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ABSTRACT 

Schistosomiasis is a neglected tropical disease and the second most fatal tropical disease. The 

2024 World Health Organization (WHO) report indicates global mortality rates of 130,000 and 

150,000 schistosomiasis deaths attributed to the causative agents Schistosoma mansoni and S. 

haematobium, respectively, both of which species are endemic to Zambia. Although 

praziquantel (PZQ) remains the almost exclusive standard of care drug, it has some 

shortcomings including ineffectiveness against immature parasites, challenges in paediatric 

dosing, a high adult dose and has shown drug resistance. Therefore, there remains an unmet 

medical need to develop other treatment options with different modes of action to circumvent 

the now well-known mechanism of resistance. This study was based on Medicines for Malaria 

Venture’s compound MMV687807, which was preliminarily shown to possess promising in 

vitro antischistosomal activity but whose extensive structure-activity exploration was not 

undertaken yet. The study was also inspired by the desire to design analogues with better 

physicochemical properties such as logarithms of partition coefficient or distribution (LogP or 

LogD) and solubility. Accordingly, the study introduced an N-pyridazin-3-yl heterocyclic ring 

in lieu of the N-phenyl carbocyclic ring thereby editing the N-phenylbenzamide (N-PhBA) 

scaffold of MMV687807, MK1-11, etc., to the N-pyridazin-3-ylbenzamides (N-PdzBAs) 

seeing that N-PhBAs had high hydrophobicity (e.g. MMV687807: LogD = 5.14; MK1-11: 

LogD = 4.36) and hence possessed low aqueous solubility (e.g. MK1-11: Saq = 13.3 µM). Six 

target compounds were successfully synthesized by EDCI-mediated amide coupling to the 

required purity i.e. ≥ 95 %. Liquid chromatography – mass spectrometry (LC-MS) was used as 

the ultimate criterion of purity and to profile retention time (tR) while ultraviolet-visible (UV-

Vis), infrared (IR), proton (1H) and carbon-13 (13C) nuclear magnetic resonance (NMR) 

spectroscopic methods were used for characterization. Compared to the first-generation N-

PhBAs (e.g. MK1-11), N-PdzBAs showed much lower in vitro activity (severity score ≤ 1) on 

S. mansoni adult worms but favourably lower in vitro cytotoxicity (CC50 > 20 µM) on the 

HEK293 cell line (an experimental result which also agreed with in silico predictions), 

favourably higher estimated aqueous solubility (Saq > 100 µM) and lower hydrophobicity 

(cLogP ≤ 4). Therefore, although inferior activity-wise, the new pyridazinic analogues possess 

favourable physicochemical properties and could still find utility against other diseases.  

KEY WORDS: EDCI-mediated amide coupling, N-pyridazin-3-ylbenzamide, S. mansoni 

antischistosomal activity, HEK293 cytotoxicity, hydrophobicity, aqueous solubility 
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CHAPTER 1 

INTRODUCTION 

1.1 Chapter Overview 

Africa is home to about one billion of the 1.6 billion people globally affected by neglected 

tropical diseases (NTDs). NTDs perpetuate poverty and limit economic growth in the very 

countries that are always grappling with food insecurity, lack of sanitation infrastructure, poor 

healthcare and foreign aid dependence. These NTDs are co-endemic with other tropical 

diseases such as malaria, etc.1,2 This introductory chapter provides a background of 

schistosomiasis in terms of its terminology, history, pathogens, prevalence, aetiology, 

pathology and diagnosis. This is followed by treatment in terms of antischistosomal agents of 

clinical significance, drug mode of action and praziquantel resistance mechanisms. Finally, it 

highlights the statement of the problem, significance of the study, aim, objectives and research 

questions. 

1.2 Schistosomiasis 

1.2.1 Etymology, History and Human Pathogenic Species 

‘Schistosomiasis’ comes from the union of two Greek roots: ‘schistos’ meaning ‘split’ and 

‘soma’ meaning ‘body’.1 The name was proposed by David Friedrich Weinland (1858) because 

of the male worm’s split body morphology.2 Schistosomiasis (SCH), or snail fever, is a water-

borne helminthiasis type of parasitic disease caused by trematodes (flatworms) of the genus 

Schistosoma. The human medically relevant species (in alphabetical order and year of 

discovery) are: S. guineensis (1972), S. haematobium (1852), S. intercalatum (1934), S. 

japonicum (1904), S. mansoni (1907) and S. mekongi (1978). There exist several other species 

of veterinary relevance and many other non-medical wildtype species and hybrid species.1,2  

Earlier in 1851, Dr Theodor Bilharz, a German physician discovered the disease, coined it 

‘bilharzia’ which term was later adapted to ‘bilharziasis’/ ‘bilharziosis’. He also described S. 

haematobium (also spelt hematobium). S. haematobium (Sh), S. mansoni (Sm) and S. japonicum 

(Sj) account for the highest disease burden among the six Schistosoma species that infect 

humans, and the diseases are named according to the species as schistosomiasis haematobium, 

mansoni and japonica, etc, respectively.1–4 Katayama syndrome is acute schistosomiasis, 

especially schistosomiasis japonica, discovered by Katsurada in 1904.4,5 
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1.2.2 Epidemiology and Medical Geography: World, Africa, Zambia and Lusaka 

WHO reports published in 2023 and 2024 indicate that 253.8 million people globally required 

antischistosomal preventative chemotherapy in 2023, a decrease of 10.9 million from 2022 

when it was 264.7 million. Additionally, more than 700 million people were either living with 

the disease or at risk of infection especially in developing countries with a mortality rate of 

more than 280,000 deaths per annum. Of these deaths, over 150, 000 and 130, 000 deaths per 

annum were due to S. haematobium and S. mansoni infections, respectively. After malaria, it 

is the second most prevalent, virulent and fatal tropical disease.6–8  

Figure 1 below shows its global distribution typical of the tropics and subtropics.5 

 

Figure 1: World map showing human schistosomiasis prevalence.5 

In Africa, the latest WHO estimates show that at least 218 million people required preventative 

chemotherapy for schistosomiasis i.e. 90% of global cases (Figure 2).5,9–11 
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Figure 2: Map of Africa showing prevalence of human schistosome infection by species.5 

In Zambia, the prevalence is approximately 26.6%, with an estimated 2.39 million individuals 

infected and an additional 3 million at risk which are due to S. haematobium and S. mansoni 

(Figure 3).12  

 

Figure 3: Maps of Zambia showing S. mansoni and S. haematobium surveys.13 
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The former species is the more common and is endemic in all the ten provinces of Zambia. 

Generally, the disease is prevalent in rural areas close to the lakes or rivers but also slum urban 

areas which lack water supply and sanitation infrastructure.13–21 (A study outside Zambia found 

that the reduction of schistosomiasis new infections and child mortality decreased by 77% and 

55%, respectively, with improved water supply and sanitation.)22  

Lusaka province has the highest prevalence among Zambian provinces (Figure 4).14  

 
Figure 4: Pie chart showing provincial schistosomiasis prevalence percentages in Zambia.14 

Urinary schistosomiasis is common among children in some parts of Lusaka province where 

water contact activity is high and sanitation is poor e.g. Ng’ombe township, a shanty compound 

in Lusaka urban district and Chongwe district as in Figure 5.15–18,23 

 
Figure 5: Schistosomiasis exposure in Chongwe district of Lusaka province31 (a) boys 

swimming (b) girls holding containers of their respective haematuric urine. 

Lusaka, 

49.575

Eastern, 16.66

Western, 15

Southern, 13.62

Copperbelt, 2.5
Other provinces, 2.645
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1.2.3 Parasitology, Aetiology and Pathology 

Schistosomes are parasitic with a digenetic life cycle alternating between a snail- and a 

vertebral host. S. haematobium and S. mansoni miracidia infect Bulinus5 (e.g. B. globosus) and 

Biomphalaria (e.g. B. glabrata, B. pfeifferi, B. sudanica) snail vectors, respectively (Figure 

6).10,24–29 

 

Figure 6: Life cycle and transmission of schistosomes highlighting snail host specificity.10 

Generally, the most pathogenic species have a similar life cycle. Adult worms living in the 

blood venules lay about 300 eggs daily, which are released on defecation/ micturition. In water 

eggs hatch into miracidia, and these locate then infect snails, change into sporocysts ultimately 

yielding infective cercariae. Cercariae lose their tails during percutaneous penetration of the 

human host’s skin and become larvae which are called newly-transformed schistosomula 

(NTS). NTS migrate to the hepatic portal veins where they mature into adult worms. Adult 

 
5 Also spelt as ‘Bolinus’ 5,29 
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male and female worms pair up, copulate, and then travel to the intestines/ bladder. Under 

experiment, permissive vertebral hosts are rodents (mice/ rats/ hamsters).30,31 

Urogenital and intestinal schistosomiasis (due to S. haematobium and S. mansoni infections, 

respectively) are the main disease forms, whose infection is divided into the acute, established 

active and late chronic, with slightly different symptomatology mainly fever, lethargy and 

malaise but may also be asymptomatic.30,31 Sh exacerbates HIV transmission, while Sm and 

pulmonary arterial hypertension are comorbities.32,33 In Zambia, Sh exposure and Sm 

hepatosplenic schistosomiasis or HSS (Figure 7) have each been found among HIV/AIDS 

patients co-infected with hepatitis B virus.5,34–38 

 
Figure 7: A boy with S. mansoni HSS-induced hepatosplenomegaly.5 

Medico-geographically, schistosomiasis (Sh and Sm) and malaria (Plasmodium falciparum) 

known to be largely co-endemic as tropical diseases have shown co-infection commonly 

associated with anaemia namely in Nigeria and Ghana, among other tropical countries.39,40  

1.2.4 Diagnostic Methods and Mechanisms of Detection 

There are three main clinical methods (Table 1) and several others under validation.4,41–44 

Table 1: Schistosomiasis diagnostic methods and their mechanisms of detection.a 

Diagnostic method Mechanism of detection 

Microscopic detection Egg counting from urineb or fecesc (Kato-Katz coprology)4,41–43 

Immuno/ lateral flow Circulating cathodic antigen (CCA)/ antibody: active infection/ 

past infection4,41–43 

Molecular diagnostic Nucleic acid amplification test (NAAT): active infection4,44 

aSource: Adapted (with modification) from Weber et al, 2019. See Ref 4. bespecially Sh; cespecially Sm 
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1.3 Treatment, Management, Control and Prevention 

1.3.1 Chemotherapy: Composition, Enantiomerism, Names and Dosages 

Praziquantel, oxamniquine and metrifonate are the international nonproprietary names (INNs) 

of active pharmaceutical ingredients (APIs) of antischistosomal drugs used extensively, with 

the latter two drugs having now largely been withdrawn.45–48 The INNs have stems which can 

be used to decipher the key moieties in the API molecules (Figure 8).49  

N

N

O

H

O

(R)-praziquantel (S)-praziquantel

HO

O2N N
N

H

H
H
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O
OMeCl
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H
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H
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O

H

O
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Figure 8: Structures of enantiomers of praziquantel, oxamniquine and metrifonate.45–48 

Note: Key to stems (roots/prefixes/suffixes) in drug international non-proprietary names (INNs): praz = pyrazine; 

iqu = isoquinoline; antel = anthelminthic; ox = oxygen (O); am = amine (NR3); ni = nitro (-NO2); me = methyl 

(Me/CH3); fon = phosphonate PO(OR)2; ate = ester49 

‘Praziquantel’ (PZQ), the standard of care, is a contraction of ‘pyrazinylisoquinoline 

antihelmintic’ which comes from the main scaffold in the full name 2-(cyclohexylcarbonyl)-

1,2,3,6,7,11b-hexahydro-4H-pyrazino[2,1-a]isoquinolin-4-one.49–51 It is usually manufactured 

as a racemate, dispensed at WHO recommended dose of 40 mg/kg. However, only the R-PZQ 

enantiomer is active i.e. L-PZQ/ (-)-PZQ, whereas the S-enantiomer being inactive is mostly 

responsible for the bitter taste. The enantiomerism connotes drug-drug interactions.50–55 

Besides, PZQ’s drug metabolism pharmacokinetics (DMPK) profile is well documented.54–56 

Epigastric pain, anorexia and headache are adverse effects. Commonly branded as Biltricide®, 

etc., besides the API, the excipients are: corn starch, magnesium stearate, microcrystalline 

cellulose, povidone, sodium lauryl sulfate, polyethylene glycol, titanium dioxide and 

hydroxypropylmethylcellulose. These excipients (in this marketed product) and others (in 

research and development) are meant to optimize the solubility and stability.57–59 It is cheap 

when subsidized though the annual cost is US$ 17.92 million globally; a 600 mg adult tablet 

ranging between US$ 0.08 and 6.60 usually donated by WHO. PZQ prophylactic mass drug 

administration (MDA), molluscicides, snail habitat biologic control also used.4,5  

Oxamniquine 250 mg is commonly branded as Vansil®, etc while metrifonate 50 mg was 

commonly branded as Dipterex®.4,5 
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1.3.2 Targets and Modes of Action of Selected Clinically Approved Drugs  

Although PZQ has been the main treatment for many years, its precise mode of action had not 

been fully elucidated.46,52 The disrupted calcium ion (Ca2+) homeostasis observed upon 

administration of PZQ had been postulated to be due to an altered function of the voltage 

operated Ca2+ channels which causes contraction of the worm muscle fibres by causing Ca2+ 

influx. The transient receptor potential (TRP) channels had drawn the attention of 

parasitologists by 2016 who highlighted the eight TRP families in metazoans as: TRPC, TRPV, 

TRPA, TRPM (melastatin), TRPML, TRPP, TRPN and TRPVL. In 2019, a schistosome Ca2+-

permeable S. mansoni TRPM channel activated by PZQ was indeed identified, genetically 

mapped as Sm.TRPMPZQ, Smp_246790.5, chromosome 3; molecularly docked with PZQ 

(Figure 9), which was confirmed by further studies in 2021 and 2023.50,60–65 

 

 

KEY 

TRP: transient receptor 

potential 

S1 to S4: transmembrane 

helices; 

Amino acid single letter 

symbols:  

D: aspartate;  

E: glutamate;  

F: phenylalanine;  

I: isoleucine;  

L: leucine;  

N: asparagine;  

P: proline;  

R: arginine;  

S: serine;  

T: threonine;  

W: tryptophan;  

Y: tyrosine;  

R1514/ R1681: Arginine on 

the 1514th and 1681st position, 

respectively in the 1° 

polypeptide structure, etc. 

from the amino end 

Figure 9: PZQ docked onto S. mansoni TRPPZQ target (Schrödinger Maestro™ software).63 

Note: Two carbonyl oxygens of PZQ act as hydrogen bond acceptors (HBAs) to amide, phenoxyl and guanidino 

hydrogens of arginine (R), tyrosine (Y) and asparagine (N) amino acid residue side chains (hydrogen bond donors 

i.e. HBDs). Also notable are hydrophobic interactions between the phenyl group of PZQ to both Y and R.66 

Arachidonic acid metabolism is a PZQ target in S. mekongi.67 Oxamniquine inhibits nucleic 

acid synthesis while metrifonate alters cholinesterase activity.47,48  
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1.3.3 Mechanisms of Resistance against PZQ 

The efficacy of PZQ on each of the major species i.e. S. haematobium, S. mansoni and S. 

japonicum was established by the clinical trials initially conducted in Zambia, Brazil and 

Philippines, respectively.68–70 Indeed, 50% effective concentration (EC50) values for PZQ were 

0.1 µg/mL at 4 h, 0.05 µg/mL at 72 h in one follow-up study and 0.1 µM at 72 h in another.55  

However, of late PZQ resistance has been reported in Kenya among other countries potentially 

fuelled by MDA in such jurisdictions. The resistance mechanisms in S. mansoni are explained 

mainly using two postulates: adenosine triphosphate-binding cassettes (ABCs) and 

sarcoplasmic/ endoplasmic reticulum calcium ATPases (SERCAs). Adult S. mansoni worms 

with reduced PZQ susceptibility, have been found to have higher levels of ABCs e.g. P-

glycoprotein, suggesting that they remove PZQ. Calmodulin kinase II activation followed by 

nuclear activated factor kappa B activation, is linked to SERCA in S. mansoni was shown to 

have PZQ sensitivity reduction.50,71–75 

1.4 Statement of the Problem 

PZQ has been the almost exclusive standard of care since 1977, whose downside include 

resistance, paediatric dosing challenges, adverse effects and a short shelf life. Besides, it is also 

ineffective on younger life cycle stages which may trigger re-infections by failure to stop 

transmission, necessitating repetitive administration. In fact, little has been done into 

developing new antischistosomal drugs or vaccines.45–47  

Therefore, there remains an unmet medical need to develop other treatment options with 

different modes of action to circumvent the now well-known Ca2+ channel-mediated 

mechanism of resistance against PZQ’s pyrazino-isoquinoline core scaffold. Even with WHO 

donations, Zambia still failed to reach the 75% threshold national coverage in preventative 

chemotherapy in school-aged children in 2023 unlike the neighbours, Democratic Republic of 

the Congo and Malawi, among other African countries.6  

In fact resistance is also already of concern even in the most promising antimalarial repurposed 

antischistosomal candidates in clinical development globally since the responsible parasites are 

co-endemic in tropical and sub-tropical regions (section 2.3) especially in their co-infection 

cases (subsection 1.2.3).39,40 Advisedly, the use of such drugs should be restricted to areas 

outside those where there is any trace of malaria transmission.76,77 Besides, poor solubility and 

related properties as well as severe cytotoxicity and target organ toxicity have made several 
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good antischistosomal drug candidates discovered, even those more potent than PZQ, not reach 

the market (section 2.5 and Table 4).78–82 

1.5 Significance of the Study 

This study has contributed insights into medicinal chemistry optimization of a new class of 

compounds, which future researchers could exploit in the pursuit of novel antischistosomal 

treatments in terms of a less hydrophobic, more water soluble, less cytotoxic, cheaper and 

orally active candidate since higher aqueous solubility (Saq) in vitro translates into higher blood 

solubility and bioavailability in vivo. Besides, an orally administrable drug would not require 

injections and refrigerators for low temperature and the constant care of health workers hence 

would be cheaper to administer by MDA even to the poor. Structure-activity relationships 

(SARs) are key in drug discovery as a drug-like molecule is taken to consist of a 

pharmacophore, a metabophore and a toxicophore which are basically molecular fragments 

responsible for therapeutic effect, metabolism and toxicology, respectively. SAR exploration 

is key to hit-to-lead optimization in medicinal chemistry and drug discovery before drug 

development of a molecule can be considered. In addition, the study has highlighted how in 

silico computer aided drug discovery can cheaply be applied to NTDs like schistosomiasis and 

hence prevent wastage of chemicals and other resources by prediction of some 

physicochemical and drug metabolism pharmacokinetic (DMPK) properties as well as 

cytotoxicity using free readily available web-based databases/software such as SwissADME™, 

PkCSM™ and Cyto-Safe™ at design stage prior to the actual synthesis.   

