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! Abstract 

Lanosterol 14!-demethylase, CYP51, is an important target enzyme in fungal diseases. 

Candida albicans (C. albicans) is one of the fungal pathogens prevalent in human infections, 

which causes infections that range from superficial to life-threatening systemic infections, a 

particular challenge in immunocompromised patients. Although azoles (especially 

Fluconazole) have been used as a first choice for the treatment in many fungal infections and 

as a prophylactic, issues of drug resistance to this class of antifungals are increasing. The aim 

of this study was to design and synthesise novel CYP51 inhibitors that can counteract the azole 

resistance mechanism in C. albicans. 

Drug design employed computational methods: Molecular Operating Environment 

(MOE) for docking and binding studies and Desmond Maestro for Molecular Dynamic (MD) 

simulations to determine optimal fit in the CaCYP51 active site and binding interactions. From 

the computational docking study, thiazole, hydroxy-propyl benzamide and non-hydroxy-

propanamide novel compounds were selected for synthesis; a short series (fluconazole type), a 

mid-sized and an extended series (posaconazole type), which showed promising docking 

results. The extended series was observed to have optimal filling of the active site and 

additional binding interactions (H-bonding and π-π/hydrophobic) at the access channel that 

were anticipated to counteract the loss of one key H-bonding interaction with Tyr132, a 

common mutation in C. albicans azole resistant strains (Y132H, Y132F). Using 4-8 step 

synthetic schemes, all series were obtained and compounds subject to structure (1H and 13C 

NMR, mass spectroscopy) and purity (HPLC) analysis.  

All final compounds for the thiazole (Chapter 2 and 3), chloro and dichloro of the 

hydroxy-propyl benzamide (Chapter 4) were evaluated against C. albicans strains (MIC) and 

promising compounds evaluated further for CaCYP51 binding affinity (Kd) and inhibitory 

activity (IC50) in comparison with the standards fluconazole. Owing to the COVID-19 

situation, the fluoro and difluoro compounds of the hydroxy-propyl benzamide series (Chapter 

4) were screened first against the model organism Saccharomyces cerevisiae wildtype and 

single mutant strains using disk diffusion assay, and the most promising compounds were 

progressed for evaluation against C. albicans strains using disk diffusion assay and MIC in 

comparison with posaconazole. The hydroxy-propyl benzamide extended compounds (Chapter 

4) (57, 59, 69 and 70) were found to be active against C. albicans strains. The biological 

assessment of the non-hydroxy-propanamide compounds (Chapter 5) is still in progress. Those 

compounds with optimal activity will be further evaluated against CaCYP51 mutant strains as 
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well for selectivity against human CYP51. Further testing against a wide range of fungal strain 

will be done for future work. 
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Introduction: 
The kingdom of fungi includes yeasts, mushrooms, molds and rusts, which are 

characterised as eukaryotic organisms.1 Some of these organisms are harmful while others are 

beneficial.1 For instance, the beneficial fungi play a major role in the production of certain 

drugs as well as cheese, beer and other food.1 Also, fungi are considered an important source 

of nutrients for humans because they can initiate the production of many vitamins and 

proteins.1 On the other hand, some of these fungi can cause a wide range of infections if they 

enter the human body by inhalation or through wounds.1 In 2017, a study found that nearly a 

billion people were estimated to have mild (skin, nail, and hair) fungal infections while 150 

millions had serious fungal diseases globally; moreover, the mortality from fungal infections 

are now recognised to be over 1.6 million people annually which is 3-fold more than malaria 

and similar to tuberculosis.2 Unfortunately, fungal diseases are still a neglected area of public 

health even though 80 % of patients’ lives could be saved from dying by early detection.2 The 

most common fungal pathogens that cause the majority of serious fungal disease are Candida, 

Aspergillus, Pneumocysti and Cryptococcus species.2,3 The annual incidence of fungal 

infections from the Leading International Fungal Education (LIFE) portal, reported 50% of 

invasive candidiasis (candidemia, 78,778 cases) in Asia, followed by Central and South 

America (40,613 and 33,962 cases, respectively), Europe (29,130 cases; the United Kingdom 

had the highest number of cases # 5142, 8.1 cases per 100,000 population) and Africa (19,602 

cases).2 Additionally, Asian countries had  50% of the cases of  invasive aspergillosis (81,927 

cases) with Vietnam  reporting the highest number of cases (14,523 cases), followed by Europe 

(24,201 cases) with Germany reporting the highest number of cases (4280 cases).2 

Cryptococcus infections are most common in the Africa continent.2  

According to Centers for Disease Control and prevention (CDC) in 2020, patients with 

severe COVID-19 symptoms have developed aspergillosis or invasive candidemia regardless 

if the patient was an immunocompromised or normal patient.4,5,6 Different studies reported 

invasive aspergillosis in patients with severe COVID-19 occurred in 43 cases from several 

countries, but mostly from Europe and 4 cases from South America, specifically Argentina.6–8 

Moreover, 39% of invasive candidemia has been reported in COVUD-19 patients in China (38 

cases of  96) followed by Brazil  which reported 36%  (9 cases of  25), Italy 2.1% (21 cases of 

989) and 0.4% in Spain (4 cases of 989).5,9 Importantly, COVID-19 fungal coinfection can 

increase the incidence of the mortality worldwide.4,5    
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 Candida species ranked fourth in infections after the common bacterial pathogens.2,3 

There are more than 20 Candida species involved in human fungal infections. These species 

vary in the site of infection and the geography.10 Globally, the number of cases of invasive 

candidiasis is about 700,000 cases annually.2 Some of the prevalent Candida species are 

Candida albicans (C. albicans), Candida glabrata (C. glabrata), Candida parapsilosis (C. 

parapsilosis), Candida tropicalis (C. tropicalis), Candida krusei (C. krusei) and Candida auris 

(C. auris). These species are opportunistic pathogens that cause superficial and systemic 

infections.11 The pathogenicity of Candida species results from the production of hydrolytic 

enzymes, formation of biofilms by adhering to medical devices or host mucosal 

epithelum.11 Biofilms can contain one or more  types of microorganisms, which are organised 

and are embedded in an extracellular matrix.11 The difference between all Candida species 

depends mainly on the structure of the biofilms and the extracellular matrix compositions.11  

 Candidiasis is the terminology used generally to describe the fungal diseases that occur 

from Candida species, all of which are yeasts.1,12  Of all these species, C. albicans is the most 

frequent cause of fungal infections.3,13,14 Moreover, C. albicans is one of the fungi that can 

exist normally in the human flora, which mostly resides as a lifelong/harmless commensal.15,16 

One of the essential sterols that plays a major role in fungal cell life is ergosterol, which means 

that fungi cannot survive without ergosterol, for this reason ergosterol biosynthesis is an 

important target of antifungal drugs.17 

 
 

Ergosterol Biosynthesis: 
Sterols are essential lipids of most eukaryotic cells, and they play a major role in cell 

structure and signaling.18 In fungi, ergosterol is the main sterol component of the cell 

membrane that protects the permeability and the fluidity of the membrane.19,20 The biosynthetic 

pathway of ergosterol synthesis in C. albicans is a long multistep synthesis that starts from 

squalene, which is a precursor of sterol biosynthesis in fungi as well as in human, and gives 

the sterol end product (ergosterol).18 One of the most important cytochrome P450 (CYP) 

enzymes involved in the synthesis of ergosterol is lanosterol 14!-demethylase (CYP51), which 

is also known as Erg11.21,22 The demethylated intermediates resulting from the catalytic 

reaction of this enzyme are essential in the ergosterol biosynthesis pathway (Figure 1).  

However, there is another pathway that supports the viability of C. albicans when 

CYP51 is mutated. This pathway involves the conversion of lanosterol into the 14!-methyl 
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fecosterol intermediate, which protects the stability of the cell membrane in the absence of 

Erg3 (Figure 1). 10,6,21 Erg3 , a desaturase enzyme, cannot initiate the desaturation step when 

Erg11 is mutated, thus Erg3 will convert 14!-methyl fecosterol into a toxic sterol 14!-

methylergosta-8,24(28)-dien-3$,6!-diol (Figure 1).4,23! This is one of the pathways that 

controls the survival of C. albicans in humans and as a result, overgrowth of C. albicans will 

lead to different types of fungal infections called candidiasis. 
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Figure 1: Ergosterol biosynthesis in C. albicans.
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Candidiasis:! 
Candidiasis is a yeast infection caused predominantly by C. albicans, which resides in 

different parts of the human body such as the gastrointestinal tract, genitourinary tract, 

oropharynx, and surrounding the skin.8,15 Under certain conditions, C. albicans can cause 

infections that range from superficial to life-threatening infections such as candidemia.15,24 

There are several factors that increase yeast growth and lead to candidiasis, one of the factors 

is overuse of antibiotics, which can kill the beneficial bacteria that control the growth of these 

yeasts.6,7,25  Another factor is an impaired immune system, which can occur due to treatment 

with cancer chemotherapy, organ transplantation, and using different types of implantable 

medical devices.6,7,25 In addition, there are different types of candidiasis, which include candida 

of the mouth/throat, and this is known as thrush or oropharyngeal candidiasis, respectively.26,27  

Vaginal candidiasis is another type referred to as vaginal yeast infection or vulvovaginal 

candidiasis.26,27  The  most dangerous type is known as invasive candidiasis, which is life-

threatening because it can affect the heart, brain, bone, blood and other organs.26,27  

Furthermore, immunocompromised patients are very susceptible to invasive fungal infection, 

and the treatment is preventive.28,29 Worldwide, one of the most common healthcare associated 

bloodstream infections in intensive care units (ICU) with a mortality of 30-50% is 

candidemia.25,30 As a result, it is important to increase research in this area of candidiasis in 

order to discover a promising antifungal treatment as the current number of effective antifungal 

agents is limited with drug resistance associated with current antifungals.3,13  

 

Classification of antifungal treatments: 
Sterol is a major structural component of fungal and human cell membranes, however 

cholesterol is the essential sterol in human cell membranes while the predominant sterol in 

fungal cell membranes is ergosterol.24 Another significant difference is that fungi have a cell 

wall while the human cell does not.31 These biochemical differences can be exploited for drug 

design. There are five major classes of antifungal agents: polyenes, echinocandins, allylamines, 

antimetabolite (flucytosine) and azoles (Figure 2).!Novel classes of antifungals  with novel 

targets are also being actively developed and some are in clinical trials.32,33 
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Figure 2: Targets for antifungal treatments in C. albicans. 
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whether used for  local or systemic treatment (Figure 3).24,31 AmpB is taken intravenously and 

can maintain a broad spectrum of fungicidal activity. However, although these drugs could be 

the first choice in many serious fungal infections, especially life-threatening infections, they 

have limited use because of the severe renal and host toxicity.34,35 Moreover, AmpB rarely 

develops resistance with only two Candida species (C. lusitaniea and C. auris) with resistance 

to AmpB as observed by increase in MIC value.32,36 The resistance developed from the two 

species resulted from the low membrane ergosterol content which leads to reduced 

susceptibility and low reactive oxygen species (ROS) level, as AmpB usually produces high 

levels of ROS in fungal cells in normal condition, in addition to production of different 

sterols.32,36 AmpB cochleate, a new orally available formulation is currently under 

investigation for the treatment of vulvovaginal candidiasis.37 AmpB cochleate is a lipid bilayer 

based drug delivery system, which consist of phosphatidylserine and calcium precipitate, that 

form a spiral without internal aqueous space to improve drug absorption across the GIT.37 Once 

the cochleate reaches the circulation, the calcium concentration is decreased and the drug 

releases from the opened spiral.37 
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Figure 3: Examples of polyene compounds.! 
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2)!Echinocandins: 
Echinocandins are group of cyclic peptides with side chains of lipophilic molecules.24 

