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Abstract 

Malaria and HIV-AIDS are fatal infectious diseases. Given the overlap of their geographic 

distribution and resultant coinfection rates, interactions between the two diseases pose major 

public health problems are the most vulnerable population groups. Young children and 

pregnant women are the most vulnerable population groups, yet they have limited medication 

options because of immunocompromising. The levels of CYP3A4 in children and pregnant 

women is elevated and thus necessitating dose adjustments for most drugs in clinical use to 

achieve treatment success. Without the dose adjustment the resultant low drug bioavailability 

exposes pathogens to sub-optimal dosages thus fomenting drug resistance. 

Hydroxypyridinone-aminoquinoline (HPO-AQS) compounds which were found to be potent 

CYP3A4 inhibitors, could be repurposed as antimalarials and anti-HIV specifically for children 

and expectant mothers.  Thus, the study also aims at repurposing HPO-AQS for treatment of 

HIV-AIDS and malaria coinfections.  Despite the CYP3A4 liability of the HPO-AQs, these 

molecules can be repurposed for chemotherapeutic applications in cancer and HIV-AIDS 

where CYP3A4 inhibition is not an issue if risk and benefit analysis is carefully considered.  

The rational design was based on quinoline as an antimalarial pharmacophore and iron 

chelation inhibition of plasmodium proliferation in addition to studies earlier done by Andayi et 

al. The HPO-AQS were designed in two series (kojic derivatives and maltol derivatives) in 

such a way that they have a chelator (HPO) linked to quinoline nucleus with varying linker 

lengths. Thereafter, the in-silico predictions were done using SwissADME. The attention of 

this work was focused on the predictions of lipophilicity, physicochemical properties, and CYP 

isoform targets. SwissADME results predicted that HPO-AQs could be developed as synthetic 

medical products. This has been the basis of subsequent synthesis and in vitro studies.  

The kojic derived compounds (1a-l) were prepared by coupling N-(7-chloro-4-quinolinyl)-

diaminoalkanes (6a-g) to 2-(chloromethyl)-5 (benzyloxy)-1-alkylpyridin-4-(1H)-ones (3a-3c).  

The synthesis of the maltol-derived (2a-i) conjugates involved the Michael addition of N-(7-

chloro-4- quinolinyl)-diaminoalkanes (6a-g) to 3-benzyl protected methyl maltol (10a) or 

protected ethyl maltol (10b). Nuclear magnetic resonance spectroscopy and Mass 

Spectroscopy confirmed the successful synthesis of all the target compounds. The target 

compounds were evaluated for their cytotoxicities, anti-HIV, antiplasmodial, anticancer and 

antioxidant activities in vitro.  

A general observation on the toxicities of all the compounds, when evaluated on three different 

cell lines, is that maltol-derived compounds (2b and 2d) were more toxic compared to the kojic-

derived compounds (1a, 1b, 1f and 1g). With this observation, the kojic moiety counteracts 

the toxic effects caused by the quinoline scaffold better than the maltol moiety.  
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Based on the TZM-bI cells MTT assays, the most nontoxic compounds [1b; 1e; 1f; 1g and 

2b] with relatively higher IC50 values, were further evaluated for anti-HIV (Reverse 

Transcription Inhibition and HIV Protease Activity inhibition) and antioxidant activities. The 

compounds with lower cytotoxicity IC50 values in the TZM bl cell line [1a and 2d] were further 

evaluated for their anti-cancer properties using the Nitric Oxide Assays. In the reverse 

transcriptase assays, 1e (IC50 = 26.2±0.19µM) and 1f (IC50 = 32.90±3.79µM) were the better 

inhibitors whilst 1g (IC50 = 56.56 ± 0.74µM) was the least inhibitor. In the protease inhibition 

assay, 1e was the best inhibitor (in relation to the positive control). Of the two evaluated 

compounds, 1a and 2d, none of them produced nitric oxide as expected, as the tested 

compounds were not very toxic but moderately toxic in the cytotoxic assays, as observed by 

the cytotoxicity results. The protected HPO-AQS showed no antioxidative potential, and 1b 

only showed antioxidant properties but only in high concentrations. 

The antiplasmodial activities of HPO-AQS were evaluated against the chloroquine drug-

sensitive (NF54) and the chloroquine drug-resistant strains (K1). These activities on the wild-

type isolate, P. falciparum Nf54, range from moderate to very high, with some IC50 values 

below 20nM, which is comparable to the control antimalarial agents. Resistance indices 

analysis showed that most of the compounds had values greater than 5, except for 1a with RI 

= 3.5. However, there is cross-resistance for the rest of the compounds, which can be 

expected of these compounds due to their 7-chloroquinoline moiety. 

Keywords: Co-infection, HIV-AIDS, Malaria, Hydroxypyridinone-aminoquinolines. 

  

  



iv 
 

Acknowledgements 

First and foremost, praise, thanks, and honour unto YAHWEH, the ALMIGHTY, for HIS grace 

and blessings throughout my research work. Thank you for making it possible and taking me 

this far.  

I wish to extend my heartfelt gratitude to my research supervisors (Dr M.V Bvumbi and Dr W.A 

Andayi) for their unwavering support and guidance throughout the completion of my MSc 

studies. Your collaboration efforts, outsourcing research materials and opportunities, 

thoughtful feedback and constant encouragement have honed my skills and enriched this 

thesis's quality. Thank you for allowing me to attend the Frank Warren Organic Chemistry 

Conference (2023) the SACI North Young Symposium; with your assistance, I managed to 

attend the DMPK 101 course offered by the University of Dundee (UK).  

I'd also like to acknowledge the contributions of my fellow researchers and the resources 

provided by the Chemistry Department and the University of Venda. Special mention to Mr P. 

Pandelani for running NMR analyses and Mr F. Mutshaeni for providing me with laboratory 

resources crucial for me to do my synthesis experiments and for making it possible for me to 

attend the API Process Technology Day at CPT-Pharma in Pretoria.  

I extend my appreciation to my fellow lab mates for assisting and entertaining me in the Drug 

Synthesis and Isolation/ Design, Synthesis and Biomolecular Research Group lab for 

constructive contributions towards this study while allowing me to build myself. 

This acknowledgement extends to Dr NG Gama and Ms SK Khuzwayo, and the rest of the 

HIV research group at the University of Pretoria for hosting me in their HIV laboratory and 

teaching me how to perform the in vitro HIV assays. I would like to thank them for their time 

and resources that I used, for imparting knowledge, their acceptance, patience, friendship, 

and empathy. 

Dr D Taylor and Co-workers at H3D (University of Cape Town), for performing the 

antiplasmodial tests against NF54 and K1 strains. 

I am grateful to the National Research Foundation (NRF) for financial support. 

Completing this dissertation required more than just academic support. I am deeply grateful 

to my family and friends for their patience, understanding, and encouragement throughout this 

journey. Their belief in me has been a source of emotional, physical, and spiritual strength, 

enabling me to tackle this challenging endeavor. Special thanks to my best friend, Ba 

Shammah, and Ms. A Mukwevho for their invaluable mentorship. Their steadfast support has 

been a constant source of motivation  



v 
 

Abbreviations and Acronyms 

ADMET = Absorption, Distribution, Metabolism, Excretion and Toxicity 

AQ = Aminoquinoline 

Bn = Benzyl 

CQ = Chloroquine 

CYPs = cytochrome P450 isoenzymes 

DCM = Dichloromethane 

DMSO = Dimethyl Sulfoxide 

EtOAc = Ethyl acetate 

Equiv = Equivalents 

FGI = Functional group interconversion 

FTIR = Fourier Transformed Infrared 

IC50 = Concentration needed to cause 50% inhibition in activity or growth 

IR = Infra-Red 

IUPAC = International Union of Pure and Applied Chemistry 

MeOH = Methanol 

MgSO4  = Magnesium Sulphate 

MP = Melting Point 

MHz = Megahertz 

NMR = Nuclear Magnetic Resonance 

1H NMR = Proton Nuclear Magnetic Resonance 

13C NMR = Carbon Nuclear Magnetic Resonance 

ppm = parts per million 

δ = chemical shift in ppm 

J = coupling constant 

s = singlet 



vi 
 

d = doublet 

t = triplet 

dd = doublet of doublets 

q = quintet 

m = multiplet 

RT = Room Temperature 

TEA = Triethylamine 

TLC = Thin Layer Chromatography 

UV = Ultraviolet 

WHO = World Health Organisation 

  



vii 
 

Conference Presentations 

Poster Presentations: 

1. SACI North Section Young Chemists' Symposium held on the 13th of October 2023 

(University of Limpopo). 

2. Faculty Research Indaba and Open Day on the 23rd of November 2023 (University of 

Venda). 

3. 16th Frank Warren Organic Chemistry Conference on the 5th of December 2023 (The 

Ranch Hotel, Polokwane) – 3rd Best Poster Award. 

4.  SACI North Section Young Chemists' Symposium held on the 25th of October 2024 

(University of Venda) – 2nd Best Poster Award 

  



viii 
 

Contents 
Declaration ........................................................................................................................... i 

Abstract ............................................................................................................................... ii 

Acknowledgements ........................................................................................................... iv 

Abbreviations and Acronyms ............................................................................................ v 

Conference Presentations ................................................................................................ vii 

Chapter 1: Background and Literature Review ................................................................. 1 

1.1 HIV-AIDS .................................................................................................................... 1 

1.1.1 Human Infection and Transmission .................................................................. 2 

1.1.2 Signs and Symptoms of HIV .............................................................................. 3 

1.1.3 Geographic Distribution ..................................................................................... 4 

1.1.4 Prevention ........................................................................................................... 5 

1.1.5 Treatment - Antiretroviral Therapy (ART) ......................................................... 6 

1.1.6 Vaccines .............................................................................................................. 7 

1.2 Malaria ........................................................................................................................ 8 

1.2.1 Transmission ...................................................................................................... 9 

1.2.2 Geographical Distribution ................................................................................ 11 

1.2.3 Prevention ......................................................................................................... 13 

1.2.4 Treatment .......................................................................................................... 13 

1.2.5 New Developments: ......................................................................................... 15 

1.2.6 Vaccines ............................................................................................................ 15 

1.3 Malaria and HIV-AIDS Co-Infection ........................................................................ 18 

1.4 Drug Metabolism ..................................................................................................... 19 

1.5 Drug Resistance ...................................................................................................... 20 

1.6 Hybridization as a strategy for drug discovery and development ....................... 25 

1.6.1. Examples of hybrid drugs in clinical use ....................................................... 26 

1.6.2 Strategies for design and synthesis of hybrid drugs..................................... 28 

1.6.2.1 The Choice of a Linker ......................................................................................... 28 

1.6.3. Hydroxypyridinone-aminoquinoline hybrid drugs ........................................ 28 



ix 
 

1.6.3.1 The quinoline scaffold .......................................................................................... 29 

1.6.3.2. The Hydroxypyridinone Scaffold ...................................................................... 31 

1.6.4 Antiplasmodial Hydroxypyridinone-Aminoquinolines ................................... 32 

1.7 Problem Statement and Motivation of Study ......................................................... 33 

1.8 Rationale of Study ................................................................................................... 33 

1.9 Aim and Objectives of the Study ............................................................................ 34 

Chapter 2: In-Silico and Rational Design ........................................................................ 35 

2.1 Rational Design ....................................................................................................... 35 

2.2 In Silico Methods in Drug Design ........................................................................... 36 

2.3 SwissADME Computational Data ........................................................................... 37 

2.3.1 Physiochemical Properties .............................................................................. 37 

2.3.2 Lipophilicity ...................................................................................................... 38 

2.3.3 Water Solubility ................................................................................................ 38 

2.3.4 Pharmacokinetics ............................................................................................. 39 

2.3.5 Drug-likeness .................................................................................................... 40 

2.3.6 Medicinal Chemistry Friendliness ................................................................... 41 

2.4 Conclusion............................................................................................................... 41 

Chapter 3: Chemistry – Synthesis of HPO-AQs .............................................................. 42 

3.1 Retrosynthetic Analyses ......................................................................................... 42 

3.1.1 Retrosynthesis of Kojic Acid Derived Conjugates ......................................... 42 

3.1.2 Retrosynthesis of Maltol Derived Conjugates ................................................ 43 

3.2 Synthesis of Compounds ....................................................................................... 44 

3.2.1 Synthetic Pathway of N-(7-chloroquinoline 4yl) alkyl-diamines .................... 44 

3.2.2 Preparation of hydroxypyridinone intermediates .......................................... 48 

3.2.2.1 Protection of hydroxypyridinones .................................................................... 48 

3.2.2.2 Protection of Maltol ............................................................................................... 49 

3.2.2.3 Protection of Kojic Acid ....................................................................................... 51 

3.2.2.4 Alkylation of the protected-kojic-acid .............................................................. 53 

3.2.2.5 Chlorination of the hydroxyl group................................................................... 55 

3.3 Synthesis and Characterization of Kojic Acid Derived Conjugate Compounds . 57 



x 
 

3.4 Synthesis and Characterization of Maltol Derived Hybrid Compounds .............. 61 

Chapter 4: HIV In-Vitro Activity Evaluation ..................................................................... 71 

4.1 Background ............................................................................................................. 71 

4.2. Cytotoxicity Screening Assays ............................................................................. 72 

4.2.1 MTT Assay Protocol and Experimental Observations ................................... 74 

4.2.2 Effect of HPO-AQs on HeLa cells’ viability ..................................................... 78 

4.2.3 Effect of HPO-AQs in HEPG2 cells’ viability ................................................... 79 

4.2.4 Effect of HPO-AQs in TZM-bI cells’ viability ................................................... 81 

4.2.5 Summary ........................................................................................................... 82 

4.3 Reverse Transcriptase Assay................................................................................. 83 

4.4 HIV Protease Activity Assay ................................................................................... 86 

4.5 Nitric Oxide Assay ................................................................................................... 88 

4.6 Free-Radical Scavenging Assay ............................................................................ 90 

4.7 Conclusion............................................................................................................... 92 

Chapter 5: Malaria In Vitro Activity Evaluation ............................................................... 94 

5.1 Background ............................................................................................................. 94 

5.2 Methodology ............................................................................................................ 95 

5.3 Results and Discussion .......................................................................................... 96 

5.4 Resistance Index (RI) .............................................................................................. 97 

5.5 Conclusion............................................................................................................... 99 

Chapter 6: Conclusions and Future Work ..................................................................... 100 

Chapter 7: Experimental Procedures............................................................................. 102 

7.1 Chemistry .............................................................................................................. 102 

7.1.1 General Synthesis Procedure of N-(7- chloroquinoline 4yl) alkyl-diamines

 .................................................................................................................................. 103 

7.1.1.1 Synthesis of 7-chloro-N-methylquinolin-4-amine (6a) ............................... 103 

7.1.1.2 Synthesis of N1-(7-chloroquinolin-4-yl) ethane-1,2-diamine (6b) ........... 104 

7.1.1.3 Synthesis of N1-(7-chloroquinolin-4-yl)-N-2-methylethane-1,2-diamine 

(6c) ........................................................................................................................................ 104 

7.1.1.4 Synthesis of N1-(7-chloroquinolin-4-yl)propane-1,3-diamine (6d) ......... 105 



xi 
 

7.1.1.5 Synthesis of N1-(7-chloroquinolin-4-yl)-N-3-methylpropane-1,3-diamine 

(6e) ........................................................................................................................................ 105 

7.1.1.6 Synthesis of N1-(7-chloroquinolin-4-yl)butane-1,4-diamine (6f) ............. 106 

7.1.1.7 Synthesis of N1-(7-chloroquinolin-4-yl) hexane-1,6-diamine (6g) .......... 106 

7.1.2 Preparation of Hydroxypyridinones Intermediates ...................................... 106 

7.1.2.1 Protection of Pyranones .................................................................................... 107 

7.1.2.2 General Alkylation Procedure of Protected-Kojic Acid (4) ....................... 108 

7.1.2.3. Chlorination – Synthesis of 3 .......................................................................... 110 

7.1.3 General Synthesis Procedure of Kojic Acid-Derived Conjugates ................... 111 

7.1.3.1 Synthesis of 5-(benzyloxy)-2-(((7-chloroquinolin-4-

yl)(methyl)amino)methyl)-1-methylpyridin-4(1H)-one (1a) .................................... 112 

7.1.3.2 Synthesis of 5-(benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)amino)methyl)-1-methylpyridin-4(1H)-one (1b) ............................ 112 

7.1.3.3 Synthesis of 5-(benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)(methyl)amino)methyl)-1-methylpyridin-4(1H)-one (1c) ............... 113 

7.1.3.4 Synthesis of 5-(benzyloxy)-2-(((3-((7-chloroquinolin-4-

yl)amino)propyl)(methyl)amino)methyl)-1-methylpyridin-4(1H)-one (1d) ............ 114 

7.1.3.5 Synthesis of (benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1e) ........................ 114 

7.1.3.6 Synthesis of 5-(benzyloxy)-2-(((3-((7-chloroquinolin-4-

yl)amino)propyl)(methyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1f) ........ 115 

7.1.3.7 Synthesis of 5-(benzyloxy)-2-(((4-((7-chloroquinolin-4-

yl)amino)butyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1g) ........................ 116 

7.1.3.8Synthesis of 5-(benzyloxy)-2-(((6-((7-chloroquinolin-4-

yl)amino)hexyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1h) ....................... 116 

7.1.3.9 Synthesis of 5-(benzyloxy)-2-(((7-chloroquinolin-4-

yl)(methyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1i) ............................ 117 

7.1.3.10 Synthesis of 5-(benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1j) ..................... 118 

7.1.3.11 Synthesis of 5-(benzyloxy)-2-(((3-((7-chloroquinolin-4-

yl)amino)propyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1k) ................. 118 

7.1.3.12 Synthesis of 5-(benzyloxy)-2-(((6-((7-chloroquinolin-4-

yl)amino)hexyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1l) .................... 119 



xii 
 

7.1.4 General Synthesis Procedure of Maltol-Derived Conjugates .......................... 120 

7.1.4.1 Synthesis of 3-(benzyloxy)-1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-2-

methylpyridin-4(1H)-one (2a) .................................................................................. 120 

7.1.4.2 Synthesis of 3-(benzyloxy)-1-(3-((7-chloroquinolin-4-yl)amino)propyl)-2-

methylpyridin-4(1H)-one (2b) .................................................................................. 121 

7.1.4.3 Synthesis of 3-(benzyloxy)-1-(4-((7-chloroquinolin-4-yl)amino)butyl)-2-

methylpyridin-4(1H)-one (2c) .................................................................................. 121 

7.1.4.4 Synthesis of 3-(benzyloxy)-1-(6-((7-chloroquinolin-4-yl)amino)hexyl)-2-

methylpyridin-4(1H)-one (2d) .................................................................................. 122 

7.1.4.5 Synthesis of 3-(benzyloxy)-1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-2-

ethylpyridin-4(1H)-one (2e) ..................................................................................... 123 

7.1.4.6 Synthesis of 3-(benzyloxy)-1-(3-((7-chloroquinolin-4-yl)amino)propyl)-2-

ethylpyridin-4(1H)-one (2f) ...................................................................................... 123 

7.1.4.7 Synthesis of 3-(benzyloxy)-1-(4-((7-chloroquinolin-4-yl)amino)butyl)-2-

ethylpyridin-4(1H)-one (2g) ..................................................................................... 124 

7.1.4.8 Synthesis of 3-(benzyloxy)-1-(6-((7-chloroquinolin-4-yl)amino)hexyl)-2-

ethylpyridin-4(1H)-one (2h) ..................................................................................... 125 

7.2 In Vitro Anti-HIV Assay Methods .......................................................................... 125 

7.2.1 General information ....................................................................................... 125 

7.2.2 Experimental Procedures .............................................................................. 126 

7.2.2.1 Cell thawing ........................................................................................................... 126 

7.2.2.3 Cell harvesting...................................................................................................... 126 

7.2.2.4 Cell counting ......................................................................................................... 127 

7.2.2.5 Cell seeding ........................................................................................................... 127 

7.2.2.6 MTT Assay ............................................................................................................. 129 

7.2.2.7 Nitric oxide assay ................................................................................................ 130 

7.2.2.8 Reverse transcriptase inhibition assay - ELISA assay .............................. 131 

7.2.2.9 HIV protease activity detection assay ............................................................ 133 

7.2.2.10 Antioxidant (DPPH) assay ............................................................................... 134 

7.3 In Vitro Antiplasmodial Assay Method ................................................................ 136 

References ...................................................................................................................... 137 

 



1 
 

Chapter 1: Background and Literature Review 

According to the latest World Health Organization report (WHO 2023), HIV-AIDS has claimed 

40.4 million lives ever since it’s discovery. In 2022, approximately 0.6 million people died of 

HIV-related causes and about 1.3 million people become newly infected with HIV globally. The 

report also highlighted that the African region accounts for 50% of the new global HIV 

infections, compounding the burden of being the most affected region with 25.6 million people 

living with HIV[1].  

The most recent WHO malaria report mentioned that malaria claimed approximately 619 000 

lives in 2021 and there were 247 million new cases of malaria in 2021 compared to 245 million 

in 2020. The report further states that the African Region bears the heaviest malaria burden 

i.e. 96% of deaths globally of which 78.9% of these deaths were in children under the age of 

5 years[2]. From the statistics mentioned above, it is evident, without any doubt, that malaria 

and HIV-AIDS are fatal infectious diseases. Even though both diseases are widespread, their 

distributions are most common and greatly overlap in the sub-Saharan African regions. 

In malaria endemic regions, HIV-AIDS infection increases the risk of malaria infection, 

especially in individuals with advanced immunosuppression. That being so, malaria and HIV 

coinfection is common in the sub-Saharan region. Given the overlap of their geographic 

distribution and resultant rates of coinfection, interactions between the two diseases pose 

major public health problems[3]. 

1.1 HIV-AIDS 

The human immunodeficiency virus (HIV) is a retrovirus from the lentivirus genus that causes 

HIV infection[4]. The virus targets the T-lymphocytes and other white blood cells with a cluster 

of differentiation 4 (CD4) positive T-cells receptors on their surfaces[5]. 

There are two main types of HIV strains, namely HIV-1 and HIV-2, as well as several related 

viruses that infect certain monkeys or great apes. HIV-1 has 9 strains - A, B, C, D, F, G, H, J, 

K, and some have sub-strains[6]. HIV-1 is found throughout the world but the B- strain is mostly 

found in the United States of America. HIV-2 is almost exclusively limited to West Africa[7].  

HIV-1, simply put as HIV, accounts for 95% of all infections, and if left untreated prompts the 

progressive destruction of CD4+ cells and/or failure of the immune system. The deficient 

immune system is prone to life-threatening infections and other diseases that ordinarily people 

with healthy immune systems can fight off[8][9].   
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This most advanced stage of HIV infection, whereby it develops into acquired 

immunodeficiency syndrome (AIDS) is marked by a CD4+ cell count of fewer than 200 

cells/microliter of blood and/or the presence of any AIDS-defining clinical conditions such as 

wasting syndrome due to HIV, cytomegalovirus retinitis (with loss of vision), cervical cancer, 

mycobacterium tuberculosis as defined by the Centers for Disease Control and Prevention 

(CDC 2014)[10]. 

1.1.1 Human Infection and Transmission 

 

Figure 1.1: HIV life cycle and stage-specific inhibitors[11] 

The HIV entry process involves a sequential and coordinated interaction between the virus 

and the host cell. Inside the human body, the virus grows and multiplies rapidly in stages as 

outlined in Fig. 1.1 [12]. 

Firstly, HIV attaches to CD4+ cell receptors then it fuses with the host cell. When HIV fuses 

with the lymphocytes[13], it deposits its cell contents (RNA, reverse transcriptase, integrase, 

and other viral proteins) into the host cell. The HIV genome is then integrated onto the host 

DNA by the integrase and with the aid of the reverse transcriptase, the cell is turned into a 

virus-generating factory[10][5].  
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The virus starts to form long-chain HIV proteins. These are the protein chains that the HIV 

virus uses to replicate itself and spread to other CD4+ cells in the body. The new HIV RNA and 

proteins which will be produced by the infected CD4+ cell make their way to the surface of the 

cell to assemble into non-infectious immature HIV[14]. 

Lastly, the immature HIV is released from within the infected CD4+ that produced it. Being an 

immature HIV, it is unable to infect another CD4+ cell, so another HIV enzyme known as a 

protease is released. The function of this enzyme is to break up the long chain proteins forming 

the immature HIV. Once separated they then combine and mature into the infectious form of 

HIV, ready to infect new cells[11][12]. 

Unlike the flu virus, the HIV virus is not airborne transmitted[14]. From an infected person, HIV 

can be transmitted through direct contact with specific body fluids such as semen, blood, 

vaginal secretions, and breast milk from infected people. It can also be transmitted from a 

mother to foetus and during delivery[15]. However, HIV cannot be transmitted through 

activities such as hugging, shaking hands, kissing, or even sharing personal objects, food, or 

water[16]. 

HIV is present in breastmilk and can infect the nursing infant. This infection mechanism is a 

major issue in third-world countries where alternatives to breastfeeding are limited[17]. 

Although extensive passage into breastmilk is generally thought to be an undesirable 

characteristic for most drugs, in third-world countries there is potential therapeutic advantage 

in treating HIV infected mothers with drugs that accumulate in breastmilk[18][19].  

1.1.2 Signs and Symptoms of HIV  

A few weeks after the inceptive infection, individuals experience flu-like symptoms and at times 

no symptoms at all. At this early stage, asymptomatic carriers tend to be most infectious, sadly, 

many will only become aware of their statuses in the extreme stages of infection[20]. 

When the immune system tries to fight the infection, mostly the virus retreats and hibernates 

in the lymph tissues. The untreated, infected individual usually remains healthy for 5 to 15, 

years, but the virus continues to replicate in the background, slowly obliterating the immune 

system[21][22]. Eventually, the body is unable to defend itself, succumbs to 

overwhelming opportunistic infections and develops other signs and symptoms, such as 

swollen lymph nodes, weight loss, fever, diarrhoea, and cough. Without treatment, they could 

also develop severe illnesses such as tuberculosis (TB), cryptococcal meningitis, severe 

bacterial infections, and cancers such as lymphomas and Kaposi's sarcoma[9][23].  
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1.1.3 Geographic Distribution 

According to the 2023 epidemiological fact sheet published by the World Health Organization, 

there were about 39 million people living with HIV, 1.3 million new infections and 630 000 

deaths by the end of 2022[24].  In 2020, it was reported that there were 37.7 million people 

living with HIV[25]. Compared with the 2021 data, when there were approximately 38 million 

people worldwide, the numbers are increasing[26]. The World Health Organization envisioned 

a worst-case scenario of 7.7 million HIV-related deaths over the next 10 years, thus an 

increase in the HIV infections due to HIV service disruptions during COVID-19, and the slowing 

public health response to HIV[22].  

 

Figure 1.2: Global HIV prevalence and distribution. Adapted from UNAIDS 2023 estimates[27]. 

 

According to regions, the statistics were distributed as shown in Fig. 1.2. Not so good for 

Eastern and Southern Africa countries which are Ethiopia, South Sudan, Uganda, Rwanda, 

Burundi, Somalia, Kenya, United Republic of Tanzania, Angola, Zambia Malawi, Mozambique, 

Zimbabwe, Botswana, Namibia, Swaziland, Lesotho and South Africa[28]. Most of these 

countries also appeared on the list of top ten countries with the highest share of the global 

new HIV infections in 2021 (Fig 1.3).  

According to News24’s newspaper titled: ‘HIV data is baffling’, 

[https://www.news24.com/witness/news/hiv-data-is-baffling-20190529] the data that was 

released on the Institute of Health Metrics and Evaluation’s website by the University of 

Washington in 2019 showed a high prevalence of HIV in adults between the ages of 15 and 

49 in different parts of South Africa. UMgungundlovu had the highest HIV prevalence (29.7%) 

not only in South Africa but on the continent while KwaZulu-Natal as a whole had a 24% 

prevalence. 

  

https://www.news24.com/witness/news/hiv-data-is-baffling-20190529
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Figure 1.3: Global HIV new infections distribution[29]. 

Free State was second with a prevalence of 21.3%, followed by Mpumalanga with 20.9% then 

North West (18.6%), Eastern Cape (18.2%), Gauteng (16.7%), Limpopo (13.2%), Northern 

Cape (11.5%) and lastly Western Cape (10.0%). Director of the Centre for the Aids Programme 

of Research in South Africa (Caprisa), Professor Salim Abdool Karim, said he was unable to 

give a definitive answer as to why uMgungundlovu had such a high rate despite ongoing 

research and the fact that there is good coverage of the area in terms of treatment. It can be 

assumed that one of the possible reasons might be the issue of drug resistance. 

When reporting the results of their Sixth South African National HIV Prevalence, Incidence, 

and Behaviour survey (SABSSM VI) on their website[30], the Human Sciences Research 

Council (HSRC) stated that there were about 7.8 million people living with HIV in South Africa 

at the end of 2022. Comparing this data with 2017, when the number was about 7.9 million, 

then there is light at the end of the tunnel with a possibility of eliminating HIV in South Africa. 

So, to reach the new proposed global 95–95–95 targets set by UNAIDS – 95% of the people 

living with HIV should be knowing their statuses, 95% of the infected people who know their 

statuses should be on treatment and 95% of people on treatment should be having a 

suppressed viral load. To achieve this, there is a need to redouble efforts in fighting this 

infectious disease[22].  

1.1.4 Prevention 

Several methods and interventions have proved highly effective in reducing the risk of the 

spread and contraction of HIV[27]. These include abstinence, use of condoms, avoiding 

sharing sharp objects and use of pre-exposure and post-exposure prophylaxes.  According to 

the Centers for Disease Control and Prevention, pills such as Truvada and Descovy and 

vaccines such as Apretude and CAB-LA are licensed to be used as pre-exposure 

prophylaxes[31]. 
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1.1.5 Treatment - Antiretroviral Therapy (ART) 

Unlike other viruses, HIV is a retrovirus, and it can outmanoeuvre the host’s DNA mode of 

replication to make its own copies thereby causing an immutable infection[10]. For this reason, 

it has turned out to be hard to kill. Thus, there is not cure yet for HIV/AIDS. However, with 

increasing access to effective HIV prevention, diagnosis, treatment, and care, including for 

opportunistic infections, HIV infection has become a manageable chronic health condition, 

enabling people living with HIV to live long and healthy lives[11]. 

The intention of antiretroviral therapy is to maintain suppressed plasma HIV- ribonucleic acid 

(RNA) levels (also called viral load) below the level of detection of sensitive HIV-RNA assays. 

Continued suppression of HIV- RNA can be maintained if individuals adhere to appropriate 

ART regimens[32]. 

HIV medicines protect the immune system by blocking HIV at different stages of the HIV life 

cycle (Fig.1.1), hence, their classification based on their mechanism of action is as follows: 

1. Entry/Attachment Inhibitors 

These medicines  work by blocking the virus's ability to fuse/attach to or enter healthy 

host cells[33]. For example, fostemsavir is an oral prodrug that is hydrolyzed to its 

active form temsavir (Scheme 1) which binds to the HIV gp120 envelope adjacent to 

the gp120-CD4 binding site. The binding of temsavir prevents the gp120 

conformational change required for normal attachment to the CD4 receptor[34][35].  

 

Scheme 1.1: The hydrolysis of fostemsavir. 

Enfuvirtide is another inhibitor administered as a subcutaneous injection and acts by 

inhibiting the fusion of the viral and the host membrane. Thus, without the means to 

enter the host cell, HIV cannot replicate[36]. 

 

2. HIV- Reverse Transcriptase Inhibitors  

There are two classes of HIV reverse transcriptase inhibitors namely nucleoside 

reverse transcriptase inhibitors (NRTIs) and Non NRTIs. The main difference 

between the two subclasses is that NRTIs act as host nucleotide decoys by attaching 
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to the host DNA and cause termination of the elongating HIV DNA chain whereas the 

NNRTIs bind directly to the HIV reverse transcriptase enzyme blocking its action. 

Currently, the NRTIs serve as the backbone of ART regimens. Examples are 

Emtricitabine, Rilpivirine and Doravirine[10][37].  

 

3. Integrase Inhibitors  

This type of anti-HIV drug only binds to the integrase enzyme that is attached to the 

viral DNA. The binding of the integrase inhibitors to the integrase prevents the HIV 

complex from integrating into the host DNA. When the HIV integration process is 

blocked, the HIV DNA becomes a substrate for host repair enzymes that subsequently 

convert the HIV DNA complex into a by-product. Cabotegravir and Bictegravir are 

examples of integrase inhibitors already on the market[10][38]. 

 

4. Protease inhibitors (PIs)  

The PIs bind to the active site of the protease enzyme thereby restraining its activity. 

This class of drugs interfere and stops the polyprotein processing maturation process. 

As a result, preventing the infection of new cells[39]. The protease inhibitors do not 

have an effect on cells already infected with HIV (those with proviral DNA integrated 

into the host DNA). PIs are available as a second-line treatment in some resource-

limited settings. Darunavir, Tipranavir and Fosamprenavir are examples of protease 

inhibitors already on the market[37].  

 

Although the currently available drugs cannot completely kill the HIV virus, they help prevent 

the progression of HIV into AIDS as well as reducing the risk of HIV transmission. Of the 39 

million people living with HIV globally, about 76% of them had access to ARTs in 2022[27].   

 

1.1.6 Vaccines 

As reported by the National Institutes of Health on their website[40], currently there is no 

licensed HIV vaccine; however, there have been about 250 clinical trials of potential vaccines. 

Sadly, most of the trials never went beyond phase 1 and only a few made it to the late-stage 

phases.  

Most recently,  the mosaic vaccine, a promising Janssen investigational jab known as  

HVTN706/HPX3002, underwent clinical trials from 2019 until October 2022[41]. The regimen 

was made up of a mosaic-based adenovirus vector (Ad26.Mos4.HIV) and soluble proteins 

(Clade C/Mosaic gp140 adjuvanted with aluminum phosphate). It was administered in four 

doses over twelve months, and no safety concerns with the shots were identified[42][43].   
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As per a notice on the Johnson and Jonhson website[44],the studies on the mosaic vaccine 

was discontinued. Their decision was based on their side research findings, which showed 

that in as much as the vaccine was safe, it was not effective against HIV; however, further 

studies have commenced[45]. Despite the disappointments and the setbacks, researchers are 

working tenaciously, looking at new technologies and strategies to design vaccines to prevent 

HIV. They strongly believe that an effective vaccine is still possible[41][46]. 

 

1.2 Malaria 

Malaria is caused by the protozoan single-cell parasite (Fig. 1.4) of the Plasmodium 

genus[47]. The malaria parasite develops both in humans and in female Anopheles 

mosquitoes. The size and the genetic complexity of the parasite mean that each infection 

presents thousands of antigens to the human immune system[48]. 

 

Figure 1.4: Structure of the Plasmodium[49]. 

Malaria is endemic in most tropical and subtropical regions of the world. Of the five 

Plasmodium species (namely vivax, malariae, knowles, falciparum and ovale) that infect 

humans, plasmodium falciparum is the most virulent and is responsible for most of the 

morbidity and mortality due to malaria[50][51]. Malaria is a major clinical and economic 

problem. The mechanism of severe malaria in P. falciparum infection is mainly due to 

cytoadherence and then sequestration of P. falciparum infected erythrocytes leading to 
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occlusion of blood flow resulting in decrease oxygen delivery to tissues and end organ 

damage. This disease is prevalent in less developed countries, greatly constraining 

socioeconomic growth[52][53]. 