1.6 Aim, Objectives and Research Questions 

1.6.1 Aim 

The aim of this study was to synthesize N-pyridazin-3-ylbenzamide (N-PdzBA) analogues and 

profile their hydrophobicity, solubility, cytotoxicity and antischistosomal activity. 

1.6.2 Objectives  

1. To design and synthesize N-PdzBA target compounds via carbodiimide-mediated amide 

coupling. 

2. To comprehensively characterize target compounds using LC-MS, UV-Vis, IR, 1H- and 

13C-NMR spectroscopy. 

3. To evaluate in vitro antischistosomal SARs on S. mansoni adult worms. 

4. To profile the N-PdzBAs in terms of hydrophobicity, aqueous solubility (Saq), 

cytotoxicity using in vitro and/or in silico approaches. 
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1.6.3 Research Questions 

1. Is it possible to synthesize N-PdzBAs via carbodiimide-mediated amide coupling? 

2. Is it feasible to characterize target compounds using LC-MS, UV-Vis, IR, 1H- and 13C-

NMR?  

3. Is there appreciable in vitro antischistosomal activity on S. mansoni adult worms 

exposed to N-PdzBA chemical insult and if yes what is the SAR? 

4. What are the calculated LogP (cLogP), aqueous solubility, cytotoxicity (on HEK293 

cells) profiles of the N-PdzBAs, as determined using in vitro and/or in silico approaches? 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Chapter Overview 

In its roadmap to eliminate schistosomiasis by 2030, the WHO called for the development of 

drugs or vaccines but due to limited incentives, very little has been done.1–3 Thus, this chapter 

briefly reviews drug discovery and development approaches and then highlights the notable 

efforts in antischistosomal drug development at clinical and pre-clinical stages. The chapter 

then discusses drug repurposing efforts in the area of antischistosomal drug discovery at hit-

to-lead (H2L) stage. The chapter also discusses known, albeit few, pharmacological properties 

of N-PdzBAs, a chemotype which was explored in this research work and ends with a 

summary of the literature search and patent search.  

2.2 Approaches to Drug Discovery and Development in Brief 

There are three main kinds of drug discovery approaches: phenotypic screening, target-based 

approach and drug repurposing/ repositioning/ rescue. Phenotypic screening is done on whole 

cells/ microbes while target-based approach focuses on enzymes/ receptors, etc. The latter 

tends to incorporate in silico methods which are computed-aided simulations based on 

artificial intelligence/ machine learning (AI/ML). Drug repurposing is the application of an 

existing drug to a new indication i.e. a disease for which it was not originally targeted while 

drug repositioning is the medicinal chemistry optimization of a known drug or drug lead to 

suit another disease. Drug rescue employs medicinal chemistry optimization to improve upon 

the properties of a drug that has been abandoned in development or withdrawn from clinical 

use.3–11 In drug development, preclinical trials (i.e. in lower animals) are followed by clinical 

trials i.e. in humans.  Phase I (1) trials are carried out on healthy volunteers while Phase II (2) 

trials are carried out on a few patients. Phase III (3) trials are carried out on many patients.12 

2.3 Recent Efforts in Antischistosomal Drug Development  

Recently, there have been 10 antischistosomal vaccines in development: one in Phase III, one 

in Phase II, three in Phase I and five in preclinical trials.13 Besides, several natural products 

have been tested against schistosomes.14–16 However, both vaccines and natural products were 

beyond the scope of this research work, the focus being synthetic small molecules. No new 

API molecule approved as an antischistosomal drug/ vaccine17 was found to the author’s best 

knowledge. Several efforts have involved antimalarial drug repurposing/ repositioning.3,17,18 
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2.3.1 Approval 

For decades, there has been no praziquantel formulation for children aged 3 months to 6 years. 

Fortunately, clinical trials for such a formulation were successfully completed in 2021 now 

referred to as paediatric praziquantel formulation. It is a 150 mg tablet containing the bioactive 

R-PZQ enantiomer, mannitol and sucralose to improve palatability. By 2022, the formulation’s 

regulatory submission to the European Medicines Agency (EMA) was finalized, validated for 

review in the same year, then received approval as a positive opinion from EMA by 2023, was 

added to the list of prequalified medicines by WHO in 2024 currently rolled-out in Uganda. 

However, this development does not add any new API molecule to the pipeline. 19–24 

2.3.2 Phase III Clinical Trials 

Cheuka had argued that there was no antischistosomal in the pipeline by 2020.25 However, this 

may not be accurate since Co-Arinate®, an artemisinin-based combination therapy (Figure 10) 

underwent a Phase III trial against S. haematobium in 2019.26  
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Figure 10: Structures of artesunate, sulfalene and pyrimethamine. 

Actually, the first (2009) clinical trial of artesunate + sulfamethoxypyrazine + pyrimethamine 

against S. haematobium had a cure rate (CR) of 44% versus 53% for PZQ.27 Muok and Obonyo 

had further shown that a single oral dose of Co-Arinate® had comparable efficacy to PZQ on 

S. mansoni-infected children.28,29 They and others replicated this trial in 2024 with the 

following results. In S. mansoni-infected children, the CRs were 75.6%, 60.7% and 77.8%; 

and egg reduction rates (ERRs) were 80.1%, 85.0%, and 88.4% for PZQ, Co-Arinate, and 

PZQ + Co-Arinate combination, respectively, while in S. haematobium-infected children, the 

corresponding CRs were 81.4%, 71.1% and 82.2%; and ERRs were 95.6%, 97.1% and 97.7%, 

respectively.30,31 Unfortunately, co-endemic malaria is resistant to artemisinin and 

pyrimethamine.3,24,32–34  

2.3.3 Phase II Clinical Trials 

Artesunate + mefloquine has just undergone a phase II trial proving to be non-inferior to PZQ 

(CR: 59.6% vs 62.1% for PZQ).35 Moxidectin, Synriam® (piperaquine + arterolane 
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combination) and Synriam® + PZQ combination (Figure 11) first underwent Phase II trials 

against Sh and Sm in 2016 with better ERRs on Sm.24,36,37  
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Figure 11: Structures of moxidectin, arterolane, piperaquine, mefloquine and R-PZQ. 

Similarly, resistance to piperaquine by malaria from which they are repurposed is well-known 

taking into account co-infection which also affects artesunate since a common metabolite of 

all artemisinins/ derivatives which is dihydroartemisinin (DHA) has also shown resistance.38 

2.3.4 Phase I Clinical Trials 

No antischistosomal candidate undergoing phase I clinical trials was found at press time in 

this literature search to the best of the author’s knowledge.  

2.3.5 Pre-clinical Trials 

A series of imidazopyrazines (active on both the adult and juvenile stages) is undergoing 

preclinical trials after being derivatized to prodrugs having initially faced solubility issues. 

These molecules patented under WO2018130853 were discovered by London School of 

Hygiene and Tropical Medine in collaboration with Salvensis and have since been adopted by 

Merck. The most notable molecule is LSHTM-3642 which was a lead optimized from the hit 

LSHTM-1945  from Medicines for Malaria Venture (MMV) as shown in Figure 12.24,39–41 
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Figure 12: H2L optimization of LSHTM-1945 to LSTMH-3642/SAL656. 
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Roche’s Ro15–5458 (Figure 13) in 2020 showed efficacy in several animal models against 

most schistosome species inhibiting gene expression. Its effect is similar to that of PZQ though 

has different binding sites and also affects the immature stages better than PZQ.42,43 

Miltefosine (Figure 13), a repurposed antileishmanial drug, in 2015 underwent preclinical 

trials in mice after showing significant activity against various stages of S. mansoni in 

vitro.24,27  

N

N
N

SN

N

H

O
P

O-

O O
N+

14

Miltefosine (MFS)

Ro15-5458

 
Figure 13: Structures of Ro15-5458 and miltefosine. 

2.4 Antimalarial Drug Repositioning at Hit-to-Lead Drug Discovery Stage 

Schistosoma and Plasmodium spp (schistosomiasis and malaria pathogens, respectively) are 

both blood-feeding parasites and have evolved heme detoxification mechanisms as can also 

be inferred in their synergistic anaemic effects in co-infection.44–47 Several drug hit 

compounds have originated from compound libraries, such as the MMV Malaria-, Pathogen-, 

etc. compound libraries so called Boxes.48–53 SAR exploration of MMV665852, an N,N’-

diphenyl urea from the Malaria Box, by Cowan et al and Ingram-Sieber et al, led to compound 

35 which is an N-phenylbenzamide (Figure 14).24,49,50  
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Figure 14: Structures and pharmacological data for MMV665852 and Compound 35.49,50 

Compounds from the Pathogen Box were first screened in vitro on S. mansoni NTS from 

which 43 hits were further tested against adult worms by Pasche et al. From this secondary 

screen, 11 hits were identified and tested for albumin-binding and in vitro activity on adult S. 
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haematobium. MMV687807 (Figure 15), was identified as one of the promising hits. On in 

vitro evaluation against S. mansoni NTS after 24 h, it showed an IC50 = 0.3 µM and 0.2 µM at 

24 h and 72 h, respectively. (The so called ‘IC50’ values should strictly be called ‘EC50’ since 

they are based on whole-cell screening.) On adult worms, it showed IC50
 values of 9.7 µM, 

2.6 µM, 2.2 µM, 2.3 µM and 2.1 µM at 1 h, 16 h, 24 h, 48 h and 72 h post-incubation, 

respectively.  In the presence of albumin, IC50 values of 5.7 µM, 5.5 µM and 5.6 µM were 

reported at 24 h, 48 h and 72 h post-incubation, respectively. This hit compound was lethal on 

screening in vitro at 10 µM against adult Sh worms at 24 h, 48 h and 72 h post-incubation.51 

MMV has since reported its chromatographic LogD (ChromLogD) as 5.14 higher than the 

Lipinski’s Rule of 5 cut-off (5) and 20% cytotoxic concentration on human hepatoma cells 

(HepG2 CC20) as 0.658 μM (<< 80 μM cut-off).24,51,52 
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Figure 15: Structure of MMV687807. 

Table 2 shows rat in vivo DMPK data for MMV687807.51,52 

Table 2: Rat* in vivo DMPK data for MMV687807.51,52
 

Route/Dose 

(mg/kg) 

Tmax 

(h) 

C0/Cmax 

(ng/mL) 

AUClast 

(ng.h/mL) 

AUCinf 

(ng.h/mL) 

CL 

(mL/min/kg) 

Vdss 

(L/kg) 

T1/2 

(h) 

% 

F  

IV/1 N/A 640 108 110 151 16.5 2.58 - 

PO/5# 0.625 20 29.8 33.2# N/A N/A 1.78# 6 

Notes: *Sprague Dawley male rat; #data for n = 1 animal; C = concentration; Tmax = time to maximum C; C0 = 

initial C; Cmax = maximum C; AUC = area under the curve; AUClast = AUC up to the last data point; AUCinf = 

AUC up to infinity; CL = clearance; Vdss = volume of distribution at steady state; T1/2 = half-life; %F = % 

bioavailability; IV = intravenous; PO = oral (per os); N/A = non-applicable 

Other parameters are also documented by MMV51,52 but not aqueous solubility explicitly, as 

confirmed by email (Adam, A. (MMV). email communication, August 20, 2023). In the 

studies by Cowan et al and Pasche et al, trifluoromethyl (TFM) on N-phenyl and/ or benzoyl 

moieties (Figure 16) showed favourable antischistosomal activity, just as in recent 

MMV687807 SAR exploration studies by Kanyanta et al, etc. other TFM N-PhBAs MK1-11 

and MK1-09 were quite potent in vitro (Figure 16) which have since been repeated in this 

study6.24,49–53  

 
6 Unpublished 
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Figure 16: Structures and pharmacological data of N-PhBAs in Cowan et al, Pasche et al and 

Kanyanta et al studies.49–53 

Note: CC20 = 20% cytotoxic concentration (C); CC50 = 50% cytotoxic C; Chrom = chromatographic; CL = 

clearance; cLogP = calculated logP; EC50 = 50% effective C; HEK293 = human embryonic kidney cell; HepG2 

= hepatocellular carcinoma cell; LC = liquid chromatography; LogD = logarithm of D; MK1-09 and M1-11 

(DDD02953325 and DDD02953326, respectively) were first synthesized by Masebe Kanyanta while DMPK 

studies by University of Dundee’s Drug Discovery Unit; MLM = mouse liver microsome; Saq = aqueous 

solubility; tR = retention time; NB: CHI-logD = ChromLogD; HepG2 EC50 = HepG2 CC50
41 

Like earlier studies, which unraveled compounds 29, 35, 37 and MMV687807, the studies by 

Kanyanta et al also demonstrated the importance of electron withdrawing groups (EWGs) to 

activity (EC50) with respect to the N-Ph ring. 3,4-Cl was less active than 3-CF3. This was also 

observed for polarity in terms of LC tR with respect to the N-Ph ring. 3,4-Cl was less polar 

than 3-CF3. Similar trends can be observed for cLogP, LogD and solubility (Figure 16).49–53  

2.5 Poor Physicochemical Properties of N-PhBAs 

In the phenotypic screens referred to above conducted by Cowan et al, Ingram-Siber et al and 

Pasche et al, measured aqueous solubilities of some of the hit compounds were low.49–51 

Niclosamide (Figure 17), an N-PhBA, which has undergone repositioning for schistosomiasis, 

etc., has not been successfully optimized due to poor solubility.24,54–56 
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Figure 17: Niclosamide, a poorly soluble extensively repositioned N-PhBA. 
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2.6 The Pyridazine Scaffold in Medicinal Chemistry Optimization 

Pyridazine (Pdz) is a six-membered aromatic heterocycle with two adjacent nitrogens. Pdz is 

less lipophilic, with a weak basicity, a high dipole moment and dual hydrogen-bonding 

capacity, which contribute to the lower LogP (cLogP = -0.58) and LogD as well as improved 

crystalline salts compared to phenyl (cLogP = 2.14).57 A study concluded that about half of all 

drugs contain a phenyl ring which can be either substituted or not i.e. with heterocycles e.g. 

pyridazine, to improve physicochemical properties.58 In another study, diazepam was 

derivatized to a pyridazine derivative to improve solubility (Figure 18):57 
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Figure 18: Attenuation of LogP of diazepam via a phenyl to pyridazine switch.57 

In yet another study, minaprine was salted in as a soluble crystalline powder based on the 

hydrogen-bonding capacity of pyridazine – in addition to that of morpholine (Figure 19).57 
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Figure 19: Solubility optimization of minaprine via a pyridazine-morpholine salting in.57 

Although MK1-09 and MK1-11 have marked in vitro antischistosomal activity (section 2.4, 

a study which has been since repeated alongside the N-PdzBA analogues in this study7),54 they 

have unfavourable cLogP values and which have indeed been confirmed by logD and 

solubility experimental values.8 These could negatively impact other physicochemical 

parameters and developability profile of this earlier series of N-PhBAs. Hence, in this research 

work their N-phenyl ring was replaced with a pyridazine to form N-PdzBAs, to optimize LogP 

 
7 Unpublished 
8 Unpublished 



Harrison Banda, Dissertation (MSc in Chemistry) © 2024                                                              25 

and solubility. Studies have reported increased inhibition of cytochrome P450 (CYP), on 

phenyl to Pdz substitution.58–62 Phenyl (Ph) to Pdz derivatization can increase, reduce or 

maintain potency.63,64 In a survey involving replacing a Pdz with a Ph (i.e. a reverse 

substitution to that of this research work), etc.: 16% reduced, 47% maintained and 37% 

increased potency.63 In another study, a Ph analogue, i.e. 27, exhibited much better inhibition 

of phosphatidylinositol-3-kinase delta (PI3Kδ) relative to that of Pdz, i.e. 29 (Table 3).64 

Table 3: PI3Kδ IC50 SAR explorations of phenyl versus 6-membered heterocycles.64 
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Compd code R7 PI3Kδ IC50 (nM) Comment 

27  

Ph 

0.3  

Potency in terms of the PI3Kδ 

IC50 decreases with increasing 

numbers on nitrogens in the R7 

aromatic ring since the lower the 

concentration the more  potent 

28  

Py 

0.5 

30  N

N

Pdz 

240 

 

2.7 Pharmacological Properties of N-PdzBAs 

In 2022, a study reported an N-PdzBA derivative as an anti-COVID19 compound where the 

pyridazine nitrogens were key in target binding (Figure 20).65  
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Figure 20: Structure of 4-acrylamido-N-pyridazin-3-ylbenzamide, an N-PdzBA anti-

COVID19 compound 

In 2019, another study reported N-pyridazinylbenzamides with high potencies of leucine-rich 

repeat kinase 2 inhibition, improved physicochemical properties with promising Parkinson’s 

disease utility.66 No antischistosomal N-PdzBAs were found in this literature search and patent 

search to the best of the author’s knowledge (Table 4). 
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Table 4: Summary of literature search and patent search. 

