binding affinity of compounds 

2.9a, 2.9b, and atovaquone with the Qo site of the C chain, Figure 2.33, of the cytochrome bc1 

complex (RSCB PDB ID: 4PD4). Figure 2.34 describes the interaction of the three docked 

compounds with cytochrome bc1 complex Qo active site. The molecular lipophilicity potential 

(MLP) maps for the active site of cytochrome bc1 complex Qo are shown. The molecular 

surface coloration ranges from dark cyan (the most hydrophilic) to white to dark goldenrod 

(most lipophilic). Figure 2.34 also shows the number of hydrogen bond interactions and Van 

der Waals (VDW) interactions. Atovaquone formed two hydrogen bond interaction with 

glutamic acid 1055 whereas compound 2.9a and 2.9b formed one hydrogen bond interaction 

each with the same residue. Compound 2.9b had 69 VDW interactions, compound 2.9a had 

84, and atovaquone had 86 VDW interactions with the cytochrome bc1 complex Qo active site. 

The Prime MM-GBSA was used to calculate ligand binding energies and ligand strain energies 

for compound 2.9a, compound 2.9b and atovaquone in complex with C chain of the 

cytochrome bc1. Figure 2.34 depicts MM-GBSA_∆GBind and its components energy. 
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Figure 2.33: Three-dimensional crystalized structure of atovaquone-inhibited cytochrome 

BC1 complex.The inserted table displays the chain information for the 11 units that make up 

the complex. The inserted image X is a closer look at atovaquone in the Qo site while Y shows 

the molecular lipophilicity potential (MLP) surface for then Qo active site. The colouring on 

the molecular surface ranges from dark cyan (most hydrophilic) to white to dark goldenrod 

(most lipophilic). The Qo site is essentially lipophilic except the entrance part that is hydrophilic 

(caused by the glycine residue in that position). 
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Figure 2.34: Hydrogen bonds (yellow dotted line) and Van der Waals (VDW) (green dotted 

line) interactions as well as the MM-GBSA free binding energies of the three docked 

compounds with cytochrome bc1 complex Qo active site. The molecular surface colouration 

ranges from dark cyan (most hydrophilic) to white to dark goldenrod (most lipophilic). 

MMGBSA_∆GBind energy and the component energies are outlined for each compound. 

From Figure 2.34, we observed that atovaquone has a MM-GBSA_∆GBind of - 50,34 kJ/mol, 

whereas compound 2.9b showed a better free energy of binding of − 58,43 kJ/mol. The best-

docked compound is compound 2.9a with MM-GBSA_∆GBind of −65.56 kJ/mol. The 

components of the MM-GBSA_∆GBind for each compound was compared with the other two. 

With regards to the coulombic free energy, it was observed that atovaquone had a positive 

value while compound 2.9b and compound 2.9b had negative values. A positive coulombic 

energy suggests potential repulsive force between atovaquone and cytochrome bc1. A look at 

the electrostatic distribution on atovaquone, Figure 2.35, shows the preponderance of negative 
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charges which might repel the electron density at the Qo site of cytochrome bc1. Conversely, 

compound 2.9a and compound 2.9b have negative coulombic energies suggesting an attraction 

between these compounds and the electron density at the Qo site of cytochrome bc1. The 

electrostatic distribution on compound 2.9a and compound 2.9b revealed a greater distribution 

of positive electrostatic potential that might attract the electron density at the Qo site of 

cytochrome bc1.Overall, the energy components of the MM-GBSA GBind suggest that 

compound 2.9a and compound 2.9b have good antimalarial potency. This antimalarial potency 

could be attributed to a significant increase in favourable electrostatic interactions between 

these compounds and cytochrome bc1, which was aided by the improved pi-pi packing energy, 

Figure 2.35. 

 

Figure 2.35: Electrostatic distribution [ - 0.3eV (red) to + 0.3eV (blue)] on the surface of 

compound 2.9a, compound 2.9b, and atovaquone as well as the Qo site of the cytochrome bc1. 

Overall, compound 2.9a and compound 2.9b were predicted to have greater propensity to bind 

to and interfere with the electron density and transport at the Qo site of cytochrome bc1. MM-

GBSA calculation for the three docked compounds was able to correctly rank the compounds 

in the following order regarding their ability to bind to and probably inhibit cytochrome bc1: 

compound 2.9a, compound 2.9b and atovaquone. The breakdown into components of MM-
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GBSA_∆GBind energy provided the opportunity to gain some additional insights into the 

differences in binding affinity. 

2.16 Antiplasmodial Activity and Structure Activity Relationships (SAR) 

Atovaquone based drugs have shown to be highly effective against drug-resistant strains of P. 

falciparum, and cross-resistance has not been observed between atovaquone and other 

antimalarial agents.110 Based on this finding, the synthesized intermediate and target molecules 

were only screened against the asexual stages of CQ-sensitive (CQS) NF54 and chloroquine-

resistant (CQR) K1 P. falciparum strains, using CQ as a control. 

 

Figure 2.36: Structures of Seven newly synthesized compounds, namely 2.9a, 2.9b, 2.10c, 

2.11b, 2.11c, 2.12a, 2.12b 

Seven newly synthesized compounds, namely 2.9a, 2.9b, 2.10c, 2.11b, 2.11c, 2.12a, 2.12b, 

Figure 2.36, were screened by in vitro by Dr. Dina Coertzen and Dr. Phanakosi Moyo, for their 

activity against the asexual stage of CQ-sensitive (CQS) NF54 P. falciparum parasites using 
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the SYBR Green assay 1 μM and 5 μM, alongside CQ as the control. Of the compounds 

screened, 2.9a and 2.9b inhibited P. falciparum asexual growth by 96% and 97% at 1 μM, 99% 

and 98% at 5 μM, (Table 2.4), respectively, which was comparable to the activity of CQ, Figure 

2.37. 

 

 

Control: Chloroquine, CQ 

Figure 2.37: In vitro antiplasmodial activity of the newly synthesized compounds 2.9a, 2.9b, 

2.10c, 2.11b, 2.11c, 2.12a, 2.12b at 1 and 5 μM against CQ-sensitive strain. 

The enhanced activity of 2.9a and 2.9b can be attributed to the presence of the 4(1H)-pyridone 

pharmacophore, which is absent in 2.10c, 2.11b, 2.11c, 2.12a, 2.12b,.  Notably, replacing O in 
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the 4(1H)-pyranone ring of compounds 2.12a and 2.12b with NH shown to be beneficial for 

antiplasmodial activity as observed for compounds 2.9a and 2.9b. 

 

 

 

Table 2.4: In vitro activity of the newly synthesized compounds 2.9a, 2.9b, 2.10c, 2.11b, 

2.11c, 2.12a, and 2.12b at 1 and 5 μM against asexual P. falciparum 

 

Compound 

% Inhibition  % Inhibition  

Average ±SEM Average ±SEM 

2.9a 96.5 0.3 98.5 0.2 

2.9b 97.1 0.3 98.1 0.2 

2.10c 0 3.4 0.6 2.5 

2.11b 6.2 3.2 3.6 2.5 

2.11c 5.7 3.8 11.0 4.6 

2.12a 0 1.5 3.2 2.7 

2.12b 0 3.1 0.6 2.5 

CQ 100 - 100 - 

 *n=3, three biological assays with technical triplicates 
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The 50% inhibitory concentrations (IC50) were subsequently determined for the two most 

potent compounds, compounds 2.9a and 2.9b, against CQS NF54 and chloroquine-resistant 

(CQR) K1 P. falciparum strains. Compound 2.9a exhibited IC50 values of 0.13±0.008 μM 

(NF54) and 0.10±0.010 μM (K1), while compound 2.9b exhibited IC50 values of 0.05±0.003 

μM (NF54) and 0.04±0.003 μM (K1). In the same assay, CQ displayed IC50 of 0.04±0.04 μM 

(NF54) and 0.004±0.002 μM (K1). There was a notable decrease in the Resistance Index (RI) 

factor for the target compounds 2.9a and 2.9b, which were 0.8 and 0.7, respectively, compared 

to that of the RI of CQ, which displayed a RI factor of 8.5. This observation signifies the 

importance of the  4(1H)-pyridone pharmacophore and the incorporated structural features in 

altering the observed K1 strain sensitivity, Table 2.5.73 

Table 2.5: Antimalarial activities of target compounds 2.9a and 2.9b 

 

Compound 

NF54  K1       

IC50(μM) ±SEM IC50(μM) ±SEM  RI 

2.9a 0.13 0.008 0.10 0.010 0.8 

2.9b 0.05 0.003 0.04 0.003 0.7 

CQ 0.04 0.04 0.004 0.002 8.5 

*Resistance Index (RI) = IC50 K1/ IC50 NF54, CQ = Chloroquine 

This also suggests that the target compounds 2.9a and 2.9b displayed no cross-resistance, 

thereby suppressing resistance in the CQR K1 of P. falciparum, Figure 2.38. Similarly, as 

demonstrated with the reported GSK compounds, Figure 2.38.73 The structure activity 

relationship of the synthesized 4(1H)-pyridone analogs seemed to be more channelled towards 

the lipophilic side chain C5 of the 4(1H)-pyridone scaffold. As shown in Figure 2.38, 
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replacement of the oxygen linker in the previously synthesized GSK compound I with the 

CH2S linker in the newly synthesized target compounds 2.9a, and 2.9b gave rise to a marked 

increase in their inhibitory activity, exhibiting IC50 values of 0.13 and 0.05  against NF54, 

whilst compound I showed from IC50 values of  0.16 However, GSK932121 and GW844520 

were ten-fold more active than the newly synthesized target compound  2.9b and more than 20 

fold more active than compound 2.9a, which may be ascribed to the absence of halogen or 

CH2OH at the carbon position 3 of the 4(1H)-pyridone.  

 

Figure 2.38: Antimalarial activities of previously synthesized GSK compounds I,111 

G844520,111 GSK932121,73 and newly synthesized target compounds 2.9a and 2.9b. 
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2.17  Conclusion 

Based on preliminary findings through the in-silico studies and previous reports carried out on 

2,6-dimethyl-4-(1H)pyridones, we have successfully synthesized a  series of new  4(1H)-

pyridone-containing target molecules, as antimalarial agents. However, after many failed 

attempts, only target molecules 2.9a and 2.9b were successfully synthesized from the 

envisaged series.  

In the search to find a viable synthetic procedure to afford the target molecules, the palladium-

catalyzed coupling reaction was employed as the key reaction in the synthesis of intermediate 

compounds and target molecules. Single crystal structures of intermediate compounds 2.4a and 

2.4b were also determined using X-ray diffraction; their unique identities were revealed upon 

which the side reactions were identified.  

Hence, to synthesize a target, four synthetic steps, as stated in Scheme 2.2 were followed for 

each target. Also, new derivatives of 2,6-dimethyl-4H-pyran-4-one compounds 2.15, in 

Scheme 2.12, and 2.22-2.26 in Scheme 2.17 were successfully synthesized and obtained in 

moderate to good yields using palladium catalyzed Suzuki-Miyaura coupling reactions apart 

from compound 2.26, whose yield was not determined due to its decomposition.  

SC-XRD analysis of the by-products of the reactions forming compounds 2.23 (2.23') and 2.26 

(2.26') showed that the homocoupling of boronic acids remains to be one of the significant 

side-reactions occurring that lower the yield of the main products.  

DFT analysis showed that electron density in the HOMO of compounds 2.15, 2.22-2.26 is 

mainly distributed over the substituted R-groups (resulting biphenyl moiety after C-C 

coupling) and hence suggests a lack of reactivity via either of the oxygen-atoms in the pyranone 

ring. TGA analysis confirmed the high rate of instability and thermal decomposition of the 
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selected 2,6-dimethyl-4H-pyran-4-one compounds 2.15, 2.22, and 2.25, and as result we were 

unable to synthesize the target compounds 2.16, 2.27-2.31. 

Overall, compound 2.9a and 2.9b showed a higher proclivity for binding to the Qo site of 

cytochrome bc1 and interfering with electron density and transit than atovaquone. 

Furthermore, the IC50s of the most potent compounds 2.9a and 2.9b were determined. 

Compounds 2.9a and 2.9b exhibited remarkable anti-plasmodial activities against K1 CQ 

resistant strain (CQR) at 0.10 μM and 0.04 μM, while at 0.13 μM and 0.05 μM against P. 

falciparum CQ-sensitive (CQS) NF54. 

Moreover, the notable superior molecular docking outcome observed for compounds 2.9a and 

2.9b was evidenced by their strong growth inhibitory activity against the K1 and NF54 strains 

of P. falciparum, even though compound 2.9b was found more potent than compound 2.9a, a 

result contrary to that shown in the molecular docking studies. Holistically in this study, there 

is a reasonable correlation between the molecular docking and the biological activity of the 

envisaged target compounds. Therefore, in this case molecular docking can be used as a guide 

to design and synthesize promising drug candidates in a rapid and cost-effective manner. 
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Chapter Three  

Investigation of 2-substituted Benzimidazole Anticancer Based Compounds 

 

3. Introduction 

3.1 Cancer 

Cancer is described as a type of disease that occurs due to uncontrolled development and spread 

of abnormal cells.112 In recent years, cancer has been reported to be a universal problem and a 

primary cause of untimely death. It is a major global health challenge that is escalating in the 

low- and middle-income countries (LMICs), mainly in developing countries, which account 

for about 70% of deaths.113,114,21 Estimated number of cancer cases has risen to 17 million new 

cases in 2018, Figure 3.1. Evident from the ongoing alarming rise in cancer deaths, cancer still 

poses significant health challenges, even though many marked advances in medical research 

have been accomplished. According to the World Health Organization (WHO), 9.6 million 

cancer deaths were recorded in 2018 and it is classified as the second leading cause of death 

globally.115 As a result of demographic change, the global cancer burden is expected to increase 

to 21.7 million cases and 13 million deaths by 2030.115  
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Figure 3.1: Cancer Distribution Across the Globe116 

3.2 Chemotherapy 

The most common clinical cancer treatment approaches are radiotherapy, surgery and 

chemotherapy. Chemotherapy is described as the application of a drug that contains powerful 

chemicals in the treatment and killing of fast-growing cancer cells in the body.117 The use of 

chemotherapy in cancer treatment was initiated in 1940 when nitrogen mustard and antifolate 

drugs were administered.118  

Chemotherapy has been proven to be the first-choice strategy in these treatments due to its 

ability to suppress cancer cells.117 The majority of chemotherapeutic drugs act by inhibiting 

cell division by targeting vital cellular processes and consequently prevent cancer cell 

multiplication. Existing clinical anticancer drugs typically act on fast replicating cells and 
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present shortcomings such as poor selectivity between cancer cells and healthy cells.119 Cancer 

cells usually disrupt the cell signaling mechanisms and tissue morphogenesis for the neoplastic 

spread of tumors.119 The use of chemotherapeutic agents has been demonstrated to be a viable 

approach to slow down tumor growth and disease progression by targeting these cell 

mechanisms. Unfortunately, most cytotoxic drugs cause side effects due to the poor selectivity 

and specificity toward cancer cells. Therefore, the potent harmful profiles and poor tolerance 

of the existing chemotherapeutic medicines are major hindrances to the effective treatment of 

cancer.120 Moreover, the lack of selectivity of current drugs between cancerous and normal 

cells has strengthened the need for new, safe, and cost-effective therapeutics. Most of the 

synthesized anticancer agents comprise heterocyclic compounds; amongst these are 

benzimidazole derivatives 121–125 which have shown promise as potential candidates, and thus, 

are ideal scaffolds for our anticancer drug discovery program. 

3.3 Anticancer Derivatives of Benzimidazole  

Benzimidazole is a heterocyclic bicyclic compound, which contains benzene ring fused to an 

imidazole ring.126 Benzimidazoles are generally synthesized by the condensation of o-

phenylenediamine and different aldehydes or carboxylic acids.127 These compounds can also 

be easily made through various heterogeneous catalysts using, [4+1]-cycloaddition of o-

phenylenediamine with one carbon donor source.128 The benzimidazole scaffold has captured 

the interest of many medicinal chemists since vitamin B12, contains a benzimidazole nucleus, 

Figure 3.2. This vitamin B12, is essential for the development of red blood cells in humans.129 
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Figure 3.2: Chemical Structure of 5,6-dimethyl-1-(α-D-ribofuranosyl) benzimidazole found in  

(Vitamin B12)  

Therefore, benzimidazole derivatives have attracted significant considerations in the 

preparation of active drugs by combining the modified positions 1, C2, and C5 of the benzo-

fused ring as shown in Scheme 3.1, owing to their extensive valuable pharmaceutical benefits. 

130 Benzimidazole undergoes tautomerism. Tautomerism occurs when hydrogen is bound to 

either of the two nitrogen atoms present in the imidazole ring, existing as two equal 

tautomers.131 

 

 

 

 

Scheme 3.1: Benzo-fused Imidazole Ring Tautomerism132 

Benzimidazoles are vital bioactive molecules and one of the major nitrogen-containing 

heterocyclic compounds.  Benzimidazoles have a wide range of biological activities, used as 

building blocks for the design of drug agents. They play key roles in medicinal applications 

such as anti-microbial133,134, anti-tubercular,135 anti-parasitic136,137 anti-viral,138,139 anti-
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inflammatory,140 antidepressant,141 anti-leukemic,142 and anti-cancer.143,123,144 anti-diabetic, 

numerous anti-oxidant, anthelmintics, antiproliferative, anti-convulsant, anti-hypertensive, 

anti-neoplastic, proton pump inhibitors, and anti-trichinellosis.133,145 Benzimidazole 

derivatives have been reported to display anticancer activities against several cancer cell 

lines,146 such as;  MCF-7 (breast adenocarcinoma),147 HeLa (cervical carcinoma), SW620 

(cervical carcinoma),148 HL60 (peripheral blood acute promyelocytic leukemia), K52 (bone 

marrow chronic myelogenous leukemia), HT29 (colon carcinoma).149 Some of the recognized 

benzimidazole-based drugs are seen in Figure 3.3. 

 

Figure 3.3: Some Benzimidazole-based Active Drugs132 
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3.4 Reported Synthesis of Benzimidazoles as Anticancer Agents 

Reports in the literature have presented 2-substituted benzimidazoles as exhibiting notable 

anticancer activities. Omar and co-workers docked and synthesized numerous series of 2-

substituted benzimidazoles.150 Interestingly, their findings have shown a clear correlation 

between the docked benzimidazoles, Figure 3.4, and their antitumor activity. Both results gave 

excellent anticancer activity, better than the bis-benzoxazole natural product (UK-1), used as 

the standard against lung cancer (A549) cell line cell, Scheme 3.2.150 

 

Scheme 3.2: Synthesis of 3-(1H-benzo[d]imidazol-2-yl)-5-phenyl-1-(pyridin-4-yl)-1H-pyrrol-

2-amine 
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Figure 3.4: The binding mode and ligand interaction of the synthesized 3-(1H-

benzo[d]imidazol-2-yl)-5-phenyl-1-(pyridin-4-yl)-1H-pyrrol-2-amine with CYS 191, SER 195 

and HIS 57, using urokinase-type plasminogen activator (uPA) as the receptor.150  

Another paper reported the synthesis of a series of novel benzimidazole Schiff bases and their 

complexes.151 These compounds were synthesized using both conventional heating and 

microwave irradiation approaches. The synthesized targets were screened against breast, liver, 

and lung cancer cell lines for their antitumor activity. Notably, this series of compounds 

displayed good anticancer activity compared to the drug doxorubicin, used as the control, 

Scheme 3.3. 
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Scheme 3.3: Synthesis of Benzimidazole Schiff Base and its copper Complex 

Another study showed the multistep synthesis, anticancer activities, and specific kinases 

assessment of 2-arylbenzimidazole derivatives.152 These compounds were reported to show 

excellent anticancer activities when tested against a tumor cell line HepG-2 and their specific 

kinases were assessed. Two of the synthesized compounds which were I (2-aryl-) and II (2-

heteroaryl)benzimidazoles possessed great cytotoxicity against HepG-2 cells with IC50 value 

2µM, (Figure 3.5). 