1.2.1 Transmission  

The route of transmission is mainly through infected female Anopheline mosquitoes taking a 

blood mead inoculating parasites to humans and infecting their erythrocytes (red blood 

cells)[54].  

Malaria Life Cycle 

 

Figure 1.5: Life cycle of malaria infection in human and proposed mechanism of fever induction[55] 

As the anopheles mosquito bites (Fig. 1.5), it injects sporozoites from its salivary glands into 

the dermis of the human skin. Once the sporozoites are inside the human body, they move 

through the blood stream to the liver where they reproduce asexually and mature into schizont. 

At this stage, they do not cause any sign or symptoms of infection. In mammals, after about 7 

to 10 days, the parasites, in the form of merozoites, are released from the liver cells in vesicles, 

journey through the heart, and arrive in the lungs, where they bide within lung capillaries. The 

vesicles eventually disintegrate, freeing the merozoites to enter the blood phase of their 

development[47][52] (48)[56]. 

In the bloodstream, the merozoites invade red blood cells and multiply again until the cells 

burst. The merozoites from burst erythrocytes move to invade more uninfected erythrocytes. 

This cycle is repeated, causing fever each time parasites break free and invade blood cells. 

Some of the infected blood cells leave the cycle of asexual multiplication. Instead of 
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replicating, the merozoites in these cells develop into sexual forms of the parasite, called 

gametocytes, that circulate in the bloodstream[57][58]. 

When a mosquito bites an infected human, it ingests the gametocytes, which develop further 

into mature sex cells called gametes. The fertilized female gametes develop into actively 

moving ookinetes that burrow through the mosquito's midgut wall and form oocysts on the 

exterior surface[59]. 

Inside the oocyst, thousands of active sporozoites develop. The oocyst eventually bursts, 

releasing sporozoites into the body cavity that travel to the mosquito's salivary glands[57]. The 

cycle of human infection begins again when the mosquito bites another person. The parasite 

also changes through several life stages even while in the human host, presenting different 

antigens at different stages of its life cycle. Understanding which of these can be a useful 

target for vaccine development has been complicated. In addition, the parasite has developed 

a series of strategies that allow it to confuse, hide, and misdirect the human immune 

system[60][61]. 

After the incubation period, depending on different species of Plasmodium (P falciparum, P 

vivax and P ovale infection) to 72 hours (P malariae), patients often report experiencing 

symptoms. These symptoms manifest clinically in a spectrum; from non-specific 

uncomplicated symptoms of acute febrile illness, intermittent fever, chills, sweating and 

headache, with or without anaemia and jaundice, to severe complication with seizure, 

confusion, coma, renal failure, shock, acute respiratory distress syndrome and death[53][62]. 

Other routes of transmission in humans include blood transfusion, organ transplantation, 

shared use of contaminated needles or syringes, and mother-to-child transplacental or 

perinatal transmission[47][55]. Boudová et al. emphasized on the impact of mother-to-child 

transmission which is often overlooked. Pregnant women are a significant reservoir of parasite 

gametocytes and serious consideration and intervention strategies should be developed and 

implemented to help save lives against the deadly disease[63].  

During the first and second pregnancies, women lack adequate immunity to variant surface 

proteins expressed by the parasite on the surface of infected red blood cells, thereby 

weakening their immune systems[64][65][66]. These proteins will then bind to the placenta, 

where they can hide throughout the whole gestation period. Inevitably, the fetus is susceptible 

to malaria infection. The risk factors of gestational malaria include low birth weight, 

prematurity, fetal anemia and stillbirth, thereby increasing infant mortality and in worst cases 

HIV co-morbidity[67][68]. 
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1.2.2 Geographical Distribution 

As reported by the World Health Organization, over the period 2000-2018, there have been a 

steady decrease in the number of reported cases as well as deaths that are associated with 

malaria.  

From 2018-2022, the trends have been fluctuating but one thing that remained constant is that 

the WHO African region suffers the most due to the malaria epidemic. Table 1.1 summarizes 

the trends of the global malaria epidemic from 2018 up until 2022 [2][69][70]. 

Table 1.1: Malaria epidemic trends  

 
 
Year 

Malaria Cases People dying from Malaria-related 
causes 

Globally  WHO African 
Region 

Globally WHO African 
Region 

2018 228 million 213 million 405 000 380 700 

2019 229 million 215 million 568 000 386 000 

2020 245 million 230 million 627 000 599 000 

2021 247 million 234 million 619 000 593 000 

2022 249 million 233 million 608 000 580 000 

 

In the past five years, the WHO African region alone has accounted for over 90% of the 

reported cases. Newborns, young children (5 years and below), pregnant women, 

immunosuppressed individuals (e.g. patients with HIV/AIDS) and non-immune travellers 

accounted for a greater chunk of the number of cases yearly[71].  

 A notable increase in the number of cases from 2019 to 2020, as well as the rebound in 

malaria cases and malaria-associated deaths from 2020 (Table 1.1), was ascribed to the 

negative impacts of the COVID-19 pandemic. For example, there was a disruption of services 

and distribution of medication due to the lockdown[2][70].  

Comparing the African region to other WHO regions whose malaria incidence and mortality 

rates are always lower, these two groups of people come from different socio-economic 

statuses. In developed nations, people have easy or maybe cheap access to education. They 

understand the importance of building broader social networks that improve their knowledge 

of health behaviours and prevention techniques[72][73].  

On the contrary, people from endemic African region are i) less educated ii) malnutritioned 

thereby compromising their immune systems iii) unemployed therefore they cannot afford to 

buy medication iv) poor settlement patterns and land-use changes that impel breeding habitats 

for mosquitoes and lastly unstable political systems (that impact the quality of infrastructure, 

access to primary health care, clean water, and sewage services) also contribute to how 

malaria has spread beyond its geographical limits. [74][75][72][76] 
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Malaria in South Africa 

In South Africa, malaria is mainly transmitted along the international border areas and about 

5 million people are at risk of contracting the disease.  

 

Figure 1.6: Distribution of Malaria in South Africa[77] 

Malaria transmission is confined to the north-eastern border districts of Mpumalanga, 

Limpopo, and KwaZulu-Natal provinces (Fig. 1.6) [78]. Both local and international travellers 

are agents of spreading malaria in these areas.  Very rarely is malaria contracted in the North-

West and Northern Cape provinces. The transmission of malaria is seasonal. Generally, 

malaria cases start to rise in October, peaking in January and February and decreasing 

towards May. In Limpopo, malaria is more prevalent in the Mopani and Vhembe districts of the 

province during the rainy season[77][79]. 

To date, several methods and strategies have been put in place to fight malaria. These include 

i) prevention methods, including the use of chemoprophylaxis, and ii) treatment, including 

prevention of relapses of malaria[80]. In considering the type of medication, options depend 

on the severity and the symptoms of malaria, geographic location, age and whether one is 

pregnant or not[81].  
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1.2.3 Prevention  

When combating infectious disease, prevention is an essential initial step that lays the 

foundation for disease control. A few preventative strategies are in place that aim to lower 

malaria incidences. These strategies pivot on vector control and medical prophylaxis for those 

at risk. The complexity and genome variability of the parasite are challenging, though the 

observation of acquired natural immunity after repeated exposure in a subset of patients bears 

optimism[23]. 

1. Vector control – these are either mechanical (house improvements and removal trapping), 

environmental (habitat manipulation and waste management), chemical (insecticide-

treated bed nets and chemical repellents)[82], or biological (biological larvicides and fungi) 

methods used to reduce the chances of mosquito bites and malaria transmission[83][84].  

2. Seasonal Malaria Chemoprevention – A strategy commonly known as  chemoprophylaxis 

whereby a full therapeutic course of antimalarials is administered to the population in areas 

with seasonal transmission, aiming to prevent the disease or infection[85]. This strategy 

was recommended by the World Health Organization in 2012 and it has been introduced 

as part of national malaria control strategies in countries of the Sahel and sub-Sahel 

regions of West Africa[86][87]. 

Malaria chemoprophylaxis is further subdivided as i.) Casual prophylaxis (used to 

prevent infection – blood stage) and ii.) Clinical or suppressive prophylaxis (used to 

inhibit parasitaemia and its symptoms – liver stage). Currently in South Africa, 

Atovaquone-proguanil (casual), Doxycycline and Mefloquine (clinical) are 

recommended to be used as chemoprophylactic options[88][80]. 

There is also Intermittent Preventative Treatment (IPT) which is full course treatment 

is administered to infants (IPTi) and pregnant (IPTp) women, who are residing in areas 

of moderate to high malaria transmission areas[89]. 

1.2.4 Treatment  

The golden age of antimalarials was ushered in by the discovery, extraction, and isolation of 

quinine from the bark of the cinchona tree in 1820. Following this, was the discovery and 

development of other natural and synthetic compounds with examples represented in Fig. 1.7 

Quinine, however, remained the mainstay of malaria treatment until the 1920s, when more 

effective synthetic antimalarials became available[90][91]. 

The drugs that were developed for the treatment and prevention of relapses of malaria can be 

classified according to their chemical structure and mode of action[87].  
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1. Classification based on their chemical structures. Some of their examples and structures 

are illustrated in Fig. 1.7 These include 4-aminoquinolines, peroxides, folates, 

naphthoquinones, iron chelators etc. 

 

Figure 1.7: Chemical structures of some drug classes[87]. 

 

2. Classification based on their modes of action  

i. Tissue schizonticides for causal prophylaxis: These drugs act on the primary 

tissue forms of the plasmodia, which, after growth within the liver, initiate the 

erythrocytic stage. By blocking this stage, further development of the infection can be 

theoretically prevented. Pyrimethamine and Primaquine have this activity. However, 

since it is impossible to predict the infection before clinical symptoms begin, this mode 

of therapy is more theoretical than practical[80][87]. 

ii. Blood schizonticides: As examples, we have chloroquine and pyrimethamine. They 

act on the blood stage, and in doing so, they terminate clinical attacks of malaria 

[92][93]. 

iii. Gametocytocides: these types of drugs destroy the gametocytes, interrupting the life 

cycle and preventing the transmission of the infection. Primaquine is an example of 

such drugs[94]. 

iv. Sporontocides: These drugs intercept the formation of oocysts in the mosquito, 

thereby stopping transmission. Primaquine and chloroguanide have this action[95]. 
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v. Tissue schizonticides for preventing relapse: This class of drugs help to prevent 

relapse episodes of P. vivax and P. ovale caused malaria. They primarily target the 

liver stage (hypnozoites). As examples,  we have primaquine and pyrimethamine[83]. 

 

As of today, no single drug with multiple target actions that interfere with all stages of the 

parasite's life cycle exists. Therefore, antimalarial drug doses have been formulated in such a 

way that a patient is prescribed with at least two different drug classes. For instance, in case 

of P. vivax and P. ovale infections, the treatment formulation would include blood schizonticide, 

a gametocytocide and a tissue schizonticide[96][88]. 

1.2.5 New Developments:  

Tao Wu et al. reported a new class of antimalarials called imidazolopiperazines. This class of 

drugs acts against both asexual and sexual blood stages and the pre-erythrocytic liver stages 

of malarial parasites[97]. Ganaplacide, also known as KAF156, is an imidazolopiperazine that 

is undergoing clinical trials. It is being promoted for use in prophylaxis, treatment, and 

prevention of malaria transmission. In the phase II trials, it is co-administered with lumefantrine 

in patients (adults and children) with mild P. falciparum malaria. Bernhards Ogutu et al. (2023) 

reported that so far, the drug is being well tolerated in patients, especially in adults. However, 

its co-administration with lumefantrine is being evaluated further in phase II trials[98][99].  

On their website page [https://clinicaltrials.gov/study/NCT04300309 Date of Access: 23 

December 2023], Novartis Pharmaceuticals reported about the ongoing clinical trial, phase II 

evaluations of a new Artemether-lumefantrine Dispersible Tablet. These evaluations are 

focused on determining how effective, safe and tolerable the tablet is as well as the 

pharmacokinetics associated with it in infants and neonates. The patients should be weighing 

5kg and with uncomplicated malaria. The studies were being conducted in five nations. There 

is no detailed information about the outcome of the trials yet but on the website it shows studies 

in Burkina Faso trials were terminated, in Zambia, Kenya and Mali they were withdrawn, and 

Congo they are still recruiting[100].  

1.2.6 Vaccines 

RTS, S/AS01 Vaccine 

The first approved vaccine named RTS, S/AS01, is a product of three decades of research 

and development by GlaxoSmithKline (GSK) in collaboration with other research institutes[59]. 

This work was funded by the Gates Foundation especially during the late-stage 

development[101]. The vaccine is made up of genes from circumsporozoite, the outer protein 

of P. falciparum, a portion of a hepatitis B virus, as well as a chemical adjuvant to enhance the 

immune’s response against the antigens[102].  

https://clinicaltrials.gov/study/NCT04300309
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Infection is averted by effectuating high antibody titers that obstruct the parasite from infecting 

the liver[103]. In late 2012, a phase III trial of RTS, S/AS01, it was found that this vaccine 

provided modest protection against both clinical and severe malaria in young infants[104].  

Roughly about 12 months later, preliminary results of a phase III clinical trial denoted a 

reduction in the number of malaria cases among infants by around 25 percent and by almost 

50 percent among young children, thus the vaccine was less effective for infants[59]. Three 

doses of vaccine plus a booster reduced the risk of clinical episodes by 26 percent over three 

years but offered no significant protection against severe malaria[103][105]. This translates to 

about 70% effectiveness in preventing malaria in children when combined with conventional 

antimalarial drugs[101]. 

In 2015, the European Medicines Agency endorsed the RTS, S vaccine on the proposition for 

the jab to be used to immunize six weeks to seventeen months old children outside the 

European Union[106][107]. In October 2021, the World Health Organization recommended 

the extensive use of the vaccine (under the brand name Mosquirix) in children aged five 

months and above. This qualified it to be the first-ever recommended malaria vaccine. The 

WHO then prequalified the RTS, S vaccine in July 2022[2][59][103].  

According to an article issued by WHO[108], in three African countries, namely Ghana, Kenya, 

and Malawi, children had received at least one shot of the vaccine. The jab should be provided 

in a schedule of 4 doses for it to reduce severe malaria to a negligible effect. The number of 

countries was envisaged to increase to twelve in the next two years by adding Benin, Burkina 

Faso, Burundi, Cameroon, the Democratic Republic of the Congo, Liberia, Niger, Sierra 

Leone, and Uganda to the queue.  The first doses of the vaccine were anticipated to be 

delivered in these nations late 2023 and rolled out early 2024[70].  

R21/Matrix-M Vaccine 

On the 2nd of October 2023, the World Health Organization also recommended another 

vaccine named R21/Matrix-M, for the prevention of malaria in children. The vaccine was 

developed by the University of Oxford in collaboration with Serum Institute of India, using their 

Matrix-M adjuvant technology[109]. 

Just like the RTS, S/AS01, the R21/Matrix-M jab comprises of a malaria protein from the 

Plasmodium falciparum parasite[107], a Matrix-M adjuvant and a hepatitis B virus surface 

antigen scaffold (Fig. 1.8). Both vaccines target the sporozoites. To be considered effective, 

both vaccines must eradicate these sporozoites prior to entry into the hepatic system. Thus, 

terminating the propagation of the malaria life cycle in the human host[106][107].  
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Figure 1.8: The stages in the design of the R21/Matrix-M vaccine[110]. 

The R21/Matrix-M R21 jab is also administered in three doses plus a booster dose which is 

administered one year after the third jab. It has been reported that it is more potent than 

Mosquirix with an efficacy of 75%[111]. A vaccinologist from the University of Oxford, who 

helped to develop R21 said this is because every molecule of R21 has a malaria antigen fused 

to it, compared with one in five molecules in the RTS,S vaccine[107][112]. With the R21/Matrix 

M, the world now has a vaccine that meets the WHO’s target of 75% efficacy, after it gets 

prequalification from WHO then there will be options of two vaccines[113].  

In as much as R21 is easier and less expensive to manufacture, there remains a long and 

rocky road to a malaria-free world. In highly endemic nations, vaccine coverage is still low 

even for other diseases and it’s going to be difficult to make sure every child gets immunized 

against malaria [107]. 

Vaccine design strategies aim to interfere and interrupt the life cycle of the parasite at different 

stages. For instance, the pre-erythrocytic stage that is targeted by both the RTS, S and the 

R21 vaccines[114].  There are also transmission blocking vaccines that targets the sexual 

stages of the parasite.  

They work by obstructing the maturation of the parasite inside the mosquito and the 

propagation of parasites to other human hosts. Currently being evaluated in clinical trials are 

Pfs25 and Pfs230D1[115][116]. As for blood-stage target vaccines, ChAd63 PvDBPII is the 

leading candidate that is still under trials[116].  
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1.3 Malaria and HIV-AIDS Co-Infection 

The prevalence of malaria and HIV infection overlaps in most endemic regions and co-

infection of these diseases have important public health implications. Geographical 

overlapping (Fig.1.9) of these diseases has generated global interest in terms of their potential 

interactions and an integrated control effort in most endemic regions is essential[3][23]. 

HIV and malaria each interact with the host’s immune system, and this interaction often results 

in a complex activation of immune cells which cause dysfunctional levels of cytokine and 

antibody production. In addition, CD4+ T cells have a major role in the development and 

maintenance of malaria immunity, but HIV infections meddle with this immunity[117][118]. 

Thus, malaria co-infection with HIV triggers malaria disease progression, increases the risk of 

severe malaria in adults, increases risk of congenital infection and this dual infection fuels the 

spread of both diseases especially in sub-Saharan Africa[119][120]. 

 

Figure 1.9: Malaria and HIV/AID are overlapping epidemics.[100][121]. 

Geographical overlap/co-infection of HIV-AIDS and malaria can cause therapeutic interactions 

(drug-drug interactions), clinical interactions and immunologic consequences[122]. Given the 

lack of gravidity-specific protection against malaria seen with HIV infection in pregnant women, 

HIV puts more pregnancies at risk for complications associated with malaria. For example, the 

cohort studies conducted in Cameroon showed that malaria infection during pregnancy may 

increase the risk of mother-to-child transmission of HIV. In pregnant women, HIV infection 

increases the risk of high-density Plasmodium falciparum infection, higher risk of maternal 

anaemia and low birth weight[119][3].For treatment, the use of cotrimoxazole (CTX) 
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prophylaxis and antiretroviral therapy (ART) in HIV-infected patients seem to provide a 

protective effect from malaria[123]. While infection with HIV has been associated with an 

increased rate of malaria treatment failure, this was due to re-infection with new malaria 

strains, rather than recrudescence of prior infection. Pregnant HIV-infected women and their 

infants are the least protected against malaria, despite being the most vulnerable 

population[124] 

On a positive note, the antimalarial drug chloroquine has effects on HIV by inhibiting the 

production of infectious viral particles via impairing virus glycosylation. Chloroquine also has 

synergistic effects on HIV suppression when combined with the protease inhibitors (indinavir, 

ritonavir, and saquinavir) at concentrations achieved with prophylaxis dosing[125]. In vitro 

studies have also shown a synergistic effect in inhibiting the growth of  malaria parasite growth 

when the protease inhibitors ritonavir and saquinavir are combined with and chloroquine or 

mefloquine[120]. 

1.4 Drug Metabolism 

Understanding and having a good knowledge of drug metabolism, also called 

biotransformation, is crucial in medicinal chemistry to interpret the science of therapeutics and 

toxicology[126]. This knowledge will be a fundamental and very necessary tool/aid in a 

successful drug design and development process[127]. Put simply, drug biotransformation is 

a chemical alteration process that increases the hydrophilicity of the drug thereby facilitating 

its excretion[128].  

After administration, drugs pass through the hepatic system, which is the primary site for drug 

metabolism. Once in the liver, enzymes convert prodrugs to active metabolites or convert 

active drugs to inactive forms[127]. This enzymatic catalysis is a pivotal determinant of these 

biotransformation processes. The class and quantity of enzymes are critical to the efficiency 

of biotransformation of drugs[129].  

Cytochrome P450 (CYP450) enzymes are responsible for the metabolism of about 70-80% of 

all drugs in clinical use. CYP450 pathways are distinguished by the nature of gene sequences. 

That is how they are designated a family number, for example CYP1, CYP2, CYP3; then a 

subfamily letter [CYP1A, CYP2D, CYP3A]. Lastly, they are further differentiated by a number 

for the isoform or individual enzyme [CYP1A1, CYP2D6, CYP3A4][130][131]. 

Genetic make-up determines the rate of drug metabolism in humans. Another factor is the 

hepatic system’s functionality which is directly proportional to age.  Newborns and infants have 

immune systems that are not fully developed which calls for special medication formulations.  

As the person gets old, so does the liver’s functionality deteriorate[132][133]. With a weak 
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hepatic system, the metabolism of drugs in adults is slow. Consequently, there will be high 

chances of worsening drug intolerability (side effects) and unfavourable drug-drug 

interactions[134] among the very young and the old. Unfortunately, negative drug interactions 

result in reduced drug metabolism by enzyme inhibition or increased drug metabolism by 

enzyme induction[135]. 

Induction of drug metabolizing enzymes, especially CYP3A4, can be an unwanted 

biochemical process for a drug candidate from a drug-drug interaction standpoint. Drug-drug 

interactions caused by enzyme induction result in increased clearance, and thereby 

decreased exposure of the main therapeutic agent(s)[136]. Inversely, CYP3A4 inhibition 

results in the improvement of exposure of the main therapeutic agent(s), therefore better 

efficacy and in most cases decreased toxicity [137].  

Anti-HIV Drugs that affect the CYP3A4 enzymes 

Ritonavir, Delavirdine and Nelfinavir are strong CYP3A4 inhibitors whilst Nevirapine and 

efavirenz are CYP3A4 inducers. As a result of this inhibition, there is a positive drug-drug 

interaction enabling lower dosages and less frequent dosing intervals[138][139]. A notable 

exposure increase was observed when ritonavir and saquinavir were co-administered to HIV-

seronegative volunteers[138]. 

Antimalaria Drugs that affect the CYP3A4 enzymes. 

It has been noted that artemisinin is a strong inducer of the CYP1A2, CYP2A6, and CYP3A4 

enzymes. It accomplishes this by activating two closely related nuclear hormone receptors 

responsible for the transcriptional regulation of CYP enzyme expression[140]. 

1.5 Drug Resistance 

Drug resistance defines a situation whereby pathogens, e.g parasites and viruses, are less 

sensitive (tolerant) and no longer respond to antimicrobial medicines that are supposed to kill 

them. Drug resistance decreases the efficaciousness of medication in chemotherapy. The 

extensiveness of drug resistance curbs the therapeutic options for medications including 

antimalarials and ARTs[141][142].  

The use of antimicrobials inflicts selective pressure on microbes[143]. For instance, a specific 

antimalarial can lower or eradicate P. malariae parasitemia and leave out P. falciparum strains 

as survivors. By virtue of heredity, the surviving microbes impart the genetic codes for 

resistance to their progeny[142][144].  

Ultimately, strains resistant to one specific drug can develop resistance against other 

medications with similar modes of action, resulting in multi-drug resistance[145]. 
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Eggleston. K et al. reported some of the contributing factors to the development of drug 

resistance to be[142]: 

i. Misuse of medication: This is the wrong use of antimicrobials and, oftentimes, the 

misuse of medications. For example, an antifungal is used for viral infection or even 

use of antibiotics in agriculture and food animals. This is not to be confused with drug 

repurposing, which is the intentional, research-driven process of using an approved 

drug to treat a different disease involving clinical studies to ensure safety and 

effectiveness. The aim is to broaden therapeutic uses for drugs already proven 

safe[146].  

ii. Overuse of medication. This is the inappropriate use of prescribed medications most 

commonly for instant gratification. Because of ignorance, some patients assume 

overdosing can speed up the healing process and this is not always the case since 

toxicity issues will arise[147]. 

iii. Underuse of medication: This happens due to failure, shortage, and/or absence of 

drugs, leading to a patient not completing a medication course. Thus, too short period 

for the medication to be effective as prescribed by expects(8)[148]. Underuse often co-

exists with the overuse of cheap and affordable first-line drugs[142].  

Woefully, for many stubborn microbes, only a few new therapeutic agents or strategies have 

been developed so far. But increased awareness through education for prescribers, 

distributors, and patients could stimulate innovation both in drug development and 

diagnostics[142][149]. The initial step in drug development is understanding the mechanism 

of resistance and trends from structure-activity relationships[150]. In this report two drugs, 

chloroquine (antimalaria) and saquinavir, are used as examples to discuss the modes of 

action of antimalarials and anti-HIV drugs, respectively.  

Chloroquine 

Before the development of chloroquine resistance, this drug had been used to treat mainly P. 

vivax and P. falciparum infections on a broad scale for many years due to its high level of 

efficacy, limited toxicity, and cost-effective synthesis methods[151][152]. It was recommended 

to be used by young children (0-5 years) and pregnant women who are most vulnerable to 

malaria infection[153]. The chemical structure of chloroquine comprises of the quinoline 

scaffold and a diethylaminoisopentylamino side chain (Fig.1.10) 
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Figure 1.10: Structure-activity relationship (SAR) of Chloroquine 

Mechanism of Action of Chloroquine:  

The mode of action and resistance of chloroquine has not been thoroughly expounded. 

However, the proposed mechanism of action involves the accumulation of the chloroquine 

drug in the parasite’s acidic digestive food vacuole either by ion trapping or heme 

polymerization inhibition[154][80]. 

Inside the human cell, P. falciparum feeds on amino acids. It accesses them by digesting the 

haemoglobin in the digestive vacuole during the intra-erythrocytic phase. As it feeds, a 

haemoglobin-derived iron (III) protoporphyrin IX (FeIII PPIX) complex, commonly known as 

haematin, is formed. Haematin is toxic to the parasite. The parasite detoxifies the haematin 

by converting it into haemozoin through crystallization or oxidation[155][156].  

At their target site, the acidic parasite’s digestive vacuole[154], 4-aminoquinoline derived 

drugs which are diprotic weak bases accumulates by 3 possible ways: passively diffusing 

across membranes; importation via an ATP-dependent transporter (active uptake) or by 

binding to a chloroquine accepter called ferriprotoporphyrin. As these type of drugs 

accumulate inside the acidic digestive vacuole they will be in protonated forms hence ion 

trapping. [157][158].  

After further studies, in their paper, Olafson et al. referencing Egan 2003, demonstrated that 

quinoline antimalarials inhibit haematin crystallization through the adsorption of a drug–

haematin complex on the haematin crystal surface[159].  

The complexation of chloroquine to ferriprotoporphyrin IX (FPIX) results in inhibition of 

haemozoin formation. The free haematin interferes with the parasite detoxification processes 

and thereby damages the Plasmodium membranes by lipid peroxidation mechanism. 
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However, this has not been clarified yet due to the absence of unambiguous chloroquine-

Fe(III) heme crystallographic data[160]. 

Chloroquine resistance  

The major limitation to the usefulness of chloroquine is the emergence of drug-resistant strains 

of P. falciparum[151].  Aguiar et al. 2018 reported that chloroquine resistance does not involve 

any change to the target, which is the parasite, but involves drug efflux mechanisms[154]. 

Drug efflux is a mechanism in which the parasite will pump the toxic drug out of the cell. As a 

result of this, there is a decrease in the build-up and uptake of the drug in the parasite 

vacuole[161].  Resistance to chloroquine in P. falciparum parasites is mainly linked to 

mutations in the P. falciparum chloroquine resistance transporter (PfCRT) and to mutations in 

PfMDR1, the homologue of the human multidrug resistance gene MDR1. The PfCRT, and 

PfMDR1 facilitate  resistance by interacting synergistically thereby reducing drug influx (Fig. 

1.11)[162].  

 

Figure 1.11 The impairment of major clinical indications due to drug resistance[163]. 
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Saquinavir  

The protease inhibitor saquinavir (Fig. 1.12) works by attaching itself to the HIV protease's 

catalytic site and preventing the cleavage of viral polyprotein precursors into mature, 

functional proteins, which are essential for viral replication[164]. 

 

Figure 1.12 The Structure-Activity-Relationship of Saquinavir[165] . 

Drug Resistance in HIV 

In some patients, as the HIV viruses multiply, they also mutate. Some of these mutations even 

develop whilst a person is under treatment resulting in the inability of drugs to block the 

replication of the virus (Fig. 1.11)[166]. Financially unprivileged HIV positive pregnant women, 

when taking prevention treatment (e.g nevirapine) so as to prevent infection of their unborn 

babies pose to themselves the lethality of drug resistance evolvement if the unborn baby 

becomes infected. Another risk occurs when patients start using pre-exposure and post 

exposure prophylaxes while already infected with HIV [167][163]. 

Over the past years, a lot of research has been carried out to design better anti-HIV agents. 

An example is saquinavir and analysis of its structure-activity relationship to overcome 

resistance in HIV protease inhibitors is detailed in Fig.1.12. 

Almost all the first protease inhibitors (PIs) to be approved by FDA had peptide-like chemical 

backbones and for the reason of this similarity, they suffered common problems such as low 
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oral bioavailability, high clearance rate, low half-life, and side effects as well. New drugs 

including lopinavir, atazanavir, tipranavir and darunavir were then made aiming to overcome 

the problems and complications associated with the previous PIs, particularly mutations that 

render the protease resistant[168][169]. 

In HIV therapy, resistance is determined by laboratory tests using a blood sample of the 

subject patient. Different antiretroviral formulations will then be assessed, and those found to 

be effective against that specific HIV strain will be prescribed as a regimen[166]. Thereafter, 

viral load assessment will continually be in check to monitor the efficacy of the prescribed 

regimen. In a case whereby the viral load is above the acceptable, that’s an indication to say 

that the regimen prescribed is not effective, drug-resistance testing is repeated. With the new 

test results, experts can identify whether drug resistance is the problem and, if so, a need to 

change the regimen[167][166]. 

The widespread drug resistance has led researchers on a quest to refine the old scientific 

procedures to overcome resistance[167]. Combination therapy was working until the 

manifestation of non-complementary pharmacokinetics between different drugs. Issues like 

different absorption degrees and the patient's overall condition are problematic factors in fine-

tuning the dosages of administered drugs to duplicate the observed in vitro synergy of both 

drugs[170].  

Aided by the knowledge acquired from structure-activity relationship studies, this lack of 

pharmacokinetic complementarity may be overcome by conjugating pharmacophoric scaffolds 

to make a single hybrid antimicrobial agent[170][171]. Thus, monotherapy acquired through 

hybridization. It is efficient to reduce drug–drug interactions therefore facilitating the drug 

development process[172][173].  

1.6 Hybridization as a strategy for drug discovery and development 

Molecular hybridization is a rational drug design strategy that involves the conjugation of two 

or more existing bioactive moieties/pharmacophores[91][174]. The resultant hybrid entity 

should have amplified efficacy, reduced toxicity and/or exert multifactorial biological activities. 

Drug conjugates can be used to trigger the stability, release, or activity of drugs[175][176]. 

Hybrid molecules can be designed and classified based on the overlapping degree of joined 

scaffolds i.e fused and merged hybridizations. 

Fused hybridization is the direct linkage through functional groups of each moiety, whereas 

merged hybrids are attained by overlapping moieties[177] as illustrated in Fig. 1.13.  When 

linkers are involved, scaffolds are conjugated either by  
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(i) Cleavable linkers are bio-transformed at the site of action, the pro-drug 

strategy[178]. The most prominent role of drug conjugates is currently found in 

targeted delivery in which conjugation facilitates selective uptake in a specific cell 

type or tissue[174]. These type of linkers can be cleaved predominantly via three 

different mechanisms: acid-sensitive hydrazone linkers, glutathione-sensitive 

disulfide linkers, and protease-sensitive peptide linkers[179]. 

(ii) non-cleavable linkers which are non-hydrolyzable and enzymatically stable such 

as thioethers or maleimidocaproyl. Compared to their cleavable counterparts, they 

are composed of stable (esters, amides, carbamates, or disulfide) bonds that 

guarantee higher plasma stability and inhibit proteolytic cleavage[175][180].  

 

The drug hybridization concept is proving to be a promising ‘bullet’ against the multifactorial 

nature of complex diseases. Currently, on the market, there are number of hybrid drugs and 

some candidates are still under clinical trials.  

9

 

Figure 1.13: Common Strategy Templates in Hybridization[178][171] 

 

1.6.1. Examples of hybrid drugs in clinical use  

1. Brentuximab vedotin injection (Fig 1.14): This is an antibody-drug conjugate that works by 

killing cancer cells used in adults whose cancer is systemic and has failed to respond to 

combination chemotherapy[181]. 
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Figure 1.14: The structure of Brentuximab-Vedotin[181]. 

2. Trastuzumab emtansine: This is also an antibody-drug hybrid used to treat breast 

cancer[182] and its structure is represented in Fig.1.15.   

 

Figure 1.15: The structure of Trastuzumab-emtansine[182]. 

3. Dacinostat:  This hybrid compounds were developed out of a non-cancer research 

program as reported by X.Y. Chu and co-workers in 2021 whereby they were screening a 

library of small compounds to find potential obesity inhibitors. In their study they discovered 

that dacinostat (Fig. 1.16) inhibited high-fat diet-induced obesity, insulin resistance, and 

fatty liver in mice without causing adverse effects[183]. 

 



28 
 

 

Figure 1.16: Structure of Dacinostat[183].  

1.6.2 Strategies for design and synthesis of hybrid drugs   

For research groups that wish to pursue the conjugation route, there are several factors to be 

considered. This involves the selection of the right target combination and the achievement of 

a balanced activity towards them, while maintaining drug-like properties. The linker choice 

affects the overall performance of the hybrid drug thus its selection and design is key[184]. 

1.6.2.1 The Choice of a Linker 

Drug conjugates are characterized not only by their pharmacologically active agents but also 

by the way they are attached to each other. The linkage influences the stability of the conjugate 

in the circulation, the compartment where it is activated by cleavage, and the speed of its 

activation[185][186]. In addition, the linker can influence the conjugates’ solubility and might 

even alter the pharmacological potency of the pharmacophores it connects. Considering this 

high influence, the selection and design of a suitable linker for the desired drug conjugate is 

crucial. The best types of linkers will be the type of linkers that increase the polarity and 

hydrophilicity, thus, enhancing the solubility of the overall molecule. For example, linear chain 

linkers with different lengths[187][188]. 

Regio-chemistry of the linkage, if not well calculated, may result in negative intramolecular 

interactions between the biological target and the linker or even the conjugated motifs[187]. 

This will result in the negative impact on the efficacy and behaviour of the hybrid. The 

discovery of suitable positions for linker attachment might therefore require intensive studies 

on the structure–activity relationships[189]. Linkers thus affect how the drug binds at the active 

site and may further enhance activity/toxicity and vice versa. 

For the current study, hydroxypyridinone-aminoquinoline (HPO-AQ) conjugates were 

designed in such a way that the quinoline scaffold was conjugated with hydroxypyridinone 

through amine linkage. According to Thelingwani et al., these linkers are cleavable as 

observed from their biotransformation studies[190].  