Literature Findings Knowledge Gap 

Fortin and 

Jansen, 2011;26 

Muok et al, 

2024;29 Obonyo 

et al, 202430 

Co-Arinate® (artesunate + 

sulfalene + pyrimethamine) 

had comparable efficacy to 

PZQ on Sh and Sm in 

Phase III trials with a cure 

rate (CR) of 44% (vs 53% 

PZQ);26,29,30 (patented 

WO2007028413A1)67 

Combinations involved drugs for co-

endemic malaria: pyrimethamine (and 

artesunate) resistant (to the close 

analogue artemisinin) especially in co-

infection since their common metabolite 

DHA has also been shown to be 

resistant3,31 

Bottieau et al, 

202435 

Artesunate + mefloquine  

had a comparable CR 

(59.6%): PZQ (62.1%) on 

Sh in Phase II clinical 

trial35 

Combinations involved drugs for co-

endemic malaria: both mefloquine and 

artesunate (and its metabolite DHA) 

resistant especially in co-infection3,35 

Barda et al, 

201636 

Moxidectin, Synriam® 

(piperaquine + arterolane), 

Synriam + PZQ in Phase II 

trial on Sh; Sm with better 

egg reduction rates (ERRs) 

on Sm;36 (application for 

No. PCT/IB2021/057494)68 

Combinations involved drugs for co-

endemic malaria (piperaquine) 

especially in co-infection, to which it is 

resistant and PZQ with already known 

SCH resistance38 

Pasche  et al, 

201851 

MMV687807 (N-PhBA): 

active on Sh, Sm in vitro, in 

vivo rats51,52 (both spp 

endemic to Zambia) 

Unfavourably, LogD was high (5.14) 

and aqueous solubility (Saq) was 

low;51,52 hence unsuitable for regular 

oral use 

Gardner et al, 

202139,40 

LSHTM1945 SAR study 

found 

LSHTM3642/SAL656, 

etc. imidazopyrazines 8× 

more potent than PZQ on 

Schistosoma spp in vivo 

mice now in pre-clinical 

trials (WO2018130853)39,40 

Saq was low;39,40 this is explainable from 

the flat aromatic rings and 

polyhalogenation; unsuitable for regular 

oral use. This is being circumvented by 

the prodrug approach.41 

Xu et al, 2023;69 

Ja’afaru et al, 

202470 

PZQ SAR studies found 

P96 as only active analogue 

in vitro, (PZQ has tight 

SAR);69 Compd 17a by 

ligand-based discovery70 

P96 active only on S. japonicum (Sj) 

endemic to Japan (eradicated) etc. 

Asia69 not Zambia/ Africa; For 

compound 17a, more wet experimental 

assays  needed70 

Kanyanta et al, 

202353 

MMV687807 SAR found 

N-PhBAs potent on Sm in 

vitro: e.g. MK1-09, MK1-

11, etc53 

tR, cLogP, LogD (and cytotoxicity) 

were high53 hence their Saq was low9 like 

other N-PhBAs;51,52 hence orally 

unavailable 

 
9 Unpublished 
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CHAPTER 3 

METHODOLOGY 

3.1 Chapter Overview 

The study was multi-centric and the materials and methods used in the design, synthesis, 

purification, characterization, physicochemical and pharmacological screening of target 

compounds are described in this chapter. 

3.2 Research Design 

3.2.1 Ethics Statement 

All protocols, including those of the primary lab at UNZA and the IR lab at Yash Life Sciences 

(YLS), were in accordance with ethical approval from the Natural and Applied Sciences 

Research Ethics Committee (NASREC), the respective Institutional Review Board (IRB No. 

00006465) Organization (IORG No. 0005376) of UNZA documented as Ref No. NASREC-

2023-AUG-013 as in Appendix A. Shipment of samples between labs was done in compliance 

with shipment laws of various jurisdictions e.g. the United States Toxic Substance Control Act 

(Appendix B). Bioassays done abroad10 at UCSD (USA) were carried out with approval by the 

Institutional Animal Care & Use Committee of the UCSD in accordance with protocol 

AN107779 which derives its authority from the US Public Health Service Policy on Humane 

Care & Use of Laboratory Animals, and the Animal Welfare Act & Regulations, as before.1   

3.2.2 Screening Cascade 

The research began with design and chemical synthesis. This was followed by multi-technique 

compound characterization protocols namely LC-MS at the UCT; UV-Vis spectroscopy at the 

UNZA; IR spectroscopy at YLS; and 1H- and 13C-NMR spectroscopy at UCT in that methodical 

order. This was according to the logical progression from purity determination (LC), molecule 

weighing (MS), chromophore determination (UV), functional group determination (IR), 

hydrogen atom connectivity (1H-NMR) and carbon skeleton connectivity (13C-NMR). This was 

followed by biological assays: antischistosomal adult S. mansoni- and in vitro cytotoxicity 

assays at UCSD and lastly physicochemical-DMPK parameters experimental and/or in silico 

methods.1-5 Figure 21 summarizes the screening cascade. 

 
10 Hence no approval from the UNZA Biomedical Research Ethics Committee (BREC) (or other similar IRB) 

nor the National Health Research Authority (NHRA) was sought as elsewhere2 
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Figure 21: Screening cascade of the MSc research work.1-5 

3.2.3 Design of Target Compounds 

In this research work, a novel series of N-PdzBAs was designed, using the SAR exploration 

plan in Figure 22, replacing the N-phenyl ring in MMV687807 with the N-pyridazin-3-yl ring.6 
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Figure 22: A graphical plan on SAR exploration on MMV687807 to N-PdzBA target 

compounds. 
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The nitrogen atoms in the pyridazine scaffold were anticipated to be able to optimize 

physicochemical properties such as hydrophobicity, solubility and DMPK properties.6–8 A 

rational quantitative SAR (QSAR) exploration approach was used in selecting which substituted 

analogues to synthesize. The different substituents on the N-PdzBA core scaffold, in this study, 

were selected from the Craig plot covering quadrants I and III (Figure 23).1 

 

 
 
 

Figure 23: Craig plot highlighting substituents utilized.a 

aSource: Adapted (with modification) from Patrick, 2023. See Ref 9. (Project utilized substituents encircled) 

Key: π = substituent hydrophobicity (pi) constant; σ = Hammett substituent (sigma) constant; Br = bromo; CF3 

= trifluoromethyl; CF3SO2 = trifluoromethylsulfonyl; CH3CO = acetyl; CH3CONH = acetamido; CH3SO2 = 

methylsulfonyl; Cl = chloro; CN = cyano; CONH2 = aminocarbonyl; CO2H = carboxyl; Et = ethyl; F = fluoro; 

Me = methyl; NH2 = amino; NMe2 = dimethlyamino; NO2 = nitro; OCF3 = trifluoromethoxyl; OH = hydroxyl; 

SF3 = trifluoro-λ4-sulfanyl; SO2NH2 = aminosulfonyl; t-Butyl = tertiary butyl 

This was done in order to yield the list of designed target compounds in Figure 24.1 
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Figure 24: Structures of designed N-PdzBA target compounds derivatized from MMV687807. 

Some of designed target compounds in Figure 24 were designed on an exact matched 

molecular pair (MMP) basis of the most potent compounds in the reference studies (Table 5) 

which were then collected from the UNZA MCDD chemical library and assayed alongside.1,10 

Table 5: Comparison of N-PdzBAs designed on MMP basis wrt N-PhBAs.1,10 

N-PhBA N-PdzBA10 

Compd code Structure Compd code Structure 

MK1-111 

 

 

 

HB4-02 

 

AD-310 

 

 
 

HB3-05 

 

MK1-101 

 

 
 

HB3-02 

 

MK1-091 

 

 

 

HB5-02 

 
NB: Compounds on the left-hand side (LHS) were synthetized in referred to studies1,10  
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3.2.4 Adaptation of Synthetic Methods 

3.2.4.1 Retrosynthetic Analysis 

The disconnection approach was used in the retrosynthetic analysis shown in Figure 25. 
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Figure 25: Retrosynthetic analysis, synthons and substrates. 

3.2.4.2 Forward Synthesis: Synthetic Scheme 

Figure 26 outlines the synthetic scheme adapted from those of Larsen et al, Prasad et al, 

Savijani et al and le Manach et al, the modification being the use of methanol (MeOH) to 

dissolve the 3-aminopyridazine derivative (R-Pdz-3-NH2) in situ.1,11–14 

NN

NH2

N N

HN

OR1

OH

OR1

1. EDCI, DMAP/ DCM, 0oC, 5 min

R2
R2

2.

MeOH, r.t., 48 h
N-PdzBA
(target compound)

 
Figure 26: A one-pot generalized synthetic scheme of N-PdzBA analogues.1,10 

Target compounds were realized via coupling a benzoic acid or its derivative with a R-Pdz-3-

NH2 in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) coupling 

agent and 4-dimethylaminopyridine (DMAP) catalyst in dichloromethane (DCM).1,10 
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3.3 Experimental for Chemical Synthesis 

3.3.1 Materials and Equipment 

The reagents and other chemicals were procured from Merck/ Sigma-Aldrich KGaA 

(Germany); Hi Media (India) and Chem Scene (RSA) and used without further purification.  

The apparatus included Buchi Rotavapor® R-100 rotary evaporators (rotavaps), an Ohaus® 

Guardian™ 5000 hot plate-magnetic stirrer, Davisil® desiccators, a Marburg® UV lamp, Emil® 

lab thermometers (-10 – 110oC), GallenKamp® melting point (m.p.) apparatus, a Mettler® 

AE100 analytical balance, a Camag TL-600® UV lamp, a Shimadzu® UV™2600i 

spectrophotometer in the Organic Synthesis and Drug Discovery Lab (Room 035; Figure 27, 

Table 6) in the Department of Pure and Applied Chemistry of the School of Natural and Applied 

Sciences at UNZA.  

 

Figure 27: Buchi® rotavap components and accessories. 

Table 6: Buchi® rotavap components and accessories. 

Component/ Accessory Specifications 

Rotavapor Buchi® R100 

Hot bath Buchi® B100 

Recirculating chiller Buchi® F100 

Vacuum pump Buchi® V100 

Interface Buchi® I100 
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 Figure 28 and Figure 29 show the rest of the key apparatus in the primary and auxiliary labs at 

Department of Pure and Applied Chemistry at UNZA. 

(a)    (b)   (c)    (d)    (e)   (f)   

Figure 28: Primary chemistry lab and its apparatus (a) Organic Synthesis & Drug Discovery Lab 

035 (b) An Ohaus® Guardian™ 5000 stirrer (c) A Marburg® UV lamp (d) An Emil® thermometer 

(e) A Davisil® desiccator (f) A GallenKamp® m.p. apparatus. 

Source: Pictures taken in the Department of Pure and Applied Chemistry, UNZA. 

(a)  (b)   (c)   (d)  (e)  

Figure 29: Apparatus in auxiliary labs (a) A Mettler® AE100 analytical balance (Weighing Room 

015) (b) An Elma® Elmasonic™ S40H sonicator (c) A Camag® TL-600 UV lamp ((b) and (c): 

Pharmaceutical Analysis Lab 114) (d) A Buchi® rotavap (Analytical Services/ Consulting Lab 118) 

(e) A Shimadzu® UV™2600i spectrophotometer (UV Lab 041). 

Source: Pictures taken in the Department of Pure and Applied Chemistry, UNZA. 

3.3.2 Organic Synthesis, Reaction Monitoring and Purification 

3.3.2.1 General Synthetic Protocol 

The following was the procedure for the synthesis of each N-PdzBA analogues (Figure 30). 1.5 eq 

of EDCI hydrochloride i.e. EDCI.HCl and 0.1 eq of DMAP were added to a 50 mL round-bottom 

flask containing 20 mL of ice-cooled DCM (for HB1-03, 2-12, 2-13, 2-14, 3-02, 3-05 and 4-02) 

with constant stirring on a magnetic stirrer for up to 30 min. On achieving 0°C, 1.2 eq of and 

appropriate benzoic acid derivative (R-BzOH) was added and allowed to continue stirring for a 

further 5 min. Then the mixture was removed from the ice-cold water bath and allowed to continue 

stirring until room temperature (r.t.) was achieved and then 1.0 eq of an aminopyridazine derivative 

(R-Pdz-NH2) dissolved in 5 mL of MeOH was added to the reaction mixture. The reaction was 

sonicated for 5 min at 30°C and allowed to stir magnetically for 48 h at 500 rpm, while being 

monitored by thin layer chromatography (TLC) using 50% ethyl acetate in hexane as mobile 

phase.1,10–14  
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On reaction completion, the reaction mixture was taken up in 40 mL DCM; washed with water 

(40 mL × 3), saturated aqueous solutions of sodium bicarbonate (NaHCO3: 40 mL × 4), ammonium 

chloride (NH4Cl: 40 mL × 4) and finally sodium chloride (NaCl: 40 mL × 3); and dried over 

anhydrous sodium sulfate (Na2SO4). The solvent was then removed in vacuo on a Buchi® R100 

rotavap. Since the crude products were usually very impure, they were subjected to column 

chromatography (EtOAc: Hex, 1: 1) and crystallized in n-pentane/ diethyl ether to yield the N-

PdzBA as a solid. (N,N-dicyclohexylcarbodiimide (DCC) and dimethylformamide (DMF) were 

tried in lieu of EDCI and DCM, respectively, for HB2-02, 2-03 and 2-04 but with insufficient 

purities due to the water insolubility of the product and the unfavourable boiling point of DMF 

hence these compounds were not progressed for bioassays.)1,10,15 

 

Figure 30: (a) Magnetic stirring (b) Washing (b) Column chromatography. 

Source: Pictures taken in MCDD Lab 035, Department of Pure and Applied Chemistry, UNZA. 

