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Abstract 

Fungal infections are a global issue affecting over 150 million people worldwide 

annually with 750,000 of these caused by invasive Candida infections. The outcomes of life-

threatening systemic infections caused by Candida albicans are poor with mortality rates 

estimated to be between 46-75%. Azole drugs are the frontline treatment against fungal 

infections however resistance to current azole antifungals in C. albicans poses a threat to 

public health. Azole resistance can arise through several mechanisms with point mutations 

in sterol 14Ŭ-demethylase (CYP51) leading to amino acid substitutions a major contributor. 

The aim of this research is to design and synthesise novel azole inhibitors effective against 

wild type and fluconazole-resistance Candida strains. The development of potent and 

selective inhibitors from three azole series were investigated for CYP51 inhibitory activity, 

binding affinity, and minimum inhibitory concentration (MIC) against C. albicans strains 

biologically as well as computationally. The first series, short and extended novel 

imidazole/triazole derivatives were synthesised successfully. The short derivatives were 

more potent against the C. albicans strains (MIC 0.03 ɛg/mL) compared with the extended 

derivatives (MIC 1 ɛg/mL), while both series showed similar enzyme binding and inhibition 

(Kd low nM, IC50 submicromolar) and were comparable with the standards fluconazole and 

posaconazole. The short series had poor selectivity for CaCYP51 over the human homolog, 

while the selectivity of the extended series was higher (21.5-fold) than posaconazole (4.7-

fold) based on Kd values, although posaconazole was more selective (615-fold) compared 

with the extended series (461-fold) based on IC50 values. Series two, 2-(arylphenyl)-N-(4-

((4-arylphenyl)amido)benzyl)-3-(1H-1,2,4-triazol-1-yl)propanamides derivatives, were 

synthesised successfully. The novel inhibitors exhibited weak activity against C. albicans 

strains; however, a slight improvement in the IC50 was shown in chloro derivatives (IC50 4.6 

-1.3 µM). A series of N-(2-(arylphenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)butanamide 

derivatives have been synthesised using an efficient synthetic route and shown to be potent 

against the C. albicans strains (MIC from <0.03 to 1 µg/mL) and potent inhibitors of 

CaCYP51 (IC50 0.78 to 1.6 µM) compared with the standard fluconazole. All series were 

studied computationally using CaCYP51 crystal structure (PDB 5FSA) for molecular 

modelling and molecular dynamic simulations to determine optimal fit in the active site and 

binding interactions.  Leishmania was also of interest as it has been identified by the WHO 

as a disease with unmet needs with an estimated 700,000 to one million new cases each year 

in the endemic regions such as East Africa, North Africa and West Asia. CYP5122A1 an 

orphan enzyme has been identified as a CYP enzyme specific to leishmania, which could 

provide a novel target in the treatment of leishmania infections. A CYP5122A1 homology 

model was developed, as no crystal structure is available, using a combination of homology 

modelling, molecular dynamics simulations, and molecular docking to understand the active 

site and the binding interaction of CYP5122A1 and selected ligands complexes. Docking 

results for CYP5122A1 showed amino acids Glu365, Thr366, Val440 in the haem binding 

pocket and Tyr175, Phe178, Pro441, Asp584 in the access channel, which could have an 

important role in the binding interactions with designed ligands. Furthermore, some of the 

novel compounds synthesised in this research were also tested against Leishmania donovani 

to investigate the inhibitory potential. 
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1.1 Introduction  

Fungal infections are a major problem that healthcare faces and that affect annually 

more than 150 million people worldwide, 750,000 of which are invasive infections by 

Candida species.1 The mortality of fungal infections is estimated to be similar to that of 

tuberculosis with more than 1.6 million deaths and three times more than malaria annually.2,3 

Fungal infections range from superficial, oral and vulvovaginal thrush to life-threatening 

invasive candidiasis or candidemia. The most common fungal pathogens, which cause 90 % 

of serious fungal diseases, are Candida, Cryptococcus, Aspergillus and Pneumocystis 

species.2,4,5 The fungal genus Candida includes over 20 different species that are known to 

be opportunistic pathogens to humans. The most common Candida species are C. albicans, 

C. glabrata, C. parapsilosis, C. tropicalis and C. krusei, which cause infection when certain 

circumstances arise. Each species involve variation on the infection site and geographical 

location.6 Candida infections caused by C. albicans are distributed widely in the United 

States, Europe, and the Middle East,6-9 whereas C. auris, which was first identified in 

Japan,10 is currently a global health problem especially in the intensive care unit (ICU) 

patients owing to the difficulty in identification with standard laboratory methods, such as 

MicroScan, resulting in an unsuitable period of treatment causing multidrug resistance.11 

Furthermore, the invasive fungal infections caused by Aspergillus and Cryptococcus are 

spread globally with 33.1 % of annual mortality owing to invasive aspergillosis in the ICU. 

Cryptococcosis is ranked the third predominant disease in the immunocompromised 

patients.12 Candida species are ranked the fourth most common pathogen causing invasive 

infections globally after bacterial pathogens.4,13,14 Over the past several decades the mortality 

rates of candidiasis and candidemia has risen to between 46-75%.1  

Candidiasis describes the fungal infections caused by Candida species, especially C. 

albicans.1,2,4,6 Normally C. albicans is present in the human flora, on the skin and mucosal 

membranes without causing harmful effects; however, the overgrowth of this pathogen can 

lead to severe fungal infections.15 Candidiasis can vary depending on the infected organ with 

C. albicans overgrowth resulting in infections such as thrush, vulvovaginal or oropharyngeal 

candidiasis.1,16 However, the most severe and dangerous type of Candida infection is 

invasive candidiasis, which affects the blood (candidemia), heart, brain, bones or other parts 

of the body.1,17 Immunocompromised patients, such as cancer patients, those with 

HIV/AIDS, people on broad-spectrum antibiotics, transplant patients and diabetics, are more 

susceptible to these infections in both developed and developing countries.1,18  In England, 

Wales and Northern Ireland the total rate of candidemia was 3.6 per 100,000 population in 
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2017, an increase of 17% from 2013; and the most common species causing candidemia 

were C. albicans, C. glabrata and C. parapsilosis.18 Furthermore, an estimated 2 million 

people annually contract oral candidiasis and a further 1.3 million oesophageal candidiasis.2 

Recurrent bouts of vulvovaginal candidiasis affect at least 75 million women annually,19 

indicating an unmet need for better treatments that could target the biosynthesis of the fungal 

cell wall, proteins or lipids. 

 

1.2 Classification of antifungal agents 

Antifungal agents can be classified into three main groups according to their targets 

in the fungal cell and these classes contain the five most currently used antifungal agents in 

the clinic, which include echinocandins, 5-fluorocytosine, polyenes, allylamines and azoles 

(Figure 1). 

 

Figure 1. Antifungal agents targets. Echinocandins (1) inhibit -(1,3)-glucan synthases thus 

damage the fungal cell wall, nikkomycin and polyoxins (2) interact with chitin synthase 

leading to fungal cell damage. 5-Fluorocytosine (3) inhibits RNA/DNA synthesis leading 

to the disruption of fungal growth. Polyenes (4) bind to ergosterol and disrupt the cell 
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membrane structure. Allylamine agents (5) inhibit squalene syntheses, which converts 

squalene to squalene epoxide. Azoles (6) block ergosterol biosynthesis by inhibiting 14Ŭ-

demethylase that converts lanosterol to ergosterol leading to fungal cell death. 

 

 Fungal cell wall synthesis inhibitors  

The fungal cell wall is a dynamic structure that allows the cell to interact with the 

surrounded environment but also protect the cell from any environmental stresses. The cell 

wall consists of glycoproteins (containing a glycosylphosphatidylinositol anchor) and 

polysaccharides, mainly chitin and glucan, which connect to form the complex network 

structure (Figure 1).20,21  

1.2.1.1 Inhibitions of -glucan synthesis 

Glucans consists of D-glucose monomers attached by -(1,3)-glucan or -(1,6)-

glucan linkages and is important component to maintain the integrity and the strength of the 

cell wall (Figure 1). The polysaccharide structure of -(1,3)-glucan represents 50% of the 

cell wall, and the remaining components are chitin and glycoproteins.22,23,24 The inhibition 

of glucan synthase disrupts the cell wall of the fungi leading to cell death.  

Echinocandins contain a cyclic hexapeptide core with a lipophilic side-chain responsible for 

antifungal activity as it acts as an anchor to the fungal cell wall.25 Echinocandins non-

competitively target the fungal cell wall biosynthesis through inhibiting -(1,3)-D-glucan 

synthase enzyme complexes, especially targeting FKS1, which is a catalytic subunit protein 

present in the cell wall that is regulated by a Rho GTPase subunit.23,25 -(1,3)-D-glucan 

synthase catalyses the formation of -glucan, the natural component of the fungal cell 

wall.22,23,26 Inhibition of  -(1,3)-D-glucan synthase leads to disturbance in the growing 

structure of the cell wall, resulting in a deficit in the fungal cell integrity.23,25 Caspofungin, 

Micafungin and Anidulafungin (Figure 2) are clinically used broad-spectrum antifungal 

echinocandins that are active against invasive candidiasis; however, low bioavailability, 

intravenous administration and elevated hepatic enzyme levels limit their use.22,26 The 

resistance of this class could be owing to the FKS1 gene mutation in C. albicans.25 
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Figure 2. Echinocandin antifungal agents 
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1.2.1.2 Chitin synthesis inhibitions  

Chitin, which is only 3 % of the constituents of the fungal cell wall, is composed of  

-(1,4)-linked N-acetylglucosamine polymer units that are covalently linked to -(1,3)-D-

glucan to strengthen the cell wall (Figure 1).26 Nikkomycin and Polyoxin (Figure 3) are 

chitin synthase inhibitors, which disrupt the structure of the fungal cell wall, and have very 

low activity against C. albicans and C. tropicalis; however, they are used against fungal 

infections caused by Aspergillus fumigatus as a combination therapy with Caspofungin.22,26 

 

 

Figure 3. Nikkomycin and Polyoxin antifungal agents 

 

 

 Nucleic acid synthesis inhibitor  

5-Fluorocytosine (Figure 4) is a pyrimidine analogue, which is converted to 5-

fluorouracil by fungal cytosine deaminase after it enters the fungal cell via cytosine 

permeases.22,25,26 5-Fluorouracil can then be transformed to 5-fluorouridylic acid by UMP 

pyrophosphorylase, which is either incorporated into RNA after additional phosphorylation 

resulting in inhibition of protein synthesis or converted to 5-fluorodeoxyuridine 

monophosphate, which inhibits fungal DNA synthesis and nuclear division.22,23,25 Therefore, 

5-fluorocytosine interferes with RNA/DNA protein synthesis and pyrimidine metabolism 

leading to the disruption of fungal growth.24,26 Resistance to 5-fluorocytosine develops 

rapidly therefore it is usually used in combination therapy with Amphotericin B in the clinic 

against Candida and Cryptococcus species.22,23,26 
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Figure 4. 5-Fluorocytosine antifungal agent 

 

 

 Fungal ergosterol inhibitors   

Ergosterol is the major component of the fungal cell membrane, which is responsible 

for the fluidity, permeability and integrity of the membrane. 

 

Ergosterol biosynthesis 

One of the essential sterols that plays a substantial role in fungal cell survival is ergosterol; 

therefore, ergosterol biosynthesis is an important target of antifungal agents. Sterols are 

essential lipids of most eukaryotic cells that play a major role in the composition of the cell 

membrane. Depending on their sources, natural sterols are represented by three predominant 

forms: cholesterol in animals and human, phytosterols in plants and ergosterol in fungi and 

protozoa.27-29 This research is interested in ergosterol, an important constituent of membrane 

lipids in fungi and protozoa, which regulates the fluidity, permeability and thickness of the 

membrane.27,29-31 The ergosterol biosynthetic pathway in C. albicans starts from squalene, a 

precursor of sterol biosynthesis, and after a long multistep synthesis produces the final sterol 

product, ergosterol.27,28 One of the most essential cytochrome P450 (CYP) enzymes 

involved in the ergosterol biosynthesis pathway is lanosterol 14Ŭ-demethylase (CYP51), 

which is encoded by the ERG11 gene (Figure 5).32,33 The demethylated intermediates 

produced through the catalytic reaction of this enzyme are essential in the ergosterol 

biosynthesis pathway.  
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Figure 5. Ergosterol biosynthesis pathway 
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1.2.3.1 Fungal membrane disruption  

The main component of the fungal cell membrane is ergosterol (Figure 1 and 5). 

Polyenes are macrocyclic organic molecules known as macrolides, which act by forming a 

complex with ergosterol in the lipid bilayer producing pores owing to the amphoteric 

structure of this class. This complex disrupts the fungal cell membrane resulting in increased 

membrane permeability and finally death of the fungal cell.22,26 Polyenes are fungicidal and 

have the broadest spectrum activity compared with any other antifungal agents available 

clinically.22,25,26 Amphotericin B and Nystatin (Figure 6) are active against Candida species; 

Amphotericin B is administered intravenously and used in life-threatening fungal infections 

caused by Candida and Aspergillus whereas nystatin is used topically for cutaneous, vaginal 

and oesophageal candidiasis.22,34 Polyene antifungal drugs have numerous side effects, 

which limit their use, including severe hepatotoxicity.23 In recent years, research has focused 

on developing a different formulation of Amphotericin B to decrease the toxicity, such as 

encapsulation in liposomes or disc-like lipid complexes.4,23 

 

Figure 6. Polyene antifungal agents 

 

1.2.3.2 Squalene epoxidase inhibitors 

Squalene epoxidase is responsible for the conversion of squalene into 2,3-squalene 

epoxide, which is an early step in ergosterol biosynthesis (Figure 5). Allylamines act by 

inhibiting ergosterol biosynthesis through the inhibition of squalene epoxidase.25,26 
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Inhibition of squalene epoxide leads to disruption of cellular organisation (fungal cell death) 

owing to squalene accumulation resulting in an increase in cell permeability, rather than 

inhibition of ergosterol synthesis.22,23,26 Allylamines are used mostly in nail and skin 

cutaneous infections.22,23 Important members of this class are Naftifine and Terbinafine. 

Naftifine is used topically, whereas Terbinafine can be used topically and orally (Figure 

7).23,24 

 

 

Figure 7. Allylamine antifungal agents 

 

1.2.3.3 Fungal ergosterol synthesis inhibitors 

Azoles are the largest class of antifungal drugs that inhibit ergosterol biosynthesis 

through inhibition of 14Ŭ-lanosterol demethylase (CYP51) leading to inhibition of fungal 

cell growth.6,22,23,35 The most important functional group in all azoles is the 5-membered 

nitrogen containing azole ring e.g. imidazole, triazole or tetrazole ring, with the basic 

nitrogen atom forming an axial coordination bond with the haem iron of the enzyme.35,36 In 

addition, replacing the imidazole ring with a triazole ring has been shown to enhance the 

selectivity of these agents to the fungal CYP51 enzyme,25 and further replacement by a 

tetrazole ring shows more improvement in selectivity to fungal CYP51.23 The antifungal 

drugs in this class include clotrimazole, itraconazole, fluconazole and others (Figure 8).23,37 

Fluconazole is the first-line agent for the treatment and also prophylaxis against invasive 

candidiasis with voriconazole and itraconazole as alternative options.38,39 The use of 

posaconazole has been limited mainly for oropharyngeal or esophageal candidiasis and for 

prophylaxis in high-risk patients owing to its erratic bioavailability and unpredictable trough 

plasma concentration.40 A new tetrazole-based drug candidate VT-1161 (oteseconazole) has 

been described and successfully completed Phase 2b clinical trials (Figure 8).41,42  
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Figure 8. Azole antifungal agents 

 

1.3 Sterol 14Ŭ-demethylase (CYP51) 

Sterol 14Ŭ-demethylase (CYP51) is the most ancient CYP families found in all 

biological kingdoms.43-46 CYP51 catalyses a unique three-step reaction of oxidative removal 

of the 14Ŭ-methyl group from the precursor lanosterol.21,44,45 Furthermore, CYP51 plays an 

essential role in sterol biosynthesis in which the products produced in the pathway are crucial 

for the cell membrane integrity (Figure 9).21,45,47,48  
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Figure 9. The reaction mechanism of 14Ŭ-demethylation of lanosterol catalysed by CYP51 

 

CYP51 is essential for the survival of the fungal pathogens in the host cell and is, 

therefore, an important target enzyme in fungal infections. CYP51 is present in both human 

(hCYP51) and fungi; however, the amino acid sequence identity between them is less than 

35 % which allows the development of a selective CaCYP51 inhibitor.35,49 Inhibition of 

CaCYP51 results in accumulation of sterol intermediates without production of ergosterol, 

which is indispensable for fungal cell growth.25,50 Azoles are by far the most common 

antifungal drugs in clinical use. Several factors allow the extensive use of azoles in treating 

fungal infections such as the broad-spectrum activity, low toxicity and tolerability by 

patients.51,52 However, resistance to current azole antifungals in C. albicans is becoming 

progressively more serious, posing a threat to public health51 and can be attributed to the 

prophylactic use of azole drugs and prolonged treatment regimens in the clinic as well as 

extensive agricultural use.53-55 
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1.4 Azole resistance 

 

Figure 10. Resistance mechanisms of azole antifungals. (1) Alteration of CYP51 amino acid 

sequence leads to a decrease in the affinity of the azole to the target enzyme. Reduction 

of the effective azole concentration inside the cell by (2) overexpression (upregulation) 

of CYP51, (3) drug efflux transporters (ABC and MFS) or by (4) biofilm formation. 