 

Figure 3.5: 2-Arylbenzimidazole and 2-Heteroarylbenzimidazole Derivatives 
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The prominent role and the contribution of vanillin in the treatment and prevention of cancer 

have been well-documented in literature.153 Additionally, reports have further shown that 

vanillin and its derivatives, such as benzimidazole derivatives, are significant pharmacophores 

in drug discovery, especially used in the treatment of breast cancer. 142,154 It was also  reported 

that benzimidazoles bearing a vanillin nucleus exhibit anti-proliferative activity in HL60 

leukemia cancer cells, resulting in cell cycle progression at G2/M phase.142 

3.5 Reported In-silico Docking of Some Benzimidazole Anticancer Agents  

As a result of the remarkable cancer inhibitory activity displayed by benzimidazole derivatives, 

extensive attention and efforts have been invested in designing more efficacious 

benzimidazole-based anticancer agents by focusing primarily on how to modify their chemical 

structures.155 These strategies include molecular in-silico docking, which involves using 

ligand-protein and structure-based design of drugs (SBDD) via computational modeling. This 

technique is a powerful tool to aid in fast-tracking the design of potential lead compounds.156 

Also, the in-silico technique is a cost-effective approach, guiding researchers into the rapid 

synthesis of potential biologically active libraries as alluded to earlier, in chapter one. 157 

Recent reports have demonstrated 2-substituted benzimidazole derivatives as promising 

anticancer agents employing in-silico molecular docking as the key approach.158,144,125. 

Docking studies conducted by Talan and his group,155 employing human cyclin-dependent 

kinase CDK-8 protein 2 as the active site, revealed the binding mode of 2-substituted 

benzimidazoles with various important amino acids such as Thr347, Asp351, and Cys530. A 

bond with the oxygen of the amino acid and the nitrogen atoms of the 2-substituted 

benzimidazoles was clearly observed as seen in Figure 3.6., exhibiting high negative score,159 
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a significant docking score of -7.69, which shows that there is a strong binding interaction 

between the ligand and the receptor CDK-8 protein 2, Figure 3.6. 

 

  

Figure 3.6: Binding mode and ligand interaction of 2-substituted-benzimidazoles in the CDK-

8 protein 2 binding site 

Moreover, a series of 2,6-disubstituted benzimidazoles were synthesized and screened against 

various five cancer cell lines, including HeLa, MCF7, A549, HepG2 and C6. 

 Two of the series of the compounds displayed excellent antiproliferative activity, more than 

doxorubicin with IC50 of 0.224 ± 0.011 µM and 0.205 ± 0.010 µM, respectively. These two 

compounds were further docked against DNA topoisomerase 1 enzyme complex, Figure 3.7 

and they were shown to displayed probable interaction and inhibited topoisomerase 1 enzyme 

complex. 
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A π- π interaction was observed between the amino acid, Arg364, and the phenyl ring of the 

benzimidazole while the nitrogen atom of the benzimidazole ring was involved in strong polar 

interactions. 

        

Figure 3.7: Docking of 2,6-disubstituted benzimidazole against DNA topoisomerase I enzyme 

complex144 

Due to the favorable antiproliferative activities of 1-(1H-benzimidazol-2-yl)-3-substituted 

prop-2-en-1-one, 2, Figure 3.8, against breast cancer cells, Mohamed et al 158 carried out 

molecular docking on a series of novel benzimidazoles. The docking study demonstrated the 

binding of 1-(1H-benzimidazol-2-yl)-3-phenylprop-2-en-1-one ring to a narrow hydrophobic 

pocket in the N-terminal domain of epidermal growth factor receptor-tyrosine kinase EGFR-

TK, which is similar to that of Erlotinib inhibitor, Figure 3.8.158 

 

    

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

90 

 

 

  

Figure 3.8: The binding mode 1-(1H-Benzimidazol-2-yl)-3-phenylprop-2-en-1-one, I, ring 

unto EGFR-TK complex.158  

A report by Chu et al, showed the activities of 2-aryl benzimidazole 3, Figure 3.9 and its 

derivatives against breast cancer both in-vitro and in-vivo.160 These derivatives exhibited anti 

breast cancer activities against epidermal growth factor receptor (EGFR) and human epidermal 

growth factor receptor 2 (HER2) through tyrosine phosphorylation reduction. Downstream 

activation of PI3K/Akt and MEK/ Erk pathways were also prevented in an in vitro bioassay.160   

            

Figure 3.9:  2-Aryl benzimidazole I 

3.6 ADMET Properties in Drug Discovery  

The study involving drug metabolism and pharmacokinetics is mostly referred to as ADMET 

properties in drug discovery and development.161 Chemical absorption, distribution, 

metabolism, excretion, and toxicity (ADMET), are vital at every stage in the drug discovery  

and development.162 ADME deals with the pharmacokinetic properties of a drug molecule 

which determine if it will get to the target protein in the body and how long it will stay in the 

bloodstream. 
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3.6.1 ADMET Properties of Benzimidazole Derivatives 

Reports have shown some fundamental ADMET properties of benzimidazole derivatives. The 

lipophilicity and H-bonding of the 2- and 5-substituted benzimidazole analogues, Figure 3.10, 

were investigated in vitro. These 2- and 5- disubstituted benzimidazole analogues were 

identified as vital substituents responsible for the angiotensin II– AT1 receptor antagonistic 

activity.163 

 

 

 

      

Figure 3.10:   2- and 5-substituted benzimidazole analogues identified as angiotensin II–AT1 

receptor antagonist.163 

Another series of 2-substituted benzimidazole derivatives, Figure 3.11, were analyzed for their 

ADMET properties. The key ADME and drug-likeness properties predicted on the series of 2-

substituted benzimidazoles displayed no violations in all drug-likeness rules (Veber, Lipinski, 

Ghose, Muegge, and Egan). Also, these series of benzimidazoles revealed no PAINS (pan assay 

interference structures) alerts nor structural alerts (Brenks).This series of benzimidazoles also 

displayed promising in vitro anticancer activities. 164 
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R1= H; R1= -(CH)4 

Figure 3.11:   2-substituted benzimidazole derivatives. 164 

3.7 Designed Target Compounds Based on Previous Literature Reports 

At this point, we sought to design a library of highly functionalized benzimidazole scaffolds 

based on previous literature reports and that were simple, and effortless to synthesize in a short 

period of time.  Scheme 3.4 shows the retrosynthesis of the target compounds.  Previous studies 

reported azomethine (imine) linkage (dashed rectangle in green), Scheme 3.4,  incorporated 

with heterocyclic system to exhibit a higher affinity and lipophilic properties thus, reducing the 

toxicity of a proposed drug, this could as well increase the anticancer properties of the proposed 

drug.165 Also, benzimidazole moiety (red cycle), Scheme 3.4, has been reported to exhibit 

antitumor activity through the versatile mechanism of action, including DNA alkylation, DNA 

binding, disturbing tubulin polymerization or depolymerization, enzyme inhibition, anti-

angiogeneic, and signal transduction inhibitors.166 Also, previous literature reported molecular 

docking of these benzimidazole derivatives confirmed by its importance as anticancer with the 

π- π interaction observed between the amino acids, and the phenyl ring of the benzimidazole, 

while the nitrogen atom of the benzimidazole ring was involved in strong polar interactions. 

Furthermore, it was worthy to note that the introduction of more phenyl rings (circled in blue) 

could increase the π- π interaction, which might in turn enhanced the number of interactions 

and consequently increase the potency.  Also, more interaction allows the ligand to be more 

tightly bound into the active site, thereby increasing the compound's activity. Also, the ethylene 

linker in the compounds, 3.6a-f may extend the functional groups near the active site. Finally, 
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fluorine has previously been described as a small but highly electronegative atom that performs 

a vital role in medicinal chemistry.167 Substitution of fluorine (light blue dashed circle) in a 

drug candidate increases its ADME and physicochemical properties, including improved 

metabolic stability and enhanced membrane permeation.168  

Scheme 3.4: Retrosynthesis of the proposed benzimidazole derivatives 

3.8 Reverse Docking and Molecular Similarity as Computational Molecular Docking 

Strategies 

Phenotypic high-throughput screening is referred to as chemical genetic or in vivo drug 

screening used to determine the ability individual compounds to inhibit a particular enzyme  in 

living  cells or intact organisms.169  Phenotypic high throughput screening has been found 

useful in drug discovery.170  

Optimization of compounds from initial phenotypic screening projects requires extensive 

structural activity relationship (SAR) analysis because the potential targets of such compounds 
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screened phenotypically are unknown.171 Knowledge of the targets for the phenotypically 

screened compounds (ligand-target binding) will allow the application of structured based drug 

design strategies that will improve the specificity of the compounds.172 It will also give insight 

into the potential mechanism of actions of the compounds173 and identify potential off-targets 

for such compounds.174  Hence, the mining ligand-target binding is a vital part of the drug 

discovery process.175  

Different techniques have been applied to determine target profiles for ligands, including 

molecular similarity searching, data mining and machine learning, analysis of bioactivity 

spectra, protein structure-based, and reverse/inverse docking methods.176 Reverse docking is a 

powerful tool for target prediction, drug repositioning, and drug rescue. It involves docking a 

small-molecule ligand in the potential binding cavities of a set of clinically relevant 

macromolecular targets. The process can potentially identify novel molecular targets for the 

drug/ligand, which may be suitable for its mechanism of action and side effect profile. Reverse 

docking has potential application in the lead discovery and optimization stages of the drug 

discovery cycle. Molecular similarity searching is another strategy that is used to predict target 

profiles for ligands. Molecular similarity searching is based on the Similar Property Principle 

and has been used to find molecules that are likely to have similar bioactivity, physicochemical 

target binding profiles to a reference molecule. The Similar Property Principle states that 

structurally similar molecules like an active molecule are also expected to be active. Thus, 

finding molecules that are structurally like a molecule with a known target binding profile is 

one of the keys to successful target prediction and elucidation of such molecules' mechanism 

of action(s). 
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3.8.1 Molecular Similarity Searching of Target Compounds for Target Prediction 

In this study, reverse docking and molecular similarity searching were used to establish the in-

silico breast cancer target profiles for a set of benzimidazole analogues, by docking them 

against breast cancer targets and search a database of known ligand-target binding profiles. 

We used a web-based platform, Swiss Target Prediction, to implement the molecular similarity 

searching for ligand-target profiling. Swiss Target Prediction accurately predicts bioactive 

molecules' targets based on a combination of 2D and 3D similarity measures with known 

ligands. The “smiles” formats of the 12 benzimidazole analogues were imported into Swiss 

Target Prediction to predict their putative targets of action. The predicted putative target was 

limited to Homo sapiens. In order to improve the reliability of the prediction goal, only high-

probability targets were selected. All predicted putative targets identified were searched on 

Uniprot Database to verify the gene ontology and biological functions of these predicted 

putative targets. 

3.8.2 Molecular Docking for Ligand-Target Binding of Target Benzimidazoles, 3.4a-

3.6f, using Estrogen Receptor Alpha (ER) in Breast Cancer as a Suitable Target 

Estradiol is one of the anti-estrogens that bind and inhibit estrogen receptor alpha (ER) 

proliferation in breast cancer. Estradiol such as 17b-estradiol has been found useful in the 

treatment of breast cancer.177 Therefore, a crystal structure of human estrogen receptor alpha 

ligand-binding domain in complex with estradiol was downloaded from protein data bank 

pdb.178 

Recent reports have demonstrated 2-substituted benzimidazole derivatives to possess 

anticancer properties.158,144,125. Based on the previous reports, molecular docking studies were 

performed on benzimidazole derivatives using the crystal structure of human estrogen receptor 
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(ER) alpha ligand-binding domain in complex with estradiol as the active site. The binding 

modes of the proposed benzimidazoles in the enzyme active site of human estrogen receptor 

(ER) alpha were represented in Figure 3.12. The scoring functions and hydrogen bonds formed 

with the neighboring amino acids are used to predict their binding modes, their binding 

affinities , and orientation of the target benzimidazoles at the enzyme active site of the human 

estrogen receptor (ER) alpha (pdb code: 2OCF).178 A smaller docking score signifies a higher 

binding affinity of the ligand for the receptor. Obtained docking scores results are summarized 

in Table 3.1, below. 

Table 3.1: Docking scores of targets, 2-substituted benzimidazoles 

 

 

 

 

 

 

 

 

 

 

*Docking scores of 2-substituted benzimidazoles-based target molecules and intermediates. 

Compound code *Docked score 

3.4a -8,29 

3.6a -8,42 

3.4b -9,16 

3.6b -8,96 

3.4c -8,81 

3.6c -8,95 

3.4d -8,21 

3.6d -7,96 

3.4e -8,38 

3.6e -7,99 

3.4f -7,95 

3.6f -8,71 
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The most probable target molecule was identified as compound 3.4b with docking scores of -

9,16. This target, as mentioned earlier, revealed a bond with Arg 394 and 𝜋 interactions with 

Leu387and Leu 525, Figure 3.14.  The binding mode and structure analysis showed that some 

of these benzimidazoles intermediate compounds, such as 3.4a, 3.4b, 3.4c, 3.4e, 3.4f, only 

form a bond with an amino acid Arg394, which conforms to the binding mode of human 

estrogen receptor alpha ligand-binding domain in complex with estradiol, Figure 3.12. At the 

same time, there was no other bonding with other essential amino acid residues such as His 

524, Glu 353 found in the binding mode of estradiol with the ER-ligand binding. 

 

Figure 3.12: The binding mode of estradiol unto the active site of estrogen receptor (ER) alpha 
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Figure 3.13: The binding mode of the intermediate compound 3.4a unto the active site of 

estrogen receptor (ER) alpha. 
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Figure 3.14: The binding mode of the most probable intermediate compound 3.4b with dock 

score of -9.16 into the active site of estrogen receptor (ER) alpha. 

 

Figure 3.15: The binding mode of the intermediate compound 3.4c unto the active site of 

estrogen receptor (ER) alpha. 
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Figure 3.16: The binding mode of the intermediate compound 3.4e unto the active site of 

estrogen receptor (ER) alpha. 

Figure 3.17: The binding mode of the intermediate compound 3.4f into the active site of 

estrogen receptor (ER) alpha. Other target benzimidazoles 3.4d, 3.6a-3.6f, displayed binding 

interactions with other amino acids that are not comparable with that of estradiol in the active 

site of estrogen receptor (ER) alpha. The binding modes are depicted in Figure 3.18, below. 

 

 

 

 

 

 

3.6a 3.6b 
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Figure 3.18: The binding mode of another target benzimidazoles 3.4d, 3.6a-3.6f, unto the 

active site of estrogen receptor (ER) alpha. 

 

 

 

3.6e 
3.6c 

3.6f 3.4d 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

102 

 

 

3. 9 Synthesis of Derivatives of 2, 5-Disubstituted Benzimidazoles 

Despite the undesirable docking scores for most target molecules, we have decided to 

synthesize all the proposed 2,5-disubstitued benzimidazole derivatives 3.6a-f, Scheme 3.5, 

with the view that molecular docking studies are solely a prediction strategy. Also, strongly 

convinced by the positive feedback from literature reports, 179,180,181, we commenced with the 

synthesis of the envisaged target compounds, which followed a synthetic pathway as outlined 

in Scheme 3.5. 

 

Scheme 3.5: General synthetic pathway towards the target compounds 3.4 and 3.6. Reagents 

and reaction conditions: (i) CH3COOH or HCOOH, 4N HCl, reflux, 2 h (ii) (p)PhXCHO, 

Na2S2O5, EtOH, DMF, refluxed, 120 oC; (iii) KOH, DMSO, refluxed, 70 oC, 6 h; (iv) DCM, 

pyrrolidine 60 oC, overnight. 
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3.9.1  Synthesis of 2-(4-Substituted phenyl) Benzimidazoles via a Cyclo-condensation 

Reaction 

To access the proposed target structures, fluorobenzenamine derivatives 3.6a-f, Scheme 3.4, 

we began the reaction pathway with a cyclo-condensation reaction. The amino groups of the 

phenylenediamines 3.1a-b, were converted to the respective benzimidazole intermediates 3.2a-

f. This was done by employing various carboxylic acids and aldehydes as the amino acceptors. 

As depicted in Scheme 3.5, two different reaction procedures (i) and (ii) were followed 

respectively, to afford the desired intermediates 3.2a-f, in excellent overall yields (39 – 84%), 

from the precursors, o-phenylenediamine 3.1a and 4-nitro-o-phenylenediamine 3.1b. The 

second method was introduced after countless attempts to complete the envisioned 3.2a-f series 

had proven unsuccessful. In the first reaction, (i),   various carboxylic acid derivatives were 

used, in the presence of 4N HCl as a catalyst to form the benzimidazole derivatives 3.2a-c in 

moderate to excellent yield (39 – 71%); and in the second reaction (ii), (4-substituted phenyl)-

5-substituted-1H-benzimidazole derivatives 3.2d-f in moderate to excellent yield (67 - 85%) 

were synthesized, using a range of aldehyde derivatives with the support of an oxidizing agent, 

sodium metabisulfite, Na2S2O5.  

3.9.1.1 Mechanism for the Cyclo-condensation of Benzimidazole  

A lone pair of NH2 attacks the carbonyl of the carboxylic acid by means of an acid catalyst 

used (HCl). An acid catalyst's protonation of the OH group leads to the formation of oxygen 

lone pair, then hydroxyl group leaves, thereby removing water. The second lone pair of NH2 

attacks the carbonyl of the carboxylic acid employing acid catalyst used (HCl), which leads to 

cyclization, then there is a proton transfer. Finally, the benzo-fused aromatic ring is formed, 
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the lone pair from nitrogen is pushed into the ring then, OH group leaves,which then captures 

a protonfrom the formed ringirreversibly forming the benzimidazole.182 

 

Scheme 3.6: Mechanism for the cyclo-condensation of benzimidazole. 

Cyclization of 3.2b was confirmed with the 1H NMR, which revealed a singlet of imidazole N-

H proton, which resonated up-field at 2.09 ppm. Also, a sharp, intense singlet of three protons 

of n methyl substituent at position 2 of the benzimidazole was noticed at a chemical shift value 

of 2.51 ppm, Figure 3.19. 
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Figure 3.19: 1H NMR (DMSO-d6, 400 MHz) of compound 3.2b  

3.9.2  Williamson Ether Synthesis of 4-(2-Bromoethoxy)-3-Methoxybenzaldehyde 

(Vanillin Linker) 

With the intention to incorporate the first phenyl group onto the benzimidazole framework, the 

aryl containing methyll halide 3.3, Scheme 3.4, was prepared from vanillin by a Williamson 

ether synthesis reaction. Vanillin was treated with 1,2-dibromoethane in dry acetone at reflux 

condition of 70℃ for 24 h, in the presence of a base, to afford the aldehyde 3.3, in a moderate 

yield (41%).  

1H NMR of 3.3 revealed two –CH2 triplets of the ethoxy group seen at δ 3.72 and δ 4.44 ppm, 

respectively, with a coupling constant of 7.2 Hz. The coupling constants showed that two (CH2) 

are neighbors to each other, thereby establishing spin-spin interaction, as shown in Figure 3.20. 
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The chemical shift value of two protons of CH2-O is more de-shielded and therefore resonated 

more downfield (δ 4.44 ppm) than that of the two protons of CH2-Br, which appeared at δ 3.72 

ppm as being a bit more up-field. This is because oxygen is more electronegative than bromine. 

The IR showed the disappearance of the OH strong absorption band around 3300 -3500 cm-1.  