3.3.2.2 TLC, Column Chromatography and Melting Point Determination 

The progress of synthetic reactions and the preparative gravity column chromatography 

experiments were monitored by analytical TLC. The synthesized compounds were preliminarily 

characterized by classical methods i.e. melting point (m.p. or Tm) and retardation factor (Rf) values 

before spectroscopic methods were employed. TLC Silica gel 60 F254 with fluorescent zinc sulfide, 

ZnS chromatoplates placed coated on aluminium sheets (Merck) and were visualized under UV 

light (λ = 256 nm). Column chromatography was used for isolation and purification. The manual 

glass tube column chromatography employed Hi Media silica gel at pore size 60 Å, 60-120 mesh, 

particle size = 74 – 250 µm for HB1-03, HB2-02, HB2-03 and HB2-04 and later Merck high 

purity grade silica gel at pore size 60 Å, 70 – 230 mesh, 63 – 200 μm for HB2-12, HB2-13, HB2-

14, HB3-02, HB3-05 and HB4-02. Melting points were determined in open capillary tubes with a 

Gallenkamp m.p. apparatus and are uncorrected.1,10,14 
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3.4 Experimental for Spectroscopic Characterization 

3.4.1 LC-MS Analysis 

LC-MS was used for purity determination (Figure 31,Table 7) and was strictly ultra-performance 

LC at ≤ 15000 psi, a pressure much higher than high performance LC (HPLC) at ≤ 6000 psi:1,10,15  

 

Figure 31: (a) An Agilent®1290 UPLC-Agilent®6150 MS (LC-MS) hyphenated instrument system 

with a controlling computer (b) Automated sampling.  

Source: Pictures taken at H3D Centre, Department of Chemistry, UCT, RSA. 

Table 7: LC-MS hyphenated instrument system components and accessories.a 

Instrument Component/ 

accessory 

Specifications 

Ultra 

Performance 

Liquid 

Chromatograph 

(UPLC: Figure 

31) 

Autosampler  Agilent® 1290 G7129B vial sampler  

Pump Agilent® 1290 G7120A high speed pump 

Thermostatted column 

compartment (TCC)  

Agilent® 1290 G1316C TCC  

Column  Kinetex® column 1.7 μm EVO® C18 100Å, 50 

ID × 2.1 mm length* 

Fixed slit diode array 

detector (DAD FS)  

Agilent® 1290 G7117A DAD FS  

Nitrogen generator Peak Scientific® Genius™ 3010 nitrogen 

generator* 

Mass 

Spectrometer 

(MS) 

Mass analyzer Agilent® 6150 Single Quadruple 

Ion source Agilent® 6150 ESI+ Jet Stream ion source 

aSource: Ref 15; *Accessory to Agilent® 1290 UPLC.  

Key: C18 = octadecylsilane; ESI+ = Electrospray Ionization (positive mode); ID = internal diameter 
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UPLC chromatograms are expressed as absorbance in milli-absorbance units (mAU) versus 

retention time (tR) in minutes (min) having been recorded between 0 to 2.7 min. All Reverse Phase 

UPLC (RP-UPLC) runs were conducted using the gradient elution method in Table 8:1,10,15  

Table 8: RP-UPLC gradient elution method parameters and conditions.* 

 

Time 

(min) 

Aqueous phase: 

0.1% HCOOH/H2O** 

A (%) 

Organic phase: 

0.1% HCOOH/CH3CN  

B (%) 

 

Flow rate 

(mL/min) 

0.0 95 5 1.2 

0.2 95 5 1.2 

1.5 0 100 1.2 

1.9 0 100 1.2 

2.2 95 5 1.2 

2.7 95 5 1.2 
*Column temperature: 50°C; injection volume: 1 μL; **LC grade Type 1 water; Key: HCOOH = formic acid; H2O = 

water; CH3CN = acetonitrile 

Mass spectra were recorded between 100 to 800 m/z expressed as percentage (%) abundance versus 

mass to charge ratio (m/z). The mass analyzer used employed electrospray ionization in the positive 

ionization mode i.e. ESI+. Sample purities were established by considering the peak area on the 

chromatogram corresponding to the compound peak as a percentage of total peak area.1,10,15 

3.4.2 UV-Vis Spectroscopic Analysis 

One mg of each sample was dissolved in MeOH in a 10 mL measuring cylinder and the solution 

made to the highest mark. This was done knowing that MeOH structurally has no conjugated pi (π) 

electron system hence is UV-Vis inactive. Absorption spectra were recorded between 200 nm 

(below the 205 nm cut-off for MeOH) and 700 nm on a Shimadzu® UV™2600i spectrophotometer 

shown in Figure 32.3,16  

 
Figure 32: A Shimadzu® UV™2600i spectrophotometer and accessories (a) A spectrophotometer 

and a controlling computer running UVProbe®2.3 software (b) Spectrophotometer inside view. 

Source: Pictures taken in the UV Lab 042 at the Department of Pure & Applied Chemistry, UNZA  
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The wavelength range selected was 190 - 1100 nm and were baseline-corrected, processed was via 

UVProbe®2.3 software expressed as absorption versus wavelength but printed from Origin®8 

software.16 The molar absorptivity (εmax) was calculated using the Beer-Lambert law (Equation 1): 

𝐴 = 𝜀𝑐𝑙 

Equation 1: Beer-Lambert law. 

Where A is absorbance, εmax is molar absorptivity; ε (L mol-1 cm-1), at the λmax; c is concentration 

i.e. molarity (mol L-1); and l is path length (cm) which, in this case, was 1 cm of the quartz cuvette. 

3.4.3 IR Spectroscopic Analysis 

IR measurements were done on a Shimadzu® IR™Spirit FT-IR benchtop spectrometer (Figure 33).  

 

Figure 33: (a) A Shimadzu® IR-Spirit™ FT-IR spectrometer (b) QATR™-S top (c) ATR schematic 

diagram (d) A controlling computer running LabSolutions® software (e) QATR™-S side. 

Sources: Pictures (a), (b), (d) and (e) taken during compound characterization at Yash Life Sciences (Z) Ltd, Kafue, 

Zambia. Image (c) reprinted from Dean et al, 2017. See Ref 18.  

Each sample was loaded onto a single-reflection Attenuated Total Reflection (ATR) measurement 

attachment of zinc selenide (ZnSe) crystal with a diamond prism branded as a Quantum Attenuated 

Total Reflection™ i.e. Single reflection (QATR™-S) sample loading accessory. The IR was recorded 

in the wave number (ṽ) range 400 – 4000 cm-1
 at 4 cm-1 resolution and Happ-Genzel apodization 

and was converted by Fourier transformation (FT) from reflectance to percentage transmittance 

(%T). The IR spectra were processed using LabSolutions® software and expressed as %T versus ṽ 

(cm-1).17 The abbreviations used to classify intensities of absorption were: s = strong, m = medium, 

w = weak while those for breadth of intensity were denoted in brackets as (br) = broad, (s) = sharp 

and for intensity multiplicity as d = doublet. 



Harrison Banda, Dissertation (MSc in Chemistry) © 2024                                                        44 

 

3.4.4 NMR Spectroscopic Analysis 

In general, both 1H-NMR and 13C-NMR type of NMR experiments were performed in deuterated 

DMSO (DMSO-d6) using a 5 mm outer diameter sample tube inserted into a spinner. All NMR 

spectra were recorded at 25℃ and referenced to tetramethylsilane which was an internal standard 

(Figure 34).  

 
Figure 34: (a) Sample dissolution in DMSO-d6 (b) Sample tube insertion into spinner.  

Source: Pictures taken during compound characterization at H3D Centre, Department of Chemistry, UCT, RSA 

Spectra were expressed as resonance intensity versus chemical shift (δ) the latter expressed as parts 

per million (ppm) rounded off to two decimal places. Spin-spin splitting patterns were reported 

using the following abbreviations: d = doublet, dd = doublet of doublets, dt = doublet of triplets, m 

= multiplet, p = pentate, s = singlet, t = triplet and td = triplet of doublets. Coupling constants (J 

values) were reported in hertz (Hz) to two decimal places and denoted by the number of bonds 

between coupling atoms (n). All NMR spectra were processed using Bruker MestRe Nova™ 14.2 

Build 26256 in conjunction with ChemDraw® 15.0.10,19–23  

3.4.4.1 1H-NMR Analysis 

1H-NMR spectra were acquired between -4 ppm to 16 ppm and various degeneracies on an Oxford 

Varian Mercury® 300 (1H 300.1 MHz) NMR spectrometer run by Bruker TopSpin™ 3.7.0 (Figure 

35):51–53 
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Figure 35: (a) An Oxford Varian Mercury® 300 (1H 300.1 MHz) FT-NMR mononuclear 

spectrometer (b) A controlling computer running Bruker TopSpin™ 3.7.0 software.  

Source: Pictures taken during compound characterization at H3D Centre, Department of Chemistry, UCT, RSA  

Protons represented by the chemical shifts are indicated by a superscript integer (Hn) while the 

number of protons corresponding to an NMR signal is reported by an integral coefficient (nH). 21,22  

3.4.4.2 13C-NMR Analysis 

13C-NMR spectra were acquired between -50 ppm to 240 ppm and various degeneracies on a Bruker 

Ascend™ 600 (1H 600.0, 13C 151 MHz) multinuclear NMR spectrometer run by Bruker TopSpin™ 

3.2 software (Figure 36):23 

(a)              (b)  

Figure 36: (a) A Bruker Ascend™ 600 (1H 600, 13C 151 MHz) FT-NMR multinuclear spectrometer 

(b) A controlling computer running Bruker TopSpin™ 3.2 software. 
Sources: Images taken during compound characterization at H3D Centre, Department of Chemistry, UCT, RSA. 

Signals for 13C-NMR were obtained in the broadband proton-decoupled mode.18,23 
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3.5 Pharmacodynamic Assays 

Each bioassay was performed on a sample of ≥ 95% purity whereby the N-PdzBAs where assayed 

alongside two N-PhBAs namely MK1-11 and AD-3 as known positive reference compounds. 

3.5.1 In Vitro Adult S. mansoni Assays  

Life cycle maintenance, preparation and co-incubation of the Naval Medical Research Institute 

(NMRI) isolate of S. mansoni adult worms (more than 42 days old) were supported in part by 

Biomphalaria glabrata intermediate snail hosts and mice definitive hosts provided by the 

Schistosomiasis Resource Center of the National Institute of Allergy and Infectious Diseases via 

Biodefense and Emerging Infections Resources Resources. Infections with S. mansoni were 

initiated by subcutaneous injections of 800 – 1000 cercariae.  

3.5.1.1 Severity Score Assays on Adult S. mansoni 

At 6 – 7 weeks post-infection, mice were euthanized with intraperitoneal injections of 50 mg/kg 

sodium pentobarbital and adult worms harvested by reverse perfusion of the hepatic portal system 

in Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen, Carlsbad, CA). Parasite 

responses to chemical insult were visually recorded at 2 h, 5 h, 24 h and 48 h (Figure 37: i to iv).1,10  

 
Figure 37: Severity score assay procedure.24 
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This was done sing multi-metric descriptors and severity scores from zero to 4 (maximum). Table 

9 shows the phenotypic change descriptors for schistosomes on exposure to target compound.1,10   

Table 9: Phenotypic change descriptors for schistosomes on compound exposure.* 

Descriptor Meaning Score Colour  

 (No activity) 0  

On sides  Male worms are not adhering to dish with ventral sucker 1  

S  Slow 1  

(Slight) Shrunk  Worms are not flexing and are smaller than usual 1  

Unc    Uncoordinated movements 1  

Dark  Dark 1  

I  Immobile 2  

Deg  Degenerating 4  

Teg damage  Outer surface (tegument) of the worm is damaged 4  

D  Dead 4  

Score ‘3’ coded yellow does not necessarily have an assigned descriptor so was not present on raw 

data but is an additive cumulative score of either any three (of five phenotypically distinct) ‘1’ 

scores or a ‘1’ plus a ‘2’ cumulative score. Each compound was screen twice as a singleton.1,10   

3.5.1.2 Motility Assays on Adult S. mansoni 

From the severity scores obtained, the worm motility was measured (as an indicator of parasite 

viability on compound exposure) at 5 µM. Worm motility was measured after 24 h using a 

WormAssay™, a camera-based system that tracks the average motility of worms per well in an 

assay plate.1,10 

3.5.2 Cytotoxicity: In Silico Predictions and In Vitro Assays 

3.5.2.1 In Silico Predictions on HEK293 

This was done using LabMol InsightAI Cyto-Safe™ web application 

(http://insightai.labmol.com.br/) which utilizes AI/ML techniques and is trained on a data set of 

approximately 90,000 compounds, evaluated against two cell lines, HEK293 and 3T3 (but in this 

research work only the former cell line was considered to match the planned experimental assays). 

This was possible by inputting a Simplified Molecular-Input Line-Entry System (SMILES) 

representation or sketching molecules on the molecular operating environment (MOE). 3 
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3.5.2.2 In Vitro Assays on HEK293 

Human embryonic kidney (HEK293) cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin. Cells were 

grown in tissue culture flask of 175 cm2 surface area (T175) maintained at 37 ℃ in 5% carbon 

dioxide (CO2) and sub-cultured when at 60 – 80% cell confluence. Cytotoxicity in HEK293 cells 

was measured using the resazurin cell viability assay. Test compounds were serially diluted in 

DMSO and added to 96-well polystyrene assay plates to give final assay concentrations ranging 

from 20 µM to 0.87 nM (1 µL; 1% total DMSO). Fresh medium was added to the assay plate (49 

µL/well). HEK293 cells were suspended to 4 × 105 cells/mL in DMEM and added to each well (100 

µL) for a total density of 2 × 104 cells/well. Assay plates were incubated at 37°C and 5% CO2 for 

48 h, followed by addition of 20 µL 0.5 mM/well resazurin (Alfa Aesar, Cat. B21187) in phosphate-

buffered saline to each well. Assay plates were incubated in the dark for 2 h at 37°C. Fluorescence 

was measured at 531 nm and 595 nm excitation and emission wavelengths, respectively, using a 

2104 EnVision® multilabel plate reader with DMSO and bortezomib (BTZ), an α-tubulin 

complexing anti-tumour agent similar to cevipabulin, as negative and positive controls, 

respectively.1,10  

3.6 Physicochemical Property Determinations: Experimental and In Silico 

Methods 

Experimental physicochemical properties determined included the m.p., tR, Rf and MW. 

Hydrophobicity of a drug can be measured experimentally by testing the drug’s relative distribution 

into n-octanol and water in a mixture of the two solvents. This property is expressed as 

concentration of the drug in n-octanol divided by the concentration in water and is known as the 

partition coefficient (P) usually expressed as LogP. For ionizable drug molecules the concentration 

of the drug in both n-octanol and water represents the sum of neutral and ionized species in which 

case the partition coefficient is known as the distribution coefficient (LogD). On the other hand, if 

the partition experiment is carried out at a pH where the drug molecules are un-ionized, the resulting 

partition coefficient is usually expressed a LogP. While LogP and LogD are more accurately 

determined by experiment using, for instance the HPLC-based method, the former were calculated 

using SwissADME™ in silico chemo-informatics web tool and are reported as cLogP. Other drug 

physicochemical properties calculated include rotatable bonds (RB), topological polar surface area 



Harrison Banda, Dissertation (MSc in Chemistry) © 2024                                                        49 

 

(TPSA), and hydrogen bond donors/ acceptors (HBD/HBAs), which to affect the capacity to cross 

membrane barriers.5,9,27  

Direct wet solubility (S) methods used in drug discovery include experimental methods such as the 

turbidimetric kinetic solubility and the HPLC-based DMSO, so called Dry Down thermodynamic 

(equilibrium) solubility methods among others, usually with a cut-off value of ˃ 30 μM. However, 

algebraic methods can also be used. These include the Yalkowsky general solubility equation (GSE) 

and Delaney GSE-style equation among others; some e.g. Delaney and Ali GSE-style equations, 

being used algorithmized into the SwissADME™ in silico tool (by use of either SMILES or MOE) 

used herein hence the solubility data were reported as estimated or calculated solubility as a 

logarithm (LogS).5,6  

3.7 Pharmacokinetic Property Determinations: In Silico Methods  

Pharmacokinetically speaking, factors to consider are absorption, distribution, metabolism, 

excretion and toxicity (ADMET). Absorption-wise, orally taken drugs must cross the gut wall to 

reach the blood supply. Orally absorbed drugs tend to obey what is known as Lipinski’s Rule of 

Five (Ro5), in which factors are prescribed in multiples of five. According to this rule, an oral drug 

must have a molecular weight (MW) less than 500; no more than 5 HBD groups; no more than 10 

HBA groups; a cLogP value less than +5. Veber et al (2002) demonstrated that for oral activity, the 

requirement is ≤ 10 RBs and either a TPSA ≤ 140 Å or ≤ 12 HBDs and HBAs in total. Distribution 

was expressed as volume of distribution at steady-state (Vdss). Metabolism was measured in terms 

of CYP inhibition. BioSigLab PkCSM™
,
 another web chemo-informatics tool utilized via either 

SMILES or MOE.5,6,9 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Chapter Overview 

This penultimate chapter zeroes in on the synthesis, purity and characterization data of the target 

compounds, their synthetic approach having been a one-pot synthesis. The bioactivity experimental 

data of target compounds against S. mansoni worms, as well as HEK293 cytotoxicity data, are then 

presented and discussed followed by SARs. The chapter then goes further to present and discuss 

physicochemical and DMPK data and draw structure-property relationships (SPRs). 