(5) Metabolic bypass when mutation of ERG3 occurs  
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In the past three decades, the incidence of invasive fungal infections caused by 

Candida species has significantly increased particularly in the immunocompromised and the 

intensive care unit patients.5,56,57 The first-line therapy for these fungal infections is azole 

antifungal agents owing to the safety profile and ease of administration.51,52 However, 

prolonged treatment regiments and prophylaxis use of azole drugs in the clinic as well as the 

extensive use of azole antifungals in agricultural have led to an increase in the incidence of 

resistance for these agents, especially the mainstay treatment fluconazole.57,58  

Antifungal azoles are fungistatic against Candida species, which mean they do not kill 

fungal cells but only arrest their growth, and act with the human immune system 

synergistically to excrete the microbial infection. However, with the immune deficiency in 

immunocompromised patients the ability to clear these cells that persist inside the host cells 

due to previous exposure to azole treatment or agricultural use; is significantly reduced, so 

they might form subclinical reservoirs for new infections by activating stress responses 

which could also result in resistance to azole antifungals.33,59 With around 46,000 

hospitalised patients infected annually owing to þuconazole resistant C. albicans, the 

Centers for Disease Control and Prevention (CDC) classiýed C. albicans as a serious 

pathogen.1,31  

There are five different mechanisms responsible for azole resistance in C. albicans 

(Figure 10).5,31,36,57 

 

1. Alteration of the target site - Mutations in the amino acid sequence of CaCYP51 

that can result in reduced affinity of azoles to CaCYP51. Over 140 CaCYP51 

mutations have been described with single, double, triple and more recently 

quadruple mutations identified from clinical isolates.57,60 However, the majority 

occur in drug-sensitive strains and are therefore unlikely to contribute to azole 

resistance. CYP51 mutations associated with drug-resistant strains primarily occur 

in (1) the active site cavity (Y132H, Y132F, K143R, G307S and S405F), (2) those 

that interact with the haem or are present in the Cys-pocket, which may affect the 

redox potential of the haem (K143R, G464S and R467K), and (3) residues located 

on the 5-hairpin (Y447H, G448E, G448V and G450E) that may affect interaction 

with the electron partner NADPH-cytochrome P450 reductase (CPR) potentially 

affecting catalytic efficiency.57,60-62 The catalytic tolerance to azole antifungals 
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especially fluconazole to CaCYP51 mutant strains was determined by measuring the 

concentration causing 50 % enzyme inhibition (IC50, µM) as well as the minimum 

inhibitory concentration (MIC, µg/mL) compared with wild type CaCYP51.51,57 The 

most serious CaCYP51 amino acid single mutants (K143R and G450E) showed a 2-

4 fold increase in azole tolerance in both MIC and IC50 compared with the highest 

tolerance for the double mutants (Y132F+K143R, Y132H+K143R, Y132F+F145L 

and G307S+G450E) an 8-18 fold increase in azole tolerance was observed.51,57,60 

 

2. Up-regulation of target site - The amount of CaCYP51 present intracellularly is 

increased owing to upregulation (overexpression) of the ERG11 gene resulting in a 

reduction in the effectiveness of the azole antifungal agents.4,31,51 This upregulation 

of the ERG11 gene is established by transcription factor UPC2 that works only under 

stress conditions.4,6 UPC2 is a zinc finger transcription factor responsible for 

overexpression of the ERG11 gene.4 The gain-of-function mutations (GOF 

mutations), which are located near UPC2 in the C-terminal, may contribute to the 

point mutation of UPC2 resulting in azole resistance.5 

 

3. Decreased effective drug concentrations ï Active transport efflux systems 

accomplish this mechanism of resistance. The overexpression of two efflux pump 

transporters Candida drug resistance (CDR1 and CDR2) gene of the ATP-binding 

cassette (ABC) transporters and the MDR genes of the major facilitator superfamily 

(MFS) membrane transporters lead to a decrease in the intracellular concentration of 

azole drugs resulting in azole resistance.4,5,26,51 ATP-binding cassette transporters use 

ATP hydrolysis to transport the drug (Figure 11) and the overexpression of these 

transporters was found to be related to cross-resistance in different azoles including 

fluconazole, itraconazole and ketoconazole.4,31,63 However, ñMFS transporters are 

transmembrane proteins, which use the electrochemical proton-motive force to 

mediate drug effluxò4 and the overexpression of MDR1 leads to azoles resistance as 

well.5,31  
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Figure 11. The structure of ABC transporters and the pathway of transported substrate. The 

ABC transporters contains two hydrophilic nucleotide binding domains (NBD1 and 2), 

which are located on the cytoplasmic side of the cell membrane, and two hydrophobic 

transmembrane domains (TMD1 and 2), all four domains are arranged in the order 

NBD1, TMD1, NBD2, TMD2. (1) The transporters have high affinity for the substrate, 

which penetrates the cavity between TMD1 and TMD2, and (2) ATP activates the 

binding in the ABC transporters. (3) The cavity then opens to release the substrate to the 

exocytic side of the membrane due to conformational changes resulting from ATP 

hydrolysis to adenosine diphosphate (ADP) and inorganic phosphate (Pi) 

 

4. Biofilm formation  ï Fungal pathogens can form a biofilm that isolates the azole 

drugs extracellularly.4 The sequestration by biofilm leads to a decrease in the 

intracellular concentration of azole drugs contributing to the azole resistance in C. 

albicans.4,31 The biofilm consists of a dense network matrix composed of 

carbohydrate, polysaccharides and proteins acting as an isolator barrier for the azole 

antifungal agents.4,23 The biofilm protects fungi against the antifungal agents, which 

increases the adherence to the mucosal cell surface of the human as well as to any 

substance such as catheters, which results in an increase resistance to these agents.4,16 

 

5. Bypass pathway production - Secondary mutations in the ergosterol pathway, such 

as ERG3 null mutants, leads to an accumulation of 14Ŭ-methyl fecosterol, which is 

capable of supporting membrane function and fungal cell survival and bypasses the 

accumulation of 14Ŭ-methyl-ergosta-8,24(28)-dien-3-6Ŭ-diol, a toxic metabolite, 

which causes cell death4,6,51 (Figure 12).  
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Figure 12. Mechanism of action of antifungal azole inhibitors and the mutation of ERG3. 

Inhibition of CYP51 with azoles lead to the accumulation of toxic methylated metabolite 

(14Ŭ-methyl ergosta 8,24[28]-dien-3 ,6Ŭ-diol) that inhibits fungal cell growth, whereas 

the bypass pathway (ERG3 mutation) produces a survival metabolite (14Ŭ-methyl 

fecosterol) for the fungal cell; solid arrows: one enzymatic step, broken arrows: multiple 

enzymatic steps 
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The most widespread mechanism of azole-resistant clinical isolates in C. albicans is 

mutations of CaCYP51.35,57,60 With the appearance of these resistance profiles to azole 

antifungals, the need for novel antifungal agents is required as well as alternative therapeutic 

approaches such as modifying gene expression, immunotherapy64 as well as combination 

therapy with CYP51, which might improve the activity and reduce resistance.31 

Some current studies include searching drugs libraries, repurposing of old drugs, (such as 

AR-12 which is an anticancer agent and has been reused to inhibit acetyl-CoA synthetase in 

some fungal infections and currently in animal studies),23 and understanding cell metabolic 

pathways are new approaches to develop new antifungal agent.34,65 Several new antifungal 

agents are in clinical trials (Figure 13) including agents that target fungal cell such as: 

¶ F901318 targets dihydro-orotate dehydrogenase, which is an important enzyme for 

the fungal pyrimidine synthesis. F901318 is an inhibitor of the orotomide class and 

found to have a higher degree of affinity to the fungal enzyme compared with the 

host, and it is now under the Phase 2 study.23,34,47 

¶ VT-1598, VT-1129 (quilseconazole) are analogues of VT-1161 (oteseconazole) and 

are tetrazole antifungal agents that inhibit fungal CYP51. The tetrazole antifungal 

agents have significant high selectivity to CaCYP51 rather than hCYP51 that might 

decrease toxicity. VT1598 is under investigation at the preclinical development 

stage, whereas VT1129 is in Phase 1 clinical trials and VT1161 is in a Phase 2b study 

in vulvovaginal candidiasis.23,41,42 

Other new inhibitors targeting the fungal cell wall include: 

¶ APX-001: a glycosylphosphatidylinositol inhibitor that inhibits the anchor cell 

proteins which help the fungal pathogen to invade the host cells and replicate. APX-

001 is available in oral and IV formulations and has broad activity against different 

species; furthermore, it is in Phase 1 trials.23,34,65 

¶ SCY-078: a triterpene drug that inhibits -(1,3)-D-glucan synthase with a very 

different structure compared with the echinocandin antifungal agents. SCY-078 has 

broad-spectrum activity and is available in oral and IV formulations and is currently 

in Phase 2 clinical trials.34,65 

¶ Rezafungin (CD101): a -(1,3)-D-glucan synthase inhibitor with a modified ether 

ring structure that enhances the effectiveness and half-time life (81 h) compared with 

echinocandin agents (24 h) and is undergoing Phase 2 studies.23,34 
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Figure 13. Antifungal agents undergoing Phase 1/2 clinical studies 
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1.5 Cytochrome P450 (CYP) enzymes 

Cytochrome P450 (CYP) enzymes are a superfamily of haem-thiolate proteins 

discovered in the 1960s and found in all biological species.56,58 In human, CYP enzymes can 

be found everywhere except red blood cells and skeletal muscles, however, they exist mainly 

in the hepatocytes.66,67 The name cytochrome P450 was characterised as a coloured 

substance in the cell. This pigment shows an absorption band at a wavelength of 450 nm 

when reduced and bound to carbon monoxide.13,66  

Fifty-seven human CYP genes have been identified and classified into 18 families 

and 44 subfamilies based on the amino acid sequence identity of the encoded 

proteins.22,56,58,66,67 The nomenclature of CYP enzymes follows a systematic rule that 

provides information relating to enzyme sequence similarity:13,66,68 

The name is given with a number-letter-number: 

a. Starts first with the symbol ñCYPò for CYP450  

b. Followed by an Arabic number that indicates the family, which is based on Ó 59 % 

amino acid similarity 

c. Then, a letter indicating the subfamily with 70% similarity in the amino acid 

sequence 

d. Finally, an Arabic number representing the individual gene  

 

Moreover, when describing the gene, all letters and numbers should be written in italics, e.g. 

CYP1A2, whereas the non-italic (CYP1A2) represents the enzyme itself.13,67,58 

 

CYP enzymes play vital roles in the biosynthesis and metabolism of endogenous 

compounds as well as the metabolism of foreign compounds such as drugs, steroids and 

carcinogens.13,66,69 CYP enzymes are called monooxygenases since they convert an oxygen 

molecule into a very reactive oxygen species and then insert the oxygen atom into a substrate 

in order to make it polar and facilitate its mechanism.69 Furthermore, CYP enzymes play a 

crucial role in the conversion of prodrugs into the active form, and they can also produce 

reactive, toxic metabolites.13,66 Even though there are a large number of CYP enzymes in 

human, a small number of CYP enzymes found in families 1, 2 and 3 are involved in the 

majority of drug metabolic biotransformations, such as CYP1A2, CYP2D6 and 

CYP3A4.13,66,67 These enzymes have interesting properties when metabolite drugs; a single 

CYP enzyme can metabolise a diverse range of drugs with different structures; on the other 
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hand, multiple CYP enzymes can metabolise a single drug at different sites, or multiple CYP 

enzymes could metabolise it with different catalytical rates at the same site.13 

 

1.5.1 General structure of CYP 

The CYP enzymes are haemoproteins that contain between 400-500 amino acid 

residues and a single iron-porphyrin complex (haem) in the active site that controls the spin 

state equilibrium during the catalytic cycle.58,69-71 These enzymes are classified as CYP 

enzymes because of the conserved motif sequence of 10 amino acids Phe-X-X-Gly-Xb-X-

X-Cys-X-Gly, where Xb is usually a basic amino acid that plays an indispensable role with 

the reductase partner, and this motif includes the conserved cysteine residue.56,72 An 

additional feature is the formation of the fifth ligand between the haem iron and the sulfur 

atom of the conserved cysteine residue, while a water molecule acts as the sixth ligand during 

the enzyme rest state (low spin state) (Figure 14). The essential structure is stabilised by an 

absolute conserved (Glu-X-X-Arg) motif can be found on the proximal side of the haem.69-

71 

 

 

Figure 14. Structure of the CYP haem group 
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1.5.2 CYP catalytic cycle 

The monooxygenase reaction mediated by CYP enzymes can be represented as 

follows: 

 

These reactions require an oxygen molecule (O2) and the substrate (RH) to produce 

the hydroxylated metabolite (ROH) and a water molecule (H2O). To perform these 

monooxygenase reactions, the CYP enzyme needs two electrons and two protons (two 

reducing equivalents supplied by nicotinamide adenine dinucleotide phosphate (NADPH)) 

for each cycle to CYP via NADPH- cytochrome P450 reductase.66,69,70,73,74 

The catalytic cycle of CYP starts with a water molecule bound to the ferric ion (Fe3+), 

which is the resting state (Figure 15). When the substrate molecule enters the active site of 

the enzyme, it displaces the water molecule and forms a complex with ferric ion (Fe3+), 

which leads the Fe3+ coordination number to change from six to five, leading to a slight 

increase in the reduction potential and allows the acceptance of electrons from NADPH-

P450 reductase. The first addition of electrons causes the reduction of the ferric ion (Fe3+) 

to the ferrous state (Fe2+). Next binding of molecular oxygen results in the ferric peroxide 

complex (Fe3+-O2) and then a second electron enters the system to reduce the ferric peroxide 

complex and generate the ferric-peroxo anion (Fe3+-O2
2-). The ferric-peroxo anion complex 

is quickly protonated to generate the hydrogen peroxide intermediate (Fe3+-H2O2), which 

initiates the formation of the hydroxylated substrate (Fe3+-ROH) and water molecules by a 

free radical reaction. This free radical reaction could be produced by symmetrical cleavage 

of the H2O2 to form two hydroxyl radicals leading to the elimination of a water molecule 

and formation of the highly reactive oxoferryl species (Fe4+=O), which then abstracts a 

proton from the substrate.   

 

Finally, the hydroxylated substrate will dissociate from the enzyme reactive centre, and a 

water molecule will enter to return the enzyme to its resting state.66,69,75 
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Figure 15. CYP catalytic cycle. Binding of the substrate to the active site of CYP enzymes 

displaces a water molecule with a change in the spin of Fe3+ from low spin (LS) state 

to high spin state (HS) causing an interaction with the redox component. The ferric 

CYP-substrate complex is reduced by electron transfer from NADPH via the electron 

transfer chain. This is followed by O2 binding to form a stable ferric-peroxide (Fe3+-

O2
-) complex that is reduced to the ferric-peroxo anion (Fe3+-O2

2-) by a second electron 

transfer from NADPH. Fe3+-O2
2- interactions with two protons from the surrounding 

solvent forms (Fe-H2O2)3+ complex. Breakdown of the HO-OH bond radically 

eliminates H2O and yields a hydroxylated product (FeOH3+-R). Release of the product 

from the active site of the enzyme regenerates the un-complexed ferric CYP that can 

participate in the metabolism of other molecules 
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1.6 Aim and objectives 

The global increase in the prevalence of invasive fungal infections makes it a 

dangerous community and hospital health disease.1 Such infections are common in patients 

with immunodeficiencies, transplant surgery and prolonged use of antibiotics.18 Azole 

antifungal agents act by inhibiting CYP51 that inhibits the fungal cell growth and are the 

most commonly used clinically and as prophylactic regimens for the treatment of these 

infections.51,52 Nevertheless, the extensive use of these agents, particularly fluconazole, has 

resulted in the extensive development of resistance in C. albicans, which has become a 

severe problem for public health.53-55 Thus, there is a great need for the development of new 

compounds that have broad-spectrum activity, high selectivity to CaCYP51 and activity 

against resistant strains. 

Therefore, the current research aims to design, generate, and evaluate novel azole inhibitors 

with efficacy against wild type and fluconazole-resistant Candida strains. The novel 

designed azole antifungal agents should have several criteria to be useful clinically. The 

novel inhibitors need to specifically target the fungal enzyme (CaCYP51) rather than the 

human CYP51 (hCYP51), to avoid the inhibition of the sterol biosynthesis pathway in 

human and decrease the toxicity and drug-drug interactions that could occur.25,51 As the 

similarity of the amino acid sequence between CaCYP51 and hCYP51 is relatively low (< 

35%), CYP51 is a good target enzyme for treating Candida sp. infections. Furthermore, the 

novel inhibitors should be fungicidal and have broad-spectrum activity against different 

fungal species as well as be effective against resistant C. albicans strains resulting from 

CaCYP51 mutations.51  

Designing agents that achieve the criteria mentioned above is a significant challenge. 

However understanding the binding and the occupation of the novel inhibitors within the 

CaCYP51 protein using computational studies, facilitated by the availability of the crystal 

structure of CaCYP51 co-crystallised with posaconazole (PDB: 5FSA)35 in the protein data 

bank (PDB)76,77, will assist in the design and computational investigations of these novel 

azole inhibitors. 
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Figure 16. The occupancy of posaconazole and fluconazole in CaCYP51 protein 

 

Based on the computational study investigation of occupancy and binding of fluconazole 

(the mainstay treatment) and posaconazole (co-crystallised structure) within CaCYP51 

(PDB: 5FSA) active site (Figure 16), the design of novel inhibitors was determined. Recent 

studies demonstrate that the extended structures of antifungal agents, such as Oteseconazole, 

can form additional interactions with the amino acids within the substrate access channel, 

which increase the binding affinity and selective to CaCYP51, and importantly activity 

against azole-resistant strains.57,60 As a result, the novel azole inhibitors will be designed as 

óY-shapeô structures with a core amide scaffold, two short arms to occupy the haem binding 

site and the small hydrophobic pocket, while the long arm fill s the long access channel of 

CaCYP51. 
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Figure 17. The possible suggested chemical modification of fluconazole  

 

This research investigated some possible chemical modifications of the fluconazole as 

described in Figure 17, with amide linker scaffold and modification of the chain lengths 

either to the amide linker, azole ring and/or the side chain as well as different heterocyclic 

azole rings (Figure 17). One example of these modifications was to study the chain length 

attached to azole ring and how it affects the fit within the CaCYP51 protein computationally 

as well as biologically to determine the requirements of chain length for antifungal activity. 