Echinocandins were the first novel selective antifungal agents that inhibit fungal cell wall 

biosynthesis, through inhibiting the enzyme $-1,3-glucan synthase (Fks1), which is encoded 

by the FKS1 gene.24,38,39 Furthermore, the main function of this enzyme is catalysing the 

formation of $-glucan, which is a natural component of the fungal cell wall. Thus, reduction in 

the level of $-glucan will lead to cell wall stress and the integrity of the cell will be lost.24,40 

The antifungal drugs in this class include Caspofungin, Anidulafungin and Micafungin, which 

have been used to treat life-threatening/systemic fungal infections (Figure 4).24,31  Due to the 

serious side effects of this class, specifically hepatotoxicity, as well as the absence of oral 

activity, they have limited use in the clinic.24,41 In addition, the resistance of Candida species 

to echinocandins is due to a single mutation in the Fks1 protein, which leads to reduced enzyme 

activity.32,36,38 For C. albicans, the resistance occurred less than 3% compared to other Candida 

species and the common amino acid mutation in C. albicans’s Fks1 hot spot Phe641-Pro649 is 

Phe641Ser.38,42 C. glabrata resistance to echinocandins is the most significant compared to 

other Candida species with 8% occur and the single mutation in Fks1 is Ser629Pro.38,42 Owing 

to the low bioavailability and the high frequency of IV dosing of this class, a second generation 

of inhibitors (Rezafungin/CD101) with improvements in the molecule stability, solubility, 

frequency of use and toxicity is in phase II clinical trial.37,38 Structurally,  rezafungin is similar 

to anidulfungin in chemical structure but with modification to improve the pharmacological 

properties.37 Another inhibitor of $-1,3-glucan synthase is Ibrexafungerp (SCY-078), which 

has a unique structure.37 This inhibitor shows high bioavailability as well as broad spectrum 

activity against different fungal pathogens, including azole resistance strains, and  it can be 

administered either orally or intravenously.37,38 Ibrexafungerp was approved by FDA in June 

2021 for treating vulvovaginal candidiasis.43,44  
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Figure 4: Examples of echinocandins compounds.! 

Caspofungin 

Anidulafungin 

NH

N
H

O
H2N

HO
H
N

O NH
HO N

O

OH
N

OH

O

H
N

O

NH

O

HO
OH

OH

NH2

OHO

Ibrexafungrep 

OH2N

N
N

N

N

H

H
O

CO2H

Rezafungin 
N

N

NH

HN

HN

HN HN

O
O

O O

O

O

OH

OH
O

HO

OH

OH

OHHO

HO

O

N

N

N

NH

HN

HN

HN HN

O
O

O O

O

O

OH

OH
HO

HO

OH

OH

OHHO

HO

O



(Chapter I) 

 11 

3)!Allylamines:! 
Allylamines are mostly used for dermal infections, and usually prescribed in the treatment 

of fungal infections of the nail and skin.35 Therefore, they have a limited spectrum of activity 

compared with the other antifungal classes. All of the drugs in this group act by inhibiting the 

biosynthesis of ergosterol through the inhibition of squalene epoxidase.25,45 The first allylamine 

discovered was Naftifine, which is only available in topical dosage form, while terbinafine is 

available in oral and topical dosage forms (Figure 5).46 The limitation in this class varies with 

the drug itself. In the case of Naftifine, it is not available orally because it goes through 

extensive first pass metabolism.45 The most implicated enzymes in first-pass metabolism are 

CYP enzymes, which includes CYP2D6, CYP3A4, CYP1A2, and CYP2C19, and this class of 

antifungal treatments can be metabolised by the microsomal CYPs through several pathways 

such as aromatic hydroxylation, aliphatic hydroxylation and N-dealkylation.45,47,48 Terbinafine, 

is involved in drug-drug interactions with other CYP enzymes such as CYP2D6, which is an 

important enzyme for metabolising many drugs.24 No resistance has been reported for 

allylamines used in the clinic.37   

 

 

 

 
Figure 5: Examples of allylamines compounds. 

 

4)!Antimetabolite: 
Any drug, similar to the structure of a natural chemical metabolite or enzymatic 

substrate, which can interfere with the reactions/functions of an enzyme necessary for DNA 

synthesis is known as an antimetabolite. Flucytosine (FC) is a fluorinated analogue of cytosine 
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5-flurouracil (5-FU). 5-FU is metabolised to 5-fluorodeoxyuridine (5-FdU) and then to 5-

fluorodeoxyuridine monophosphate (5-FdUMP) by thymidine kinase. 5-FdUMP is a 

competitive inhibitor of thymidylate synthase, which is important for protein and RNA 

biosynthesis.24,39 Inhibition of thymidylate synthase blocks the formation of thymidine 

monophosphate from deoxyuridine monophosphate leading to inhibition of DNA synthesis 

(Figure 6).24,39 However, the cytidine deaminase enzyme only exists in fungi and selective 
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fungal suppression is achieved.24,39 Resistance to FC rapidly develops when used alone, 

therefore, FC is normally used in conjunction with AmpB, which results in an increase fungal 

uptake of FC owing to a synergistic effect.24,39 Human toxicity from FC arises from intestinal 

flora that convert FC to 5-FU, but the major toxicity is depression of the bone marrow which 

leads to anaemia, leukopenia, and thrombocytopenia.24,39 Moreover, hepatotoxicity is another 

side effect of  FC and its incidence is not clear. Some studies reported that hepatotoxcicity from 

FC is concentration-dependent, therefore dosage needs to be maintained and managed for each 

patient. 24,39  Owing to the toxicity of FC, azoles antifungals are the preferred therapeutics for 

systemic infections.24,39 
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Figure 6: Flucytosine reaction mechanism in fungi. 
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enzyme, the triazole nucleus has replaced the imidazole in the active pharmacophore.46 The 

antifungal agents in this class includes (Figure 7):38 

1. First generation azoles ketoconazole, clotrimazole, and chlormidazole, which have 

an imidazole ring,   

2. Second and third generation azoles fluconazole, itraconazole, voriconazole and 

posaconazole, which have a triazole ring,   

Some of these medications are used systemically and/or topically and for superficial 

and life threatening fungal infections.33 Comparing with the other mentioned classes, the high 

oral bioavailability, low toxicity, selectivity, tolerability by patient and the broad spectrum of 

activity of this class allows the widespread use in treating serious fungal infections.24,31 

However, there are some limitations for the use of these azoles. For example, C. krusei is 

naturally resistant to fluconazole and must be treated with other azoles.32 Voriconazole has a 

broad spectrum of activity against most Candida species and fungal pathogens over 

fluconazole, but voriconazole has more adverse effects and drug-drug interactions than 

fluconazole.32 The low bioavailability of itraconazole and posaconazole, which have broad 

spectrum activities against candidiasis, has limited clinical use.37  As the traditional oral 

itraconazole has poor bioavailability, this led to the development of an oral capsule with a pH 

dependent polymer matrix to enhance dissolution and absorption.36 SUBA-itraconazole has 

been approved by the FDA for specific cases, especially in fungal strains that develop 

resistance to AmpB therapy.36! 
Based on the inhibitory effect of the available azoles on human CYPs (CYP3A4 and 

CYP2C9) and fluconazole resistance, new compounds with a tetrazole ring have been 

developed in order to increase specificity to fungal CYP51.37,49 Quilseconazole (VT-1129),  is 

a new azole compound showing activity against Cryptococcus infections by inhibiting CYP51 

and is in the preclinical stage,37,49 while oteseconazole (VT-1161) showed high potency against 

two Candida species that are extremely resistant to fluconazole (C. glabrata and C. 

krusei).25,32,50 In addition, oteseconazole has specific affinity for fungal CYP51 versus human, 

fewer off-target effects and fewer drug-drug interactions compared with other azoles.32 

Currently, oteseconazole is in phase 3 clinical trials for the treatment of recurrent vulvovaginal 

candidiasis.32,51 Although azoles (especially fluconazole) have been used as the first choice of 

treatment in many fungal infections and as a prophylactic, issues of drug resistance to this class 

of antifungals, especially in C. albicans, are increasing.3,19   
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Figure 7: Examples of azole compounds. 
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Azole resistance: 
The development of drug resistance to the available medications, especially to azole 

antifungals in yeast and other fungi is increasing.52 This is attributed to the long treatment 

administration of azole antifungals in the clinic, the prophylactic use, and the widespread use 

of agricultural azole fungicides to protect crops.13 In addition, azole drugs are fungistatic rather 

than fungicidal, and that could be another factor in developing drug resistance.22  

Susceptible dose dependent (SDD indicates the maximum drug dose required for 

optimal treatment, which has been identified by measuring the minimum inhibitory 

concentration of fluconazole (MIC, µg/mL).13,14,32 The SDD for fluconazole in Candida species 

such as C. albicans, C. tropicalis, and C. parapsilosis is in the range of 0.125-4 µg/mL while 

for C. glabrata it is % 32 µg/mL.32,53–55 The breakpoint of fluconazole resistance in Candida 

species occurs when the MIC value for C. albicans, C. tropicalis, and C. parapsilosis is ≥ 4 

µg/mL while an MIC greater than 32 µg/mL in C. glabrata is considered resistant.32   

One of the most common yeast that causes a wide range of human infections in the 

clinic from mucosal to life-threatening infections is C. albicans.13,14 According to the Centre 

of Disease Control and Prevention, there are 46,000 hospitalised patients yearly worldwide 

owing to C. albicans fluconazole resistance.19 However, there are four major mechanisms of 

azole resistance in C. albicans (see Figure 8):13,19,46-28   

 

1.! Overexpression CaCYP51: 

Overexpression of the enzyme is due to upregulation of the ERG11 gene. This 

requires more drug to inhibit the enzyme and contributes directly to reduced 

susceptibility to C. albicans. 33,36,38 The transcription factor UPC2 is responsible for the 

regulation of most ergosterol biosynthesis genes, thus activating mutations in the UPC2 

gene contributes to azole resistance, whereas disruption of C. albicans UPC2 increases 

azole susceptibility.33,36,38  

 

2.! Overexpression of efflux pump proteins (transporters): 

Overexpression of the membrane efflux pumps play a major role in reducing the 

intracellular concentration of azoles leading to azole resistance. There are two main 

efflux pump classes responsible for the development of antifungal/azole resistance with 

different mechanistic strategies to efflux drugs: the ATP-binding cassette (ABC) 

proteins and major facilitator superfamily (MFS) efflux pumps.56  
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a.! ATP-binding cassette (ABC) proteins:  