4.2 Yield, Optimization, Characterization Salient Features and Reaction 

Mechanism 

Neither the 1H-NMR nor 13C-NMR spectra for compounds (compds) HB2-02, HB2-03 and HB2-

04 were acquired due to insufficient purity (≤ 95%) as a cut-off hence these four compounds were 

not progressed to bioassays. EDCI offered the advantage over the other even more abundant 

coupling agent i.e. DCC which was also initially tried, of possessing a polar amino group and being 

water soluble. This was advantageous during work-up unlike DCC which turned out to be 

problematic as in the contemporaneous projects as expected.2-5 DCM was used in preference for 

DMF which was also initially tried, being a more polar solvent.6 Poor solubility of 3-

aminopyridazines in DCM affected the initial yields hence the quantities were scaled up to four 

times for one compound i.e. HB1-03 and two times for the rest.1  

For MS, the singly protonated pseudomolecular ion i.e. [M+H]+ was detected together with its 

various isotopic variations of most importantly the bromine doublets. Expectedly, little or no 

fragmentation patterns are discernible from ESI, being soft ionization.7 In NMR spectra, for most 

compounds, coupling of 1H to 1H and 1H to 19F are both considered.8 Each raw 13C-NMR spectra 

showed a characteristic peak upfield around a literature value of 39.5 ppm being for the 13C in 

DMSO,9 zoomed out to clarify the analyte peaks. This was also observed with 1H-NMR spectra 

with characteristic peaks at literature values of 2.5 - 2.549–11 and 3.33 ppm10,12 for partially protiated 

DMSO (CH3)2SO and H2O impurity in DMSO-d6, respectively, except for HB4-02, 2-14 and 3-02. 
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The one-pot EDCI/DMAP-mediated amide coupling plausibly proceeds via the pH-dependent 

mechanism outlined below (Figure 38).13,14  

Step 1 involves reversible acid-base deprotonation of the benzoic acid derivative (R1BzOH) by 

EDCI.HCl salt.14–16 Depending on pH, a reversible side reaction is possible in which the now 

doubly protonated coupling reagent [EDCI.H2Cl]+ cyclizes with proton exchange to a reduced 

pyrimidine guanidinium intermediate.15,16 This undergoes tautomerization of the guanidino group 

which has repeatedly been confirmed by IR, 1H-NMR, 13C-NMR, nitrogen-15 (15N)-NMR 

spectroscopy and reaction kinetics/ equilibria studies by 2007.17–20 

Step 2 involves a nucleophilic addition of the benzoate ion (R1BzO-) on [EDCI.H2Cl]+ leading to 

an unstable O-acyl-isourea which is vulnerable to reversible molecular rearrangement being 

reactive. This could rearrange by intramolecular acyl transfer to form a stable N-acyl-urea.13,14 If 

this occurs, the quantity of O-acyl-isourea available for further attack could be low and hence 

affect the product yield.13,15 That explains why the benzoic acid derivative is added to EDCI.HCl 

at 0°C.20  

Step 3 involves competitive nucleophilic acyl addition of DMAP catalyst, a sterically hindered 

basic nucleophile, to the O-acyl-isourea in a kinetically-controlled reversible but faster 5 minutes 

reaction producing an unstable tetrahedral intermediate, favoured by the low temperature.15,16 

This reaction occurs in preference to the thermodynamically controlled  reversible but slower O-

acyl-isourea intramolecular rearrangement side reaction. In this case, DMAP prevents this 

unwanted side reaction.15,16  

In step 4 the unstable tetrahedral intermediate undergoes an intramolecular bimolecular 

nucleophilic substitution (SN2) to yield a reactive intermediate and a urea intermediate which is 

resonance stabilized.14,15 In step 5 the benzoate-DMAP amide intermediate undergoes 

nucleophilic acyl addition with the aminopyridazine leading to the formation of another 

tetrahedral intermediate.13–15 Step 6 is DMAP catalyst restoration by an intramolecular SN2 

reaction.14  

Finally, in step 7 an acid-base deprotonation drives the reaction towards the N-PdzBA target 

compound and a soluble urea by-product.13,14,16 
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Figure 38: A plausible reaction mechanism of EDCI/DMAP-mediated amide coupling. 

Synthesis of ten designed target compounds was attempted as summarized in Table 10.1
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Table 10: Summary of the synthesized target compounds with preliminary characterization data.1 

S/N Compd 

code 

Structure MW Exact 

mass 

[M+H]+ 

m/z 

% Yield % Purity Tm (°C) R
f
  t

R (min)
 

 

1 

 

HB1-03 
 

 

233.65 

 

233.04 

 

234.1 

 

46.45 

 

100 

 

134-141 

 

0.60 

 

0.839 

 

2 

 

HB2-12  

 

296.10 

 

294.98 

 

296.0 

 

56.93 

 

100 

 

150-156 

 

0.43 

 

0.905 

 

3 

 

HB2-13 
 

 

296.10 

 

294.98 

 

296.0 

 

77.91 

 

100 

 

149-153 

 

0.51 

 

0.890 

 

4 

 

HB2-14 
 

 

293.12 

 

292.00 

 

293.1 

 

68.32 

 

95.98 

 

215-221 

 

0.74 

 

0.725 

 

5 

 

HB3-05 
 

 

335.21 

 

335.05 

 

336.0 

 

71.32 

 

100 

 

209-214 

 

0.66 

 

1.089 

 

6 

 

HB4-02 

 

 

335.21 

 

335.05 

 

336.0 

 

69.16 

 

100 

 

201-205 

 

0.69 

 

1.085 

 

7 

 

HB3-02 
 

 

335.21 

 

335.05 

 

345.0 

 

43.40 

 

100 

 

194-198 

 

0.78 

 

0.168 

 

8 

 

HB2-03 
 

 

278.10 

 

276.99 

 

ND 

 

ND 

 

82.49 

 

ND 

 

ND 

 

ND 

 

9 

 

HB2-02 
 

 

346.10 

 

344.97 

 

ND 

 

ND 

 

73.85 

 

ND 

 

ND 

 

ND 

 

10 

 

HB2-04 
 

 

294.10 

 

292.98 

 

ND 

 

ND 

 

64.22 

 

ND 

 

ND 

 

ND 

Key: [M+H]+ = pseudomolecular ion; Tm = melting point; MW = molecular weight; ND = not determined; Rf = retardation factor; tR = retention time 
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4.3 Characterization of Target Compounds 

4.3.1 Characterization of HB4-02 

4.3.1.1 LC-MS Analysis 

Figure 39 shows the mass spectrum for compound HB4-02.  

LC Chromatogram at λ = 280 nm 

 

                

N
N

H
N

O

CF3

CF3

HB4-02

C13H7F6N3O

Exact Mass: 335.05

Molecular Weight: 335.2  

 

Figure 39: LC chromatogram (inset) and ESI+ MS spectrum of HB4-02.1 

[M + H]+: 336.0 
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Compound HB4-02 was successfully synthesized as confirmed by the detection of its 

pseudomolecular ion ([M+H]+ = 336.0) in the MS spectrum shown in Figure 39, consistent with 

a calculated exact mass of 335.05. The LC chromatogram acquired at λ = 280 nm showed that the 

compound had a retention time (tR) of 1.085 min with a purity of 100%.  

4.3.1.2 UV-Vis Analysis 

In the UV-Vis spectrum (Figure 40), the wavelength of maximum absorption (λmax) was observed 

at 330 nm. The experimental molar absorptivity (𝜀𝑚𝑎𝑥) was found to be 8,380.2 L mol-1 cm-1, as 

calculated by the Beer-Lambert law (Equation 1). 

 
Figure 40: UV-Vis spectrum of HB4-02 in MeOH. 

4.3.1.3 IR Analysis 

In the IR spectrum (Figure 41), the doublet N—H stretch observed at 3450 cm–1 consistent with 

a literature value of 3400 cm–1 and the in-plane N—H bend band at 1510 cm–1 (literature value = 

1600 cm–1) was evidence for the successful installation of the amide group (Table 11).12 
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Figure 41: FT-IR spectrum of HB4-02 using ATR (%T mode; 4 cm-1 resolution). 

Table 11: Summary of FT-IR data for HB4-02. 

Absorption 

band (ṽ/cm-1) 

Band 

description 

Bond type Functional 

group 

Vibration 

type 

3450 m, (s) N-H Amide Stretch 

3150 m, (br) C-H  Stretch 

1600 m, (s) C=O Amide Stretch 

1550 m, (s) C=C Aromatic Stretch 

1510 m, (s) N-H Amide Bend 
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4.3.1.4 1H-NMR Analysis 

The 1H-NMR spectrum (Figure 42) omits two most prominent singlet peaks upfield with the tallest 

one at 2.51 ppm being for residual DMSO i.e. (CH3)2SO) within literature values of 2.5 - 2.54,8–10 

while that at 3.32 ppm corresponded to the H2O impurity in DMSO-d6 (around a literature value = 

3.33 ppm)9,11. This was zoomed to clarify the unique analyte peaks as explained above. 

 

Figure 42: 1H-NMR spectrum of HB4-02 in DMSO-d6 at 300 MHz.1  

The rest of the peaks are shown and are for five (5) proton environments corresponding to a total 

of seven (7) protons (7H) present in the target compound. The most downfield singlet signal at δ 

= 12.22 ppm integrates for 1H (H3) which represents the NH in the amide bond thereby confirming 

amide-bond formation. The singlet at δ = 9.52 ppm integrates for 1H correlating with H5. Further 

upfield, the singlet at δ = 8.73 ppm, integrating for 1H correlates with H4. The doublet at δ = 8.26 

ppm integrates for 2Hs corresponding to H2 within literature values of 6.2 - 8.4 ppm for phenyl 
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protons,11 that experiences a short-range vicinal coupling to H1 at 3JH-H = 8.00 Hz (literature  J = 

7.5 - 10 Hz for Ph protons).21 The doublet at δ = 7.94 ppm integrating for 2H correlates with H1 

that experiences a short-range vicinal coupling to H2 (3JH-H = 8.06 Hz).11,21 Peak H3 corresponds 

to the most deshielded proton indicating connectivity to a highly electronegative atom (N). 

4.3.1.5 13C-NMR Analysis 

The peaks are for eleven chemically distinct carbon environments (11C, Figure 43). 

 

Figure 43: 13C-NMR spectrum of HB4-02 in DMSO-d6 at 151 MHz.1  
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Although some signals could not be unambiguously assigned, the peak at δ = 166.70 ppm was 

attributed to the carbonyl carbon (C6) within literature values of 150 - 180 ppm for carbonyl 

carbons.21,22 Another one relatively upfield at δ = 156.61 ppm was associated with amidine carbon 

C7 which is substantially deshielded by virtue of its aromaticity and connection to two nitrogens 

which are electronegative atoms.23 

4.3.1.6 Identification of HB4-02 as 4-(Trifluoromethyl)-N-(5-(trifluoromethyl)pyridazin-3-

yl)benzamide 

 Obtained from 5-(trifluoromethyl)pyridazin-3-amine (0.202 g, 

1.24 mmol, 1.0 eq) and 4-(trifluoromethyl)benzoic acid (0.284 g, 

1.48 mmol, 1.2 eq). Purified by column chromatography 

(EtOAc:Hex 50:50) and crystallized in n-pentane/diethyl ether. 

Beige crystalline solid (0.287 g, 67.2%), Rf (EtOAc:Hex, 50:50) 

0.69. 1H-NMR (300 MHz, DMSO-d6) δH 12.22 (s, 1H), 9.52 (s, 1H), 8.73 (s, 1H), 8.26 (d, J = 8.00 

Hz, 2H), 7.94 (d, J = 8.06 Hz, 2H). 13C-NMR (151 MHz, DMSO-d6) δC 166.70, 156.61, 144.09, 

137.46, 132.65, 129.71, 129.39, 125.89, 123.35, 121.82, 115.86;  IR ṽ (ZnSe ATR cell)/cm-1 3450 

(N-H, amide), 3150 (C-H), 1600 (C=O, amide), 1550 (C=C, aromatic); UV-Vis (MeOH): 

𝜆max
MeOH = 330 nm; 𝜀max

MeOH = 8,380.2 L mol−1 cm−1; LC-MS (ESI+): found m/z [M+H]+ = 336.0, 

calculated exact mass = 335.05, purity = 100%, tR = 1.085 min, m.p. = 201 – 205°C. 

4.3.2 Characterization of HB2-14 

4.3.2.1 LC-MS Analysis 

Compound HB2-14 was successfully synthesized as confirmed by the detection of its [M+H]+ = 

293.1 in the MS spectrum shown in Figure 44, consistent with a calculated exact mass of 292.00. 

The LC chromatogram acquired at λ = 280 nm showed that the compound had a tR of 0.728 min 

with a purity of 100%.  

Bromine-79 (79Br) and 81Br isotopes are known to be naturally abundant almost to the same extent 

(50.69% and 49.31% respectively). In this regard, the incorporation of a bromine-containing sub-

structure into the target molecule was evident from the MS spectrum pattern observed in Figure 

44 which is consistent with literature as the so called “bromine doublet”6. 
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LC Chromatogram at λ = 280 nm 

 

 

N
N

H
N

O

NH2

Br
HB2-14

C11H9BrN4O

Exact Mass: 292

Molecular Weight: 293.12
 

 

 

Figure 44: LC chromatogram (inset) and ESI+ MS spectrum of HB2-14.1 

[M + H]+: 293.1  
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4.3.2.2 UV-Vis Analysis 

In the UV-Vis spectrum (Figure 45), the λmax was observed at 330 nm. The experimental 𝜀𝑚𝑎𝑥 

was found to be 11,134.4 L mol-1 cm-1, as calculated by Equation 1. 

 

Figure 45: UV-Vis spectrum of HB2-14 in MeOH. 

4.3.2.3 IR Analysis 

In the IR spectrum (Figure 46), most of the signals in the range 4000 - 3500 cm–1 are due to the 

water vapour in the air.23 The doublet N—H stretch observed at 3480 cm–1 around a literature 

value of 3400 cm–1 and the in-plane N—H bend band at 1600 cm–1 (literature value = 1600 cm–1) 

was evidence for the successful installation of the amide group (Table 12).12 
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Figure 46: FT-IR spectrum of HB2-14 using ZnSe ATR cell. 

Table 12: Summary of FT-IR data for HB2-14 using ZnSe ATR cell. 

Absorption 

band (ṽ/cm-1) 

Band 

description 

Bond type Functional 

group 

Vibration 

type 

3480 m, (s) N-H Amide Stretch 

3350 m, (s) C-H  Stretch 

1650 s, (s) C=O Amide Stretch 

1650 s, (s) C=C Aromatic Stretch 

1600 s, (s) N-H Amide Bend 
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4.3.2.4 1H-NMR Analysis 

In the 1H-NMR spectrum (Figure 47), the peaks shown are for six (6) signals are as assigned to a 

total of 9H present in the target compound. 

 

Figure 47: 1H-NMR spectrum of HB2-14 in DMSO-d6 at 300 MHz.1  

The most downfield singlet signal resonant at δ = 11.05 ppm integrating for 1H (H4) confirms 

amide-bond formation being connected to a highly electronegative nitrogen (NH). The doublet at 

δ = 8.36 ppm integrating for 1H correlates with H6 that experiences a short-range vicinal coupling 

to H5 (3JH-H = 8.25 Hz).22 Further upfield, the doublet at δ = 7.98 ppm integrating for 1H correlates 

with H3 that experiences a short-range vicinal coupling to H2 (3JH-H = 8.00 Hz).22. The doublet at δ 

= 7.88 ppm integrates for 2Hs corresponding to H5 within literature values of 6.2 - 8.4 ppm for 

phenyl protons that experiences a short-range vicinal coupling to H6 (3JH-H = 8.25 Hz).11,22 The 

doublet at δ = 6.61 ppm, integrating for 2Hs, correlates with H2 that experiences a short-range 
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vicinal coupling to H3 (3JH-H = 8.06 Hz).11,22 The singlet at δ = 5.95 ppm integrating for 2H 

correlates with H1. 

4.3.2.5 13C-NMR Analysis 

The nine (9) peaks shown are representative of 9C environments as numbered (Figure 48), and a 

total of 11Cs present in the target compound. 