In addition, all modifications resulting in new designs will be investigated biologically and 

computationally and correlation analysis performed to establish the important moieties with 

respect to antifungal activity and importance in counteracting mutational resistance. 
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The main modification in this research is introducing the amide linker core to develop all 

novel azole inhibitors; however, there are different modifications to be investigated. The 

first extra modifications to be investigated in this research were through, (1) different 

substitutions on the phenyl rings to explore the structure-activity relationship, (2) variation 

of the heterocyclic ring, including imidazole, triazole and/ or tetrazole, which is a very 

important moiety in the azole antifungal agents to interacts with the haem iron of CaCYP51, 

(3) replacement of one of the triazole rings with a phenyl substituted ring to optimise the 

filling of the small hydrophobic pocket in CaCYP51, and (4) extending the chain length to 

evaluate the optimal occupation within the CaCYP51 access channel (Figure 18).  

 

Figure 18. The first suggested modification to develop series I 

 

The second modifications in this study to be investigated included: (1) inverting the amide 

linker core to investigate the fit and binding interactions within the CaCYP51 protein, (2) 

different substitutions on the phenyl rings to explore the structure-activity relationship, (3) 

variation of the chain length that links the heterocyclic ring by shortening one carbon atom 

to investigate the fit in the active site of CaCYP51, (4) retaining the essential moiety in the 

azole antifungal agents, which is the triazole heterocyclic ring, (5) extending the chain length 

with different linkers to evaluate the optimal occupation within the CaCYP51 access channel 

(Figure 19). 
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Figure 19. The second suggested modification to develop series II 

 

The third modifications in this research will be investigated by: (1) keeping the hydroxyl 

group and the amide linker core to investigate the fit and binding interactions within the 

CaCYP51 protein, (2) different substitutions on the phenyl rings to explore the structure-

activity relationship, (3) retaining the triazole heterocyclic ring, (4) replacement of one of 

the triazole rings with a phenyl substituted ring to optimise the filling of the small 

hydrophobic pocket, (5) extending the chain length with different linkers to evaluate the 

optimal occupation within the CaCYP51 access channel (Figure 20). 

Figure 20. The third suggested modification to develop series III 
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Therefore, the strategy applied to achieve these aims can be divided into the following steps: 

1. Design of selective novel antifungal azole inhibitors for CaCYP51 considering the 

results of computational studies of molecular binding interactions of fluconazole and 

posaconazole within CaCYP51 protein (PDB: 5FSA) using Molecular Operating 

Environment (MOE) software78.  

2. Analysing the docking studies of the novel designed inhibitors in the CaCYP51 

protein to explore computationally the effect of certain groups in the designed 

compounds on the binding interactions that could counteract resistance mutations by 

forming additional binding interactions. 

3. Literature survey for the possible chemical pathways to synthesise the target 

compounds using Scifinder. 

4. Laboratory synthesis of the designed compounds and their structure elucidation 

using the spectroscopic tools 1H and 13C NMR, HRMS or elemental microanalysis, 

and HPLC. 

5. Further analysis of the novel inhibitors structure-activity relationships and 

investigating of the inhibitors through determining the minimum inhibitory 

concentration (MIC) against C. albicans SC5314 (C. albicans laboratory strain) and 

CAI4 (C. albicans wild type clinical isolation), CaCYP51 inhibitory activity and 

binding affinity (Kd). These studies will be performed by our collaborators at 

Swansea University.  

6. Study the selectivity for CaCYP51 against hCYP51 of the most active designed 

compounds and also a sterol profile study, which shows the accumulation of 14Ŭ-

methylated sterols, especially 14Ŭ-methyl ergosta-8,24[28]-dien-3,6-diol in both C. 

albicans strains to confirm if these compounds are akin to fluconazole in their 

mechanism of action. These studies will be performed by our collaborators at 

Swansea University.  

7. Further computational studies using molecular dynamic simulations for the novel 

designed compounds within the wild type and a representative double mutant strain 

(Y132H + K143R) of CaCYP51 to investigate the relation between the binding 

interactions within the CaCYP51 protein and the biological results. 

8. The importance of CYP51 in protozoa, including Trypanosoma and Leishmania, 

would suggest CYP51 as an important target for inhibitor design, however a possible 
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bypass mechanisms, as seen with ergosterol synthesis in fungi (Figure 12), resulting 

in reduced effectiveness in protozoa has been linked to recently identified orphan 

CYP, CYP5122A1. CYP5122A1 is found in Trypanosoma and Leishmania,79 

however, no crystal structure is available. Therefore, a homology model was 

generated using the SWISS-MODEL server with further optimization using 

molecular dynamic simulations using Maestro software. 

9. Validation of the model will be performed using Ramachandran plot and ProSA 

analysis as well as docking studies of known inhibitors. 

10. Furthermore, as azole antifungal inhibitors were studies in vitro or in vivo and 

showed promising results against Leishmania species,43,45,47,80 some of the novel 

compounds designed in this PhD research also will be tested against Leishmania 

donovani to investigate the inhibitory potential. This evaluation will be performed 

by our collaborators at the University of Dundee. 
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2.1 Introduction  

As described in Chapter I, there is an urgent need to design new azole antifungal agents 

to overcome azole drug resistance. Fluconazole is the first-line treatment for fungal diseases; 

however, the resistance of this mainstay drug arises widely, therefore short derivatives and its 

extended modification were designed to determined and explore binding interactions within the 

CaCYP51 active site (Figure 21).  

   

Figure 21. (R/S)-N-Benzyl-3(1H-azol-1-yl)-2-phenylpropanamide structures investigated in 

this chapter (Chapter II) 

 

(R/S)-N-Benzyl-3(1H-azol-1-yl)-2-phenylpropanamide derivatives were studied to explore 

additional binding interactions within the hydrophobic substrate access channel of CaCYP51. 

The synthesis, evaluation of inhibitory activity against CaCYP51 and MIC against C. albicans 

strains and preliminary structure-activity relationships (SARs) will be investigated for (R/S)-N-

benzyl-3(1H-azol-1-yl)-2-phenylpropanamide derivatives in this chapter. 
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Figure 22. Sites of investigation of (R/S)-N-benzyl-3(1H-azol-1-yl)-2-phenylpropanamide 

structures 

This chapter is focused on the development and modification of (R/S)-N-benzyl-3(1H-azol-1-

yl)-2-phenylpropanamide derivatives (Figure 22), specifically through:  

i. Substitution of the phenyl rings to explore the structure-activity relationship (SAR), 

where the R1/R2-group could be an electron-withdrawing or electron-donating group in 

different positions.  

ii.  Introduction of a heterocyclic group such as imidazole, triazole and/ or tetrazole, which 

interacts with the haem iron of CaCYP51 as well as to evaluate the biological activity 

and selectivity with respect to human CYP51 (hCYP51).  

iii.  Extending the structure of inhibitors could lead to optimal occupation of the long 

channel of the access channel that may lead to more hydrophobic and/ or hydrophilic 

interactions with the amino acids in the active site that may enhance the activity and 

selectivity.  

 

This chapter is divided into 5 parts as follows: 

1. Molecular modelling 

2. Results and discussion: 

a. Development of short derivatives with different aryl substitutions and azole rings 
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Figure 23. (R/S)-N-(4-Arylpyridinyl/benzyl)-3(1H-azol-1-yl)-2-phenyl/chlorophenyl 

propanamide derivatives 

b. Extended derivatives by introduction of a sulfonamide linker 

 

 

 

 

 

 

Figure 24. (R/S)-2-Phenyl-N-(4-(aryl-phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol-1-yl) 

propanamide derivatives 

 

3. Biological evaluation 

4. Molecular dynamics 

5. Conclusion 
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2.2 Molecular modelling 

The crystal structure of CaCYP51 wild type (PDB 5FSA)35 was downloaded from 

the protein data bank.76,77 To perform docking studies, inhibitors were created using 

ChemDraw professional (16.0) and introduced into the Molecular Operating Environment 

(MOE) programme.78 After that, all designed inhibitors were protonated at physiological pH 

(º 7.4) to mimic the physiological condition in C. albicans endoplasmic reticulum. The 

inhibitors were energy minimised and saved as a database file (mdb/mol2) then docking 

studies were performed using MOE and LeadIT81 software programmes.  

2.2.1 Docking studies with CaCYP51 (PDB 5FSA)  

To design new selective CaCYP51 inhibitors, the objective was to create a small new 

database of compounds and to dock them in the active site of CaCYP51 to explore optimal 

pharmacophores to fit within the active site domains and binding interactions, compared 

with posaconazole, which was co-crystallised with CaCYP51 in the crystal structure 5FSA. 

Posaconazole has a long hydrophobic structure with bonding primarily through multiple 

hydrophobic interacts (29 amino acid residues in the binding pocket) and just one H-bonding 

interaction between Ala61 and the carbonyl oxygen of the 1,2,4-triazol-5(4H)-one ring. 

Moreover, posaconazole interacts perpendicularly with the haem iron and the N4 of the 

triazole ring with a distance of 2.08 Å as shown in figure 25. 
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Figure 25. (A) 2D ligand interaction of posaconazole in the CaCYP51 protein. (B) 3D view 

of posaconazole (cyan) in the active site of CaCYP51. Lipophilic regions are 

shown in green, hydrophilic regions in pink. The haem group can be seen in 

orange  
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Fluconazole was docked in the CaCYP51 crystal structure and showed hydrophobic binding 

interactions with 12 amino acid residues and one arene-arene interaction between a triazole 

ring and Tyr118, which interacts with the haem (Figure 26a). Furthermore, fluconazole 

occupies the haem area and interacts perpendicularly with the haem iron with a distance of 

2.64 Å (Figure 26B). 

 

Figure 26. (A) 2D ligand interaction visualisation of fluconazole in the CaCYP51 protein. 

(B) A 3D view of fluconazole (magenta) in the active site of CaCYP51 

 

The design of the novel inhibitors incorporated an amide linker to form a Y-shape. From 

docking studies using MOE and LeadIT programmes, the novel short azoles derivatives (8) 

and extended derivatives (18), interacted perpendicularly with the haem iron with a distance 

of < 3.0 Å.   

The docking study showed azole derivatives docked within the active site of CaCYP51 in 

both (R)- and (S)-configurations forming both hydrophobic and hydrophilic interaction with 

Phe233, Tyr118, Leu121, Phe126, Gly307, Tyr132, Met508, Ser378, Ile304, Leu376, 

Phe228, Ile131, Thr311, Gly303, Thr122 and Phe380 amino acid residues as shown in the 

2D ligand interaction and 3D visualisation e.g. Figures 27 and 28.  
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Figure 27. 2D ligplot and 3D image of (R)-configuration of short series exemplar in (A) 

MOE docking programme and (B) in LeadIT programme in the CaCYP51 active 

site 

 

In the 3D image, MOE docking showed the (R)-configuration of the short series fit  in the 

active site in a similar position to fluconazole, with regards to the occupancy of the pocket, 

and interacted through hydrophobic interaction with 16 amino acids. Moreover, the 2D 

ligplot showed good fitting within the pocket. Furthermore, using LeadIT software the haem 

iron interacted directly with N atom of the azole ring and through hydrophobic interactions 

with 10 amino acids.  

B 

A 
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Figure 28. 2D ligplot and 3D image of (S)-configuration of short series exemplar in (A) 

MOE docking programme and (B) LeadIT programme in the CaCYP51 active 

site 

 

The (S)-configuration of the short series (Figure 28) using the LeadIT software was 

comparable with the (R)-configuration (Figure 27) with direct interaction with the haem iron. 

However, the MOE programme showed H-arene interactions between the imidazole ring 

and CH2 adjacent to the amide group with Thr311 and Tyr311 respectively as shown in 

figure 28A. These results indicated very slight differences were observed between the two 

programmes however MOE programme was preferred owing to clearer visualisation in the 

2D ligplot ligand interaction diagramme. 

A 

B 
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The extended derivatives were docked using MOE, and the results can be seen in figure 29 

using an exemplar of this series. The (R)-configuration displayed perpendicular binding 

between the N-atom of the triazole ring and the haem iron with a distance of 2.49 Å and 

hydrophobic interactions with 22 amino acids (Table1). 

 

Figure 29. (A) 2D ligand interaction visualisation of the (R)-configuration of an exemplar 

of the extended series in the CaCYP51 protein. (B) A 3D image showing key 

binding interactions of the (R)-configuration of an exemplar of the extended 

series (cyan) within the active site of CaCYP51  
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Table 1. Key binding interactions between the (R)-configuration of extended series exemplar 

and the amino acids in the active site of CaCYP51 

 

Distance  

Key binding interactions 

Interactions through 

water molecules 

Hydrophobic interactions 

2.49 Å Leu376, Met508, Pro375, 

Ser507, His377 

Leu121, Phe126, Phe380, Phe228, Phe233, 

Ile131, Pro230, Gly303, Gly307, Gly308, 

Tyr64, Tyr118, Tyr132, Tyr505, Thr311, 

Ser506, Ser378 

The (S)-configurations of the extended series were also docked in the CaCYP51 active site 

and also showed water mediated binding interactions and multiple hydrophobic interactions 

(Figure 30).  

 

Figure 30. (A) 2D ligand interaction visualisation of the (S)-configuration of an exemplar of 

the extended series in the CaCYP51 protein. (B) A 3D view of the (S)-

configuration of an exemplar of the extended series (cyan) in the active site of 

CaCYP51 



Chapter II                                                                                                    Result and discussion 

 

  
 40 

 

2.3 Result and discussion 

Following the promising results obtained from the docking studies, a synthetic pathway 

was developed to prepare the short derivatives incorporating different substituted aryl groups 

and azole rings (Figure 23). 

2.3.1 Synthesis of (R/S)-N-(4-arylbenzyl)-3(1H-imidazol-1-yl)-2-phenylpropanamide (8) 

¶ General chemistry 

The synthesis of (R/S)-N-(4-arylbenzyl)-3(1H-imidazol-1-yl)-2-phenylpropanamide (8) 

was performed according to a sequence of six steps (Scheme 2.1): 

× Esterification of carboxylic acid 

× Addition of alkyl hydroxide 

× Hydrolysis of ester to acid 

× Amidation reaction  

× Mesylation of the hydroxyl group 

× Addition of an azole ring 

The starting reagent 3-hydroxy-2-phenylpropanoic acid (tropic acid, 4a) was commercially 

available, while the 4-chloride derivative (4b) was prepared using a 3-step synthesis.82,83 
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Scheme 2.1 Synthetic route for the synthesis of (R/S)-N-(4-arylbenzyl)-3(1H-imidazol-1-yl)-2-

phenylpropanamide (8). Reagents and conditions: (i) MeOH, SOCl2, 60 °C 3 h 

(ii) DMSO, NaOMe, paraformaldehyde, rt 4 h (iii) (a) LiOH.H2O, rt 1 h (b) pH 3 

with 2N HCl (iv) CPME, aliphatic amine, B(OCH3)3, molecular sieves, reflux 100 

°C o/n (v) CH2Cl2, methanesulfonyl chloride, rt o/n (vi) (a) K2CO3, 

imidazole/triazole/tetrazole, CH3CN, 45 °C 1 h (b) 7, 70 °C 1-24 h 
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Synthesis of methyl 2-(4-chlorophenyl)acetate (2) 

Methyl 2-(4-chlorophenyl)acetate (2) was obtained by the esterification of the 

carboxylic acid (1) using thionyl chloride (SOCl2) in MeOH at 60 °C 3 h.82 

The reaction mechanism of this step is shown in scheme 2.1.1, which involves the addition of 

SOCl2 to convert the hydroxyl group of the carboxylic acid into a good leaving group that can 

be displaced by methanol to form the corresponding ester.   

 

Scheme 2.1.1 Mechanism of formation of methyl 2-(4-chlorophenyl)acetate (2) 

 

After aqueous work up 1H NMR confirmed formation of the product with a characteristic CH3 

singlet observed at ŭ 3.72. Methyl 2-(4-chlorophenyl) acetate (2) was obtained as a colourless 

liquid in a yield of 93 %. 
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Synthesis of (R/S)-methyl 2-(4-chlorophenyl)-3-hydroxypropanoate (3) 

The synthesis of (R/S)-methyl 2-(4-chlorophenyl)-3-hydroxypropanoate (3) was carried 

out by the addition of paraformaldehyde in the presence of NaOMe and anhydrous DMSO as 

solvent at room temperature (rt) for 4 h.83 

The mechanism of this reaction involves initial deprotonation of the acidic Ŭ-H by sodium 

methoxide. The resulting carbanion then attacks the electrophilic carbonyl carbon of 

formaldehyde, forming a new C-C bond. 

 

Scheme 2.1.2 Mechanism of formation of (R/S)-methyl 2-(4-chlorophenyl)-3-

hydroxypropanoate (3) 

 

After aqueous work up 1H NMR confirmed formation of the product with characteristic aliphatic 

signals observed at ŭ 4.15-4.09 as a multiplet for CHCH2OH, the CHCH2OH was observed as 

a multiplet for each proton at ŭ 3.86-3.81 and a broad signal at ŭ 2.49 for OH. (R/S)-Methyl 2-

(4-chlorophenyl)-3-hydroxypropanoate (3) was obtained as a colourless liquid after purification 

by gradient column chromatography in a yield of 72 %. 

 

Synthesis of (R/S)-2-(4-chlorophenyl)-3-hydroxypropanoate (4b) 

(R/S)-Methyl 2-(4-chlorophenyl)-3-hydroxypropanoate (3) was then converted to (R/S)-

2-(4-chlorophenyl)-3-hydroxypropanoate (4b) by hydrolysis of the ester group of (R/S)-methyl 

2-(4-chlorophenyl)-3-hydroxypropanoate (3) using lithium hydroxide monohydrate in 

tetrahydrofuran at rt for 1 h.83 After acidification of the reaction with 2N HCl and work up 1H 



Chapter II                                                                                                    Result and discussion 

 

  
 44 

 

NMR established the formation of the product with characteristic signal of the carboxylic acid 

OH observed as a broad singlet at ŭ 12.42, and disappearance of the CH3 signal. (R/S)-2-(4-

Chlorophenyl)-3-hydroxypropanoate (4b) was obtained as a white powder in a yield of 87 %. 