1.6.3. Hydroxypyridinone-aminoquinoline hybrid drugs 

In a bid to overcome chloroquine resistance by P falciparum, CQ like molecules, often referred 

to as aminoquinolines, were conjugated to iron chelating 3,4-N-alkyl-

hydroxypyridinones[191][192]  Prior to this strategy, it had been reported that combinations of 

3,4-HPOs and CQ was synergistic against CQ resistant P. falciparum[193]. The hybrid drug 

under consideration can be assumed to have two moieties or scaffolds, the quinoline scaffold 

linked to the 3,4-N-alkyl-hydroxypyridinone via an N-alkyl-linker. 
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1.6.3.1 The quinoline scaffold 

The quinoline motif also known as 1-aza-naphthalene or benzo[b]pyridine is a planar hetero-

aromatic compound that is identified by the chemical formular C9H7N[194]. It consists of a 

pyridine and benzene structure fused together by a change in the state of the benzene ring 

with pyridine[195].  

Chemically, quinoline is a tertiary amine base that can form salts in the presence of acids. Its 

common chemical reactions are nucleophilic and electrophilic substitutions, reactions similar 

to those of benzene and pyridine[196][197]. 

Quinoline (reported as the lead structure) and its functionalized moieties are highly essential 

pharmacophoric motifs with undeniable therapeutic propensity[198]. Expansive work has been 

done on exploring these biological properties of the functionalized quinoline scaffold and its 

derivatives, some of which are discussed below. The R groups can be modified to enhance 

antimicrobial efficacy or minimise toxicity and resistance (Scheme 1.2)[199]. 

 

Scheme 1.2: Structures of some quinoline derivatives[194][200] 

Chalcone–4–aminoquinolines conjugates tethered with keto-enamine were synthesized by 

Sashidhara and co-workers as potential antimalaria agents. They evaluated these compounds 

in vitro against the K1 P. falciparum-chloroquine resistant strain. The compounds exhibited 

better activities than chloroquine. The improved efficacy was associated to the substitution 

pattern and the number of substituents present on the phenyl ring[201].  
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Many researchers, including Rawat et al., explored the conjugation of 4-aminoquinoline with 

1,2,3-triazine. They synthesized their compounds via the Huisgen-1,3-dipolar cycloaddition 

reaction of 4-azido-7-chloroquinoline with different substituted terminal alkynes. Unfortunately, 

none of their compounds were better than chloroquinoline when they were tested in vitro 

against both chloroquine-sensitive (D6) and chloroquine-resistant (W2) strains[194].  

4-Aminoquinoline–cinnamic acid hybrids have also captured the interest of many researchers 

because of their vast biological properties including antimalarial[202] and antileishmanial[201]. 

Aminoquinoline-Thiozodine hybrids when tested against NF-54 strain of P. falciparum had very 

low IC50 values ranging between 0.013–0.98 mM. their structure activity relationship studies 

revealed that compounds with two and three carbons on the lateral side chain of 4-

aminoquinoline had better activities[203].  

Among others, Fakhfakh et al. and co-workers reported that mono- and poly-substituted 

quinolines have anti-HIV activities[201]. The Quinoline ring with NH linkage has been found to 

boost the inhibitory activity towards the HIV-protease. Thus quinoline/quinolone template has 

been identified as a potent pharmacophore and bears the potential scope for future anti-HIV 

drug discovery[204]. Other biological properties include anticancer, anti-inflammatory, 

antioxidant, antitubercular, antiprotozoal, and DNA binding [194][199]. 

The scaffold of interest,4,7-dichloroquinoline can be prepared by the Michael addition of 

acrylic acid to the chloroamine via Friedel-Crafts cyclisation (Scheme 1.3) Both sterically and 

electronically, the position next to the chlorine is slightly disfavored by the diethyl-2-

oxosuccinate as it attaches to the chloroamine. Chlorination and oxidation are conveniently 

carried out in the same step[205]. 

 

Scheme 1.3: Synthesis Scheme of 4.7-dichloroquinoline[205] 



31 
 

1.6.3.2. The Hydroxypyridinone Scaffold 

Pyridinones are classified as six-membered heterocyclic scaffolds consisting of nitrogen, 

oxygen, and five carbon atoms.  Despite the small size of the pyridinone, it provides five 

derivatizable positions possessing four hydrogen bond acceptors and a hydrogen bond 

donor[206].  According to the relative position between the nitrogen heteroatom and carbonyl 

moiety, two isomeric forms namely 2- and 4-(1H)-pyridinones exist as skeletal components 

(Fig. 1.17)[207]. However, a study on isomerization between the pyridinone and the 

corresponding hydroxypyridine indicates that the former form is favoured, especially in 

physiological conditions[208][207]. 

 

Figure 1.17: Two regio-isomeric forms of pyridinone  

In recent years, pyridinone derivatives have attracted extensive attention due to their versatile 

agricultural, industrial and pharmaceutical applications[209]. In the pharmaceutical sector, 

they have managed to draw so much attention due to their various pharmacological properties. 

They have also stood out for their high and relatively specific iron chelation properties[206].  

Motivated by the findings from the studies conducted by Xiao et al. (2006)[210] and Dias et al. 

(2009) [211]when 5-chloro-3-hydroxypyridin-2(1H)-one was identified as a chelating ligand. In 

2013,  Parhi et al., reported on a series of such derivatives that inhibited the influenza A 

endonuclease with enhanced potency[204].  Debnath et al., 2013 reported that modifications 

on positions 3, 4, and 6 of the pyridinone ring were crucial to improve antiviral activity. With 

the stated modifications, pyridinone derivatives were synthesized and evaluated using TZM-

bl cell lines, and they exhibited excellent antiviral activities[212]. Also, HPOs are capable of 

crossing the cell membrane easily, forming additional interactions with other therapeutic 

targets thereby increasing the overall hydrophilicity of molecules[207]. 
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1.6.4 Antiplasmodial Hydroxypyridinone-Aminoquinolines 

Using the molecular hybridization approach, Andayi (2011) synthesized a series of 4-

aminoquinoline-3-hydroxypyridin-4-one hybrid compounds as potential antimalarial 

agents[193][213].The hybrids were either based on kojic acid or maltol as the source of the 

HPO moiety and this is elaborated in Scheme 1.4 and Scheme 1.5 

 

Scheme 1.4: Synthesis scheme of kojic acid derived compounds[193] 

 

 

Scheme 1.5: Synthesis scheme of maltol derived compounds[193]  

The synthesized compounds were evaluated for antiplasmodial activities against 3D7 

(sensitive) and the K1 (resistant) strains of P. falciparum in vitro as well as elucidating their 

mechanisms of action.  It was confirmed that the hybrids antiplasmodial mode of action was 

via inhibiting β-hematin formation. Unfortunately, they also showed potential to cause drug-

drug interactions such that they were potent CYP3A4 inhibitors. Attempts to modify the 

structures to minimize the CYP3A4 inhibition were in vain[213].  
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Thelingwani et al.(2014) reported that both in silico and in vitro, hydroxypyridinone-

aminoquinoline compounds are inherently CYP3A4 inhibitors irrespective of a series of 

structural modifications[190].  Docking studies further distinguished weak CYP3A4 inhibitors 

from strong inhibitors[193].  

Despite the CYP3A4 liability of the HPO-AQs, these molecules can be repurposed for 

chemotherapeutic applications in other diseases like cancer and HIV-AIDS where CYP3A4 

inhibition may not be a big issue if risk and benefit analysis are carefully considered. Therefore, 

in this study, a set of HPO-AQ hybrids will be synthesized and evaluated for their potential as 

drugs for HIV-AIDS and cancer treatment alongside management of malaria - HIV co-

infections. 

1.7 Problem Statement and Motivation of Study 

Malaria and HIV-AIDS are fatal infectious diseases. Given the overlap of their geographic 

distribution and resultant coinfection rates, interactions between the two diseases pose major 

public health problems. To compound the situation, the causative agents of the two diseases 

are becoming more tolerant (resistant) to almost all currently available drugs. Also, young 

children and pregnant women do not have adequate medication, yet they are the most 

vulnerable population groups. So, there is a need to develop new agents/strategies that can 

cater for them and drugs with novel modes of action that can replace the old ones that have 

lost efficacy to resistance.  

1.8 Rationale of Study 

There are limited medication options for pregnant women and young children. The levels of 

CYP3A4 in children and pregnant women is elevated and thus necessitating dose adjustments 

for most drugs in clinical use to achieve treatment success. Without the dose adjustment the 

resultant low drug bioavailability exposes pathogens to sub-optimal dosages thus fomenting 

drug resistance.  Hydroxypyridinone-aminoquinoline compounds which were found to be 

potent CYP3A4 inhibitors, could be repurposed as antimalarials specifically for children and 

expectant mothers.   

Drug repurposing or repositioning across different types of diseases is common. Thus, the 

study also aims at repurposing HPO-AQS for the treatment of HIV-AIDS and malaria 

coinfections.  Despite the CYP3A4 liability of the HPO-AQs, these molecules can be 

repurposed for chemotherapeutic applications in cancer and HIV-AIDS where CYP3A4 

inhibition is not an issue if risk and benefit analysis is carefully considered.  
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1.9 Aim and Objectives of the Study 

Aim  

To design, synthesize, characterize and evaluate Hydroxypyridinone–aminoquinoline hybrid 

HPO-AQ compounds for their potential as agents against HIV-AIDS and malaria. 

Objectives:  

1. To design HPO-AQ molecules rationally and in silico. 

2. To synthesize, purify and elucidate the structures of the synthesized compounds.   

3. To test for the activities of the synthesized compounds in vitro antimalarial, anti-HIV 

and cell toxicity assays.  
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Chapter 2: In-Silico and Rational Design 

The world is in dire need of new drugs with better efficacy and lower toxicities. Unfortunately, 

the traditional drug design and development process is long, complex, expensive, and time-

consuming. The process involves 1) target identification, 2) target validation, 3) hit discovery, 

4) lead optimization, and 5) preclinical/clinical development. Should the drug candidate pass 

all these phases, it is then approved and launched on the market. Apart from the challenges 

associated with target validation and hit identification, a significant number of clinical trials fail 

because of poor pharmacokinetics, ineffectiveness, and toxicity[214][215]. To overcome the 

hurdles and challenges encountered in the traditional drug design approach, modern 

techniques such as in-silico methods, also known as computer-aided drug design[215] are 

utilized. In silico techniques enables the prediction and analysis of prospective therapeutic 

candidates' biological activities and physicochemical[216]. 

2.1 Rational Design 

The rational design was based on quinoline as an antimalarial pharmacophore and iron 

chelation inhibition of plasmodium proliferation in addition to studies earlier done by Andayi et 

al[192]. Just like chloroquine (Fig. 1.10), a lot of reports including the one published by D. D. 

N’Da and P.J Smith (2014), outlined the common features that influence the activity of 

aminoquinolines against both the sensitive and resistant strains. These features include,  

i. a quinoline scaffold without any functionalization but with a halogen element at position 

7 of the quinoline scaffold,  

ii. a protonable nitrogen at position 1 and the other one at the end of the side chain that 

attaches on the 4th position.  

iii. the size of the chain length influences the overall antiplasmodial activities of 

compounds.  A propyl diaminoalkane side chain was reported to be tenfold more potent 

than a butyl diaminoalkane side chain when evaluated against a CQ-resistant parasite 

strain[217][218]. 

All the tested compounds possess a quinoline moiety thus they only differed structurally by 

the linkers. These hybrids, though additionally contain a terminal hydroxypyridinone moiety, 

comply with these reported structural features. 

Andayi et al. (2014) reported that the hydroxypyridinone moiety is an iron chelator thus, it is 

very pivotal in the design of potential antiplasmodial candidates because of the central role of 

iron for the rapid proliferation of the malaria parasite and the arrest of parasite growth by iron 

chelation. 
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 Elevated host iron level as observed in pregnant women is a serious risk factor for human 

malaria. Therefore, Antimalarial drugs that can address the excess physiologic iron load 

problem may be beneficial to infected pregnant mothers and persons with excess physiologic 

iron[192][193]. 

The hydroxypyridinone-aminoquinoline compounds were designed in such a way that they 

have a chelator (HPO) linked to quinoline nucleus with varying linker length, thereafter, we 

moved ahead to predict the ADMET and drug-likeness of the proposed compounds using 

SwissADME as an in-silico tool.  

2.2 In Silico Methods in Drug Design 

Currently, there are two in-silico approaches, namely, structure-based drug design and ligand-

based drug design. The availability of target protein structural information determines which 

approach is best to use. Ligand-based drug design is a useful method for designing molecules 

with properties similar to known ligands that bind to proteins, so it might be the best choice if 

the structure of the protein is unknown. Structure-based drug design is preferred when the 

structure of the protein is known[219][220]. 

A number of publications recommend the use of in-silico tools such as SwissADME as a 

designing tool[220][221][222]. In the present study, hydroxypyridinone-aminoquinoline 

compounds were designed based on the ligand-based drug approach using SwissADME. 

SwissADME is a screening web tool that was developed by the Swiss Institute of 

Bioinformatics and is freely available at www.swissadme.ch [Date of Access: 24 April 2024].  

Hydroxypyridinone-aminoquinoline compounds were designed in two series namely Kojic 

derived derivatives (Fig.2.1) and Maltol derived compounds (Fig 2.2). It is worth to mention 

that some of these compounds have been synthesized before by Andayi et al., and they were 

repurposed in this study to be used as potential anti-HIV agents. 

Series One: Kojic Derived Compounds (1a-l) 

 

http://www.swissadme.ch/
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Figure 2.1: Structures of Kojic-derived compounds 

Series Two: Maltol-derived compounds (2a-2h). 

 

Figure 2.2: Structures of Maltol-derived compounds 

2.3 SwissADME Computational Data 

Important Note: Some of the raw computational data is provided in the supporting information 

document. 

2.3.1 Physiochemical Properties 

A number of physical chemical properties have been reported to be fundamental predictors of 

good oral bioavailability. These properties include molecular flexibility which is determined by 

the number of rotatable bonds, and low polar surface area or total hydrogen bond count (sum 
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of donors and acceptors).  The number of rotatable bonds and polar surface area or hydrogen 

bond count tend to increase with molecular weight and may in part explain the success of the 

molecular weight parameter in predicting oral bioavailability. The commonly applied molecular 

weight cutoff is 500g/mol[223][224]. This transcribes potential good bioavailability properties 

for all the proposed compounds in this study as they have molecular weights not greater than 

500g/mol, except for 1f (505.05g/mol), 1g (505.05g/mol), 1h (533.10g/mol) and 1l 

(531.10g/mol). This is because of the large number of heavy atoms present in the structures.   

2.3.2 Lipophilicity  

Lipophilicity (log Po/w) reflects the affinity of a molecule for an aqueous or lipophilic 

environment and can be used to predict the molecules’ potency, binding affinity to proteins 

which are mostly hydrophobic in nature. Too high lipophilicity translates to increase in vitro 

promiscuity and in vivo toxicity whilst low lipophilicity denotes poor ADMET (Absorption, 

Distribution, Metabolism, Excretion and Toxicity) properties. SwissADME have five models 

that aid in predicting lipophilicity and log Po/w is average  of the values predicted by the five 

models[225][226].   

From the data obtained from SwissADME data, it was observed that as the chain length 

increases, the lipophilicity values increased. From the proposed compounds, the most 

lipophilic compound would be with 2i mean LogP= 6.9 and having a long carbon chain linker 

is a likely contributor to the high LogP value. The least lipophilic compound was derivative 1i. 

It has one  carbon chain linker with the predictive mean LogP= 4.712). An acceptable LogP 

value should be less than 5 but according to Lipinski, an ideal LogP value should be between 

1.35 and 1.8 Therefore, the range of 4.712 – 6.9 is not within the acceptable range of LogP.  

2.3.3 Water Solubility  

Water solubility is a crucial property for potential drugs as it eases handling and 

formulations[227]. SwissADME predicts water solubility using two methods namely the ESOL 

model (ESOL Log S) and the Ali (Ali Log S) model. Khetan S.M et. al., (2019), documented 

solubility ranges as[228]: 

a) Soluble compounds: - 0 to -2 

b) Moderately soluble: -2 to -4 

c) Poorly soluble compounds: < -4 

All the proposed compounds had Log S values within the moderately soluble to insoluble 

range. Compound 1i with a Log S value of -5.19 and compound 2i with a Log S value of -7.75. 

This data shows the compounds fall in category c thus poorly soluble, however this is just a 

prediction and actual experimental measurements will be necessary[229].  
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2.3.4 Pharmacokinetics  

Administration, Distribution, Metabolism and Excretion behaviors of drug candidates are 

determined by predicting skin permeability, GI absorption, Brain-Blood Barrier Permeation, 

Permeability glycoprotein substrate and CYPs inhibition/induction as detailed below. 

The ability of the candidate to penetrate the skin and induce toxicity denoted as the skin 

permeability coefficient (Log Kp value in cm/s). Negative Log Kp values suggest reduced skin 

penetration potential[230][231]. All the proposed compounds had coefficients within the range 

of -4.00 cm/s to -7.90 cm/s. This transcribes that the proposed compounds are safe and have 

potential to proceed to human administration stage. 

Ability to diffuse across a cell membrane from a region of high concentration to low 

concentration (passive human gastrointestinal absorption)[232]. Gastrointestinal absorption 

rate is supposed to be high in both animals and humans[233].  All the proposed compounds 

had high gastrointestinal absorption indices. This qualify them to be good candidates. Blood-

brain barrier (BBB) permeation denotes the ability of compounds to permeate the brain. Most 

of the compounds were predicted to be BBB substrates. It was critical to determine the brain 

permeability properties of the proposed compounds to determine if they won’t be toxic to  

neurons in the brain. This could be good or bad depending on what the drug is for. I think for 

malaria, it is good for a compound to permeate the brain so as to cure cerebral malaria. 

The permeability glycoprotein (P-gp) is the protein that transports drugs around the body 

system. The expression of the permeability glycoprotein in the BBB plays a pivotal role in 

restricting the entry of various drugs into the central nervous system. In other words, the 

inhibition of the permeability glycoprotein results in increased drug delivery to the brain[234].  

All the proposed compounds were predicted to be P-gp substrates except for compound 1i 

which foretells better absorption and distribution of these compounds. Interaction of molecules 

with cytochromes P450 enzymes either through inhibition or induction, especially inhibition 

could result in negative drug-drug interactions. Subsequently, this results in lower clearance 

and accumulation of the drug or its metabolites in the system thus toxicities. It is therefore vital 

to predict the susceptibility of which a molecule will cause consequential drug-drug interactions 

through inhibition of CYPs, and to determine which isoforms are affected. All the proposed 

compounds were predicted in SwissADME to be CYP3A4 inhibitors and some variations with 

CYP1A2, CYPC19, CYP2D6 isoforms[235]. CYP inhibition (specifically with CYP3A4 

enzymes) experiments will be necessary to prove such predictions. 
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2.3.5 Drug-likeness  

Drug-likeness is the qualitative measure of how the properties of a candidate molecule is 

similar to the existing drugs[236]. SwissADME assesses compounds based on specific 

requirements i.e. the Lipinski Rule of Five, Ghose filters, Veber Rules, Egans Rules, Muegges 

Rule and Abbots Bioavailability score.  

The Lipinski Rule of Five specifies that for a molecule to qualify as a potential drug candidate 

it should fulfill the following: i.) molar mass of less than 500g/mol, ii.) Less than ten H-bond 

acceptors, iii.) Less than five H-bond bond donors and iv.) LogP<5[237].  

All the proposed compounds did not violate the Lipinski Rule of Five except for 1f 

(505.05g/mol), 1g (505.05g/mol), 1h (533.10g/mol) and 1l (531.10g/mol) which had molar 

masses greater than 500g/mol. 

The Ghose Filter quantifies drug-like compounds to have[238]: 

a) Log P: -0.4 to 5.6 

b) Molecular Weight: 160g/mol to 480g/mol 

c) Molar refractivity: 40 to 130 

d) Total number of atoms: 20 to 70. 

The proposed compounds had at least one Ghose violation except for 1i has a LogP value of 

4.712; Molecular weight of 419.90g/mol; Molar refractivity of 121.95 and a total number of 

atoms of 52.  

The Veber rules qualifies compounds that have ten or less rotatable bonds and a polar surface 

area no greater than 140 Å2. Those compounds are likely to exhibit good oral 

bioavailability[239]. From the SwissADME predictions, only 1l (14 rotatable bonds) and 2g (12 

rotatable bonds) violated the Veber’s rule.  

The Egan rule considers compounds with 0 ≥ Topological polar surface area ≤ 132 Å2 and -1≥ 

LogP ≤ 6  to have good bio-availabilities[240]. Pleasingly, none of the compounds violated the 

Egan’s rule.  

According to the Muegge’s rule most compounds qualified to be potential drug candidates. 

Though a few compounds violated this rule, most of them had the stipulated preconditions that 

is i.) molecular Weight: 200-600g/mol ii.) LogP: -2 to 5 iii.) Polar Solar Area: ≤150 iv.) Number 

of rings: ≤7 vi.) Number of carbons: >4 vii.) Number of heteroatoms: >1 viii.) Number of 

rotatable bonds≤15 ix.) Number of H-bonds donorD≤5 x.) Number of H-bond acceptor: ≤10 

[241][242]: 
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The Abbot Bioavailability Score predicts the likelihood of a compound to have more than 10% 

or 0.1 bioavailability in rats[235][232]. The predicted scores for all the compounds had 0.55 

which is greater than 0.1. Should the compounds proceed to in vivo experiments, already we 

have an any idea that they will have a good bioavailability.  

2.3.6 Medicinal Chemistry Friendliness 

On SwissADME, these are predictions done using the PAINS model to identify problematic 

molecular fragments that could be toxic, medically reactive, metabolically unstable or to bear 

properties responsible for poor pharmacokinetics[221]. Mishra et al. 2019 reported that 

synthetic accessibility scores range from 1 (very easy) to 10 (very difficult)[222]. All the 

proposed compounds had synthetic scores ranging from 2-3 translating ease of synthesis.  

2.4 Conclusion  

The attention of this work was focused on the predictions of lipophilicity, physicochemical 

properties, and CYP isoform targets. The synthesis, structures, and biological potentials of 

these derivatives have been previously documented for our proposed compounds[213][193]. 

SwissADME results predicted that hydroxypyridinone-aminoquinoline compounds could be 

developed as synthetic medical products. This has been the basis of subsequent synthesis 

and in vitro studies (results discussed in chapters 3, 4 and 5). Accordingly, the outcomes of 

this research will be useful for optimizing compounds targeting malaria and HIV as well as 

teasing out the differences between computational predictions and actual experimental 

outcomes.  

  



42 
 

Chapter 3: Chemistry – Synthesis of HPO-AQs  

 
3.1 Retrosynthetic Analyses 

The hydroxypyridinone-aminoquinoline compounds synthesized in this project were designed 

and prepared in two distinct series: 1) Maltol-derived conjugates and 2) Kojic acid-derived 

conjugates. To achieve the optimal synthetic pathway for the target molecules (TM), 

hydroxypyridinone-aminoquinolines, several factors such as cost, simplicity, and feasibility of 

using various reagents and intermediates were considered. The retrosynthetic analysis of the 

target molecules was conducted to identify the most efficient synthetic route. Retrosynthesis 

involves the systematic deconstruction of the target molecule into simpler, commercially 

available starting materials (SMs) known as synthons. This process also includes the 

conversion of functional groups into other functional groups through known chemical 

transformations, a practice referred to as Functional Group Interconversion (FGI). By 

employing retrosynthesis, the target molecules were broken down into their fundamental 

building blocks, facilitating the identification of feasible synthetic routes based on established 

reactions. This approach not only streamlines the synthesis but also ensures the practicality 

of the proposed pathways by leveraging available reagents and intermediates. Below are the 

proposed retrosynthesis pathways for the hydroxypyridinone-aminoquinoline compounds, 

detailing the step-by-step deconstruction and subsequent reassembly into the desired target 

molecules[205][243][244].  

3.1.1 Retrosynthesis of Kojic Acid Derived Conjugates 

Starting with the target molecules (Scheme 3.1), specifically the kojic acid-derived conjugates, 

we can strategically disconnect the molecules by cleaving key carbon-nitrogen bonds. The 

initial disconnection yields 4-aminochloroquinolines (6) and the acyclic intermediate (3). 

Further retrosynthetic analysis of the 4-aminochloroquinolines (6) involves cleaving another 

carbon-nitrogen bond, resulting in the formation of 4,7-dichloroquinoline (9) and 

diaminoalkanes (8). These disconnections simplify the complex target molecules into more 

manageable fragments. The acyclic intermediate (3) undergoes functional group 

interconversion to produce an alkylated pyridinone (4). This alkylated pyridinone can then be 

dealkylated to achieve the desired intermediate (5). Additionally, the benzyl-protecting group 

present in the molecule can be disconnected through C-O cleavage, yielding kojic acid and 

benzyl chloride as synthons. 
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Scheme 3.1: Kojic acid derived conjugates retrosynthetic analysis 

The synthons encircled in red in Scheme 3.1 are the starting materials readily available from 

commercial sources. This strategic approach leverages readily accessible reagents and 

intermediates, streamlining the synthesis of the target molecules while ensuring cost-

effectiveness and feasibility. 

3.1.2 Retrosynthesis of Maltol Derived Conjugates 

 

Scheme 3.2: Maltol derived conjugates retrosynthetic analysis 
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Starting with the target molecules, maltol derived conjugates, they could be dealkylated and 

disconnected to yield 4-aminochloroquinolines and the benzylated-maltols 10. The benzyl-

protecting group could be disconnected via C-O cleavage to yield kojic acid and benzyl 

chloride as synthons. The 4-aminochloroquinolines are cleaved via the C-N bond as indicated 

to 4,7-dichloroquinoline (9) and diaminoalkanes (8). The synthons encircled in red are the 

starting materials which are readily available on the market. 

3.2 Synthesis of Compounds 

Based on the preceding retrosynthetic pathways, the target molecules were prepared as 

explained in detail below, starting with the commercially available synthetic precursors and/or 

reagents.  

3.2.1 Synthetic Pathway of N-(7-chloroquinoline 4yl) alkyl-diamines 

Guided by the previously published methods[245][246], N-(7-chloroquinoline 4yl) alkyl-

diamines were prepared by following the schematic pathway below: 

 

Scheme 3.3: General Synthesis of N-(7- chloroquinoline 4yl) alkyl-diamines 

 

All the 4-aminoquinoline compounds used in this project were prepared as outlined in Scheme 

3.3, whereby mixtures of 4,7-dichloroquinoline (1.0 equiv.) and excess different 

diaminoalkanes (5.0 equiv.) in neat conditions were refluxed for 8 hours while stirring under 

inert conditions (explained in detail in Chapter 6). The successful synthesis of 4-

aminoquinolines was achieved by aromatic nucleophilic substitution at the 4th position of 4,7 

dichloroquinoline with diaminoalkanes affording yellow solid compounds 6a-g in excellent 

yields. The mechanism of this SN2 reaction is depicted in Scheme 3.4 alongside the target 

aminochloroquinolines. 
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Scheme 3.4: Reaction mechanism and the seven structures of the 4-aminochloroquinoline compounds 

that were synthesized 

According to the literature [247]–[249], 13C NMR analysis of 4,7 dichloroquinoline reported the 

C-4 peak at around 142 ppm. After reacting the 4,7 dichloroquinoline with dialkylamines, 13C 

NMR characterization showed that the C-4 peak appeared at around 152 ppm. The 

attachment of the nitrogen atom, an electronegative and a powerful electron-withdrawing 

element, deshielded the carbon atom and shifted it more downfield, from 142 ppm to 152 ppm. 

This is proof that there was a carbon-nitrogen bond formation as a result of the nucleophilic 

substitution reaction, confirming the success of the reactions. NMR characterization aided in 

elucidating the structures of all the 4-aminoquinoline compounds that were synthesized 

however compound 6d was the one chosen for detailed discussion in this dissertation. 

The 1H NMR spectrum (Fig. 3.1) reveals several distinct peaks that provide insight into the 

compound's structural features and proton environments. The first notable peak at 8.40 ppm 

corresponds to H-2, which appears as a doublet due to the coupling with H-3. Similarly, H-5, 

resonating at 8.24 ppm, manifests as a doublet due to its interaction with H-6. 
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Figure 3.1: 1H NMR (400 MHz, DMSO-d6) spectrum for compound 6d 

Interestingly, H-8 at 7.79 ppm appears as a singlet, despite expectations of it forming a doublet 

due to meta coupling with H-6. The unexpected singlet indicates the complexity of the coupling 

constants or potential averaging effects from rapid proton exchange. H-9, at 7.56 ppm, exhibits 

a broad singlet peak. Though H-9 is adjacent to H-10, it does not show the expected splitting, 

likely due to rapid proton exchange, which broadens the signal and obscures the fine structure. 

In NMR spectroscopy, protons attached to nitrogen or oxygen (acidic protons) exhibit unique 

behaviour. These protons often do not couple with adjacent protons in the aliphatic chain due 

to rapid exchange with the solvent or other molecules. This exchange averages out coupling 

interactions, resulting in broadened or sometimes completely disappeared signals, making 

these protons challenging to observe. The solvent used in the NMR experiment significantly 

influences the behaviour of these acidic protons. For instance, in deuterated solvents, 

exchangeable protons may be replaced by deuterium, which is not detected in standard proton 

NMR, further complicating the observation of coupling interactions. 

Temperature and concentration also play crucial roles in the behaviour of acidic protons. 

Elevated temperatures increase the rate of proton exchange, broadening the signals and 

averaging out any couplings. Conversely, lower temperatures can reduce exchange rates, 

potentially revealing coupling interactions. Additionally, lower temperatures strengthen 

hydrogen bonds, leading to more distinct NMR signals, whereas higher temperatures weaken 

these bonds, increasing exchange rates and signal broadening. 

Higher sample concentrations promote intermolecular interactions and proton exchange, 

resulting in signal broadening and reduced observable coupling. This can lead to aggregation 

and increased hydrogen bonding, causing complex splitting patterns and further signal 



47 
 

broadening. Lower concentrations mitigate these interactions, slowing exchange rates and 

making coupling interactions more observable, resulting in sharper NMR signals. 

The proton H-6, observed at 7.44 ppm, appears as a doublet of doublets due to its coupling 

with both H-5 and H-8 (ortho-meta coupling). H-3, at 6.47 ppm, is a doublet due to its 

interaction with H-2. A triplet peak at 3.33 ppm is assigned to H-12. Theoretically, H-12 should 

exhibit a triplet of triplets multiplicity since it couples with two protons at position 11 and two 

other protons at position 13. H-10, at 2.70 ppm, appears as a triplet but is theoretically 

expected to be a doublet of triplets or triplet of doublets (depending on which nuclear couples 

first) due to the coupling with the two protons at position 11 and one proton from position 9.  

H-13, resonating at 2.57 ppm, is a triplet due to coupling with the two protons from position 

12. This triplet integrates for one proton; however, these are two equivalent protons. Lastly, 

the quintet peak assigned to H-11 results from coupling with four protons from both H-10 and 

H-12. 

Two additional unassigned peaks are present on the spectrum. The first, a broad signal, 

corresponds to the moisture peak, and the second, a singlet at 2.50 ppm, is attributed to the 

NMR solvent DMSO used in the experiment. Eungyu Kanga et al. (2010) corroborated this, 

showing that NMR solvents consistently exhibit peaks due to moisture in addition to the 

residual solvent peak[250].  

 

Figure 3.2: 13C NMR (100 MHz, DMSO-d6) spectrum for compound 6d 

The 13C NMR spectrum (Fig. 3.2) provides crucial evidence confirming the successful 

synthesis of the target compounds. The spectrum exhibited distinct carbon peaks 

corresponding to the number of carbon atoms present in the molecular structure, aligning with 
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the expected chemical framework. The Distortionless Enhancement by Polarization Transfer 

(DEPT-135) experiment was employed to differentiate between various types of carbon atoms, 

such as methylene, methyl, and quaternary carbons. 

All analyzed structures shared the quinoline scaffold, featuring nine aromatic carbon atoms. 

The aromatic region of the spectrum accounted for these carbons, confirming the presence of 

the quinoline core in each compound. The key variation across the spectra was the number 

of carbon peaks observed in the aliphatic region, attributable to the differing lengths of the 

diaminoalkane linkers (methylene carbons). 

Focusing on compound 6d, the spectrum revealed all four quaternary carbons, with their 

respective chemical shifts as follows: C-4 at 152.38 ppm, C-4’ at 117.93 ppm, C-7 at 127.92 

ppm, and C-8’ at 149.52 ppm. As anticipated, these quaternary carbons did not appear in the 

DEPT-135 spectrum, which only shows signals for CH and CH2 groups. The DEPT-135 

spectrum also identified five methyl carbons (C-2, C-3, C-5, C-6, and C-8) as positive signals 

(appearing above the baseline). These peaks are characteristic of protonated carbons in the 

quinoline scaffold, confirming their presence. Additionally, the methylene peaks were observed 

below the baseline, corresponding to the aliphatic chain carbons at 41.12 ppm (C-12), 40.02 

ppm (C-10), and 31.71 ppm (C-11). This detailed analysis of the 13C NMR and DEPT-135 

spectra underscores the successful formation of the desired compounds, highlighting the 

consistent presence of the quinoline core and the variable aliphatic linkers. The identification 

and differentiation of the various carbon types through their chemical shifts and DEPT-135 

responses further validate the structural integrity and purity of the synthesized molecules. 

3.2.2 Preparation of hydroxypyridinone intermediates 

3.2.2.1 Protection of hydroxypyridinones 

During the synthesis of hydroxypyridinone (HPO) intermediates, both maltol and kojic acid 

starting materials undergo nucleophilic substitution reactions. These reactions proceed 

through competitive carbon-oxygen bond fission pathways, which significantly influence the 

regioselectivity and overall yield of the desired product. 

 The nucleophilic substitution mechanism involves the attack of a nucleophile on an 

electrophilic carbon centre, leading to the cleavage of a carbon-oxygen bond. Given the nature 

of maltol and kojic acid, this process requires careful consideration of regioselectivity. Both 

starting materials contain multiple reactive hydroxyl groups, which can participate in the 

reaction, potentially leading to undesired side products. Protecting the competing hydroxyl 

groups before proceeding with the functionalization of the hydroxypyridinone core is essential 

to address these challenges. This selective reactivity of the hydroxyl groups during the SN2 

step of the protection process is primarily due to the differences in their electronic 
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environments, steric accessibility, and the nature of the protecting reagents used. The 5-

position hydroxyl group is typically more nucleophilic and less sterically hindered, leading to 

its preferential reaction. This strategic protection enhances the regioselectivity and improves 

the final product's overall yield and purity. Among the various hydroxyl-protecting groups 

available, the benzyl (Bn) group stands out as the most favoured due to its stability under a 

wide range of reaction conditions. The benzyl group is robust in both acidic and basic 

environments, making it suitable for subsequent synthetic steps that might involve harsh 

conditions[251].  

Benzyl protection is generally carried out using benzyl bromide (BnBr) or benzyl chloride 

(BnCl) in the presence of a base. The generally followed procedure involved methanol as a 

solvent to dissolve the starting material and the protecting reagent. Sodium hydroxide was 

used as a base required to deprotonate the hydroxyl groups of maltol or kojic acid, generating 

the corresponding alkoxide anions. The benzyl chloride was used as the protecting agent. The 

reaction progress was monitored using thin-layer chromatography (TLC) to ensure complete 

conversion of the starting material to the protected product. 

3.2.2.2 Protection of Maltol  

A round bottom flask containing ethyl or methyl maltol, methanol as the solvent, and sodium 

hydroxide (NaOH) as the base was heated to reflux before the slow, dropwise addition of 

benzyl chloride (BnCl) over 15 minutes to minimize fuming and effervescence. This procedure 

followed the synthetic pathway illustrated in Scheme 3.5[193][252].   