 
 

Figure 48: 13C-NMR spectrum of HB2-14 in DMSO-d6 at 151 MHz.1  

The presence of two diagnostic signals one at δ = 166.57 ppm i.e. most downfield attributed to 

the carbonyl carbon (C5) within literature values of 150 - 180 ppm for carbonyl carbons.21,22 
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Another one relatively upfield at δ = 153.56 ppm, associated with the imine/C-Br carbon (C9), 

correlating with literature values of 152.8 - 155.7 ppm for aryl halide carbons,11,22 confirmed the 

synthesis of the target compound. Like for the preceding compound, the signal at 156.6 ppm can 

unambiguously be assigned to the amidine carbon C6.23 The signals at 133.21 ppm and 122.75 

ppm can also be attributed to the aromatic carbons, C8 and C7, respectively. Being aromatic and 

non-quaternary, these carbons are expected to resonate as relatively intense signals compared to 

the quaternary carbons such as C1, C4, C6 and C9. As for the signals at 130.68 and 112.99 ppm, 

which are nearly twice as intense as those for C8 and C7, these can be assigned to 2Cs each. 

4.3.2.6 Identification of HB2-14 as N-(6-bromopyridazin-3-yl)-4-aminobenzamide 

 Obtained from 6-bromopyridazin-3-amine (0.213 g, 

1.24 mmol, 1.0 eq) and 4-aminobenzoic acid (0.204 g, 

1.49 mmol, 1.2 eq). Purified by column 

chromatography (EtOAc:Hex, 50:50) and crystallized 

in n-pentane/diethylether. White amorphous solid 

(0.248 g, 68.3%), Rf (EtOAc:Hex, 50:50) 0.74. 1H-NMR (300 MHz, DMSO-d6) δH 11.05 (s, 1H), 

8.36 (d, J = 8.25 Hz, 1H), 7.98 (d, J = 8.00 Hz, 1H), 7.88 (d, J = 8.60 Hz, 2H), 6.61 (d, J = 8.06 

Hz, 2H), 5.95 (s, 2H). 13C-NMR (151 MHz, DMSO-d6) δC 166.57, 156.66, 153.56, 142.41, 133.21, 

130.68, 122.75, 119.48, 112.99; IR ṽ (ZnSe ATR cell)/cm-1 3480 (N-H, amide), 3350 (C-H), 1650 

(C=O, amide), 1600 (C=C, aromatic); UV-Vis (MeOH): 𝜆max
MeOH = 330 nm; 𝜀max

MeOH =

11,134.4 L mol−1 cm−1; LC-MS (ESI+): found m/z [M+H]+ = 293.1, calculated exact mass = 

292.0, purity = 95.98%, tR = 0.728 min, m.p. = 215 –  221°C. 

4.3.3 Characterization of HB1-03 

4.3.3.1 LC-MS Analysis 

Compound HB1-03 was successfully synthesized as confirmed by the detection of its [M+H]+ = 

234.1 in the MS spectrum shown in Figure 49, consistent with a calculated exact mass of 233.04. 

The LC chromatogram acquired at λ = 280 nm showed that the compound had a tR of 0.839 min 

with a purity of 100%. 
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LC Chromatogram at λ = 280 nm 
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N

H
N

O
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HB1-03

C11H8ClN3O

Exact Mass: 233.04

Molecular Weight: 233.65
 

  

 

Figure 49: LC chromatogram (inset) and ESI+ MS spectrum of HB1-03.1  

[M + H]+: 234.1 
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4.3.3.2 UV-Vis Analysis 

In the UV-Vis spectrum (Figure 50), the λmax was observed at 225 nm. The experimental 𝜀𝑚𝑎𝑥 was 

found to be 3,271.2 L mol-1 cm-1, as calculated by Equation 1. 

 

 

Figure 50: UV-Vis spectrum of HB1-03 in MeOH. 

4.3.3.3 IR Analysis 

In the IR spectrum (Figure 51), most of the signals in the range 4000 - 3500 cm–1 are due to the 

water vapour in the air.23 The doublet N—H stretch observed at 3100 cm-1 around a literature value 

of 3400 cm–1 and the in-plane N—H bend band at 1700 cm–1 (literature value = 1600 cm–1) was 

evidence for the successful installation of the amide group (Table 13).12 
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Figure 51: FT-IR spectrum of HB1-03 using ZnSe ATR cell. 

Table 13: Summary of FT-IR data for HB1-03 using ZnSe ATR cell. 

Absorption 

band (ṽ/cm-1) 

Band 

description 

Bond type Functional 

group 

Vibration  

type 

3100 w, (s) N-H Amide  Stretch 

2800 w, (br) C-H  Stretch 

1620 s, (s) C=O Amide  Stretch 

1600 m, (s) N-H Amide  Bend 

1570 m, (s) C=C Aromatic  Stretch 
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4.3.3.4 1H-NMR Analysis 

The 1H-NMR spectrum (Figure 52) shows six (6) signals assigned to a total of 8H present in the 

target compound. The most downfield singlet signal at δ = 11.68 ppm integrating for 1H (H4) 

confirms amide-bond formation (NH).7 

 

Figure 52: 1H-NMR spectrum of HB1-03 in DMSO-d6 at 300 MHz.1 

The doublet at δ = 8.49 ppm integrates for 1H corresponding to H6 that experiences vicinal coupling 

(3JH-H = 9.40 Hz) to H5. Further upfield, the doublet at δ = 8.03 ppm integrating for 2H tallying with 

H3 that experiences a short-range vicinal coupling to H2 (3JH-H = 8.23 Hz).22 A triplet at δ = 7.91 

ppm integrates for 1H corresponding to H5 that experiences vicinal coupling (3JH-H) to H6 (J = 9.40 

Hz).21  
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Another triplet at δ = 7.63 ppm integrating for 1H was associated with H1 within literature values 

of 6.2 - 8.4 ppm for phenyl protons that experiences a short-range vicinal coupling to H2 (3JH-H = 

8.10 Hz).11-22 Yet another triplet at δ = 7.55 ppm integrates for 2Hs corresponding to H2 that 

experiences a short-range vicinal coupling to H3 and H1 (3JH-H = 8.00 Hz).11,22 

4.3.3.5 13C-NMR Analysis 

The nine (9) peaks shown are representative of 9C environments (Figure 53), and a total of 11Cs 

present in the target compound.  

  

Figure 53: 13C-NMR spectrum of HB1-03 in DMSO-d6 at 151 MHz.1  

The presence of a diagnostic signal at δ = 167.22 ppm which is the most downfield was attributed 

to the carbonyl carbon (C5) falling within literature values between 150 - 180 ppm for carbonyl 

carbons21,22. The other downfield signal at 156.02 ppm was attributed to the amidine carbon C6, 

which is also relatively deshielded due to its attachment to two nitrogens.23 Another signal at δ = 
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152.03 ppm was associated with the imine/ C-Cl carbon (C9) within literature values of 152.8 - 

155.7 ppm11,22 for aryl halide carbons. The other less intense peak at 133.60 ppm arises from C1 

while those signals at 132.99 ppm, 130.45 ppm and 123.34 ppm were associated with C4, C8 and 

C7, respectively. This assignment is reasonable because C1 is the most deshielded amongst these 

three carbons – the deshielding effect arising from the resonance effect of the para-carbonyl 

functionality. On the other hand, C7 is shielded by electron-enriching resonance effect of the ortho-

amino while the effect is absent on carbon C8. The signals at 128.94 ppm and 128.66 ppm, which 

are twice as intense as those for C1, C7 and C8, were unambiguously assigned to C3 and C2, 

respectively. 

4.3.3.6 Identification of HB1-03 as N-(6-chloropyridazin-3-yl)benzamide 

 Obtained from 6-chloropyridazin-3-amine (0.314 g, 2.46 

mmol, 1.0 eq) and benzoic acid (0.364 g, 2.96 mmol, 1.2 

eq). Purified by column chromatography (EtOAc:Hex, 

50:50) and crystallized in n-pentane/diethylether. White 

crystalline solid (0.267 g, 46.5%), Rf (EtOAc:Hex, 50:50) 

0.60. 1H-NMR (300 MHz, DMSO-d6) δH 11.68 (s, 1H), 8.49 (d, J = 9.40 Hz, 1H), 8.03 (d, J = 8.23 

Hz, 2H), 7.91 (d, J = 9.40 Hz, 1H), 7.63 (t, J = 8.10 Hz, 1H), 7.55 (t, J = 8.00 Hz, 2H). 13C-NMR 

(151 MHz, DMSO-d6) δC 167.22, 156.02, 152.03, 133.60, 132.99, 130.45, 128.94, 128.66, 123.34; 

IR ṽ (ZnSe ATR cell)/cm-1 3100 (N-H, amide), 2800 (C-H), 1620 (C=O, amide), 1570 (C=C, 

aromatic); UV-Vis (MeOH): 𝜆max
MeOH = 225 nm; 𝜀max

MeOH = 3,271.2 L mol−1 cm−1; LC-MS 

(ESI+): found m/z [M+H]+ = 234.1, calculated exact mass = 233.04, purity = 100%, tR = 0.839 min, 

m.p. = 134  –  141 °C. 

4.3.4 Characterization of HB2-13 

4.3.4.1 LC-MS Analysis 

Compound HB2-13 was successfully synthesized as confirmed by the detection of its [M+H]+ = 

296.0 in the MS spectrum shown in Figure 54, consistent with a calculated exact mass of 294.98. 

The LC chromatogram acquired at λ = 280 nm showed that the compound had a tR = 0.890 min 

with a purity of 100%. 
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LC Chromatogram at λ = 280 nm 
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C11H7BrFN3O

Exact Mass: 294.98

Molecular Weight: 296.1
             

 

Figure 54: LC chromatogram (inset) and ESI+ MS spectrum of HB2-13.1 

[M + H]+ = 296.0 
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As for HB2-14 (vide supra subsection 4.3.2.1), the successful installation of a bromine-containing 

substructure was confirmed by a characteristic bromine pattern in the MS spectrum arising from 

an almost equal abundance of the two naturally occurring isotopes of bromine.6 

4.3.4.2 UV-Vis Analysis 

In the UV-Vis spectrum (Figure 55), the λmax was observed at 225 nm. The experimental 𝜀𝑚𝑎𝑥 was 

found to be 4,145.4 L mol-1 cm-1, as calculated by Equation 1. 

 

Figure 55: UV-Vis spectrum of HB2-13 in MeOH. 

4.3.4.3 IR Analysis 

In the IR spectrum (Figure 56), the doublet N—H stretch observed at 3450 cm–1 around a literature 

value of 3400 cm–1 and the in-plane N—H bend band at 1520 cm–1 (literature value = 1600 cm–1) 

was evidence for the successful installation of the amide group (Table 14).12 
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Figure 56: FT-IR spectrum of HB2-13 using ZnSe ATR cell. 

Table 14: Summary of FT-IR data for HB2-13 using ZnSe ATR cell. 

Absorption 

band (ṽ/cm-1) 

B band 

description 

Bond type Functional 

group 

Vibration  

type 

3450 m, (s), d N-H Amide Stretch 

3200 m, (br) C-H  Stretch 

1680 s, (s) C=O Amide Stretch 

1580 m, (s) C=C Aromatic Stretch 

1520 m, (s) N-H Amide Bend 
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4.3.4.4 1H-NMR Analysis 

The 1H-NMR spectrum (Figure 57) shows five (5) signals assigned to a total of 7Hs present in the 

target compound.7 

 
 

Figure 57: 1H-NMR spectrum of HB2-13 in DMSO-d6 at 300 MHz.1  

The most downfield singlet signal at δ = 11.73 ppm integrates for 1H (H5) confirming amide-bond 

formation (NH). The doublet of triplets at δ = 8.37 ppm integrates for 1H correlating with H4 which 

experiences short-range vicinal coupling to H1 (3JH-H = 9.15 Hz) and long-range coupling to H3 

(5JH-H = 1.88 Hz). Further upfield, the doublet of triplets at δ = 8.05 ppm integrating for 2H 

correlates with H3 within literature values between 6.2 - 8.5 ppm for phenyl protons,11 that 

experiences short-range coupling to H2 (3JH-H,= 9.09 Hz) and long-range coupling to F (5JH-F,= 1.88 

Hz).22 The multiplet at δ = 7.90 ppm integrates for 1H corresponding to H1 and H7 that experiences 

short-range vicinal coupling to H2 (3JH-H,= 9.53 Hz) and long-range coupling to H3 (4JH-H,=  1.89 

Hz).  
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The mutiplet at δ = 7.57 ppm integrating for 2H correlates with H6 that experiences a short-range 

vicinal coupling to F (3JH-H = 2.69 Hz) while the triplet at 7.50 ppm integrating for 1H correlated 

to H2 which experiences short-range vicinal coupling to H1 and H3 (3JH-H = 8.69 Hz).22 

4.3.4.5 13C-NMR Analysis 

The nine peaks shown are of 9C environments (Figure 58), and a total of 11Cs present in the target 

compound.  

 
 

Figure 58: 13C-NMR spectrum of HB2-13 in DMSO-d6 at 151 MHz.1  
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A diagnostic signal at δ = 165.90 ppm as the most downfield was attributed to the carbonyl carbon 

(C7) which falls within literature values of 150 - 180 ppm for carbonyl carbons.21,22 Another one 

further upfield at δ = 156.07 ppm was associated with the imine/ C-Br carbon (C9) correlating 

with literature values of 152.8 - 155.7 ppm for aryl halide carbons.11,22  

The relatively downfield peak at δ = 164.24 ppm is, most likely, due to the amidine carbon C6, 

which is considerably deshielded by its attachment to two nitrogen atoms.16 C8 is more deshielded 

than C7, the latter being shielded by the resonance effect from the ortho nitrogen. Therefore, the 

peak at δ = 143.20 ppm can be attributed to C8 while C7 is responsible for the peak at δ = 130.20 

ppm. While the other signals may be much more challenging to accurately assign, the signal at δ 

= 115.83 ppm is a doublet which can be attributed to C1 which couples to the fluorine atom. 

4.3.4.6 Identification of HB2-13 as N-(6-bromopyridazin-3-yl)-4-fluorobenzamide 

 Obtained from 6-bromopyridazin-3-amine (0.213 g, 

1.24 mmol, 1.0 eq) and 4-fluorobenzoic acid (0.208 g, 

1.48 mmol, 1.2 eq). Purified by column chromatography 

(EtOAc:Hex, 50:50) and crystallized in n-

pentane/diethylether. Beige crystalline solid (0.286 g, 

77.91%), Rf  (EtOAc:Hex, 50:50) 0.51. 1H-NMR (300 

MHz, DMSO-d6) δH 11.68 (s, 1H), 8.37 (dt, J = 9.21, 2.00 Hz, 1H), 8.15 (m, 2H), 8.05 (dt, J = 

9.53, 1.89 Hz, 1H), 7.39 (m, 2H). 13C-NMR (151 MHz, DMSO-d6) δC 165.90, 164.24, 156.20, 

143.20, 133.55, 131.59, 130.20, 122.96, 115.83; IR ṽ (ZnSe/ATR cell)/cm-1 3450 (N-H, amide), 

3200 (C-H), 1680 (C=O, amide), 1580 (C=C, aromatic); UV-Vis (MeOH): 𝜆max
MeOH 225 nm; =

𝜀max
MeOH = 4,145.4 L mol−1 cm−1; LC-MS (ESI+): found m/z [M+H]+ = 296.0, calculated exact 

mass = 294.98, purity = 100%, tR = 0.890 min, m.p. = 149 – 153°C. 

4.3.5 Characterization of HB3-05 

4.3.5.1 LC-MS Analysis 

Compound HB3-05 was successfully synthesized as confirmed by the detection of its [M+H]+ = 

336.0 in the MS spectrum shown in Figure 59, consistent with a calculated exact mass of 335.05. 

The LC chromatogram acquired at λ = 280 nm showed that the compound had a tR of 1.089 min 

with a purity of 100%. 
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LC Chromatogram at λ = 280 nm 
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Exact Mass: 335.05

Molecular Weight: 335.2
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Figure 59: LC chromatogram (inset) and ESI+ MS spectrum of HB3-05.1  

[M + H]+: 336.0 
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4.3.5.2 UV-Vis Analysis 

In the UV-Vis spectrum (Figure 60), the λmax was observed at 330 nm. The experimental 𝜀𝑚𝑎𝑥 was 

found to be 11,732.3 L mol-1 cm-1, as calculated by Equation 1. 

 

Figure 60: UV-Vis spectrum of HB3-05 in MeOH. 

4.3.5.3 IR Analysis 

In the IR spectrum (Figure 61), the doublet N—H stretch observed at 3480 cm–1 around a literature 

value = 3400 cm–1 and the in-plane N—H bend band at 1500 cm–1 (literature value = 1600 cm–1) 

was evidence for the successful installation of the amide group (Table 15).12 
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Figure 61: FT-IR spectrum of HB3-05 using ZnSe ATR cell. 

Table 15: Summary of FT-IR data for HB3-05 using ZnSe ATR cell. 