  

Figure 3.20: 1H NMR of Compound 3.3 (300 MHz, DMSO-d6)  

 

 

3.9.3  Synthesis of the N-alkylated benzimidazoles 3.4a-e 

The synthesis of the intermediate compounds, which were 3.4a-e, included an N-alkylation 

reaction, Scheme 3.4, which involved incorporating the prepared vanillin derived linker, and a 

3.3 in all the benzimidazole derivatives 3.2a-f in a single reaction step. In this reaction, it was 
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found that finely ground KOH and DMSO as the solvent under reflux gave the best results to 

afford the N-alkylation intermediates 3.4a-e in overall moderate to excellent yields (39 – 81%).  

The formation of the aldehydes, 3.4a-e, was confirmed with the IR absorption spectra, which 

revealed an absorption band at 2900 cm-1 due to stretching vibration frequency aromatic C-H 

while stretching vibration frequency of the unconjugated weak bands of CH2 and CH3 was seen 

at 2828 and 2661 cm-1 respectively. A strong band at 1699 cm-1 confirmed the presence of C=O 

of the aromatic aldehyde. The 1H NMR spectrum of compound 3.4a revealed the two intense 

sharp singlets at δ 2.67 and δ 3.80 ppm, respectively, ascribed to the three methyl protons 

substituent on the imidazole ring of the benzimidazole moiety and three methoxy protons 

attached to the vanillin ring. Also, two CH2 proton triplets of the ethoxy group were observed 

at δ 4.38 and δ 4.74 ppm with coupling constants of 4.7 Hz. The proton of the aldehyde 

functional group on the vanillin moiety is seen downfield as a singlet at 9.81 ppm. The other 

seven peaks, which appeared between δ 7.08-7.61 ppm, were assigned as the aromatic protons 

found in the benzimidazole and vanillin moieties. 
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Figure 3.21: 1H NMR of Compound 3.4a (400 MHz, DMSO-d6)  

The 13C-NMR spectrum of 3.4a revealed the presence 18 carbon atoms ranging from 13–191 

ppm. Out of these, thirteen peaks are found at δ 110–153 ppm, and these include seven tertiary 

carbons and five quaternary carbons, attributed to the aromatic carbons on the benzimidazole 

and vanillin moieties. Moreover, the peaks at δ 13. 7 and δ 56.0 ppm accounted for the signals 

of methyl carbon on the imidazole ring and methoxy carbon on the vanillin ring, respectively 

Figure 3.22. Furthermore, two carbon atom signals of the two -CH2 of the ethoxy group are 

seen at 43.1 and 67.5 ppm, respectively Figure 3.22.  
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Figure 3.22: 13C NMR of Compound 3.4a (100 MHz ,DMSO-d6)  

Finally, the mass spectroscopic data of 3.4a revealed the molecular ion peak at m/z (m+1) 311, 

which corresponds to the molecular mass of the compound 3.4a (C18H18N2O3). 

3.9.4 Synthesis of Target Compounds 3.6a-e 

The target molecules 3.6a-e in this chapter are otherwise known as Schiff bases. The reaction 

to the target compounds proceeded through the nucleophilic addition reaction of aldehydes 

3.4a-e, and 4-fluoroaniline 3.5 in the presence of 10 drops of pyrrolidine, (Scheme 3.4.) The 

reactions were successful when pyrrolidine was employed as the catalyst, giving moderate-low 

to excellent yields (33 – 87%) in the absence of harsh acids, metals, and minimum experimental 

manipulation. However, no product formation was observed when the reaction was done in the 
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absence of the pyrrolidine catalyst. This essential step in the reaction pathway was only noted 

after countless failed attempts to synthesize the target molecules. 

3.9.4.1 Synthesis of Aldimines or Schiff base via Nucleophilic Catalysis of Pyrrolidine 

A nitrogen analog of a ketone or an aldehyde is referred to as a Schiff base. Here, imine (C=N) 

functionality is used in place of the carbonyl (C=O) group. Under a nucleophilic condition, 

Schiff bases are prepared from the condensation reaction of aldehyde or ketone and a primary 

amine. As a result of the effective conjugation, an aryl Schiff base (as in the case with these 

target compounds 3.6a-f) tends to be more stable and could easily be made than an aliphatic 

Schiff base. In this work, as alluded to before, the success of the formation of the products 

depended on the treatment of the aldehydes 3.4a-e with the pyrrolidine catalyst, Scheme 3.9. 

The mechanism is initiated by the interception of pyrrolidine with the aldehydes 3.4a-e to give 

rise to the iminium ion, as depicted in Scheme 3.9. Further reaction with the primary amine, 4-

fluoroaniline 3.5 with the loss of water, afforded the intermediate aminal, which gave the 

desired aldimines 3.6a-f. On completion of the catalytic process, pyrrolidine was liberated to 

be used again in the process.181 Then, there is a favorable attack of the primary amine derivative 

to the electrophilic iminium ion. Thus, aminal is transformed into a four-membered transition 

state.  
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Scheme 3.7: Nucleophilic Catalysis used by Pyrrolidine 

The formation of the target compounds 3.6a-e was further determined by the IR absorption 

spectrum, which displayed similar characteristic bands to their precursors, except for notable 

changes which showed the disappearance of the strong band due to the C=O of aldehyde and 

appearance of the medium band with stretching frequency between 1640 - 1634 cm-1 which is 

characteristic of the C=N stretch, Figure 3.23, and this conforms with the  literature.183 This 

confirmed the successful conversion of carbonyl (C=O) to imine (C=N) functionality. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

112 

 

 

 

Figure 3.23: Infra-red Spectrum of Compound 3.6d 

 

Figure 3.24: 1H NMR of Compound 3.6a (400 MHz, DMSO-d6). 
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In summary, all synthesized 3.1a-b, 3.2a-f, and target molecules, which were 3.4a-e, 3.6a-e, 

were characterized with IR, 1H, and 13C NMR analysis. The 1H NMR spectra of the compounds 

were run in CDCl3 and DMSO-d6 at 300 and 400 MHz, respectively, with chemical shift values 

(δH/C) documented in ppm. Using compound 3.6a as a reference Figure 3.24, the methyl CH3 

group substituted on position 2 of the 2-methylbenzimidazole ring of 3.2a, 3.4a, and 3.6a all 

resonated up-field at 2.50, 2.67 and 2.70 ppm respectively as 3H singlets while the CH3 linked 

on the 2-methyl -5-nitro benzimidazole ring resonated up-field at δ 2.51, 2.76, 2.78 ppm 

respectively as 3H singlet for compounds 3.2b, 3.4b, and 3.6b. The methoxy-linked OCH3 of 

compound 3.3 resonated up-field at δ 3.96 ppm, while the aromatic aldehyde was observed 

downfield at δ 9.89 ppm as singlet and the 2 x (CH2) of the bromoethylene linker in compound 

3.3 were found as 2H triplets at δ 3.72 and 4.44 ppm respectively. The aldehyde signals of 

compounds 3.4a, 3.4b, 3.4c, 3.4d, and 3.4e all appeared downfield between δ 9.80-9.82 ppm 

as singlets, while their aryl methoxy groups were observed upfield between δ 3.73-3.80 ppm 

respectively as singlets and their 2 x (CH2) signals of the ethylene linker in these compounds 

were all found between 4.11 – 4.82 ppm respectively. All the aryl H signals were noticed 

downfield of around δ 6.68–8.71 ppm, the NH of the imine functional group in compounds 

3.6a, 3.6b, 3.6c, 3.6d, 3.6e, and 3.6f appeared downfield as singlets between δ 8.23-8.24 ppm 

respectively. The 13C NMR spectra were run in CDCl3 and DMSO-d6 at δ 300 and 400 MHz, 

respectively, with chemical shift values documented in ppm. In all, the 13C NMR spectra of the 

structural benzimidazole derivatives range from 13.82 for CH3 of compound 3.4a to 192 ppm 

for the aryl CHO of compound 3.4a. Unambiguously, the 2-methyl-linked imidazole CH3 of 

compounds 3.4a, 3.4b, 3.4d, and 3.4e resonated at δ13.87–14.37 ppm. The formation of the 

ethylene linker on the imidazole ring of compounds 3.4a, 3.4b, 3.4c, 3.4d, and 3.4e was 

validated by the appearance of the CH2 signals at δ 43.31 - 66.45 ppm, which was absent in the 
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precursors 2a, 2b, 2c, 2d, 2e, 2f. The formation of imine in 3.6a, 3.6b, 3.6c, 3.6d, 3.6e, 3.6f 

was further confirmed by the presence of C=N signal at δ 160.00- 162.00 ppm as seen in Figure 

3.24 for compound 3.6a, which was not present in the precursors 3.4a, 3.4b, 3.4c, 3.4d, and 

3.4e respectively from which they were derived. 

 

  

Figure 3.25: 13C NMR of Compound 3.6a (100 MHz , DMSO-d6)  

 The details of the 1H NMR, 13C NMR, and mass spectra are mentioned in the experimental 

section. 
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3.10 Cytotoxicity 

The preliminary cytotoxicity of target benzimidazoles were accessed by Harshini Mehta at the 

Department of Biochemistry, Genetics and Microbiology, University of Pretoria. The target 

compounds 3.4a-d, 3.6b-c, 3.6e-f were assessed against breast cancer cell line MCF-7, using 

MTT cell viability assay. The biological screening result is summarized and shown in Figure 

3.26.  The results revealed that the benzimidazoles derivatives 3.4a-d, 3.6b-3.6f, even at all 

concentrations (0.195-100 ug/mL), were unable to induce cell death, nor displayed the 

cytotoxic effect above 25%, in all cases when compared to the standard, camptothecin which 

induces cell death at 57% (at 0.08 ug/mL). The absorbance of the plate at 570 nm was measured 

with a plate-reader. The percentage of cell viability was calculated using the formula below.  

𝑃𝑒𝑟𝑐𝑒𝑡𝑎𝑔𝑒 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

= (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐵𝑙𝑎𝑛𝑘

𝐴𝑏𝑠𝑟𝑜𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐵𝑙𝑎𝑛𝑘
) × 100 

Unfortunately, the IC50 of the target compounds could not be determined since none of the 

target compounds gave 50% cell viability or induces cell death at 50%. 
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Figure 3.26: Cytotoxicity screening of target compounds 

3.11 Conclusion 

 A library of 2-disubstituted benzimidazole derivatives was successfully synthesized with the 

use of a pyrrolidine catalyst, which seemed to be the key factor in ensuring the success in the 

formation of the final products. The target compounds were designed using the reported 

literature as a guide with respect to their potent anticancer activity and the good docking scores 

of comparable ligands. Also, in our case the successfully synthesized target compounds were 

planned to be screened against the breast cancer cell line, MCF-7, as a comparative study. 

Using a different target as compared to the target used in the prediction molecular docking 

study, we anticipated that a different outcome in terms of activity could be obtained. Thus, 

using a reverse docking approach, the target compounds were docked, and the most probable 
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target is compound 3.4b, with docking scores of -9,16. This target as mentioned earlier revealed 

a bond with Arg 394 and 𝜋 interactions with Leu387and Leu 525.  The binding mode and 

structure analysis showed that some of these benzimidazoles target molecules such as 3.4a, 

3.4b, 3.4c, 3.4d, 3.4e, 3.4f, 3.4g, only form a bond with an amino acid Arg394, which conforms 

with the binding mode of human estrogen receptor alpha ligand-binding domain in complex 

with estradiol, while there was no other bonding with other important amino acid residues such 

as His 524, Glu 353 found in the binding mode of estradiol with the ER-ligand binding. The 

synthesized compounds were screened for their cytotoxicity activity against MCF-7 cells lines. 

Still, unfortunately, none of the target compounds, even at all concentration (0.195-100 

ug/mL), gave the cytotoxic effect that could be compared to that of the standard drug used, 

camptothecin which induces cell death at 57% (at 0.08 ug/mL).  

The disparity between the molecular docking and bioactivity result could be because some of 

the target compounds only bind with one amino acid (Arg394) and do not bind with the other 

two important amino acids (His 524, Glu 353) that estradiol binds to, in the active site of the 

human estrogen receptor alpha which is responsible for the proliferation of the MCF-7 cells 

lines. Therefore, in our future work, these target compounds will be modified to be able to bind 

to the other two amino acids that estradiol binds to, thereby increasing the activities of these 

target benzimidazoles. 

 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

118 

 

 

Chapter Four  

Synthesis of Quinoxaline-6-Carboxamidine-Urea Based Antimicrobial 

Compounds 

 

4. Introduction 

 

4.1 The Pathogenic Nature of Microbes 

Infectious disease involve the appearance of medical symptoms due to infection, impact, and 

development of pathogenic biological agents as seen in a specific host organism. Epidemic 

diseases arise as a result of these pathogenic biological agents.184 An infectious disease occurs 

by interaction with microorganisms.185 

Microbes are also known as micro-organisms, which are either unicellular, multicellular or cell 

clusters that form the larger part of the earth's ecosystem.186 Microorganisms do not exist as 

single species; therefore, they are found in various hosts or environments, which in turn result 

in microbial interaction with its host or environment.187 Some microbes exist throughout the 

human body with essential roles, while some could be harmful to human health.188 In humans, 

communities of micro-organisms have complex characteristic mixtures that have co-evolved 

with their human hosts.189 

4.1.2 General Characteristics and Classification of Bacteria  

Infection is referred to as the arrival, occurrence, and growth of micro-organisms such as 

bacteria, fungi, and viruses in a human or animal body (and plants), leading to disease.190 

Bacteria are prokaryotic micro-organisms that transmit genetic information in a double-

stranded circular molecule of DNA. 191 Bacterial-related diseases are one of the well-known 

infectious or communicable diseases that can be passed from one person to another by means 
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of contact with contaminated surfaces, bodily fluids, blood products, insect bites, or through 

the air. Other examples of communicable diseases are; HIV, hepatitis A, B and C, measles, 

salmonella, measles, and blood-borne illnesses.192 Transmission of communicable disease is 

well known through; faecal-oral, food, sexual intercourse, insect bites, contact with 

contaminated fomites, droplets, or skin contact. Infectious diseases have been a burden on the 

world at large.193 The emergence of infectious disease has impacted the world economies and 

public health, which is a result of socio-economic, environmental, and ecological factors.194 

Bacteria are grouped into Gram-positive or Gram-negative based on the features they possess 

on their cell walls, as seen under a microscope after the administration of stains.191 The rise in 

resistant bacteria and the rate at which new and multi-drug resistant species occur is short.195 

To investigate several biologically active compound families against microorganism strains,196 

some methodologies have been established.197,198 

4.2 Classification of Antimicrobials and Multi-drug Resistance thereof 

Antimicrobials are referred to as any drug agent that possesses the ability to inhibit or eradicate 

micro-organisms.199 Also, antibiotic is a word used in place of antimicrobial, and it's otherwise 

referred to as organic compounds of small molecular weights used in response to some 

microorganisms.200 Antibiotic resistance is developed in relation to the presence of DNA in the 

microorganism and the rate at which DNA is acquired from other microorganisms.195 This 

situation has led to a compromised pharmacological activity, thereby affecting the efficacy of 

antimicrobial drug agents.199 The increase in prevalent multi-drug resistance microorganisms 

reported, including Staphylococcus aureus, Escherichia coli, Staphylococcus epidermidis, 

Pseudomonas aeruginosa, Enterococcus faecium, and so on, had been noticed over the 

years.201  As a result of the occurrence of multi-drug resistance ravaging globally, there is a 
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quest for continuous design and discovery of simple new compounds with antimicrobial 

activities202. Therefore, some studies have recently shown the medicinal importance of 

quinoxaline derivatives through the activity they possess, which include; anticancer,203 

antiviral,204 antimalarial,205 antidiabetic,206 anti-inflammatory,207 antitubercular,208 

antifungal,209 and, antimicrobial.210 

4.3 Chemical Properties and Synthesis of Quinoxalines and their Biological 

Significance 

Quinoxalines are a vital class of nitrogen-containing heterocyclic compounds, otherwise 

referred to as benzodiazine, or 1, 4-diazanaphthalene.  Quinoxalines have two nitrogen 

heteroatoms at positions 1 and 4 of the benzo-fused diazine nucleus.211 Quinoxaline I, forms 

isomeric chemical structures  with quinazoline II, phthalazine III, and cinnoline IV,212 as seen 

in Figure 4.1.  

 

Figure 4.1: Isomeric Chemical Structures of Quinoxalines 

Quinoxalines have been found useful and are employed in various fields, which include; 

agricultural,213 electroluminescent materials,214 organic light-emitting devices,215 organic 

semiconductor,215 and indicator dyes,216 and preparation of azo dyes, fluorescent dyes,217 

pigments,217 and in medicinal chemistry applications. 
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Quinoxalines are biologically active compounds that are found in some antibiotics such as; 

brimonidine, triostin C, varenicline, actinoleutin, and echinomycin, which are generally used 

in clinical medicine (Figure 4.2). 

Echinomycin, also called levomycin, is an antibiotic that prevents the synthesis of microbial 

RNA through intercalation in double-stranded DNA with the aid of nucleotide sequence 

selection and act against several transplantable tumors.218,219 A number of quinoxaline moieties 

possess biological activities and are applied in the medical field, which include; anti-

inflammatory,207 anti-diabetic,206 anti-oxidant,207 anti-viral,220 anti-tuberculosis, anti-

protozoal,221 antimalarial205, anti-depressant, and anti-microbial properties.201 An increase in 

allergies and complications of the respiratory system has been traced to the long-lasting use of 

antimicrobial drugs, which has affected people globally.222 Therefore, researchers have 

employed various approaches to design quinoxaline derivatives, including molecular docking 

tools.   
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Figure 4.2: Chemical Structures of Some Quinoxaline-based Drugs.223,224,210 

 

 4.3.1 Some Synthetic Approaches used in the Synthesis of Quinoxaline and its 

Derivatives 

Various synthetic approaches and strategies have been employed in the synthesis of 

quinoxaline and its derivatives. Ruiz et al. 225 investigated the use of recyclable alumina-

supported molybdophosphovanadate catalysts to synthesize 2,3-diphenylquinoxaline III at 

room temperature, providing excellent yields Scheme 4.1.225 
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Scheme 4.1: Synthesis of 2,3-diphenylquinoxaline III, by means of recyclable alumina-

supported molybdophosphovanadates catalysts  

Nakhate et al. 226 also prepared a series of quinoxaline derivatives via the oxidative coupling 

of o-phenylenediamines (OPD) with terminal alkynes in the presence of copper-alumina (Cu-

Al) catalyst, Scheme 4.2.226 

Scheme 4.2: Synthesis of 2-phenyl-3-(2-phenylethynyl) quinoxaline, III via oxidative 

couplings226  

One-pot cascade synthetic method was used, which involved the removal of an acidic group of 

α-aminoxylated dicarbonyl compounds to afford 1,2,3-tricarbonyl compounds, which in-turn 

underwent condensation reaction with o-phenylenediamine to give compound III, Scheme 

4.3.227 
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Scheme 4.3: Cascade synthesis of ethyl 3-methylquinoxaline-2-carboxylate, III 

 Rouhani et al.,228 used a reusable catalyst, perlite–SO3H nanoparticles, to prepare quinoxaline 

derivatives following a three-component reaction of o-phenylenediamine, aromatic aldehydes, 

and cyclohexyl isocyanide in ethanol under ultrasound irradiation to yield the quinoxaline 

amine IV, Scheme 4.4. 