The protection of maltol begins with NaOH's deprotonation of the hydroxyl group, forming the 

corresponding alkoxide ion - either methyl maltol-alkoxide or ethyl maltol-alkoxide. This 

alkoxide ion acts as a potent nucleophile, which then attacks benzyl chloride's electrophilic 

carbon, forming a new carbon-oxygen bond while displacing the chloride ion. This nucleophilic 

substitution results in the formation of benzyl ether-protected maltols (10a and 10b), where 

the hydroxyl group of maltol is effectively protected as a benzyl ether.  

This protection enhances the molecule's stability under various reaction conditions, making it 

suitable for further functionalization. This protection step is crucial for the successful synthesis 

of hydroxypyridinones, as it prevents unwanted side reactions and ensures high 

regioselectivity. 
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Scheme 3.5: Protection of Maltol.  

Upon completion of the reaction, both desired end products, the benzyl ether-protected 

maltols, were obtained as yellow oils in good yields. Their structural characterization was 

carried out using a combination of 1H NMR and 13C NMR spectroscopy techniques. 

 

Figure 3.3: 1H NMR (400 MHz, DMSO-d6) spectrum for compound 10a 

In the 1H NMR spectrum (Fig 3.3) of compound 10a, the first doublet peak observed at 7.96 

ppm corresponds to H-3, coupling with H-4. A doublet peak at 7.42 ppm integrates for two 

protons, assigned to the two equivalent protons on position 9. H-9 appears as a doublet due 

to coupling with the two equivalent protons on position 10. The multiplet observed in the range 

of 7.39–7.28 ppm is attributed to the three protons at positions 10 and 11. The theoretical 

doublet of doublet expected for the two protons on position 10 is not resolved due to peak 
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overlap with adjacent signals. H-4 resonates at 6.39 ppm as a doublet, coupled with H-3. A 

long singlet peak at 5.07 ppm corresponds to the two methylene protons on position 7. Finally, 

a singlet peak at 2.08 ppm, integrating for three protons, is assigned to the three methyl 

protons at position 1. 

The 13C NMR spectrum (Fig 3.4) confirmed the presence of 11 carbon signals corresponding 

to the structure of compound 10a. DEPT-135 analysis further differentiated the types of carbon 

atoms present, providing valuable insights into their connectivity and environment. Notably, 

four quaternary carbons (C-2, C-6, C-5, and C-8) were expected to appear in the spectrum 

but did not, indicating potential chemical exchange phenomena or signal suppression under 

the experimental conditions. 

 

 

Figure 3.4: 13C NMR (100 MHz, DMSO-d6) spectrum for compound 10a 

In the case of ethyl maltol derivative 10b, an additional methylene peak appeared at 57.84 

ppm (C-12) in the 13C NMR spectrum. The 1H NMR spectrum showed an additional singlet 

peak at 4.41 ppm (H-12), which was absent in the methyl maltol counterpart. These spectral 

differences between methyl and ethyl maltol derivatives highlight subtle structural variations 

and provide essential data for the accurate characterization and differentiation of benzyl ether-

protected maltols (spectra in appendix document). 

3.2.2.3 Protection of Kojic Acid  

In a typical preparation of benzyl-protected kojic acid, a round-bottom flask was charged with 

kojic acid, methanol as the solvent, and sodium hydroxide (NaOH) as the base. The mixture 

was heated to reflux before the slow, dropwise addition of benzyl chloride (BnCl) over 15 

minutes to minimize fuming and effervescence. The reaction proceeded according to the 

synthetic pathway outlined in scheme 3.6. The first step in the protection of kojic acid is 

deprotonation of the hydroxyl (OH) group of kojic acid by NaOH, generating a more reactive 

kojic acid alkoxide ion. The kojic acid alkoxide nucleophilically attacks the electrophilic carbon 
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of benzyl chloride. This SN2 reaction proceeds with the formation of a transition state and the 

subsequent displacement of the chloride ion. Again, the final product is the benzyl ether-

protected kojic acid, where the hydroxyl group is effectively protected as a benzyl 

ether[193][252].    

The desired product, benzyl-protected kojic acid (compound 5), was successfully synthesized 

and isolated as white needle-like crystals with good yield. Comprehensive structural 

elucidation was carried out using 1H NMR and 13C NMR spectroscopy. 

 

 

Scheme 3.6: Protection of Kojic Acid 

 

 

Figure 3.5: 1H NMR (400 MHz, DMSO-d6) spectrum for compound 5 

The proton NMR spectrum  (Fig. 3.5) of benzyl-protected kojic acid provided distinct and well-

resolved proton signals, confirming the integrity of the synthesized compound. The singlet 

peak at 8.18 ppm integrating for one proton corresponds to H-7, indicating its isolated 

environment without neighbouring protons for coupling. The multiplet at 7.46-7.33 ppm 
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integrating for five protons, is assigned to the aromatic protons of the benzyl group (H-10, H-

11, and H-12). The multiplet nature reflects the complex coupling patterns typical of aromatic 

systems. The singlet at 6.35 ppm integrating for one proton, is assigned to H-4. The singlet 

nature indicates no adjacent protons for coupling, consistent with its position on the aromatic 

ring. The triplet peak at 5.72 ppm integrating for one proton is assigned to H-1. The triplet 

multiplicity arises from coupling with the two protons at position 2, following the n+1 rule for 

splitting patterns. A singlet at 4.95 ppm integrates two equivalent protons at position 8. The 

singlet nature indicates that these protons do not have adjacent protons for coupling, 

characteristic of methylene groups in this context. The doublet at 4.31 ppm integrating for two 

protons, corresponds to H-2. The doublet multiplicity is due to coupling with the single proton 

at position 1, showcasing a typical 1:1 coupling pattern. 

The 13C NMR spectrum (Fig. 3.6) of benzyl-protected kojic acid displayed 11 distinct carbon 

signals, corresponding to the carbons in the molecular structure. The DEPT-135 experiment 

provided further differentiation of the carbon types: 

 

Figure 3.6: 13C NMR (100 MHz, DMSO-d6) spectrum for compound 5 

There are four quaternary carbons namely, the carbonyl carbon C-5, at  173.71 ppm  which is 

a key feature in the kojic acid structure, C-3 at 168.53 ppm, C-6 at 147.09 ppm  and C-9 at 

136.63 ppm. There are two methylene carbons at 71.05 ppm (C-8) and 59.80 ppm (C-2) and 

five methine carbons: 141.67 ppm (C-7), 128.90 ppm (C-10), 128.65 ppm (C-11), 128.59 ppm 

(C-12) and 111.64 ppm (C-4). 

3.2.2.4 Alkylation of the protected-kojic-acid 

Alkylation is achieved via a double Michael addition reaction (Scheme 3.7). The double 

Michael addition involves sequential ring cleavage and ring closure. In the double Michael 

addition mechanism, the nucleophilic amine initially attacks the α,β-unsaturated carbonyl 
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system of the protected kojic acid, forming a β-amino carbonyl intermediate. This intermediate 

undergoes ring cleavage and intramolecular cyclization, resulting in the alkylated product. The 

steric hindrance of the amine significantly influences the reaction efficiency and yield. 

With less bulky amines such as methylamine, isopropylamine, and cyclopropylamine, which 

exhibit minimal steric hindrance, facilitate efficient nucleophilic attack and subsequent 

cyclization. These amines result in high yields of the alkylated product due to their ease of 

access to the reactive sites on the protected kojic acid. Conversely, bulkier amines face steric 

challenges during the nucleophilic attack, leading to lower yields. The increased steric bulk 

hinders the approach of the amine to the electrophilic carbonyl carbon, thus reducing the 

efficiency of the double Michael addition. Thus, the choice of amine is crucial for optimizing 

the yield of the alkylated product. 

 

 

Scheme 3.7: Alkylation of the protected-kojic and reaction products 

The success of the amination or alkylation reactions of benzyl-protected kojic acid was 

thoroughly confirmed through 1H and 13C NMR spectroscopic analysis. A comparative study 

of the NMR spectra (see appendix) of compounds 4a, 4b, and 4c with the precursor compound 

7 revealed significant additional peaks in the aliphatic region, indicative of successful 

functionalization. 

1H NMR Analysis 

The spectrum of 4a exhibited a new singlet peak at 3.99 ppm, integrating three protons. This 

peak corresponds to the methyl protons at position 13, confirming the successful alkylation. In 

the spectrum of 4b, a singlet peak at 1.14 ppm was observed. This peak correlates with the 
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newly introduced carbon at position 13. Additionally, the methyl groups H-14 and H-15 

appeared at 2.05 ppm, consistent with the expected chemical environment after alkylation. 

The spectrum of 4c showed new peaks for H-13, H-14 and H-15 at 0.80 – 0.63 ppm. These 

overlapping signals indicate the successful incorporation of the alkyl groups. Additionally, it 

was observed that methylamine introduces the strongest deshielding effect on H-7, followed 

by cyclopropylamine and isopropylamine. This trend correlates with the electronic 

donating/withdrawing properties of the substituents 

13C NMR Analysis 

The spectrum of 4a revealed a new methyl carbon peak at 42.53 ppm, corresponding to the 

methyl group at position 13. This additional peak confirms the successful introduction of the 

methyl group during the reaction. In the spectrum of 4b, a new carbon peak at 43.12 ppm was 

observed, corresponding to the newly introduced carbon at position 13. This correlates with 

the singlet peak in the 1H NMR spectrum, further verifying the successful alkylation. 

Additionally, the methyl carbon peaks for H-14 and H-15 were noted. The spectrum of 4c 

displayed a new peak at 22.59 ppm for the carbon at position 13, and the overlapping carbon 

signals for H-13 and H-14 were detected at 3.63 ppm, confirming the presence of the alkyl 

groups. The aromatic carbons experienced significant deshielding in the isopropylamine and 

cyclopropylamine derivatives compared to methylamine. This reflected the increased electron-

donating or steric effects from the bulkier alkyl groups, altering the electronic density around 

these carbons. C-5 and C-3 show the largest downfield shifts in the isopropylamine and 

cyclopropylamine derivatives due to resonance or inductive effects transmitted through the 

structure. Minor shifts in C-10, C-11 and C-12 suggested that these carbons were less 

influenced by the alkyl groups directly. However, C-9 showed a more noticeable downfield shift 

in the isopropylamine and cyclopropylamine derivatives, indicating some degree of steric or 

electronic interaction. 

3.2.2.5 Chlorination of the hydroxyl group 

To mitigate the problem of chemoselectivity, the hydroxyl group in the alkylated protected kojic 

acid compounds was converted to a chloride atom, which also serves as an excellent leaving 

group. Compounds 4a, 4b, and 4c were subjected to chlorination using thionyl chloride 

(SOCl2) in a controlled low-temperature environment. This reaction was carried out in glass 

tubes immersed in an ice-acetone mixture to ensure a consistently low temperature. 
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Scheme 3.8: Chlorination of the protected-kojic 

The chlorination process proceeds through a nucleophilic substitution reaction (SN2) involving 

thionyl chloride. The reaction initiates with the nucleophilic attack of the hydroxyl group on the 

sulfur atom of thionyl chloride. The lone pair of electrons on the oxygen of the hydroxyl group 

attacks the sulfur atom of thionyl chloride, forming a chlorosulfite ester intermediate and 

expelling the chloride ion forming hydrogen chloride (HCl) as a by-product.  

The chlorosulfite intermediate formed undergoes a [1,2-elimination] process. The chlorine 

from the chlorosulfite group leaves, and a chloride ion (Cl⁻) displaces the chlorosulfite group, 

resulting in the formation of the chlorinated products 3a, 3b, and 3c as depicted in Fig. below. 

Sulfur dioxide (SO₂) and hydrogen chloride (HCl) are released as byproducts. 

 

Scheme 3.9: Mechanism of the chlorination of the alkylated-protected kojic compounds  

The chlorination products exhibit distinct ¹H NMR patterns, reflecting variations in their 

electronic environments and substituent effects.  For instance, with the methylenic protons (H-

2 and H-8): 

Compound 3a - H-8 at 5.21 ppm and H-2 and 4.68 ppm 

Compound 3b - H-8 at 4.96 ppm and H-2 at 4.68 ppm 
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Compound 3c - H-8 at 5.08 ppm and H-2 at 4.51 ppm.  

The H-8 protons showed slight downfield shifts in 3a and 3c compared to 3b, reflecting subtle 

differences in electronic effects induced by the substituents. The H-2 protons remain 

consistent across all derivatives, except for a small upfield shift in  3c likely due to steric 

shielding. In the carbon NMR,  

Compound 3a C-8 at 72.01 ppm and C-2 at 58.80 ppm 

Compound 3b C-8 at 71.02 ppm and C-2 and 41.60 ppm 

Compound 3c C-8 at 71.13 ppm and C-2 at 63.36 ppm 

C-8 remained consistent across the derivatives, reflecting minimal electronic or steric 

variation. However, C-2 shows notable differences, with the 3c derivative exhibiting the most 

deshielding likely due to ring strain effects. 

3.3 Synthesis and Characterization of Kojic Acid Derived Conjugate 

Compounds 

The coupling reaction of the 2-alkyl chloride intermediate of kojic acid (3) and the N-(7- 

chloroquinoline 4yl) alkyl-diamines (6) via chlorine substitution (Scheme 3.10) was carried out 

in DMF as solvent (used as solvents because they are polar aprotic and hence appropriate for 

solubilizing the reactants and for the SN2 type reaction[243]) in the presence of triethylamine 

(Et3N) and Na2CO3 as bases to optimize the neutralization of HCl which would otherwise 

protonate the amine and favor the reverse reaction and to optimize the deprotonation of the 

amine[193].  

Mechanistically, the reactions begin with the base  (triethylamine, Et3N) deprotonating the 

amine group on the N-(7-chloroquinoline 4-yl) alkyl-diamine (6), generating a nucleophilic 

amine anion. The nucleophilic amine anion attacks the carbon attached to the chlorine atom 

in the 2-alkyl chloride intermediate of kojic acid (3). This is an SN2 reaction, where the 

nucleophile displaces the leaving group (Cl) in a single step. As the nucleophilic amine attacks 

the carbon, the chloride ion (Cl-) is displaced, forming a new C-N bond.  
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Scheme 3.10: Synthesis of Kojic acid derived conjugates 

The HCl generated in the reaction is neutralized by the base (Na2CO3) present in the reaction 

mixture, preventing protonation of the amine, which would reverse the reaction. The reaction 

mixture was worked up, yielding the desired target compounds (1a-l) which were obtained in 

good yields. The success of the reactions was confirmed by using NMR and IR spectroscopy.  

Compound 1k was the one chosen for detailed discussion and illustration in this dissertation. 

Compound 1k is a product of reacting compound 6d and 3c as illustrated in Scheme 3.11. 

The proton NMR (Fig.3.1) of 6d confirmed the presence of NH2 (br. S, 2H at 2.57ppm). The 

successful synthesis (conjugating) resulted in the formation of the C-NH linkage and the 

abstraction of one proton in the process, leaving behind NH-12.  

 

 

 

Scheme 3.11: The synthesis scheme for Compound 1k 



59 
 

After the reaction, the broad signal at 3.38 ppm disappeared, and there was an emergence of 

a triplet peak at 8.17 ppm. Theoretically, this NH-peak is supposed to be quintet due to the 

four adjacent protons. As a result of conjugation, the NH-proton will be more shielded, hence, 

the peak moved downfield. All the other peaks were accounted for. 

 

 

Figure 3.7: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 1k 

 

In the proton NMR spectrum (Fig. 3.7), distinct peaks provided insights into the structure and 

environment of the protons in the molecule. The first doublet observed at 8.37 ppm is attributed 

to H-5, which couples with H-6, resulting in its doublet multiplicity. Similarly, H-2, resonating at 

8.28 ppm, couples with H-3 to also produce a doublet. A triplet peak at 8.17 ppm is identified 

as NH-13, indicative of a proton in a nitrogenous environment, possibly due to its interaction 

with adjacent protons. H-8 appears as a doublet at 7.78 ppm, due to meta-coupling with H-6. 

The peaks for H-6 and H-19 overlap at 7.58 ppm, giving rise to a complex multiplicity that 

manifests as a doublet. Theoretically, H-6 could exhibit a doublet of a doublet multiplicity due 

to coupling with both H-5 and H-8, while H-19 was expected to present as a singlet. The region 

from 7.31 to 7.48 ppm displays a multiplet, integrating five protons, attributed to the coupling 

of H-25 and H-26. The triplet peak at 7.32 ppm is asigned to H-27, which couples with the two 

H-26 protons in a 1:2:1 ratio. 

H-3 resonates as a doublet at 6.46 ppm due to its coupling with H-2. The first multiplet between 

3.11 and 3.22 ppm integrates two protons on H-10, although it was expected to be a doublet 

of triplets due to interactions with NH-9 and H-11. H-12, at 3.18 ppm, appears as a quartet, 

which can be explained by its coupling with H-11 and NH-13. At 1.65 ppm, the doublet of 

doublets is assigned to H-11. Theoretically, this proton should exhibit a quintet multiplicity due 

to its interactions with H-10 and H-12. Protons H-21 and H-22, being equivalent, overlap and 



60 
 

result in a multiplicity in the range of  1.26 to 1.56 ppm. Lastly, the singlet peak at 1.43 ppm, 

integrating to one proton, is assigned to H-20. This could have been a doublet due to the two 

equivalent protons from the cyclopropyl group. Usually these protons that are in symmetric or 

equivalent environments may not exhibit expected splitting patterns due to averaging effects. 

 

The carbon spectrum of Fig. 3.8, showed 26 carbons corresponding to the number of carbons 

in the structure.  

 

Figure 3.8: 13C NMR (100 MHz, DMSO-d6) spectrum of compound 1k 

 

Using DEPT-135 NMR spectroscopy, we were able to further distinguish the carbons present 

and elucidate the compound's framework. The spectrum revealed eight quaternary carbons at 

the following chemical shifts: 165.10 ppm (C-17), 150.58 ppm (C-4), 149.51 ppm (C-8’), 

137.51 ppm (C-18), 134.23 ppm (C-24), 133.83 ppm (C-15), 127.87 ppm (C-7), and 117.90 

ppm (C-4’). Additionally, ten methine carbons were identified: 152.35 ppm (C-2), 134.37 ppm 

(C-19), 129.63 ppm (C-25), 129.40 ppm (C-26, C-27), 127.87 ppm (C-8), 124.58 ppm (C-5), 

124.44 ppm (C-6), 123.61 ppm (C-16), and 99.05 ppm (C-3). These chemical shifts are 

consistent with the presence of aromatic and aliphatic methine groups within the molecular 

structure. Seven methylene carbons were observed at 42.80 ppm (C-23), 39.12 ppm (C-14), 

29.55 ppm (C-10), 28.18 ppm (C-12), 26.81 ppm (C-21), 26.72 ppm (C-22), and 26.64 ppm 

(C-11). These shifts are indicative of various aliphatic methylene groups in different chemical 

environments. Finally, a single methyl carbon was detected at 26.91 ppm (C-20), 

corresponding to a terminal methyl group in the compound. The rest of the 1a-l compounds 

were elucidated using the same approach, ensuring a comprehensive analysis of their carbon 

frameworks and molecular structures. 



61 
 

3.4 Synthesis and Characterization of Maltol Derived Hybrid 

Compounds 

The second phase of the synthesis involved the preparation of maltol-derived hybrid 

compounds. This synthetic procedure entailed the reaction of N-(7-chloroquinoline-4-yl) alkyl-

diamines with benzylated maltol intermediates in ethanol under reflux conditions for 24 hours, 

as illustrated in Scheme 3.11. The resultant compounds were characterized by data that 

confirmed the successful synthesis of the target compounds 2a-i in qualitative yields. FT-IR 

spectroscopy confirmed each compound's characteristic functional groups (N-H, C=O, C=N). 

 

Scheme 3.11: Synthesis of Maltol derived conjugates 

 

Literature suggests that benzylated maltols undergo amination with primary amines via 

Michael addition. The synthetic approach (scheme 3.12) is initiated by the deprotonation of 

the alpha hydrogen, generating a carbocation. This carbocation is stabilized by the electron-

withdrawing groups present in the structure. The amine then attacks the carbocation, 

sequentially cleaving the ring. Bulky and complex amines would slow down the ring closure; 

however, protecting the hydroxyl group mitigated that, bringing about rapid ring closure[244].  

The success of the conjugation reaction is confirmed by the disappearance of the NH2 peak, 

indicating the attachment of 4-aminoquinolines to the maltol intermediate. Using compound 

2b as the discussion illustration, the success of the reaction was confirmed by the 

disappearance of the NH2 peak at 2.57 ppm (Fig. 3.1), indicating the attachment of N1-(7-

chloroquinolin-4-yl)propane-1,3-diamine (6d) to the methyl maltol (10a).   
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Scheme 3.12: Synthesis of 2b 

With respect to the 1D and 2D NMR spectra of the maltol-derived conjugates, compound 2b 

will be used as a template for discussion.  

The first broad singlet peak at 9.30 ppm is assigned to NH-9 in the proton NMR spectrum. 

This NH proton appears as a singlet at a downfield shift (9.30 ppm), likely due to hydrogen 

bonding or the deshielding effects of the nearby electronegative nitrogen and aromatic rings. 

The lack of coupling partners explains the singlet pattern. 

 

Figure 3.9: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 2b 

The following next doublet peak at 8.47 ppm is assigned to H-2. This proton is deshielded by 

the conjugated ring system, hence giving it a chemical shift in the downfield region. The 

doublet pattern (J = 9.1 Hz) suggests coupling with an adjacent proton, H-3, as typical in 

aromatic systems with ortho coupling. H-5 at 8.33 ppm appears as a doublet with a moderate 

coupling constant (J = 6.8 Hz), indicating it has a neighbouring proton in an aromatic system. 
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This coupling pattern is consistent with the ring structure's meta or slightly longer-range 

coupling. The singlet peak at 7.82 ppm is assigned to H-8. It is a singlet, likely due to its 

position where no nearby protons are close enough to couple. Its downfield position suggests 

significant deshielding, possibly due to the influence of electronegative group (chlorine) or ring 

currents. The doublet of doublets at 7.54 ppm is assigned to H-15 and H-6. The doublet of 

doublets pattern arises because each proton has two coupling partners. The two sets of 

coupling constants are attributed and distinguished by their nearby coupling partners. A strong 

coupling at 27.4 Hz is influenced by the nitrogen atom in the ring, and a typical aromatic ortho 

coupling at 8.1 Hz. The multiplet at 7.20 – 7.10 ppm integrates five protons in the phenyl ring 

(benzyl group). The chemical shift and integration suggest a monosubstituted benzene ring. 

The multiple pattern is typical for five protons in a benzene ring with no unique substituents, 

as each proton experiences similar couplings.  

H-3, resonating at 6.66 ppm, presents a doublet (J = 6.9 Hz) due to coupling with H-2. H-16 

at 6.03 ppm couples with H-2; hence, it’s a double-splitting pattern.  The coupling constants 

of H-2, H-3, H-15 and H-16 support the point that protons near an electron-withdrawing group 

or double bond experience an olefinic-like deshielding effect, and their coupling constants are 

within 4.5-7.5 ppm. The benzylic CH₂ group appears as a singlet because it is adjacent to an 

aromatic ring but lacks further coupling partners, resulting in a singlet at 4.78 ppm. This 

position reflects partial deshielding due to the aromatic ring. H-12 is attributed to the multiplet 

at 3.91 – 3.86 ppm. This chemical shift suggests the CH₂ group is in a relatively deshielded 

environment (attached to the nitrogen atom). H-10 resonating at 3.35 ppm as a doublet. The 

doublet with a coupling constant of 5.1 Hz indicates coupling with the H-11 proton. The singlet 

at 3.18 ppm, integrating for three protons, suggests an isolated methyl group, hence assigned 

to H-13. H-11 couples with adjacent methylene groups, resulting in a broad multiplet around 

1.91–1.81 ppm. 

The carbon-13 spectrum of compound 2b (Fig. 3.8) showed carbon signals correlating with 

the expected 23 carbons in the known structure. However, for correct and accurate elucidation 

of the structural framework, we utilized 2D experiments. DEPT-135  (Fig 3.11) analysis 

provided further differentiation of the types of carbon present; one methyl carbon, C-13, 

resonated at 12.43 ppm; four methylene carbons identified at 72.31 ppm (C-19), 50.97 ppm 

(C-12), 40.63 ppm (C-10), and 28.98 ppm (C-11); and ten methine carbons were discerned, 

including shifts at 143.83 ppm (C-2), 140.04 ppm (C-15), 128.85 ppm (C-21), 128.64 ppm (C-

22), 128.28 (C-23), 127.01 ppm (C-5), 126.57 ppm (C-6), 119.90 ppm (C-8), 116.48 ppm (C-

16), 99.07 ppm (C-3). Eight quaternary carbons were identified at 172.13 ppm (C-17), 155.51 

ppm (C-14) ,145.75 ppm (C-4), 141.40 ppm (C-8’), 139.59 ppm (C-18), 138.11 ppm (C-20), 

138.07 ppm (C-7), 116.15 ppm (C-4’). 
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Figure 3.10: 13C NMR (100 MHz, DMSO-d6) spectrum of compound 2b 

 

Figure 3.11: DEPT-135 NMR (100 MHz, DMSO-d6) spectrum of compound 2b 

 

Correlated Spectroscopy (COSY) 

COSY helps determine the signals that arise from coupling protons by providing detailed 

information about the spin-spin coupling between hydrogen atoms in a molecule. In a COSY 

spectrum, each axis represents proton chemical shifts, and cross-peaks indicate couplings 

between protons. This helps identify which hydrogen atoms are spin-spin coupled, facilitating 

the assignment of protons in crowded or overlapping spectrum regions. 
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Figure 3.12: COSY NMR (400 MHz, DMSO-d6) spectrum of compound 2b 

The NH proton does not show coupling in the 1D spectrum, as indicated by its singlet pattern 

(J = 0 Hz). However, the COSY spectrum shows a correlation with the H-10 protons at 3.35 

ppm due to their spatial connectivity, confirming the propyl chain attachment to the NH group. 

The cross-peak correlations between H-2 (8.47 ppm, d, J = 9.1 Hz) and H-3 (6.66 ppm, d, J = 

6.9 Hz) confirm an ortho coupling within the aromatic ring. The J value of 9.1 Hz for H-2 reflects 

typical ortho coupling in aromatic systems, indicating that these protons are adjacent on the 

ring. H-5’s J value of 6.8 Hz suggests it has an ortho coupling with H-6 (7.54 ppm).  H-6/H-15 

at 7.54 ppm displayed two distinct J values: 27.4 Hz and 8.1 Hz. The larger J value (27.4 Hz) 

arose from coupling with the adjacent nitrogen, creating a very strong through-bond 

interaction. The 8.1 Hz coupling represents a typical ortho coupling within the ring. Cross-

peaks in the COSY spectrum verified these interactions, identifying the 8.1 Hz coupling with 

nearby protons and the stronger coupling with an adjacent functional group. The protons of 

the benzyloxy group at 7.20–7.10 ppm and 4.78 ppm displayed complex splitting and 

overlapped as a multiplet due to typical phenyl ring couplings (ortho, meta, and para). They 

showed cross-peaks among themselves and with the benzylic CH₂ group at 4.78 ppm (H-19). 

From the propyl linker, H-10 shows a doublet with J = 5.1 Hz, indicating coupling with the NH-

9 and H-11 protons. These cross-peaks in the COSY spectrum would confirm the NH-CH₂ 

linkage. The relatively low J values suggest the CH₂ is next to the NH group, and this coupling 

is observed despite the NH’s broad singlet in the 1D spectrum. This methyl proton is a singlet 

due to its isolation from other protons; therefore, no COSY cross-peaks were expected for this 
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group. The singlet confirms that it is attached to a carbon without adjacent protons. As 

expected, the H-11 multiplet (1.91–1.81 ppm) showed COSY cross-peaks with H-10 (3.35 

ppm) and H-12 (3.91–3.86 ppm). These interactions confirm the continuity of the propyl chain. 

The COSY spectrum also revealed that the H-11 methylene group is coupled on both sides 

within the chain, consistent with its multiple pattern. 

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) 

The HSQC (Fig 3.13) spectrum provides correlations between directly bonded carbon and 

hydrogen atoms, helping assign carbon-proton pairs and confirm structural connectivity. By 

combining the provided proton, carbon, and COSY data with the HSQC correlations, we can 

assign protons to specific carbons and ensure accuracy in structural assignments. Below is a 

brief analysis of each correlation based on the spectrum.  

Notably, there was no correlation for NH-9 due to the absence of a direct C-H bond. However, 

COSY data showing the NH-9 coupling with the CH₂ at 3.35 ppm (H-10) confirms its position 

next to C-10 (40.63 ppm) in the structure. The benzylic CH₂, appearing at 4.78 ppm in the 

proton spectrum, correlates in with C-19 at 72.31 ppm. The cross-peak between H-19 and C-

19 solidifies the benzyloxy structure in the molecule. Aromatic protons H-21, H-22, and H-23 

(7.20 - 7.10 ppm, m) and carbons around 128.84 - 127.01 ppm correlated, confirming that 

these carbons and protons are part of a benzene ring, consistent with a phenyl ring in the 

benzyloxy group. In the propyl linker region, the correlation between H-10 and C-10; H-11 

(1.91–1.81 ppm, m) and C-11 (28.98 ppm) and H-12 (3.91–3.86 ppm, m) and C-12 (50.97 

ppm) confirmed their respective positions. The correlation between H-13 and C-13 at 12.43 

ppm confirms the methyl group. All other correlations were accounted for, as shown in Fig 

3.13. 
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Figure 3.13: HSQC NMR (400 and 100MHz for 1H and 13C, DMSO-d6) spectrum of compound 

2b 

Heteronuclear Multiple Bond Correlation Spectroscopy 

The HMBC spectrum reveals correlations between protons and carbons separated by two to 

three bonds, helping to identify longer-range connectivities that are key to confirming the 

skeleton of a molecule. Analyzing the spectrum below, Fig. 3.14, we could deduce the long-

range correlations between protons in the quinoline and pyridinone rings and their neighboring 

carbons (though not all of them are highlighted in the spectrum) solidified the connectivity of 

the conjugated system. The correlations between NH-9, C-4 and C-3 as well as the 

correlations between H-12, C-15 and C-14 confirmed the propyl linker’s orientation and 

continuity from NH-9 to the rest of the molecule. 
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Figure 3.14: HMBC NMR (400 and 100MHz for 1H and 13C, DMSO-d6) spectrum of compound 

2b 

Supporting Characterization Data 

The experimental melting points of the compounds are within the ranges of those obtained 

from the literature. Generally, the longer the hydrocarbon chain in a molecule, the higher the 

melting point. However, in our case, it is observed that all the short-chain linked compounds 

have higher melting points than the long-chain linked compounds. This is a consequence of 

the action of the dipole moments (see experimental section).  

The difference between the obtained masses and expected masses is roughly 1g/mol. This is 

due to both positive and negative ionization on the molecular samples during mass analysis. 

In positive ionization operation, peaks corresponding to protonated analytes are observed. 

Apart from that, the difference between the masses is almost negligible. The mass spectrum 

of compound 2b in Fig 3.15 will serve as an example to illustrate the point mentioned above 
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Figure 3.15: Mass Spectrum of compound 2b 

Given the structural similarities between hydroxypyridinone-aminoquinolines, several key 

infrared (IR) stretching vibrations or bands can be anticipated to have resembling patterns. 

The FTIR spectrum of compound 1k in Figure 3.16 will act as a representative spectrum for 

both kojic acid and maltol-derived conjugates. 

 

Figure 3.16: IR spectrum of compound 2b 

The amine group's N-H stretching vibrations attached to the quinoline are expected to 

appeared between 3300–3500 cm⁻¹ as expected, with primary amines potentially displaying 

two peaks. The aromatic C-H stretching vibrations associated with the benzene ring in the 

benzyloxy group and the quinoline ring are likely to emerge between 3000–3100 cm⁻¹. For the 

alkyl groups, C-H stretching vibrations were observed around 2850–2960 cm⁻¹. The carbonyl 
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(C=O) group within the pyridinone ring, as expected, produced a strong, sharp band in the 

range of 1650–1750 cm⁻¹. Meanwhile, the C=C stretching vibrations of the aromatic rings 

(benzene and quinoline) of most target compounds occurred between 1450–1600 cm⁻¹. C-N 

stretching vibrations from the amino group linked to the quinoline moiety were expected 

around 1280–1360 cm⁻¹, and the C-O stretching in the benzyloxy group should produce a 

band near 1200–1300 cm⁻¹. Finally, the C-Cl bond in the 7-chloroquinoline segment is 

anticipated to show a frequency between 600–800 cm⁻¹, and this was observed. The 

identification of these functional groups was confirmed through the observed vibrations in the 

IR spectra, as detailed in the experimental section and the Appendix.  

3.5 Conclusion 

In summary, this chapter focused on the synthesis and characterization of a series of 

compounds derived from kojic acid and maltol. A total of 20 compounds were successfully 

synthesized using established methods in organic chemistry. Each compound's structure was 

confirmed through comprehensive analysis using 1H and 13C NMR spectroscopy, 

complemented by infrared spectroscopy (IR). The structural elucidation of the hybrid 

compounds was challenging due to the complexity of the proton NMR spectra and the 

significant overlap among carbon peaks. To overcome this, 2D NMR techniques were 

employed, providing crucial insights into the connectivity and arrangement of atoms within the 

molecule. In some compounds (e.g. 3c, 1e and 2h), there was a notable duplicating of some 

peaks, which we suspected could be due to the excess (unreacted) intermediates that were 

not completely washed or a problem with the shimming and locking of the NMR instrument 

itself.  

This study highlights the successful synthesis of kojic acid and maltol derivatives and 

underscores the importance of spectroscopic methods in structural characterization. By 

employing a combination of conventional and advanced spectroscopic techniques, this 

research contributes to our understanding of these compounds' chemical properties and 

potential applications in various fields. 
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Chapter 4: HIV In-Vitro Activity Evaluation 

4.1 Background 

It is known that a critical step in drug development is the biological evaluation[253]. Biological 

evaluations are experiments designed to estimate the potency of substances by observing 

their pharmacological effects on living organisms (in vivo) or on isolated tissues or cells (in 

vitro) and comparing the effect of these substances of unknown potency to the effect of a 

standard drug or compound [254][255].   

Most common in modern pharmaceutical use are the in vitro assays. Various substances are 

screened based on their impact on an  enzyme, receptor, site, or rate-limiting step of interest 

either by activation, inhibition etc. [256]. In such assays, a single point of action in 

each biochemical pathway is targeted, such as the role of the enzyme(s) that would have 

already been identified and proved by scientists[254][257].  

As the experiments are conducted, the test samples are confined to a known quantity, thus 

the concentration is known.  This is important to note since all measurements of the test 

sample’s activities, either potency, efficacy or affinity are basically concentrations at which a 

defined drug effect is observed. For instance, if a compound or drug is noted to exhibit fifty 

percent (50%) inhibition of a specific biological activity at 5µM then the IC50 is taken to be 5µM. 