Absorption 

band (ṽ/cm-1) 

Band 

description 

Bond type Functional 

group 

Vibration 

type 

3480 m, (s), d N-H Amide Stretch 

3380 m, (s) C-H  Stretch 

1650 s, (s) C=O Amide Stretch 

1600 s, (s) C=C Aromatic Stretch 

1500 s, (s) N-H Amide Bend 
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4.3.5.4 1H-NMR Analysis 

The 1H-NMR spectrum (Figure 62) shows five (5) signals assigned to a total of 7Hs present in the 

target compound.  

 

Figure 62: 1H-NMR spectrum of HB3-05 in DMSO-d6 at 300 MHz.1  

The most downfield singlet signal at δ = 12.26 ppm integrates for one proton (1H, H5) confirming 

amide-bond formation (NH). The doublet at δ = 8.69 ppm integrates for one proton (1H) correlating 

with H3 that experiences a short-range vicinal coupling to H2 (3JH-H = 8.00 Hz).22 Further upfield, 

the singlet signal at δ = 8.46 ppm integrating for 1H correlates with H4 within literature values 6.2 

- 8.4 ppm for phenyl protons.11 
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The multiplet at δ = 8.38 ppm integrates for 1H corresponding to H7. The doublet of doublets at δ 

= 8.33 ppm integrating for 1H correlates with H1 that experiences a short-range vicinal coupling to 

H2 (3JH-H,= 9.45 Hz) with a literature value range of  J = 7.5 - 10 Hz for phenyl protons and long-

range coupling to F (4JH-F,= 2.45 Hz).11,21,22 The doublet at δ = 8.03 ppm integrating for 1H 

correlates with H6 that experiences a short-range vicinal coupling to H7 (3JH-H = 7.94 Hz).11 The 

triplet at δ = 7.82 ppm integrates for 1H correlating with H2 that experiences a short-range vicinal 

coupling to H1 and H3 (3JH-H = 8.22 Hz).11,22 

4.3.5.5 13C-NMR Analysis 

The peaks shown are representative of thirteen (13) chemically distinct carbon environments as 

numbered (Figure 63), and a total of thirteen (13) carbon atoms present in the target compound. 

 

Figure 63: 13C-NMR spectrum of HB3-05 in DMSO-d6 at 151 MHz.1  
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The presence of a diagnostic signal at δ = 166.33 ppm (most downfield), which was attributed to 

the carbonyl carbon (C8) within literature values of 150 - 180 ppm for carbonyl carbons,13,22 

confirmed that the compound was successfully synthesized.  

The signal at δ = 158.41 ppm was associated with the amidine carbon C9 which is relatively 

deshielded for the same reasons given in the discussion of the NMR data for other compounds.15 

The imine carbon C12 accounted for the signal at δ = 147.54 ppm while the other signals cannot be 

assigned unambiguously in the absence of other advanced NMR techniques (section 5.4). 

4.3.5.6 Identification of HB3-05 as 3-(Trifluoromethyl)-N-(6-(trifluoromethyl)pyridazin-3-

yl)benzamide 

Obtained from 6-(trifluoromethyl)pyridazin-3-amine 

(0.202 g, 1.24 mmol, 1.0 eq) and 3-

(trifluoromethyl)benzoic acid (0.284 g, 1.48 mmol, 1.2 

eq). Purified by column chromatography (EtOAc:Hex, 

50:50) and crystallized in n-pentane/diethyl ether. 

Brown amorphous solid (0.296 g, 71.3%), Rf 

(EtOAc:Hex, 50:50) 0.66. 1H-NMR (300 MHz, 

DMSO-d6) δH 12.26 (s, 1H), 8.69 (d, J = 8.00 Hz, 1H), 8.46 (s, 1H), 8.38 (m, 1H), 8.33 (dd, J = 

9.45, 2.45 Hz, 1H), 8.03 (d, J = 7.94 Hz, 1H), 7.82 (t, J = 8.22 Hz, 1H). 13C-NMR (151 MHz, 

DMSO-d6) δC 166.33, 158.41, 147.76, 134.59, 132.98, 130.26, 129.76, 126.95, 125.63, 123.44, 

122.97, 121.15, 120.55; IR ṽ (ZnSe ATR cell)/cm-1 3480 (N-H, amide), 3380 (C-H), 1650 (C=O, 

amide), 1600 (C=C, aromatic); UV-Vis (MeOH): 𝜆max
MeOH = 330 nm; 𝜀max

MeOH =

 11,732.3 L mol−1 cm−1; LC-MS (ESI+): m/z [M+H]+ = 336.0, calculated exact mass = 335.05, 

purity = 100%, tR = 1.089 min, m.p. = 209 – 214°C. 

4.3.6 Characterization of HB2-12 

4.3.6.1 LC-MS Analysis 

Compound HB2-12 was successfully synthesized as confirmed by the detection of its [M+H]+ = 

296.0 in the MS spectrum shown in Figure 64, consistent with a calculated exact mass of 294.98. 

The LC chromatogram acquired at λ = 280 nm showed that the compound had a tR of 0.905 min 

with a purity of 100%. 
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LC Chromatogram at λ = 280 nm 
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Figure 64: LC chromatogram (inset) and ESI+ MS spectrum of HB2-12.1  

[M + H]+ = 296.0 
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As for HB2-14 and HB2-13 (vide supra subsection 4.3.2.1 and 4.3.2.1), the successful installation 

of a bromine-containing substructure was confirmed by a characteristic bromine pattern in the MS 

spectrum arising from an almost equal abundance of the two naturally occurring isotopes of 

bromine”.6 

4.3.6.2 UV-Vis Analysis 

In the UV-Vis spectrum (Figure 65), the λmax was observed at 225 nm. The experimental 𝜀𝑚𝑎𝑥 was 

found to be 4,145.4 L mol-1 cm-1, as calculated by Equation 1. 

 

Figure 65: UV-Vis spectrum of HB2-12 in MeOH. 
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4.3.6.3 IR Analysis 

In the IR spectrum (Figure 66), the doublet N—H stretch observed at 3450 cm–1 around a literature 

value = 3400 cm–1 and the in-plane N—H bend band at 1600 cm–1 (literature value = 1600 cm–1) 

was evidence for the successful installation of the amide group (Table 16).12 

 

 

Figure 66: FT-IR spectrum of HB2-12 using ZnSe ATR cell. 
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Table 16: Summary of FT-IR data for HB2-12 using ZnSe ATR cell. 

Absorption 

band (ṽ/cm-1) 

Band 

description 

Bond type Functional 

group 

Vibration  

type 

3450 m, (s), d N-H Amide  Stretch  

3200 m, (br) C-H  Stretch  

1680 s, (s) C=O Amide  Stretch  

1620 s, (s) C=C Aromatic  Stretch  

1600 w (s) N-H Amide   Bend  

  

 

4.3.6.4 1H-NMR Analysis 

The 1H-NMR spectrum (Figure 67) shows seven (7) signals assigned to 7H present in the target 

compound. 

 

Figure 67: 1H-NMR spectrum of HB2-12 in DMSO-d6 at 300 MHz.1  
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The most downfield singlet signal at δ = 11.68 ppm integrates for 1H (H3) confirming amidation. 

In this compound, 1H to 1H coupling and 1H to 19F are both considered.7 Upfield, the doublet of 

triplets at δ = 8.37 ppm integrating for 1H correlates with H5 within literature values of 6.2 - 8.4 

ppm for phenyl protons11 that experiences vicinal coupling to F (3JH-H = 9.21 Hz) within literature 

values of J = 7.5 - 10 Hz for phenyl protons23 and long-range coupling to H1 (4JH-F = 2.00 Hz). 

Upfield, the doublet of multiplet at δ = 8.15 ppm integrating for 1H correlates with H4. The doublet 

of triplets at 8.05 ppm integrating for 2H correlates with H2 that experiences a short-range vicinal 

coupling to H1 (3JH-H = 9.53 Hz) and F (3JH-H = 1.89 Hz).22 The multiplet at 7.39 ppm integrating 

for 1H correlates with H1. 

4.3.6.5 13C-NMR Analysis 

The peaks shown are for 11 chemically distinct C environments (Figure 68), and a total of 11C 

present in the target compound. 

 

Figure 68: 13C-NMR spectrum of HB2-12 in DMSO-d6 at 151 MHz.1  
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As was the case with previous compounds discussed (vide supra), the signal at δ = 165.90 ppm was 

attributed to the carbonyl carbon C7 within literature values of 150 - 180 ppm for carbonyl 

carbons13,14 confirming the successful synthesis of the target compound.  

The amidine carbon C8, which is common across all compounds, resonated at δ = 156.07 ppm while 

the new signal at δ = 163.12 ppm was associated with a new carbon environment, C1, arising from 

the incorporation of a fluorine in the benzene ring.13-15 The imine/ C-Br carbon C11, also being 

relatively deshielded, resonated at δ = 161.50 ppm around literature values of 152.8 - 155.7 ppm 

for aryl halide carbons.11,22 

4.3.6.6 Identification of HB2-12 as N-(6-bromopyridazin-3-yl)-3-fluorobenzamide 

 Obtained from 6-bromopyridazin-3-amine (0.213 g, 1.24 

mmol, 1.0 eq) and 3-fluorobenzoic acid (0.208 g, 1.48 mmol, 

1.2 eq). Purified by column chromatography (EtOAc:Hex, 

50:50) and crystallized in n-pentane/diethylether. Light 

brown crystalline solid (0.209 g, 56.9%), Rf (EtOAc:Hex, 

50:50) 0.43. 1H-NMR (300 MHz, DMSO-d6) δH 11.73 (s, 

1H), 8.37 (dt, J = 9.15, 1.88 Hz, 1H), 8.05 (dt, J = 9.09, 1.88 Hz, 1H), 7.90 (m, 2H), 7.57 (m, 1H), 

7.50 (t, J = 8.69 Hz, 1H). 13C-NMR (151 MHz, DMSO-d6) δC 165.90, 163.12, 161.50, 156.07, 

143.36, 133.61, 131.10, 124.9, 122.99, 119.92, 115.44; IR ṽ (ZnSe ATR cell)/cm-1 3450 (N-H, 

amide), 3200 (C-H), 1680 (C=O, amide), 1620 (C=C, aromatic); UV-Vis (MeOH): 𝜆max
MeOH =

225 nm; 𝜀max
MeOH = 4,145.4 L mol−1 cm−1; LC-MS (ESI+): found m/z [M+H]+ = 296.0, calculated 

exact mass = 294.98, purity = 100%, tR = 0.905 min, m.p. = 150 – 156°C. 

4.4 Characterization of Unwanted Products 

HB3-02 appears to have been unsuccessful as can be judged by the absence of its corresponding 

pseudomolecular ion in the MS spectrum. Close scrutiny of the m/z ratio for the base peak in Figure 

69 reveals that the recorded mass to change ratio is 345.0 which is less than the expected value 

(355.05) by 10 mass units which is too much to rationalize deprotonation. Since the method of 

ionization was soft, fragmentation would also not be a rational explanation. 
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Figure 69: LC chromatogram (inset) and ESI+ MS spectrum of HB3-02. 

Close scrutiny of the m/z ratio for the base peak in Figure 69 and NMR spectra (Figure 71 and 

Figure 72) suggests that this unwanted product could correspond to the intermediate formed 

between the carboxylic acid and EDCI (exact mass = 345.166), as per mechanism in Figure 69 

which is not complete as expected in Figure 38. 
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Figure 70: Incomplete mechanism showing formation of an unwanted O-acyl isourea product 

instead of HB3-02. 

 

Figure 71: 1H-NMR spectrum of HB3-02 in DMSO-d6 at 300 MHz. 

 
Figure 72: 13C-NMR spectrum of HB3-02 in DMSO-d6 at 151 MHz. 

 

 
Residual 

(CH3)2SO 
H2O in 

DMSO-d6  
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The numbers of peaks in both NMR spectra (Figure 71 and Figure 72) are not consistent with the 

final product identified hence this could have been an O-acyl isourea intermediate (Figure 72) 

having 13 peaks in the 13C-NMR spectrum accordingly, not the 11 peaks expected for HB3-02. 

Reactions meant to furnish other target compounds coded as HB2-03, HB2-02 and HB2-04 appear 

to have been unsuccessful as judged from LC-MS experiments. 

4.5 In Vitro Antischistosomal Assays 

4.5.1 Severity Score Assays on Adult S. mansoni 

The compounds synthesized in this research work were all inactive (severity score ≤1) albeit some 

revealed interesting structure-activity relationships with respect to the previously reported 

analogues (Table 17). In this regard, HB4-02 was noteworthy. This compound is a closely related 

analogue of MK1-11 with a very subtle difference – two carbons in the aniline portion of MK1-11 

being replaced by nitrogens (Table 5).2 Although subtle, this change resulted in complete 

elimination of in vitro antischistosomal activity. This may suggest that the introduction of a 

pyridazine ring system is detrimental to activity.  

Similarly, HB3-05 is a closely related analogue of AD-03 – the later compound was shown to 

exhibit substantial activity on adult worms in vitro. The almost complete elimination of activity 

which accompanies the replacement of two carbons on the aniline portion of AD-03 with nitrogens 

to furnish HB3-05 reveals the pyridazine ring system is unfavourable to activity.  

 

The other four pyridazinic compounds in this study were equally inactive on adult worms 

suggesting the aniline-pyridazine replacement may not be tolerated which is not surprising as such 

molecular edits of this type can indeed either increase, reduce or even maintain activity (section 

2.6).  

 

 

Table 17 shows the phenotypic changes and severity scores of the target compounds assayed 

alongside MK1-11:1  
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Table 17: Phenotypic changes and severity scores for the effect of target compound exposure on adult S. mansoni at 5 µM.1 

Compd code Structure 
Phenotypic changes* Severity scores* 

2 h 5 h 24 h 48 h 2 h 5 h 24 h 48 h 

 

HB1-03 

 

 

S-Unc 

    

1 

 

0 

 

0 

 

0 

 

HB2-12 

 

 

S 

    

1 

 

0 

 

0 

 

0 

 

HB2-13 

 

     

0 

 

0 

 

0 

 

0 

 

HB2-14 

 

     

0 

 

0 

 

0 

 

0 

HB3-05 

 

 

S 

 

S-Unc 

   

1 

 

1 

 

0 

 

0 

HB4-02 

 

     

 

0 

 

 

0 

 

 

0 

 

 

0 

MK1-1111 

 

S, on 

sides, 

slight 

shrunk 

S, on 

sides, 

dark 

Dying, 

deg, fat 

Dying, 

deg, fat 

 

3 

 

3 

 

4 

 

4 

*Each compound was screened twice as a singleton and what is tabulated is representative data 

 
11 The data is very much similar to the initial findings4 
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4.5.2 Motility Assays on Adult S. mansoni 

Table 18 shows the motility assays for adult S. mansoni worms on exposure to target compound 

for HB1-03, HB2-12, HB2-13, HB2-14, HB3-05 and HB4-02, respectively, with reference to the 

negative control i.e. DMSO which, however, still shows inactivity for all the analogues.  

Table 18: Motility assays of target compound exposure on adult S. mansoni at 5 µM*.  

 

 

Compd 

code 

 

 

Structure 

% Mean motility 

2 h 5 h 24 h 48 h 

% 

Mean 

SD % 

Mean 

SD % 

Mean 

SD % 

Mean 

SD 

 

HB1-03 

 

 

 

56.9 

 

 

16.8 

 

 

64.7 

 

 

4.7 

 

 

59.3 

 

 

1.9 

 

 

92.1 

 

 

11.6 

 

HB2-12 

 

 

 

30.5 

 

 

16.2 

 

 

60.8 

 

 

19.8 

 

 

83.7 

 

 

2.6 

 

 

81.9 

 

 

19.5 

 

HB2-13 

 

 

 

66.9 

 

 

28.8 

 

 

52.1 

 

 

6.8 

 

 

68.5 

 

 

2.2 

 

 

66.9 

 

 

5.2 

 

HB2-14 

 

 

 

79.1 

 

 

8.8 

 

 

105.6 

 

 

0.1 

 

 

63.0 

 

 

9.5 

 

 

57.6 

 

 

0.5 

HB3-05 

 

 

 

29.2 

 

 

2.9 

 

 

38.2 

 

 

9.1 

 

 

28.4 

 

 

5.1 

 

 

50.5 

 

 

11.7 

HB4-02 

 

 

 

44.7 

 

 

4.6 

 

 

37.0 

 

 

11.0 

 

 

56.2 

 

 

7.9 

 

 

33.2 

 

 

7.0 

* To the nearest 1 decimal place 

4.6 HEK293 Cytotoxicity: In Silico Predictions Vs In Vitro Assays  

Although inactive on schistosome worms, comfortingly, they were experimentally found non-

cytotoxic in vitro with 50% cytotoxic concentration (CC50) values higher than the highest tested 

concentration of 20 μM with respect to the positive control i.e. bortezomib largely in accordance 

with Cyto-Safe™ in silico data on HEK293 (Table 19).1,3 Compared to the previously reported 

compounds, MK1-11, which were the most active on schistosome worms, this new series appears 

less cytotoxic as MK1-11 shows high cytotoxicity on HEK293 of a value of 8.46 ± 1.45 µM which 
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is comparable to the published value of 11.1 ± 0.2µM and moderate cytotoxicity on HepG2.3,12 

Even HB4-02 which was predicted to be cytotoxic turned out to be non-cytotoxic empirically. This 

warrants further SAR expansion of the N-PdzBA-based compounds which may ultimately lead to 

a potent compound with a wide selectivity index value. HEK293 cells are an in vitro model that 

mimics cytotoxicity in human cells as a screen against cancerous side effects of the potential drug 

candidate. 