 

Scheme 4.4: A three-component reaction synthesis of N-cyclohexyl-3-phenylquinoxalin-2-

amine, IV 

Quinozaline moieties were synthesized by direct condensation of substituted aromatic 1,2-

diamines with 1,2-dicarbonyl in the presence of an eco-friendly re-usable nano-structured 

nanoparticle, pyrophosphate Na2PdP2O7, Scheme 4.5.229 
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Scheme 4.5: Synthesis of 2,3-diphenylquinoxaline, III via Pd nanoparticles.229 

A solvent-free approach was used to prepare quinoxaline derivatives in the presence of 

Brønsted acidic ionic liquid (BAIL). This method afforded quinoxaline derivative III in high 

yields within a short period (30 mins) Scheme 4.6.230 

 

Scheme 4.6: Solvent-free synthesis of quinoxaline, III.230 

 

4.4 Synthesis of Quinoxaline-6-carboxamidine-urea based Compounds 4.5a-f 

In this work, we designed and synthesized a series of quinoxaline-6-carboxamidine-urea based 

derivatives as an extension of previous findings, which have highlighted their antimicrobial 

inhibitory significance. Scheme 4.7 depicts the overall synthetic pathway towards the synthesis 

of the target compounds 4.5a-f. 
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Scheme 4.7: Synthetic path towards target Compounds. Reaction condition (i) oxalic acid, 

HCl, reflux, 100 oC, 3 h; (ii) hydroxylamine hydrochloride, KOH, 60 oC, 16 h; (iii) Pd/C, 

AcOH, N2, 120 oC, 3 h; (iv) arylisocyanate/isothiocyanate, DMSO, Et3N, 50 oC, 24 h; (v) 

benzylisothiocyanate, DMSO, Et3N, 50 oC, 24 h. 

4.4.1 Synthesis of 6-Isocyanoquinoxaline-2,3(1H,4H)-dione, 4.2. 

Thus, following the synthetic pathway in Scheme 4.7, commercially available 3, 4-

diaminobenzonitrile 4.1 underwent a cyclo-condensation reaction with oxalic acid in the 

presence of aqueous hydrochloric acid to afford the diketone derivative 4.2. 
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Scheme 4.8: Synthesis of 6-isocyanoquinoxaline-2,3(1H, 4H)-dione, compound 4.2. Reaction 

condition: (i) oxalic acid, HCl, reflux, 100 oC, 3 h 

The formation of compound 4.2 was confirmed with the 1H NMR spectroscopy, which revealed 

the presence of two singlets corresponding to the two N-H groups of the amide groups of 

compound 4.2, resonating at 12.11 and 12.24 ppm, respectively, as seen in Figure 4.3. 

 

Figure 4.3: 1H NMR of 4.2 (400 MHz, DMSO-d6) 

 In addition, further confirmation was provided by 13C NMR spectrum, which revealed the 

presence of the two C=O of the amide groups, having the highest signals at 155.29 and 155.60 

ppm, respectively, as seen in Figure 4.4.  
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Figure 4.4: 13C NMR of 4.2 (100 MHz, DMSO-d6) 

4.4.2 Synthesis of Amidoxime Derivative, 4.3 of the Quinoxaline-2,3-dione 

Amidoximes are molecules containing an amino and hydroxyamino functionality on the same 

carbon atom, which resembles amides, amidines, and hydroxamic acids.231 The chemical 

reaction mechanism involves the nucleophilic attack of the amino group of the hydroxylamine 

on a nitrile.232 The nucleophilicity of the nitrogen on the hydroxylamine is increased with the 

presence of oxygen Scheme 4.9.233 
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Scheme 4.9: Reaction Mechanism for the formation of 1,2,3,4-tetrahydro-N-hydroxy-2,3-

dioxoquinoxaline-6-carboxamidine, 4.3 

Subsequently, the quinoxaline-amidoxime derivative was synthesized by treating compound 

4.2 with hydroxylamine hydrochloride in the presence of alcoholic KOH.   

 

Scheme 4.10: Synthesis of 1,2,3,4-tetrahydro-N-hydroxy-2,3- dioxoquinoxaline-6-

carboxamidine, compound 4.3. Reaction condition (i) hydroxylamine hydrochloride, KOH, 60 

oC, 16 h 

The formation of compound 4.3 was confirmed with the infrared spectrum, which revealed the 

conversion of C≡Nat position 6 of the quinoxaline group of compound 4.2 to hydroxyamidine, 

zwith the disappearance of C≡N which was responsible for the stretching absorption band at 

2200 cm-1 and appearance of two bands of NH of amidoxime group with stretching frequencies 

of 3384 and 3495 cm-1 respectively. Also, an associated broad bands of the NH/OH 

functionality are seen at 3183 cm-1,234 Figure 4.5.  
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Figure 4.5: Infra-red Spectrum of Compound 4.3 

The 1H NMR also confirmed the formation of compound 4.3, with the presence of N-

hydroxyamidine, attached to the position 6 of the quinoxaline ring. A broad singlet that 

corresponded to the O-H of the N-hydroxyamidine moiety,  was observed at 6.66 ppm, while 

two additional signals assigned to the two NH’s of the amidine group were found to resonate 

downfield as singlets at 10.05 ppm and upfield at 3.11 ppm TMS scale, respectively, Figure 

4.6. 
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Figure 4.6: 1H NMR of 4.3 (400 MHz, DMSO-d6) 

Furthermore, compound 4.3 was treated with ammonium formate in the presence of palladium 

on carbon to afford amidine derivative of quinoxaline, 4.4, Scheme 4.11.  

 

Scheme 4.11: Synthesis of 1,2,3,4-tetrahydro-N-hydroxy-2,3-dioxoquinoxaline-6-

carboxamidine, compound 4.4. Reaction condition: (i) Pd/C, AcOH, N2, 120 OC, 3 h 
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4.4.3 Synthesis of the Target Molecules 4.5a-f via Reductive Amination 

The synthesis of the target molecules 4.5a-f, Scheme 4.7,  was achieved through a Hofmann 

and Curtius re-arrangement as the key reaction.235 The mechanism of this reaction is depicted 

in Scheme 4.12, which involves a  nucleophilic attack of the lone pair of electrons on the 

nitrogen amine of compound 4.4 on the central electrophilic carbon of the isocyanate I, with a 

subsequent delocalization of a pi-electrons to the nitrogen atom, giving rise to the enolate ion 

intermediate II. Finally, proton transfer, as demonstrated in intermediate II, yielded the 

envisioned compound 4.5. 236 

 

Scheme 4.12: General reaction mechanism for the synthesis of target compounds 4.5a-f 

Compound 4.4 was in turn used to prepare the carboxamidine derivative, 4.5a, Scheme 4.13.  

Compound 4.4 underwent reductive amination with series of isocyanates and thiocyanates in 

the presence of triethylamine to give urea 4.5a. All the remaining target molecules 4.5b-f were 

prepared in a similar manner. 
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Scheme 4.13: Synthesis of target compound 4.5a. Reaction condition (i) DMSO, Et3N, 50 oC, 

24 h 

In general, using compound 4.5a as a representative spectroscopic study for the target 

molecules, the infrared spectrum displayed absorption bands due to the stretching vibration 

frequencies of N–H, C=O, C=C, and C=N at 3471–3294 cm-1, 1712 cm-1, 1590 cm-1, and 1488 

cm-1. The absorption bands due to stretching vibration frequencies of CH alkene of the aromatic 

were seen between 3184-2852 cm-1, Figure 4.7. 

 

Figure 4.7: Infra-red Spectrum of Compound 4.5a 
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Also, the chemical shifts and the multiplicity patterns were consistent with the proposed target 

compounds. Therefore, the 1H NMR of 4.5a displayed a singlet corresponding to the two N–H 

groups of the urea moiety at 5.21 ppm, whereas the two amide N-H groups appeared at 8.31 

ppm as an intense singlet, Figure 4.14.  Furthermore, a prominent singlet assigned to the N-H 

of the imidine moiety appeared up-field at 2.55 ppm. Also, the two aromatic rings present in 

compound 4.5a were confirmed with the presence of seven aromatic protons seen at 6.55-7.61 

ppm downfield TMS scale. The 13C NMR showed sixteen carbons, with C=O of the urea group 

having the highest signal observed at 168.94 ppm, while the–C=NH of imidine signal was 

observed at 152.84 ppm, and the other two amides C=O was seen at 148.14 ppm, Figure 4.15. 

The signals of the remaining fourteen sp2 hybridized carbons were found between 115.64 and 

139.03 ppm, respectively. 
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Figure 4.8: 1H NMR of 4.5a (400 MHz, DMSO-d6) 

Figure 4.9: 13C NMR of 4.5a (100 MHz, DMSO-d6) 

4.5 Reported synthesis and molecular docking studies on quinoxaline as 

antimicrobials 

Ammar et al. synthesized and screened a series of novel di-substituted sulfonylquinoxaline 

derivatives against fungi and bacteria. They also studied the binding activities of the series of 

di-substituted sulfonylquinoxaline I, Figure 4.10, to the DNA gyrase binding site. DNA gyrase 

is the bacterial enzyme that introduces negative supercoils into DNA.237 The series of di-

substituted sulfonylquinoxaline compound I showed potent DNA Gyrase inhibition with IC50= 

17 µM bacterial and fungi=10 µM, respectively, which was higher than that of the standard 

drug Ciprofloxacin (IC50 = 26.31 µM). Also, molecular docking of compound I displayed an 
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excellent binding mode and affinity to DNA Gyrase, similar to ciprofloxacin, as seen in Figure 

4.10.210 

 

Figure 4.10: Docking of novel di-substituted sulfonylquinoxaline I unto DNA gyrase binding 

site.210 

Furthermore, Shaaban et al.238 prepared and screened a library of pyrazolo-1,2,4-triazolo[4,3-

a]quinoxaline derivatives against microbials,  and the most active antimicrobial compounds I 

and II, Figure 4.11 out of all the screened compounds were docked against Bacillus anthracis 

dihydropteroate synthase (DHPS) pterin and p-aminobenzoic acid-binding pockets. The 

docking results showed that these compounds, I and II, fit into the binding pocket of Bacillus 

anthracis dihydropteroate synthase pterin and p-aminobenzoic acid-binding pockets, Figure 

4.11. Furthermore, the docking studies revealed interactions of the hydrogen bonds of these 
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compounds I and II with crucial amino acids, such as Asn120, Asp184, Lys220, and Arg254, 

and hydrophobic interactions with His256.  

  

  

Figure 4.11: Binding of compounds I and II to BaDHPS in the active site.238 

Similarly, a report by Sanna and his team showed the antibacterial and antifungal importance 

of quinoxaline moieties with the substituted electron-withdrawing group at positions 6, Figure 

4.12. 210,239,240,241 Notably, the quinoxaline scaffold bearing the chloro-substituent at position 

6 exhibited significant antimicrobial activity against Staphylococcus aureus. They reported that 

reasoning for this marked finding may be ascribed to the lipophilicity and the electronic 
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properties displayed by the substituents, which may have enhanced the biological activities of 

5,6-dichloro-3-(trifluoromethyl)quinoxalin-2(1H)-one.210  

 

 

 

Figure 4.12: Quinoxaline moieties with the substituted electron-withdrawing group at the 

positions 6  

Shintre et al., and his group reported the synthesis of thiazolidine–quinoxaline derivatives with 

amino acid side chains in a four-step reaction by means of microwave irradiation. Some of the 

synthesized compounds displayed good antimicrobial activity against Gram +ve and Gram -ve 

bacteria. This notable inhibitory activity was as a result of the presence of 4-fluorophenyl and 

4-methoxyphenyl groups along with tyrosine side chains of quinoxaline, Figure 4.13.206 

 

Figure 4.13: Thiazolidine–quinoxaline derivative 
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4.6 Molecular Docking of Target Molecules 4.5a-f 

Molecular docking studies (ligand-protein) were carried out on quinoxaline-6-carboximidine 

target molecules 4.5a-f using Schrodinger 2020-3. The target molecules were docked unto six 

different bacteria proteins namely DNA-gyrase enzyme (PDB code: 1KZN), beta-lactamase 

(PDB code: 2NZE), Bacillus anthracis transpeptidase (PDB code: 3G9K), penicillin-binding 

protein (PDB code: 3UDI), Escherichia coli lytic transglycosylase (PDB code: 2PIC) and 

Staphylococcus aureus dihydrofolate Reductase (PDB code: 4XE6). The molecular docking 

result with the docking scores is as shown in Table 4.1 below. For these series of target 

compounds 4.5a-f when docked unto the active site of each bacteria protein, the most probable 

targets are Escherichia coli lytic transglycosylase (PDB code: 2PICs) and beta-lactamase (PDB 

code: 2NZE) which gave best docking scores with binding energy ranging between -6,46 and 

-8,74 respectively. The structural and binding mode analysis displayed hydrogen bond 

interactions of 4.5b and 4.5f with important amino acids, which include ASP 90, ASN 180, 

LYS 212, ASP255, GLN 96, and interactions with HIE 88 and LYS 269.  

The docking pose of compound 4.5b displayed hydrogen bond interaction between the nitrogen 

of primary amine group of the ligand and ASP 90. Also, a water bridge is observed between 

the oxygen of the urea and ASN 180. There is a pi stacking interaction between the quinoxaline 

ring and HIE 88.  

The docking pose of compound 4.5f displayed hydrogen bond interaction between the two 

nitrogens of thiourea group of the ligand and ASP 255. Also, a side chain interaction is seen 

between the sulphur of the thiourea and GLN 96. A pi stacking interaction is observed between 

the ligand and LYS 212. Another pi stacking interaction is observed between the ligand and 
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LYS 269. Also, hydrogen bond interaction is observed between the nitrogen of the quinoxaline 

ring and LYS 212. 

The binding mode of the promising compounds 4.5b and 4.5f is as shown in Figure 4.14 and 

Figure 4.15 respectively. 

The result showed that these series of compounds 4.5a-f would be active against Escherichia 

coli lytic transglycosylase (PDB code: 2PIC) and beta-lactamase (PDB code: 2NZE), which 

could be a significant target for the discovery and development of novel antibacterial drug 

agent.  

Table 4.1: Docking scores of quinoxaline-6-carboximidine target molecules 4.5a-f 

ID 1KZN 2NZE 3G9K 3UDI 4XE6 2PIC 

4.5a -4,491 -5,471 -4,208 -3,3 -6,146 -6,87 

4.5b -4,48 -7,863 -4,092 -2,348 -6,454 -6,995 

4.5c -3,555 -5,932 -3,382 -2,394 -7,687 -8,616 

4.5d -4,131 -6,629 -4,648 -2,642 -6,161 -6,456 

4.5e -3,618 -6,283 -2,6 -2,504 -5,514 -8,546 

4.5f -3,738 -6,927 -3,99 -4,994 -6,742 -8,74 
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Figure 4.14: The binding mode of 4.5b unto the active site of Escherichia coli lytic 

transglycosylase (PDB code: 2PIC) 

 

 

 

 

 

 

 

Figure 4.15: The binding mode of 4.5f unto the active site of beta-lactamase (PDB code: 

2NZE) 
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4.7. Conclusion 

The quinoxaline-6-carboximidine target molecules 4.5a-f were successfully designed and 

synthesized. Although twelve compounds were designed, only six target compounds were 

successfully synthesized. The success of these compounds may primarily be due to the 

presence of an electron-withdrawing substituent on the phenyl ring of the isocyanate. We 

reasoned that this group seemed to enhance the reactivity of the isocyanate by lowering the 

electron density of the ring and stabilizing the negative intermediates during the mechanistic 

pathway, Scheme 4.12.  Overall, this finding demonstrates the significance of the presence of 

an electron-withdrawing group in the isocyanate derivatives towards the reactivity with the 

amidine 4.4. However, the reaction failed to occur in isocyanate derivatives without electron-

withdrawing substituents, deeming it important reaction criteria. The result of molecular 

docking and binding of 4.5a-f to the active sites Escherichia coli lytic transglycosylase (PDB 

code: 2PIC) and beta-lactamase (PDB code: 2NZE), showed that these series of target 

molecules could be significant targets for the discovery and development of novel antibacterial 

drug agents. 
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Chapter Five 

Conclusion and Future Work 

5.1 Summary and Conclusion 

This research work has successfully used molecular hybridization and in-silico docking to 

design antimalarial, anticancer, and antimicrobial agents.  

Based on preliminary findings through the in-silico studies and previous reports recently 

carried out on 2,6-dimethyl-4-(1H)pyridones, we have successfully synthesized a  series of new  

4(1H)-pyridone-containing intermediates and target molecules by employing, as antimalarial 

agents. However, only target molecules 2.9a and 2.9b were successfully synthesized from the 

envisaged series, after many failed attempts.  

 The RTF model-predicted Ki values of compounds 2.9a and 2.9b, docked into homology 

models of P. falciparum cytochrome bc1, are 49 nM and 34 nM, respectively. The docked pose 

of the compound 2.9b showed a hydrogen bond interaction between the nitrogen of the 

pyridone and histidine 12. A water bridge is observed between the oxygen of the pyridone and 

ASP218, Figure 2.9. The pyridone also forms two pi-stacking interactions between HIS192 

and PHE210, Figure 2.32. Additional hydrophobic interactions were observed between the 

ligand and PHE30, VAL34, VAL184, and PHE185, Figure 2.32. Crystallographic evidence 

from previous findings suggests that strong interactions exist between divalent sulphur atoms, 

aromatic rings, and sulphur, demonstrating the sulfur-containing linker's importance.78 The 

presence of the sulfur-containing linker, together with the additional interactions as shown by 

the docked compound 2.9b, may account for the notable low predicted Ki values of compounds 

2.9a and 2.9b. 
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Single crystal structures of intermediate compounds 2.4a and 2.4b were also determined using 

X-ray diffraction their unique identities were revealed upon which the side reactions were 

identified. 

Also, new derivatives of 2,6-dimethyl-4H-pyran-4-one compounds 2.15, 2.22-2.26 in Scheme 

2.12 were successfully synthesized with moderate to good yields using palladium-catalyzed 

Suzuki-Miyaura coupling reactions apart from compound 2.26, which yield was not 

determined due to its decomposition. SCXRD analysis of the by-products of the reactions 

forming compounds 2.23 (2.23') and 2.26 (2.26') showed that the homocoupling of boronic 

acids remains to be one of the major side-reactions occurring that lower the yield of the main 

products.  

DFT analysis revealed that the electron density in the HOMO of compounds 2.15, 2.22-2.26 is 

primarily distributed over the substituted R-groups (resulting biphenyl moiety after C-C 

coupling), implying a lack of reactivity via either of the pyranone ring's oxygen atoms. TGA 

analysis confirmed the high rate of instability and thermal decomposition of the selected 2,6-

dimethyl-4H-pyran-4-one compounds 2.15, 2.22, and 2.25, and as a result, we were unable to 

synthesize the target compounds 2.16, 2.27-2.31. 

Even though all the molecular docking studies were conducted against homology models of P. 

falciparum cytochrome bc1, due to limited resources, we had no option but to screen the 

synthesized intermediate and target molecules against the asexual stage of CQ-sensitive (CQS) 

NF54 and chloroquine-resistance (CQR) K1 P. falciparum strains, using CQ as the control.  

Out of all the seven newly synthesized compounds 2.9a, 2.9b, 2.10c, 2.11b, 2.11c, 2.12a, 

2.12b, that were screened for antimalarial activities, targets compound 2.9a and 2.9b displayed 

excellent inhibitory activities (96% and 97% at 1 μM, 99% and 98% at 5 μM) against K1 CQ 
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resistant strain (CQR) and CQ-sensitive (CQS) NF54. Other newly synthesized intermediates 

2.10c, 2.11b, 2.11c, 2.12a, 2.12b gave moderate to low inhibitory P. falciparum activities. 

Furthermore, the IC50s of the most potent compounds 2.9a and 2.9b were determined. 

Compounds 2.9a and 2.9b exhibited remarkable anti-plasmodial activities against K1 CQ 

resistant strain (CQR) at 0.10 and 0.04, while at 0.13 and 0.05 against P.falciparum CQ-

sensitive (CQS) NF54. 