ABC proteins, which have five known subfamilies, are primary active 

transporters, and the driving force to efflux the drugs is the energy produced 

from the hydrolysis of ATP.56 The subfamily associated with C. albicans 

resistance is the pleiotropic drug resistance (PDR) family, which include seven 

proteins Cdr1, Cdr2, Cdr3, Cdr4, Cdr11, Snq2p, and Ca4531.56 Upregulation of 

ABC efflux pumps Cdr1 and Cdr2, specifically Cdr1, which represents a major 

drug transporter of C. albicans, leads to azole resistance by overexpression of 

the encoding gene (CDR1/CDR2).32,56  

 

b.! Major facilitator superfamily (MFS): 

The secondary active transporter MFS, which has 17 families of proteins,  

act by utilising the electrochemical gradient.56 The electrochemical gradient is 

a difference in hydrogen ion concentration across a membrane which will 

produce a concentration gradient and an electrical potential gradient.56,57 These 

gradients together store potential energy in the cell to be used for drug 

efflux.56,57 However, of all 17 MFS proteins,  Mdr1 is known to efflux azole 

drugs in C. albicans, and  the overexpression of its gene (MDR1) can be 

enhanced by other drugs leading to azole resistant clinical isolates.56  

 

One of the major mechanisms that contribute to azole resistance in C. albicans is 

the ABC drug-efflux system, leading to a new approach, which is the development of 

chemosensitisers to the cell by inhibiting Cdr1 and Cdr2 to restore the activity of 

fluconazole resistant strains of C. albicans.33  

 

3.! Secondary mutation: 

Secondary mutations in the ergosterol biosynthetic pathway, especially mutations 

in the ERG3 gene, occurs commonly.13,39 The Erg3 enzyme has two important roles in 

the ergosterol biosynthesis pathway: 

1. Catalysing one of the final steps of the pathway to form ergosterol. 

2. Converting non-toxic sterol (14!-methyl-fecosterol), which accumulates during 

Erg11 mutation, to a toxic sterol (14!-methylergosta-8,24(28)-dien-3$,6!-diol) that 

eliminated rapidly by the cell.10 
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Thus the lack or deactivation of Erg3 allows the accumulation of 14!-methyl-

fecosterol which is capable of protecting the fungal cell membrane functions.10,58,59  

 

4.! CaCYP51 mutations: 

Mutations in the amino acid sequence of the enzyme Erg11 (CYP51), which is the 

main target of azole drugs, results in reduced affinity of the drugs to the mutated CYP51 

protein. This is the most common mechanism for azole resistance in C. albicans 

determined from the clinical isolates.13,14,32 Different studies have found that the 

isolates could have at least one mutation or more.14,60 Several studies reported that C. 

albicans fluconazole resistance is related to single and double mutations within 

CYP51.13,14 The most serious single amino acid mutations include Y132F, K143R, and 

S279F, which are located within the haem active site, and also the G450E single 

mutation located within the electron transfer area of NADPH-P450 reductase.13,14,52 

The greatest increase in the IC50 compared with the wild-type CaCYP51enzyme was 

observed with the double mutations Y132H/K143R (22.1-fold), Y132F/K143R (15.3-

fold), and G307S/G450E (13-fold),).13,14,52 The single mutations Y132F, K143R, 

D278N, S279F, S405F, G448E, and G450E showed at least 2-fold increases in the 

fluconazole IC50 and  MIC. The double mutation Y132F/K143R showed the strongest 

increase in MIC (32-fold), owing to high resistance to fluconazole.14  

 

Another resistance mechanism related to biofilm formation has been reported.38,39 The 

last step in biofilm formation is maturation, which is controlled by the gene FKS1 in the 

presence of glucose, followed by the production of extracellular matrix that plays a major role 

in protecting the cells from phagocytic cells and acting as a barrier to drugs.38 The high levels 

of $-1,3-glucan synthase (Fks1) in the matrix has been observed and found to contribute to 

fluconazole resistance in C. albicans.38 Finally, most drug resistance problems depend on 

fungal species and the type of antifungal agent.15,20,23 According to CDC, patients with severe 

COVID-19 fungal-coinfection have developed resistance against current antifungal treatment 

owing to immunity suppression by the virus.4,9 As a result, the need for novel antifungal drugs 

to be identified is high as well as alternative therapeutic approaches. 
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Figure 8: The different mechanisms of azole resistance in C. albicans. 1- Overexpression of 

CaCYP51. 2- Overexpression of efflux pump proteins. 3- Secondary mutation. 4- CaCYP51 

mutations.13 The black and gray dots on the cell membrane represent the protective role of 

ergosterol and 14!-methyl fecosterol, respectively. Modified from (Parker et al., 2014)13  
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Cytochrome P450 (CYP): 
CYP is an iron carrying enzyme discovered in the 1960s.61,62 The meaning of 

cytochrome includes two parts: cyto-, which comes from cell, and chrome from colour, while 

P means pigment.63 This enzyme when reduced and bound to carbon monoxide absorbs light 

at a wavelength of 450nm, and from that the name of cytochrome P450 (CYP) was derived.63,64 

In addition, CYP enzymes exist everywhere in human tissue except red blood cells and skeletal 

muscle but the greater proportion is found in the hepatocytes.64,65  

In human, there are 57 CYP genes divided into 18 subfamilies, with different 

isozymes/forms depending on the substrate oxidised.1,64 The nomenclature of CYP enzymes 

follows a systematic method. First, the symbol of “CYP” is given an Arabic number, which 

indicates the family and is based on & 40% amino acid similarity. Second, a letter is given for 

the subfamily, that has 55% similarity in the amino acid sequence, followed by an Arabic 

number, which represents the individual gene.63,64,66 However, when describing the gene, all 

letters and numbers must be italicised i.e. CYP3A4, while the non-italic CYP3A4 represents 

the enzyme itself.63,65,66 

CYP enzymes play numerous roles in the biosynthesis and metabolism of lipids as well 

as metabolism of foreign compounds such as natural products, therapeutic drugs and 

carcinogens.63–65 Approximately 75% of enzymatic reactions that occur in drug metabolism are 

performed by CYP enzymes.67 These enzymes are known as monooxygenase because they 

convert an oxygen molecule into a very reactive oxygen species and then insert the oxygen into 

the substrate in order to make it polar and facilitate its elimination.65 In addition, CYP catalytic 

reactions play a major role in converting prodrugs into the active form, which means CYP 

enzymes can produce both active and inactive metabolites and even toxic reactive 

metabolites.63,64,68 A very small number of CYP families such as 1, 2, 3 and 4 were found to 

be involved in the metabolism of most drugs, and the main enzymes are CYP1A2, CYP2D6 

and CYP3A4.63,69 These enzymes have several ways to metabolise drugs:63 

!! A single CYP enzyme can metabolise a wide range of drugs with different 

structures. 

!! A drug could be metabolised by multiple CYP enzymes at different sites resulting 

in several metabolites. 

!! A single drug could be metabolised only at one site by multiple CYP enzymes, but 

it differs depending on the catalytic rates.  
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1.! Structure and Catalytic Cycle of CYP: 

Based on genetic analysis, these enzymes are classified as cytochrome P450s because 

of the signature (motif) sequence of 10 amino acids Phe-XX-Gly-XbXX-Cys-X-Gly, which 

includes the invariant cysteine residue while Xb is usually a basic amino acid that plays a key 

role with the reductase partner.62,70 The most important structural feature of the CYP active site 

is the iron-porphyrin complex, which is known as the fourth ligand, that controls the spin state 

equilibrium during the catalytic cycle.61,65,71,72 Another unique feature is that the cysteine 

residue forms the fifth ligand with the haem iron while the water molecule represents the sixth 

ligand during the enzyme rest state (Figure 9).65,71,72  
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Figure 9: Structure of cytochrome P450 haem moiety.  
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by nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide 

phosphate (NADPH) depending on the redox system.65,71,74 The general reaction catalysed by 

CYP enzymes can be represented as follows: 

 

RH + O2 + 2e- + 2H+  ROH + H2O 

 

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

and this is the resting state (Figure 10). When the substrate enters the active site of the enzyme, 

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

change in the coordination number of Fe3+ from six to five. The ferric complex slightly 

increases the redox reaction potential, and that allows the acceptance of electrons from NADPH 

P450 reductase. The first addition of electrons results in reducing the ferric ion (Fe3+) to the 

ferrous state (Fe2+) then, binding of molecular oxygen gives the ferric peroxide complex 

(Fe3+_O2-). This activates a second reduction of the previous complex to generate the ferric-

peroxo anion (Fe3+_O22-). The ferric-peroxo anion complex is rapidly protonated to form the 

hydrogen peroxide intermediate (Fe3+_H2O2), and this intermediate initiates the formation of a 

water molecule and the hydroxylated substrate (Fe3+-ROH) by a free radical reaction. In Figure 

10, the free radical reaction mechanism (A) is explained while the proposed mechanism in the 

presence of CYP enzyme, and the initiator factor in the case of the enzyme, which is the ferric 

complex with H2O2 is illustrated in (B). Finally, when the last reaction is complete, the 

hydroxylated substrate will leave the enzyme reactive centre and a water molecule will enter 

to restore the enzyme resting state.64,65,75   

Consequently, the mechanism by which the complex is protonated is not clear, but it is 

suggested that a water molecule could play a role in the protonation of the complex as the water 

available within the active site of the enzyme.65 Moreover, some studies suggested that the 

protonation could occur through a catalytic triad.70,75 A catalytic triad is a group of three amino 

acids, with a specific feature, that exist in the active site of some CYP enzymes.38 The three 

amino acids must be in a specific sequence which is acid-base-nucleophile in order to catalyse 

the reaction. The most common sequence found in CYP enzymes is Asp251-Lys178/Arg186-

Thr252, which plays a role during the protonation step in the CYP cycle.70 Nonetheless, there 

are different mechanisms of how the substrate is oxygenated depending on the differences 

between CYP enzymes and its ability to form various products with the same substrate.64,65,75 

Also, the molecular size of the substrate, its orientation and the conformational changes of the 

enzymes play a key role in having different mechanisms.65,73 
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Figure 10: Cytochrome P450 catalytic cycle. (A) The general free radical reaction mechanism. (B) Proposed mechanism in the presence of CYP 

enzymes
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2.! Catalysis by CYP: 

Most CYP reactions are oxidations, which generally include insertion of oxygen into 

the substrate.65,74,76 There are several types of CYP reactions that are involved in the 

metabolism  of many drugs and biosynthesis of macromolecules. The most common reactions 

include: 

a.! Aromatic/Aliphatic hydroxylation: 

Aromatic hydroxylation means converting a benzene ring into a phenolic ring 

while aliphatic hydroxylation means converting a saturated hydrocarbon into an 

alcohol. In both cases, the reaction is still an oxidation because an oxygen atom is 

inserted into a C-H bond. 

 

 

 

 

 

b.! Oxidative dealkylation: 

Oxidative dealkylation results in the removal of an alkyl group from a molecule. 

Also, it includes heteroatom dealkylation, which means removing an alkyl group from 

heteroatoms such as O, N and S. In some cases, removal of the alkyl group leads to 

inactivation of the compound such as caffeine.62,4 

 
 

 

 

 

 

c.! Oxidative deamination: 

Oxidative deamination is the removal of a nitrogen atom in order to deactivate 

the molecule, however sometimes it can generate very toxic molecules.64 
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3.! Sterol 14!- demethylase (CYP51): 

CYP51, also known as lanosterol 14!-demethylase, is one of the ancient CYP enzyme 

families.25,77,20  CYP51 is possibly the only enzyme that is found in all biological kingdoms. 