 

Synthesis of (R/S)-N-(4-Arylbenzyl) -3-hydroxy-2-phenylpropanamide (6) 

(R/S)-N-(4-Arylbenzyl)-3-hydroxy-2-phenylpropanamide (6) was prepared by stirring 

(R/S)-2-(4-chlorophenyl)-3-hydroxypropanoate/tropic acid (4) in dry cyclopentyl methyl ether 

(CPME) with molecular sieves, followed by the addition of amine (5) and trimethyl borate 

(B(OMe)3). The resulting mixture was heated at 100 °C overnight (o/n).84 

The reaction mechanism of this step is shown in scheme 2.1.3, which involves the addition of 

trimethyl borate to convert the hydroxyl group of the carboxylic acid into a good leaving group 

that can be displaced by the aliphatic amine to form the corresponding amide linkage.  

 

Scheme 2.1.3 Mechanism of formation of (R/S)-N-(4-arylbenzyl)-3-hydroxy-2-

phenylpropanamide (6) 
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Upon completion, the reaction mixture was diluted with acetone and H2O, and purified using a 

solid phase work up: stirring with Amberlite IRA743 (base resin to remove the borate), 

Amberlyst 15 (acid resin to take unreacted amine) and Amberlyst A26 (OH) (base resin to 

remove the unreacted acid from the media) resins for 2 h before drying (MgSO4) and filtration. 

The filtrate was concentrated under pressure to give pure amine, which was characterised by the 

coupling pattern of the signals of NHCHaHb and CHCHaHb (Figure 31). 

 

Figure 31. Characteristic 1H NMR pattern of CHCH2 and NHCH2 signals of the alcohols (6) 

 

Synthesis of (R/S)-3-[(4-arylbenzyl)amino]-3-oxo-2-phenylpropyl methanesulfonate (7) 

The synthesis of (R/S)-3-[(4-arylbenzyl)amino]-3-oxo-2-phenylpropyl 

methanesulfonate (7) was achieved by mesylation of the alcohol (6) with methanesulfonyl 

chloride in the presence of  Et3N as base for 1 h at 0 °C then rt for 1-24 h.85  

The product was obtained after purified by gradient column chromatography to give the product 

as a white solid that had characteristic shifting in the pattern of NHCHaHb and CHCHaHb 

signals (Figure 32) compared with the alcohol 6 (Figure 31). 13C NMR confirmed the formation 

of the product by observing at ŭ ~71.13, ~50.89 and ~41.94 for CH2OMe, CHCH2OMe and 
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NHCH2 respectively, compared with alcohol (6) where the signals were observed at ŭ ~63.83, 

~54.99 and ~42.46 for CH2OH, CHCH2OH and NHCH2 respectively. 

 

Figure 32. The 1H NMR pattern of CHCH2 and NHCH2 in the mesylated compounds (7) 

 

Synthesis of (R/S)-N-(4-arylbenzyl)-3(1H-imidazol-1-yl)-2-phenylpropanamide (8a-l) 

(R/S)-N-(4-Arylbenzyl)-3(1H-imidazol-1-yl)-2-phenylpropanamide (8) was prepared by 

reaction of the mesylate (7) with the imidazolate anion (obtained by reaction of imidazole in dry 

acetonitrile and potassium carbonate 1 h at 45 °C), at 70 °C for 4 ¾ -24 h.86  

After aqueous work up two new products were observed by TLC. The crude product was 

purified by gradient column chromatography petroleum etherïEtOAc 9:1 to petroleum etherï

EtOAc 1:1 v/v to obtain the fast running spot, then the eluent was changed to CH2Cl2-MeOH 

9:1 v/v to give the slower running spot.   

The slower eluting spot was confirmed as the required product (8) by three broad singlets in the 

1H NMR characteristic of the imidazole ring. The fast running spot was confirmed by NMR to 

be an alkene by-product (elimination product) that could have resulted from the long duration 
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of the reaction. This was studied by decreasing the heating reaction time to less than 1-2 h but 

the alkene was still formed. Moreover, the percentage of the formation of the alkene seems to 

have some relevance to the substituent (R2). For one derivative (R1 = H, R2 = Cl) the imidazole, 

triazole and tetrazole were attempted, with the triazole and tetrazole generated as described for 

imidazole. 

Table 2 details the percentage of imidazole/ triazole/ tetrazole derivatives and the corresponding 

elimination products of the derivatives. 

 

Table 2. The percentage of azole derivatives (8a-l) and the alkene derivatives (9a-l) and the 

ratio obtained 

Compd R1 R2 Azole product (%) Compd Alkene 

product (%)  

Ratio 

8:9 

 Imidazole (X=Y=CH)  

8a H H - 9a 62 0:1 

8b H 4-F 34 9b 39 1:1.14 

8c H 4-Cl 56 9c - 1:0 

8d 4-Cl 4-Cl 50*  9d 22 1:0.44 

8e H 2,4-di-Cl 74 9e 11 1:0.15 

8f 4-Cl 2,4-di-Cl 41 9f 37 1:0.90 

8g H 4-CH3 5 9g 59 1:11.48 
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8h H 4-CF3 4 9h 59 1:16 

8i H 4-OCH3 27 9i 50 1:1.84 

8j H 3,4-di-OCH3 51 9j 23 1:0.36 

 Triazole (X=N,Y=CH)  

8k H 4-Cl 77 9k - 1:0 

 Tetrazole (X=Y=N)   

8l H 4-Cl - 9l 23 0:1 

* The compound was then recrystallised from CH3CN to give 0.108g, 26%.  

  

Electron-donating groups on the phenyl ring (R2), such as methyl, were more likely to drive this 

reaction towards elimination even though the phenyl ring is far away from the site of the reaction 

and logically seems unlikely to affect the reaction so dramatically. Further experimentation must 

be done on the position of the substitution in the phenyl ring to rationalise this effect on the 

reaction.   

Scheme 2.1.4 show the elimination mechanism of the mesyl group to form the elimination 

product, which is characterised by a singlet for each proton in C=CHaHb at ŭ 5.65 in the 1H 

NMR and simplification of NHCH2 to give a doublet peak integrated for two protons. 

 

 

Scheme 2.1.4 Mechanism of formation of elimination products (9) 
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2.3.2 Preparation of extended derivatives by introduction of a sulfonamide linker 

The extended derivatives were designed to be closer to posaconazole in length by 

extending the short series (8) with different substitutions to explore SAR. 18 (a-d) were 

designed by using benzenesulfonamide derivatives to extend the length of the compound 

enabling it to occupy more space of the hydrophobic access channel of CaCYP51 (Figures 29 

and 30).  

Synthesis of (R/S)-2-phenyl-N-(4-(aryl -phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol -1-

yl)propanamide (18a- d) 

¶ General chemistry 

The synthesis of (R/S)-2-phenyl-N-(4-(aryl-phenylsulfonamido)benzyl)-3-(1H-1,2,4-

triazol-1-yl)propanamide (18a- d) was planned according to a sequence of seven steps (Scheme 

2.2): 

× Fmoc protection for the amino-group 

× Amidation reaction to form the amide group 

× Mesylation of the hydroxy group 

× The addition of an azole ring 

× Fmoc deprotection 

× Generate the free amine 

× Conversion of the amino-group to sulfonamide 
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Scheme 2.2 Proposed synthetic route for (R/S)-2-phenyl-N-(4-(aryl-

phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol-1-yl)propanamide (18). 

Reagents and conditions: (i) (a) 10% aq. AcOH, 1,4-dioxane, rt o/n (b) 2N 

aqueous HCl, pH 1, Et2O (ii) (a) Tropic acid, HOBt, EtOAc, rt o/n (b) hexane, 

0 °C o/n (iii) CH2Cl2, methanesulfonyl chloride, rt o/n (iv) (a) K2CO3, azole, 

CH3CN, 45 °C 1 h (b) 14, 70 °C, 24 h (v) piperidine, DMF, rt 2 h (iv) Et3N, 

CH3CN, benzenesulfonyl chloride derivatives, rt o/n 
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Method [I]  

Synthesis of (9H-Fluoren-9-yl)methyl (4-(aminomethyl)phenyl)carbamate hydrochloride 

(12) 

To a solution of 4-aminobenzylamine (10) in 10% aq. AcOH was added FmocCl (11) 

dissolved in 1,4-dioxane and the reaction stirred at rt o/n.87  

The nonpolar impurities were extracted with Et2O then the reaction mixture was acidified with 

2N aq. HCl to pH 1. 1H NMR confirmed formation of the product with characteristic aliphatic 

signals observed at ŭ 3.92 as a triplet for NH2CH2. 
13C NMR confirmed the amide group 

(CONH), which was observed at ŭ ~153.88. (9H-Fluoren-9-yl)methyl(4-

(aminomethyl)phenyl)carbamate hydrochloride (12) was obtained as a white solid in a yield of 

86 %. 

 

Synthesis of (R/S)-(9H-fluoren-9-yl)methyl(4-((3-hydroxy-2-phenylpropanamido)methyl) 

phenyl)carbamate (13)  

The amide (13) was prepared by reaction of tropic acid (4a) with hydroxybenzotriazole 

(HOBt)/ DCC in EtOAc at 0 °C for 30 minute to which a mixture of 9H-fluoren-9-yl)methyl (4-

(aminomethyl)phenyl)carbamate hydrochloride (12) in EtOAc and Et3N (previously stirred at rt 

for 30 min to produce the free amine) was added and the reaction stirred at rt o/n. Hexane was 

then added to the mixture precipitate DCU and the reaction left after shaking in a freezer 

overnight.88 

After removing DCU and aqueous work up, 1H NMR showed triplet signals at ŭ 8.47 for NHCH2 

and the complicated pattern, previously shown in the short series, as doublet of doublet for each 

proton of NHCH2 at ŭ 4.23-4.16 and a triplet at ŭ 3.92 for NH2CH2. A white solid with a yield 

of 19 % was obtained.  

The low yield obtained may be owing to the base lability of Fmoc in the conditions used to 

generate the free amine of 12.  A different amine protecting group, namely acid labile Boc, was 

used instead (scheme 2.3).  
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Scheme 2.3 Synthetic route for (R/S)-2-phenyl-N-(4-(phenylsulfonamido)benzyl)-3-(1H-1,2,4-

triazol-1-yl)propanamide (18). Reagents and conditions: (i) (a) 10% aq. AcOH, 1,4-

dioxane, rt o/n (b) 2N aqueous NaOH, pH 14, Et2O (ii) CPME, tropic acid (4a), 

B(OCH3)3, molecular sieves, 100 °C o/n (iii) CH2Cl2, methanesulfonyl chloride, rt 

o/n (iv) (a) K2CO3, azole, CH3CN, 45 °C 1 h (b) 22, 70 °C 1 h, rt o/n (v) CH2Cl2, 

TFA, rt 1.5 h (iv) Et3N, CH3CN, benzenesulfonyl chloride derivatives (17), rt o/n 
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In the pathway illustrated in Scheme 2.3, the Boc protected 4-aminobenzylamine was coupled 

with tropic acid and then the mesylation reaction, and introduction of the azole ring completed. 

After removal of Boc group to give the free amine, extension of the structure by reaction of the 

free amine with different benzenesulfonamide derivatives would provide a more convergent and 

efficient preparation of a small series for biological evaluation.  

 

Method [II]  

Synthesis of tert-butyl(4-(aminomethyl)phenyl)carbamate (20) 

tert-Butyl-(4-(aminomethyl)phenyl)carbamate (20) was obtained by dissolving 4-

aminobenzylamine (10) in 10% aqueous AcOH, and addition of di-tert-butylcarbonate (19) in 

1,4-dioxane followed by stirring at rt for 1 h 20 min.87 

After work up 1H NMR confirmed formation of the product with a characteristic NH2 singlet 

observed at ŭ 3.72 and 13C NMR confirmed the amide group (CONH), which was observed at 

ŭ ~152.86. tert-butyl(4-(aminomethyl)phenyl)carbamate (20) was obtained as an off-white solid 

in a yield of 34 % (lit. yield 57 %)87. 

 

Synthesis of (R/S)-tert-butyl(4-((3-hydroxy-2-phenylpropanamido)methyl)phenyl) 

carbamate (21) 

tert-Butyl(4-(aminomethyl)phenyl)carbamate (20) was then converted to (R/S)-tert-

butyl(4-((3-hydroxy-2-phenylpropanamido)methyl)phenyl)carbamate (21) in the presence of 

tropic acid (4a) in CPME and molecular sieves followed by B(OMe)3 and the resulting mixture 

was heated at 100 °C o/n.84 

After aqueous work up 1H NMR confirmed formation of the product with characteristic aliphatic 

signals observed for CHCH2OH as well as the 9H of the Boc group at ŭ 1.46. (R/S)-tert-Butyl(4-

((3-hydroxy-2-phenylpropanamido)methyl)phenyl)carbamate (21) was obtained as a yellow-

orange powder after Et2O wash in a yield of 79 %.  
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Synthesis of (R/S)-3-((4-((tert-butoxycarbonyl)amino)benzyl)amino)-3-oxo-2-

phenylpropyl methanesulfonate (22) 

The synthesis of (R/S)-3-((4-((tert-butoxycarbonyl)amino)benzyl)amino)-3-oxo-2-

phenylpropyl methanesulfonate (22) was performed as previously described and obtained as a 

white solid in a yield 53 %.  

 

Synthesis of (R/S)-tert-butyl(4-((2-phenyl-3-(1H-1,2,4-triazol -1-yl)propanamido)methyl) 

phenyl)carbamate (23)  

(R/S)-tert-Butyl(4-((2-phenyl-3-(1H-1,2,4-triazol-1-

yl)propanamido)methyl)phenyl)carbamate (23) was obtained as previously described with the 

alkene by-product (25), then the azole product (24) obtained after purification by gradient 

column chromatography. The triazole (24) had the two broad singlet signals characteristic of 

the triazole ring in the 1H NMR.  

 

Synthesis of (R/S)-4-((2-phenyl-3-(1H-1,2,4-triazol -1-

yl)propanamide)methyl)benzenaminium trifluoroacetic acid salt (25) 

(R/S)-tert-Butyl(4-((2-phenyl-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl)phenyl) 

carbamate (23) was then converted to (R/S)-4-((2-phenyl-3-(1H-1,2,4-triazol-1-

yl)propanamide)methyl)benzenaminium trifluoroacetic acid salt (25) in 82 % yield by using 

TFA in CH2Cl2 at rt o/n.89 1H NMR established the formation of the product with the 

disappearance of the signal of (CH3)3 of the Boc moiety.  

 

Synthesis of (R/S)-2-phenyl-N-(4-(phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol -1-

yl)propanamide (18a) 

The synthesis of (R/S)-2-phenyl-N-(4-(phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol-

1-yl)propanamide (18a) was carried out by addition of Et3N to a solution of triflate salt (25) in 

dry CH3CN followed by the addition of benzenesulfonyl chloride (17a). The reaction was stirred 

at rt o/n.90 
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After aqueous work up, the crude product was purified by gradient column chromatography and 

1H NMR confirmed formation of the product however traces of unknown mixture were still 

present that could not be removed after additional washes with aqueous HCl. A second attempt 

to prepare 18a using pyridine as a solvent and stronger base instead of Et3N in the reaction at rt 

o/n was performed, however attempts to purify the crude product by gradient column 

chromatography were unsuccessful with a complex 1H NMR spectrum observed. 

 

This was not an optimal method in terms of purity and yield, so preparation of (R/S)-2-phenyl-

N-(4-(aryl-phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol-1-yl)propanamide (18a-d) was 

attempted by protecting the other amine group of 4-aminobenzylamine (10) and addition of the 

sulfonyl linker prior to amide coupling with tropic acid (4a). This rearrangement in the synthetic 

scheme, which would hopefully overcome the low yield and the purity of the products, is shown 

in scheme 2.4.  
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Scheme 2.4 Alternative synthetic route for (R/S)-2-phenyl-N-(4-(aryl-

phenylsulfonamido)benzyl)-3-(1H-1,2,4-triazol-1-yl)propanamide (18). 

Reagents and conditions: (i) THF/ rt, 1 h 20 min (ii) pyridine, rt 2 h (iii) 

CH2Cl2, TFA, rt 1.5 h (iv) 2M aq. NaOH (v) CPME, tropic acid (4a), 

B(OCH3)3, molecular sieves, 100 °C o/n (vi) CH2Cl2, methanesulfonyl 

chloride, rt o/n (vii) (a) K2CO3, imidazole, CH3CN, 45 °C 1 h (b) 31, 70 °C 

1 h, rt o/n 
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Method [III]  

Synthesis of tert-butyl(4-aminobenzyl)carbamate (26) 

tert-Butyl-(4-aminobenzyl)carbamate (26) was obtained on reaction of 4-

aminobenzylamine (10) and di-tert-butylcarbonate (19) in THF at rt for 1 h 20 min.90 The 

aliphatic amine was selectively Boc protected and the product obtained in quantitative yield. 1H 

NMR confirmed formation of the product with a characteristic (CH3)3 singlet signal observed 

at ŭ 1.48 for the Boc group that integrated for 9 protons.  

 

Synthesis of tert-butyl -(4-(aryl -phenylsulfonamido)benzyl)carbamate derivatives (27a-d) 

The synthesis of tert-butyl-(4-(aryl-phenylsulfonamido)benzyl)carbamate derivatives 

(27) were carried out reaction of tert-butyl(4-aminobenzyl)carbamate (26) with benzenesulfonyl 

chloride derivatives (17a-d) in pyridine at rt for 2 h.90 After work up and Et2O trituration, 1H 

NMR confirmed formation of the product with a characteristic NH singlet observed at ŭ 10.2. 

tert-Butyl-(4-(aryl-phenylsulfonamido)benzyl)carbamates (27a-d) were obtained with good 

yields as shown in Table 3. 