(ii) Investigation of 2-substituted benzimidazole derived anticancer compounds 

Furthermore, a library of 2-disubstituted benzimidazole derivatives was successfully 

synthesized with the use of a pyrrolidine catalyst, which seemed to be a key factor in ensuring 

the success in the formation of the final products. The synthesized compounds were screened 

for their cytotoxicity activity against MCF-7 cells lines, but unfortunately, none of the target 

compounds, even at all concentration (0.195-100 µg/mL), gave the cytotoxic effect that could 

be compared to that of the standard drug used, camphothecin, which induces cell death at 57% 

(at 0.08 µg/mL). Therefore, the target compounds were docked, and the most probable target 

is compound 3.4b with docking scores of -9,16. This target described above revealed a bond 

with Arg 394 and interactions with Leu387and Leu 525.  The binding mode and structure 

analysis showed that oxygen of the carbonyl of the benzimidazoles target molecules such as 

3.4a, 3.4a, 3.4b, 3.4c, 3.4e, 3.4f, 3.4g, only form water bridge with an amino acid Arg394, 

which conforms with binding mode of human estrogen receptor alpha ligand-binding domain 

in complex with estradiol, while there was no other bonding with other important amino acid 

residues such as His 524, Glu 353 found in the binding mode of estradiol with the ER-ligand 

binding.  
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The disparity between the molecular docking and bioactivity results of benzimidazole 

derivatives could be because some of the target compounds only bind to one amino acid 

(Arg394) and do not bind to the other two important amino acids (His 524, Glu 353) that 

estradiol binds to, in the active site of the human estrogen receptor alpha which is responsible 

for the proliferation of the MCF-7 cells lines. Therefore, in our future work, these target 

compounds will be modified to be able to bind to other two amino acids that estradiol binds 

unto, thereby increasing the activities of these target benzimidazoles. 

(iii) Synthesis of quinoxaline-6-carboxamidine-urea based antimicrobial compounds 

Finally, quinoxaline-6-carboximidine target molecules 4.5a-f were successfully designed and 

synthesized. Although twelve compounds were designed, only six target compounds were 

successfully synthesized. The success of these compounds may primarily be as a result of the 

presence of an electron-withdrawing substituent on the phenyl ring of the isocyanate. We 

reasoned that this group seemed to enhance the reactivity of the isocyanate, by lowering the 

electron density of the ring and stabilizing the negatively charged intermediates during the 

mechanistic pathway, Scheme 4.12.   

Overall, this finding demonstrates the significance of the presence of an electron-withdrawing 

group in the isocyanate derivatives towards the reactivity with the amidine 4.4. However, the 

reaction failed to occur in isocyanate derivatives without electron withdrawing substituents, 

deeming it an important reaction criteria.  

The result of molecular docking and binding of 4.5a-f unto the active sites Escherichia coli 

lytic transglycosylase (PDB code: 2PIC) and beta-lactamase (PDB code: 2NZE), showed that 

these series of target molecules could be significant targets for the discovery and development 

of novel antibacterial drug agent. 
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5.2 Future Work 

The following are identified as future work in this research: 

1. Further explore the SAR profile of position C5 of the 4-(1H)-pyridone scaffold by 

substitution of a halogen (Br, Cl) to evaluate their plamosdial inhibitory activities and 

compare the results with GSK932121 that has halogen substituent on position C5. 

2. Bio-evaluate target molecules 2.9a and 2.9b against the envisioned P. falciparum 

cytochrome bc1. 

3. Modification of the structures of benzimidazole target molecules so that it can bind to 

human estrogen receptor alpha which is responsible for the proliferation of the MCF-7 

cells lines, thereby increasing the benzimidazole activities.  

4. Antimicrobial screening of quinoxaline-6-carboximidamide derivatives against a series 

of selected microbes. 
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Chapter Six 

Experimental 

6.1 General Procedures 

All reagents used for this research were purchased commercially from Sigma-Aldrich 

Chemicals (South Africa) and were used without further purification except otherwise stated. 

All solvents were purchased from Merck Chemicals South Africa. After reactions were 

completed, solvents were evaporated under reduced pressure using IKRV 10 Rotary 

evaporator. The progress and completion of the reaction were monitored by thin-layer 

chromatography TLC using Merck 60 F254 pre-coated silica gel plates and was visualized 

under UV light at 254 nm. Column chromatography was performed with Merck silica gel 

(0.063-0.200 mm) to get a pure compound. Fourier-Transform-Infrared (FT-IR) 

spectrophotometer was utilized using Bruker Alpha Platinum-ATR spectrometer to obtain 

infrared data. Melting points were determined with the aid of the Gallenkamp melting point in 

an open capillary tube and uncorrected. The 1H and 13C Nuclear Magnetic Resonance NMR 

spectra of synthesized compounds were recorded on either Bruker Avance (DPX-400 

spectrometer or a Bruker DRX-300 spectrometer) at 400.21 MHz and 100 MHz or 300 MHz 

and 75 MHz, using CDCl3, CD3OD-d4 or DMSO-d6. The chemical shifts were reported in part 

per million with respect to the TMS (internal standard) while the residual solvent peaks were 

observed thus: 1H NMR signal of CDCl3 at 7.26 ppm and its 13C NMR signal at 77.16 ppm; 

DMSO-d6 at 2.50 ppm (1H) and 39.52 ppm (13C). Multiplicities are abbreviated as s = singlet, 

d = doublet, t = triplet, q = quartet, m = multiplet. Mass analyses were executed on Waters 

Synapt G2 High-Resolution Mass Spectrometry (HRMS) system through the flow injection 

analysis (FIA) by means of an electrospray ionization (ESI) probe. The MS data were collected, 

processed, and analysed on MassLynxTM. 
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6.2 X-ray Crystallography 

Crystalline compounds were analysed for their single-crystal diffraction using Quazar multi-

layer optics monochromatic Mo K radiation (K=0.71069) on Bruker D8 venture kappa 

geometry diffractometer with duo Is sources. All H atoms were placed geometrically in an 

idealised position and constrained to ride on their parent. 

 

Synthesis of 1-(4-bromophenyl)propan-2-one, 2.3 

To a solution of 4-bromophenylacetic acid (10.0 g, 46.50 mmol) in acetic anhydride (21.98 ml, 

23.30 mmol) was added 1-methylimidazole (1.9 ml, 23.30 mmol). The resulting mixture was 

stirred at room temperature for 15 h; then the reaction mixture was poured into 50 ml of cold 

water and extracted with ethylacetate (150 ml). The organic layer was combined, dried with 

MgSO4, filtered and concentrated in vacuo. The obtained crude was purified on column 

chromatography (ethylacetate/n-hexane; 1:6) to obtain a pure product. 

 Yellow oil, Yield, 0.1 g, 51%; FT-IR: 𝜈 (cm-1) = 3085, 2962 (CH); 

1671 (C=O); 1H NMR (300 MHz, DMSO-d6) δH 7.50 (d, 3JHH = 8.4 Hz, 

2H, ArH), 7.14 (d, 3JHH = 8.4 Hz, 2H, ArH), 3.78 (s, 2H, CH3), 2.14 (s, 3H, CH3). 

Synthesis of 3-(4-bromophenyl)-2,6-dimethyl-4H-pyran-4-one, 2.4a 

Eaton’s reagent (5.79 mL, 36.82 mmol) was added to a solution of compound 2.3 (1.5 g, 7.04 

mmol) in acetic anhydride (2.42 mL, 28.16 mmol) at room temperature under nitrogen gas. 

The resulting reaction mixture was refluxed at 95℃ for 2 h after which the reaction mixture 

was cooled to room temperature, pour into ice-water 30 mL, and extracted with toluene. The 

combined organic layer was collected, washed with saturated sodium hydrogen carbonate 
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NaHCO3, brine 20 mL, washed with distilled water, dried with anhydrous magnesium sulfate 

Mg2SO4, filtered, and concentrated in vacuo. The crude product was left was separated by 

colomn chromatography on SiO2 gel using (ethylacetate/n-hexane; 1:2). The product gave 

brown crystals. 

 Brown crystals, Yield 61.56%, m.p. 105.9 -107.4°C; FT-IR: 𝜈 (cm-

1) 3061, 2921, 2852 (CH); 1657 (C=O); 1H NMR (300 MHz, 

DMSO-d6) δH 7.60 (d, 3JHH = 8.4 Hz, 2H, ArH), 7.18 (d, 3JHH = 8.4 

Hz, 2H, ArH), 6.22 (s, 1H, pyH), 2.28 (s, 3H, CH3), 2.15 (s, 3H, CH3). 
13C NMR (101 MHz, 

CDCl3) δC 178.2, 164.8, 162.6 (2C), 131.9 (2C) 131.6,131.5, 125.7, 122.1, 113.8, 19.8, 18.6.  

ESI-HRMS(m/z), Anal.  Calcd.  279. 

Synthesis of 3-(4-bromophenyl)-2,6-dimethylpyridin-4(1H)-one, 2.5: 

Solution of compound 2.4 (2 g, 7.2 mmol) and 30% aqueous ammonia (21.11 mL, 54.2 mmol), 

in ethanol (21.98 ml, 376 mmol), were heated in a sealed pressure tube. The resulting reacting 

mixture was refluxed at 150℃ for 50 hours. The reacting mixture was cooled, poured in ice-

water poured (20 mL). The precipitate formed was washed with distilled water (10 mL), ethyl 

acetate (20 mL), filtered, and dried to afford brown product powder. 

Light brown solid; Yield 0.002 g; FT-IR: 𝜈 (cm-1) = 3058, 3016 

(CH); 1615(C=O); 3265 (NH); 1H NMR (300 MHz, CDCl3): δH 7.56 

(d, 3JHH = 8.4 Hz, 2H, ArH), 7.13 (d, 3JHH = 8.4 Hz, 2H, ArH), 6.22 

(s, 1H, pyH), 2.30 (s, 3H, CH3), 2.20 (s, 3H, CH3). 
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Synthesis of tert-butyl 3-(4-bromophenyl)-2,6-dimethyl-4-oxopyridine-1(4H)-

carboxylate, 2.6 

To a solution of 4-Bromophenyl-2, 6-dimethylpyridin-4(1H)-one, 2.5 (0.20 g, 0.72 mmol), in 

dry acetonitrile, was added di-tert-butyl-bicarbonate (0.34 g, 0.0717 mmol) and DMAP (0.09 

g, 1.57 mmol). The reacting mixture was stirred at 40℃ for 14 hours, then the reaction mixture 

was vacuo under reduced pressure to give a residue. The residue was diluted and extracted with 

diethyl ether (3, washed with saturated NaHCO3 (3, distilled water (3), brine and dried over 

magnesium sulphate, Mg2SO4. The combined organic layer was concentrated in vacuo. The 

crude product was purified using by colomn chromatography on SiO2 gel with (diethyl ether 

/n-hexane; 2:1). The product gave white powder.  

White powder, Yield 0.2 g, 97.3%; FT-IR: 𝜈 (cm-1) = 2972, 2922, 

2854,(CH); 1716(C=O); 1H NMR (400 MHz, CDCl3) δH 7.54 (d, 3JHH 

= 8.4 Hz, 2H, ArH), 7.12 (d, 3JHH = 8.4 Hz, 2H, ArH), 6.88 (s, 1H, 

CH), 2.56 (s, 3H, CH3), 2.35 (s, 3H, CH3), 1.32 (s, 9H, (3 × CH3)).
13C 

NMR (101 MHz, CDCl3) δC 158.9, 157.9, 155.6, 150.4, 133.2, 131.6 

(2C), 131.5 (2C), 126.3, 121.9, 114.4, 84.0, 27.3 (3C), 24.4, 23.3. 

 

General procedure for coupling of 4-bromophenylacetic acid to thiols 2.10a-2.10d (2.10a 

as example): 

4-Bromophenylacetic acid, 2.1 (10.0 g, 46.5 mmol), and N,N-Diisopropylethylamine, DIPEA 

(12.0 g, 93.0 mmol) were added to dry dioxane (30 mL), evacuated and back filled with argon 

(3 at a room temperature. To this mixture, were added catalyst, Pd(dba)3 (1.09 g, 1.20 mmol) 

Xantphos (1.35 g, 2.3 mmol), benzylmercaptan (6.36 g, 51.2 mmol). The whole reacting 
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mixture was degassed twice more at a room temperature. The reacting mixture was stirred and 

refluxed at 90℃for 4 h. The reacting mixture was cooled, filtered to remove precipitate in the 

mixture and washed with ethyl acetate (500 mL). The reacting mixture was vacuo, under 

reduced pressure. Then, the mixture was purified by colomn chromatography on SiO2 gel using 

(dichloromethane/methanol; 19:1). The product gave yellow powder. 

Synthesis of 2-(4-(benzylthio)phenyl)acetic acid, 2.10a: 

 Yellow powder Yield 4.7 g, 41%; FT-IR: 𝜈 (cm-1) = 3055, 

2917, 2888(CH); 1699(C=O); 1H NMR (300 MHz, CDCl3) 

δH 9.95 (s, 1H, OH), 7.49 (d, 3JHH = 8.0 Hz, 2H, ArH), 7.29 

–7.17 (m, 7H, ArH), 4.08 (s, 2H, CH2), 3.63 (s, 2H, CH2). 
13C NMR (75 MHz, CDCl3) δC 

177.4, 137.3, 135.7, 131.3, 129.9 (2C), 129.8 (2C), 128.8 (2C), 128.5 (2C), 127.2, 40.5, 38.9. 

ESI-HRMS(m/z), Anal.  Calcd.  for C15H14O2S (%): C, 69.74; H, 5.46; O, 12.39; S, 12.41; M, 

258; Found: C, 69.50; H, 5.41; O, 12.35; S, 12.36; (M+H)+, 259. 

Synthesis of 2-(4-(4-chlorobenzylthio)phenyl)acetic acid, 2.10b: 

Yellow solid, Yield 3.5 g, 43%; FT-IR: 𝜈 (cm-1) = 

3020, 2914, 2845 (CH); 1699(C=O); 1H NMR (300 

MHz, CDCl3) δH 10.03 (s, 1H, OH), 7.49 (d, 3J HH= 

8.1 Hz, 2H, ArH), 7.30 – 7.17 (m, 7H, ArH), 4.08 (s, 2H, CH2), 3.63 (s, 2H, CH2). 
13C NMR 

(101 MHz, CDCl3) δC 177.3, 132.2, 131.8 (4C), 131.1 (4C), 130.3, 130.1, 129.9, 40.5, 38.5. 

ESI-HRMS(m/z), Anal.  Calcd.  for C15H13ClO2S (%): C, 61.86; H, 4.46; O, 11.01; S, 10.99; 

M, 292; Found: C, 61.64; H, 4.45; O, 10,96; S, 10.95; (M+H) +, 292. 
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Synthesis of 2-(4-(4-tert-butylbenzylthio)phenyl)acetic acid, 2.10c: 

Yellow solid, Yield 5.12 g, 39%; FT-IR: 𝜈 (cm-1) = 

3021, 2954, 2903(CH); 1691(C=O); 1H NMR (400 

MHz, CDCl3) δH 7.39 – 7.26 (m, 6H, ArH), 7.21 (d, 

3JHH = 8.3 Hz, 2H, ArH), 4.14 (s, 2H, CH2), 3.64 (s, 2H, CH2), 1.34 (s, 9H (3×CH3)). 
13C NMR 

(101 MHz, CDCl3) δC 177.6, 150.2, 136.2, 134.1, 131.0, 129.8 (2C), 129.4 (2C), 128.5 (2C), 

125.5(2C), 40.5, 38.4, 34.5, 31.4 (3C). ESI-HRMS(m/z), Anal.  Calcd.  for C19H22O2S (%): C, 

72.57 H, 7.05; O, 10.18; S, 10.20; M, 314; Found: C, 72.38; H, 7.30; O, 10.16; S, 10.15; (M+H) 

+, 315. 

Synthesis of 2-(4-(4-methoxybenzylthio)phenyl)acetic acid, 2.10d: 

Yellow solid, Yield 5.2 g, 35%; FT-IR: 𝜈 (cm-1) = 

3016, 2917, 2846(CH); 1705(C=O); 1H NMR (300 

MHz, DMSO-d6) δC 12.36 (s, 1H, OH), 7.33 – 7.14 

(m, 6H, ArH), 6.86 (d, 3JHH = 8.2 Hz, 2H, ArH), 4.17 (s, 2H, CH2), 3.72 (s, 3H, OCH3), 3.53 

(s, 2H, CH2).
13C NMR(75 MHz, DMSO-d6) δC173.1, 158.8, 134.9, 133.1, 130.5 (2C), 130.4 

(2C), 129.7 (2C), 128.6 (2C), 114.2 (2C) 55.5, 55.4, 36.6. ESI-HRMS(m/z), Anal.  Calcd.  for 

C17H18O3S (%): C, 67.52 H, 6.01; O, 15.87; S, 10.60; M, 302; Found: C, 67.32; H, 5.94; O, 

15.84; S, 10.56; (M+H) +, 303. 
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Synthesis of  1-(4-(benzylthio)phenyl)propan-2-one, 2.11a: 

 Light-pale yellow powder, Yield 0.8 g, 40%; FT-IR: 𝜈 (cm-

1) =3054, 2919, 2960(CH); 1700(C=O); 1H NMR MHz, 

CDCl3) δH 7.30 (t, 3JHH  = 5.7 Hz, 7H, ArH), 7.12 (d, 3JHH = 

7.9 Hz, 2H, ArH), 4.13 (s, 2H, CH2), 3.67 (s, 2H, CH2), 2.17 (s, 3H, CH3). 
13C NMR (101 MHz 

CDCl3) δC 206.2, 158.8, 135.4, 132.3, 130.1 (2C), 129.9 (2C), 129.9 (2C), 129.3, 113.9 (2C), 

60.4, 55.3, 50.3, 38.5; Anal.  Calcd.  for C16H16OS (%):C, 75.0; H, 6.25 O, 6.25; S, 12.49; M, 

256; Found: C, 74.6; H, 6.29 O, 6.24; S, 12.51; (M+H) +, 257 

Synthesis of 1-(4-(4-chlorobenzylthio)phenyl)propan-2-one, 2.11b: 

Yellow oil, 1.5 g, 50%; FT-IR: 𝜈 (cm-1) = 3088, 2959, 

2850(CH); 1674(C=O); 1H NMR (300 MHz, CDCl3) δH 

7.55 – 7.17 (m, 8H, ArH), 4.08 (s, 2H, CH2), 3.63 (s, 2H, 

CH2). 
13C NMR (101 MHz, CDCl3) δC 206.1, 134.5, 132.8, 131.7, 130.6 (2C), 130.2, 130.1 

(2C), 130.0 (2C), 128.6 (2C), 62.3, 50.4, 38.6. ESI-HRMS(m/z), Anal.  Calcd.  for C16H15OClS 

(%): C, 66.08; H, 5.20; Cl, 12.19; O,5.50; S, 11.03 M, 290; Found: C, 65.97; H, 5.15; Cl, 12.19; 

O,5.49; S, 10.99; (M+H) +, 291. 

Synthesis of 1-(4-(4-tert-butylbenzylthio)phenyl)propan-2-one, 2.11c: 

Yellow solid, Yield 2.37 g, 59%; FT-IR: 𝜈 (cm-1) = 3054, 

2959, 2869(CH); 1790(C=O); 1H NMR (300 MHz, 

CDCl3) δH 7.39 – 7.25 (m, 6H, ArH), 7.13(d, 3JHH = 7.9 

Hz, 2H, ArH), 4.14 (s, 2H, CH2), 3.68 (s, 2H, CH2), 2.17 (s, 3H, CH3), 1.34 (s, 9H, (3×CH3)). 