CYP51 is essential for the sterol biosynthesis pathway, which produces the most important 

sterol necessary for cell membrane function in human and fungi as previously described.25 

However, both human and fungi share the same CYP51 catalytic reaction, which involves a 

three sequential CYP catalytic cycle.20,78 This occurs by removal of the 14!-methyl group from 

lanosterol, which is the precursor for the final sterol product.25 As mentioned previously, each 

cycle requires two electrons provided by NADPH and two protons (Figure 11).   

 

! 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: 14!-demethylation reaction by CYP51. 

 

 

  CYP51 in C. albicans (CaCYP51) contains 528 amino acids while in human 

(hCYP51) 503 amino acids (Figure 12), and the amino acid sequence identity is less than 

35%,25,78 therefore there is sufficient difference in the enzyme active site structure to allow 

development of selective CaCYP51 inhibitors with respect to hCYP51.  

 

CH3
HO

CYP51

NADPH/O2
CH2OH

HO

CYP51

NADPH/O2
CHO

HO

CYP51

NADPH/O2

HO
+

O

OHH

1
2

3
4

5
6

7

8

9

10

11
12

13
14

15

16
17

18

19

20

21
22
23

24

25 26
27

Lanosterol 

Formic acid 4,4-Dimethy-ergosta-8,14,24-trienol 



(Chapter I) 

  25 

 
 
 
 
 
 
     sp|Q16850|CP51A_HUMAN      MLLLGLLQAGGSVLGQAMEKV-TGGNLLS--------MLLIACAFTLSLVYLIRLAAGHL 51 
     sp|P10613|CP51_CANAL       MAI--------------VETVIDGINYFLSLSVTQQISILLGVPFVYNLVWQ------Y- 39 
                                * :              :*.*  * * :          :*:.  *. .**:       :  
 
     sp|Q16850|CP51A_HUMAN      VQLPAGVKSPPYIFSPIPFLGHAIAFGKSPIEFLENAYEKYGPVFSFTMVGKTFTYLLGS 111 
     sp|P10613|CP51_CANAL       -LYSLRKDRAPLVFYWIPWFGSAASYGQQPYEFFESCRQKYGDVFSFMLLGKIMTVYLGP 98 
                                       .  * :*  **::* * ::*:.* **:*.. :*** **** ::** :*  **  
 
     sp|Q16850|CP51A_HUMAN      DAAALLFNSKNEDLNAEDVYSRLTTPVFGKGVAYDVPNPVFLEQKKMLKSGLNIAHFKQH 171 
     sp|P10613|CP51_CANAL       KGHEFVFNAKLSDVSAEDAYKHLTTPVFGKGVIYDCPNSRLMEQKKFAKFALTTDSFKRY 158 
                                ..  ::**:* .*:.***.*.:********** ** **  ::****: * .*.   **:: 
 
     sp|Q16850|CP51A_HUMAN      VSIIEKETKEYFESW-------GESGEKNVFEALSELIILTASHCLHGKEIRSQLNEKVA 224 
     sp|P10613|CP51_CANAL       VPKIREEILNYFVTDESFKLKEKTHGVANVMKTQPEITIFTASRSLFGDEMRRIFDRSFA 218 
                                *  *.:*  :** :           *  **:::  *: *:***:.*.*.*:*  ::...* 
 
     sp|Q16850|CP51A_HUMAN      QLYADLDGGFSHAAWLLPGWLPLPSFRRRDRAHREIKDIFYKAIQKRRQSQE---KIDDI 281 
     sp|P10613|CP51_CANAL       QLYSDLDKGFTPINFVFPN-LPLPHYWRRDAAQKKISATYMKEIKSRRERGDIDPNRDLI 277 
                                ***:*** **:   :::*. **** : *** *:::*.  : * *:.**:  :   : * * 
 
     sp|Q16850|CP51A_HUMAN      LQTLLDATYKDGRPLTDDEVAGMLIGLLLAGQHTSSTTSAWMGFFLARDKTLQKKCYLEQ 341 
     sp|P10613|CP51_CANAL       DSLLIHSTYKDGVKMTDQEIANLLIGILMGGQHTSASTSAWFLLHLGEKPHLQDVIYQEV 337 
                                 . *:.:*****  :**:*:*.:***:*:.*****::****: :.*...  **.  * *  
 
     sp|Q16850|CP51A_HUMAN      K---TVCGENLPPLTYDQLKDLNLLDRCIKETLRLRPPIMIMMRMARTPQT--VAGYTIP 396 
     sp|P10613|CP51_CANAL       VELLKEKGGDLNDLTYEDLQKLPSVNNTIKETLRMHMPLHSIFRKVTNPLRIPETNYIVP 397 
                                    .  * :*  ***::*:.*  ::. ******:: *:  ::* . .*     :.* :* 
 
     sp|Q16850|CP51A_HUMAN      PGHQVCVSPTVNQRLKDSWVERLDFNPDRYLQD--------------------NPASGEK 436 
     sp|P10613|CP51_CANAL       KGHYVLVSPGYAHTSERYFDNPEDFDPTRWDTAAAKANSVSFNSSDEVDYGFGKVSKGVS 457 
                                 ** * ***   :  :  : :  **:* *:                       : :.* . 
  
     sp|Q16850|CP51A_HUMAN      FAYVPFGAGRHRCIGENFAYVQIKTIWSTMLRLYEFDLIDGYFPTVNYTTMIHTPENPVI 496 
     sp|P10613|CP51_CANAL       SPYLPFGGGRHRCIGEQFAYVQLGTILTTFVYNLRWTIDGYKVPDPDYSSMVVLPTEPAE 517 
                                  *:***.********:*****: ** :*::   .: : .  .*  :*::*:  * :*.  
 
     sp|Q16850|CP51A_HUMAN      R-YKRRSK--- 503 

 
 

 

Figure 12: Amino acid sequence alignment of CYP51 in human and C. albicans, using Clustal 

Omega in which "*" means that the residues are identical, ":" means that conserved 

substitutions have been observed, "." means that semi-conserved substitutions are observed.   
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4.!  Structural features of CaCYP51: 

The  core of the protein is the most important structural conservation in CYP enzymes, 

which exists around the haem.71 Also, the core has the essential mechanisms of electron/proton 

transfer and oxygen activation.71 CaCYP51 has four similar signature motifs to hCYP51 

(Figure 12), which are a common feature in CYP enzymes. The first signature is located in the 

B-helix, which has two important amino acids (Tyr118 and Tyr132) that form H-bonds with 

the haem propionates.14,25 The second signature is  the I-helix, which is located just above the 

right site of the distal surface of the haem and parallel to the haem plane. The I-helix has the 

two proton delivery residues (His310 and Thr311), and forms a wall in the substrate-binding 

cavity.25,71 The third signature, which is important for supporting the core structure of the 

protein (Glu-XX-Arg), is located in the K-helix.71 The last motif is the prosthetic haem, which 

is located between the L-helix (proximal surface) and the I helix (distal surface), and binds to 

Cys470 as the fifth ligand with the haem iron (Figures 13A and 13B ).  

The "5-hairpin, a feature that exists only in C. albicans, is located above the haem motif 

moiety within the proximal surface of the enzyme and is expected to play a role in the 

interaction of CaCYP51 with NADPH-cytochrome P450 reductase.25 The A/F-helices are 

located at the channel entrance, and the common residues in A-helix and F-helix are shown in 

Table 1.  The F-helix, which is positively charge, forms a salt bridge with aspartic acid 

(Asp294) and glutamic acid (Glu296) in the I-helix.25 The role of the salt bridge in CaCYP51 

is still not clear and the effect of amino acids mutations in F/I- helices have not been 

determined.25 Finally, the FG loop plays an important role in stabilising the inhibitors within 

the channel, and the two residues that support this stabilisation are Tyr118 and Ser378.79  
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Figure 13: Crystal structure of C. albicans CYP51 with posoconazole (magenta) (pdb 5FSA). 

(A) Helices of the protein and the haem are shown: haem (dark gray), helices (red) and "5-

hairpin (light gray and blue). (B) Residues that form H-bonds with the haem propionates and 

examples of some amino acid residues binding with the haem moiety.  
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Table 1: Most common residues in CaCY51 secondary structure. 

CaCYP51 Secondary 

Structure 

Residues 

A-helix Phe58/ Ala61/ Ala62/ Tyr64/ Gly65/ Leu88 

B-helix Tyr118/ Leu121/ Thr122/ Phe126/Tyr132 

C-helix Lys143/ Phe145 

F-helix Asp226/ Phe-228/ Pro230/ Phe233 

I-helix Asp294/ Glu296/Gly303/ Ile304/ Gly307/Gly308/ 

Thr311 

"5-hairpin Tyr447/ Gly448/ Gly450 

 

According to the data provided by the Centre for Cytochrome P450 Biodiversity, 

Swansea University Medical School, the majority of the mutations in CaCYP51 cluster in three 

hot spots located within residues 105 to 165, 266 to 287, and 405 to 488.80,81  The most 

important residues located in the enzyme active site cavity showing significant mutations are 

Tyr132, Lys143, Gly307, and Ser405. As mentioned previously, the most significant mutations 

that showed resistance to fluconazole are the double mutants Y132H/K143R, Y132F/K143R, 

G307S/G450E, Y132F/F145L and D278N/G464S.80,81  

Mutation of Tyr132 (Y132), which is most common in the double mutants, resulted in 

lowering the strength or eliminating the H-bond between Tyr132 and the OH group of 

fluconazole. The iron-porphyrin complex forms H-bond with Tyr118, Tyr132 and Lys143, thus 

mutation to these amino acids could results in loss of the H-bond.82 Moreover, the double 

mutations Y132H/K143R, Y132F/K143R and Y132F/F145L, located within the enzyme active 

site at the B and C-helices, as mentioned previously, could eliminate the binding interaction 

between the azole nitrogen and the haem iron as well as change the conformation of the active 

site cavity, which in addition to loss of the Tyr132 bond with the OH of fluconazole, results in 

fluconazole resistance. 
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On the other hand, the G307S/G450E mutation, located in the proximal site of the 

enzyme specifically at the I-helix and "5-hairpin, with high molecular weight amino acids (Ser 

and Glu) could influence the active site volume leading to a change in the position of the haem 

or fluconazole, and disturb the binding between them.82,83 In addition, a study has reported that 

mutation to G450E could contribute to fluconazole resistance by influencing the CYP51 

catalytic cycle as the monooxygenase reaction still persists.84 As a result, the  double mutation 

G307S/G450E plays a role in the CaCYP51 tridimensional conformation without affecting the 

catalytic cycle, but might affect the entrance of fluconazole to the enzyme active site.83,84,85  

However, the new azole drug oteseconazole is active against different Candida species 

by forming H-bond with His-377 of CaCYP51(Figure 14). All Candida species CYP51 have a 

conserved His-377 residue in the K-helix.32! Thus, the X-ray structure of CaCYP51 will help 

with a more efficient structure based design of novel and potent azole inhibitors to overcome 

the resistance resulting from amino acid mutations. 