Drugs can be then compared to one another using the IC50 (for example if it is a cytotoxicity 

assay IC50 is the cytotoxic concentrations that killed 50% of the cells) values. By comparing 

IC50 values for different drugs, one can assess which of them is effective at lower 

concentrations[258]. The literature broadly categorizes IC50 values, acknowledging that 

variations in laboratory conditions and methodologies can result in differing parameters. In the 

study, the IC50 values were categorized generically  as follows[259]: 

(a) potent: IC50˂ 4 µM 

(b) very active: IC50 ≤ 20 µM 

(c) moderately active: IC50 > 20–100 µM 

(d) weakly active: IC50 > 100–1000 µM 

(e) inactive: IC50 > 1000 µM 

Bioassays are also integrated with statistical methods which aid in analyzing and processing 

experimental results[257]. The experimental data (experimental outcome/observations) is 

classified as the independent variables and the known variables such as the concentrations 

of the test compounds are dependent variables. Independent variables only have random error 

whereas dependent variables have random and system errors[260]. The advantages of 
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modern bioassays are that they are less time-consuming, efficient, reproducible, and precise 

[261][262].  

This chapter discusses the effects of some hydroxypyridinone-aminoquinoline compounds on 

cell viability (cytotoxicity), reverse transcriptase activity inhibition and HIV protease activity 

inhibition properties. These HIV assays corresponds to the HIV drug target stages in the 

lifecycle of the virus. The reverse transcriptase is for two classes of the antiretroviral agents 

namely nucleoside reverse transcriptase inhibitors (NRTIs) and Non NRTIs. The main 

difference between the two subclasses is that NRTIs act as host nucleotide decoys by 

attaching to the host DNA and cause termination of the elongating HIV DNA chain whereas 

the NNRTIs bind directly to the HIV reverse transcriptase enzyme blocking its action. Currently, 

the NRTIs serve as the backbone of ART regimens. 

The HIV protease assay corresponds to the maturation stage of the viruses catalyzed by the 

protease enzyme. Additionally, we also evaluated the antioxidant properties and nitric oxide 

production properties of these compounds. The overarching goal of conducting these assays 

was to evaluate the potential of the HPO-AQs as anti-HIV agents. All these assays were 

performed by Ms Munapo under the supervision of Dr N Gama from Department of 

Biochemistry, Genetics, and Microbiology at University of Pretoria. 

4.2. Cytotoxicity Screening Assays 

One major reason why most drug candidates fail to reach the market is their toxicity in patients. 

Currently, cytotoxic side effects of failed drug candidates are being discovered late in the drug 

discovery process i.e. during clinical trials. This failure leads to the loss of large financial 

investments by pharmaceutical companies[263]. Though the cytotoxicity screening is crucial, 

it also has some limitations because the techniques developed so far are not adequately 

advanced to replace the animal tests. The values obtained in some cases cannot be compared 

because the tests are highly dependent on the parameters of the test system[264].  

Such parameters can be the type of cell line, passage number of the cells, number of cells per 

well, volume of medium per well, growth time of a plate, concentration/volume of reagent, 

manufacturer of the reagent, length of incubation, reaction time, solubilization solution (if 

needed) even the performance of the spectrophotometer[265]. However, it is still of paramount 

importance to determine and/or predict a drug candidate's in vivo toxicity based on toxicity in 

vitro profiles. Despite all the disadvantages posed, cytotoxicity screening assays has  some 

advantages, such as speed, reduced cost and potential for automation, and tests using human 

cells may be more relevant than some in vivo animal tests[266].  
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Cell-based assays are often used to screen a collection of compounds to determine if the 

tested molecules influence cell proliferation or show direct cytotoxic effects that eventually 

lead to cell death. Cell death is a desired event such as for the evaluation of anticancer agents 

but it is also an indicator of toxicities associated with the use of a given small molecule or the 

test compound’s involvement in modulation of a specific pathway[267]. To guarantee success 

in cytotoxicity evaluations, comprehensive screening protocols must be employed. In a well-

built toxicity screening procedure, different test types on different cell cultures must be 

performed[268]. A variety of assay methods can be used to estimate the number of viable 

cells, and they are classified as follows [264],  

(a) dye exclusion assays – the principle is based on the concept that live cells possess 

intact cell membranes that exclude certain dyes, such as trypan blue, Eosin, or 

propidium, whereas dead cells do not[269]. 

(b) fluorometric assays - This assay is based on the fluorescence enhancement of 

propidium iodide (PI) upon binding with double-stranded nucleic acids[270]. 

(c) luminometric assays – an assay used to the analyze genomic DNA methylation. 

(d) colorimetric assays - the principle lies in the generation of colour by 

chemical/biochemical reaction between target analyte and reagents. The intensity of 

the resulting colour can be quantified using imaging tools and processing 

software[271]. 

Regardless of the type of cell-based assay being used, it is important to know how many viable 

cells remain at the end of the experiment [272]. In order to determine cell proliferation,  there 

is a need for cheap, reliable, and reproducible short-term cytotoxicity and cell viability 

assays[273]. It is also important to note that availability of chemicals, reagents and apparatus 

in the laboratory where the study is to be performed; test compounds, detection mechanisms 

are major considerations in selecting the assay to use.    

Compared with other methods, colorimetric methods are favored because they are cheaper, 

easy to use and are accurate. Under colometric assays, tetrazolium reduction experiments, 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] to be specific is 

preferred over other methods because currently it is considered a significant advance over 

traditional techniques because of its sensitivity. In addition, it is a reliable indicator of cellular 

metabolic activities, it’s rapid, versatile, quantitative, and highly reproducible with a low 

intratest variation between data points (±15% SD). 
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The MTT assay is also useful in a large-scale, antitumor drug-screening program and always 

allows sufficient time for cell replication, drug-induced cell death, and loss of enzymatic 

activity[274]. 

For this study, cytotoxicity of the selected compounds was evaluated on three cells lines 

namely human cervical carcinoma (HeLa) cells, human hepatocellular carcinoma (HepG2) 

cells and TZM-bI cells which are HeLa cell derivatives that were engineered to express CD4, 

CCR5 and CXCR4 (which makes them to be highly sensitive to HIV infection) using the MTT 

assay[268]. 

4.2.1 MTT Assay Protocol and Experimental Observations 

This assay is based on the reduction of a yellow MTT salt to purple formazan crystals by 

metabolically active cells. The viable cells contain NAD(P)H-dependent oxidoreductase 

enzymes which reduce the MTT (yellow) to formazan (purple)[275].  

As depicted in the cell, Fig. 4.1 the chemical structure of MTT and formazan are illustrated 

inside the cell.  MTT consists of a tetrazole ring core containing four nitrogen atoms (1) 

surrounded by three aromatic rings including two phenyl moieties (2) and one thiazolyl ring 

(3). Reduction of MTT results in disruption of the core tetrazole ring and the formation of 

formazan. Red arrows and the “-” sign indicate disruption of MTT reduction on the normal 

metabolic activity of the cells and the impeding effect of the formazan crystals (when 

presenting on the cell surface) on further uptake of MTT reagent by cells[265]. 

 

 

Figure 4.1: Factors affecting the final optical density measurements in the MTT[265]. 
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Despite the inconsistences in seeding cell number, cells’ supernatant removal following MTT 

incubation which make it difficult to compare the measured optical density value of cells 

between different studies, MTT assay is still commonly used and interpreted, overlooking 

these limitations[265]. 

The insoluble formazan crystals are dissolved using a solubilization solution and the resulting-

coloured solution is quantified by measuring absorbance at 540 and 690 nanometers using a 

multi-well spectrophotometer. The darker the solution, the greater the number of viable, 

metabolically active cells[275]. 

Assay Protocol:  

1x105 cells per well in 10% (Fetal Bovine Serum) FBS in Dulbecco’s Modified Eagle Medium 

(DMEM) media [pink solution], were seeded and incubated for 24 hours in 5% carbon dioxide 

at 37˚C (Fig. 4.2). DMEM contains many ingredients including ions (for maintaining tonicity 

and proper protein structure), amino acids (for protein synthesis), vitamins (to serve as 

enzymatic co-factors), and glucose (as a source of energy). 

 

Figure 4.2: A picture depicting the 96 well plate with seeded cells[276]. 

In addition to these components, growth media are frequently supplemented with antibiotics 

and/or anti-mycotics to inhibit the growth of contaminating pathogenic organisms, and with 

acellular animal blood (serum) to provide various proteins needed for attachment and 

growth[277]. Serum concentrations can be varied, but typically range from about 5-20%. 

Finally, a buffer (often bicarbonate) must also be included to maintain proper pH, and pH 

indicators such as phenol red allow rapid visual assessment of pH. 
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The color of DMEM at its proper physiologic pH of 7.4 is orange red; the color changes at pH 

7.8 to purple, at pH 7.6 to blue-red, at pH 7.0 to orange, and at pH 6.5 to yellow[277]. These 

inoculated cells were then treated with the test compounds (Fig. 4.3) and incubated for 48 

hours in 5% carbon dioxide at 37°C. Cisplatin is a known antitumor drug and it was used in 

the MTT assay as a standard control[278]. 

Figure 4.4 shows how the MTT assay plates looked like after treating the cells with the 

selected compounds (Fig.4.3).  In this study, only a subset of compounds was evaluated for 

cytotoxic potential due to resource constraints and the fact that these were the only 

synthesized compounds available at the time of the assays. 

In the three wells that had 10% FBS media only (negative control) remained pink (the original 

colour of the media). This was expected as there were no viable cells that could have used 

the nutrients in the media nor any carbon dioxide that could have been produced in the process 

of respiration and other biological processes that could have resulted in the alteration of the 

pH. In other words, the nutrients were still there. 

 

Figure 4.3: Structures of the tested compounds in the MTT assay 
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Figure 4.4: Photographs of the MTT assay plates after cell treatment with test compounds. The 

numbers correspond to 4.)2b 5.)2e  6.)1e  7.)1g   8.)1b  9.)1f  10.)Control = Cisplatin,  Blank=Cells only 

 

In the three wells that had untreated cells, the pink 10% FBS media turned yellow. This is 

because the viable cells in the wells used up all the nutrients in the media, as the cells 

proliferated, they produced carbon dioxide that could have been produced in the process of 

respiration and other biological processes that could have resulted in the alteration of the pH. 

Change in pH influences the colour change from pink to yellow.   

The other wells that were treated with the selected hydroxypyridinone-aminoquinoline 

compounds had variations in colour. The first rows had the highest concentration (200µM) of 

the compounds. Generally, it was noted that with the highest concentration the wells remained 

pink. This means that the nutrients were still available and the cells no longer viable.  

As the concentration decreased going down the rows to 6.25µM the pinkish colour gradually 

turned yellow. This indicated that the cells were still viable and present in the wells.The raw 

data (absorbances measured at 540nm and 690nm) was processed to calculate the 

percentage cell viability using the formula below. (Note: All the data in the appendix) 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑡𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑤𝑒𝑙𝑙

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙
 𝑥 100% 
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4.2.2 Effect of HPO-AQs on HeLa cells’ viability 

Hela cells are derived from cervical cancer cells. They are durable, and they propagate 

steadily. Provided that the fundamental suitable growth conditions are met, they can divide an 

unlimited number of times in a laboratory cell culture plate. For this reason, Hela cells are 

referred to  as immortal[279]. 

The cells were treated with different concentrations of HPO-AQs for 48 hours and cis-platin 

was used as the control. Overall, MTT results showed a decrease in survival of the cells in a 

concentration dependent manner (Fig. 4.5). 

Generally, the cell viability of HeLa cells increased as the dose concentration decreased when 

treated with all the compounds including the experimental standard, cisplatin. At 200µM, all 

the tested compounds were more toxic than cisplatin. At 100µM, two (1f and 2b) compounds 

showed to be less toxic as compared to the control cisplatin, while the rest were more toxic. 

This was shown by their percentage viabilities which were slightly greater than that of cisplatin. 

Notably, 1a was comparable with cisplatin. Compound 2b was the least toxic (highest 

percentage viability) compound, and 1e was the most toxic (least percentage cell viability) at 

this concentration (100µM) when compared to all the tested compounds, including cisplatin. 

The negative percentage viability (high toxicity of compound 1e) means that the compound 

lysed the cells completely causing extensive cell death and it’s normalized to zero for 

untreated cells.  

 

 

Figure 4.5: Cytotoxic effects of HPO-AQs on HeLa cells viability. 
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With the decreasing concentrations, the toxicity effect of all the compounds decreased hence 

the cell viabilities increased. Cisplatin did not cause significant cytotoxic effect at the 

concentration of 3.125μM with a mean percentage cell viability of 103%.  Percentage viability 

above 100% means that the compounds could not kill the cells, rather the cells could thrive 

and even multiply. This translates to the compounds not being toxic at this particular 

concentration. The optimum dosages which caused 50% inhibition of cancer cell growth, (IC50) 

values, were determined by GraphPad Prism analysis and results are shown in Table 4.1. 

Table 4.1: Cell viability IC50 values of tested compounds in HeLa cells. 

Compound  Mean IC50 ± SDE  (μM) 

1a 50.60 ± 26.40 

1b 35.71 ± 10.01 

1e 24.73 ± 4.74 

1f 35.76 ± 12.73 

1g 29.37 ± 1.475 

2b 49.24 ± 20.96 

2d 57.03 ± 22.06 

Cis-Platin (Positive Control) 30.27 ± 8.95 

 

Overall, all the compounds including cisplatin had IC50 values greater than 20μM but within 

the range of IC50 > 20–100 meaning that they were not toxic. 1e and 1g had lower IC50 values 

than cisplatin. Thus, they are more toxic and the rest which had higher IC50 values were less 

toxic than cisplatin. Overall 2d was the least toxic and 1e was the most toxic. 

L. Saghaie L et al., reported that the cytotoxicity of 3-hydroxypyridin-4-ones was closely related 

to the lipophilicity of compounds. In their studies on HeLa cells, most lipophilic compounds 

revealed the highest toxicity, and the more hydrophilic agent showed the less cytotoxic 

effect[280]. From the in-silico predictions, 1e was moderately soluble which explains why its 

IC50 value is not too low neither is it high but moderately toxic even though it is the one with 

the least IC50 value. 

4.2.3 Effect of HPO-AQs in HEPG2 cells’ viability 

The other cell lines that were used are in the MTT assay are the liver cancer cells HepG2 

hepatocytes. Liver cancer is the third leading cause of cancer death worldwide[281]. There 

are several types of primary liver cancers namely HCC (80–90% of cases), intrahepatic 

cholangiocarcinoma (ICCA, 10–15% of cases), hepatoblastoma and angiosarcoma (AS). It 

should be noted that hepatoblastoma is the most common malignant liver tumor in children 

and it accounts for about 70% of cases, followed by HCC, accounting for 27%[282].  
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Based on cytological characteristics, HepG2 cells are the most likely tumor cells in 

hepatoblastoma. Also, they bear an intermediate state between normal hepatocytes and tumor 

cells, for which significant changes in the epigenetic regulation of nuclear and mitochondrial 

genes are observed [281].  

As with the HeLa cells, HepG2 cells were treated with different concentrations of HPO-AQs 

for 48 hours. The tested compounds demonstrated significant cytotoxicity in a dose-dependent 

manner against the liver cancer cell lines HEPG2 as illustrated in Fig. 4.6. 

 

Figure 4.6: Cytotoxic effects of HPO-AQs on HEPG2 cells viability. 

Comparing their trends with HeLa cells’, all the tested compounds were non-toxic on HeLa 

cells than on HEPG2 cells (some even better than cisplatin as they had cell viabilities above 

100%). With respect to HepG2 cisplatin had its highest cell viability at 6.25µM concentration 

which was about 106% (cell viability values above 100% generally indicate that the treated 

cells exhibit greater metabolic activity or proliferation compared to the untreated control) and 

its lowest at 100 µM which was about 6.8%. At 6.25µM, the cells could thrive in the presence 

of cisplatin as it was not toxic. 

At 3.125µM, 1e had the highest percentage viability which makes it to be the least toxic, 

followed by 2d, 1g, 1b, 2b, 1f, 1a and lastly cisplatin. Comparing their IC50 values, 2e had the 

lowest followed by cisplatin 1f, 2d, 1e, 1b, 1g and lastly 1a.  

The optimum dosages which caused 50% inhibition of cancer cell growth, (IC50) values, were 

determined by GraphPad Prism analysis and all the compounds were not toxic (results shown 

in Table 4.2. 
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Table 4.2: IC50 values of each compound in HEPG2 cells. 

Compound  Mean IC50 ± SDE  (μM) 

1a 76.78 ± 71.0 

1b 57.76 ± 26.2 

1e 43.06 ± 12.9 

1f 34.85 ± 5.7 

1g 75.57 ± 9.6 

2b 41.86 ± 50.1 

2d 21.18 ± 24.8 

Cis-Platin (Positive Control) 26.57 ±4.9 

 

In HEPG2 Cells, all the tested compounds had IC50 values greater than 20µM but within the 

range of IC50 > 20–100 meaning to say that they were not toxic.  

Comparing these IC50 values with the HeLa cells’, 2b had a lower IC50 value in HEPG2 cells, 

and this makes it a better candidate for liver cancer treatment than as a cervical cancer agent. 

In particular, compound 1f, which has an IC50 value of 34.85µM is slightly lower than its IC50 

value of 35.76µM when tested in HeLa cells (a difference of 0.91µM which is almost 

negligible). This means that its cytotoxicity properties are almost the same whether as a 

cervical or hepato-cancer agent.  What makes 1f structurally unique from the other compounds 

is the presence of the tertiary amine group in the side chain. Probably this moiety could be 

important for the intake and accumulation of the drug inside the cancer cells similar to what 

happens in the plasmodium.  

4.2.4 Effect of HPO-AQs in TZM-bI cells’ viability 

The TZM-bl cell line is derived from a HeLa cell clone that was engineered to express CD4, 

CCR5 and CXCR4[283]. These cells are highly permissive to infection by most strains of HIV, 

SIV and SHIV, including primary HIV-1 isolates and molecularly cloned Env-pseudotyped 

viruses[284]. The same HPO-AQs compounds with different concentrations were tested on 

TZM-bI cells and the MTT assay results showed an increase in survival of the cells in a 

concentration dependent manner. 

As depicted in Fig. 4.7, generally, the cell viability of TZM-bI cells increased as the dose 

concentration decreased for most test compounds. This means that the compounds’ 

cytotoxicity was dose dependent. Cisplatin did not cause significant cytotoxic effect at the 

concentration of 3.125μM with a mean percentage cell viability of 126%. However, at the 

lowest concentration, 1e had the least toxicity effect on TZM-bI cells. At 50µM, 2d  had the 

highest cell viability and at 6.25µM 1e was the least toxic. 
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Figure 4.7: Cytotoxic effects of HPO-AQs on TZM-bI cells viability for 48 hours. 

Table 4.4: Cytotoxicity/cell viability Mean IC50 values of the HPO-AQs in TZM-bI cells. 

Compound  Mean IC50 ± SDE  (μM) 

1a 22.16 ± 4.58 

1b 47.43 ± 16.9 

1e 43.06 ± 14.3 

1f 53.80 ± 20.1 

1g 39.36 ± 4.10 

2b 38.62 ± 15.2 

2d 25.80 ± 20.3 

Cis-Platin (Positive Control) 37.76 ± 16.8 

 

1a and 2d had lower IC50 values than cisplatin and all the other test compounds.  Thus, 1a 

and 2d are the most toxic whereas 1f was the least toxic in the TZM-bl cell line. 

4.2.5 Summary 

For a compound to be a good drug candidate, it must not be toxic to the normal human cells. 

A general observation on the toxicities of all the compounds, when evaluated on three different 

cell lines, is that maltol-derived compounds (2b and 2d) were more toxic compared to the 

kojic-derived compounds (1a, 1b, 1f and 1g).  

Based on the TZM-bI cells MTT assays, the most nontoxic compounds [1b; 1e; 1f; 1g and 2b] 

i.e. with relatively higher IC50 values, were further evaluated for anti-HIV (Reverse 

Transcription Inhibition and HIV Protease Activity inhibition) and antioxidant activity (Free-

Radical Scavenging assay).  
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Although the scope of the current work, focuses on HPO-AQs as potential antimalarial and 

anti-HIV agents, however their potential medicinal chemistry applications are not limited to 

only these two diseases hence they were also evaluated for anti-cancer and antioxidant 

properties.  The data derived can be used to justify repositioning or repurposing the HPO-AQs 

for anti-cancer treatment. For compounds to be good anti-cancer agents they must be able to 

inhibit the viability of cancer cells, thus should be cytotoxic to the cancer cells. The compounds 

with lower cytotoxicity IC50 values in TZM bl cell line [1a and 2d] were further evaluated for 

their anti-cancer properties using the Nitric Oxide (NO) Assays  

4.3 Reverse Transcriptase Assay 

Despite the lack of significant progress in the field of drug/vaccine development against HIV, 

three decades of research have emanated in various antivirals[285]. The antiviral drugs 

developed so far target the viral proteins, including protease, reverse transcriptase, integrase, 

and envelope (fusion process), or the cellular receptors involved in viral entry by inhibiting their 

activities[286][287].  

Reverse transcriptase is an enzyme encoded from the genetic material of retroviruses that 

catalyzes the transcription of retrovirus ribonucleic acid (RNA) into deoxyribonucleic acid 

(DNA)[288]. This catalyzed transcription is the reverse process of normal cellular transcription 

of DNA into RNA, hence the names reverse transcriptase and retrovirus. It is central to HIV-1 

infection and a major antiviral target, which makes it a biological process of great 

interest[289][290].  

The Reverse transcriptase RT assay is used to determine the propagation of retroviruses in 

retrovirus-infected mammalian cells in culture. The assay is also used for in vitro screening for 

RT inhibitors[291]. Reverse transcriptase inhibitors are medications used in the management 

and treatment of HIV[288][292]. 

The reverse transcriptase colorimetric assay takes advantage of the ability of reverse 

transcriptase to synthesize DNA, starting from the template/primer hybrid poly (A) × (dT)15. 

Biotin-labeled DNA bound to the surface of the microplate modules that is precoated with 

streptavidin. An antibody to digoxigenin conjugated to peroxidase (Anti-DIG-POD), is bound 

to the digoxigenin-labeled DNA. Afterwards the peroxidase substrate ABTS is added and  the 

peroxidase enzyme catalyzes the cleavage of the substrate, producing a colored product as 

depicted in Fig. 4.8[293].  
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Figure 4.8: A photo of RT assay plate. The five most nontoxic compounds on TZM-bI cells were 

evaluated for their inhibition properties on the HIV reverse transcriptase enzyme. Numbers (1-5) were 

used for labelling purposes only. The numbers correspond to (1.) 2b (2.) 1e (3.) 1g (4.) 1b (5.) 1f. The 

wells labelled Enzyme were the positive control wells; Negative is the negative control wells that did 

not contain the nucleotide. DOX wells are  for control  (experimental standard) . 

The absorbances of the samples were determined using a microplate (ELISA) reader and they 

were directly correlated to the level of RT activity in the sample[293].  

 

Figure 4.9: Percentage reverse transcriptase inhibition graphs 
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From the graphs, Fig. 4.9, representing the percentage inhibition, their shapes show the 

negative (inverse) relationship. As the concentration of the tested compounds was decreased, 

their inhibitory efficiency decreased.  

At 100µM, 1f could inhibit the enzyme better than the rest of the compounds. When the 

concentration was decreased to 50µM, 1e inhibited the enzyme better than 1f, whilst 1g was 

the least inhibitor of them all. The compounds 1g and 2b could not inhibit the reverse 

transcription mechanism at 50µM, hence the negative inhibition.  

 At 25µM, 1e and 1f still maintained higher inhibitory properties. 1g was overtaken by 1b, then 

1e and lastly 2b. As the concentration was decreased to 12.5, 1b could inhibit the reverse 

transcriptase better than all the other compounds. Interestingly, 1b could inhibit better at 

12.5µM than at 25µM.  In as much as the percentage inhibition for all the compounds was less 

than 0% (no inhibition of the enzyme) at 6.25µM, 1f inhibited the HIV transcriptase better than 

the rest of the compounds. 

Table 4.5: Mean IC50 values of each compound and their R2 values. 

Compound Mean IC50 and Standard 
Deviation Error (µM) 

R2 Values 

1b 54.13667 ± 2.68 0.983233 
1e 26.30333 ± 1.76 0.998867 

1f 32.90333 ± 3.79 0.992067 

1g 56.56667 ± 0.74 0.995567 
2b 60.50333 ± 0.19 0.956067 

 

For qualitative comparison analyses of reverse transcriptase inhibitory properties of the five 

most nontoxic compounds on TZM-bI, IC50 values were analyzed. The IC50 values from the 

RT assay, were ranging from 26 – 60.5µM.  

The IC50 values from the RT assay, were ranging from 26 – 60.5µM. Of the five tested 

compounds 1e (IC50 = 26.2±0.19µM) and 1f (IC50 = 32.90±3.79µM) showed the least IC50 

values. This translated to them being the better inhibitors among the rest of the compounds. 

Infact 1e was the best inhibitor while 2b had the highest IC50 value (IC50 = 60.50 ± 0.19µM). 

Table 4.6: IC50 values of some FDA approved RT Inhibitors 

RT Inhibitor IC50 values 

Emtricitabine 0.0013 - 0.64 µM 

Tenofovir 0.5 µM - 2.2 µM 

Doravirine 0.012 – 0.014µM  
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In this assay, no standard or known RT inhibitor was tested together with the HPO-AQs, 

however, comparison was made with the IC50 values of some of the known RT inhibitors on 

the market (Table 4.6)[294][295][296]. 

The IC50 values of all the tested compounds were >1000 fold more than the above-mentioned 

commercially available drugs. This translates to these compounds being poor inhibitors of the 

reverse transcriptase enzyme. In this assay, the errors were minimal, this is shown by the very 

low standard deviation error values. R2 values also supports this statement. Statistically, R2 

values helps us evaluate how scattered the data points are around the fitted regression line.  

To determine quality of R2 the coefficients the following set points can be referred to [297], 

• ≥0.91: Very good model prediction:  

• 0.81 – 0.90: Fairly precise model prediction 

• 0.66 – 0.80: Model prediction can only distinguish low mid-high values 

• 0.50 – 0.65: More than 50% of Y variance is affected by X variance  

From the RT assay data, it is clear that all the R2 values were greater than 0.95. This shows 

that the model was good and the data sets for the triplicate experiments were precise.  

4.4 HIV Protease Activity Assay 

Therapeutic inhibition of virally encoded HIV protease is specifically targeted since the enzyme 

plays a critical role in processing the gag and gag-p during the maturation stage of the viral 

lifecycle. For this reason, the  HIV protease has become an important target for HIV-AIDS 

chemotherapeutic agents and a key model for the development of structure-based drug design 

and studies of drug resistance[298][299]. Immense efforts to develop more effective HIV 

protease inhibitor drugs are underway[286], the reason why we are also interested in 

evaluating our compounds as potential protease inhibitors. 

HIV-1 Protease Inhibitor Kit was devised in such a way to provide a simple and quick test 

suitable for high-throughput screening of HIV-1 protease inhibitors. The assay is based on the 

ability of active HIV-1 protease to cleave a synthetic peptide substrate to release a free 

fluorophore, which can be easily quantified using a fluorescence microplate reader[300]. In 

the presence of a HIV-1 protease inhibitor, the cleavage of the substrate is 

reduced/terminated, resulting in a decrease or total loss of fluorescence[301]. This simple and 

high-throughput adaptable assay kit can be used to screen and/or characterize potential 

inhibitors of HIV-1 protease[302]. 
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 For the HIV Protease inhibition assay, the five most nontoxic compounds on TZM-bI cells 

were evaluated for their inhibition properties on the HIV protease enzyme inhibition. The 

percentage inhibition data was plotted as graphs (Fig. 4.10) shown below.  

 

Figure 4.10: Percentage HIV protease inhibition data. [The positive control was provided with the test 

kit and the original name was not revealed] but it’s assumed to be a protease inhibitor. 

As depicted on graph shapes patterns (Fig. 4.10), all the compounds lost their inhibition 

properties in higher concentrations. The inhibition pattern was concentration dependent and 

similar to that observed for the positive control.  

At the highest concentration of 100µM, the percentage inhibition of all the tested compounds 

was less than 0% and the for the positive control was only 2.69%. This translated to poor 

inhibition.  At 50µM, the percentage inhibitions were still below zero except for 1e (4.82%) and 

the positive control which had (21.82%). At 25µM, all the tested compounds exhibited 

improved inhibitions although 1b, 1g and 2b still had negative percentage inhibitions. 1e 

(23.63%) and 1f (28.65%) exhibited even better inhibition at 25µM relative to the positive 

control. Generally, all the tested compounds showed improved inhibition potential at 12.5µM 

and 6.25µM, 1b still had the least inhibitor at 6.25 µM. 
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Figure 4.11: Structures of the tested compound in the protease inhibition assay 

Structurally (Fig. 4.11), 1e, 1g and 1f are kojic acid derived derivatives with N-isopropyl 

attachments. The N-methyl group lowered the inhibition properties of the compounds all 

together hence 1b always had the least inhibition percentage. 1e (two carbon chain linker) 

and 1f had a three-carbon chain linker whilst 1g had a four-carbon chain linker with 4, which 

is believed to have lowered its inhibition potential. Similar to 1f, compound 2b also had a three-

carbon chain linker hence it had better inhibitory potential.  

The interesting observation is that for all the tested compounds (except 1b), at the least 

concentration, 6.25uM, they exhibited better inhibition properties than the positive control. 

Overall, 1e was the best inhibitor (in relation to the positive control). Collectively, kojic derived 

compounds are better protease inhibitors than maltol derived compound. 

4.5 Nitric Oxide Assay 

The uncontrollable proliferation of abnormal cells anywhere in a body is a condition known as 

cancer. These abnormal cells are named tumors or malignant cells, and they can intrude on 

normal body tissues. These cancers and the abnormal cells that compose the cancer tissue 

are further identified by the name of the tissue that the abnormal cells originated from, for 

example, breast cancer, lung cancer, and colorectal cancer[303].  

For cancer treatment, there is remarkable progress in the development of novel medication 

and therapeutic mechanisms. Currently, we have chemotherapy, radiation, hormonal, and 

immune therapy, which have resulted in significant clinical responses and prolongation of life, 

though with little complete remission. Most cytotoxic therapeutics exert their anti-tumor effect 
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by inducing cell death by apoptosis. The acquisition of resistance and refractoriness to 

conventional therapeutics remains a substantial problem. 

From the review studies conducted by E. A Zaal and C.R Berkers [132], it becomes discernible 

that anticancer drug resistance to first-line chemotherapy is also associated with metabolic 

alterations.  These metabolic pathways may be targeted to overcome drug resistance or to 

enhance the efficacy of current chemotherapy. With a better understanding of the field of 

cancer metabolism, the interest in exploiting the altered metabolism of cancer cells has surged 

the quest to find novel targets and/or agents for therapy. Many first-line chemotherapeutic 

agents and combinational treatments with metabolic drugs hold great promise to increase drug 

efficacy. It will also be good to develop compounds that specifically target the unique 

metabolism of cancers. Among the novel agents that have recently emerged are agents that 

are nitric oxide (NO) donors[304]. 

The toxic compounds (1a and 2b) on HeLa cells were evaluated for NO production properties  

and the experimental data is shown in Table 4.7 below. Method : To 50mL of the supernatants 

from the treated HeLa cells and nitric oxide solutions in a 96 well plate was added 50µL of 1% 

sulfanilamide solution and the plates were incubated at room temperature (RT) for 10mins in 

the dark. The plate was covered with foil paper. 50µL NED solution was added to each well 

and the contents were mixed well. The plates were incubated for 10minutes at RT in the dark. 

Again, the plate was covered with foil paper. Absorbance readings were measured at 520nm 

and 550nm.  

Table 4.7: Percentage Nitric Oxide produced by 1a and 2d.  

Concentration/µM 1a 2d 

200 -17.3396 -17.717 

100 -16.9623 -17.6855 

50 -17.327 -17.6918 

25 -17.0377 -17.5472 

12.5 -16.7799 -17.3962 

6.25 -17.1887 -17.9811 

3.125 -17.2201 -17.6981 
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The negative values denote that all compounds did not produce nitric oxide in the assay. This 

is expected as the tested compounds were not very toxic but moderately toxic in the cytotoxic 

assays reported earlier. 

4.6 Free-Radical Scavenging Assay 

2,2-diphenyl-1-picrylhydrazyl (DPPH) free-radical scavenging assay 

Free radicals (for example: hydroxyl radical, superoxide, hydrogen peroxide, oxygen singlet, 

nitric oxide radicals) are oxygen moieties that contain an unpaired electron in their atomic or 

molecular orbitals. They are unstable and highly reactive. To achieve atomic stability, free 

radicals oxidize surrounding molecules to obtain a pair of electrons[305]. 

In mammals, free radicals are enzymatic generated products of respiration and other 

metabolic functions. Equally, they play an important role in these cell-mediated activities. 

Excess production of free radicals consequently results in the infliction of oxidative stress on 

the body and can manifest in form of human health disorders including cancer. Under oxidative 

stress, endogenous antioxidants are not enough to deal with the increased levels of these 

reactive oxygen species[306]. Therefore, it is necessary to neutralize excess generation of 

free radicals[307]. Oxidative damage can be counteracted by molecules known as 

antioxidants. 

These molecules, both natural and synthetic, are capable of inhibiting oxidation by donating 

electrons that can neutralize the radical formation[307]. Although synthetic antioxidants have 

been widely used, safety issues have been raised over time. According to S.C Lourenço et.al., 

there are reports indicating a link between the long-term intake of synthetic antioxidants and 

some ailments namely skin allergies, gastrointestinal tract problems, and in some cases 

increased risk of cancer. Additionally, high doses of synthetic antioxidants may cause DNA 

damage and induce premature senescence. Therefore, the need to replace synthetic 

antioxidants with natural ones has been increasing[308]. 

Cancer cells are always at elevated oxidative stress which affords them a survival 

advantage[307] and many human diseases including malaria cause increased oxidative stress 

therefore it is envisaged that the medicinal efficacy of HPO-AQs can be enhanced if they 

possess antioxidant activity.   Keeping this in mind, selected HPO-AQs were evaluated for 

free-radical scavenging in vitro using the DPPH free-radical scavenging assay. 

The free-radical scavenging activities of the tested compounds were estimated according to 

standard protocols. Various concentrations of these compounds in 100% ethanol were mixed 

with DPPH and the mixtures were allowed to stand for 30mins. The absorbances were 

measured at 492nm using a UV-VIS spectrophotometer. An equal amount of DPPH and 
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methanol were used as the standard and blank, respectively. The scavenging activity was 

calculated using the following formula: 

𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 % =  
(𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝐶𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100% 

where 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙  is the absorbance of the DPPH alone and 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the absorbance of DPPH 

along with different concentrations of the tested compounds[307]. All the assays were carried 

out in triplicate and average values were considered. Ascorbic acid (Vitamin C) was used as 

the positive standard. 

As displayed in the graph (Fig. 4.12), all the tested HPO-AQ compounds have negative graphs 

except for 1b which only showed some antioxidant potential at 100µM and 50µM. This 

translates to poor radical scavenging properties. It has been reported elsewhere that 

deprotected compounds with free metal chelating groups (OH and C=O) have antioxidant 

potency. 

Mohammadpour et al. reported deprotected kojic derivatives which have the free chelating 

group) are potent antioxidants. The introduction of the methyl group lowered the antioxidant 

potential of their compounds. Interestingly, 1b with a methyl group showed some antioxidant 

properties at a higher concentration and they lowered with decreasing concentration. 