 

Table 3. Percentage yield, melting points and physical properties of tert-butyl-(4-(aryl-

phenylsulfonamido)benzyl)carbamates (27a- d) 

Compd Chemical structure Yield (%)  Physical properties M.p. (°C) 

27a 

 

92 White solid 160-162  

27b 

 

87 Light orange solid 174-176  

27c 

 

71 Orange solid  136-138  
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27d 

 

99 Orange semi-solid  - 

 

Synthesis of (4-(phenylsulfonamido)phenyl)methanaminium trifluoroacetic acid salt (28a-

d) 

Removal of the Boc group of tert-butyl-(4-(aryl-phenylsulfonamido)benzyl)carbamates 

(27a-d) with TFA in CH2Cl2 for 1.5 h at 0 °C, gave (4-(aryl-

phenylsulfonamido)phenyl)methanaminium trifluoroacetic acid salts (28a-d)90 in 90-98 % 

yield. 

The deprotection of the Boc group uses TFA which protonates the oxygen atom of the tert-butyl 

carbamate resulting in dissociation of the tert-butyl cation, leaving carbamic acid. After that, 

decarboxylation of carbamic acid results free amine which finally protonated by TFA as shown 

in scheme 2.4.1. 

 

Scheme 2.4.1 Mechanism of Boc deprotection 

 

1H NMR established the formation of the product with the disappearance of the signal of (CH3)3 

of the Boc moiety.  
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N-(4-(Aminomethyl)phenyl)benzenesulfonamide (29a) was obtained by dissolving (4-

(phenylsulfonamido)phenyl)methanaminium trifluoroacetic acid salt (28a) in 2M aq. NaOH.91 

After aqueous work up, 1H NMR showed a broad signal that confirmed formation of the free 

amine in a yield 35%.  

To convert compound (29a) to the final compound 2-phenyl-N-(4-(phenylsulfonamido)benzyl)-

3-(1H-1,2,4-triazol-1-yl)propanamide (18a), three more steps remained (amidation, mesylation 

and nucleophilic substitution to produce the azole compound), however the low yield obtained 

for the free amine was not optimal. 

Rather than isolating the free amine, which was low yielding, the free amine could be generated 

in situ using a strong base.  

 

Synthesis of (R/S)-3-hydroxy-2-phenyl-N-(4-(aryl -phenylsulfonamido)benzyl) 

propanamide derivatives (30a-d) 

The synthesis of (R/S)-3-hydroxy-2-phenyl-N-(4-(phenylsulfonamido)benzyl) 

propanamide (30a) was carried out by stirring (4-(phenylsulfonamido)phenyl)methanaminium 

trifluoroacetic acid salt (28a) in CPME and Et3N  to produce the free amine followed by the 

addition of tropic acid (4a), B(OCH3)3 and molecular sieves. The resulting mixture was heated 

at 100 °C overnight84 (mechanism of action in scheme 2.1.1).  

After aqueous work up 1H NMR confirmed formation of the product with characteristic aliphatic 

signals observed for CHCH2OH as described previously. (R/S)-3-Hydroxy-2-phenyl-N-(4-

(phenylsulfonamido)benzyl)propanamide (30a) was obtained as a pale yellow gum after 

purification by gradient column chromatography in a yield of 30 %.  

Owing to the low yield of the amidation reaction a different coupling reagent (HOBt/ DCC) 

used previously to prepare (13) was tried to determine if the yield could be improved.  

Tropic acid (4a) was reacted with hydroxybenzotriazole (HOBt) and DCC at 0 °C for 30 minute 

before addition of a mixture of (4-(arylphenylsulfonamido)phenyl)methanaminium 

trifluoroacetic acid salt (28a-d) in EtOAc and Et3N, previously stirred at rt for 30 min to produce 
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the free amine. The reaction mixture was stirred at rt overnight before addition of hexane and 

the mixture left to stand in the freezer overnight to precipitate DCU.88  

After removing DCU and aqueous work up, 1H NMR showed the triplet signals at ŭ 8.43 for 

NHCH2 and the doublet of doublet for each proton of NHCH2 at ŭ 4.20-4.10. (R/S)-3-Hydroxy-

2-phenyl-N-(4-(aryl-phenylsulfonamido)benzyl)propanamides (30a-d) were obtained in good  

yields (Table 4). 

 

Table 4. The percentage yield, melting points and the physical properties of (R/S)-3-hydroxy-2-

phenyl-N-(4-(aryl-phenylsulfonamido)benzyl)propanamide derivatives (30a-d) 

 

Compd 

Yield (%)   

M.p. (°C) 

 

Physical properties 
Method I Method II  

30a 30 68 58- 60  White solid 

30b - 67 62- 64  White solid 

30c - 84 150- 152  White solid 

30d - 87 126- 128  Off-white solid 

 

Synthesis of (R/S)-3-oxo-2-phenyl-3-((4-

(phenylsulfonamido)benzyl)amino)propylmethane sulfonate (31a-d) 

The synthesis of (R/S)-3-oxo-2-phenyl-3-((4-(aryl-

phenylsulfonamido)benzyl)amino)propyl methane sulfonate (31a-d) was carried out as 

previously described by reaction of (R/S)-3-hydroxy-2-phenyl-N-(4-(aryl-

phenylsulfonamido)benzyl)propanamide (30a-d) with Et3N and  methanesulfonyl chloride.85  

After work up, the crude product was purified by gradient column chromatography eluting with 

petroleum ether ï EtOAc 4:6 v/v to give the products as white solids with characteristic 1H 

NMR pattern of NHCHaHb and CHCHaHb signals and characteristic 13C NMR signals (Table 

5). 
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Table 5. The NMR pattern of NHCHaHb and CHCHaHb of (R/S)-3-oxo-2-phenyl-3-((4-

(phenylsulfonamido)benzyl)amino)propylmethane sulfonates (31a-d) 

Compd 1H NMR 13C NMR 

31a 4.74 (t, J = 9.6 Hz, 1H, CHCHaHb), 4.38 (ddd, J = 5.9, 11.9, 

16.5 Hz, 2H, NHCHaHb + CHCHaHb), 4.28 (dd, J = 5.7, 15.8 

Hz, 1H, NHCHaHb), 4.04 (dd, J = 5.9, 8.4 Hz, 1H, 

CHCHaHb). 

71.09 (CHCH2OMs), 

50.85 (CHCH2OMs), 

42.08 (NHCH2). 

31b 4.73 (t, J = 9.6 Hz, 1H, CHCHaHb), 4.38 (d dd, J = 6.2; 5.6, 

9.4 Hz, 2H, NHCHaHb + CHCHaHb), 4.28 (dd, J = 5.7, 15.9 

Hz, 1H, NHCHaHb), 4.04 (dd, J = 5.3, 9.4 Hz, 1H, 

CHCHaHb). 

71.10 (CHCH2OMs), 

50.86 (CHCH2OMs), 

42.08 (NHCH2). 

31c 4.74 (t, J = 9.1 Hz, 1H, CHCHaHb), 4.38 (m, 2H, NHCHaHb 

+ CHCHaHb), 4.29 (dd, J = 5.7, 15.8 Hz, 1H, NHCHaHb), 

4.05 (m, 1H, CHCHaHb). 

71.10 (CHCH2OMs), 

50.85 (CHCH2OMs), 

42.08 (NHCH2). 

31d 4.73 (t, J = 9.6 Hz, 1H, CHCHaHb), 4.37 (ddd, J = 4.2, 9.8, 

13.8 Hz, 2H, NHCHaHb + CHCHaHb), 4.28 (dd, J = 5.7, 15.8 

Hz, 1H, NHCHaHb), 4.03 (d, J = 7.2 Hz, 1H, CHCHaHb). 

71.10 (CHCH2OMs), 

50.85 (CHCH2OMs), 

42.01 (NHCH2). 

 

Synthesis of (R/S)-N-(4-((3-arylphenyl)sulfonamido)benzyl)-2-phenyl-3-(1H-1,2,4-triazol -

1-yl) propanamide (18a-d) 

(R/S)-N-(4-((3-arylphenyl)sulfonamido)benzyl)-2-phenyl-3-(1H-1,2,4-triazol-1-

yl)propanamides (18a-d) were obtained as previously described by reaction of triazole anion 

with mesylated compounds (R/S)- (3-oxo-2-phenyl-3-((4-(aryl-

phenylsulfonamido)benzyl)amino)propylmethane sulfonate (31a-d) at 70 °C86 for 1 h then rt, 

o/n.  

After aqueous work up the crude product was purified by gradient column chromatography to 

obtain the alkene by-product (32) and the slower eluting triazole product (18). 
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Table 6. The percentage of azole derivatives (18a-d) and the alkene derivatives (32a-d) and the 

ratio of azoles to alkenes 

Compd R2 Azole product (%) Compd Alkene product (%) Ratio 

18:32 

18a 4-H 19 32a 51 1:2.68 

18b 4-F 30 32b 41 1:1.37 

18c 4-Cl 11 32c 50 1:4.55 

18d 4-OCH3 17 32d 44 1:2.59 

 

In this series the is no different between electron-donating and electron-withdrawing 

substitution on the phenyl ring (R2) and percentage of azole/ elimination products, with the 

elimination product the major compound obtained.  

Further optimisation must be done on this step; one option explores other leaving groups, for 

example chloride, rather than mesyl, to try and reduce the acidity of the Ŭ-proton which would 

favour nucleophilic substitution. 

An alternative route was to synthesise a series that lacks an acidic h -proton, which would avoid 

alkene formation. 

The route was designed by reversing the amide group and shortening by one carbon to synthesise 

(R/S)-4-aryl-N-(2-(1H-triazol-1-yl)-1-arylphenylethyl)benzamide derivatives (37) via three 

synthetic steps started by the formation of amide bond, mesylation of the hydroxyl group and 

addition of a triazole ring (Scheme 2.5).  
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Scheme 2.5 Synthetic route for (R/S)-4-aryl-N-(2-(1H-triazol-1-yl)-1-aryl-

phenylethyl)benzamide (37). Reagents and conditions: (i) (a) Et3N, CH2Cl2, 0 °C 

5 min then rt 1 h (ii) methanesulfonyl chloride, CH2Cl2, Et3N, rt o/n (iii) (a) K2CO3, 

triazole, CH3CN, 45 °C 1 h (b) 36, 70 °C, 24 h 

 

To investigate and optimise this synthetic pathway, (R/S)-N-(2-(1H-triazol-1-yl)-1-

phenylethyl)benzamide (37a) was synthesised first. 

Synthesis of (R/S)-N-(2-hydroxy-1-phenylethyl)benzamide (35) 

(R/S)-N-(2-hydroxy-1-phenylethyl)benzamide (35) was prepared by reaction of (R/S)-2-

amino-2-phenylethan-1-ol (33) with benzoyl chloride (34a) in the present of Et3N at rt for 1 h.92  

After aqueous work up 1H NMR confirmed formation of the product and amide bond formation 

with characteristic aromatic signals observed at ŭ 7.23-7.93 and the NH as a doublet at ŭ 8.71. 

(R/S)-N-(2-Hydroxy-1-phenylethyl) benzamide (35) was obtained as a white solid in a yield of 

70 %. 

 

Synthesis of (R/S)-2-benzamido-2-phenylethyl methanesulfonate (36) 

(R/S)-N-(2-Hydroxy-1-phenylethyl) benzamide (35) was then converted to (R/S)-2-

benzamido-2-phenylethyl methanesulfonate (36) by reaction of (R/S)-N-(2-hydroxy-1-

phenylethyl) benzamide (35) with methanesulfonyl chloride in CH2Cl2 and Et3N or pyridine at 

rt o/n.  
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After aqueous work up and purification by gradient column chromatography 1H NMR did not 

confirm the compound.  

Alternatively the preparation of (R/S)-N-(2-chloro-1-phenylethyl)benzamide (38) was 

attempted by chlorination of the hydroxyl group of (R/S)-N-(2-hydroxy-1-

phenylethyl)benzamide (35) using SOCl2 in CH2Cl2 at rt for 4 h.93 After quenching the reaction 

with NaHCO3 and subsequent work up, 1H NMR confirmed the product in quantitative yield, 

however it was used without further purification owing to instability.  

 

Figure 33. Conversion of the hydroxy group of (R/S)-N-(2-hydroxy-1-phenylethyl)benzamide 

(35) to a good leaving group 

 

Synthesis of (R/S)-N-(2-(1H-triazol -1-yl)-1-phenylethyl)benzamide (37a) 

To obtain the final product (R/S)-N-(2-(1H-triazol-1-yl)-1-phenylethyl)benzamide 

(37a), triazole was reacted with (R/S)-N-(2-chloro-1-phenylethyl)benzamide (38) in the 

presence of K2CO3 in dry CH3CN at 70 °C for 24 h.86 However, the final step produced 

preferentially a cyclised (R/S)-4,5-dihydrooxazole [2,4-diphenyl-4,5-dihydrooxazole]92 (39) 

rather than the desired azole.  

 

Figure 34. Formation of 2,4-diphenyl-4,5-dihydrooxazole (39) instead of azole product (37a) 
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On studying the 1H NMR of the product of the mesylation reaction (36) it was determined that 

this was the (R/S)-2,4-diphenyl-4,5-dihydrooxazole (39) with the characteristic pattern shown 

in figure 35 and the proposed cyclisation mechanism in scheme 2.5.1. 

 

Figure 35. The 1H NMR pattern of CHCHaHb in 2,4-diphenyl-4,5-dihydrooxazole (39) 

 

 

Scheme 2.5.1 Proposed reaction mechanism of cyclisation forming (R/S)-2,4-diphenyl-4,5-

dihydrooxazole (39) 
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This step was prepared again by reacting (R/S)-N-(2-hydroxy-1-phenylethyl)benzamide (35) 

with methanesulfonyl chloride in cold dry THF and the resulting mixture stirred at rt for 3 h. 

Et3N was then added dropwise and the solution was stirred at rt o/n.94 Upon completion, the 

mixture was quenched by the addition of NH4OH (25%) and after an aqueous work up 1H NMR 

confirmed formation of the product with the characteristic pattern of the oxazoline ring. (R/S)-

2,4-Diphenyl-4,5-dihydrooxazole (39) was obtained in quantitative yield using this method; and 

used in the next step without further purification.  

After that, opening the oxazoline ring by reaction of (R/S)-2,4-diphenyl-4,5-dihydrooxazole 

(39) with excess 1,2,4-triazole at 125 °C for 48 h94 in the presence of a small volume of isopropyl 

acetate was needed to form the final compound.  

 

Figure 36. Formation of the azole product (37a) 

 

1H NMR confirmed the formation of the triazole by observing the two singlets characteristic of 

the triazole ring at d 8.45 and 7.97. (R/S)-N-(2-(1H-triazol-1-yl)-1-phenylethyl)benzamide (37a) 

was obtained after purification by gradient column chromatography as a white solid in a yield 

of 38 %.  

 

From the synthesis point of view, the modification by reversing the amide group and shortening 

the chain in the short derivatives was not optimal because the preference to form the five-

member (oxazoline ring) was higher than nucleophilic addition of azole ring. However 

concomitant opening of the ring and introduction of the azole ring has provided a synthetic route 

for a different series (see Chapter III).  
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2.4 Biological assay 

All final compounds were evaluated by reconstitution assays to evaluate inhibitory 

activity (IC50) against CaCYP51, binding affinity (Kd) and MIC against C. albicans strains at 

the Centre for Cytochrome P450 Biodiversity, Swansea University Medical School. Assays 

were performed by Dr Josie Parker and Dr Andrew Warrilow. 

2.4.1 Antifungal susceptibility testing (MIC)  

The antifungal susceptibility testing or minimum inhibitory concentration (MIC) is 

defined as the lowest concentration of any antimicrobial agent (such as antifungal) that prevents 

the visible growth of fungi after incubation, reported as µg/mL.  

The susceptibilities of the SC5314 (Candida albicans wild type laboratory strain) and CA14 C. 

albicans (azole sensitive) strains to all novel azole derivatives (8, 18, 25 and 37a) were 

determined (Table 7) together with fluconazole as a control, using the standardised CLSI M27-

S4 broth dilution method.95  

Table 7. MIC values for compounds against C. albicans SC5314 and CA14 at 48 hours 

 

Compd     R1 R2 X MIC (mg/mL) cLogPª 

SC5134 CA14 

8a* 4-H 4-H CH    

8b 4-H 4-F CH 8 4 3.14 

8c 4-H 4-Cl CH 8 4 3.54 
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8d 4-Cl 4-Cl CH 0.125 0.125 4.1 

8e 4-H 2,4-diCl CH 1 1 4.1 

8f 4-Cl 2,4-diCl CH < 0.03 < 0.03 4.66 

8g 4-H 4-CH3 CH 8 8 3.47 

8h 4-H 4-CF3 CH 4 4 3.91 

8i 4-H 4-OCH3 CH 8 8 2.86 

8j 4-H 3,4-diOCH3 CH >16 >16 2.73 

8k 4-H 4-Cl N 8 8 3.05 

8l*  4-H 4-Cl Tetrazole    

18a - 4-H N 4 4 2.9 

18b - 4-F N 4 2 3.06 

18c - 4-Cl N 1 1 3.46 

18d - 4-OCH3 N 8 4 2.77 

25 - - - >16 >16 1.69 

37a 4-H 4-H N >16 >16 2.57 

Fluconazole   0.125 0.125 0.86 

   * Synthesis unsuccessful, ªcLogP was determined using Crippenôs fragmentation96 

 

With the exception of the dimethoxy derivative (8j), all the short derivatives (8) 

displayed antifungal activity against both C. albicans wild type strains SC5314 and CA14. 