 

 
 
Figure 14: 3D visualisation of oteseconazole within CaCYP51 active site showing key H-

bonding with His377. 
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Hypothesis: 

 Fungal infections are an emerging medical issue especially for immunocompromised 

patients, for example cancer or organ transplan patients, as these infections are potentially life 

threatening. Developing new antifungal agenst is difficult compared with antibacterial agents 

owing to the nature of the fungal cells.33,36 The discovery of new CYP51 inhibitors as potent 

antifungal agents remains an active research area owing to the severe resistance to the azole 

drugs in different fungal species, especially candida. However, some of the clinically available 

azole drugs have several major drawbacks, such as limited potency, toxicity and non-optimal 

pharmacokinetics. As a result, our focus was to develop a drug targeting CaCYP51with 

selectivity and reduced side effects, the ability to overcome the resistance resulting from amino 

acid mutations, and also administered orally as well as intravenously. The big question is:  

Can we design novel compounds to optimise occupancy and binding interactions in the 

CaCYP51 active site with both efficacy and activity in resistant C. albicans strains?  

Aims and Objectives: 
Aims:  

To design and synthesise novel CYP51 inhibitors as therapeutics for C. albicans 

infections.  

Objectives: 

1.! To understand the binding requirements determined from the X-ray structure of 

CaCYP51, at the active binding sites and use the knowledge gained to design inhibitors 

selective for CaCYP51 by performing a detailed docking analysis of the novel azole 

inhibitors with CaCYP51, which will provide useful information for rational drug 

design. 

2.! To study the predicted physicochemical properties of the designed inhibitors such as 

solubility and LogP characteristics as well as the ADME properties of the proposed 

inhibitors.  

3.! To develop synthetic routes to synthesise novel inhibitors with not more than 8 reaction 

steps and perform analysis, e.g. NMR, HPLC-MS, elemental analysis, to confirm 

structure and purity. 

4.! To perform biological assays including susceptibility, IC50 and binding affinity to assess 

the efficacy of the novel inhibitors as well as selectivity against hCYP51.  
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The rationale of the project: 

 The CaCYP51 active site has a structure of two short arms, which include the haem 

iron binding site for the substrate, and a long hydrophobic tunnel, which allows the entrance 

of the substrate.77 Three types of novel compounds were explored, a short series’ of compounds 

which are similar to fluconazole in length (as well as design), mid-sized and an extended 

series’, which includes modifications on the short series compounds. Thus, the main aim was 

to design inhibitors with a “Y-shape” that might allow the occupancy of both short arms at the 

haem active site as well as the long access channel and increase the binding interactions with 

key amino acids at the access channel (Figure 15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: CaCYP51 active site image. 

 

In this project, in order to improve the efficiency and to overcome the resistance 

associated with the azole drugs, our strategy was to design inhibitors by using fluconazole 

(Figure 7) as a pharmacophore (such as, the azole ring with the CH2 was kept because of the 
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coordination with haem iron binding and the aryl ring are important for the hydrophobic 

binding at the active site)86.  

New modifications in the pharmacophore include:  

1.! In chapter II and chapter III, replacement of one of the triazoles and the OH groups 

of the fluconazole with a thiazole nucleus to explore the antifungal activity.  

 

 

 

 

 

 

 

2.! In chapter IV, the OH group is kept, and one azole of fluconazole replaced with an 

amide functional group attached to a ring system (five, six, fused and bi-phenyl) at 

R3 to explore binding interaction with different residues in the CaCYP51 active site 

as well as improve inhibitory activity. 

 

 

 

 

 

 

 

3.! In chapter V, the design is similar to chapter IV however the amide group with the 

CH2 was reversed, and the OH group replaced with a hydrogen. In addition, the 

amide linker is connected with a substituted phenyl benzamide moiety to explore 

binding interaction with different amino acid in the access channel, specifically with 

His377.   
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1. Introduction: 

Based on previous work done in our lab by Safaa Kishk,87 a lead compound with a 

thiazole core as a possible lead compound was identified. As shown in Table 2, the lead 

compound showed IC50 against CaCYP51 of 10.06 µM, however did not show antifungal 

activity below 16 µg/mL.  

!

Table 2: The lead compound with CAI4 susceptibility and CaCYP51 inhibitory data. 

 
  

Modifications to the lead compound was needed in order to optimise the activity and 

selectivity profiles of the new prepared compounds. Two series of phenyl thiazole inhibitors 

were synthesized, a short series and an extended series.  

For the short series, three common modifications on SK-oxa23 were applied (Figure 16):!

1.! Replacing the phenyl ring at position 4 in the thiazole ring by an alkyl group to explore 

effects on binding affinity and activity against fungal strains. 

2.! Para-substitutions on the phenyl ring at position 2 of the thiazole ring to explore 

structure-activity relationships (SAR). The R-group could be an electron donating or 

electron withdrawing group.  

3.! Triazole was introduced in position 5 of the thiazole ring to obtain selectivity for 

CaCYP51.  
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! 

 

 

 

 

 

 

 

 

Figure 16: General structure of phenyl thiazole short inhibitors. 

 

The extended series was designed based on only one modification of the short series, 

through elongating the structure by adding a sulfonamide linker to allow the occupancy of the 

access channel (Figure 17). 

 

  

 

 

 

 
 

Figure 17: General structure of phenyl thiazole extended inhibitors. 
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2. Results and discussion 

a. Molecular modelling: 

To perform the docking studies, posaconazole, one of the known inhibitors of 

CaCYP51, which was co-crystallised with CaCYP51 in the crystal structure 5FSA,88 was used 

with the designed inhibitors to compare the positions and the binding interactions within the 

enzyme active site. As shown in Figure 18A, posaconazole has binding interactions with 29 

amino acids in the active site, predominantly hydrophobic interactions and one H-bond 

between the carbonyl oxygen of the triazolone ring and Ala61, and a direct binding with the 

haem iron with a distance of 2.08 Å (Figure 18B).  
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Figure 18: (A) 2D and (B) 3D representative images of posaconazole (magenta) binding 

interactions with CaCYP51 protein. In the 3D image the lipophilic regions are green while the 

hydrophilic regions are pink. 

 

Moreover, the crystal structure for fluconazole with CaCYP51 in the protein data bank 

(PDB) was not available, therefore fluconazole was docked in the CaCYP51 crystal structure.  

The docking result showed hydrophobic binding interactions with 12 amino acid residues 

(Figure 19A) and fluconazole occupies the haem area as well as interacts perpendicularly with 

the haem iron with a distance of 2.74 Å (Figure 19B).  
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Figure 19: (A) 2D and (B) 3D representative images of fluconazole (orange) binding 

interactions with CaCYP51 protein.  

 

From the docking study of the short series, which is similar in length to fluconazole, 

the compounds showed a good fit in the active site pocket, and the distance between the azole 

nitrogen and the haem iron is approximately 2.6 Å. Binding is through multiple hydrophobic 

interactions with Gly307, Tyr132, Leu376, His377, Ser378, Phe380, Phe233, Met508, Phe228, 

Leu121 and Thr311 (Figure 20). 
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Figure 20: Example of phenyl thiazole short compound 6b 2D and 3D visualisation. Binding 

interactions in (A) 2D ligplot and (B) 3D image illustrating fit within the enzyme active site. 
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On the other hand, the docking study of the extended series, which is similar in length 

to posaconazole, showed good position and fit in the active site pocket, and the distance 

between the azole nitrogen and the haem iron is approximately 2.70 Å. In addition, the inhibitor 

(compound 10c) formed hydrogen bonding with Leu376, Met508, Pro375, His377, Pro230, 

and Ser507 through water molecule as well as multiple hydrophobic interactions with 14 amino 

acid residues (Figure 21).! 
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Figure 21: Example of phenyl thiazole extended compound 10c binding interactions with 

CaCYP51: (A) 2D ligplot illustrating binding interactions with amino acids in the protein. (B) 

Overlap of compound 10c and posaconazole to view filling of binding cavities. (C) 3D image 

illustrating key H-bonding interactions with Leu376, Met508, Pro375, His377, and Pro230 as 

well as the distance between the N atom of the triazole ring and the haem iron was 

approximately 2.70 A°.  !
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b. Chemistry: 
1. Phenyl thiazole short compounds:  

From the results of the docking studies, different novel inhibitors were chosen for synthesis. 

After optimisation of the reaction conditions, which included temperature, time, and the 

reagent equivalents, the short compounds with different substitutions were synthesised. These 

compounds are 5-((1H-imidazol-1-yl)methyl)-4-methyl-2-phenyl/(4-substituted-

phenyl)thiazoles (6) and 5-((1H-1,2,4-triazol-1-yl)methyl)-4-methyl-2-phenyl/(4-substituted-

phenyl)thiazoles (7) (Scheme 1).To synthesise the novel compounds (6, 7), four reaction steps 

were used (Scheme 1)87: 

1.! Hantzsch thiazole synthesis with thiobenzamide. 

2.! Reduction reaction by NaBH4. 

3.! Chlorination reaction using thionyl chloride. 

4.! Nucleophilic substitution of imidazole/triazole.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Reagents and conditions: (i) EtOH, 80 °C, o/n (ii) THF, NaBH4, 69 °C, 7 h, r.t., o/n 

(iii) CH2Cl2, SOCl2, 40 °C, 4 h (iv) (a) CH3CN, K2CO3, imidazole, 45 °C, 1 h (b) 70 °C, o/n 

(v) (a) CH3CN, K2CO3, triazole, 45 °C, 1 h (b) 70 °C, o/n. 
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Synthesis of ethyl-4-methyl-2-phenyl/(4-substituted-phenyl) thiazole-5-carboxylate (3): 

The synthesis of ethyl-4-methyl-2-phenyl/(4-substituted-phenyl)thiazole-5-

carboxylate (3) involved a cyclisation reaction known as the Hantzsch thiazole synthesis, 

which includes a condensation of an !-haloketone and thioamide derivative.89 This compound 

was prepared by adding thiobenzamide to ethyl 2-chloroacetoacetate (1), in dry EtOH and  

heating at 80 °C overnight.90 The reaction mechanism involves two steps, the first is a 

nucleophilic attack of the sulfur atom at the !-chloroketone to form a C-S bond, with 

elimination of Cl-. Second is the five membered ring formation, which is achieved by the 

removal of a water molecule (Figure 22).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Reaction mechanism of thiazole ring formation.   
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Both the chloro (1) and tosyl (13a) reagents (see Table 11 in chapter III) were 

investigated for this reaction with product (3a) obtained with both reagents, however the yield 

was much better when the ethyl 2-chloroacetoacetate (1) was used as starting reagent (yield # 

63%) rather than ethyl-3-oxo-2(tosyloxy)butanoate (13a) (yield # 51%). For this reason, the 

chloro (1) was used for the synthesis of the thiazole, which were all obtained in good yields 

(Table 3). 

Table 3: Chemistry of the prepared thiazole compounds (3). 