Table 19: Experimental in vitro vs in silico cytotoxicity of on HEK293 cell line.1,3 

Compd 

code 

Structure Expt HEK293  

CC50 (µM)1 

In Silico HEK293  

Cytotox (Cyto-

SafeTM)(qualitative) 

 

HB1-03 
 

 

˃20 

 

Non-cytotoxic 

 

HB2-12 
 

 

˃20 

 

Non-cytotoxic 

 

HB2-13 

 

 

˃20 

 

Non-cytotoxic 

 

HB2-14 

 

 

˃20 

 

Non-cytotoxic 

HB3-05 

 

 

> 20 

 

Non-cytotoxic 

HB4-02 

 

 
 

> 20 

 

Cytotoxic 

 

MK1-11 

 

 

8.46 ± 1.4513 

 

Cytotoxic 

4.7 In Silico Physicochemical Property and SPR Evaluation 

On in silico estimation of solubility using SwissADME™ AI/ML tool, the results are tabulated in 

Table 20, in comparison to MK1-11 and MMV687807. 

 
12 Unpublished data 
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Table 20: In silico physicochemical properties (SwissADME™).a 

Compd code Structure cLogP MW RB TPSA (Å2) logS* S* (μM) logS** S** μM) 

 

HB1-03 
 

 

1.96 

 

233.6 

 

3 

 

54.88 

 

-2.89 

 

1288 

 

-2.75 

 

1780 

 

HB2-12 
 

 

2.31 

 

296.1 

 

3 

 

54.88 

 

-3.35 

 

446.7 

 

-2.92 

 

1200 

 

HB2-13 

 

 

2.31 

 

296.1 

 

3 

 

54.88 

 

-3.35 

 

446.7 

 

-2.92 

 

1200 

 

HB2-14 

 

 

1.53 

 

293.1 

 

3 

 

80.90 

 

-2.84 

 

1450 

 

-2.66 

 

2190 

 

HB3-05 

 

 

3.39 

 

335.2 

 

5 

 

54.88 

 

-3.75 

 

177.8 

 

-3.63 

 

234.0 

 

HB4-02 

 

 

3.59 

 

335.2 

 

5 

 

54.88 

 

-3.73 

 

186.2 

 

-3.59 

 

257.0 

 

MK1-11 

 

 

4.86 

 

333.2 

 

5 

 

29.10 

 

-5.18 

 

6.607 

 

-5.45 

 

3.548 

 

MMV687807 

 

 

4.98 

 

383.7 

 

5 

 

49.33 

 

-5.91 

 

1.230 

 

-6.63 

 

0.234 

aTwo criteria solubility: algorithmized *Delaney and **Ali GSE-style equations. Key: cLogP = calculated logP; LogS = logarithm of solubility; MW = 

molecular weight; RB = rotatable bonds; S = solubility; TPSA = topological polar surface area 
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From Table 20, MMV687807 was estimated to be the least soluble followed by MK1-11 (for 

each criterion). Both of them were unfavourably below the solubility 30 μM cut-off value, the 

latter compound having an experimental value of merely 13.3 µM13. The predicted properties 

show that the novel compounds reported in this research work are expected to possess improved 

solubilities (234-2190 μM) well into the millimolar range.  

4.8 In Silico DMPK/ADME Property and SPR Evaluation 

The activity of the N-PdzBA target compounds did not motivate the much more expensive 

DMPK experiments (unlike the N-PhBAs). However, in silico estimation using the BioSigLab 

PkCSM™ AI/ML tool, in comparison to MK1-11 and MMV687807 in silico and in vitro 

experimental values for the latter compound as elsewhere, gave the following results. 

4.8.1 Absorption: Intestinal Absorption and Caco-2 Permeability 

Table 21 shows the absorption data acquired in silico using PkCSM™.  

Table 21: In silico intestinal absorption and Caco-2 permeability (PkCSM™). 

Compd code Structure % Absorbed logPapp (10-6 cm/s) 

 

HB1-03 
 

 

93.575 

 

1.297 

 

HB2-12 
 

 

93.495 

 

1.283 

 

HB2-13 
 

 

92.98 

 

1.276 

 

HB2-14 
 

 

91.724 

 

1.192 

 

HB3-05 
 

 

88.708 

 

1.385 

 

HB4-02 

 

 

88.684 

 

1.417 

 

MK1-11 

 

 

86.994 

 

1.704 

 

MMV 

68780726 
 

82.93 1.493 

Key: Caco2 = colon carcinoma cell line 2 enterocyte; LogPapp = Log of apparent permeability 

 
13 Unpublished data 
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The higher estimated solubility (Table 20) of the N-PdzBAs target compounds compared to that 

of MK1-11 etc. N-PhBAs would expectedly lead to higher intestinal absorption (Table 21) as 

demonstrated albeit in silico. 

4.8.2 Distribution: Vdss, fu, BBB- and CNS Permeability 

Table 22 shows the distribution data acquired in silico using PkCSM™.  

Table 22: In silico distribution (PkCSM™). 

 

Compd code 

 

Structure 
Vdss, human 

(log L/kg) 
fu, human 

Permeability 

logPBBB logPCNS 

 

HB1-03 
 

 

-0.234 

 

0.256 

 

0.155 

 

-2.248 

 

HB2-12  

 

 

-0.277 

 

 

0.251  

 
 

0.12 

 
 

-2.89 

 

 

HB2-13 
 

 

-0.3 
 

0.274 
 

0.26 

 

-2.895 

 

 

HB2-14  

 

 

-0.249 

 

 

0.389 

 

 

-0.529 

 

 

-2.932 

 

 

HB3-05  

 

 

-0.501 

 

 

0.154 

 

 

0.129 

 

 

-2.871 

 

 

HB4-02  

 

 

-0.606 

 

 

0.131 

 

 

0.033 

 

 

-2.893 

 

MK1-11 

 

 

 

0.04 

 

 

0.064 

 

 

0.183 

 

 

-0.642 

 

 

MMV 

687807  
 

 

 

-0.232 

 

 

0 

 

 

0.152 

 

 

-1.574 

 IV=16.521    

Key: BBB = blood-brain barrier; CNS = central nervous system; fu = fraction unbound; LogPBBB = logarithm of 

BBB permeability; LogPCNS = logarithm of CNS permeability; Vdss = volume of distribution at steady state 

According to the cLogP values in Table 20, MK1-11 (cLogP = 4.86, LogD = 4.36) was more 

lipophilic than the pyridazinic compounds. Lipophilicity causes higher volumes of distribution 

due to partitioning into fatty tissues. Such compounds also have much higher permeability 

through the blood-brain barrier (BBB). Expectedly, compound MK1-11 exhibited the highest 

predicted volume of distribution (0.04 Log L/kg) compared to the pyridazinic compounds 

reported herein. Furthermore, in silico predictions also show that it is likely to cross the BBB 

(LogPBBB = 0.183) more readily compared to most of the new compounds. 
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4.8.3 Metabolism and Excretion: CYP Inhibition and CL 

Table 23 shows the metabolic data acquired in silico using PkCSM™.  

Table 23: In silico CYP inhibition (PkCSM™). 

 

Compd code 
 

Structure 
CYP enzyme inhibition (Yes/No)  

CYP1A2 CYP2C9 CYP2D6 CYP3A4 

 

HB1-03 

 

 

Y 

 

N 

 

N 

 

N 

 

HB2-12 
 

 

Y 

 

N 

 

N 

 

N 

 

HB2-13 
 

 

Y 

 

N 

 

N 

 

N 

 

HB2-14 
 

 

N 

 

N 

 

N 

 

N 

 

HB3-05  

 

Y 

 

N 

 
 

N 

 

 

N 

 

HB4-02 

 

 

Y 

 

Y 

 

 

N 

 
 

N 

 

MK1-11 

 

 

Y 

 

Y 

 
 

N 

 
 

N 

MMV687807  

IC50 (μM)* 26 

 

Y Y N N 

>20 >20 >20 >40 

*Note: fluorescence CL screening assay in human liver microsomes (HLM); Key: CYP = cytochrome P450 

Drug-drug interactions are a major cause of drug toxicity and therapeutic failure.27 To rule out 

the potential for such interaction, drug candidates are often tested on a panel of CYP enzymes 

to assess their risk of inhibiting or inducing these enzymes (section 2.6). In this regard, the 

compounds synthesized in this study were subjected to in silico prediction of their potential to 

inhibit CYPs. Comfortingly, all of them were predicted not to inhibit CYP3A4 and CYP2D6, 

the former being responsible for the metabolism of most drugs in clinical use and development 

including PZQ. While only HB4-02 and MK1-11 were predicted to inhibit CYP2C9, almost all 

the compounds were predicted to inhibit CYP1A2. However, it is anticipated that these 
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compounds may exhibit a safe drug-drug interaction profile considering that most drugs in 

clinical use/ development are metabolized by CYP3A4.27  

Unlike for MK1-11 and MK-09 which underwent mouse liver microsome clearance (MLM 

CL) in vivo or MMV687807 which underwent human liver microsome CL (Table 23), having 

shown unfavourably moderate to high clearance (Figure 16), no excretion assays were carried 

out nor simulated in silico. Such a phenomenon would lead to attrition of the potential drug 

which in turn would lead to loss of efficacy and a need for much higher doses. 
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CHAPTER 5 

SUMMARIES, CONCLUSIONS, LIMITATIONS AND 

RECOMMENDATIONS 

5.1 Chapter Overview 

In this ultimate and epilogue chapter are to be found concise summaries, conclusions, 

limitations, recommendations including proposed structure-activity relationship (pSAR) 

explorations. 

5.2 General Summary 

In this research work, the design, synthesis and characterization of N-PdzBA derivatives were 

undertaken followed by profiling for antischistosomal activity on S. mansoni adult worms 

alongside cytotoxicity on the HEK293 cell line and also physicochemical properties 

experimentally and/or in silico.  

The compounds synthesized in this research work were all inactive albeit some revealed 

interesting structure activity relationships with respect to the previously reported analogues. In 

this regard, HB4-02 and HB3-05 were noteworthy. These compounds are closely related 

analogues of MK1-11 and AD-03, respectively, with a very subtle difference - two carbons in 

the aniline portion of MK1-11 and AD-03 being replaced by nitrogens.1,2 Although subtle, these 

changes resulted in complete elimination of in vitro antischistosomal activity. The other four 

pyridazinic compounds were equally inactive on adult worms suggesting the aniline-pyridazine 

replacement may not be tolerated, as summarized in Figure 73. 

X

X
H
N

O

R1

R

Severity score assay*
• N-phenyl i.e. carboaromatic 
where X = CH (essential for potency)
• N-pyridazin-3-yl i.e. heteroaromatic 
with 2 heteroatoms where X = N: inactive

Generalized 6-membered N-aryl (N-Ar) ring

6-m N-Ar ring Bz moiety*On adult S. mansoni worms at 5 M
highest dosage compound exposure N-arylbenzamide

 

Figure 73: A graphical summary on SAR exploration on the MMV687807 N-ArBA scaffold 

on adult S. mansoni.1,2 
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Although all the compounds were inactive on schistosome worms, they were non-cytotoxic in 

vitro on HEK293 with 50% cytotoxicity (CC50) values higher than the highest tested 

concentration of 20 μM with respect to the positive control i.e. bortezomib mostly in 

accordance with in silico predictions. Compared to the previously reported compounds, MK1-

11 and MK1-09 which were the most active on schistosome worms, this new series appears 

less cytotoxic in vitro.1,2 

The cLogP data indicate that introducing heteroatoms into a phenyl ring leads to a reduction 

in the cLogP value as per theory which demonstrate a better solubility profile compared to the 

first generation compound MK1-11. MMV687807 was estimated to be the least soluble 

followed by MK1-11 both of them being unfavourably below the solubility 30 μM cut-off 

value.1,2 The predicted properties show that the pyridazinic compounds are expected to possess 

improved solubilities (234-2190 μM) compared to the previously reported frontrunner 

analogue MK1-11 which is a better developability profile and, therefore, the novel scaffold in 

them could undergo drug rescue against other disease indications namely as anti-COVID-19 

and anti-Parkinson agents where the N-PdzBA scaffold has already shown activity as reported 

by other researcher elsewhere (section 2.7).3,4 

In a nutshell, all the target compounds are Ro5-compliant and drug-like even by other drug-

likeness parameters and have favourable other pharmacological properties as calculated in 

silico. 

5.3 Conclusions 

In conclusion, this MSc dissertation has reported the synthesis, in vitro antischistosomal, 

cytotoxicity and in silico physicochemical/ DMPK profiling of new N-PdzBA derivatives. Six 

N-PdzBA target compounds were synthesized by EDCI-mediated amide coupling to the 

required purity (≥ 95%) in moderate to high yields (43.40 – 77.91%). LC-MS was used to 

confirm purity and profile tR as a drug physicochemical property while UV-Vis, IR, 1H- and 

13C-NMR were used to characterize the target compounds comprehensively thereby adding 

vital reference spectro-analytical data about N-PdzBAs in literature which was scanty status 

quo. When tested on S. mansoni adult worms, the N-PdzBAs were generally inactive in terms 

of both the severity score assay (severity score ≤1) and the percentage motility assays (no 

significant reduction in motility) with HB4-02 bearing the most conclusive SAR result to 

conclusively pin the pyridazine moiety to inactivity since its exact matched molecular pair 

analogue MK1-11 was very potent.1,2 This experimentally found inactivity while known to be 
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a possibility before is not predictable as explained in section 2.6.5,6 Furthermore, the EC50 

values could not be computed as the preliminary data at 5 μM did not motivate further activity 

tests. However, the N-PdzBAs experimentally showed lower cytotoxicity (CC50 > 20 µM), 

better estimated solubility (Saq > 30 μM) and optimal hydrophobicity (cLogP ≤ 4) versus MK1-

11 at 4.86 and MMV687807 at 4.98. 

5.4 Limitations 

The major limitation was the lack of readily accessible suitable state-of-the-art instrumentation 

for characterization of the target compounds in our laboratory, university and nation at large. 

Consequently, for NMR analysis, some carbons could not be assigned because more advanced 

NMR techniques were not accessible since they were much more expensive namely: 

Distortionless Enhancement by Polarization Transfer (DEPT), Fluorine-19 (19F-) NMR, Two-

dimensional (2D) Correlation Spectroscopy (COSY), Incredible Natural Abundance Double 

Quantum Transfer Experiment (INADEQUATE), Nuclear Overhauser Effect Spectroscopy 

(NOESY), etc. as done elsewhere.7,8 

5.5 Recommendations for Future Work 

1. Antischistosomal assays on the trifluoromethylated target compounds HB4-02 and HB3-

05 which are simply Pdz analogues to potent MK1-11 and AD-03 should be carried out on 

NTS immature parasites which is one of the immature stages on which PZQ is ineffective 

in the search for a multistage lead (Section 1.4).  

2. Antischistosomal assays on all the N-PdzBA target compounds should be carried out on 

other schistosome species especially S. haematobium (which is even more prevalent in 

Zambia than S. mansoni; subsection 1.2.2) as the activity of any novel antischistosomal 

candidates on the former species (S. haematobium) must not necessarily be assumed from 

studies on the latter species (S. mansoni).9,10  

3. Antischistosomal assays on all the N-PdzBA target compounds should be carried out on at 

10 µM which is the range of the EC50 of PZQ (seeing that the cytotoxicity is very low) 

since this value is double that of the 5 µM at which this research work ended.11,12  

4. Furthermore, additional N-PdzBA analogues, incorporating substituents from the second 

and fourth quadrants of the Craig plot (Figure 23), or an equivalent Topliss scheme could 

be explored.   
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5. The N-PdzBA could be tested against SARS-Cov2 (COVID19) where a 2022 study showed 

promising results.3 

6. Figure 74 graphically outlines an antischistosomal pSAR exploration which could be 

undertaken in future.  
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Figure 74: A graphical plan on proposed anti-SCH SAR (pSAR) exploration on 

MMV687807.  

Note: pSAR2 3-Pdz (amide reversed) analogues are already known to be bioactive albeit 

against cancer. 13 
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