 

 

Figure 4.12: Percentage radical scavenging activity of the tested compounds 

-200

-150

-100

-50

0

50

100

1b 1e 1f 1g 2b Vit +
DPPH

P
e
rc

e
n

ta
g

e
 R

a
d

ic
a
l 

S
c
a
v

e
n

g
in

g
 A

c
ti

v
it

y

Concentration/µM

100 50 25 12.5 6.25



92 
 

From all the work discussed above, the most common property of all the potent antioxidant 

compounds is the presence of the free chelating group. All the compounds that were evaluated 

in this current study had no free chelating group, they were benzylated which explains why 

they exhibited no antioxidant properties, even their IC50 values were all greater than 20µM 

except for 1b (Table 4.8). However, from its R2 value =0.00624, the model was not good and 

the data sets for the triplicate experiments were not precise. In future, it will be interesting to 

evaluate the antioxidants of the deprotected analogs, it will be beneficial in chemotherapy to 

have compounds that can minimizing heme-induced oxidative stress as well as acting as 

antimalarials and anti-HIV. 

Table 4.8: Mean IC50 values of each compound and their R2 values 

Compound Mean IC50 and Standard 
Deviation Error 

R2 Values 

2b 31.92 0.7245 

1e 4.738 0.00624 

1g 50.48 0.2334 

1b 25.75 0.529 

1f 30.8 0.709 

 

4.7 Conclusion 

With due acknowledgement that in vitro studies do not always equate to in vivo studies but 

nonetheless, in vitro studies are considered to have an important significance at preclinical 

evaluation stages of drug design and development. It is advantageous to conduct in vitro 

studies prior in vivo as it allows insight into a compound’s mode of action that might be difficult 

to obtain in in vivo experiments.  

The tested compounds were moderately toxic to non-toxic. In the HeLa cells, 1e was the most 

toxic, in HEPG2 cells, tdm95 was the most toxic and in TZM-bI cells, 1a was the most toxic. A 

general observation on the toxicities of all the compounds when evaluated on three different 

cell lines is that maltol derived compounds (2b and 2d) were more toxic compared to the kojic 

derived compounds (1a, 1b, 1f and 1g). With this observation, the kojic moiety counteract the 

toxic effects caused by the quinoline scaffold better than the maltol moiety. The most toxic 

compounds were evaluated for their nitric oxide production, the negative results revealed that 

protected compounds showed reduced properties.  

Hydroxypyridinones based compounds have been reported to show good anti-HIV potency 

<10µM [309]. From the structure-activity relationship studies conducted by Sirous and 

coworkers, they revealed that halogenating the HPO derivatives lower the cytotoxicity 

potentials. Also, the presence of metal-binding group (hydroxypyranone) and the properties of 
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the substituent on the para-position of the hydrophobic aromatic ring attached to the amide 

has significant effects on the antiviral inhibition. Additionally, one carbon linker's length 

between the amide function and the aromatic ring is more conducive to achieving optimal HIV-

1 replication inhibitory activities than two carbon atoms. Besides, it was found that introducing 

halogen substituents, Cl and F into the benzene ring had the best metabolic stability. In the 

current study, overall, kojic derived compounds are better inhibitors than maltol derived 

compounds 1e and 1f showed to be the best inhibitors in both protease inhibition assays and 

reverse transcriptase assay. 

 

In future, 1e and 1f the best inhibitor in both protease inhibition assays and reverse 

transcriptase assay will be deprotected and modified accordingly to improve their anti-HIV and 

anti-oxidant potentials. It will be interesting to evaluate the antioxidants of the deprotected 

analogs, it will be beneficial in chemotherapy to have compounds that can minimizing heme-

induced oxidative stress as well as acting as antimalarials and anti-HIV.  

1b was the only compound that showed some anti-oxidant activities, but only in high 

concentrations. 
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Chapter 5: Malaria In Vitro Activity Evaluation 

5.1 Background 

The causative agent of malaria is a parasite of the genus Plasmodium, the most virulent strain 

being Plasmodium falciparum. Conventional chemotherapeutics involve the use of quinoline-

based drugs as exemplified by chloroquine, but increased drug resistance has reduced the 

efficacy of these drugs [310][51]. In the quest to develop new antimalarial drugs, the 

antimalarial drug efficacy of potential candidates can be ascertained through four distinct 

methods: molecular marker studies, drug concentration measurements, in vivo therapeutic 

efficacy studies, and in vitro tests[311]. 

1. Molecular marker studies: a technique used in laboratories to search for specific 

genes, proteins, or other molecules that could indicate the presence of the disease or 

associated with drug resistance in malaria parasites. This is done using a sample of 

tissue, blood, or other bodily fluids[312][313]. 

 

2. Drug concentration measurements:  The concentration of antimalarial medications 

and/or active metabolites in whole blood, plasma, or serum is measured by 

pharmacokinetic studies, which are used to differentiate between treatment failure 

brought on by antimalarial medication resistance and suboptimal drug exposure. It aids 

in defining actual drug resistance to various antimalarial medications. However, it 

needs a lot of blood samples from the patients who are receiving treatment[314][315]. 

 

3. In vivo therapeutic efficacy: These are preclinical studies conducted in living organism 

whereby compounds and their formulations are evaluated, either as a monotherapy or 

combination therapy. Most National Malaria Control Programs use the in vivo 

therapeutic efficacy study's findings as primary data to develop antimalarial 

drug policy, and it continues to be the gold standard for assessing the efficacy of 

antimalarial medications[311][316]. 

 

4. In vitro tests: In this type of assays, parasites are directly exposed to known 

concentrations of drugs and examined for inhibition of growth and maturation into 

schizonts. In vitro assays can also be used to monitor the susceptibility of the parasite 

by measuring the intrinsic sensitivity to different antimalarial drugs[317][318]. 
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The ability of a substance to inhibit the growth of the Plasmodium parasite, which causes 

malaria, is known as antiplasmodial activity. The in vitro antiplasmodial activity of a 

substance is evaluated against two Plasmodium falciparum strains namely the chloroquine 

drug sensitive and the chloroquine resistant strains. The sensitive strain is susceptible to the 

compound that is being tested for, when they inhibited in vitro by a concentration of the 

compounds that is associated with a high possibility of therapeutic success and the 

resistant strains is resistant to a compounds when it is inhibited in vitro by a concentration 

of this drug that is associated with a great possibility of therapeutic failure.  

For this study, the compounds of interest (Fig. 5.1) were evaluated in vitro against the 

chloroquine sensitive (CQS) clone (NF54) and the chloroquine resistant (CQR) clone(K1). The 

level of inhibition of growth is expressed as the mean (50%) inhibitory concentration (IC50) 

[259]: It is worth noting that only these six compounds were selected for antiplasmodial 

activities because they have never been evaluated before by Andayi (2011)[193]. 

 

Figure 5.1: Structures of selected test compounds. 

 

5.2 Methodology 

All the in vitro antiplasmodial assays were performed at the H3D research center, University 

of Cape Town) following the protocol outlined in below (the detailed protocol can be found in 

Chapter 7). 
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A full dose response assay starting concentration of 3 µmol/L and serially diluted 2-fold in 

growth medium (to generate the tested concentration range) was performed for all compounds 

in a 96-well plate to determine the concentration inhibiting 50% of parasite growth (IC50 

values). Two antimalarial drugs (Chloroquine and Artesunate) were used as standards/ 

references in all the experiments.  The assay plate was incubated at 37°C for 72 hours in a 

sealed gas chamber under 3% O2 and 4% CO2, with the balance being nitrogen (N2).  

The remaining population of parasites at each concentration of the test compound was 

determined by comparing the absorbance of each well to the absorbance of a well containing 

the drug-free control. Survival was plotted against concentration, and the IC50 values were 

obtained using a non-linear dose-response curve fitting analysis via the Dotmatics software 

platform. The results have been summarized in Table 5.1. 

5.3 Results and Discussion  

Table 5.1:Summarized Experimental Data 

 
HPO-Aminoquinoline 

hybrid 

NF54 K1 

Mean IC50 ± SEM  
(nM) 

Mean IC50 ± SEM  
(nM) 

1a 625.5 ±374.5 2183.3  ± 816.7 

1c 15.35 ±4.8 1273.05  ± 177.6 

1d 169 ±2.2 263.1  ± 7.1 

1e 33.35 ±1.5 264.15  ± 71.1 

1f 15.85 ± 0.25 545.8  ±1.8 

1i 2488 ±232 >3000   

2f 164.1 ± 29.5 1383.2 ± 25.4 

Chloroquine 7.00 ±2 232  ± 16 

Artesunate 4.1 ± 0.5 4.8  ± 1 

 

From the summarized data in Table 5.1, activities against the wild-type isolate P. falciparum 

Nf54 ranges from moderate to very high, with 1c and 1f having IC50 values below 20nM, which 

is comparable to Chloroquine, one of the control antimalarial agents. Chloroquine and 

artesunate are extremely active in the sensitive isolate and showed IC50 values of 7 nM and 4 

nM respectively.  

From the results in Table 5.1 the most active compounds against CQR strain are 1d, 1e and 

1f whereas the compounds that are most active against CQS strain are 1c, 1e and 1f. These 

compounds have shorter linkers i.e. less than three carbon atoms and the common structural 

features are the presence of a tertiary–N group in the linker or an iso-propyl group on the 

pyridinone heterocyclic N or the presence of both. Compound 1e is the common factor in 

performing well against both CQR and CQS strains relative to the others.  
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Considering the most potent in CQS it can be noticed that structurally, 1c (IC50 = 15.35nM) 

and 1f (IC50 = 15.85nM) are similar (both have the N-isopropyl on the pyridinone heterocyclic 

n and a tertiary N-group in the linker) the only difference is the size of carbon chain. 1c has 

two carbons whereas 1f has three carbons. Comparing the two compounds, 1f is more 

lipophilic than 1c. It has been reported elsewhere[217] that antiplasmodial activity against the 

3D7, the sensitive strain was observed to increase with increase in lipophilicity but surprisingly, 

1f is slightly more active than 1c. However, this difference is not significant. 1e is the third 

potent candidate with an IC50 value of 33.35nM. Its structure is similar to that of 1c and 1f but 

with no methyl group attached onto the second protonable nitrogen. That is the 1e and 1f have 

a tert-N in the linker whereas 1e has a secondary-N group. This conversion of tertiary nitrogen 

to a sec-N translates to a 2-fold decline in antiplasmodial activity. This proves the importance 

of tertiary protonable N groups in enhancing the aminoquinoline antimalarial potency via 

increased food vacuolar accumulation in the Plasmodium.  

2f with a two-carbon chain linker was the fourth most potent against CQS strain followed by 

1d was the fourth most potent against CQS strain. Structurally 1f is similar to 1c and 1e except 

the difference of the methyl group in place of the isopropyl group. Clearly, the introduction of 

steric bulk at the N-alkyl group seems to enhance antiplasmodial activity against the sensitive 

strain. 1a and 1i are relatively hydrophobic however they were not really active as expected. 

It’s interesting to note that for compound 1d, the difference between its potency in CQR and 

CQS strains is significantly small (this is also seen in artesunate) and this informs its potential 

for further development as a molecule likely to combat both resistant and sensitive strains a 

kin to artesunate. 

Activities against the resistant P. falciparum K1 strain ranged from poor to very high. Only 1d 

(IC50 = 263.1nM) had a significantly higher antiplasmodial activity in the K1 strain comparable 

to chloroquine. However, the activity of compound 1e is comparable to that of CQ with a very 

insignificant difference between the IC50 values. The rest of the compounds poorly inhibited 

the resistant strains. Thus, they would not be good candidates for further drug development.  

5.4 Resistance Index (RI) 

Resistance index (Ri) is the ratio of the IC50 of the resistant line to that of the parent strain. It 

estimates the level of resistance to be experienced the compounds of interest[319]. 

𝑅𝑖 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑡 𝑠𝑡𝑟𝑎𝑖𝑛 (𝐾1) 𝐼𝐶50𝑣𝑎𝑙𝑢𝑒

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 (𝑁𝐹54) 𝐼𝐶50𝑣𝑎𝑙𝑢𝑒
 

The higher the Ri value, the higher the level of resistance[320]; 

Ri values >5, there is cross resistance. 
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Ri values <5 there is cross no resistance, anything <5 in this set is highlighted (Table 

5.2). 

Table 5.2: Resistance index Ratios 

Compound Resistance Index 

1a 3.5 

1c 8.3 

1d 15.6 

1e 7.9 

1f 34.4 

1i ND 

2f 8.4 

Chloroquine 33.1 

Artesunate 1.2 

 

Resistance index equates to resistance margin which defines how much more active the 

compound is in the sensitive strain. On this run, chloroquine values are 7nM and 232nM, and 

that’s about a 33x difference. And for Artesunate, the IC50 values are very similar in both strains 

(4.1 and 4.8nM) so the value is low at 1.2. All the test compounds had a better RI than CQ but 

higher than Artesunate.  

As shown in Table 5.2 all the compounds had values greater than 5 except for 1a (3.5). 

Otherwise with the rest of the compounds there is a likelihood of cross resistance. Again, this 

is not a surprise because these compounds are chloroquine analogues.  

 

Figure 5.3: Dose-response curve of the control chloroquine diphosphate/H3D (top) and sample 1d 
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(bottom) against P. falciparum NF54 (left) and K1 (right), showing %survival of the parasites at 10 

different concentrations (in M) of each compound. Full dose response curve (Fig 5.3) was done 

for 1d the analogue that showed the greatest potency against the resistant K1 strain. Similarly, 

the antiplasmodial potential of both compounds lowered as the concentrations were 

decreased. 

5.5 Conclusion 

The compounds were assayed for growth inhibition in a cell-based assay against two strains 

of P. falciparum to give a survey of the antiplasmodial activities (Table 5.1). Activity against 

the wild-type isolate P. falciparum NF54 ranges from moderate to very high, with some IC50 

values below 20nM, which is comparable to both control antimalarial agents. Resistance 

indices analysis showed that most of the compounds had values greater than 5 except for 1a 

(3.5). Otherwise with the rest of the compounds there is cross-resistance which can be 

expected of these compounds since they are chloroquine analogues.  
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Chapter 6: Conclusions and Future Work 

The main aim of this study was design and synthesis of HPO-AQs and evaluate them in vitro 

for antiplasmodial and anti-HIV activities. In addition to these, cytotoxicity assays, antioxidant 

assays and anti-cancer assays were also done. All the compounds were characterized using 

1H and 13C NMR spectroscopy, IR spectroscopy and melting points determination.  

The anti-HIV activities of the tested compounds, overall, kojic derived compounds are better 

inhibitors than maltol derived compounds. 1e and 1f showed to be the best inhibitors in both 

protease inhibition assays and reverse transcriptase assay. In future, 1e and 1f the best 

inhibitor in both protease inhibition assays and reverse transcriptase assay will be deprotected 

and modified accordingly to improve their anti-HIV potential such that they can be dual-stage-

anti-HIV agents. 

When evaluated in vitro for their potential antiplasmodial activities, the tested HPO-AQs 

displayed activities ranging from moderate to very high, with some IC50 values below 20nM, 

which is comparable to chloroquine and artesunate which were both used as control 

antimalarial agents. The most active compounds against CQR strain were 1d, 1e and 1f 

whereas the compounds that were the most active against CQS strain are 1c, 1e and 1f. 

These exceptionally compounds have shorter linkers i.e. less than three carbon atoms and 

the common structural features are the presence of a tertiary–N group in the linker or an iso-

propyl group on the pyridinone heterocyclic N or the presence of both. Compound 1e is the 

common factor in performing well against both CQR and CQS strains relative to the others.  

All the compounds had better resistance indices than CQ indicating potential to act against 

resistant malaria. The tertiary amine was identified to be more effective in enhancing the 

activity of the conjugates against the resistant strain. 

The tested compounds were moderately toxic to non-toxic. In the HeLa cells, 1e was the most 

toxic, in HEPG2 cells, 1f was the most toxic and in TZM-bI cells,  1a was the most toxic. A 

general observation on the toxicities of all the compounds when evaluated on three different 

cell lines is that maltol derived compounds (2b and 2d) were more toxic compared to the kojic 

derived compounds (1a, 1b, 1f and 1g). With this observation, the kojic moiety counteract the 

toxic effects caused by the quinoline scaffold better than the maltol moiety. The most toxic 

compounds were evaluated for their nitric oxide production, the negative results revealed that 

protected compounds are not good anticancer agents.  

Interestingly, 1e is one of the best performing candidates in both the antiplasmodial and anti-

HIV assays but more especially on the anti-HIV assays. Future synthetic work should consider 

conjugates that are structurally related to compound 1e containing both chelator and tertiary 
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amino groups. These types of compounds are signaling properties of potential agents of 

malaria and HIV/AIDS co-infection chemotherapy. In silico predictions showed that 1e have 

drug-like properties with no violations. Both in silico and in vitro data showed some 

correlations, thus justifying the use of in silico prediction model in drug discovery of anti-

infective agents.  
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Chapter 7: Experimental Procedures 

7.1 Chemistry 

Experimental techniques and Equipment Used  

All reagents and starting materials utilized in this project were procured from Sigma Aldrich 

and were of synthesis-grade quality. These materials were used directly without further 

purification. To ensure optimal reaction conditions, all glassware required for setting up the 

reactions was thoroughly dried in an oven maintained at a temperature between 80°C and 

100°C. Sample drying was performed under reduced pressure (approximately 20-30 mmHg) 

using a rotary evaporator. The drying temperature was carefully adjusted based on the specific 

solvent being removed, ensuring efficient and effective solvent evaporation without 

compromising the integrity of the samples. 

Chromatographic separations  

Thin-layer chromatography (TLC) was employed to monitor all the reactions throughout this 

project. The analyses were conducted using silica gel plates (Macherey-Nagel ALUGRAM Sil 

G/UV254 plates pre-coated with 0.25 mm silica gel 60 Å or Sigma Aldrich TLC plates). The 

spots were visualized by exposing the plates to ultraviolet light at 254 nm. 

All synthesized compounds were purified using flash silica gel column chromatography. The 

silica gel was packed into columns of appropriate size for the scale of the reaction. To prepare 

the crude products for chromatographic separation, they were first adsorbed onto the silica 

gel surface. This was achieved by mixing the crude product with a small volume of ethyl 

acetate/methanol, followed by the addition of silica gel. Excess solvents were then removed 

under reduced pressure. The silica gel with the adsorbed crude product was subsequently 

added to the column for purification. 

Spectroscopic and Physical Data  

Nuclear Magnetic Resonance (NMR) spectroscopy (1H NMR and 13C NMR) spectra were 

recorded using Bruker spectrometers, specifically a 400 MHz instrument for 1H NMR and a 

100 MHz instrument for 13C NMR. Samples were dissolved in appropriate deuterated solvents, 

predominantly DMSO-d6, CD3OD and CDCl3. Chemical shifts are reported in parts per million 

(ppm) and are referenced relative to (upfield from) tetramethylsilane (TMS) as an internal 

standard or against the residual protonated solvent signal. Coupling constants (J values) are 

expressed in hertz (Hz). The following NMR abbreviations were used: s (singlet), d (doublet), 

dd (doublet of doublets), t (triplet), q (quartet), p (quintet), m (multiplet), and br (broad signal). 

Infrared spectra were obtained using a Bruker Optics Alpha FTIR spectrophotometer. 

Absorption maxima were reported in wavenumbers (cm⁻¹), providing insights into the 
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functional groups present in the synthesized compounds. The melting points of the 

synthesized compounds were measured using an Electrothermal 9200 Büchi LABOTEC 

melting point apparatus (model B-5400), utilizing capillary tubes. The melting points were 

reported as uncorrected values. The compounds synthesized in this project were named 

according to IUPAC systematic nomenclature. The structure drawings and systematic names 

were generated using ChemDraw Ultra 2010 (Cambridge, version 12.0.2). 

Experimental Methods 

All the compounds were synthesized following published procedures and in some situations 

with necessary modifications. 

7.1.1 General Synthesis Procedure of N-(7- chloroquinoline 4yl) alkyl-diamines  

A mixture of 4,7-dichloroquinoline (1.0 equiv.) and the corresponding diaminoalkane (5.0 

equiv.) was heated under reflux for 8 hours in a nitrogen atmosphere, with continuous stirring 

to ensure the reaction proceeded to completion. The progress of the reaction was monitored 

using thin-layer chromatography (TLC). Upon completion, the reaction mixture was allowed to 

cool to room temperature and was subsequently poured into ice-cold water. The product 

precipitated out of the solution. The precipitate was then filtered, washed with water, and air-

dried to obtain compounds 6a-6g. These compounds were used in subsequent steps without 

further purification[245][246][321].  

7.1.1.1 Synthesis of 7-chloro-N-methylquinolin-4-amine (6a)  

 

4.7-dichloroquinoline (5.00g, 25.25mmol) and methylamine (3.92g, 5.972mL, 126.23mmol) 

were refluxed for 8hrs under inert conditions at 165⁰C while stirring to afford a creamish white 

solid. (4.67g, 95%).1H NMR (400 MHz, DMSO-d6) δ 8.86 (d, J = 4.7 Hz, 1H, H-2), 8.17 (d, J 

= 9.0 Hz, 1H, H-5), 8.13 (d, J = 2.1 Hz, 1H, H-8), 7.79 – 7.76 (m, 2H, NH-9, H-6), 7.75 (d, J = 

2.1 Hz, 1H, H-3), 3.37 (s, 3H, H-10). 13C NMR (101 MHz, DMSO-d6) δ 152.30 (C-2), 151.36 

C-4), 149.21 C-8’), 135.81 (C-7), 127.92 (C-8), 124.67 (C-5), 124.52 (C-6), 117.84 (C-4’), 

98.80 (C-3), 29.69 (C-10). 
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7.1.1.2 Synthesis of N1-(7-chloroquinolin-4-yl) ethane-1,2-diamine (6b) 

 

4.7-dichloroquinoline (10.00g, 50.49mmol) and 1,2-ethanediamine (15.17g, 33.71mL, 

252.46mmol) were refluxed for 8hrs under inert conditions at 90⁰ C while stirring to afford 

yellow solid. (4.67g, 95%). 1H NMR (400 MHz, DMSO-d6) δ 8.38 (d, J = 4 Hz, 1H, H-2), 8.28 

(d, J = 8.0 Hz, 1H, H-5), 7.79 (d, J = 2.2 Hz, 1H, H-8), 7.44 (dd, J = 12.0, 2.2 Hz, 1H, H-6), 

7.29 (s, 1H, NH-9), 6.49 (d, J = 8.0 Hz, 1H, H-3), 3.26 (q, J = 16.0, 6.2 Hz, 2H, H-11), 2.81 (t, 

J = 12.0 Hz, 2H, H-10). 13C NMR (101 MHz, DMSO-d6) δ 152.34 (C-2), 150.79 (C-4), 149.43 

(C-8’), 133.88 (C-7), 127.81 (C-8), 124.56 (C-5), 124.48 (C-6), 117.88 (C-4’), 99.16 (C-3), 

46.41 (C-10), 40.46 (C-11).  

7.1.1.3 Synthesis of N1-(7-chloroquinolin-4-yl)-N-2-methylethane-1,2-diamine (6c) 

 

4.7-dichloroquinoline (4.00g, 20.19mmol) and N1-methylethane-1,2-diamine (15.17g, 9.15mL, 

20.19mmol) were refluxed for 8hrs under inert conditions at 90⁰C while stirring to afford yellow 

solid. (4.67g, 95%). 1H NMR (400 MHz, DMSO-d6) δ 8.40 (d, J = 5.4 Hz, 1H, H-2), 8.27 (d, J 

= 9.0 Hz, 1H, H-5), 7.79 (d, J = 2.1 Hz, 1H, H-8), 7.44 (dd, J = 9.0, 2.2 Hz, 1H, H-6), 7.29 (br 

s, 1H, NH-9), 6.51 (d, J = 5.5 Hz, 1H, H-3), 3.37 (t, J = 6.3 Hz, 2H, H-10), 2.82 (t, J = 6.4 Hz, 

2H, H-11), 2.35 (s, 3H, H-13). 13C NMR (101 MHz, DMSO-d6) δ 152.36 (C-2), 150.64 (C-4), 

149.45 (C-8’), 133.89 (C-7), 127.85 (C-8), 124.59 (C-5), 124.52 (C-6), 117.92 (C-4’), 99.18 

(C-3), 49.52 (C-10), 42.20 (C-11), 35.96 (C-13). 
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7.1.1.4 Synthesis of N1-(7-chloroquinolin-4-yl)propane-1,3-diamine (6d) 

 

4.7-dichloroquinoline (5.00g, 25.25mmol) and 1,3-propanediamine (9.86g, 11.10mL, 126.23 

mmol) were heated at 110⁰ C under reflux for 8hrs while stirring to a creamish white solid. 

(2.41g, 78%). 1H NMR (400 MHz, DMSO-d6) δ 8.40 (d, J = 5.3 Hz, 1H, H-2), 8.24 (d, J = 9.0 

Hz, 1H, H-5), 7.79 (s, 1H, H-8), 7.56 (s, 1H, NH-9), 7.44 (d, J = 8.2 Hz, 1H, H-6), 6.47 (d, J = 

5.4 Hz, 1H, H-3), 3.33 (t, J = 6.7 Hz, 2H, H-12), 2.70 (t, J = 6.4 Hz, 2H, H-10), 2.57 (t, J = 6.6 

Hz, 1H, H-13), 1.74 (p, J = 6.6 Hz, 2H, H-11). 13C NMR (101 MHz, DMSO-d6) δ 152.38 (C-2), 

150.63 (C-4), 149.52 (C-8’), 133.80 (C-7), 127.92 (C-8), 124.48 (C-5), 124.45 (C-6), 117.93 

(C-4’), 99.02 (C-3), 41.12 (C-12), 40.02 (C-10), 31.71 (C-11). 

  

7.1.1.5 Synthesis of N1-(7-chloroquinolin-4-yl)-N-3-methylpropane-1,3-diamine (6e) 

 

4.7-dichloroquinoline (10g, 50.49mmol) and N-methyl-1,3-propanediamine (22.25g, 26.49mL, 

252.46 mmol) were heated at 110⁰ C under reflux for 8hrs while stirring to afford yellow solid. 

(11.04g, 87%). 1H NMR (400 MHz, DMSO-d6) δ 8.40 (d, J = 5.4 Hz, 1H, H-2), 8.22 (d, J = 9.0 

Hz, 1H, H-5), 7.79 (d, J = 2.0 Hz, 1H, H-8), 7.57 (s, 1H, NH-9), 7.45 (dd, J = 9.0, 2.1 Hz, 1H, 

H-6), 6.46 (d, J = 5.4 Hz, 1H, H-3), 3.32 (d, J = 4.1 Hz, 2H, H-12), 2.59 (t, J = 6.5 Hz, 2H, H-

10), 2.30 (s, 3H, H-14), 1.80 (m, 2H, H-11).13C NMR (101 MHz, DMSO-d6) δ 152.39 (C-2), 

150.63 (C-4), 149.53 (C-8’), 133.79 (C-7), 127.95 (C-8), 124.47 (C-5), 124.42 (C-6), 117.93 

(C-4’), 99.00 (C-3), 49.95 (C-12), 41.56 (C-10), 36.63 (C-13), 28.11 (C-11). 
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7.1.1.6 Synthesis of N1-(7-chloroquinolin-4-yl)butane-1,4-diamine (6f) 

 

4.7-dichloroquinoline (4g, 20.20mmol) and 1,4-butanediamine (8.89g, 10.14mL, 100.98 mmol) 

were heated at 120⁰ C under reflux for 8hrs while stirring to afford yellow solid. (6.04g, 72%). 

1H NMR (400 MHz, DMSO-d6) δ 8.38 (d, J = 5.4 Hz, 1H, H-2), 8.29 (d, J = 9.0 Hz, 1H, H-5), 

7.78 (d, J = 2.0 Hz, 1H, H-8), 7.71 (s, 1H, NH-9), 7.43 (dd, J = 9.0, 2.0 Hz, 1H, H-6), 6.45 (d, 

J = 5.4 Hz, 1H, H-3), 3.25 (t, J = 7.0 Hz, 2H, H-13), 2.60 (s, 2H, NH-14), 1.75 – 1.58 (m, 2H, 

H-10), 1.48 (m, 7.0 Hz, 2H, H-11), 0.90 – 0.71 (m, 2H, H-12). 13C NMR (101 MHz, DMSO-d6) 

δ 152.35 (C-2), 150.64 (C-4), 149.49 (C-8’), 133.83 (C-7), 127.82 (C-8), 124.62 (C-5), 124.43 

(C-6), 117.93 (C-4’), 99.06 (C-3), 42.79 (C-13), 41.53 (C-10), 30.69 (C-12), 25.73 (C-11). 

7.1.1.7 Synthesis of N1-(7-chloroquinolin-4-yl) hexane-1,6-diamine (6g) 

 

4.7 dichloroquinoline (7.61g, 38.4mmol) and 1,6 hexane-diamine (44.66g, 53.17mL, 384.32 

mmol) were heated at 165⁰ C under reflux for 8hrs while stirring to afford yellow solid. (6.04g, 

57%). 1H NMR (400 MHz, DMSO-d6) δ 8.33 (d, J = 5.4 Hz, 1H, H-2), 8.22 (d, J = 9.0 Hz, 1H, 

H-5), 7.73 (s, 1H, H-8), 7.31 (d, J = 9.0 Hz, 1H, H-6), 7.21 (br s, 1H, NH-9), 6.35 (d, J = 5.5 

Hz, 1H, H-3), 3.27 – 3.18 (m, 2H, H-10), 3.02 (q, J = 12.2, 6.6 Hz, 2H, H-15), 2.54 (m, 6.9 Hz, 

2H, H-14), 1.65 (m, 6.7 Hz, 2H, H-11), 1.37 (m, 6.5 Hz, 2H, H-12), 1.29 – 1.17 (m, 2H, H-13). 

13C NMR (101 MHz, DMSO-d6) δ 152.01 (C-2), 150.68 (C-4), 149.34 (C-8’), 133.99 (C- 7), 

127.70 (C-8), 124.29 (C-6, C-5), 117.85 (C-4’), 98.72 (C-3), 41.84 (C-15), 33.42 (C-10), 29.52 

(C-14), 28.24 (C-11), 27.06 (C-13), 26.58 (C-12 ). 

7.1.2 Preparation of Hydroxypyridinones Intermediates 

The hydroxypyridinones intermediates utilized in this projected were derived from maltol and 

kojic acid. The first step was to protect the pyranones (synthesis of 5, 10a and 10b). 

Compounds 10a and 10b were then conjugated with different 4-aminoquinolines. The 
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benzylated kojic acid, 6, was further functionalized – alkylated (4a, 4b and 4c) and chlorinated 

(3a, 3b and 3c) before conjugation with different 4-aminoquinolines.  

7.1.2.1 Protection of Pyranones 

A mixture of pyranone (1.0 equiv) in 50 mL of methanol (MeOH) and sodium hydroxide (NaOH) 

(1.5 equiv) dissolved in 5 mL of water (H2O) was heated to reflux. Once at reflux temperature, 

benzyl chloride (BnCl) (1.25 equiv) was added dropwise over 30 minutes. The reaction mixture 

was maintained at reflux (92°C) for 24 hours to ensure completion. Upon completion of the 

reaction, the excess solvent was removed by rotary evaporation. The resulting residue was 

mixed with 50 mL of distilled water and then extracted with ethyl acetate (3 x 50 mL). The 

organic extracts were washed twice, first with 5% NaOH solution and then with water. The 

combined organic layers were dried over anhydrous magnesium sulfate (MgSO₄), filtered, and 

the solvent was removed by rotary evaporation. The crude product was subjected to 

recrystallization from methanol, yielding the compounds 5, 10a, and 10b[252][193]. 

7.1.2.1.1 Synthesis of 3-(benzyloxy)-2-methyl-4H-pyran-4-one (10a) 

 

To a solution of methyl maltol (5g, 39.65mmol), NaOH (2.38g, 59.47mmol) and 50mL MeOH 

was added BnCl (5.72mL, 49.56mmol) dropwise over 30 minutes. The resulting mixture was 

stirred and refluxed at 92°C for 24 hours to afford a brown oil which was crystallized with 

methanol to yield white needle-like crystals (5.18g, 60.5%).1H NMR (400 MHz, DMSO-d6) δ 

7.96 (d, J = 5.7 Hz, 1H, H-3), 7.43 (d, J = 7.4 Hz, 2H, H-9), 7.39 – 7.28 (m, 4H, H-10 and H-

11), 6.39 (d, J = 5.7 Hz, 1H, H-4), 5.08 (s, 2H, H-7), 2.09 (s, 3H, H-1). 13C NMR (101 MHz, 

DMSO-d6) δ 174.45 (C-5), 159.43 (C-2), 155.08 (C-3), 143.80 (C-6), 138.84 (C-8), 128.60 (C-

11), 127.88 (C-9), 127.77 (C-10), 117.02 (C-4), 74.21 (C-7), 57.84 (C-12) 14.67 (C-1).  

7.1.2.1.2 Synthesis of 3-(benzyloxy)-2-ethyl-4H-pyran-4-one (10b) 
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To a solution of ethyl maltol (10g, 71.35mmol), NaOH (4.28g, 107.04mmol) and 100mL MeOH 

was added BnCl (10.26mL, 89.20mmol) dropwise over 30 minutes. The resulting mixture was 

stirred and refluxed at 92°C for 24 hours to afford a brown oil which was crystallized with 

methanol to yield white needle-like crystals (9.8, 59.6%).1H NMR (400 MHz, DMSO-d6) δ 7.99 

(d, J = 5.6 Hz, 1H, H-3), 7.44 (d, J = 8.0 Hz, 2H, H-9), 7.40 – 7.30 (m, 4H, H-10 and H-11), 

6.40 (d, J = 5.6 Hz, 1H, H-4), 5.08 (s, 2H, H-7), 4.41 (s, 2H, H-12), 2.10 (s, 3H, H-1).13C NMR 

(101 MHz, DMSO-d6) δ 174.50 (C-5), 159.61 (C-2), 155.23 (C-3), 143.72 (C-6), 137.44 (C-8), 

128.72 (C-9), 128.62 (C-10), 128.55 (C-11), 116.95 (C-4), 73.17 (C-7), 63.51 (C-12), 14.76 (C-

1). 

7.1.2.1.3 Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-4H-pyran-4-one (5) 

 

To a solution of kojic acid (4.91g, 34.55mmol), NaOH (2.07g, 51.83mmol) and 50mL MeOH 

was added BnCl (4.96mL, 43.18mmol) dropwise over 30 minutes. The resulting mixture was 

stirred and refluxed at 92°C for 24 hours to afford a brown oil. White needle-like crystals formed 

on cooling to room temperature and were washed in water and cold MeOH then dried under 

vacuum (5.27g, 66%). 1H NMR (400 MHz, DMSO-d6) δ 8.18 (s, 1H, H-7), 7.46 – 7.33 (m, 5H, 

H-10, H-11 and H-12), 6.35 (s, 1H, H-4), 5.72 (t, J = 6.1 Hz, 1H, H-1), 4.95 (s, 2H, H-8), 4.31 

(d, J = 6.0 Hz, 2H, H-2).13C NMR (101 MHz, DMSO-d6) δ 173.71 (C-5), 168.53 (C-3), 147.09 

(C-6), 141.67 (C-7), 136.63 (C-9), 128.90 (C-10), 128.65 (C-11), 128.59 (C-12), 111.64 (C-4), 

71.05 (C-8), 59.80 (C-2). 