13C NMR (75 MHz, CDCl3) δC 206.2, 150.2, 135.7, 134.1, 132.1, 129.9 (2C), 129.7 (2C), 128.5 

(2C), 125.5 (2C), 50.5, 38.5, 34.5,31.4 (3C) ESI-HRMS(m/z), Anal.  Calcd.  for C2OH24OS 
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(%): C, 78.88; H, 7.74; O, 5.12; S, 10.26 M, 312; Found: C, 76.78; H, 7.68; O, 5.11; S, 10.22; 

(M+H) +, 313.  

 

Synthesis of 1-(4-(4-methoxybenzylthio)phenyl)propan-2-one, 2.11d: 

Yellow powder, Yield 3.8 g, 80%; FT-IR: 𝜈 (cm-1) = 

3002, 2958, 2837(CH); 1790(C=O); 1H NMR (400 

MHz, CDCl3) δH 7.32 – 7.26 (m, 2H, ArH), 7.23 (d, 

3JHH = 8.6 Hz, 2H, ArH), 7.11 (d, 3JHH = 8.2 Hz, 2H, ArH), 6.84 (d, 3JHH = 8.7 Hz, 2H), 4.09 

(s, 2H, CH2), 3.80 (s, 3H, OCH3), 3.67 (s, 2H, CH2), 2.16 (s, 3H, CH3). 
13C NMR (101 MHz, 

CDCl3) δC 206.2, 158.8, 135.4, 132.3, 130.0 (2C), 129.9 (2C), 129.9 (2C), 129.3 113.9 (2C), 

60.4, 55.3, 50.5, 38.5; Anal.  Calcd.  for C17H18O2S (%): C, 71.30; H, 6.34; O, 11.17; S, 11.20 

M, 286; Found: C, 71.08; H, 6.27 O, 11.13; S, 11.15;  (M+H) +, 287. 

Synthesis of 3-(4-(benzylthio)phenyl)-2,6-dimethyl-4H-pyran-4-one, 2.12a 

Yellow powder, Yield 0.04 g, 4.8%; FT-IR: 𝜈 (cm-1) = 

3088, 3041, 2959, 2850(CH); 1674(C=O); 1H NMR (300 

MHz, CDCl3) δH 7.41 – 7.25 (m, 7H, ArH), 7.18 – 7.09 

(m, 2H, ArH), 6.22 (s, 1H, CH), 4.17 (s, 2H, CH2), 2.30 

(s, 3H, CH3), 2.19 (s, 3H, CH3). 13C NMR (101 MHz, Methanol-d4) δC 177.4, 165.5, 162.9, 

137.8, 136.2, 132.9, 132.5, 131.4., 131.2, 130.5, 129.3, 128.9, 128.8, 127.5, 121.3, 113.4, 

113.3, 36.7, 19.5, 18.8. ESI-HRMS(m/z), Anal.  Calcd.  for C20H18O2S (%): C, 74.50; H, 5.63; 

O, 9.96; S, 9.95; O, 4.50; M, 322; Found: C, 74.27; H, 5.88; O, 9.90; S, 9.90; (M+H)+, 323 
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Synthesis of 3-(4-(4-chlorobenzylthio)phenyl)-2,6-dimethyl-4H-pyran-4-one, 2.12b: 

Brownish crystals, Yield 0.38 g, 26%; FT-IR: 𝜈 (cm-

1) = 3078, 3044, 2921, 2852(CH); 1699(C=O); 1H 

NMR (300 MHz, CDCl3) δH 7.37 – 7.27(m, 6H), 7.19 

– 7.12 (m, 2H), 6.22 (s, 1H), 4.12 (s, 2H, CH2), 2.30 

(s, 3H), 2.19 (s, 3H, CH3). 
13C NMR (75 MHz, CDCl3) δC 207.1, 178.4, 164.7, 162.7, 135.9, 

133.0, 130.7 (2C), 130.1 (2C), 129.4 (2C), 128.6 (2C), 125.9, 113.7, 77.47, 38.1, 19.8, 18.6. 

ESI-HRMS(m/z), Anal.  Calcd.  for C20H17ClO2S (%): C, 67.31; H, 4.80; Cl, 9.93; O, 8.97; S, 

8.99; M, 356; Found: C, 67.22; H, 4.76; Cl, 9.94; O, 8.96; S, 8.96; (M+H) +, 357. 

Synthesis of 3-(4-(benzylthio)phenyl)-2,6-dimethylpyridin-4(1H)-one, 2.9a: 

  Brown powder, Yield 0.13 g, 28%; FT-IR: 𝜈 (cm-1) = 

3289(NH); 3056, 3026, 2918, 2850(CH); 1708(C=O); 1H 

NMR (300 MHz, DMSO-d6) δH 11.19 (s, 1H, NH), 7.44 

– 7.19 (m, 7H, ArH), 7.09 (d, 3JHH = 8.3 Hz, 2H, ArH), 

5.95 (s, 1H, pyH), 4.26 (s, 2H, CH2), 2.20(s, 3H, CH3), 2.05 (s, 3H, CH3). 
13C NMR (101 MHz, 

Methanol-d4) δ 178.9, 147.8, 146.1, 137.7, 135.6, 132.8, 130.6, 129.2 (2C), 128.5 (2C), 128.0 

(2C), 126.7 (2C), 78.0, 37.9, 17.3, 16.7. ESI-HRMS(m/z), Anal.  Calcd.  for C20H19NOS (%): 

C, 74.73; H, 5.96; N, 4.36; O, 4.98; S, 9.98; M, 321; Found: C, 74.51; H, 6.21; N, 4.35; O, 

4.97; S, 9.93; (M+H)+, 322.  
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Synthesis of 3-(4-(4-chlorobenzylthio)phenyl)-2,6-dimethylpyridin-4(1H)-one, 2.9b 

Brown powder, Yield 0.04 g, 9.4%; FT-IR: 𝜈 (cm-1) = 

3286 (NH); 3077, 3041, 2956, 2876(CH); 1689(C=O); 

1H NMR (300 MHz, DMSO-d6) δH 11.11 (s, 1H, NH), 

7.44 – 7.26 (m, 6H, ArH), 7.09 (d, 3JHH = 8.3 Hz, 2H, 

ArH), 5.92 (s, 1H, pyH), 4.26 (s, 2H, CH2), 2.19 (s, 3H, CH3), 2.04 (s, 3H, CH3). 
13C NMR (75 

MHz, DMSO-d6) δC 178.9, 160.9, 147.7, 147.2, 137.2, 134.3, 133.7, 132.0, 131.6 (2C), 131.1 

(2C), 128.8 (2C), 128.2 (2C), 79.6, 33.9, 18.2, 16.1. ESI-HRMS(m/z), Anal.  Calcd.  for 

C20H18ClNOS (%): C, 67.50; H, 5.10; Cl, 9.96; N, 3.94; O, 4.50; S, 9.01; M, 355; Found: C, 

67.79; H, 4.80; Cl, 10.03; N, 3.95; O, 9.04; S, 9.03; (M-H) +,354. 

Synthesis of 4,4,5,5-tetramethyl-2-(4-styrylphenyl)-1,3,2-dioxaborolane 2.14 

To a stirring solution of 4-bromostilbene (518.5 mg, 2.00 mmol), bis(pinacolate)diboron (661 

mg, 2.60 mmol) in dry 1,4-dioxane (8 mL) at room temperature under nitrogen condition, was 

added PdCl2(dppf) (163.2 mg, 0.2 mmol) and KOAc (589.1 mg, 6.00 mmol) successively. The 

reacting mixture was stirred and was heated at 120℃ for 5 h under nitrogen condition. The 

reaction mixture was cooled to room temperature, diluted with EtOAc and filtered through 

celite. The filtrate was extracted with EtOAc (320 mL), washed with water (310 mL), brine(25 

mL),  and the organic layer was collected, dried with MgSO4, and concentrated with in vacuo. 

White powder, Yield 62.4%; m.p. 116-120℃; FT-IR: 𝜈 (cm-1) 

= 2978, 2923, 2854(CH); 1602(C=C); 1300(C-O); 1H NMR 

(400 MHz, CDCl3) δH 7.78 – 7.70 (m, 2H), 7.50 – 7.39 (m, 4H), 

7.29(t, 3JHH = 7.5 Hz, 2H, ArH), 7.22 – 7.15 (m, 1H, ArH), 7.07 
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(d, J = 12.1 Hz, 2H), 1.28 (s, 12H, 4×CH3). 
13C NMR (75 MHz, CDCl3) δC 140.0, 137.1, 135.2 

(2C), 129.6, 128.7 (2C), 128.6, 127.8 (2C), 126.6 (2C), 125.8 (2C), 83.8 (2C), 24.8 (4C).  

 

General Procedure for the synthesis of 4-(E)-1,2-diphenylethene)-2,6-dimethyl-3-phenyl-

4H-pyran-4-one derivatives, 2.15, 2.22-2.25 

To a solution of 4,4,5,5-tetramethyl-2-(4-styrylphenyl)-1,3,2-dioxaborolane, in dry 1,4- were 

added 3-(4-bromophenyl)-2,6-dimethyl-4H-pyran-4-one, PdCl2(PPh3)2 (61.7 mg, 0.0879 

mmol), K2CO3 (364.9 mg,2.64 mmol) dissolved in minimum amount of water, under Nitrogen 

gas. The reacting mixture was stirred, heated to 80℃ for 3 h. 

Synthesis of 4-(E)-1,2-diphenylethene-2,6-dimethyl-3-phenyl-4H-pyran-4-one 2.15:  

Yellow powder, Yield 38.5%; m.p. 261- 262℃; FT-

IR: 𝜈 (cm-1) = 2952, 2921, 2855(CH); 1700(C=O); 

1H NMR (400 MHz, CDCl3) δH 7.58 (t, 3JHH= 6.9 

Hz, 1H, ArH), 7.53 (t, 3JHH = 6.3 Hz, 3H, ArH), 7.47 

(d, 3JHH = 7.7 Hz, 2H, ArH), 7.30 (t, 3JHH  = 7.6 Hz, 2H, ArH),7.23 (dd, 3JHH = 14.7, 3JHH =  

7.8 Hz, 3H, ArH), 7.19 (s, 2H, ArH), 7.09 (s, 2H), H-C=C-H) 6.17 (s, 1H, -C=C-H), 2.23 (s, 

3H, CH3), 2.18 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δC 186.82, 178.61, 164.66, 162.67, 

140.14, 140.01, 137.34, 136.47, 131.65, 130.62 (2C), 128.80(2C), 128.21(2C), 127.67, 

127.37(2C), 126.97(2C),   126.95(2C), 126.55(2C),  126.31, 22.71, 18.75.    
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Synthesis of 2,6-dimethyl-3-(4-styrylphenyl)-4H-pyran-4-one, 2.22: 

White solid, Yield 58.9%; m.p.185.3-186.8℃; FT-IR: 𝜈 

(cm-1) = 3036, 2922, 2822(CH); 1650 (C=O); 1608 

(C=C); 1H NMR (400 MHz, CDCl3) δH 7.46 (dd, 3JHH = 

6.4, 3JHH = 4.0 Hz, 1H), 7.18 (m, 5H, ArH), 7.05(dd, J = 

14.4, 3JHH =  8.0 Hz, 3H, ArH) 6.16 (s, 1H, -C=CH), 2.86 (s, 4H, H2C=CH2), 2.22 (s, 3H, CH3), 

2.11(s, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δC 178.8, 164.6, 162.7, 141.8, 141.4, 131.9, 

131.6, 130.1(2C), 128.5(2C), 128.4.(2C), 128.4(2C), 125.9, 113.7, 37.8, 29.7, 19.9, 18.7. 

Synthesis of 2,6-dimethyl-3-(4-phenethylphenyl)-4H-pyran-4-one, 2.2: 

Yellow-green solid, Yield 55.4%; m.p. 112 - 113℃; FT-

IR: 𝜈 (cm-1) = 3035, 2923, 2853(CH); 1659(C=O); 1608 

(C=C); 1H NMR (400 MHz, CDCl3) δH 7.51 – 6.99 (m, 

9H, ArH), 6.16 (s, 1H, CH), 2.86 (s, 4H, (2×CH2), 2.21 

(s, 3H, CH3), 2.11 (s, 3H, CH3).
13C NMR (101 MHz, CDCl3) δC 178.5, 164.6, 162.6, 137.2, 

136.9, 131.8, 130.5(2C), 129.0, 128.7(2C), 128.3, 127.7, 126.7(2C), 126.5(2C), 126.3, 113.8, 

19.8, 18.7. 

Synthesis of 2,6-dimethyl-3-(4-(naphthalen-3-yl)phenyl)-4H-pyran-4-one, 2.24 

Spike-like golden yellow solid, Yield 75.4%; m.p. 253– 

255 oC; FT-IR: 𝜈 (cm-1) = 3042, 2922, 2852(CH); 

1657(C=O); 1H NMR (400 MHz, CDCl3) δH 7.98 (s, 1H, 

ArH), 7.81 (dt, 3JHH = 9.0, 3JHH = 5.2 Hz, 3H, ArH),7.69 

(d, 3JHH = 8.3 Hz, 3H, ArH), 7.47 – 7.36 (m, 2H, ArH), 7.28 (d, 3JHH = 8.3 Hz, 2H, ArH), 6.16 

(s, 1H, C=CH), 2.21 (s, 3H, CH3), 2.17 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δC 178.6, 
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164.6,162.7, 140.6, 138.2, 133.7, 132.7, 131.7, 130.7(2C), 128.5, 128.2, 127.7, 127.4(2C), 

126.30(2C), 125.9, 125.8, 125.6, 113.8, 19.8, 18.8. 

Synthesis of (E)-3-(4-(4-fluorostyryl)phenyl)-2,6-dimethyl-4H-pyran-4-one, 2.25: 

Yellow-white flaky crystals, Yield 0.527 g, 54.7%. 1H 

NMR (300 MHz, CDCl3) δH 7.60 – 7.45 (m, 4H, ArH), 

7.29 – 7.23 (dd, 3JHH =11.2, 3JHH = 5.2 Hz, 2H, 

HC=CH), 7.13 – 7.03 (m, 4H, ArH), 6.23 (s, 1H, -

C=CH), 2.31 (s, 3H, CH3), 2.24 (s, 3H, CH3). 
13C NMR (75 MHz, CDCl3) δC 178.5, 164.6, 

163.9, 162.6, 160.7, 136.7, 133.5, 133.4, 131.9, 130.5, 128.1, 127.9, 127.8, 126.4, 126.3, 115.8, 

115.5, 113.8, 113.8, 19.7, 18.7. 

 

General Procedure for the Synthesis of 2-substituted benzimidazoles using 3.2c as an 

example  

A solution of 4-nitro-o-phenylenediamine 1a (3.0 g, 19.59 mmoles) in 4N HCl was allowed to 

stir at an ambient temperature for 10 min. To this stirred solution was added the formic acid 

(1.11 mL, 29.39 mmol) was added. The reaction mixture was further 

heated under reflux at 95o C for 2 hrs. The completion of the reaction was 

then monitored by TLC. The product mixture was allowed to cool to 

ambient temperature and basified with 20% sodium hydroxide (pH=10-14) which was allowed 

to cool on an ice/water bath. The resulting precipitate was filtered, washed with water, and 

allowed to dry, to afford 6-nitro-1H-benzo[d]imidazole, 3.2c. 
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 Grey powder, (3.4 g, 70.90%); 1H NMR (300 MHz, DMSO-d6) δH 8.14 (dd, 1H, 3JHH = 8.4, 

5.6 Hz, ArH), 7.59 (s, 1H, NH), 7.37 (t, 1H, 3JHH = 8.7 Hz, ArH), 7.22 (dd, 1H, 3JHH = 5.9, 3.1 

Hz, ArH) 2.09 (s, 1H, NH).242 

Synthesis of 2-methyl-1H-benzo[d]imidazole, 3.2a:  

Grey powder, (1.40 g, 39%); 1H NMR (300 MHz, DMSO-d6) δH 7.63 – 7.27 

(m, 2H, ArH), 7.20 – 6.96 (m, 2H, ArH), 2.50 (s, 3H, CH3).
243 

Synthesis of 2-methyl-6-nitro-1H-benzo[d]imidazole, 3.2b: 

 Grey powder, (1.91 g, 54.6%), 1H NMR (300 MHz, DMSO-d6) δH 

8.36 (s, 1H, ArH), 8.13 – 8.00 (m, 1H, ArH), 7.64 (d, 1H, 3JHH = 8.8 

Hz, ArH), 2.51 (s, 3H, CH3), 2.09 (s, 1H, NH). 

 

General Procedure for the synthesis of 2-(4-substitutedphenyl) benzimidazoles, (3.2f as 

an example): 

To a stirred solution of sodium metabisulphite (2.48 g, 13.06 mmol) in distilled water (10 ml), 

4-Chlorobenzaldehyde (3.67 g, 26.12 mmol) was added, followed by the addition ethanol (50 

ml). The resultant reaction mixture could stir for 30 min at ambient temperature. On cooling 

the mixture on ice, the precipitate was deposited, filtered, washed with ethanol, and dried. In a 

separate round bottom flask, the pretreated aldehyde was added to a stirred solution of 4-Nitro-

o-phenylenediamine (2.0 g, 13.06 mmol) in anhydrous DMF. The resultant reaction mixture 

was stirred under reflux at 120℃ for 4 h under an inert atmosphere; TLC confirmed the 

completion of the reaction. The final mixture was basified with 20% sodium hydroxide solution 
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(pH=10-14) to yield precipitate, which was filtered, washed with water, and dried to afford 

clean, 2-(4-Chlorophenyl)-5-nitrobenzimidazole, 3f, without further purification 244. 

Yellow powder, (2.39 g, 67.4%); 1H NMR (300 MHz, DMSO-d6) δH 8.22 (d, 2H, 3JHH = 8.6 

Hz, ArH), 8.16 (s, 1H), 7.76 (d, 1H, J = 8.2 Hz, ArH), 

7.67 (d, 2H, 3JHH = 8.6 Hz, ArH), 7.62 (dd, 1H, 3JHH = 

8.3, 1.5 Hz, ArH), 2.09 (s, 1H, NH). 

Synthesis of 2-(4-fluorophenyl)-6-nitro-1H-benzo[d]imidazole 3.2d; 

 White powder, (4.98 g, 84.6%) 1H NMR (300 MHz, 

DMSO-d6) δH 8.14 (d, 1H, 3JHH = 46.7 Hz), 7.75 (dd, 3H, 

3JHH = 23.2, 7.8 Hz), 7.62 (d, 1H, 3JHH = 7.9 Hz, ArH),7.57 

– 7.41 (m, 1H), 7.13 (ddd, 1H, 3JHH = 8.3, 2.6, 1.0 Hz, ArH), 2.09 (s, 1H, NH). 

Synthesis of 2-(4-chlorophenyl)-1H-benzo[d]imidazole 3.2e 

1H NMR (300 MHz, DMSO-d6) δH 8.14 (dd, J = 8.6, 5.4 Hz, 2H), 

7.60 (s, 2H), 7.37 (t, J = 8.7 Hz, 2H), 7.22 (dd, J = 6.1, 3.2 Hz, 

2H), 2.06(s, 1H).245 

Synthesis of 4-(2-bromoethoxy)-3-methoxybenzaldehyde 3.3 

To a solution of vanillin (5.00 g, 32.86 mmol) in anhydrous acetone (20 mL), K2CO3 (13.60 g, 

98.58 mmol, 3 eq.) was added. This mixture was allowed to stir for 5 min under N2 atmosphere, 

followed by the addition of dibromoethane (8.50 mL, 98.58 mmol). This reaction mixture was 

refluxed at 75℃ for 15 h. The excess solvent was evaporated in vacuo under reduced pressure, 

and residue was taken up in water and was extracted with DCM. The resulting organic layer 

was combined, dried with MgSO4, and evaporated in vacuo. Then, the crude product was 
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purified with flash column chromatography using 100% DCM. The product gave white 

crystals.  