Compound Structure Yield (%) M.P. (°C) 

 
3a 

  

63 

 

Oil 

 
3b 

  

61 

 

84 – 86 

(Lit. m.p. not found) 

 
3c 

  

86 

 

78 -80 

(Lit. m.p. not found) 

 
3d 

  

78 

 

147 – 149 

(Lit. m.p. not found) 

 

Synthesis of (4-methyl-2-phenylthiazole-5-yl)methanol (4): 

NaBH4 is a reducing agent that is used mainly in the reduction of aldehyde and 

ketone.91,92 In addition, NaBH4 is a weak reducing agent compared with LiAlH4 owing to the 

strong electronegativity of boron, which withdraws more electrons toward itself, resulting in 

the low availability of the hydride ion compared with Al. Carboxylic acids, esters and amides 

are less reactive because of the resonance and the high electronegativity of the O and N, thus 

the reduction needs a strong reducing agent such as LiAlH4. In our case, the reduction of ethyl-

4-methyl-2-phenyl/(4-substituted-phenyl)thiazole-5-carboxylate (3), which has an ester 

functional group was reduced to (4-methyl-2-phenylthiazole-5-yl)methanol (4) with NaBH4 in 

THF with a few drops of MeOH under 7 h of reflux.90 

The esters (3) were all successfully reduced to the alcohols (4), however compounds 

4a-4c were found to be unstable (decomposition occurred when left at room temperature 
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overnight) so were used immediately in the next reaction. The nitro derivative (4d) was stable 

and therefore subject to further purification by column chromatography. The yields of 4a-4c 

are high as they are crude yields (Table 4). 

 

Table 4: Yields of the prepared alcohol compounds (4). 

Compound Structure Yield (%) Comment 

 
 

4a 

  

88 

 

Decomposed on standing 

therefore used in the next step 

without further purification. 

 
 

4b 

  

96 

 

Decomposed on standing 

therefore used in the next step 

without further purification. 

 
 

4c 

  

92 

 

Decomposed on standing 

therefore used in the next step 

without further purification. 

 
 

4d 

  

60 

 

Purified by gradient column 

chromatography. 

 

 

Synthesis of 5-(chloromethyl)-4-methyl-2-phenylthiazole (5): 

To obtain the final desired compounds, the OH group must be converted into a good 

leaving group to synthesise the imidazole/triazole novel compounds. This synthesis was 

accomplished by a chlorination reaction involving the addition of thionyl chloride to the 

alcoholic compounds (4) in CH2Cl2 under heat for 4 h.93  

To confirm synthesis of the chlorinated compounds (5), 1H NMR was applied and a 

singlet peak for R-CH2Cl appeared at $ 5.11 while the R- CH2OH triplet peak of the starting 

alcohols (4) at $ 5.54 had disappeared.  

The chlorinated intermediates (5) were pure enough to be used immediately in the next 

reaction, and the retention factor for the intermediates range from 0.42-0.55 (Table 5).  
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Table 5: Chemistry of the prepared chlorinated compounds (5). 

Compound Structure M.P. (°C) TLC Rf* 

 
5a 

  

82-85  

(Li. m.p.: 68-69)94 

 

0.55 

 
5b 

  

116-118 

(Lit. m.p. not found) 

 

0.52 

 
5c 

  

86-90 

(Lit. m.p. not found) 

 

0.55 

 
5d 

  

122-124 

(Lit. m.p. not found) 

 

0.42 

*TLC eluent (9.5:0.5 v/v CH2Cl2- MeOH). 

 

Synthesis of 5-((1H-imidazol/1,2,4-triazol)-1-yl)methyl)-4-methyl-2-phenyl/(4-

substituted-phenyl)thiazole (6 and 7): 

The final compounds were obtained by reacting the imidazole/triazole anion with the 

previous chlorinated compound (5). To prepare the imidazolate/triazolate anions, a solution of 

imidazole/triazole in dry acetonitrile and potassium carbonate was heated for 1 h at 45 °C to 

deprotonate the imidazole/triazole. The resulting anion was added to the chlorinated 

compounds and heated at 70 °C overnight resulting in the displacement of Cl.95  

After the work up, the crude products were purified by gradient flash column 

chromatography and structures confirmed by 1H NMR. Three broad singlet peaks were 

observed for the imidazole ring to confirm the imidazole products (6) while two singlet peaks 

were observed for the triazole ring to confirm the triazole products (7) (e.g. compounds 6b and 

7b, Figure 23). The pure compounds showed good yields and purity percent except the 

methoxy derivatives (Table 6). The difficulty in purifying compound 6c and 7c resulted in the 

low yields.  
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Figure 23: 1H NMR (DMSO-d6/ 500 MHz) for imidazole and triazole final compounds (6b 

and 7b) that illustrating the three singlet peaks of imidazole vs the two singlet peaks of triazole.  

6b 

7b 
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Table 6: List of the final phenyl thiazole short compounds. 

Code Structure Yield 

(%) 

Melting point 

(°C) 

HPLC purity 

(%) 

 

6a 

 

 

 

50 

 

 

90-93 

 

 

98 

 

6b 

 

 

 

52 

 

 

139-142  

 

 

98 

 

6c 

 

 

 

28 

 

 

106-108 

 

 

97 

 

7a 

 

 

 

45 

 

 

116-118 

 

 

98 

 

7b 

 

 

 

59 

 

 

162-165 

 

 

100 

 

7c 

 

 

 

26 

 

 

113-115 

 

 

98 

 

7d 

 

 

 

53 

 

 

198-200 

 

 

99 
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2. Phenyl thiazole extended compounds: 

The nitro derivative in the phenyl thiazole short series, (5-((1H-1,2,4-triazol-1-

yl)methyl)-4-methyl-2-(4-nitrophenyl) thiazole) (7d), provided a route to synthesise a new 

linker to allow extension of the short derivatives (Scheme 2). The reactions involved were: 

1.! Hydrogenation reaction using Pd/C catalyst. 

2.! Formation of sulfonamide linker. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2: Reagents and conditions: (i) H2, Pd/C, EtOH, r.t., 3 h (ii) Pyridine, r.t., o/n. 

 

Synthesis of 4-(5-((1H-1,2,4-triazol-1-yl)methyl)-4-methylthiazol-2-yl) aniline (8):  

The synthesis of 4-(5-((1H-1,2,4-triazol-1-yl)methyl)-4-methylthiazol-2-yl)aniline (8) 

was obtained by a reduction reaction using 10% palladium on carbon (Pd/C) in dry MeOH, and 

the reaction atmosphere filled with H2 using H2 balloons. The mixture was stirred at room 

temperature for 3 h.96 The product was confirmed by 1H NMR with the primary amine proton 

observed as a broad singlet at $ 5.66 ppm. The crude product (8) was obtained in 100 % yield 

and used in the next step without any further purification. 
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Synthesis of N-(4-(5-((1H-1,2,4-triazol-1-yl)methyl)-4-methylthiazol-2-yl)phenyl) 

benzenesulfonamide derivatives (10):  

Sulfonyl chloride derivatives are very reactive functional groups especially with amines 

leading to formation of a sulfonamide bond. The synthesis of N-(4-(5-((1H-1,2,4-triazol-1-yl) 

methyl)-4-methylthiazol-2-yl)phenyl)benzenesulfonamide derivatives (10) was achieved by 

using benzene sulfonyl chloride derivatives (9) in dry pyridine, and the mixture was left at 

room temperature overnight.97 The desired products were purified by column chromatography 

to give a pale-yellow solid with good yields (Table 7), and the products were confirmed by 1H 

NMR with the amide proton observed at $ 10.46 ppm.  

 

Table 7: List of the novel phenyl thiazole extended compounds. 

Compound Structure Yield 

(%) 

M.P. (°C) HPLC 

purity 

(%) 

 
10a 

  

41 

 

 

175 - 178 °C 

 

97 

 
10b 

  

58 

 

172 – 174 °C 

 

99 

 
10c 

  

59 

 

86 – 88 °C 

 

99 
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c. Biological evaluation: 

1. C. albicans susceptibility testing: 

The final phenyl thiazole short and extended derivatives were screened against C. albicans 

wild-type clinical isolate CAI4 and C. albicans laboratory strain SC5314. As reported in Table 

8, the MIC for all synthesised compounds were very high (>16 µg/mL) compared with 

fluconazole (0.125 µg/mL).  This might be due to the failure of the compounds to penetrate C. 

albicans biofilm, which could be related to the presence of the bacterial matrix material in the 

extracellular medium that makes a barrier for the diffusion of the novel inhibitors.98 Moreover, 

the failure of the compounds to be taken up into the microorganism may be a result of  

enzymatic degradation of the compounds or  a transporters issue.98 

 

Table 8: MIC values for compounds 6, 7 and 10. 
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7d 

 

N 

 

NO2 

 
>16 

 
 

Compounds R MIC (µg/mL) 

 

10a 

 

H 

 
>16 

 
 

10b 

 

Cl 

 
>16 

 
 

10c 

 

OCH3 

 
>16 

 
 

 

Fluconazole 

  
 
 

0.125 

 

2. Binding affinity: 

In CaCYP51, protein binding affinity is a type of analytical test used to measure the 

interaction between the novel azole molecule and the haem iron. Moreover, figure 24A showed 

the absolute spectra of CaCYP51 at the enzyme resting state when the water molecule binds to 

Fe3+ as the sixth ligand. However, there are two modes of binding, Type I and Type II, which 

have been studied using UV spectroscopy.99 Type I binding suggests that the potential substrate 

(sterol) binds at the hydrophobic channel of the CaCYP51 active site without direct 

coordination to the haem iron, which results in small shift in the water molecule rather than 

displacement.100 While type II binding suggest that the potential inhibitor binds directly to the 

Fe3+ and expelled the water molecule.100  In addition, the difference between Type I and Type 
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II ligand binding is in the change of the haem-soret absorption band. The binding of the natural 

substrate (sterol) to CaCYP51 hydrophobic pocket resulted in the blue shift of the soret peak 

from 419 to 385 nm indicative of Type I binding (Figure 24B). In contrast,  the binding 

coordination of the antifungal fluconazole (sixth ligand) to CaCYP51 haem iron is Type II 

binding mode, which results in a red shift of the soret peak from 413 to 429 nm (Figure 

24C).99,100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: A) Absolute spectra of CaCYP51 at resting state and the absorbance peaks: α-band: 

~570 nm, β-band:  ~540 nm, γ-band:  ~418 nm and δ-band:  ~350 nm (soret). B) Absorbance 

difference spectra were measured during the titration of 5 µM CaCYP51 with sterol (Type I 

binding). C) Absorbance difference spectra were measured during the titration of 5 µM 

CaCYP51 with Fluconazole (Type II binding). 

 

The novel azole compounds were designed to cause Type II binding in CaCYP51. To 

determine binding affinity (Kd) value for fluconazole as well as the novel inhibitors, a binding 

saturation curve was created from the change in the absorbance (ΔA peak-trough) which was 
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plotted against the antifungal concentration for CaCYP51. Moreover, the Kd value for Type II 

binding of the azole was determined by a rearrangement of the Morrison equation!(ΔA =  Δ Amax 

x ([Et] + [azole] + Kd) – {([Et] + [azole] + Kd)2 – 4[Et][L]}0.5 /2[Et] where Et means total enzyme) while the  
Michaelis-Menten equation (ΔA = (ΔAmax x[azole]) / (Kd + [azole]) was used to determine Type I 

binding. However, fluconazole has excellent MIC and IC50 values against CaCYP51 (0.125 

µg/mL and 0.35µM, respectively), additionally the binding affinity showed tight binding or 

Type II binding to CaCYP51 (Kd = 60 ± 40 nM) as shown in Figure 25.  