7.1.2.2 General Alkylation Procedure of Protected-Kojic Acid (4) 

Mixtures of 2.0 equiv alkylamines and benzylated kojic acid in ethanol were refluxed in a 

sealed round bottomed flasks with continuous stirring to drive the reaction to completion. After 

the reaction was completed, the pH was adjusted to 1 (2M HCL) put in freezer for 6 hours and 

then washed with diethyl ether. 50mL water was added and the pH was adjusted to 9 (2M 

NaOH) followed by washing with water, drying over magnesium sulphate (MgSO4) and excess 

solvent was removed by rotary evaporation[193]. 
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7.1.2.2.1 Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-1-methylpyridin-4(1H)-one (4a) 

 

0.61mL of 40 wt. % in water methylamine (0.40g, 12.92mmol was added to a solution of 5 

(1.50g, 6.46mmol) in 50mL ethanol, refluxed 70°C in a sealed tube for 12 hours to afford a 

brown liquid (1.2g, 76%). 1H NMR (400 MHz, DMSO-d6) δ 8.69 (s, 1H, H-7), 7.44 (m, 6H, H-

10, H-11, H-12, H-4), 5.20 (s, 2H, H-8), 4.68 (s, 2H, H-2), 3.99 (s, 3H, H-13). 13C NMR (101 

MHz, DMSO-d6) δ 162.22 (C-5), 153.29 (C-3), 144.63 (C-6), 135.88 (C-7), 132.22 (C-9), 

129.04 (C-10), 128.96 (C-11), 128.72 (C-12), 111.19 (C-4), 71.94 (C-8) , 58.86 (C-2), 42.53 

(C-13). 

7.1.2.2.2 Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-1-isopropylpyridin-4(1H)-one  

(4b) 

 

1.33mL of isopropylamine (0.92g, 15.50mmol) was added to a solution of 6 (1.8g, 7.75 mmol) 

in 40mL of 50% aqueous ethanol, refluxed 70°C in a sealed tube for 12 hours to afford a brown 

solid (2.4g, 57%). 1H NMR (400 MHz, DMSO-d6) δ 8.14 (s, 1H, H-7), 7.45 – 7.26 (m, 5H, H-

10, H-11, H-12), 6.30 (s, 1H, H-4), 4.90 (s, 2H, H-8), 4.26 (s, 2H, H-2), 2.05 (s, 6H, H-14, H-

15), 1.14 (d, J = 6.5 Hz, 1H, H-13). 13C NMR (101 MHz, DMSO-d6) δ 173.42 (C-5), 168.23 (C-

3), 146.72 (C-6), 141.32 (C-7), 136.24 (C-9), 128.58 (C-10), 128.33 (C-11), 128.26 (C-12), 

111.24 (C-4), 70.66 (C-8), 59.42 (C-2), 43.12 (C-13), 30.81 (C-14), 20.48 (C-15). 

7.1.2.2.3 Synthesis of 5-(benzyloxy)-1-cyclopropyl-2-(hydroxymethyl)pyridin-4(1H)-one 

(4c) 
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0.89mL of isopropylamine (0.74g, 89.5mmol) was added to a solution of 5 (1.5g, 6.46mmol) 

in 50mL ethanol, refluxed 70°C in a sealed tube for 12 hours to afford a brown needle-like 

crystals (1.49, 85%). 1H NMR (400 MHz, DMSO-d6) δ 8.20 (s, 1H, H-7), 7.40 (d, J = 6.1 Hz, 

5H, H-10, H-11, H-12), 6.33 (s, 1H, H-4), 4.94 (s, 2H, H-8), 4.29 (s, 2H, H-2), 0.80 – 0.63 (m, 

5H, H-13, H-14, H-15). 13C NMR (101 MHz, DMSO-d6) δ 173.72 (C-5), 168.65 (C-3), 147.05 

(C-6), 141.65 (C-7), 136.60 (C-9), 128.90 (C-10), 128.64 (C-11), 128.59 (C-12), 111.58 (C-4), 

71.02 (C-8), 59.69 (C-2), 22.59 (C-13), 3.63 (C-14, C-15). 

7.1.2.3. Chlorination – Synthesis of 3 

To neat cold 9.0 equiv. SOCl2 below 0°C (ice/acetone mixture) in sealed glass vials, was added 

compounds 4a, 4b and 4c (1.0 equiv) respectively and stirred at room temperature for 8 hours. 

The brown oils formed were washed with petroleum ether and dried under vacuum to afford 

3a, 3b and 3c[321].  

7.1.2.3.1 Synthesis of 5-(benzyloxy)-2-(chloromethyl)-1-methylpyridin-4(1H)-one (3a) 

 

To neat cold SOCl2 (13.02mL, 21.82g, 183.47mmol)  below 0°C (ice/acetone mixture) in sealed 

glass vials, was added 4a (5g, 20.39mmol) and stirred at room temperature for 8 hours to 

afford a cream paste (2.5g, 47%).1H NMR (400 MHz, DMSO-d6) δ 8.82 (s, 1H, H-7), 7.57 (s, 

1H, H-4), 7.48 (d, J = 7.3 Hz, 2H, H10), 7.39 (dt, J = 19.0, 7.0 Hz, 3H, H-11, H-12), 5.21 (s, 

2H, H-8), 4.68 (s, 2H, H-2), 4.02 (s, 3H, H-13). 13C NMR (101 MHz, DMSO-d6) δ 161.53 (C-

5), 153.48 (C-3), 144.40 (C-6), 135.80 (C-7), 132.43 (C-9), 129.03 (C-10), 128.96 (C-11), 

128.72 (C-12), 110.94 (C-4), 72.01 (C-8), 58.80 (C-2), 42.70 (C-13). 

7.1.2.3.2 Synthesis of 5-(benzyloxy)-2-(chloromethyl)-1-isopropylpyridin-4(1H)-one (3b) 

 

To neat cold SOCl2 (5.22mL, 8.56g, 72.40mmol)  below 0°C (ice/acetone mixture) in sealed 

glass vials, was added 4b (2.2g, 8.04mmol) and stirred at room temperature for 8 hours to 
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afford a brown oil, (1.3g, 55%). 1H NMR (400 MHz, DMSO-d6) δ 8.30 (s, 1H, H-7), 7.52 – 7.30 

(m, 5H, H-10, H-11, H-12), 6.59 (s, 1H, H-4), 4.96 (s, 2H, H-8), 4.68 (s, 2H, H-2), 2.09 (s, 4H, 

H-14, H-15), 1.19 (d, J = 6.4 Hz, 1H, H-13). 13C NMR (101 MHz, DMSO-d6) δ 173.50 (C-5), 

162.30 (C-3), 147.32 (C-6), 142.10 (C-7), 136.42 (C-9), 128.93 (C-10), 128.73 (C-11), 128.64 

(C-12), 114.92 (C-4), 71.02 (C-8), 41.60 (C-2), 31.14 (C-14, C-15), 20.83 (C-13). 

7.1.2.3.3 Synthesis of 5-(benzyloxy)-2-(chloromethyl)-1-cyclopropylpyridin-4(1H)-one 

(3c) 

 

To neat cold SOCl2 (3.52mL, 5.77g, 48.10mmol)  below 0°C (ice/acetone mixture) in sealed 

glass vials, was added 4c (1.45g, 5.34mmol) and stirred at room temperature for 8 hours to 

afford a brown oil, (0.79g, 51%). 1H NMR (400 MHz, DMSO-d6) δ 7.58 (s, 1H, H-7), 7.46 – 

7.14 (m, 5H, H-10, H-11, H-12), 6.27 (s, 1H, H-4)), 5.08 (s, 2H, H-8), 4.51 (s, 2H, 2H, H-2), 

1.31 (d, J = 6.5 Hz, 1H, H-13), 1.24 – 0.99 (m, 4H, H-14, H-15). 13C NMR (101 MHz, DMSO-

d6) δ 171.81 (C-5), 148.40 (C-3), 144.12 (C-6), 142.96 (C-7), 128.81 (C-10), 128.75 (C-11), 

128.49 (C-12), 118.12 (C-4), 71.13 (C-8), 63.36 (C-2), 52.08 (C-13), 22.45 (C-14, C-15). 

7.1.3 General Synthesis Procedure of Kojic Acid-Derived Conjugates 

To a solution of 1.0 equiv. of N-(7- chloroquinoline 4yl) alkyl-diamine (6) in 3mL 

dimethylformamide (DMF), 1.0 equiv. triethylamine (Et3N) and 2.0 equiv. anhydrous sodium 

carbonate Na2CO3 was added to 1.0 equiv. chlorinated N-alkyl benzyl pyranones (3) before 

refluxing at 80°C for 24 hours while stirring to drive the reaction to completion. After the 

reaction was completed, dichloromethane (DCM) was added, the mixture was washed with 

water, dried over MgSO4 and excess solvent was removed under reduced pressure. Target 

compounds were purified by column chromatography on silica gel (eluant: methanol/ethyl 

acetate), and excess solvent was removed by rotary evaporation. Compounds 1a-l were 

synthesized using a similar procedure[193] 
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7.1.3.1 Synthesis of 5-(benzyloxy)-2-(((7-chloroquinolin-4-yl)(methyl)amino)methyl)-1-

methylpyridin-4(1H)-one (1a) 

 

To a solution of 6a (0.5g, 2.61mmol) in 3mL DMF, 0.36mL Et3N (0.26g, 2.61mmol) and 

anhydrous Na2CO3 (0.28g, 5.22mmol) was added 3a (0.69g, 3.39mmol) and refluxed at 80°C 

for 24 hours to yield a brown solid, C24H22ClN3O2: 419.90g/mol (0.7g, 69%); mp. 89-91°C. 

 1H NMR (400 MHz, DMSO-d6) δ 8.41 (d, J = 5.3 Hz, 1H, H-2), 8.25 (s, 1H, NH-9), 8.20 (d, J 

= 9.0 Hz, 1H, H-8), 8.09 (s, 1H, H-15), 7.80 (d, J = 1.7 Hz, 1H, H-6), 7.51 – 7.37 (m, 5H, H-19, 

H-20, H-21), 6.56 (d, J = 8.0 Hz, 1H, H-3), 4.19 (s, 2H, H-17), 3.39 (t, J = 8.6 Hz, 5H, H-10, H-

16), 1.84 (s, 1H, H-9). 13C NMR (101 MHz, DMSO-d6) δ 162.35 (C-13), 152.36 (C-2), 150.52 

(C-4), 149.43 (C-8’, C-15), (133.96 (C-7, C-14), 127.89 (C-18), 124.65 (C-19), 124.48 (C-

20, C-21), 124.37 (C-12), 124.32 (C-5, C-6), 117.87 (C-4’), 99.09 (C-3), 49.04 (C-17), 42.50 

(C-10), 36.38 (C-16), 23.03 (C-9). 

7.1.3.2 Synthesis of 5-(benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)amino)methyl)-1-methylpyridin-4(1H)-one (1b) 

 

To a solution of 6b (0.8g, 3.39mmol) in 3mL DMF, 0.47mL Et3N (0.34g, 3.39mmol) and 

anhydrous Na2CO3 (0.72g, 6.79mmol) was added 3a (0.89g, 3.39mmol) and refluxed at 80°C 

for 24 hours to yield a brown oil, C25H25ClN4O2: 448.94g/mol (0.98g, 62%).  
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1H NMR (400 MHz, DMF, DMSO-d6) δ 8.23 (d, J = 5.3 Hz, 1H, H-5), 8.20 (d, J = 9.1 Hz, 1H, 

H-2), 7.78 (s, 1H, H-18), 7.50 (s, 1H, H-6), 7.38 (d, J = 6.9 Hz, 1H, H-8), 7.33 (s, 1H), 7.20 

(dd, J = 18.6, 8.4 Hz, 5H, H-22, H-23, H-24), 6.60 (d, J = 15.8 Hz, 1H, H-3), 6.42 (d, J = 5.4 

Hz, 1H, H-15), 3.38 – 3.25 (m, 3H, H-11, NH-11), 1.88 (s, 3H, H-19), 0.62 (t, J = 6.3 Hz, 2H, 

H-10). 13C NMR (101 MHz, DMF, DMSO-d6) δ 166.32 (C-16), 152.20 (C-2), 150.58 (C-4), 

149.63 (C-8’), 139.22 (C-21), 135.33 (C-17), 133.86 (C-14, C-7)), 129.57 (C-24), 129.00 (C-

23), 127.85 (C-22), 124.37 (C-5), 124.16 (C-6), 122.27, 117.95 (C-15), 98.80 (C-3), 42.93 (C-

20), 37.97 (C-13), 31.79 (C-11), 30.10 (C-19), 29.23 (C-10). Vmax (KBr) cm-1: 3322 (N-H), 

2972 (Ar C-H), 2881 (Alkyl C-H),  1549 (C=O), 1418 (C=C), 1087 (C=N), 879 (C-O), 618 (C-

Cl).  

7.1.3.3 Synthesis of 5-(benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)(methyl)amino)methyl)-1-methylpyridin-4(1H)-one (1c) 

 

To a solution of 6c (0.8g, 3.39mmol) in 3mL DMF, 0.47mL Et3N (0.34g, 3.39mmol) and 

anhydrous Na2CO3 (0.72g, 6.79mmol) was added 3a (0.89g, 3.39mmol) and refluxed at 80°C 

for 24 hours to yield a brown oil, C26H27ClN4O2: 462.97g/mol (0.98g, 62%). 

1H NMR (400 MHz, DMSO-d6) δ 8.38 (d, J = 11.7 Hz, 2H, NH-9, H-5), 8.34 – 8.21 (m, 1H, H-

2), 7.79 (d, J = 7.2 Hz, 1H, H-6), 7.55 – 7.13 (m, 6H, H-18,H-22, H-23, H-24 ), 6.49 (s, 1H, H-

15), 6.10 (d, J = 7.4 Hz, 1H, H-3), 4.88 (s, 2H, H-20), 3.74 (s, 1H, H-13), 3.63 (s, 3H, H-19), 

3.17 (s, 1H, H-11), 2.19 (s, 1H, H-10). 13C NMR (101 MHz, DMSO-d6) δ 172.52 (C-16), 151.79 

(C-2), 149.36 (C-4), 145.48 (C-8’), 141.28 (C-17), 140.19 (C-7), 138.13 (C-21), 133.90 (C-14), 

128.98 (C-22), 128.65 (C-23), 128.25 (C-24), 125.11 (C-5), 124.76 (C-6), 116.66 (C-15), 99.45 

(C-3), 72.46 (C-20), 63.63 (C-13), 53.47 (C-11), 42.60 (C-10), 40.82 (C-19), 12.35 (C-12). 

Vmax (KBr) cm-1: 3314 (N-H), 2972 (Ar C-H), 2881 (Alkyl C-H),  1653 (C=O), 1418 (C=C), 

1379 (C=N), 1274 (C-O), 621 (C-Cl).  
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7.1.3.4 Synthesis of 5-(benzyloxy)-2-(((3-((7-chloroquinolin-4-

yl)amino)propyl)(methyl)amino)methyl)-1-methylpyridin-4(1H)-one (1d) 

 

To a solution of 6e (0.75g, 3.00mmol) in 3mL DMF, 0.42mL Et3N (0.30g, 3.00mmol) and 

anhydrous Na2CO3 (0.63g, 6.01 mmol) was added 3a (0.79g, 3.00mmol) and refluxed at 80°C 

for 24 hours to yield a brown oil, C27H29ClN4O2: 477.00g/mol (0.8g, 56%). 1H NMR (400 MHz, 

DMSO-d6) δ 8.47 (s, 1H, NH-9), 8.35 (d, J = 6.8 Hz, 1H, H-5), 8.26 (s, 1H, H-2), 8.13 (s, 1H, 

H, H-19), 7.85 (s, 1H, H-8), 7.60 (d, J = 8.7 Hz, 1H, H-6), 7.47 – 7.32 (m, 5H, H-23, H-24, H-

25), 6.68 (d, J = 6.0 Hz, 1H, H-3), 6.37 (s, 1H, H-16), 4.88 (s, 2H, H-21), 2.93 (s, 2H, H-14), 

2.77 (s, 2H, H-12), 2.25 (s, 3H, H-13), 2.09 (s, 2H, H-10), 1.98 – 1.79 (m, 2H, H-11). 13C NMR 

(101 MHz, DMSO-d6) δ 173.37 (C-17), 166.03 (C-4), 153.13 (C-8’), 147.06 (C-22), 141.80 (C-

2), 136.55 (C-18), 136.14 (C-15), 130.83 (C-7), 128.91 (C-23), 128.68 (C-24), 128.59 (C-25), 

125.77 (C-5), 125.27 (C-6), 116.73 (C-4’, C-8)), 114.42 (C-16), 99.20 (C-3), 70.96 (C-21), 

58.24 (C-14), 54.45 (C-12), 42.54 (C-20), 41.30 (C-14), 31.42 (C-13), 25.85 (C-11). Vmax 

(KBr) cm-1: 3318 (N-H), 2972 (Ar C-H), 2881 (Alkyl C-H),  1652 (C=O), 1454 (C=C), 1418 

(C=N), 1274 (C-O), 879 (C-Cl).  

7.1.3.5 Synthesis of (benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1e) 
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To a solution of 6b (1.00g, 4.00mmol) in 3mL DMF, 0.56mL Et3N (0.41g, 4.00mmol) and 

anhydrous Na2CO3 (0.85g, 8.001 mmol) was added 3b (1.17g, 4.00mmol) and refluxed at 

80°C for 24 hours to yield a brown oil, C27H29ClN4O2: 447.00/mol (1.08g, 53%). 1H NMR (400 

MHz, DMSO-d6) δ : NH-9; H-2, H-5, H-8, H-6, H-18, Benzyl-Protons, H-15, H-3, H-21, H-12, 

H-11, H-12, H-19, H-20. 13C NMR (101 MHz, DMSO-d6) δ  163.19 (C-16), 152.13 (C-2), 150.73 

(C-4), 149.32 C-14), 149.26 (C-17), 139.27 (C-21), 133.96 (C-7), 128.50 (C-23), 127.79 (C-

24), 127.71 (C-25), 124.61 (C-8), 124.58 (C-18), 124.47 (C-5), 124.42 (C-6), 117.91 (C-4’), 

117.88 (C-15), 99.06 (C-3), 61.94 (C-21), 55.01 (C-13), 42.10 (C-11), 34.45 (C-10), 25.84 (C-

20), 25.47 (C-20). Vmax (KBr) cm-1: 3322 (N-H), 2972 (Ar C-H), 2881 (Alkyl C-H),  1658 

(C=O), 1419 (C=C), 1379 (C=N), 1328 (C-O), 879 (C-Cl).  

7.1.3.6 Synthesis of 5-(benzyloxy)-2-(((3-((7-chloroquinolin-4-

yl)amino)propyl)(methyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1f) 

 

To a solution of 6e (1.00g, 4.00mmol) in 3mL DMF, 0.56mL Et3N (0.41g, 4.00mmol) and 

anhydrous Na2CO3 (0.85g, 8.001 mmol) was added 3b (1.17g, 4.00mmol) and refluxed at 

80°C for 24 hours to yield a brown oil, C29H33ClN4O2: 505.05g/mol (1.08g, 53%).1H NMR (400 

MHz, DMSO-d6) δ 8.43 (d, J = 0.5 Hz, 1H, NH-9), 8.31 (dd, J = 12.9, 9.5 Hz, 2H, H-5, H-2), 

8.03 (s, 1H, H-19), 7.82 (s, 1H, H-8), 7.70 – 7.56 (m, 1H, H-6), 7.51 (t, J = 10.3 Hz, 2H, H-25), 

7.43 – 7.32 (m, 3H, H-26, H-27), 6.55 (d, J = 2.1 Hz, 1H, H-3), 6.19 (s, 1H, H-16), 4.90 (s, 2H, 

H-23), 3.65 (s, 2H, H-12), 3.32 – 3.24 (m, 2H, H-10), 3.17 (s, 1H, H-13), 2.93 (s, 1H, H-20 ), 

2.77 (s, 6H, H-21, H-22). 13C NMR (101 MHz, DMSO-d6) δ 171.79 (C-17), 151.79 (C-2), 

150.96 (C-4), 148.27, 147.73, 146.21, 137.77, 134.52, 129.69 (C-25), 128.64 (C-26, C-27), 

127.90, 126.19, 124.98 (C-5), 124.81 (C-6), 118.47 (C-4’), C-8), 99.44 (C-3), 70.96 (C-23), 

59.05 (C-14), 54.64 (C-12), 46.75 (C-10), 41.88 (C-20), 41.61 (C-11), 34.51 (C-20), 29.20 (C-

21, C-22). Vmax (KBr) cm-1: 3320 (N-H), 2972 (Ar C-H), 2881 (Alkyl C-H),  1651 (C=O), 1419 

(C=C), 1379 (C=N), 1326 (C-O), 879 (C-Cl).  
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7.1.3.7 Synthesis of 5-(benzyloxy)-2-(((4-((7-chloroquinolin-4-

yl)amino)butyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1g) 

 

To a solution of 6f (1.25g, 5.01mmol) in 3mL DMF, 0.70mL Et3N (0.30g, 3.00mmol) and 

anhydrous Na2CO3 (01.06g, 5.01 mmol) was added 3b (1.46g, 5.01mmol) and refluxed at 

80°C for 24 hours to yield a brown oil, C29H33ClN4O2: 505.05 g/mol (1.49g, 59%). 1H NMR (400 

MHz, DMSO-d6) δ 8.41 (s, 1H, NH-9), 8.33 – 8.18 (m, 2H, H-5, H-2), 8.12 (s, 1H, H-20), 8.03 

(s, 1H, H-6), 7.80 (s, 1H, H-8), 7.51 – 7.33 (m, 5H, H26, H-27, H-28), 6.49 (d, J = 5.1 Hz, 1H, 

H-3), 6.39 (s, 1H, H-17), 4.88 (s, 2H), 3.31 (d, J = 5.7 Hz, 2H, H-13), 2.93 (s, 1H, H-10), 2.77 

(s, 1H, H-14), 2.24 (s, 6H, H-22, H-23), 2.09 (s, 2H, H-1), 2.00 – 1.75 (m, 4H, H-11, H-12). 13C 

NMR (101 MHz, DMSO-d6) δ 173.52 (C-18), 152.12 (C-2), 150.76 (C-4), 149.35 (C-8’), 147.14 

(C-19), 141.76 (C-20), 136.56 (C-16), 128.89 (C-26), 128.66 (C-28), 128.61 (C-27), 127.67 

(C-7), 124.59 (C-5), 124.52 (C-6), 117.76 (C-4’, C-17), 114.42 (C-8), 99.08 (C-3), 70.95 (C-

24), 58.18 (C-15), 54.84 (C-13), 46.80 (C-10), 42.38 (C-22, C-23), 41.03 (C-12),  29.28 (C-

11), 25.98 (C-21). Vmax (KBr) cm-1: 3434 (N-H), 3054 (Ar C-H), 2976 (Alkyl C-H),  1607 

(C=O), 1454 (C=C), 1372 (C=N), 1251 (C-O), 747 (C-Cl).  

 

7.1.3.8 Synthesis of 5-(benzyloxy)-2-(((6-((7-chloroquinolin-4-

yl)amino)hexyl)amino)methyl)-1-isopropylpyridin-4(1H)-one (1h) 
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To a solution of 6g (0.25g, 9.00mmol) in 3mL DMF, 0.125mL Et3N (0.09g, 9.00mmol) and 

anhydrous Na2CO3 (0.19g, 18.00 mmol) was added 3b (0.26g, 9.00mmol) and refluxed at 

80°C for 24 hours to yield a brown oil, C31H37ClN4O2: 533.10g/mol (1.2g, 25%). 1H NMR (400 

MHz, DMSO-d6) δ 8.41 (s, 1H, NH-9), 8.35 – 8.17 (m, 2H, H-5, H-2), 8.03 (s, 1H, H-6), 7.79 

(d, J = 6.0 Hz, 2H, H6, H-8), 7.54 – 7.29 (m, 5H, H-28, H-29, H-30), 6.49 (d, J = 5.2 Hz, 1H, 

H-3), 6.20 (s, 1H, H-19), 4.90 (s, 2H, H-26), 3.66 (s, 2H, H-15), 3.38 (s, 2H, H-10), 3.24 (s, 

2H, H-14), 2.93 (s, 1H, H-12), 2.77 (s, 1H, H-17), 2.17 (s, 1H, H-23), 2.09 (s, 6H, H-24, h-25), 

1.97 – 1.80 (m, 4H, H-12, H-13). 13C NMR (101 MHz, DMSO-d6) δ 171.68 (C-20), 152.15 (C-

2), 150.69 (C-4), 149.00 (C-8), 147.57 (C-21), 146.21 (C-22), 137.42 (C-18), 133.90 (C-7), 

129.69 (C-30), 128.76 (C-29), 128.42 (C-28), 127.74 (C-19),124.65 (C-5), 124.56 (C-6), 

118.75 (C-4’), 117.76 (C-19), 99.45 (C-3), 70.99 (C-26), 59.03 (C-17), 54.54 (C-15), 46.81 (C-

10), 41.90 (C-24, C-25), 40.95 (C-14), 39.71 (C-11), 39.50 (C-13), 34.43 (C-12). Vmax (KBr) 

cm-1: 3330 (N-H), 3100 (Ar C-H), 2935 (Alkyl C-H),  1657 (C=O), 1512 (C=C), 1473 (C=N), 

1306 (C-O), 512 (C-Cl).  

7.1.3.9 Synthesis of 5-(benzyloxy)-2-(((7-chloroquinolin-4-yl)(methyl)amino)methyl)-1-

cyclopropylpyridin-4(1H)-one (1i) 

 

To a solution of 6a (0.45g, 2.34mmol) in 3mL DMF, 0.33mL Et3N (0.24g, 2.34mmol) and  

anhydrous Na2CO3 (0.50g, 4.70 mmol) was added 3c (0.79g, 3.mmol) and refluxed at 80°C 

for 24 hours to yield a brown oil, C26H24ClN3O2: 445.94g/mol (0.71g, 68%).  

1H NMR (400 MHz, DMSO-d6) δ 7.99 (s, 1H, NH-9), 7.81 (d, J = 9.0 Hz, 2H, H-5, H2), 7.70 

(s, 1H, H-15), 7.37 (s, 2H, H-6, H-8), 7.22 – 6.80 (m, 5H, H-21, H-22, H-23), 6.06 (d, J = 5.1 

Hz, 1H, H-3), 5.96 (s, 1H, H-12), 4.46 (s, 2H, H-19), 3.01 (s, 3H, H-9), 2.88 (d, J = 5.7 Hz, 4H, 

H-17, H-18), 2.35 (s, 1H, H-16), 2.09 (s, 2H, H-10).13C NMR (101 MHz, DMSO-d6) δ 170.72 

(C-13),  152.50 (C-2), 150.72 (C-4), 149.35 (C-8), 134.55 (C-14, C-20), 128.24 (C-21), 127.55 

(C-22), 127.17 (C-23), 125.46 (C-7, C-11), 124.76 (C-5, C-6), 118.44 (C-12), 117.39 (C-4’), 

99.11 (C-3), 42.67 (C-19), 41.22 (C-10), 37.80 (C-16), 36.18 (C-17, C-18), 31.23 (C-9). 
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Vmax (KBr) cm-1: 3325 (N-H), 3282 (Ar C-H), 2927 (Alkyl C-H),  1666 (C=O), 1557 (C=C), 

1539 (C=N), 1432 (C-O), 855 (C-Cl).  

7.1.3.10 Synthesis of 5-(benzyloxy)-2-(((2-((7-chloroquinolin-4-

yl)amino)ethyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1j) 

 

To a solution of 6b (0.8g, 3.61mmol) in 3mL DMF, 0.50mL Et3N (0.37g, 3.61mmol) and 

anhydrous Na2CO3 (0.76g, 7.22 mmol) was added 3c (1.05g, 3.61mmol) and refluxed at 80°C 

for 24 hours to yield a brown solid, C27H27ClN4O2: 474.98g/mol (0.86g, 85%); mp. 124-130°C.  

1H NMR (400 MHz, DMSO-d6) δ 8.56 – 8.23 (m, 3H, NH-9, H-5, H-2), 8.07 (s, 1H, H-8), 7.95 

(s, 1H, H-17), 7.62 – 7.36 (m, 6H, H-6, H-23, H-24, H-25), 7.19 (s, 1H, H-14), 6.60 (d, J = 5.4 

Hz, 1H, H-3), 6.47 (s, 1H, H-14), 3.37 – 3.11 (m, 4H, H-11, H-10), 2.72 (s, 2H, H-12), 1.51 – 

1.10 (m, 1H, H-18), 1.11 – 0.69 (m, 5H, H-18, H-19, H-20). 13C NMR (101 MHz, DMSO-d6) δ 

169.95 (C-15), 152.75 (C-2), 150.77 (C-4), 149.00 (C-16), 134.40 (C-22), 134.09 (C-7, C-13), 

127.48 (C-23, C-25), 127.03 (C-26),124.62 (C-5), 124.48 (C-6), 117.83 (C-14, C-4’), 99.06 (C-

3), 36.24 (C-21), 35.54 (C-18), 31.22 (C-11), 28.21 (C-19, C-20), 28.15 (C-10). Vmax (KBr) 

cm-1: 3300 (N-H), 3125 (Ar C-H), 2880 (Alkyl C-H),  1666 (C=O), 1535 (C=C), 1429 (C=N), 

1234 (C-O), 736 (C-Cl).  

7.1.3.11 Synthesis of 5-(benzyloxy)-2-(((3-((7-chloroquinolin-4-

yl)amino)propyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1k) 
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To a solution of 6d (1.5g, 2.00mmol) in 3mL DMF, 0.28mL Et3N (0.20g, 2.00mmol) and 

anhydrous Na2CO3 (0.024g, 4.00 mmol) was added 3c (0.58g, 2.00mmol) and refluxed at 

80°C for 24 hours to yield a brown oil, C28H29ClN4O2: 489.19/mol (0.97g, 71%). 

1H NMR (400 MHz, DMSO-d6) δ 8.37 (d, J = 5.2 Hz, 1H, H-2), 8.28 (d, J = 9.1 Hz, 1H, H-5), 

8.17 (t, J = 5.4 Hz, 1H, NH-9), 7.78 (d, J = 1.7 Hz, 1H, H-8), 7.58 (d, J = 8.4 Hz, 2H, H-6, H-

19), 7.49 – 7.36 (m, 4H, H-25, H-26, H-27), 7.32 (t, J = 4.9 Hz, 1H, H-14), 6.63 (d, J = 15.8 

Hz, 1H, H-16), 6.45 (d, J = 5.4 Hz, 1H, H-3), 3.31 – 3.22 (m, 2H, H-12), 3.21 – 3.13 (m, 2H, 

H-10), 1.73 – 1.58 (m, 2H, H-11), 1.54 – 1.27 (m, 5H,H-20, H-21, H-22), 1.21 (s, 2H, H-13). 

13C NMR (101 MHz, DMSO-d6) δ 171.61 (C-17), 152.28 (C-2), 150.63 (C-4), 149.8 (C-8’), 

142.91 (C-19), 133.90 (C-7), 128.84 (C-24), 128.78 (C25), 128.75(C-26), 128.50 (C-27), 

128.24 (C-16), 128.19 (C-8), 124.56 (C-5), 124.49 (C-6), 117.83 (C-4’), 99.06 (C-3), 71.84 (C-

23), 63.33 (C-17), 47.80 (C-15), 42.77 (C-10), 32.35 (C-14), 31.12 (C-23), 30.26 (C-12), 30.08 

(C-11), 23.99 (C-13), 7.87 (C-21, C-22). Vmax (KBr) cm-1: 3339 (N-H), 2930 (Ar C-H), 2925 

(Alkyl C-H),  1639 (C=O), 1506 (C=C), 1442 (C=N), 1124 (C-O), 633 (C-Cl).  

 

7.1.3.12 Synthesis of 5-(benzyloxy)-2-(((6-((7-chloroquinolin-4-

yl)amino)hexyl)amino)methyl)-1-cyclopropylpyridin-4(1H)-one (1l) 

 

To a solution of 6g (0.72g, 2.56mmol) in 3mL DMF, 0.36mL Et3N (0.26g, 2.56mmol) and 

anhydrous Na2CO3 (0.55g, 5.18 mmol) was added 3c (0.75g, 2.56mmol) and refluxed at 80°C 

for 24 hours to yield a brown oil, C31H35ClN4O2: 531.09g/mol (0.62g, 45%). 

1H NMR (400 MHz, DMSO-d6) δ 8.42 – 8.25 (m, 3H, H-5, H-2, NH-9), 7.78 (d, J = 2.1 Hz, 1H, 

H-22), 7.61 (d, J = 7.5 Hz, 1H, H-6), 7.50 – 7.23 (m, 5H, H-28, H-29, H-30), 6.45 (d, J = 5.1 

Hz, 1H, H-3), 6.15 (s, 1H, H-6), 5.02 (s, 2H, H-26), 3.85 (t, J = 11.5 Hz, 1H, H-15), 3.25 (dd, J 

= 11.8, 6.0 Hz, 1H, H-10, H-14), 2.73 (d, J = 7.5 Hz, 1H, H-17), 1.85 (s, 1H, H-23), 1.61 (ddd, 

J = 21.7, 13.7, 6.7 Hz, 4H, H-11, H-13), 1.49 – 1.20 (m, 4H, H-24, H-25). 13C NMR (101 MHz, 

DMSO-d6) δ 172.31 (C-20), 152.34 (C-2), 150.61 (C-4), 149.51, 145.64, 141.18, 139.92, 

138.13, 133.84, 128.97, 128.60, 128.26, 127.82, 124.75, 124.71, 124.41, 116.38 C-19), 99.03 
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(C-3), 72.19 (C-26), 42.73 (C-17), 39.30 (C-15), 31.14 (C-10), 30.48 (c-14), 28.05 (C-11), 

26.60 (C-12), 26.13 (C-13), 25.92 (C-24, C-25), 12.32 (C-23). Vmax (KBr) cm-1: 3328 (N-H), 

3179 (Ar C-H), 2923 (Alkyl C-H),  1666 (C=O), 1533 (C=C), 1488 (C=N), 1224 (C-O), 761 (C-

Cl).  