White crystals (3.6 g, 40.5%); FT-IR: 𝜈 (cm-1) = 3081, 3000, 

2960, 2850 (CH), 1676 cm-1, (C=O) 1585 (C=C), 1262, 1229 (C-

O); 1H NMR (300 MHz, CDCl3) δH 9.89 (s, 1H, CHO), 7.47 (d, 3JHH = 7.3 Hz, 2H, ArH), 7.01 

(d, 3JHH = 8.5 Hz, 1H, ArH), 4.54 – 4.34 (m, 2H, CH2), 3.96 (s, 3H, OCH3), 3.81 – 3.66 (m, 

2H, CH2). 
246 

Synthesis of 4-(2-(2-substituted-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxybenzaldehyde, 3.4a-e, (using compound 3.4a as example): 

To a solution of benzimidazole 3.2a (0.3g, 2.27 mmol) in DMSO (11 mL) was added, finely 

ground KOH (0.127 g, 2.27 mmol). The reacting mixture was then allowed to stir for 15 min 

at 35°C, followed by the addition of 4-(2-bromoethoxy)-3-methoxybenzaldehyde, 3.3 (0.612 

g, 2.49 mmol). The temperature was further increased to 75°C and refluxed for 6 h. The 

completion of the reaction was monitored by TLC. The product mixture was allowed to cool 

to room temperature. On dropwise addition of distilled water, the precipitate formed was 

filtered, washed with water, and 5% solution of KOH. The product was allowed to dry, and a 

portion was used for the next reaction without further purification. 

 Grey solid, Yield 0.33 g, 39.43%; mp: 167-169℃; FT-

IR: 𝜈 (cm-1) = 3064, 3000, 2942, 2839 (CH), 1669 

(C=O), 1589(C=C), 1511 (C=N stretching); 1669 cm-

1(C=O) , 1589(C=C), 1511 cm-1  (C=N stretching); 1H NMR (300 MHz, DMSO-d6): δH 9.81 

(s, 1H, CHO), 7.60-7.55 (m, 2H, ArH), 7.50 (t, 2H, 3JHH = 9.0 Hz, ArH), 4.64 (t, 2H, 3JHH = 

4.6 Hz, CH2)), 4.38 (t, 2H, 3JHH = 4.7 Hz, CH2), 3.80 H3), 2.67 (s, 3H, CH3). 
13C NMR (75 
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MHz, DMSO) δC 191.9, 153.3, 153.2, 149.4, 142.5, 135.3, 130.3, 126.3, 121.9, 121.8, 118.4, 

112.2, 110.5, 110.0, 67.5, 56.0, 43.1, 13.8. ESI-HRMS (m/z) = 311.1449 (M+H)+. Anal. Calcd 

for C18H18N2O3: 310.35; C, 69.66; H, 5.85; N, 9.03; O, 15.47% Found: C, 69.42; H, 5.79; N, 

8.99; O, 15.43%. 

 

 

Synthesis of 4-(2-(2-methyl-5-nitro-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxybenzaldehyde, 3.4b: 

Peach solid, Yield 0.82 g, 80.5%;  m.p. 208-

210℃; 1H NMR (300 MHz, DMSO-d6) δH 

9.80(s, 1H, CHO), 8.53 (dd, 3JHH  = 109.7, 2.2 

Hz, 1H, ArH), 8.12 (ddd, 3JHH = 31.4, 8.9, 2.3 Hz, 1H, ArH), 7.77 (dd, 3JHH = 72.0, 8.9 Hz, 1H, 

ArH), 7.50 (dd, 3JHH = 8.2, 1.9 Hz, 1H, ArH), 7.34 (dd, 3JHH = 7.2, 1.9 Hz, 1H, ArH ), 7.11 (dd, 

3JHH = 8.3, 4.5 Hz, 1H, ArH), 4.82 (t, 3JHH = 4.7 Hz, 2H, CH2), 4.50 (t, 3JHH = 4.8 Hz, 2H, 

CH2), 3.79 (s, 3H, CH3), 2.76 (s, 3H, OCH3). 
13C NMR (101 MHz, DMSO) δC 191.88, 159.14, 

157.85, 153.10, 149.48, 147.48, 140.28, 135.18, 130.51, 126.29, 118.59, 114.55, 112.42, 

108.29, 67.63, 56.05, 43.76, 14.32.ESI-HRMS (m/z) = 356.1246 (M+H)+ Anal. Calcd for 

C18H17N3O5: 355.34; C, 60.84; H, 4.82; N, 11.83; O, 22.51% Found.: C, 60.65; H, 4.74; N, 

11.79; O, 22.46%. 

Synthesis of 4-(2-(5-nitro-1H-benzo[d]imidazol-1-yl)ethoxy)-3-methoxybenzaldehyde, 

3.4c:  
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Orange solid, Yield 0.48 g, 76.5%; mp: 180-

182℃; FT-IR: 𝜈 (cm-1) = 3105, 3016, 2966, 

2891, 2847(CH), 1740 (C=O), 1592(C=C),1499 

(C=N); 1H NMR (300 MHz, DMSO-d6) δH 9.82 (s, 1H, CHO), 8.71 – 8.49 (m, 2H, ArH), 8.29 

– 7.95 (m, 1H, ArH), 7.83 (d, 1H, 3JHH  = 8.9 Hz, ArH),  7.51 (d, 1H, 3JHH = 8.2 Hz, ArH), 7.35 

(s, 1H, ArH), 7.15 (d, 1H, J = 8.2 Hz, ArH), 4.82 (t, 2H, 3JHH = 4.6 Hz, CH2), 4.48  (t, 2H, 3JHH 

= 4.7 Hz, CH2), 3.80 (s, 3H, OCH3). 
13C NMR (101 MHz, CDCl3) δC 196.81, 157.84, 154.40, 

152.87, 148.07, 143.86, 138.89, 135.30, 130.98, 124.77, 123.01, 122.39, 117.51, 114.94, 73.15, 

60.86, 49.47.ESI-HRMS (m/z) = 342.1090 (M+H)+ Anal. Calcd. for C17H15N3O5: 341.32; C, 

59.82; H, 4.43; N, 12.31; O, 23.44% Found.: C, 59.63; H, 4.68; N, 12.27; O, 23.38%.   

Synthesis of 4-(2-(2-(4-fluorophenyl)-5-nitro-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxybenzaldehyde, 3.4d: 

Orange solid, Yield 0.84 g, 49.6%; m.p. 91-93℃; FT-

IR: 𝜈 (cm-1) =3061, 3003, 2956, 2951, 28547(C-H), 1679 

(C=O), 1596(C=C), 1433(C=N); 1H NMR (400 MHz, 

DMSO-d6) δH 9.82 (s, 1H, CHO), 8.04 (s, 1H, ArH), 7.83 

(d, 1H, 3JHH  = 8.1 Hz, ArH), 7.69 (d, 1H, 3JHH  = 7.7 Hz, 

ArH), 7.49 – 7.26 (m, 6H, ArH), 7.11 (d, 1H, 3JHH  = 8.3 

Hz, ArH), 4.69 (t, 2H, 3JHH = 4.9 Hz, CH2), 4.53 (t, 2H, 

3JHH = 4.9 Hz, CH2), 3.80 (s, 3H, OCH3). 
13C NMR (101 MHz, DMSO) δC 207.06, 191.88, 

153.53, 152.95, 149.47, 147.98, 143.03, 135.82, 132.89, 132.71, 130.46, 126.22, 122.97, 

122.71, 119.56, 116.04, 115.83, 112.30, 111.92, 110.02, 66.96, 56.01, 44.37. ESI-HRMS (m/z) 

= 437.1953; Anal. Calcd. for C23H18FN3O5: 435.4045; C, 63.45; H, 4.17; F, 4.36; N, 9.65; O, 

18.37% Found: C, 63.12; H, 4.12; F, 4.35; N, 9.61; O, 18.29%.  
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4-(2-(2-(4-chlorophenyl)-1H-benzo[d]imidazol-1-yl)ethoxy)-3-methoxybenzaldehyde, 

3.4e: 

Yellow solid, Yield 0.33 g, 61.5%; mp: 153-155℃; 

FT-IR: 𝜈 (cm-1) =3062, 3003, 2975, 2930, 2875, 

2829(C-H), 1689(C=O), 1590(C=C), 1507(C=N). 1H 

NMR (300 MHz, DMSO-d6) δH 9.82 (s, 1H, CHO), 

8.24 – 8.13 (m, 1H, ArH), 7.96 (d, 2H, 3JHH = 8.6 Hz, 

ArH),  7.87 – 7.81 (m, 1H, ArH), 7.75 – 7.68 (m, 1H, ArH), 7.63 – 7.56 (m, 2H, ArH),  7.47 

(dd, 1H, 3JHH = 8.3 and 1.8 Hz, ArH), 7.37 – 7.27 (m, 2H, ArH), 4.71 (t, 2H, 3JHH = 4.9 Hz, 

CH2), 4.52 (t, 2H, 3JHH = 4.8 Hz, CH2), 3.79 (s, 3H, OCH3). 
13C NMR (75 MHz, DMSO) δC 

192.4,162.2, 161.0, 153.3, 152.9, 149.4, 143.1, 135.1, 132.1, 130.4, 129.5, 128.6, 126.9, 126.2, 

123.1, 122.8, 119.6, 119.3, 111.9, 111.3, 66.9, 55.9, 44.29; ESI-HRMS (m/z) = 407.1167 

(M+H)+ Anal. Calcd. for C23H19ClN2O3 :406.11; C, 67.90; H, 4.71; Cl, 8.71; N, 6.89; O, 

11.80% Found: C, 67.79; H,4.67 ; Cl, 8.72 N, 6.88 ; O, 11.79%.  

 

General Procedure for the Synthesis of (E)-N-((3-(2-(2,6-disubstituted-1H-

benzo[d]imidazol-1-yl)ethoxy)-5-methoxyphenyl)methylene)-4-fluorobenzenamines 

3.6a-e (3.6c a example): 

4-Fluoroaniline (0.13mL, 1.42 mmol) was added  to a solution of 3-(2-(2,5-disubstituted-1H-

benzo[d]imidazol-1-yl)ethoxy)-5-methoxybenzaldehyde (0.48 g, 1.42 mmol)  in 

dichloromethane (20 mL).The mixture was stirred for 5min at room temperature, and 10 drops 

of pyrollidine was added. The reacting mixture was heated up to 60 ℃with a Dean Stark and a 

condenser set up overnight. The reaction mixture was cooled, concentrated under reduced 
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pressure. The crude product was crystallized from ethanol, filtered, and air-dried to afford a 

clean product.  

White powder, Yield 0.53 g, 86.9%; 

m.p. 123-125℃; FT-IR: 𝜈 (cm-1) = 

3068, 2938, 2875(CH), 1588 (C=C) 

1502(C=N); 1H NMR (400 MHz, 

CDCl3) δH 8.58 (d, J = 55.2 Hz, 1H, ArH), 8.28 (s, 1H, CH), 8.24  (s, 1H, CH)), 8.17 (d, J = 

13.0 Hz, 1H, ArH), 7.85 – 7.44 (m, 2H, ArH), 7.22 – 6.93 (m, 5H, ArH), 6.76 (dd, J = 8.2, 3.3 

Hz, 1H, ArH), 4.69 – 4.54 (m, 2H, CH2), ), 4.39 – 4.29 (m, 2H,CH2) 3.85 (s, 3H, OCH3).
13C 

NMR (75 MHz, CDCl3) δC 162.75, 159.26, 149.98, 147.20, 143.97, 130.70, 123.80, 122.32, 

120.49, 118.77, 118.13, 117.14, 116.03, 112.50, 110.15, 109.55, 107.36, 67.61, 55.93, 45.06; 

ESI-HRMS (m/z) = 435.1469; Anal. Calcd. for C23H19FN4O4: 434.139; C, 63.59; H, 4.72; F, 

4.37; N, 12.90; O, 14.73%  Found: C23H19FN4O4 : 435.1469; C, 63.43; H, 4.59; F, 4.37; N, 

12.87; O, 14.71%.  

Synthesis of (E)-N-((4-(2-(2-methyl-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxyphenyl)methylene)-4-fluorobenzenamine 3.6a: 

Grey Powder, Yield 0.19 g, 43.9%; m.p. 

148-150℃; 1H NMR (400 MHz, CDCl3) 

δH 8.23 (s, 1H), 7.66 – 7.58 (m, 1H), 7.47 

(s, 1H), 7.32 – 7.25 (m, 1H), 7.19 – 7.16 (m, 2H), 7.15 – 7.06 (m, 3H), 6.99 (t, J = 8.6 Hz, 2H), 

6.69 (d, J = 8.2 Hz, 1H), 4.52 (t, J = 5.3 Hz, 2H), 4.28 (t, J = 5.3 Hz, 2H), 3.82 (s, 3H), 2.70 (s, 

3H); 13C NMR (101 MHz, CDCl3) δC 159.46, 152.73, 150.52, 149.79, 148.10, 134.73, 130.32, 

123.96, 122.29, 122.20, 119.11, 115.96, 115.74, 111.92, 108.90, 66.81, 55.88, 43.39, 13.86; 
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ESI-HDMS (m/z) = 404.1276 (M+H)+; Anal. Calcd. for C24H22FN3O2 : 403.45;  C, 71.45; H, 

5.50; F, 4.71; N, 10.42; O, 7.93%  Found.: C, 86.11; H, 5.44; F, 4.70; N, 10.3; O, 7.92%. 

Synthesis of (E)-N-((4-(2-(2-methyl-5-nitro-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxyphenyl)methylene)-4-fluorobenzenamine 3.6b:  

Orange powder; Yield: (0.42. g, 

57.2%); m.p, 179-183℃; FT-IR: 

(cm-1) = 3038, 2992, 2952(C-H), 

1591(C=C) 1512(C=N);  1H NMR (400 MHz, CDCl3) δH 8.43 (dd, J = 68.0, 2.2 Hz, 1H, ArH), 

8.23 (s, 1H, CH), 8.13 (td, J = 9.0, 2.2 Hz, 1H, ArH), 7.75 – 7.34 (m, 2H, ArH), 7.16 – 6.94 

(m, 5H, ArH), 6.72 (dd, J = 8.2, 6.9 Hz, 1H, ArH), 4.68 – 4.52 (m, 2H, CH2), 4.37 – 4.23 (m, 

2H, CH2), 3.80 (s, 3H, OCH3), 2.76 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δC 159.29, 

150.24, 149.79, 143.20, 130.56, 126.18, 123.89, 122.30, 118.99, 118.24, 115.99, 115.76, 

112.07, 111.86, 109.50, 109.20, 106.37, 66.99, 55.80, 44.01, 14.37; ESI-HDMS (m/z) = 

449.1580 (M+H)+; Anal. Calcd. for C24H21FN4O4: 448.45; C, 64.28; H, 4.72; F, 4.24; N, 12.49; 

O, 14.27%. Found: C, 64.22; H, 4.68; F, 4.23; N, 12.49; O, 14.27%.  

Synthesis of (E)-N-((4-(2-(2-(4-fluorophenyl)-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxyphenyl)methylene)-4-fluorobenzenamine, 3.6d.  

Brown powder, Yield 0.19 g, 40%; m.p. 

145-147℃; FT-IR: 𝜈 (cm-1) = 3053, 

3007, 2958, 2926, 2854 (C-H), 

1591(C=C), 1507 (C=N); 1H NMR (400 

MHz, CDCl3) δH 8.24 (s, 1H, CH), 7.93 

(dd, J = 8.6, 5.5 Hz, 2H, ArH), 7.79 – 7.72 (m, 1H, ArH), 7.48 (d, J = 1.8 Hz, 2H, ArH), 7.30 
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– 7.22 (m, 2H, ArH), 7.18 – 7.06 (m, 5H, ArH), 6.99 (t, J = 8.6 Hz, 2H, ArH), 6.69 (d, J = 8.2 

Hz, 1H, ArH), 4.61 (t, J = 5.4 Hz, 2H, CH2), 4.40 (t, J = 5.5 Hz, 2H, CH2), 3.82 (s, 3H, 

OCH3).
13C NMR (101 MHz, CDCl3) δC 158.36, 152.49, 149.39, 148.77, 142.08, 134.51, 

131.22, 129.32, 122.90, 122.00, 121.79, 121.25, 121.17, 119.12, 114.93, 114.87, 114.71, 

114.66, 110.84, 109.09, 108.34, 65.46, 54.81, 43.30. ESI-HRMS (m/z) = 484.1833 (M+H)+; 

Anal. Calcd. for C29H23F2N3O2 : 483.51;  C, 72.04; H, 4.79; F, 7.86; N, 8.69; O, 6.62%  Found.: 

C, 71.87; H, 4.75; F, 7.85; N, 8.67; O, 6.61%.  

Synthesis of (E)-N-((4-(2-(2-(4-chlorophenyl)-1H-benzo[d]imidazol-1-yl)ethoxy)-3-

methoxyphenyl)methylene)-4-fluorobenzenamine 3.6e: 

White powder, Yield 0.199 g, 49.4%: 

m.p.  177-178℃; FT-IR: 𝜈 (cm-1) 

=3084, 3057, 3004, 2922 (C-H), 

1587(C=C), 1507(C=N); 1H NMR (400 

MHz, CDCl3) δH 8.24 (s, 1H), 7.88 (d, J 

= 8.5 Hz, 2H), 7.80 – 7.73 (m, 1H), 7.51 – 7.41 (m, 4H), 7.33 – 7.23 (m, 2H), 7.16 – 7.05 (m, 

3H), 6.99 (t, J = 8.6 Hz, 2H), 6.68 (d, J = 8.2 Hz, 1H), 4.61 (t, J = 5.3 Hz, 2H), 4.40 (t, J = 5.4 

Hz, 2H), 3.82 (s, 3H). 13C NMR (101 MHz, CDCl3) δC 161.28, 158.85, 158.37, 152.30, 149.33, 

148.75, 142.12, 135.14, 134.54, 130.44(2C), 129.32, 127.90(2C), 127.60, 122.89, 122.12, 

121.86, 121.25, 121.17, 119.19, 114.93, 114.71, 110.79, 109.11, 108.31, 65.41, 54.81, 

43.31.ESI-HRMS (m/z) = 500.1541; Anal. Calcd. for C29H23ClFN3O2: 499.15; C, 69.67; H, 

4.64; Cl, 7.09; F, 3.80; N, 8.40; O, 6.40% Found.: C, 69.12; H, 4.79; Cl, 7.09, F, 3.79; N, 8.39; 

O, 6.39%.  
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Synthesis of (E)-N-((4-(2-(2-(4-chlorophenyl)-5-nitro-1H-benzo[d]imidazol-1-yl)ethoxy)-

3-methoxyphenyl)methylene)-4-fluorobenzenamine   

Light-brown powder; (0.19 g, 33.3%), 

m.p. 200-205℃; FT-IR: 𝜈 (cm-1) 

=3093, 3008, 2965, 2922, 2850 (C-H), 

1587(C=C), 1512(C=N); 1H NMR 

(400 MHz, CDCl3) δH 8.60 (dd, J = 

38.7, 2.2 Hz, 1H), 8.24 (s, 1H), 8.20 (dd, J = 8.5, 2.1 Hz, 1H), 7.94 – 7.77 (m, 3H), 7.66 (d, J 

= 9.0 Hz, 1H), 7.49 (d, J = 10.1 Hz, 3H), 7.18 – 6.95 (m, 5H), 6.80 – 6.68 (m, 1H), 4.62 (t, J = 

4.7 Hz, 2H), 4.44 (t, 3JHH = 4.8 Hz, 2H), 3.80 (s, 3H). 13C NMR (75 MHz, CDCl3) δC 162.8, 

159.3, 152.5, 150.1, 149.9, 147.8, 147.2, 143.9, 143.8, 133.5, 131.2, 130.7, 123.8, 122.3, 122.2, 

120.5, 118.8, 118.1, 117.1, 116.0, 115.7, 112.7, 112.5, 110.2, 109.6, 107.4, 67.6, 55.9, 45.1. 