 

 

 

 

 

 

 

 

 

 

 

Figure 25: CaCYP51 fluconazole saturation curve derived from type II difference spectra in 

previous figure 23C with 5 µM CaCYP51. Fluconazole titration was performed in triplicate 

although only one replicate is shown.  

Although the MIC of phenyl thiazole compounds did not show any inhibitory activity, 

studying the binding affinity of the synthesised compounds will provide answers as to whether:!

1. There is a direct binding between the azole nitrogen of the novel compounds and the   

haem iron of CaCYP51, and  

     2. How the designed compounds fit in the enzyme active site. 

Two compounds (7b and 10b) of the novel phenyl thiazole short and extended derivatives, 

respectively, were evaluated for binding type and binding affinity by titrating against 

CaCYP51. As a result, the binding spectra and the binding saturation curve for compound 7b 

showed Type II binding and weak binding (less tight) affinity compared to fluconazole (Table 

9 and Figure 26A). While compound 10b showed non-standard binding with trough and no 

peak as well as very weak binding affinity, compared to fluconazole (Table 9 and Figure 26B).  
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Table 9: Kd value for compounds 7b and 10b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: A) Compound 7b Type II binding spectra. B) Compound 10b non-standard binding 

spectra. C) CaCYP51 azole saturation curve. Compound 7b and 10b binding saturation curve 

derived from type II difference spectra with 5 µM CaCYP51. Azole titration was performed in 

triplicate although only one replicate is shown.  
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As a result, compound 7b showed Type II binding but the binding affinity (Kd = 684 

nM) was less tight to CaCYP51. Also, compound 10b showed unknown binding spectra 

with decreased affinity. This could be related to the rigidity of the designed compounds, 

which would decrease the chance of direct binding with the haem iron especially for the 

extended compound 10b.  

 

3. Molecular Dynamic (MD) simulation: 

Further investigations on compound 7b and 10b were done using computational studies to 

correlate the biological results. Molecular dynamic (MD) is a computer simulation tool used in 

this project for studying the stability of protein-ligand complex as well as analysing the 

physical movements of both CaCYP51 and the novel inhibitor atoms. The dynamic system will 

allow the atoms and CaCYP51 molecule to interact for a specific period of time in nanoseconds 

(ns).101 The favorable pose of the inhibitor with CaCYP51 crystal structure (PDB 5FSA)88, 

obtained from MOE, was subjected to a 200 ns molecular dynamic simulations using the 

Desmond programme of Maestro.  

 Both compounds (7b and 10b) formed a coordination interaction between the triazole N 

and the haem Fe3+. However, the binding profile of compound 7b showed 64 % binding 

interaction between the triazole N and the haem Fe3+ during the 200 ns simulation while 

compound 10b showed only 35 % binding interaction (Figure 27A and 27B). In addition, both 

compounds formed  %-% stacking with Phe380 but compound 10b had an advantage of forming 

H-bonding interaction with Ser378 and Met508 through water molecules. Moreover, the 3D 

visualisation of both compounds after the MD simulation illustrated how far the inhibitors have 

moved from the haem active site, which may explain the weak binding interaction percentage 

with the haem iron (Figure 26D). In addition, the distance between the triazole N and the haem 

Fe3+ of both compounds (7b and 10b) at 0 ns was 2.72 and 2.56!Å, respectively (Figure 26C). 

After MD simulation, a large shift between the triazole N and the iron was observed for both 

compounds (Table 10). Subsequently, the molecular dynamic results of compound 7b and 10b 

provided evidence to support that both compounds had very weak binding affinity compared 

to fluconazole (Table 9). Thus, the rigidity of the structure might play a major role in lowering 

the binding interaction with haem iron as well as with the amino acid residues.  
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Table 10: 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 for compound 7b and 10b. 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds N-Fe3+ (Å) 

0 ns 

N-Fe3+ (Å) 

200 ns 
7b 2.72 5.15 

10b 2.56 5.00 

A 

B 



    (Chapter II) 

  59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: A) 2D detailed ligand interaction between the triazole N of compounds 7b and 10b 

and the haem Fe3+ as well as interaction with amino acids of CaCYP51 active site that occur 

more than 30% of the simulation time in the selected trajectory (0 through 200 ns). C) 3D 

visualisation of both compounds 7b (cyan) and 10b (yellow) showing the occupancy and the 

distance between the N-azole ring and the haem iron before MD simulation and D) after MD 

simulation. 
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3. Conclusion: 

In this chapter, the docking results for the phenyl thiazole short derivatives, which 

include the thiazole backbone, showed a good fit in the enzyme active site. In addition, 

extension to phenyl thiazole short series with a sulfonamide linker was performed to fill the 

long access channel, and it showed water-mediated binding interactions between the 

sulfonamide and a few amino acids. The synthetic scheme of phenyl thiazole derivatives was 

designed and optimised with four to six reaction steps as well as with a few changes depending 

on each derivative. However, the biological results for both short and extended phenyl thiazole 

derivatives did not show any activity against wild-type C. albicans at the MIC level. Moreover, 

the binding affinity testing for both derivatives showed very weak binding to CaCYP51. The 

lack of biological activity could be owing to the lack of the flexibility in the phenyl thiazole 

short and extended series, which might be explained from the MD simulation studies, that 

showed that the inhibitors moved far away from the haem active site. In the next chapter, a 

modified thiazole backbone series with a more flexible linker between the thiazole and aryl 

ring were synthesised to improve the antifungal activity.  
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4. Experimental 

a. Molecular Modelling: 

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

the protein data bank.88 The process of creating the ligands was done by using ChemDraw 

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

programme. All compounds were protonated at physiological pH (&7.4), to mimic the 

physiological condition in C. albicans endoplasmic reticulum and used in the docking 

studies. The MOE program was used to perform molecular docking and was found to 

closely replicate the position and binding interactions of posaconazole, as observed in the 

crystal structure. 

All minimisations were performed with MOE with MMFF94 forcefield and partial 

charges were automatically calculated. The charge of the haem iron at physiological pH 

was set to 3+ (geometry d2sp3) through the atom manager in MOE. The London ∆G scoring 

function estimates the free energy of binding of the ligand from a given pose. The binding 

score (S-score) of all used poses was between (-1 to -5). Refinement of the results using 

MMFF94 forcefield and scoring of the refined results using the London ∆G scoring 

function was applied. The output database dock file was created with different poses for 

each ligand and arranged according to the final S-score function, which is the score of the 

last stage that was not set to zero.  

The CaCYP51 double mutants models were built by Dr. Claire and Dr. Esraa Tatar 

using SWISS-MODEL software. The mutated CYP51 models, which were created and 

saved for docking studies, included Y132H/K143R and Y132F/F145L.   

  

b. Molecular Dynamics (MD)Simulatin:  

Molecular dynamics simulations were performed on CaCYP51-ligand complexes, 

which were optimised with protein preparation wizard in Maestro (Schrödinger release 

2020-1)102, by assigning bond orders, adding hydrogen, and correcting incorrect bond 

types. A default quick relaxation protocol was used to minimise the MD systems with the 

Desmond programme.102 In Desmond, the volume of space in which the simulation takes 

place, the global cell, is built up by regular 3D simulation boxes, which was utilised as part 

of this system for protein interactions. The orthorhombic water box allowed for a 10 Å 

buffer region between protein atoms and box sides. Overlapping water molecules were 

deleted, and the systems were neutralised with Na+ ions and salt concentration 0.15 M. 
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Force-field parameters for the complexes were assigned using the OPLS_ 2005 forcefield, 

that is a 200 ns molecular dynamic run in the NPT ensemble (T = 300 K) at a constant 

pressure of 1 bar. Energy and trajectory atomic coordinate data were recorded at each 1.2 

ns.  

 

c. Chemistry General information: 

All chemicals, reagents and solvents were purchased from Sigma-Aldrich, Alfa Aesar, 

VWR, Acros and Fluka. Solvents were dried prior to use over molecular sieves (4 Å). For 

column chromatography, a glass column was slurry packed in the appropriate eluent with 

silica gel (Fluka Kieselgel 60), column chromatography was performed with the aid of a 

bellow. Analytical thin layer chromatography (TLC) was carried out on pre-coated silica 

plates (ALUGRAM® SIL G/UV254) with visualisation via UV light (254 nm). Melting 

points were determined on an electrothermal instrument (Gallenkamp melting point 

apparatus) and were uncorrected. cLogP obtained from Chem Draw (Professional 16.0) 

using Crippen’s fragmentation.103 
1H and 13C-NMR spectra were recorded on a Bruker Advance DP500 spectrometer 

operating at 500 MHz and 125 MHz, respectively and auto calibrated to the deuterated 

solvent reference peak. NMR solvents were chloroform-d (CDCl3), methanol-d4 (CD3OD), 

DMSO-d6 ((CD3)2SO). Chemical shifts are given in parts per million (ppm) relative to the 

internal standard tetramethylsilane (Me4Si); coupling constants (J) were given in Hertz 

(Hz). Splitting of the peaks in the 1H NMR spectra are denoted as s (singlet), d (doublet), 

dd (doublet of doublet), t (triplet), q (quartet), and m (multiplet). All NMR characterisations 

were made by comparison with previous NMR spectra of the appropriate structure class 

and/or predictions from ChemDraw.  

High performance liquid chromatography (HPLC)/ high resolution mass spectra 

(HRMS) were performed by Shaun Reeksting, Department of Pharmacy & Pharmacology, 

University of Bath, Bath, UK or Cardiff University. HPLC (Method A) was performed on 

a Zorbax Eclipse Plus C18 Rapid Resolution 2.1 x 50 mm, 1.8 µm particle size using a 7.5-

minute gradient method 5:95 v/v water: methanol with 0.1% formic acid as additive; 

(Method B, Cardiff University) was performed on a Shimadzu LC-2030C Plus C18 Rapid 

Resolution 250 x 4.6 mm, 5 µm particle size using a 7-10 minute gradient method 5:95 v/v 

water: methanol. 
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General method: 

Ethyl-4-methyl-2-phenylthiazole-5-carboxylate (3a)93 

(C13H13NO2S, M.W. 247.31) 

 

 

 

Method: A solution of thiobenzamide (2a) (0.5 g, 3.64 mmol) and ethyl 2-chloroacetoacetate 

(1) (1.01 g, 6.18 mmol) in dry EtOH (15 mL) was refluxed at 80 °C for 10 h. Then, the mixture 

was allowed to stand at 0 °C for another night. The solvent was evaporated under vacuum then 

saturated aqueous NaHCO3 (50 mL) was added, and the mixture was extracted with EtOAc (2 

x 50 mL). The organic layer was washed with H2O (2 x 50 mL), dried (MgSO4), and 

concentrated under reduced pressure. The residue was purified by using gradient column 

chromatography and the pure compound was eluted with 10 % EtOAc in petroleum ether.    

Yield: 0.57 g (63 %) as a colourless oil. 

Rf: 0.62 (4:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $ 8.01 (dd, J = 1.4, 9.7 Hz, 2H, Ar), 7.56-7.50 (m, 3H, Ar), 4.29 (q, J 

= 7.1Hz, 2H, CH2CH3), 2.70 (s, 3H, CH3), 1.30 (t, J = 7.1 Hz, 3H, CH2CH3). 