However, the chloro derivatives were the most effective with 8d (R1= Cl, R2= 4-Cl) comparable 

with the standard fluconazole (MIC 0.125 µg/mL against both strains) and 8f (R1 = Cl, R2 = 2,4-

diCl) more effective than fluconazole with MIC < 0.03 µg/mL against both strains. The 

introduction of a chloro group at R1 was clearly beneficial (8c vs 8d and 8e vs 8f) as was the 

presence of two chloro substituents at R2 (8c vs 8e and 8d vs 8f). Generally, the more lipophilic 

(cLogP) the short derivative (8) the better the MIC observed (Table 7). The MIC obtained was 

comparable whether the azole group was an imidazole (8c) or a triazole ring (8k).  
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For the extended derivatives (18) a trend was observed between MIC and cLogP with the more 

lipophilic derivatives more effective at inhibiting fungal growth, for example: 18c, R2 = 4-Cl, 

cLogP 3.46, MIC 1 µg/mL compared with 18a, R2 = H, cLogP 2.9, MIC 4 µg/mL (Table 7), 

while the free amine (25) and modified short series compound (37a) were ineffective against 

both C. albicans strains (MIC > 16 µg/mL). 

2.4.2 Enzyme inhibition study of CaCYP51 (IC50 determination)  

IC50, the half maximal inhibitory concentration, is a quantitative measurement by molar 

concentration, which shows how much concentration of an inhibitor is required to inhibit 

biological function or component (as enzyme) by 50%.  

CYP51 reconstitution assays containing 1 µM CaCYP51 were performed as previously 

described.97 For CaCYP51, the concentrations of fluconazole and novel compounds (8, 18 and 

25) were varied from 0 to 10 µM. Exemplar IC50 profiles for fluconazole, 8d, 8f and 18c are 

shown in figure 37. For a very tight binding inhibitor of CaCYP51 an IC50 value equal to half 

the enzyme concentration would be expected (~0.5 µM). In the short series (8) the chloro 

derivatives 8d (R1 = 4-Cl, R2 = 4-Cl) and 8f (R1 = 4-Cl, R2 = 2,4-diCl) showed optimal inhibitory 

activity with IC50 values of 0.39 and 0.46 µM respectively compared with fluconazole IC50 0.31 

µM (Table 8). In addition, the 4-methoxy derivative (8i), showed promising inhibitory activity 

with an IC50 of 0.91 µM. The extended derivatives (18) all showed very good inhibitory activity 

against CaCYP51 (IC50 0.20-0.79 µM), with the halide derivatives 18b (R2 = 4-F, IC50 0.20 µM) 

and 18c (R2 = 4-Cl, IC50 0.33 µM) having similar activity to fluconazole (Table 8). The free 

amine (25) showed weaker inhibitory activity (IC50 1.96 µM). 
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Table 8. IC50 values for compounds against CaCYP51 

 

Compd R1 R2 X CaCYP51  

IC50 (mM)ª 

8b 4-H 4-F CH 1.41 

8c 4-H 4-Cl CH 1.01 

8d 4-Cl 4-Cl CH 0.39 

8e 4-H 2,4-diCl CH 0.99 

8f 4-Cl 2,4-diCl CH 0.46 

8g 4-H 4-CH3 CH 2.45 

8h 4-H 4-CF3 CH 2.21 

8i 4-H 4-OCH3 CH 0.91 

8j 4-H 3,4-diOCH3 CH 6.15 

8k 4-H 4-Cl N 4.32 

18a - 4-H N 0.54 

18b - 4-F N 0.20 

18c - 4-Cl N 0.33 

18d - 4-OCH3 N 0.79 

25 - - - 1.96 

Fluconazole   0.31 

  ªCurve fitted IC50s (vi = zo + {vo/1+([I]/IC50)n })  
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Compounds 8d and 8f both had MIC values comparable with or lower than fluconazole 

against azole-susceptible C. albicans strains and low IC50 values comparable with fluconazole 

(Table 8) against recombinant CaCYP51 indicating both compounds are good biochemical 

candidates for further study as antifungal agents. Compound 18c, whilst having a low IC50 value 

towards CaCYP51, had a MIC value that was 8-fold higher than fluconazole, suggesting a 

bioavailability problem within the C. albicans cells.   

Previously IC50 values of 0.38 to 0.6, 0.2, 0.39 and 0.2 µM were obtained for 

fluconazole, voriconazole, itraconazole and posaconazole, respectively, using 1 µM CaCYP51 

in CYP51 reconstitution assays.60,98 CYP51 reconstitution assays were also performed using 

0.25 µM truncated human CYP51 (ȹ60HsCYP51) in the presence of varying concentrations of 

compounds 8d, 8f, 18c, fluconazole, voriconazole and posaconazole and the inhibition profiles 

obtained are shown in figures 37 and 38.  

 
 

Figure 37. CYP51 azole inhibition profiles. Inhibition profiles for 8d ( )̧,8f ( )̧, 18c ( )̧ and 

fluconazole (̧ ) were determined using CYP51 reconstitution assays containing 1 ɛM 

CaCYP51 or 0.25 ɛM ȹ60HsCYP51 with lanosterol as substrate. IC50 determinations were 

performed in duplicate with mean values shown along with standard deviations. Relative 

velocities of 1.00 correspond to actual velocities of 0.911 ±0.141 min-1 for CaCYP51 and 

8.16 ±2.84 min-1 for D60HsCYP51 
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Figure 38. ȹ60HsCYP51 azole inhibition profiles. Inhibition profiles for voriconazole (̧ ) and 

posaconazole (¹) were determined using CYP51 reconstitution assays containing 0.25 ɛM 

ȹ60HsCYP51, 1 ɛM HsCPR and lanosterol as substrate. IC50 determinations were 

performed in duplicate with mean values shown along with standard deviations. A relative 

velocity of 1.00 corresponds to an actual velocity of 8.16 ±2.84 min-1 

 

2.4.3 CaCYP51 ligand binding affinity 

The absolute spectra of the purified CaCYP51 and ȹ60HsCYP51 (figure 39A) were 

typical for cytochrome P450 enzymes isolated primarily in the low spin state. Dithionite reduced 

carbon monoxide difference spectra (Figure 39B) produced the characteristic red- shift of the 

Soret peak to ~450 nm70 indicating the proteins were isolated in their native state and confirmed 

by the CYP51 reconstitution assays used to determine azole IC50 values. 
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Figure S1. Spectral characterization of CaCYP51 and ȹ60HsCYP51. Absolute spectra (A) for ten-fold dilutions of purified CaCYP51 
(blue line) and ȹ60HsCYP51 (red line) are shown along with the dithionite-reduced carbon monoxide difference spectra (B). 

 

Figure 39. Spectral characterisation of CaCYP51 and ȹ60HsCYP51. Absolute spectra (A) for ten-

fold dilutions of purified CaCYP51 (blue line) and ȹ60HsCYP51 (red line) are shown along 

with the dithionite-reduced carbon monoxide difference spectra (B) 

 

The novel short derivatives (8) and extended derivatives (18) with MIC < 16 µg/mL and the 

standard, fluconazole, were then evaluated for CaCYP51 binding affinity (Kd) by progressively 

titrating against 5 µM CaCYP51 (Table 9).  
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Table 9. Binding affinity (Kd) values for compounds against CaCYP51 

 

Compd     R1 R2 X Kd (nM) 

8b 4-H 4-F CH 87 ± 27 

8c 4-H 4-Cl CH 60 ± 4 

8d 4-Cl 4-Cl CH 17 ± 5 

8e 4-H 2,4-diCl CH 83 ± 26 

8f 4-Cl 2,4-diCl CH 62 ± 17 

8g 4-H 4-CH3 CH 144 ± 47 

8h 4-H 4-CF3 CH 85 ± 19 

8i 4-H 4-OCH3 CH 55 ± 10 

8j 4-H 3,4-diOCH3 CH - 

8k 4-H 4-Cl N 167 ± 17 

18a - 4-H N 115 ± 16 

18b - 4-F N 55 ± 27 

18c - 4-Cl N 43 ± 18 

18d - 4-OCH3 N 110 ± 22 

Fluconazole   41 ± 13 
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In the short series tightest binding was observed for the chloro derivative 8d (R1 = Cl, R2 = 4-

Cl, Kd 17 ± 5 nM), which was slightly better than fluconazole (Kd = 41 ± 13 nM). Good binding 

affinity was also observed for other chloro derivatives 8c (R1 = H, R2 = 4-Cl), 8f (R1 = Cl, R2 

=2,4-diCl) and the 4-methoxy derivative 8i (R1 = H, R2 = 4-OCH3) with Kd of 60 ± 4, 62 ± 17 

and 55 ± 10 nM, respectively. In the extended series, the halide derivatives 18b (R2 = 4-F, Kd 

55 ± 27 nM) and 18c (R2 = 4-Cl, Kd 43 ± 18 nM) showed good binding affinity comparable with 

fluconazole. 

Binding saturation curves were constructed from the absorbance difference (ȹApeak-trough) 

derived from the difference spectra against the antifungal concentration for CaCYP51.99 Type 

II difference binding spectra were observed for all compounds titrated against 5 µM CaCYP51 

(Exemplar is shown in Figure 40) indicating the direct coordination of the imidazole or triazole 

nitrogen atom as the sixth axial ligand with the haem ferric ion of CaCYP51. 

Titration of 8d, 8f, 18c, and fluconazole with 5 ÕM ȹ60HsCYP51 also gave type II difference 

binding spectra, albeit the intensity (ȹA) obtained with 18c and fluconazole was smaller than 

the other two azoles (Figure 40). The rearranged Morrison equation100 gave the best fit to the 

ligand saturation curves against 5 µM CaCYP51 (Figure 41) indicating the selected compounds 

bound tightly to the purified CaCYP51 protein in free solution. Likewise, the rearranged 

Morrison equation100 gave the best fit for binding 8d and 8f to 5 ÕM ȹ60HsCYP51 indicating 

tight binding in free solution (Figure 41). However, the Michaelis-Menten equation best fit the 

binding of 18c and fluconazole to ȹ60HsCYP51, indicating the binding was less tight (Figure 

41). Previously ȹ60HsCYP51 was shown to behave near identically to the full length HsCYP51 

in terms of azole binding properties.98 

Furthermore, the Morrison equation gave estimates of Ki
app from the inhibition profiles with 

CaCYP51 of 160, 200 and 110 nM for compounds 8d, 8f and 18c, respectively, compared with 

30 nM for fluconazole, confirming all four compounds bound tightly to CaCYP51.   
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Figure 40. Azole binding difference spectra. Type II difference spectra obtained during the 

progressive titration of 5 ɛM CaCYP51 and ȹ60HsCYP51 with compounds 8d, 8f, 18c, 

fluconazole and posaconazole are shown. Each azole titration was performed in triplicate, 

although only one replicate is shown. The ligand saturation curves for these difference 

spectra are shown in figure 41  
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Figure 41. CYP51 azole saturation curves. Ligand binding saturation curves derived from the type 

II difference spectra in figure 40 are shown for compounds 8d ( )̧,8f ( )̧, 18c ( )̧, 

fluconazole (̧ ) and posaconazole (̧) with 5 ɛM CaCYP51 and 5 ɛM ȹ60HsCYP51. 

Each azole titration was performed in triplicate although only one replicate is shown 

  

The selectivity for CaCYP51 over the human homologue was relatively poor for 

compounds 8d and 8f with only ~8-fold difference in IC50 values (Table 10), exhibiting a similar 

selectivity as ketoconazole.98 This could limit the use of these two compounds as antifungal 

drugs. In contrast compound 18c exhibited high selectivity at 461-fold (Table 10), which is 

similar to that observed with voriconazole (390-fold) and better than the previously observed 

175-fold selectivity of itraconazole,98 suggesting this compound could be useful as an antifungal 

drug if uptake and bioavailability could be improved in C. albicans by further refinement of the 

chemical structure. However, compound 18c was less selective than posaconazole (615-fold) 

and well behind the best compound fluconazole, which exhibited over 4000-fold selectivity for 

CaCYP51 over the human homologue based on apparent IC50 values. By comparison the 

tetrazole VT-1161 (oteseconazole) did not inhibit ȹ60HsCYP51 activity at concentrations up to 

50 µM and selectivity in excess of 2000-fold was predicted.101  

Both 8d and 8f bound tightly to ȹ60HsCYP51 in free solution with Kd values of 45 and 74 nM, 

respectively, whilst binding of 18c was less tight and more variable with a mean Kd of 923±509 

nM (n=6) (Table 10). Therefore, selectivity for CaCYP51 over the human homolog based on Kd 
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values was poor for compounds 8d and 8f at 2.6- and 1.2-fold, respectively. However, selectivity 

of compound 18c was higher at 21.5-fold and was higher than posaconazole (4.7-fold) and 

higher than previously observed with itraconazole and ketoconazole (Table 10). However, the 

selectivity of compound 18c based on Kd values was still substantially lower than those observed 

for voriconazole (229-fold) and fluconazole (938-fold). 

Table 10. Selectivity of compounds for CaCYP51 (Ca) over ȹ60HsCYP51 (Hs) based on Kd 

and IC50 

Compd Kd (nM) Selectivity IC50 (µM) Selectivity 

Ca Hs Hs/Ca (fold) Ca Hs Hs/Ca (fold) 

8d 17 ± 5 45 ± 13 2.6 0.39 3.37 8.6 

8f 62 ± 17 74 ± 13 1.2 0.46 3.73 8.1 

18c 43 ± 18 923 ± 509 21.5 0.33 152 461 

Fluconazole 41 ± 13 38460 ± 4840 938 0.31 ~1327 4281 

Posaconazole 43 ± 11 204 ± 63 4.7 0.2b 123c 615 

Voriconazole 10 ± 2ª 2290 ± 120ª 229 0.2b 78c 390 

Itraconazole 19 ± 5ª 92 ± 7ª 4.8 0.4a 70a 175 

Ketoconazole 12 ± 3ª 42 ± 16ª 3.5 0.5ª 4.5ª 9 

ªReference 98. bReference 60. cFigure 38 

Mean Kd values are shown along with associated standard deviations. For IC50 determinations 

CYP51 assays contained 1 ÕM CaCYP51 (all azoles) or 0.25 ÕM ȹ60HsCYP51 (8d, 8f, 18c 

and fluconazole) or 0.4 ÕM ȹ60HsCYP51 (posaconazole, voriconazole, itraconazole and 

ketoconazole). 

 

2.4.4 Sterol profiles 

C. albicans strains (CA14 and SC5314) were grown in MOPS buffered RPMI in the 

presence of DMSO (untreated) or DMSO and antifungal (at half the MIC) for 18 hours, at 37 

°C. Sterols were then extracted and analysed by GCMS and sterol profiles (% of the total sterol 

extracted) were determined. 



Chapter II                                                                                                            Biological assay 

 

  
 79 

 

Table 11. Sterol composition (% of total sterols) of untreated and treated wild-type C. albicans 

strains 
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The sterol profiles showed an accumulation of 14Ŭ-methylated sterols in both C. 

albicans strains treated with fluconazole, 8d, 8f and 18c. This confirms that the mechanism of 

action of 8d, 8f and 18c as for fluconazole, is the inhibition of sterol 14Ŭ-demethylase (CYP51). 

The accumulation of 14Ŭ-methylated sterols in the fungal membrane inhibits the growth of the 

C. albicans. In particular, the accumulation of 14Ŭ-methyl ergosta-8,24(28)-dien-3,6-diol is 

believed to disrupt the fungal membrane in Candida, resulting in growth inhibition. Importantly, 

treatment with 0.06 µg/mL 8d resulted in a much higher accumulation of the ódiolôsterol and 

concomitant depletion of ergosterol, indicating that 8d is more effective at inhibiting CYP51 

activity than fluconazole.  
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2.5 Molecular dynamic (MD) simulations  

2.5.1 Wild type docking 

For further investigation of the binding modes of the short (8) and extended (18) azole 

derivatives, the best ligand pose was chosen and molecular dynamics simulations were run for 

100 ns using the CaCYP51 crystal structure (PDB 5FSA)35 and representative short (8f and 8i) 

and extended (18c) azole derivative complexes, using the Desmond programme of Maestro102 

are presented here. All the compounds formed a coordination interaction between the imidazole 

or triazole N and the haem Fe3+. 

 

Different binding profiles were observed for the short derivatives (8). The (R)-enantiomer of 8f 

formed additional binding interactions within the haem binding site, specifically water mediated 

H-bonding interactions with His310 and Tyr132 and the amide heteroatoms, and hydrophobic 

interactions with Tyr118, Met508 and Phe126. The (S)-enantiomer of 8f interacted primarily 

via hydrophobic interactions, positioned to form p-p stacking with Tyr118 and hydrophobic 

interactions with Phe126. The (R)-methoxy derivative (8i) formed additional water mediated H-

bonding interaction through the methoxy oxygen and Ser378, p-p stacking interaction with 

Tyr118 and hydrophobic interactions with Ile131. Whereas, the (S)-enantiomer interacted 

primarily via hydrophobic interactions, positioned to form p-p stacking with Phe380 and 

hydrophobic interactions with Tyr118 and Met508 (Figure 42).  
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 The (R)-enantiomers of the extended compounds showed preferential binding with H-

bonding interactions between the sulphonamide group and Ser378 and His377, while the amide 

NH formed a water mediated interaction with Leu121. The three benzene rings formed p-p 

stacking interactions with Phe126, Tyr118 and Phe380. The (S)-enantiomer formed H-bonding 

interaction between the sulphonamide and Ser378 and the amide formed a water mediated 

interaction with Tyr132 (e.g. 18c, Figure 43). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43. A schematic of detailed ligand atom interactions of representative (R)- and (S)-

enantiomers of extended derivative 18c with the protein residues of CaCYP51 

active site. Interactions that occur more than 30.0% of the simulation time in the 

selected trajectory (0 through 100 ns) are shown 

(R)-18c 

 

(S)-18c 
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 The placement of the azole derivatives in comparison with posaconazole and 

fluconazole in the CaCYP51 active site was visualised using MOE. Posaconazole (Figure 44, 

magenta) sits in a long hydrophobic channel with bonding primarily through multiple 

hydrophobic interactions with just one H-bonding interaction observed between Ala61 and the 

carbonyl oxygen of the 1,2,4-triazol-5(4H)-one ring. The optimal placement of fluconazole 

(Figure 44, cyan) was obtained after molecular dynamics simulations and, as expected, occupies 

a smaller area of the ligand binding channel compared with posaconazole with consequently 

fewer binding interactions. The short azole derivatives (8) mimic the positioning of fluconazole, 

whereas the more extended derivatives (e.g. 18c, yellow, Figure 44) sit between posaconazole 

and fluconazole, however importantly they form additional H-bonding interactions with 

residues in the access channel compared with posaconazole, primarily through the 

sulphonamide group and also hydrophilic (p-p stacking) interactions with the benzene rings. 