ESI-HRMS (m/z) = 545.1392 (M+H)+; Anal. Calcd. for C29H22ClFN4O4: 544.96; C, 63.91; H, 

4.07; Cl, 6.51; F, 3.49; N, 10.28; O, 11.74% Found.: C, 63.84; H, 4.22; Cl, 6.51, F, 3.49; N, 

10.27; O, 11.74%.  

Synthesis of 6-isocyanoquinoxaline-2,3-(1H,4H)-dione, 4.2 

To a solution of oxalic acid (0.19 g, 2.18 mmol) in aqueous Hydrochloric acid (10 mL, 4 M) 

was added 3,4-diabenzonitrile (0.2 g, 1.50 mmol). The reaction mixture was refluxed at 100℃ 

for 3 h. The completion of the reaction was confirmed by thin-layer chromatography using 

100% ethyl acetate. The reaction mixture was cooled to an ambient temperature, filtered, 

washed with water, and dried with toluene to afford solid black product. The product was used 

for the next reaction without any further purification.  
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Black powder, Yield 0.18 g, 91.0%; FT-IR: 𝜈 (cm-1) = 3379(N-H), 2200(C≡

N), 1684(C=O), 1H NMR (300 MHz, DMSO-d6) δH 12.24 (s, 1H, NH), 12.11 

(s, 1H, NH), 7.51 (dd, 3JHH = 8.3, 1.8 Hz, 1H, ArH), 7.42 (d, 3JHH = 1.7 Hz, 1H, 

ArH), 7.23 (d, 3JHH = 8.3 Hz, 1H, ArH). 13C NMR (101 MHz, DMSO-d6) δC 

167.1(CN) 155.6(C=O), 155.2(C=O), 130.3, 127.3, 126.8, 119.2, 118.7, 116.5. 

 

Synthesis of 1,2,3,4-tetrahydro-N-hydroxy-2,3-dioxoquinoxaline-6-carboxamidine, 4.3 

1 M of KOH (0.060 g, 1.08 mmol) solution in methanol (1.08 mL) was added to a solution of   

hydroxylamine hydrochloride (75.12 mg, 1.08mmol) in methanol (1.09 mL), at an ambient 

temperature. The mixture was stirred for 30 mins at room temperature. There was formation of 

potassium chloride salt, which was filtered and left with the filtrate. To the resulting filtrate in 

a separate flask, were added 1,2,3,4-tetrahydro-2,3-dioxoquinoxaline-6-carbonitrile (100 mg, 

0.540 mmol, 1 eq.) and methanol (10 mL), stirred and heated at 60℃ for 16 hours. The reacting 

mixture was concentrated under to afford a clean brown powder product which was used for 

the next reaction, without further purification. 

 Brown powder, Yield 0.075 g, 74.4%; FT-IR: 𝜈 (cm-1) = 3495, 3384(N-

H), 1670(C=O), 1H NMR (300 MHz, DMSO-d6) δH 10.88 (s, 1H, OH), 

9.63 (s, 1H, NH), 7.48 (d, 3JHH = 1.8 Hz, 1H), 7.42 – 7.32 (m, 1H, ArH), 

7.13 (d, 3JHH = 8.4 Hz, 1H, ArH), 5.77 (s, 2H, NH), 3.17 (s, 1H, NH). 

13C NMR (101 MHz, DMSO-d6) δC 167.1(C=NH), 155.6(2C=O), 127.8, 

125.9(2C), 121.6, 115.5, 113.6. 
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Synthesis of 1,2,3,4-tetrahydro-2,3-dioxoquinoxaline-6-carboxamidine, 4.4 

To a solution of 1,2,3,4-tetrahydro-N-hydroxy-2,3-dioxoquinoxaline-6-carboxamidine (0.2 g, 

0.961 mmol) in acetic acid (6 ml) were added slowly ammonium formate (0.30 g, 4.04 mmol) 

and 10% Palladium on Carbon (143.15 mg, 1.350 mmol, 1.45 eq.) respectively. The reaction 

mixture was stirred and refluxed at 120℃ for 3 h under nitrogen condition. The mixture was 

cooled, precipitates formed were filtered through celite and washed with acetic acid. Filtrate 

was concentrated under reduced pressure. The residue was basified with 1 M NaOH until the 

precipitate crushed out of the solution at a pH of 6. The precipitate was filtered, wash with 

distilled water and air dried to afford a brown powder product, which was used for the next 

reaction without further purification. 

White powder, Yield 0.19 g, 82.4%; FT-IR: 𝜈 (cm-1) = 3374, 3300(N-H), 

1684(C=O), 1H NMR (400 MHz, DMSO-d6) δH 7.49 (s, 1H, ArH), 7.42 (d, 

3JHH = 8.4 Hz, 1H, ArH), 7.19 (d, 3JHH = 8.3 Hz, 1H, ArH), 1.72 (s, 4H, 

4(NH). 

 

 

General procedure for the synthesis of target compounds (4.5a-f) using 4.5f as an example 

Triethylamine (O.67 mL, 4.16 mmol) was added to a solution of benzimidamide hydrochloride 

(0.2 g, 1.04 mmol) and benzylisothiocyanate (0.310 mL, 2.08 mmol) in DMSO (10 mL).The 

resulting mixture was stirred at 60℃ for 24 h. The mixture was poured into distilled water and 

precipitate formed was filtered, air dried to give a clean yellow solid.   
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Yellow solid, Yield 0.21 g, 51.9%; FT-IR: 𝜈 (cm-1) = 3284 (N-

H), 3061, 3030(CH), 1453, 737 (C=S); 1H NMR (400 MHz, 

Acetone-d6) δH 7.42 – 6.97 (m, 8H), 4.21 (d, J = 6.0 Hz, 2H), 

2.77 (s, 1H), 1.78 (s, 2H). 13C NMR (101 MHz, Acetone-d6) 

δC 205.36, 128.29, 128.27, 128.22, 127.46, 127.19, 126.92, 

126.78, 42.65. 

N-((4-chlorophenyl)carbamoyl)-2,3-dioxo-1,2,3,4-tetrahydroquinoxaline-6-

carboximidamide, 4.5a: 

Light-brown solid, 0.26 g, 81.5%; FT-IR: 𝜈 (cm-1) = 3381, 

3294 (NH), 1712(C=O); 1H NMR (400 MHz, DMSO-d6) δH 

8.31 (s, 1H, ArH), 7.77 – 7.17 (m, 3H, ArH), 7.07 – 6.93(m, 

2H, ArH), 6.63 – 6.46 (m, 2H, ArH), 5.21 (s, 2H, NH), 2.55 

(s, 1H, NH). 13C NMR (101 MHz, DMSO-d6) δC 

168.9(C=NH), 152.8(C=O), 148.1(2C=O), 139.0, 138.7, 129.1, 129.0, 128.9(2C), 125.9, 

120.95, 120.27, 119.2, 115.6(2C).  

N-((4-fluorophenyl)carbamoyl)-2,3-dioxo-1,2,3,4-tetrahydroquinoxaline-6-

carboximidamide, 4.5b: 

 Light-yellow powder, Yield 0.28 g, 47.7%; 1H NMR (400 

MHz, DMSO-d6) δH 8.70 (s, 2H, NH), 7.54 – 7.39 (m, 4H, 

ArH), 7.22 – 7.00 (m, 3H, ArH). 13C NMR (101 MHz, 

DMSO-d6) δC 159.00(C=NH), 156.63(C=O), 

153.21(2C=O), 136.49, 136.47, 120.53(2C), 120.45(4C), 

115.83(2C), 115.61(2C). 
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N-((4-chlorophenyl)carbamothioyl)-2,3-dioxo-1,2,3,4-tetrahydroquinoxaline-6-

carboximidamide, 4c: 

Brown powder, Yield 0.17 g, 46.5% ; 1H NMR (400 MHz, 

DMSO-d6) δH 10.06 (s, 1H, NH), 9.97 (s, 1H, NH), 7.64 – 

7.48 (m, 3H, ArH), 7.46 – 7.28 (m, 4H, ArH), 2.55 (s, 1H, 

NH), 2.04 (s, 2H, ArH). 13C NMR (101 MHz, DMSO-d6) 

δC 180.1(C=S), 168.9(C=NH), 167.8(2C=O), 138.9, 138.7, 

129.0(2C), 128.8(2C), 126.94, 125.8(2C), 120.9(2C), 115.6. 

N-((4-bromophenyl)carbamoyl)-2,3-dioxo-1,2,3,4-tetrahydroquinoxaline-6-

carboximidamide 4.5d: 

Brown powder, Yield 0.39 g, 86.7%; FT-IR: 𝜈 (cm-1) = 

3465, 3296 (N-H), 1633(C=O); 1H NMR (400 MHz, 

DMSO-d6) δH 9.61 (s, 1H, NH), 9.53 (s, 1H, ArH), 7.77 – 

7.38 (m, 5H, ArH), 7.08 (d, 3JHH = 8.4 Hz, 1H, ArH), 2.55 

(s, 1H, NH). 13C NMR (101 MHz, DMSO-d6) δC 165.56 

(C=NH), 164.03(C=O), 153.04(2)(C=O), 140.48, 139.77, 131.90(3C), 131.64, 120.75(4C), 

113.63, 113.52.  

 

6.3 Procedures for Biological Activities 

Antimalarial Activity of 4(1H)-pyridone  

Pyridones compounds were measured using a Malaria SYBR Green I based assay. This assay 

is used to track the drug susceptibility of the malaria parasites and to give account for the 
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compound’s different mode of action.247 SYBR Green I is a dye that fluoresce brightly when it 

comes into contact with Plasmodium DNA.248  

Procedure for Antimalarial Activity of 4(1H)-pyridone  

Human erythrocytes (O+ /A+) were suspended in complete culture medium [RPMI 1640 

medium (Sigma-Aldrich) laced with 25 mM HEPES (Sigma-Aldrich), 20 mM D-glucose 

(Sigma-Aldrich), 200 μM hypoxanthine (Sigma-Aldrich), 0.2% sodium bicarbonate, 24 μg/ml 

Gentamicin (Sigma-Aldrich) and 0.5% AlbuMAX II] in a gaseous environment (90% N2, 5% 

O2, and 5% CO2) 249 while P. falciparum parasites were maintained at 37  ̊C. Ring-stage (intra-

erythrocytic) NF54 P. falciparum parasite cultures (200 μl at 1% haematocrit, 1% parasitaemia) 

were treated with the compounds. Chloroquine diphosphate (1 Μm) and complete RPMI media 

were used as positive and negative controls respectively. These controls were incubated under 

a gas mixture (90% N2, 5% O2, and 5% CO2) for 96 h at 37℃ in 96-well plates. At the end of 

the 96 h period, P. falciparum parasite cultures of equal volumes (100 μl each) were aliquoted 

and mixed with SYBR Green I lysis buffer (0.2 μl/ml 10 000x SYBR Green I, Invitrogen; 20 

mM Tris, pH 7.5; 5 mM EDTA; 0.008% (w/v) saponin; 0.08% (v/v) Triton X-100) at room 

temperature. The samples were incubated for 1 h; afterward fluorescence was measured by 

means of a GloMax®-Explorer Detection System with Instinct® Software (Promega, 

excitation at 485 nm and emission at 538 nm). The ‘background’ fluorescence (i.e. the 

fluorescence measured in the samples derived from chloroquine-treated infected erythrocytes 

in which parasite proliferation was completely inhibited) was subtracted from the total 

fluorescence measured for each sample to measure parasite proliferation. Data obtained were 

analyzed in Excel, and graphs plotted using GraphPad 7. All experiments were done in 

triplicate (n=3). 
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MTT Assay for cytotoxity of 2-disubstituted benzimidazoles 

Cancer cells at a seeding density of 10 000 cells well per a 96-well were suspended into tissue 

culture plates. The plates were incubated in a humified chamber at 37°C with 5% CO2 supply 

for 24 hours to allow cells to attach. The following day 2 µL of the benzimidazoles was added 

to each well, at different concentrations. The plates were incubated in a humified chamber at 

37°C with 5% CO2 supply for 24 hours. The following day fresh MTT solution at 5 mg/mL in 

1X PBS was prepared, and 20 µL of MTT solution was added to all the wells, without removing 

the media. The plates were incubated in a humified chamber at 37°C with 5% CO2 supply for 

4 hours to allow for MTT to metabolize into formazan without removing the media, and 20 µL 

of MTT solution was added to all the wells. All media were removed from the wells after 

incubation. All experiments were done in triplicate (n=3).The absorbance of the plate at 570 

nm was measured using a plate-reader to identify the number of survival cells and the 

percentage of viability was calculated using the formula below: 

 𝑃𝑒𝑟𝑐𝑒𝑡𝑎𝑔𝑒 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

= (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑇𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐵𝑙𝑎𝑛𝑘

𝐴𝑏𝑠𝑟𝑜𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐵𝑙𝑎𝑛𝑘
) × 100 

6.4 Molecular Modelling Procedure 

The X-ray structure of mitochondrial cyt bc1 from Saccharomyces cerevisiae with atovaquone 

bound in the catalytic Qo site (RSCB PDB ID: 4PD4 in Figure 2.32) was used the protein target 

on to which compound 5, compound 6 and atovaquone were docked. The protein used for the 

docking was prepared using protein Schrodinger Maestro preparation wizard (Schrödinger 

Release 2021-3: Maestro, Schrödinger, LLC, New York, NY, 2021.). The preparation steps 

include the assignment of the hydrogen bonds, bond orders, addition of hydrogens, 

optimization, minimization of the proteins, and deletion of waters beyond 5Ǻ from the het 
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group. Protein receptor grid was generated (using the co-crystallized ligand to define the 

binding site for docking) with Glide (Schrödinger Release 2021-3: Glide, Schrödinger, LLC, 

New York, NY, 2021.) The 3D structures of the three ligands (compound 2.9a, compound 2.9b 

and Atovaquone) were prepared using Schrödinger Maestro software (Schrödinger Release 

2021-3: Maestro, Schrödinger, LLC, New York, NY, 2021). Minimization of all ligands was 

carried out using the OPLS-2005 force field module.250 The electrostatic potential values were 

plotted on the surface of ligands using electrostatic potential fitting charge (ESP) atomic 

charges by OPLS2005 force field, (Figure 2.34). The ligands (compound 2.9a, compound 2.9b 

and Atovaquone) were docked on to the previously defined binding site of the prepared 

cytochrome bc1 complex (RSCB PDB ID: 4PD4) using glide’s ligand docking module (extra-

precision). The ligand binding energies and ligand strain energies of the ligand-receptor 

complex obtained from Glide was calculated with the prime MMGBSA (solvation with VSGB 

and forcefield defined with OPLS4). Prime MM-GBSA calculates the energy of the optimized 

free receptors, free ligands, and a complex of the ligands with cytochrome bc1 complex.  
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FIGURE S1: 1H NMR Spectrum of 2.3 
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FIGURE S2: 1H NMR Spectrum of 2.4a  

 

 

FIGURE S3: 13C NMR Spectrum of 2.4a 
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FIGURE S4: 1H NMR Spectrum of 2.5 

  

 

 

FIGURE S5: 1H NMR Spectrum of 2.10a 
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FIGURE S6: 13C NMR Spectrum of 2.10a 

 

FIGURE S7: 1H NMR Spectrum of 2.10c 
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FIGURE S8: 13C NMR Spectrum of 2.10c 

 

FIGURE S9: 1H NMR Spectrum of 2.11a 
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FIGURE S10: 13C NMR Spectrum of 2.11a 
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FIGURE S11: 1H NMR Spectrum of 2.11c

 

FIGURE S12: 13C NMR Spectrum of 2.11c 
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FIGURE S13: 1H NMR Spectrum of 2.12b 

 

FIGURE S14: 13C NMR Spectrum of 2.12b 
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FIGURE S15: 13H NMR Spectrum of 2.9a 

 

FIGURE S15: 13C NMR Spectrum of 2.9a
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FIGURE S16: H NMR Spectrum of 2.14 

 

FIGURE S17: 1C NMR Spectrum of 2.14
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FIGURE S18: 1H NMR Spectrum of 2.15 

 

FIGURE S19: 1H NMR Spectrum of 2.24 
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FIGURE S20: 1C NMR Spectrum of 2.24 

 

FIGURE S21: 1H NMR Spectrum of 2.24 
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FIGURE S22: 1C NMR Spectrum of 2.25 

 

FIGURE S23: 1H NMR Spectrum of 3.2b 
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FIGURE S24: 1H NMR Spectrum of 3.2d 

 

FIGURE S25: 1H NMR Spectrum of 3.3  
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FIGURE S26: 1H NMR Spectrum of 3.4a 

 
FIGURE S27: 13C NMR Spectrum of 3.4a 
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FIGURE S28: 1H NMR Spectrum of 3.4e 

 
FIGURE S28: 13C NMR Spectrum of 3.4e 
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FIGURE S29: 13H NMR Spectrum of 3.6d  

 

FIGURE S30: 13C NMR Spectrum of 3.6d  
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FIGURE S31: 1H NMR Spectrum of 4.5c  

 

FIGURE S32: 13C NMR Spectrum of 4.5c  
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Table S1: Crystal data and structure refinement for 2.4a and 2.4b 

Complex 2.4a 2.4b 

Emp. formula C13H11BrO2 C19H14Br2O2 

CCDC Identifier 2069544 2069545 

Form. weight (g.mol-1) 279.13 434.12 

Crystal system monoclinic orthorhombic 

Space group P21/c P212121 

Crystal description pale yellow block pale yellow block 

a (Å) 6.93170(10) 5.97640(10) 

b (Å) 21.7480(3) 11.4680(2) 

c (Å) 7.7775(2) 24.4564(3) 

α (°) 90 90 

β (°) 103.417(2) 90 

γ (°) 90 90 

Volume (Å3) 1140.46(4) 1676.18(5) 

Z 4 4 

Abs. coeff. (m.mm-1) 4.764 6.187 

F(000) 560 856 

Independent refl. 2255 3307 

Completeness (%) 100 100 

Data/Restr/Para 2255/0/148 3307/0/211 

Goodness of fit on F2 1.093 1.090 

Final R1 indexes 0.0639 0.0679 

wR2 indices (all data) 0.1755 0.1853 

Largest diffr. peak and hole 

(e.Å-3) 

1.26/-1.71 1.19/-1.09 

 

Table S2: Selected bond lengths and angles for 2.4a and 2.4b  

Description 2.4a 2.4b 

O6-C1 1.363(4) 1.370(10) 

O6-C5 1.368(4) 1.361(10) 

C3-O14 1.246(5) 1.238(10) 

C10-Br13 1.902(3)        1.910(8) 

C20-Br23 -         1.894(9) 

C1-O6-C5 120.0(3) 120.5(7) 

C2-C3-O14 121.8(3) 122.2(7) 

C3-C4-C7 118.5(3) 119.5(7) 

C3-C2-C17 - 119.2(7) 

O14-C3-C4-C7 -5.1(5) 2.0(12) 

O14-C3-C2-C17 - -7.0(12) 

C3-C2-C17-C18 - 119.7(8) 

C3-C4-C7-C8 49.1(5) -67.9(11) 

C4-C5-O6-C1 178.0(3) -4.5(13) 

O14-C3-C2-C1 -178.9(3) 176.8(8) 
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SCXRD molecular structure of the byproduct of 9d and 9f (9d' and 9f', respectively) 

(Figures S33 and S44). 

 

 

Figure S33: Molecular structure of the byproduct of 9d (9d'). Thermal ellipsoids are drawn 

at 50% probability level. 

 

Figure S34. Molecular structure of the byproduct of 9f (9f'). Thermal ellipsoids are drawn at 

50% probability level. 
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