7.1.4 General Synthesis Procedure of Maltol-Derived Conjugates 

1.0 equiv. benzyl-maltol (10a or 10b) and 1.5 equiv N-(7- chloroquinoline 4yl) alkyl-diamine 

(6a-6g) were dissolved in 25mL ethanol (EtOH), then water (25ml) was added to the mixture 

to obtain a 50% aqueous EtOH solution. The pH of the solution was adjusted to 13 (2M NaOH) 

before refluxing at 110°C for 24h. Afterwards, the pH was adjusted to 1 (2M HCl) before 

washing with diethyl ether (50mLx2). On adjustment of the pH to 7 (2M NaOH), precipitates 

were formed which were filtered, washed with distilled water, and air dried. Target compounds 

were purified by column chromatography on silica gel (eluant: methanol/ethyl acetate) and 

excess solvent was removed by rotary evaporation. Compounds 2a-2h were synthesized 

using a similar procedure[193] 

7.1.4.1 Synthesis of 3-(benzyloxy)-1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-2-

methylpyridin-4(1H)-one (2a) 

 

10a (1.43g, 6.62mmol) and 6b (2.2g, 9.923mmol) in 50% aqueous EtOH solution were 

refluxed at 110°C for 24 hours to yield a brown solid (1.6g, 58%); mp. 158-159°C. Expected 

mass: 419.90g/mol. Obtained mass: 419 g/mol 

 1H NMR (400 MHz, DMSO-d6 and CD3OD) δ 8.35 (s, 1H, NH-9), 8.21 (d, J = 8.9 Hz, 1H, H-

5), 8.14 (d, J = 9.0 Hz, 1H, H-2), 7.80 (d, J = 8.8 Hz, 1H, H-14), 7.56 (d, J = 7.3 Hz, 1H, H-6), 

7.40 (dd, J = 19.1, 9.1 Hz, 1H, H-8), 7.25 (tt, J = 29.8, 6.9 Hz, 5H, H-20, H-21, H-22), 6.45 (d, 

J = 5.4 Hz, 1H, H-3), 6.19 (d, J = 7.4 Hz, 1H, H-15), 4.87 (s, 2H, H-18), 3.44 – 3.32 (m, 2H, H-

11), 2.83 (t, J = 6.0 Hz, 2H, H-10), 2.17 (s, 3H, H-12). 13C NMR (101 MHz, DMSO-d6 and 

CD3OD) δ 172.85 (C-16), 152.11 (C-2), 150.26 (C-4), 149.14 (C-8’), 145.92 (C-13), 142.04 

(C-17) , 140.31 (C-14), 137.91 (C-19), 134.36 (C-7), 128.70 (C-20), 128.52 (C-21), 128.18 (C-

22), 127.58 (C-8), 124.56 (C-5), 124.29 (C-6), 117.75  (C-4’), 116.41 (C-15), 98.89 (C-3), 72.68 

(C-18), 46.74 (C-11), 42.44 (C-10), 12.37 (C-12). Vmax (KBr) cm-1: 3280 (N-H), 3000 (Ar C-

H), 2900 (Alkyl C-H),  1623 (C=O), 1610 (C=C), 1558m (C=N), 1222 (C-O), 707 (C-Cl).  
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7.1.4.2 Synthesis of 3-(benzyloxy)-1-(3-((7-chloroquinolin-4-yl)amino)propyl)-2-

methylpyridin-4(1H)-one (2b) 

 

10a (1.22g, 5.67mmol) and 6d (2.00g, 8.49mmol) in 50% aqueous EtOH solution were 

refluxed at 110°C for 24 hours to yield a yellow solid (1.2g, 36%); mp. 128-130°C. Expected 

mass (C25H24ClN3O2): 433.93 g/mol. Obtained mass: 434.93 g/mol. 

1H NMR (400 MHz, DMSO-d6) δ 9.30 (s, 1H, NH-9), 8.47 (d, J = 9.1 Hz, 1H, H-5), 8.33 (d, J 

= 6.8 Hz, 1H, H-2), 7.82 (s, 1H, H-8), 7.54 (dd, J = 27.4, 8.1 Hz, 2H, H-6, H-15), 7.20 – 7.10 

(m, 5H, H-21, H-22, H-23), 6.66 (d, J = 6.9 Hz, 1H, H-3), 6.03 (d, J = 7.4 Hz, 1H, H-16), 4.78 

(s, 2H, H-19), 3.91 – 3.86 (m, 2H, H-12), 3.35 (d, J = 5.1 Hz, 2H, H-10), 1.98 (s, 3H, H-13), 

1.91 – 1.81 (m, 2H, H-11). 13C NMR (101 MHz, DMSO-d6) δ 172.31 (C-17), 155.51 (C-14), 

145.75 (C-4), 143.83 (C-2), 141.40 (C-8’), 140.05 (C-15), 139.59 (C-18), 138.11 (C-20), 

138.07 (C-7), 128.89 (C-21), 128.65 (C-22), 128.28 (C-23), 127.01 (C-5), 126.57 (C-6), 119.90 

(C-8), 116.49 (C-4’), 116.48 (C-16), 99.07 (C-3), 72.31 (C-19), 50.97 (C-12), 40.63 (C-10), 

28.98 (C-11), 12.43 (C-13). Vmax (KBr) cm-1: 3300 (N-H), 3100 (Ar C-H), 2924 (Alkyl C-H),  

1663 (C=O), 1614 (C=C), 1537m (C=N), 1257 (C-O), 798 (C-Cl).  

 

7.1.4.3 Synthesis of 3-(benzyloxy)-1-(4-((7-chloroquinolin-4-yl)amino)butyl)-2-

methylpyridin-4(1H)-one (2c)                              
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10a (0.93g, 4.29mmol) and 6f (1.8g, 6.43mmol) in 50% aqueous EtOH solution were refluxed 

at 110°C for 24 hours to yield a yellow solid (1.2g, 63%); mp. 135-138°C. Expected mass: 

447.96 g/mol. Obtained mass: 478 g/mol 

1H NMR (400 MHz, DMSO-d6) 9.84 (s, 1H, NH-9), 8.81 (d, J = 9.1 Hz, 1H, H-5), 8.51 (d, J = 

7.0 Hz, 1H, H-2), 8.45 (d, J = 7.1 Hz, 1H, H-6), 8.06 (s, 1H, H-8), 7.70 (d, J = 8.9 Hz, 1H, H-

16), 7.38 (dt, J = 18.3, 8.9 Hz, 5H, H-22, H-23, H-24), 7.24 (d, J = 7.0 Hz, 1H, H-17), 6.87 (d, 

J = 7.0 Hz, 1H, H-3), 5.05 (s, 2H, H-20), 4.33 (d, J = 6.7 Hz, 2H, H-13), 2.44 (s, 3H, H-14), 

1.83 (s, 2H, H-12), 1.73 (d, J = 6.2 Hz, 2H, H-11). 13C NMR (101 MHz, DMSO-d6) δ 165.43 

(C-18), 155.81 (C-15), 148.65 (C-4), 143.63 (C-2), 143.08 (C-8’), 142.22 (C-16), 138.91 (C-

19), 138.40 (C-21), 136.74 (C-7), 129.13 (C-22), 128.91 (C-23), 127.18 (C-24), 126.64, 119.36 

(C-8), 115.92 (C-4’), 113.54 (C-17), 99.08 (C-3), 74.34 (C-20), 55.53 (C-13), 42.80 (C-10), 

27.34 (C-12), 24.49 (C-11), 13.43 (C-14). Vmax (KBr) cm-1: 3328 (N-H), 3188 (Ar C-H), 2921 

(Alkyl C-H),  1664 (C=O), 1621 (C=C), 1568m (C=N), 1299 (C-O), 805 (C-Cl).  

 

7.1.4.4 Synthesis of 3-(benzyloxy)-1-(6-((7-chloroquinolin-4-yl)amino)hexyl)-2-

methylpyridin-4(1H)-one (2d) 

 

10a (1.56g, 7.20mmol) and 6g (3g, 10.80mmol) in 50% aqueous EtOH solution were refluxed 

at 110°C for 24 hours to yield a brown solid (2.25g, 66%); mp. 88-90°C. Expected mass (: 

476.01 g/mol. Obtained mass: 475 g/mol 

1H NMR(400 MHz, CDCl3) δ 8.31 (d, J = 4.6 Hz, 1H, H-5, H-2), 7.89 (d, J = 8.5 Hz, 1H, H-8), 

7.77 (s, 2H, H, H-6, H-18), 7.03 – 7.23 (m, 5H, H-24, H-25, H-26 ), 6.37 (s, 1H, NH-9), 6.26 

(d, J = 7.4 Hz, 1H, H-3), 6.19 (d, J = 5.6 Hz, 1H, H-19), 5.05 (s, 2H, H-22), 3.54 (s, 1H, H-15), 

3.13 (s, 2H, H-10), 1.93 (s, 3H, H-16), 1.56 (d, J = 6.4 Hz, 2H, H-14), 1.42 (d, J = 6.8 Hz, 2H, 

H-11), 1.33 – 1.23 (m, 2H, H-13), 1.15 (dd, J = 14.1, 6.7 Hz, 2H, H-12). 13C NMR (101 MHz, 

CDCl3) δ 173.20 (C-20), 151.25 (C-2), 150.56 (C-4), 148.50 (C-8’), 146.05 C-17), 141.26 (C-

21), 138.51 C-18), 137.25 (C-23), 134.88 (C-7), 128.84 (C-24), 128.26 (C-25), 128.06 (C-26), 

127.60 (C-8), 125.05 (C-5), 122.54 (C-6), 117.36 (C-4’), 116.98 (C-19), 98.66 (C-3), 72.98 (C-
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22), 53.77 (C-15), 42.95 (C-10), 30.51 (C-14), 28.28 (C-11), 26.69 (C-13), 26.05 (C-12), 12.37 

(C-16). Vmax (KBr) cm-1: 3300 (N-H), 3200 (Ar C-H), 2851 (Alkyl C-H),  1666 (C=O), 1610 

(C=C), 1530m (C=N), 1164 (C-O), 797 (C-Cl).  

 

7.1.4.5 Synthesis of 3-(benzyloxy)-1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-2-

ethylpyridin-4(1H)-one (2e)                

 

10a (1.14g, 4.94mmol) and 6b (2g, 7.41mmol) in 50% aqueous EtOH solution were refluxed 

at 110°C for 24 hours to yield yellow oil (1.47g, 69%). Expected mass: 433.93 g/mol. Obtained 

mass: 434 g/mol. 1H NMR (400 MHz, DMSO-d6) δ 8.37 (d, J = 5.3 Hz, 1H, H-5), 8.33 (d, J = 

11.5 Hz, 1H, H-2), 8.24 (d, J = 8.9 Hz, 1H, H-15), 7.78 (d, J = 11.1 Hz, 1H, H-6), 7.60 (s, 1H, 

NH-9), 7.48 – 7.40 (m, 1H, H-8), 7.32 – 7.21 (m, 5H, H-21, H-22, H-23), 6.45 – 6.42 (m, 2H, 

H-3, H-16), 4.50 (s, 2H, H-19), 3.31 (s, 2H, H-12 ), 3.04 (d, J = 5.6 Hz, 2H, H-13), 2.66 (t, J = 

6.4 Hz, 2H, H-11), 1.74 – 1.71 (m, 2H, H-10). 13C NMR (101 MHz, DMSO-d6) δ 163.75 (C-17), 

152.33 (C-2), 150.72 (C-14), 149.39 (C-4), 142.91 (C-8’), 133.89 (C-7), 128.65 (C-22), 128.50 

(C-21), 127.89 (C-8), 127.78 (C-23), 127.09 (C-5), 126.88 (C-6), 124.49 (C-15), 117.90 (C-4’), 

99.02 (C-3), 63.34 (C-19), 41.06 (C-11), 39.91 (C-10), 31.62 (C-13), 20.79 (C-12). Vmax (KBr) 

cm-1: 3300 (N-H), 3180 (Ar C-H), 2900 (Alkyl C-H),  1666 (C=O), 1613 (C=C), 1582m (C=N), 

1287 (C-O), 762 (C-Cl).  

7.1.4.6 Synthesis of 3-(benzyloxy)-1-(3-((7-chloroquinolin-4-yl)amino)propyl)-2-

ethylpyridin-4(1H)-one (2f) 
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10b (0.97g, 4.24mmol) and 6d (1.5g, 6.36mmol) in 50% aqueous EtOH solution were refluxed 

at 110°C for 24 hours to yield a light brown solid, (0.79g, 42%); mp. 128-135°C. Expected 

mass: 447.96 g/mol. Obtained mass: 448 g/mol 

1H NMR (400 MHz, DMSO-d6) δ 1H NMR (400 MHz, DMSO) δ 8.38 (d, J = 5.4 Hz, 1H, H-5), 

8.27 (d, J = 9.0 Hz, 1H, H-2), 7.78 (d, J = 1.9 Hz, 1H, H-8), 7.43 (dd, J = 8.9, 2.0 Hz, 1H, H-

6), 7.37 (d, J = 5.5 Hz, 1H, H-16), 7.42 – 7.21 (m, 5H, H-22, H-23, H-24),7.21 (d, J =, 1H, H-

17), 6.45 (d, J = 5.5 Hz, 1H, H-3), 3.68 (s, 2H, H-20), 3.28 – 3.23 (m, 2H, H-14), 3.18 (s, 3H, 

H-13), 2.54 (d, J = 7.0 Hz, 2H, H-12), 1.70 (dt, J = 14.3, 7.0 Hz, 2H, H-10), 1.55 (dt, J = 14.0, 

7.0 Hz, 2H, H-11). 13C NMR (101 MHz, DMSO-d6) δ 152.36 (C-2), 150.57 (C-4), 149.55 (C-

8’), 141.53 (C-15, C-16, C-19), 133.80 (C-21, C-7), 128.50 (C-22), 128.34 (C-23), 127.90 (C-

24), 126.88 (C-8), 124.59 (C-5), 124.40 (C-6), 117.92 (C-4’, C-17), 99.08 (C-3), 53.53 (C-20), 

49.05 (C-13), 48.84 (C-14), 42.83 (C-12), 27.51 (C-10), 26.13 (C-11). Vmax (KBr) cm-1: 3400 

(N-H), 3300 (Ar C-H), 2928 (Alkyl C-H),  1661 (C=O), 1623 (C=C), 1535m (C=N), 1169 (C-O), 

791 (C-Cl).  

7.1.4.7 Synthesis of 3-(benzyloxy)-1-(4-((7-chloroquinolin-4-yl)amino)butyl)-2-

ethylpyridin-4(1H)-one (2g) 

 

10b (0.98g, 4.27mmol) and 6f (1.6g, 6.41mmol) in 50% aqueous EtOH solution were refluxed 

at 110°C for 24 hours to yield a light brown solid, (1.23g, 62%); mp. 126-128°C.  

Expected mass: 461.98 g/mol. Obtained mass: 462 g/mol  

1H NMR (400 MHz, DMSO-d6) δ 8.37 (d, J = 5.3 Hz, 1H, H-2), 8.33 (d, J = 11.5 Hz, 1H, H-5), 

8.24 (d, J = 8.9 Hz, 1H, H-8), 7.78 (d, J = 11.1 Hz, 1H, H-6), 7.60 (s, 1H, NH-9), 7.45 – 7.40 

(m, 1H, H-14), 7.31 – 7.19 (m, 6H, H-14, H-21, H-22, H-23), 6.45 (d, J = 5.4 Hz, 1H, H-3), 4.52 

(s, 1H, H-19), 3.31 (d, J = 5.8 Hz, 2H, H-13), 2.63 (m, Hz, 2H, H-10 ), 2.1 (s, 3H, (H-20), 1.73 

(m, 4H, H-11, H-12). 13C NMR (101 MHz, DMSO-d6) δ 169.84 (C-16), 152.34 (C-2), 150.61 

(C-4), 149.51 (C-8’), 145.64 (C-15), 141.18 (C-18), 139.92 (C-14), 133.84 (C-7), 128.97 (C-

22),128.60 (C-23), 128.26 (C-24, C-25), 127.82 ( C-8), 124.76 (C-15), 124.71 (C-6), 124.42 

(C-5),117.92 (C-4’), 99.03 (C-3), 72.19 (C-21), 53.17 (C-19), 42.69 (C-13), 39.30 (C-10), 



125 
 

30.48 (C-11), 28.02 (C-12), 12.32 (C-20). Vmax (KBr) cm-1: 3390 (N-H), 3284 (Ar C-H), 

2923(Alkyl C-H),  1667 (C=O), 1615 (C=C), 1588m (C=N), 1198 (C-O), 817 (C-Cl).  

7.1.4.8 Synthesis of 3-(benzyloxy)-1-(6-((7-chloroquinolin-4-yl)amino)hexyl)-2-

ethylpyridin-4(1H)-one (2h) 

 

 

10b (1.66g, 7.20mmol) and 6g (3g, 10.80mmol) in 50% aqueous EtOH solution were refluxed 

at 110°C for 24 hours to yield a brown solid (2.81g, 80%); mp. 165-168°C. Expected mass: 

490.04 g/mol. Obtained mass: 490 g/mol 

1H NMR (400 MHz, DMSO-d6) δ 8.38 (s, 1H, NH-9), 8.28 (d, J = 8.9 Hz, 2H, H-5, H-2), 7.78 

(s, 1H, H-8), 7.60 (dd, J = 7.4, 4.2 Hz, 1H, H-6), 7.52 – 7.18 (m, 6H, H-19, H-25, H-26, H-27), 

6.45 (d, J = 5.2 Hz, 1H, H-3), 6.16 (t, J = 7.4 Hz, 1H, H-20), 5.06 (d, J = 29.1 Hz, 1H, H-23), 

3.30 – 3.19 (m, 3H, H-16), 2.13 (s, 2H, H-17), 1.76 – 1.14 (m, 12H, H-16, H-10, H-15, H-11, 

H-13, H-12).  13C NMR (101 MHz, DMSO-d6) δ 172.28 (C-20), 152.27 (C-2), 150.61 (C-4), 

149.42 (C-8’), 145.64 (C-18), 141.13 (C-22), 139.90 (C-19), 138.28 (C-24), 133.88 (C-7), 

128.97 (C-25), 128.71 (C-26), 128.61 (C-27), 127.80 (C-8), 124.59 (C-5), 124.47 (C-6), 117.88 

(C-4’), 116.39 (C-20), 99.05 (C-3), 72.17 (C-23), 53.16 (C-15), 42.72 (C-10), 40.14 (C-17), 

30.49 (C-14), 28.07 (C-11), 26.66 (C-13), 25.94 (C-12), 13.80 (C-16). Vmax (KBr) cm-1: 3400 

(N-H), 3300 (Ar C-H), 2910 (Alkyl C-H), 1667 (C=O), 1615 (C=C), 1513m (C=N), 1198 (C-O), 

770 (C-Cl).  

 

7.2 In Vitro Anti-HIV Assay Methods 

7.2.1 General information 

In all the assays, sterility was maintained. Decontamination was achieved by spraying hands 

and all materials on the exterior with 70% ethanol. All operations were strictly carried out inside 

a sterile cabinet in aseptic conditions. The incubator used was set at 37°C, 5% CO2. 
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7.2.2 Experimental Procedures 

7.2.2.1 Cell thawing 

Many cultures obtained from a culture collection, will arrive frozen and to use the cells they 

must be thawed and put into culture. A typical cell thawing protocol usually begins with 

retrieving cryovials from the liquid nitrogen storage (-80˚C). The cryovials containing 1 mL of 

TZM-bI cells, HEPG2 cells and Hela Cells preserved in 10% DMSO in Fetal Bovine Serum 

(FBS) were transferred into a 37°C water bath until all the ice had completely dissolved. 

It is of great importance to thaw cells correctly to maintain the viability of the culture and enable 

the culture to recover more quickly. This is because cryoprotectants such as DMSO is toxic 

above 4 °C. Therefore, it is crucial that cultures are thawed immediately and diluted in culture 

medium to minimize the toxic effects[322][323]. 

The thawed cells were pipetted into sterile 50mL centrifuge tubes and thawing media (20% 

FBS in Dulbecco’s Modified Eagle Medium (DMEM) media) supplemented with the 

appropriate constituents was added to dilute the DMSO. The mixtures were centrifuged at 

1200 rotations per minute (rpm) for 5 minutes. The supernatants were discarded, and the 

pellets (cells) were resuspended in 15mL thawing media. These cells were then transferred 

into culturing flasks, and they were cultured at 37°C, 5% CO2 for at least 24 hours before 

processing the cells for downstream experiments[322].  

7.2.2.3 Cell harvesting 

Because the growth rate or proliferation of cells is not the same, affected by the weather, type 

of the cell line etc, the flasks were continually monitored and changing the growing media 

(10% FBS in DMEM) whenever there is a need. Mostly the media is changed when it starts to 

turn yellowish, this is a clear indication that the nutrients are running out. When the cells have 

grown to 100% confluency, they are harvested for seeding. The quickest cells to grow to 100% 

confluency were the HeLa cells which are cancer cells, followed by the HEPG2 cells (also 

cancer cells) and lastly the TZM-bI cells (HIV Cells). 

Harvesting is the separation of the cell culture from the growing medium. Firstly, the growing 

media was discarded and 3mL trypsin was added to detach the cells from the culture flasks. 

The flasks were incubated for 10mins, and the cells were transferred into centrifuge flasks. 

7mL of growing media was added into the three tubes to neutralize the trypsin. The mixture 

was centrifuged at 1200rpm for 5mins. The supernatants were discarded, and the pellets were 

resuspended in growing media for cell counting. 
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7.2.2.4 Cell counting 

To determine the viable cell density, trypan blue was used. 90µL of trypan blue and 10µL of 

the suspended cells were mixed gently in an eppendorf. 10µL of the mixture was then 

transferred onto the hemocytometer and the cells were counted under a microscope using the 

formula below: 

Total number of cells

Number of squares
 x dilution factor x 104 

For example: 

162 cells

4 
 x 10 x 104 = 4 050 000 cells/ml 

NB: for cell seeding, at least 1 000 000 cells are required. 

7.2.2.5 Cell seeding 

Cell seeding is usually the first protocol step and a standard procedure in cell-based 

experiments. A correct and standardized cell seeding protocol is a critical factor for 

reproducible experimental results.  

100µL of 1x105 cells/ml is required to seed one 96 well plate. 

From the suspended cells, to determine the volume required for seeding, the formula below 
was used: 

𝑉1 =
𝐶2𝑉2

𝐶1
 

For example, to seed 3 plates with 100µL of 1x105 cells/ml 

𝑉𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
(1𝑥105)(30𝑚𝑙)

4 050 000
= 0.74𝑚𝑙 𝑐𝑒𝑙𝑙𝑠 

These cells were incubated at 37o C for 24hrs. 
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Treatment of the seeded cells with the selected compounds. 

To prepare the compounds used for treating the cells, the first step was to weigh about 1-2mg 

of each compound and then dissolve them in ultra DMSO (the exact masses of the selected 

compound are shown in the table below). Compound 2b will be used as any example in the 

calculations.  

The amount of solvent required to dissolve the compounds was determined by the formular 

below: 

Mass of the compound in mg x 50 X 1000 = volume of the solvent in µL 

                                        2mg x 50 x 1000 = 80µL 

 

Second, was to determine the concentrations of these compounds so as to prepare a stock 

solution of 800µM in 500µL of each compound.  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 µ𝑀 =  
𝑚𝑎𝑠𝑠

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐷𝑀𝑆𝑂 𝑎𝑑𝑑𝑒𝑑
 𝑥106 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
2𝑥10−6𝑔

433.93𝑔
𝑚𝑜𝑙

𝑥 100𝜇𝐿
 𝑥106 = 46000𝜇𝑀 

The third step was to determine the amount of the compound dissolved in DMSO required to 

make a stock solution of 800µM in 500µL of each compound. This was determined using the 

formula below: 

𝐶1𝑉1 = 𝐶2𝑉2  

𝑉1 =
𝐶2𝑉2

𝐶1
=

800𝜇𝑀 𝑥 500𝜇𝐿

46000𝜇𝑀
= 8.695𝜇𝐿 

Now to make a solution of 500µL, the amount of media to be added was determined using the 

formula below: 

Total volume of the mixture required – the amount of the compound dissolved in DMSO = 

number of media to be added 

500µL – 8.695µL = 491.31µL of media was added 

The above formulas were used to prepare the rest of the compounds and their respective 

figures are shown in the table 6.1 below. 

Table 6.1: Compound Concentrations 
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Compound Quantity/mg DMSO 
added/µL 

Initial 
Concentration(µM) 

Sample in 
Media 
(µL) 

Media 
Added (µL) 

2b 2.0 100 46000 8.695 491.40 

2d 1.6 80 44600 8.968 491.03 

1e 1.7 85 45000 8.889 491.11 

1g 1.9 95 44600 8.968 491.032 

1b 2.0 100 44500 8.987 491.013 

1f 1.6 80 31600 12.658 487.34 

1a 1.4 70 47600 8.403 491.597 

 

These compounds were further diluted to 200µM which was required to treat the cells. This 

was achieved by: 

1. Wells in 3 ninety-six well plates were divided and labelled in replica of the 3 plates 

which were being used to culture the cells. 

2. 150µL of was media into each well and 150µL of the compound (from the stock solution 

prepared) was added to the first row of the 3 columns of wells allocated for each 

compound. 

3. A pipette was used to mix and dilute going down the columns, drawing portions of 

150µL to the next well. The last 150µL was discarded and 100µL was drawn from the 

last row of wells onto the corresponding last row with cells. Now the dilution was done 

going up.  

4. To the wells allocated for controls, only media was added. 

5. The plates were incubated for 48hrs at 37˚C. 

 

7.2.2.6 MTT Assay  

After incubating the plates for 48hrs, they were centrifuged at 1200 rotations per minute (rpm) 

for 5 minutes. 200µL of media was removed from each well and 200µL of PBS was added to 

the wells. The wells were centrifuged again at 1200 rpm for 5 minutes. Afterwards the PBS 

was removed for all the wells. 

MTT Preparation 

200mg MTT powder was dissolved in 40ml of sterile PBS(x1) solution to make a solution of 

concentration of 5mg/mL. The solution was filtered and sterilized through a 0.2µm syringe filter 

and collected in a sterile container. The MTT was store at 4˚C in a dark container. 
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MTT Buffer  

10µL MTT/ 100µL cells = 1 well 

So, for 96 wells = 96 x 10µL = 960µL of MTT 

1mL MTT + 9mL of plain DMEM Media = 10mL of MTT buffer 

100µL of MTT was added to each well, and the plates were incubated for 4-24hrs, light 

protected. 

 

Solubilization of MTT Assays 

The solubilization buffer was prepared by the ratio: 1mL of 1N HCL (was added) to 9mL 

Isopropanol. 

100µL of the solubilization was buffer added to each well, and the plates were incubated at 

room temperature for at least 15 minutes. Readings were taken at 540nm and 690nm 

backgrounds. 

 

7.2.2.7 Nitric oxide assay 

Materials 

1. HeLa cells’ supernatants 

2. 0.1% N-1-napthathylene-diamine dichloride (NED) in water 

Molecular Weight of NED = 259.17g/mol. Therefore 0.1% = 0.1g of NED diluted to 

100ml with triple distilled water (dddH2O) 

3. 1% Sulfanilamide diluted in 5% phosphoric acid. 

1g of sulfanilamide was diluted to 100ml with 5% phosphoric acid. 

5% phosphoric acid = 5mL of phosphoric acid diluted to 100mL with dddH2O. 

4. Nitrate Standards – Nitrate ion standard solution (stock Solution = 0.1M)  

Working Solution: 

𝐶1𝑉1 = 𝐶2𝑉2 

𝑉1 =
𝐶2𝑉2

𝐶1
=

100𝑥10−3𝑥 300𝜇𝐿

0.1𝑀
= 300𝜇𝐿 ↔ 30𝜇𝐿 (𝑁𝑖𝑡𝑟𝑖𝑐 𝑂𝑥𝑖𝑑𝑒) + 270 𝑝𝑙𝑎𝑖𝑛 𝐷𝑀𝐸𝑀 𝑚𝑒𝑑𝑖𝑎 

Using the formula 𝐶1𝑉1 = 𝐶2𝑉2, the nitrate oxide standard solutions prepared, whereby V1 = 

100µL were: 
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Table 7.2.2 Compound Concentrations 

C2/ µM NO added from the working 
solution/µL 

Plain Media Added/µL 

100 200 0 

50 100 100 

25 50 150 

10 20 180 

5 10 190 

0 0 200 

 

Protocol 

50mL of the supernatants from the treated Hela cells and nitric oxide solutions were 

transferred to each well of the 96 well plates. 50µL of 1% sulfanilamide solution was added to 

each well and the plates were incubated at room temperature (RT) for 10mins in the dark. The 

plate was covered with foil paper. 50µL NED solution was added to each well and the contents 

of each well were mixed well. The plates were incubated for 10minutes at RT in the dark. 

Again, the plate was covered with foil paper. Absorbance readings were measured at 520nm 

and 550nm. 

 

7.2.2.8 Reverse transcriptase inhibition assay - ELISA assay 

The Reverse Transcriptase assay kit was purchased from Sigma-Aldrich (catalog Number 

11468120910. Storage Temperature –20 °C). The kit contained sufficient reagents 224 tests 

which are: 

- HIV-1 reverse transcriptase (Bottle 1), Incubation buffer (Bottle 2), Reaction mixture 

(Bottles 2, 3, and 4), Lysis buffer (Bottle 5), Anti-DIG-POD (Bottle 6), Washing buffer, 

1xconc. (Bottle 7), ABTS substrate solution (Bottles 9 and 10), ABTS substrate solution 

containing substrate enhancer (Bottle 11), Conjugate dilution buffer (Bottle 8), 

Microplate modules and Polyethylene glycol (PEG).  
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Table 7.2.3: Test Compounds which were prepared as follows: 

Compound Mass/gram DMSO added/µL 

2b 0.0029 145 

1e 0.0049 245 

1g 0.0038 190 

1b 0.0037 185 

1f 0.0031 155 

 

Table 7. 2.4 Working concentrations of the test compounds: 

Working 
Concentration/ µM 

Volumed of test 
compound 

Lysis Buffer 
added/µL 

100 18.00 42.00 

50 9.000 51.00 

25 4.500 55.50 

12.5 2.250 57.25 

6.25 1.125 58.875 

 

Procedure: 

Firstly all the buffers were equilibrated to room temperature and the working solutions were 

prepared as instructed in the kit protocol[293]. 

Table 7.2.5: Mixture Contents in each tube 

Experiment Tubes Positive Control Tube Negative Control Tube 

 
Test Compound   60µL 
Enzyme               60µL 
Nucleotide           60µL 

 
  Lysis Buffer          60µL 

Enzyme               60µL 
Nucleotide           60µL 

 

 
Lysis Buffer         60µL 
Lysis Buffer         60µL 
Nucleotide           60µL 

 

All the tubes were incubated for an hour. The contents of the tubes were then transferred into 

their respective-designated microplate modules (60µL to each well) and incubated for 1 hour. 

The solutions were removed from the modules and the well were washed five times with 250µL 

wash buffer. 200µL of anti-Dig-POD solution was added to each well and the modules were 

incubated for an hour.  The solutions were removed from the modules and the well were 

washed five times with 250µL wash buffer. 200µL of ABTS substrate (4 tablets dissolved in 

20mL substrate buffer) was added to each well and the modules were incubated for 30minutes 

at room temperature before taking readings with a microplate reader at 405nm. 
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7.2.2.9 HIV protease activity detection assay 

The HIV protease activity detection kit was purchased from Sigma-Aldrich (catalog Number 

APPA014. Storage Temperature –20 °C)[324]. The contained sufficient reagents for one 96 

well plate (96 assays) which are: 

1. 1.0mL Constrained Substrate (ready to use solution) 

2. 20mL Detector (S1-10) Complementary GFP fragment (ready to use solution) 

3. 500µL Positive Control Reagent (ready to use solution) 

 

Procedure:  

Table 7.2.6: Contents in each well 

Experimental Wells 
 

Negative Controls Positive Controls 

 
Master Mixture      20µL 
Compound            10µL 
Enzyme                 0.5µL 
 

 
Master Mixture      20µL 
TE Buffer               10µL 
Enzyme                 0.5µL 
 

 
Master Mixture      20µL 
Positive Control     10µL 
Enzyme                 0.5µL 
 

Firstly, all the kit components were equilibrated to room temperature whilsting preparing TE 

buffer (2.07 pH).  A 1:1 master mixture of the constrained substrate (1mL) and TE buffer (1mL) 

was prepared. Pipette 20 mL of the master mix into each microplate well. 0.5 mL each of HIV 

protease enzyme was added to the reaction control wells. 10 mL of each compound was 

added to experimental reaction wells. The plate was incubated overnight at 37 °C in a 

humidified incubator whilst wrapped with foil. 200 mL of Detector (S1-10) to test and controls 

was added to all wells and the plate was incubated again for 8 hours. GFP excitation and 

fluorescence were measured at 485nm and 538nm respectively[324].  
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7.2.2.10 Antioxidant (DPPH) assay 

Materials 

1. 1.77mg of 2, 2-diphenyl-1-picrylhydrazyl (DPPH) dissolved in 50mL 100% ethanol – 

35.4ug/mL. 

2. 2mg Ascorbic acids dissolved in 1mL 100% ethanol (starting concentration swas 

supposed to be 100µg/mL) 

MW = 176.12g/mol               

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑚𝑎𝑠𝑠

𝑀𝑊 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒
=

0.002𝑔

176.12𝑔
𝑚𝑜𝑙

𝑥0.001𝐿
= 11 356𝜇𝑀 

3. 2mg of each compound + 200µL of 100% ethanol (starting concentration was 

supposed to be 500µg/mL) 

4. Preparation of Compounds used: 

Table 7.2.7: Contents in each well 

Compound Name Mass/ gram 100% Ethanol Added/µL 

2b 0.00211 211 

1e 0.00269 270 

1g 0.00345 345 

1b 0.00245 245 

1f 0.00302 302 

Vitamin C 0.00319 320 

 

Protocol 

Figure 7.2: The 96 well plating design layout for DPPH Assay 
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200µL of dddH2O was added to all the first-row wells (marked in red) using a multichannel 

pipette. 110µL of dddH2O was added to the rest of the wells. 20µL of each diluted compound 

was added to the first-row wells (A) and (C).  20µL of Vitamin C solution was added to the 

first-row wells of B – positive control. 20µL of 100% ethanol was added to the first row of D – 

solvent control. 

Serial dilution (with 110µL) was done from the first-row wells downwards, the 110µL from the 

last row wells was discarded. After the serial dilution, a final volume of 110µL was left in all the 

wells. 

In the dark, the DPPH solution was prepared by dissolving the1.77mg of DPPH in 50mL of 

100% ethanol. 90µL of this DPPH solution was added to all triplicate wells expect for column 

C which was the compound control (compound + blank) whereby 90µL dddH2O was added 

instead. The plates were covered with foil as DPPH is light sensitive. These plates were 

incubated in the dark at room temperature for 30 minutes before reading the plates at 492nm. 
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7.3 In Vitro Antiplasmodial Assay Method 

The test samples were prepared to a 10 mmol/L stock solution in 100% solvent. Samples were 

tested as a suspension if not completely dissolved. Further dilutions to the desired starting 

concentration were freshly prepared in growth media on each occasion of the experiment. The 

standard antimalarial drugs chloroquine (CQ) and artesunate (Arts) were used as the 

reference drug in all experiments. A full dose response was performed for all compounds in a 

96-well plate to determine the concentration inhibiting 50% of parasite growth (IC50–value). 

Test samples were tested at a starting concentration of 3 µmol/L, which was then serially 

diluted 2-fold in growth medium to generate the tested concentration range. The same dilution 

technique was used for all samples. CQ and Arts were tested from a starting concentration of 

1μg/mL. The highest concentration of solvent to which the parasites were exposed was 

approximately 1% and had no measurable effect on the parasite viability (data not shown).  

The assay plate was incubated at 37°C for 72 hours in a sealed gas chamber under 3% O2 

and 4% CO2, with the balance being nitrogen.  

After 72 hours, the wells in the assay plate were gently resuspended, and 15μL from each well 

was transferred to a duplicate plate containing 100μL of Malstat reagent and 25μL of nitroblue 

tetrazolium solution in each well. Plates were left to develop for 20 minutes in the dark, and 

then the absorbance of each well was quantified using a spectrophotometer at 620nM 

wavelength.  

The remaining population of parasites at each concentration of the test compound was 

determined by comparing the absorbance of each well to the absorbance of a well containing 

the drug-free control. Survival was plotted against concentration, and the IC50 values were 

obtained using a non-linear dose-response curve fitting analysis via the Dotmatics software 

platform. 
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