 

Figure 44. CaCYP51-posaconazole (magenta) complex (PDB 5FSA) with posaconazole 

positioned along the hydrophobic active site cavity and above the haem (orange). 

Fluconazole (cyan) and extended derivative 18c (yellow) are aligned after MD 

simulations  
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2.5.2 Mutant strain docking 

Several studies have shown that CaCYP51 mutation increases the resistance to 

fluconazole with the double mutation effect greater than the single mutant effect in CaCYP51.60 

From this point the docking of novel azole agent were studied in a double mutant strain and 

compared with fluconazole.  

MD with a simulation time of 100 ns was performed using a representative mutant strain 

(Y132H+K143R) of CaCYP51 with (R)-configuration of short derivative (5f) and extended 

azole derivative (18c) compared with fluconazole.  

(R)-5f 

 

 

 

 

 

 

 

 

    

 

 

 

(R)-18c 

 

 

 

 

 

 

Figure 45. A schematic of detailed ligand atom interactions of representative (R)-enantiomer of 

5f and 18c with the amino acids of mutant strain (Y132H+K143R) CaCYP51 active 

site. Interactions that occur more than 30.0% of the simulation time in the selected 

trajectory (0 through 100 ns) are shown 
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The (R)- enantiomer for 5f forms water mediated H-bonding interaction with Leu121 and 

oxygen of the amide group and forms ˊ-ˊ stacking interaction with Tyr118 and aryl substituted 

ring, also hydrophobic interactions with Ile131 and Leu376 are observed in the Y132H+K143R 

mutant strain of CaCYP51. While, the (R)-enantiomer of the extended compound (18c) lost the 

-́ˊ stacking interactions with Tyr118 and Phe380 and the two benzene rings, additional direct 

H-bonding interaction between NH of sulphonamide group and Met508, and hydrophobic 

interactions with Ile131 and Leu376 were formed (Figure 45) compared with the wild type 

CaCYP51.  

Fluconazole 

A 

 

 

 

Figure 46. A schematic of detailed ligand atom interactions of fluconazole with the protein 

residues of wild type and mutant strain (Y132H+K143R) CaCYP51 active site. 

Interactions that occur more than 30.0% of the simulation time in the selected 

trajectory (0 through 100 ns) are shown 

 

In the wild type CaCYP51 fluconazole binds through water mediated H-bonding interactions 

with Ser378 and the nitrogen of a triazole ring, Tyr132 with the hydroxy group and ˊ-ˊ stacking 

with Tyr118 (Figure 46A).  

B 
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In the mutant strain Y132H+K143R fluconazole loses the key interaction with Tyr132 and is 

limited to indirect H-bonding interaction with Leu376 and ˊ-ˊ stacking with Tyr118 (Figure 

46B). 

For the (R)-8f and (R)-18c CaCYP51 (Y132H+K143R) complexes, the mean ȹG (bind) was 

calculated103 from each frame from the point where the complex reached equilibrium to the final 

frame of the MD simulation with respect to RMSD. The ȹG values indicate positioning within 

the mutant (Y132H +K143R) CaCYP51 was optimal with respect to fit of the two ligands. The 

(R)-18c complex, with ȹG of -69.86 ± 5.46 kcal/mol would appear to have better binding 

affinity, however this ȹG calculation does not provide information with respect to haem binding 

and subsequently water mediated biotransformation. To determine this measurement of the 

distance from the azole N and the haem Fe3+ before and after MD simulation needs to be 

determined. 

Complex ȹG (kcal/mol) 

Mutant strain CaCYP51-8f -46.3480 ± 3.73 

Mutant strain CaCYP51-18c -69.8646 ± 5.46 

 

In the wild type CaCYP51 complexes a relatively small shift is observed after MD stimulation 

(Table 12), however a more significant shift is observed in the case of the double mutant 

(Y132H+K143R) CaCYP51 complexes (Figure 47). For fluconazole a shift of 2.37 Å (pre-MD) 

to 4.10 Å (post-MD) reflects the loss of haem binding (Figure 46) and may explain the reduced 

effect of fluconazole against this mutant CaCYP51.57,60 A less significant shift, compared with 

fluconazole, is observed with the mutant strain (Y132H+K143R) CaCYP51 complexes of (R)-

8f and (R)-18c from 2.39 and 2.33 Å (pre-MD) to 3.08 and 3.11 Å (post-MD) respectively 

(Table 12). This shift still allows binding with the haem Fe3+, as seen in Figure 47, and the 

additional bonding interactions, in particular for (R)-18c, is reflected in the ȹG (bind) 

calculations.  
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Table 12. The distance between the N-azole ring and the haem iron in the wild type of CaCYP51 

active site at 0 ns and 100 ns MD stimulation 

 Wild type CaCYP51 complex (Å) 

Ligand complex at 0 ns Ligand complex at 100 ns  

8f 2.20 2.50 

18c 2.67 3.38 

Fluconazole 2.74 2.28 

 

This finding needs more investigation with testing these ligands in the mutant strain to confirm 

it, which could help in the designing approach for selective antifungal agents. 

 

Figure 47. Complex structure of 8f and 18c in mutant strain (Y132H + K143R) of CaCYP51 at 

0 ns (cyan) and 100 ns MD stimulation (yellow) 
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2.6 Conclusion 

Two series of novel azole derivatives, short (8) and extended (18) series have been 

designed, synthesised and investigated for CYP51 inhibitory activity, binding affinity and MIC 

against C. albicans strains, with a synthetic route to a third modified short series (37) were 

determined.  

Docking studies of all final novel compounds were investigated for binding interactions using 

the CaCYP51 crystal structure co-crystalised with posaconazole (PDB: 5FSA) generated in 

MOE and performs using two programmes MOE and LeadIT. No significant differences were 

observed between the two programmes, with respect to binding interactions and occupancy in 

the active site pocket of CaCYP51. MOE was preferred owing to clearer visualisation in the 2D 

ligplot ligand interaction diagramme. All the compounds formed a coordination interaction 

between the N atom of imidazole or triazole and the haem Fe3+ with good distance (< 3.0 Å). 

The short derivatives (8) occupied the active site pocket of CaCYP51 in a similar manner to 

fluconazole. The docking study of the extended derivatives (18) showed several interactions 

through water molecules as well as direct H-bonding within the access channel, which could 

overcome the resistance to fluconazole. Compound 37a from the modified short series occupied 

the CaCYP51 active site pocket in a similar manner as the short series.  

The synthesis of the short derivatives (8) was successfully achieved via a three steps synthetic 

route initiated with a trimethyl borate (B(OCH3)3) to accelerate the amidation reaction. The 

extended derivatives (18) were synthesised through a three step synthetic route after the aryl 

sulfonyl extension was established at an earlier stage as (4-(arylsulfonamido)phenyl) 

methanaminium 2,2,2-trifluoroacetate derivatives and then coupled with tropic acid. The final 

step needs more investigation to overcome the elimination product to improve yield. Compound 

37a was achieved via three synthetic steps initiated with the conversion the amino group to 

amide group, oxazoline ring formation and addition of triazole ring.  

All final compounds were Ó 95% pure and were tested CaCYP51 activity to determine IC50, Kd 

and MIC. The short derivatives were more potent against the C. albicans strains (e.g. 8f, MIC 

<0.03 µg/mL, 18c, MIC 1 µg/mL, fluconazole 0.125 µg/mL) but both displayed comparable 

enzyme binding and inhibition (8f Kd 62 ± 17 nM, IC50 0.46 µM; 18c Kd 43 ± 18 nM, IC50 0.33 

µM, fluconazole Kd 41 ± 13 nM, IC50 0.31 µM). To determine whether any specific 

physicochemical factors may account for the difference in MIC, the physicochemical properties 
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of the most promising prepared compounds and reference antifungal agents were calculated 

(Table 13). The cLogP was determined using Crippenôs fragmentation,96 and the molecular 

weight (MW), number of H-bond acceptors (nON), H-bond donors (nOHNH), rotatable bonds 

(nrot), along with the molecular volume (MV) and topological polar surface area (TPSA) were 

calculated using Molinspiration software.104 The number of violations (nviol) of Lipinskys is 

determined from the data presented (violations italicised in Table 13).  

The two series have a significantly increased cLogP, although still within Lipinsky range, when 

compared with fluconazole but are similar to voriconazole and oteseconazole. The short series 

fits between fluconazole and voriconazole, while the extended series more closely resembles 

oteseconazole in all other physicochemical properties but, unlike the clinically described azoles, 

the extended series does not violate Lipinskys, showing more optimal drug like properties. 

There is a considerable range in all the physicochemical properties calculated for the clinically 

used potent azole antifungals, and the only clear difference observed with the two described 

series is for compound 18c, which has two H-donors whereas all other compounds have one H-

donor. 

Table 13. Physicochemical properties of selected derivatives and clinical antifungal agents 

Compd MW  cLogP nON/ 

nOHNH 

nrot  MV 

(Å3) 

TPSA (Å2) nviol 

8d 374.264 4.1 4/1 6 316.96 46.92 0 

8f 408.709 4.66 4/1 9 414.51 46.92 0 

18c 495.981 3.46 8/2 9 414.51 105.98 0 

Fluconazole 306.271 0.87 7/1 5 248.96 81.66 0 

Voriconazole 349.311 2.59 6/1 5 285.11 76.73 0 

Itraconazole 705.633 7.07 12/1 11 607.90 104.73 3 

Posaconazole 700.777 5.74 12/1 12 623.35 115.72 3 

Oteseconazole 527.394 5.2 7/1 9 401.65 85.96 2 

nON = H-bond acceptor; nOHNH = H-bond donor; nrot = number of rotatable bonds; MV = molecular 

volume; TPSA = topological polar surface area; nviol = number of Lipinsky violations 
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The short series had poor selectivity for CaCYP51 over the human homolog based on Kd values, 

while the selectivity of the extended series, e.g. compound 18c, was higher at 21.5-fold and was 

higher than posaconazole (4.7-fold) and higher than previously observed with itraconazole and 

ketoconazole, suggesting the extended series as optimal for further development. The extended 

series is better able to fill the access channel and haem binding sites of CaCYP51 and forms 

additional binding interactions (H-bonds with His377, Ser378, ˊ-ˊ stacking interactions with 

Phe126, Tyr118 and Phe380).  

In addition, molecular dynamic simulations were performed to investigate the binding and 

position of inhibitors; owing to the ability of both ligand and protein to move, a more accurate 

reflection of physiological conditions may be provided. The MD simulations for the short and 

extended derivatives were performed in the wild and selected double mutant (Y132H+K143R) 

strains of CaCYP51 compared with fluconazole. The resulting data showed good binding 

interaction for the short derivatives with hydrophobic interactions and some H-bonding 

interactions through water molecules. However, the extended derivative showed extra H-

bonding interactions with some of the amino acid in the access channel of the CaCYP51 pocket. 

All these results reflect the biological results that the extended derivatives with extra H-bonding 

interaction could overcome the fluconazole resistance. 

Owing to the time in enzyme preparation, extraction and the costs involved only three 

compounds were evaluated for IC50, binding affinity and selectivity against human CYP51. The 

research described here will be developed further through computational studies to optimise 

binding interactions for CaCYP51 vs HsCYP51 and ódesign inô selectivity of extended azole 

inhibitors, while maintaining optimal drug like properties and to overcome the resistance of 

fluconazole.  
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3.1 Introduction  

In the previous chapter extended azole derivatives (18) showed promising CaCYP51 

inhibitory activity (IC50 0.54-0.79 mM) as well as good selectivity compared with clinically used 

azole antifungals. Therefore, the designed novel inhibitors 18 were used as the lead compounds 

for this series.  

The extended azole derivatives (18), which were able to access the enzyme channel with an 

extra binding interaction through water molecule in both configurations (Figures 29 and 30), 

were modified and developed in this chapter (Figure 48), specifically through:  

i. Substitution of the phenyl rings to explore structure-activity relationship (SAR).  

ii.  Reversal of the amide link  

iii.  Different extension linkers to investigate the binding and the fit within the CaCYP51 

access channel. 

iv. Shorted the chain length to the azole ring, which should eliminate formation of the 

alkene by-product. 

This chapter is divided into 5 parts as follows: 

1. Results and discussion 

2. Molecular modelling 

3. Biological assay 

4. Molecular dynamic 

5. Conclusion 
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3.2 Results and discussion 

Novel compounds were designed by modifying the extended derivatives (18) as 

illustrated in figure 48.  

 

Figure 48. (R/S)-2-(Arylphenyl)-N-(4-((4-arylphenyl)amido)benzyl)-3-(1H-1,2,4-triazol-1-

yl)propanamides derivatives 

 

A synthetic pathway was designed for preparing the modified inhibitors. 

3.2.1 Synthesis of (R/S)-2-(arylphenyl)-N-(4-((4-arylphenyl)amido)benzyl)-3-(1H-1,2,4-

triazol -1-yl)propanamide derivatives (48, 49, 51 and 53) 

¶ General chemistry 

The synthesis of (R/S)-2-(arylphenyl)-N-(4-((4-arylphenyl)amido)benzyl)-3-(1H-1,2,4-

triazol-1-yl)propanamide derivatives (48, 49, 51 and 53) was performed according to a sequence 

of six steps (Scheme 3.1): 

× Boc protection of the amino group 

× Coupling of the acid with 2-amino-1-arylphenylethan-1-ol to form the amide bond 

× Cyclisation to form the oxazoline ring  

× Nucleophilic ring opening with triazole 

× Boc deprotection 



Chapter III                                                                                                   Result and discussion 

 

  
 94 

 

× Extension through addition of different linkers to the amine group 

 

Scheme 3.1 Synthetic route for the preparation of (R/S)-2-(arylphenyl)-N-(4-((4-

arylphenyl)amido)benzyl)-3-(1H-1,2,4-triazol-1-yl)propanamide derivatives 

(48, 49, 51 and 53). Reagents and conditions: (i) (Boc)2O, H2O/dioxane, Et3N, 

rt 24 h (ii) nitromethane, AmberSep 900 (OH), rt, o/n (iii) Raney nickel (50 % 

slurry in H2O), MeOH, formic acid under 46 psi H2, 3 h (iv) CDI, DMF, rt o/n 

(v) MsCl, THF, rt/ 3 h then Et3N, rt o/n (vi) (a) 1,2,4-triazole, 125 °C, 48 h (b) 

CH2Cl2, TFA, rt o/n (vii) 2M aq. NaOH (viii ) pyridine, aryl-benzoyl 

chloride/aryl-benzenesulfonyl chloride/aryl-phenyl isocyanate or aryl-phenyl 

isothiocyanate, rt, 24 h 



Chapter III                                                                                                   Result and discussion 

 

  
 95 

 

Synthesis of 4-((tert-butoxycarbonyl)amino)benzoic acid (41)105 

4-((tert-Butoxycarbonyl)amino)benzoic acid (41) was obtained from the protection of 

4-aminobenzoic acid (40) using (Boc)2O (19) and Et3N in water/dioxane (scheme 3.1) at rt for 

24 h.  

After aqueous acidification with 1N HCl and water wash 1H NMR confirmed formation of the 

product with a characteristic NH singlet observed at ŭ 9.73 and a singlet signal for 9H at ŭ 1.49 

for (CH3)3 of the Boc protection group. 4-((tert-Butoxycarbonyl)amino)benzoic acid (41) was 

obtained in quantitative yield as a white solid.  

 

Synthesis of (R/S)-2-nitro -1-arylphenylethan-1-ol (43) 

The synthesis of (R/S)-2-nitro-1-arylphenylethan-1-ol (43) was carried out by 

condensation of benzaldehyde derivatives (46) with nitromethane in the presence of 10 % wt/wt 

of AmberSep 900 (OH) at rt o/n.94 This reaction is called the Henry reaction (nitroaldol), which 

is the reaction between aldehyde and nitroalkane in the present of base to form a carbon-carbon 

bond (-nitro alcohol).106  

The mechanism of this reaction involves initial deprotonation of the Ŭ-H of nitromethane by 

AmberSep 99 (OH). The resulting carbanion then attacks the electrophilic carbonyl carbon of 

formaldehyde, forming a new C-C bond. 

 

Scheme 3.1.1 Mechanism of formation of (R/S)-2-nitro-1-arylphenylethan-1-ol (43) 
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After aqueous work up 1H NMR confirmed formation of the product with disappearance of the 

singlet signal of the starting material (aldehyde) and observed characteristic aliphatic signals at 

ŭ 5.28-5.56 as a pentet for CHCHaCHb, the CHCHaCHb signals were observed as a doublet of 

doublets for each proton at ŭ 4.86-4.52 and a doublet signal at ŭ 6.18 for OH. Table 14 describes 

the physical properties, yield and melting points of (R/S)-2-nitro-1-arylphenylethan-1-ol 

derivatives (43).  

Table 14. Yield, m.p. and physical properties of (R/S)-2-nitro-1-arylphenylethan-1-ol 

derivatives (43) 

Compd Yield 

(%)  

Rf 

(petroleum ether- EtOAc 3:1 v/v) 

M.p. Physical properties 

43a 96  0.54 - A pale-yellow oil 

43b 97  0.63 62-64 oC An off-white solid 

 

Synthesis of (R/S)-2-amino-1-arylphenylethan-1-ol (44)  

(R/S)-2-Nitro-1-arylphenylethan-1-ol (43) was then converted to (R/S)-2-amino-1-

phenylethan-1-ol (44) by catalytic hydrogenation. The nitro group of -nitroalcohol derivatives 

(43) in MeOH was reduced using Raney nickel (50 % slurry in H2O) and formic acid under 46 

psi H2 atmosphere using a Paar hydrogenator to give the corresponding amine derivatives.94 1H 

NMR established the formation of the product with characteristic signals of free amine NH2 

observed as a broad singlet at ŭ 3.31. (R/S)-2-Amino-1-arylphenylethan-1-ol derivatives (44) 

were obtained in good yields as shown in table 15.  

Table 15. Yield, m.p. and physical properties of (R/S)-2-amino-1-arylphenylethan-1-ol 

derivatives (44) 

Compd Yield (%)  M.p. (°C) Lit. M.p. ( °C) Physical properties 

44a Not synthesised as commercially available 

44b 59 72-74 (106- 110 lit)94 

(94- 95 lit )107 

An off-white solid 
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44c 77  76-80 - A pale-yellow solid 

Synthesis of (R/S)-tert-butyl (4-((2-hydroxy-2-(4-

arylphenyl)ethyl)carbamoyl)phenyl)carbamate derivatives (45) 

(R/S)-tert-Butyl (4-((2-hydroxy-2-(4-arylphenyl)ethyl)carbamoyl)phenyl)carbamate 

derivatives (45) were obtained by coupling 4-((tert-butoxycarbonyl)amino)benzoic acid (41) 

with (R/S)-2-amino-1-arylphenylethan-1-ol (44) to form the amide bond using CDI as the 

coupling reagent in dimethylformamide at rt o/n.94 1H NMR confirmed formation of the product 

with a characteristic NH triplet signal observed at ŭ 8.36 and disappearance of the broad signal 

of the free amine at ŭ 3.31. 13C NMR confirmed the amide group (CONH), which was observed 

at ŭ ~166.43. (R/S)-tert-Butyl (4-((2-hydroxy-2-(4-

arylphenyl)ethyl)carbamoyl)phenyl)carbamate derivatives (45) were obtained as white solids. 

Table 16. Analytical properties of (R/S)-tert-butyl (4-((2-hydroxy-2-(4-

arylphenyl)ethyl)carbamoyl) phenyl)carbamate derivatives (45) 

Compd Yield (%)  Rf 

(petroleum ether- EtOAc 1:1v/v) 

M.p. (oC) HPLC purity  

45a 93  0.48 194-196 95 % 

45b 89 0.38 212-214 96 % 

45c 93  0.63 198-200 96 % 

 

As shown in Table 16, (R/S)-tert-butyl (4-((2-hydroxy-2-(4-

arylphenyl)ethyl)carbamoyl)phenyl) carbamate derivatives (45) were obtained in excellent 

yield with high purity. 

 

Synthesis of (R/S)-tert-butyl (4-(5-(arylphenyl)-4,5-dihydrooxazol-2-yl)phenyl)carbamate 

(46) 

A solution of (R/S)-tert-butyl (4-((2-hydroxy-2-

arylphenylethyl)carbamoyl)phenyl)carbamate (45) in dry THF was cooled to 0 °C. Then 
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methanesulfonyl chloride was added and the resulting mixture stirred at rt for 3 h. Et3N was 

then added dropwise and the solution was stirred o/n at rt.94  

The cyclisation to form the oxazoline ring involves initial nucleophilic attack by hydroxy with 

methanesulfonyl chloride with loss of HCl. Then Et3N deprotonates the amide NH to form the 

enolate with subsequent displacement of the mesyl group on nucleophilic attack from the 

enolate anion (scheme 3.1.2). 

 

Scheme 3.1.2 Mechanism of formation of (R/S)-tert-butyl (4-(5-(arylphenyl)-4,5-

dihydrooxazol-2-yl)phenyl)carbamate (46) 

 

Upon completion, the mixture was quenched by the addition of NH4OH (25%) and after an 

aqueous work up, 1H NMR spectra confirmed formation of the product with loss of the NH of 

the amide bond at ŭ 3.31 as well as the OH doublet signal at ŭ 5.51 and the presence of a doublet 
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of doublet signals at ŭ ~ 5.78, 4.41 and 3.82 for each proton in the oxazoline ring. 13C NMR 

confirmed the C=N (oxazole ring), which was observed at ŭ ~163.18 and the disappearance of 

CONH at ŭ ~166.43. (R/S)-tert-Butyl (4-(5-(arylphenyl)-4,5-dihydrooxazol-2-

yl)phenyl)carbamates (46) were obtained in very good yield, however they were found to be 

unstable with two compounds observed on TLC so were used in the next step without further 

purification.  

Table 17. Yield, Rf and physical properties of (R/S)-tert-butyl (4-(5-(arylphenyl)-4,5-

dihydrooxazol-2-yl)phenyl)carbamates (46) 

 

Compd 

 

Yield (%)  

Rf 

(petroleum ether- EtOAc 1:1 v/v) 

 

Physical properties 

1st spot 2nd spot 

46a 94  0.88 0.80 An off-white solid 

46b 100  0.83 0.85 An orange syrup 

46c 93 0.88 0.85 An orange syrup 

 

As can be seen in Table 17, the cyclised compounds (46) were obtained in high yields and the 

Rf of the two spots observed were very close to each other. 

   

Synthesis of (R/S)-4-amino-N-(2-arylphenyl-2-(1H-1,2,4-triazol -1-yl)ethyl)benzamide 

derivatives (47) 

The synthesis of (R/S)-4-amino-N-(2-arylphenyl-2-(1H-1,2,4-triazol-1-

yl)ethyl)benzamide derivatives (47) was carried out by heating (R/S)-tert-butyl (4-(5-

arylphenyl-4,5-dihydrooxazol-2-yl)phenyl)carbamates (46) with excess 1,2,4-triazole at 125 °C 

for 48 h.94 

The mechanism of this reaction involves opening of the oxazoline ring, initiated by protonation 

of the nitrogen atom in the oxazoline ring with the proton of 1,2,4-triazole. Then the 
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deprotonated triazole attacks a carbon atom in the ring resulting in ring opening and formation 

of the triazole-benzamide derivatives (Scheme 3.1.3).  

 

Scheme 3.1.3 Mechanism of action of oxazoline ring opening and formation of triazole-

benzamide derivatives 

 

1H NMR confirmed the formation of the triazole with two singlets, characteristic of the triazole 

ring, observed at d 8.72 and d 8.01. 13C NMR also confirmed the product formation by two 

signals observed at ŭ ~152.08 and ŭ ~144.52, characteristic of the CH of the triazole ring. 

Surprisingly, 1H NMR also confirmed the disappearance of the singlet at d 1.49 for 9H of (CH3)3 

of the Boc protection group and the presence of a singlet integrated by two protons at d 5.62 

indicating the generation of the free amine.  

 

The mechanism to generate the free amine could occur by protonation of the tert-butyl by the 

excess triazole, with high temperature (125 °C) and long duration (48 h) of the reaction, forming 

the carbamic acid. Decarboxylation with the aid of triazole in the mixture would form the free 

amine (Scheme 3.1.4).  



Chapter III                                                                                                   Result and discussion 

 

  
 101 

 

 

Scheme 3.1.4 Proposed mechanism of formation of (R/S)-4-amino-N-(2-arylphenyl-2-(1H-

1,2,4-triazol-1-yl)ethyl)benzamide derivatives (47)  

 

(R/S)-4-Amino-N-(2-arylphenyl-2-(1H-1,2,4-triazol-1-yl)ethyl)benzamide derivatives (47) 

were obtained with high purity (~96-98%) after purification by gradient column 

chromatography. Table 18 shows the yield, m.p., column chromatography % eluent and physical 

characteristics of the derivatives. 

Table 18. Yield, m.p., column chromatography % eluent and physical properties of (R/S)-4-

amino-N-(2-arylphenyl-2-(1H-1,2,4-triazol-1-yl)ethyl)benzamide derivatives (47)  

Compd Yield (%)  M.p. (°C) CH2Cl2-MeOH (% eluent) Physical properties 

47a 23  124-126 98: 2 v/v An off-white solid 

47b 36  148-150 99: 1 to 98.5: 1.5 v/v An off-white solid 

47c 24  158-160 99: 1 v/v A pale-yellow solid 
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This step proved to have a number of limitations, specifically:  

Using a larger scale of starting material (1.49 g), the obtained residue was a very thick syrup 

that had poor solubility in ~100 mL EtOAc, resulting in a difficult extraction work up and a 

significant decrease in the yield e.g. for 47a the yield decreased from 65% to 23%.  

Addition of a small volume of isopropyl acetate improved the extraction work up, however the 

volume added must be carefully controlled as this can affect the yield.94  

 

Synthesis of (R/S)-2-(arylphenyl)-N-(4-((4-arylphenyl)amido)benzyl)-3-(1H-1,2,4-tri azol-

1-yl)propanamide derivatives with different linkers (48, 49, 51 and 53) 

The final compounds were obtained by stirring a solution of (R/S)-4-amino-N-(2-

arylphenyl-2-(1H-1,2,4-triazol-1-yl)ethyl)benzamide (47) and aryl-benzoyl chloride (34)/aryl-

benzenesulfonyl chloride (17) or aryl-phenyl isocyanate (50) in dry pyridine at room 

temperature overnight.108 To form the thiourea compounds (53), (R/S)-4-amino-N-(2-

arylphenyl-2-(1H-1,2,4-triazol-1-yl)ethyl)benzamide (47) was reacted with aryl-phenyl 

isothiocyanate (52) in THF and  Et3N and the reaction stirred at 60°C for 24 h.109  

After aqueous work up and purification by gradient column chromatography, 1H and 13C NMR 

confirmed the formation of the product. The observed NH of the different linkers in 1H NMR 

and C=O or C=S in 13C NMR are presented in Table 19. 

Table 19. Splitting and chemical shift of NH-linker and C=O/C=S of final compounds (48, 49, 

51 and 53)  

Compd Linkers 1H NMR NH 13C NMR 

48 Amide Singlet at d 10.28- 10.51 C=O at d ~165.58 

49 Sulfonamide Broad singlet at d 10.52- 10.72 - 

51 Urea Two singlets at d ~8.92 and 8.73 C=O at d ~152.73 

53 Thiourea Two singlets at d ~9.82 and 10.02 C=S at d ~179.90 

All final compounds were obtained as off-white to white solids with high purity (Table 20). 
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Table 20. Analytical properties of novel final compounds (48, 49, 51 and 53) 

Compd R1 R2 Yield (%)  M.p. (°C) HPLC purity  

48a 4-H 4-H 21  248-250 99 % 

48b 4-H 4-F 46  234-236 99 % 

48c 4-H 4-Cl 23  236-238 97 % 

48d 4-Cl 4-Cl 24  242-244 98 % 

48e 2,4-diCl 4-Cl 64  194-196 98 % 

48f 4-H 4-OCH3 43 238-246 98 % 

49a 4-H 4-H 39  200-202 99 % 

49b 4-H 4-F 32  200-202 98 % 

49c 4-H 4-Cl 19  186-188 99 % 

49d 4-H 4-OCH3 28  210-212 99 % 

51a 4-H 4-H 12.4 244-246 99 % 

51b 4-H 4-F 30  234-236 97 % 

51c 4-H 4-Cl 26  224-226 99 % 

51d 4-H 4-OCH3 9  218-220 97 % 

53a 4-H 4-H 18  152-154 99 % 

53b 4-H 4-F 17 166-168 98 % 

53c 4-H 4-Cl 59 156-158 98 % 

53d 4-Cl 4-Cl 64 150-152 99 % 



Chapter III                                                                                                   Result and discussion 

 

  
 104 

 

53e 2,4-diCl 4-Cl 18 190-192 96 % 

53f 4-H 4-OCH3 12 164-166 95 % 

The relative low yields obtained could be owing to the free amine (47) being used directly 

without further purification, this step requires further optimisation in the future with purification 

of the free amine prior to reaction.  
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3.3 Molecular modelling 

3.3.1 Wild type CaCYP51 docking studies 

All the modified designed inhibitors in this chapter (Figure 48) were docked in the 

wild type of CaCYP51 active site to study the binding interactions between these inhibitors 

and the amino acids found in the CaCYP51 pocket. Figure 49 showed a superimposed 

between the novel extended derivatives (18, nude) and the modified derivatives (48, cyan) 

that both good occupy the haem pocket and having a comparable length which ófillô the 

access channel of CaCYP51 active site. 

 

Figure 49. Extended derivative 18 (nude) and modified designed inhibitor 48 (cyan) are 

aligned along the hydrophobic active site of CaCYP51 enzyme cavity above the 

haem (orange) 

 

All prepared azole derivatives (48, 49, 51 and 53) in both configurations were docked with 

the CaCYP51 protein using MOE to study the binding interactions. All the modified 
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compounds interacted with the haem iron of the CaCYP51 enzyme with a distance between 

2.60 Å and 3.0 Å. 

Four different linkers were introduced in the modified designed compounds: 

A. Amide linker derivatives:  

The amide linker compounds 48a-f interacted by hydrophobic interactions and H-bonding 

interactions directly or through water molecules with different amino acid residues in the 

active site (Table 21).  

Table 21. Key binding interactions between 48a-f and the amino acids in the active site of 

CaCYP51 

 

Compd 

 

Distance 

Å 

Key binding interactions 

Direct/ or through water 

molecules 

Hydrophobic interaction 

(R)-48a 2.74 Å  Met508-OCNH (Direct 

interaction)  

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Phe228, Gly303, Leu121, 

Tyr118, Leu376, Ser507, Ser378, 

Phe233, Phe380, Pro230, Tyr505, 

His377, Tyr64 

(S)-48a 2.65 Å Met508-OCNH (Direct 

interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Phe228, Gly303, Leu121, 

Tyr118, Leu376, Ser507, Ser378, 

Phe233, Phe380, Pro230, Tyr505, 

His377, Tyr64 

(R)-48b 2.79 Å  (Leu376, Met508, 

Pro375, Ser507, His377)-

OCNH (Through H2O 

molecule) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Phe228, Gly303, Leu121, 

Tyr118, Leu88, Leu87, Ser378, Phe233, 

Phe380, Pro230, Tyr64 

(S)-48b 2.91 Å Met508-OCNH (Direct 

interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Phe228, Gly303, Leu121, 

Tyr118, Leu87, Ser378, Phe233, 
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Leu376, Phe380, Ser507, Pro230, 

His377, Tyr505, Tyr64 

(R)-48c 2.75 Å  Met508-OCNH (Direct 

interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Phe228, Gly303, Leu121, 

Tyr118, Leu87, Ser378, Phe233, 

Leu376, Phe380, Ser507, Pro230, 

His377, Tyr505, Tyr64 

(S)-48c 2.76 Å Met508-OCNH (Direct 

interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Gly65, Gly303, Leu121, 

Tyr118, Leu87, Ser378, Phe233, 

Leu376, Ser506, Phe380, Ser507, 

Pro230, His377, Tyr505, Tyr64 

(R)-48d 2.79 Å  (Leu376, Met508, 

Pro375, Ser507, His377)-

OCNH (Through H2O 

molecule) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Gly303, Leu121, Tyr118, 

Ile304, Leu87, Ser378, Phe228, Phe380, 

Leu88, Phe233, Pro230, Tyr505, Tyr64 

(S)-48d 2.91 Å Met508-OCNH (Direct 

interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Gly303, Leu121, Tyr118, 

Ile304, Ser507, Leu87, Ser506, Leu376, 

Gly65, Ser378, Phe380, His377, 

Phe233, Pro230, Tyr505, Tyr64 

(R)-48e 2.80 Å  Met508-OCNH, Gly303-

(4-Cl) in 2,4-di-Cl phenyl 

ring, Tyr118- triazole ring 

(Direct interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Leu121, Ile304, His377, Leu87, 

Thr122, Leu376, Ser378, Phe228, 

Phe380, Ser507, Met306, Phe233, 

Pro230, Tyr505, Tyr64 

(S)-48e 2.78 Å - Tyr132, Gly307, Phe126, Ile131, 

Thr311, Gly303, Leu121, Tyr118, 

Ile304, Ser507, Ser506, Leu376, 
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Met508, Phe228, Ser378, Phe380, 

His377, Phe233, Pro230, Tyr505, Tyr64 

(R)-48f 2.91 Å  (Leu376, Met508, 

Pro375, Ser507, His377)-

OCNH (Through H2O 

molecule) and Met508-

OCNH (Direct 

interaction) 

Tyr132, Gly307, Phe126, Ile131, 

Thr311, Gly303, Thr122, Leu121, 

Ile304, Tyr118, Leu87, Ser378, Phe228, 

Phe380, Leu88, Phe233, Pro230, 

Tyr505, Tyr64 

(S)-48f 2.93 Å - Tyr132, Gly307, Phe126, Ile131, 

Thr311, Gly303, Leu121, Ile304, 

Tyr118, Ser506, Leu376, Ser378, 

Met508, Phe380, His377, Ser507, 

Phe233, Pro230, Tyr505, Tyr64 

 

The N of triazole ring interacted perpendicular with the haem iron of CaCYP51 with a 

distance less than 3.0 Å. An exemplar (48c) is shown in Figure 50, to illustrate hydrophobic 

interactions H-bonding interaction between Met508 and the carbonyl oxygen of the amide 

linker for both enantiomers.  
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Figure 50. (A) 2D ligplot and 3D image showing key binding interactions of the (R)-

configuration of 48c within the CaCYP51 protein. (B) 2D ligplot and 3D image 

showing key binding interactions of the (S)-configuration of 48c within the 

CaCYP51 protein 

 

B. Sulfonamide Linker: 

The designed inhibitors with sulfonamide linker (49a-d) interacted, via water molecules, 

with Met508, Leu376, Ser507, His377, Pro375 and the oxygen atoms of the sulfonamide 

linker in both configurations, as well as through hydrophobic interaction with several amino 

acid residues of CaCYP51 (Figure 51). In addition, a direct arene-H bond interaction was 

observed between Phe380 and the nitrogen atom of the sulfonamide linker in 49b (2D 

ligplot, Figure 51). Furthermore, a direct H-bonding interaction between Ser378, Met508 


































































































































































































































































































































































































