 

Using this procedure, the following compounds were prepared: 

Ethyl-4-methyl-2-phenylthiazole-5-carboxylate (3a)87  

(C13H13NO2S, M.W. 247.31)  

 

 

 

Reagents: thiobenzamide (2a) (0.45 g, 3.27 mmol) and ethyl-3-oxo-2-(tosyloxy)butanoate 

(13a) (1.5 g, 4.9 mmol). 

Yield: 0.41 g (51 %) as colorless oil. 

Rf: 0.53 (5:1 v/v petroleum ether-EtOAc). 

(1) (2a) (3a) 

(13a) (2a) (3a) 

NH2

S

+
Dry EtOH, reflux 80 ℃, 10 h S

N

EtO

H3C

O
O O

O
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 Stand at 0 ℃, overnight

S

N

EtO

H3C

O
O

O
OS

O

O

O NH2

S

+
Dry EtOH, reflux 80 ℃, 10 h

stand at 0 ℃, overnight
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1H NMR (DMSO-d6): $ 7.99 (dd, J = 1.4, 8.1 Hz, 2H, Ar), 7.56-7.50 (m, 3H, Ar), 4.31 (q, J 

= 7.1 Hz, 2H, CH2CH3), 2.68 (s, 3H, CH3), 1.31 (t, J = 7.1 Hz, 3H, CH2CH3).  

Ethyl 2-(4-chlorophenyl)-4-methylthiazole-5-carboxylate (3b)93  

(C13H12ClNO2S, M.W. 281.75) 

 

 

 

Reagents: 4-chlorothiobenzamide (2b) (1 g, 5.82 mmol) and ethyl 2-chloroacetoacetate (1) 

(1.36 mL, 9.89 mmol). The residue was purified by gradient column chromatography and the 

pure compound was eluted with 5% EtOAc in petroleum ether. (A fraction with impurities was 

recrystallised with EtOH to recover the compound and to improve the yield).   

Yield: 0. 98 g (61%) as a white solid.  

m.p.: 84-86 °C. 

Rf: 0.72 (4:1v/v petroleum ether-EtOAc).  
1H NMR (DMSO-d6): $ 8.01 (d, J = 8.8 Hz, 2H, Ar), 7.58 (d, J = 8.8 Hz, 2H, Ar), 4.30 (q, J 

= 7.1Hz, 2H, CH2CH3), 2.69 (s, 3H, CH3), 1.31 (t, J = 7.1 Hz, 3H, CH2CH3). 

Ethyl 2-(4-methoxyphenyl)-4-methylthiazole-5-carboxylate (3c)93 

(C14H15NO3S, M.W. 277.34) 

 

 

 

Reagents: 4-methoxybenzothioamide (2c) (1 g, 5.97 mmol) and ethyl 2-chloroacetoacetate (1) 

(1.39 mL, 10.14 mmol).  

Yield: 0.1.42 g (86 %) as a white solid. 

m.p.: 78-80 °C.  

Rf: 0.52 (4:1 v/v petroleum ether-EtOAc). 

(1) (2b) (3b) 

NH2

S

+
Dry EtOH, reflux 80 ℃, overnight

S

N

EtO

H3C

O
O O

O
Cl H3CO

OCH3

(1) (2c) (3c) 

NH2

S

+
Dry EtOH, reflux 80 ℃, overnight

S

N

EtO

H3C

O
O O

O
Cl Cl

Cl
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1H NMR (DMSO-d6): $ 7.93 (d, J = 9.0 Hz, 2H, Ar), 7.06 (d, J = 9.0 Hz, 2H, Ar), 4.28 (q, J 

= 7.1Hz, 2H, CH2CH3), 3.83 (s, 3H, O-CH3), 2.66 (s, 3H, CH3), 1.31 (t, J = 7.1 Hz, 3H, 

CH2CH3). 

Ethyl 4-methyl-2-(4-nitrophenyl) thiazole-5-carboxylate (3d)93 

(C13H12N2O4S, M.W. 292.31) 

 

 

 

 

Prepared as described for 3a with some modifications: 

A solution of 4-nitrobenzothioamide (2d) (0.5 g, 2.74 mmol) and ethyl 2-chloroacetoacetate  

(1) (0.63 mL, 4.65 mmol) in dry EtOH (15 mL) was heated at 80 °C for 48 h.93 Then, a pale 

yellow solid was formed when the mixture reached room temperature. The mixture was 

filtered, and the solid was washed several times with EtOH, then dried in the oven (40 °C) to 

obtain the desired product. 

Yield: 0.63 g (78 %) as a pale yellow solid. 

m.p.: 147-149 °C.   

Rf: 0.5 (4:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $ 8.32 (d, J = 9.1 Hz, 2H, Ar), 8.24 (d, J = 9.0 Hz, 2H, Ar), 4.32 (q, J 

= 7.1 Hz, 2H, CH2CH3), 2.71 (s, 3H, CH3), 1.32 (t, J = 7.1 Hz, 3H, CH2CH3). 

(4-Methyl-2-phenylthiazole-5-yl) methanol (4a)93  

(C1 1H11NOS, M.W. 205.28) 

 

 

 

 

Method: To a stirred mixture of ethyl-4-methyl-2-phenylthiazole-5-carboxylate (3a) (0.41 g, 

1.7 mmol) in a dry THF (10 mL), NaBH4 (0.19 g, 5.1 mmol) was added. During the reflux, 

MeOH (0.5 mL) was added and the mixture was refluxed for 7 h at 69 °C. The solution was 

left at room temperature overnight, then the reaction mixture was poured into ice/cold H2O (10 

(3a) (4a) 

(1) (2d) (3d) 

NH2

S

+ Dry EtOH, reflux 80 ℃,
S

N

EtO

H3C

O
O O

O
Cl O2N

NO2
48 h

S

N

EtO

H3C

O

S

N

HO

H3C

NaBH4, THF

 reflux 69 ℃, 7 h
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mL) and extracted with EtOAc (3 x 15 mL). The organic layer was collected and washed with 

saturated brine (2 x 15 mL), dried (MgSO4) and concentration under reduced pressure to give 

a white solid, which was used in the next step without any further purification.  

Yield: 0.3 g (88 %) as a white solid. 

m.p.: 108-111°C ( 94-95 °C)104. 

Rf: 0.1 (5:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $ 7.88 (dd, J = 1.7, 8.2 Hz, 2H, Ar), 7.49-7.43 (m, 2H, Ar), 5.54 (t, J = 

5.6 Hz, 1H, OH, ex), 4.64 (d, J = 5.5 Hz, 2H, CH2), 2.35 (s, 3H, CH3).  

 

Using this procedure, the following compounds were prepared: 

(2-(4-Chlorophenyl)-4-methylthiazol-5-yl)methanol (4b)93 

(C11H10ClNOS, M.W. 239.72) 

 

 

 

 

Reagents: ethyl 2-(4-chlorophenyl)-4-methylthiazole-5-carboxylate (3b) (0.98 g, 3.47 mmol).  

Yield: 0.8 g (96 %) as a white solid. 

m.p.: 148-150 °C (134-136 °C)104. 

Rf: 0.17 (4:1 v/v petroleum ether-EtOAc) 
1H NMR (DMSO-d6): $ 7.89 (d, J = 8.8 Hz, 2H, Ar), 7.53 (d, J = 8.8 Hz, 2H, Ar), 5.57 (t, J 

= 5.6 Hz, 1H, OH, ex), 4.64 (d, J = 5.5 Hz, 2H, CH2), 2.34 (s, 3H, CH3).  

 

(2-(4-Methoxyphenyl)-4-methylthiazol-5-yl)methanol (4c)93 

(C12H13NO2S, M.W. 235.30) 

 

 

 

 

Reagents: ethyl 2-(4-methoxyphenyl)-4-methylthiazole-5-carboxylate (3c) (1.42 g, 5.12 

mmol).  

(3b) (4b) 

(3c) (4c) 

S

N

EtO
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O
S

N

HO
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NaBH4, THF

reflux 69 ℃, 7 h
Cl Cl

S

N

EtO

H3C

O
S

N

HO

H3C
NaBH4, THF

     reflux 69 ℃, 7 h
room temp. overnight

OCH3 OCH3
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Yield: 1.10 g (92 %) as a white solid. 

m.p.: 116-119 °C.  

Rf: 0.15 (4:1 v/v petroleum ether-EtOAc) 
1H NMR (DMSO-d6): $ 7.81 (d, J = 8.9 Hz, 2H, Ar), 7.02 (d, J = 9.0 Hz, 2H, Ar), 5.48 (t, J 

= 5.6 Hz, 1H, OH, ex), 4.61 (d, J = 5.1 Hz, 2H, CH2), 3.81 (s, 3H, O-CH3), 2.32 (s, 3H, CH3).  

 

(4-Methyl-2-(4-nitrophenyl) thiazol-5-yl)methanol (4d)93 

(C11H10N2O3S, M.W. 250.27) 

 

 

 

 

 

Variation: The reaction was stirred at room temperature overnight and the crude product 

purified by gradient column chromatography eluting with 1.5 % MeOH in CH2Cl2. 

Reagents: ethyl 4-methyl-2-(4-nitrophenyl)thiazole-5-carboxylate (3d) (1.13 g, 3.86 mmol).  

Yield: 0.71g (60%) as a yellow crystalline solid.  

m.p.: 184-187 °C.  

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH).  
1H NMR (DMSO-d6): $ 8.31 (d, J = 9.1 Hz, 2H, Ar), 8.14 (d, J = 9.0 Hz, 2H, Ar), 5.69 (t, J 

= 5.6 Hz, 1H, OH, ex), 4.68 (d, J = 5.1 Hz, 2H, CH2), 2.38 (s, 3H, CH3).  

 

5- (Chloromethyl)-4-methyl-2-phenylthiazole (5a)  

(C11H10ClNS, M.W. 223.72) 

 

 

 

 

Method: To a solution of (4-methyl-2-phenylthiazole-5-yl)methanol (4a) (0.3 g, 1.5 mmol) in 

dry CH2Cl2 (10 mL), thionyl chloride (0.65 mL, 9 mmol) was added slowly, and a catalytic 

amount of DMF (2 drops) were added at room temperature. The mixture was heated at 40 °C 

for 4 h.93 The reaction was concentrated under reduced pressure and the residue extracted with 

CH2Cl2 (50 mL), and saturated NaHCO3 (50 mL) was added with caution. The organic layer 

(4a) (5a) 
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S
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SOCl2, CH2Cl2
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was washed with H2O (2 x 50 mL), dried (MgSO4) and concentrated under reduced pressure 

to give a pale yellow solid, which was used in the next step without any further purification.  

Yield: 0.3 g (90 %) as a pale yellow solid. 

m.p.: 82-85 °C (68-69 °C)94.  

Rf: 0.55 (5:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $ 7.91-7.89 (m, 2H, Ar), 7.52-7.48 (m, 3H, Ar), 5.11 (s, 2H, CH2), 2.43 

(s, 3H, CH3).  

 

Using this procedure, the following compounds were prepared: 

 

5-(Chloromethyl)-2-(4-chlorophenyl)-4-methylthiazole (5b)93 

(C11H9Cl2NS, M.W. 258.16) 

 

 

 

 

Reagents: (2-(4-chlorophenyl)-4-methylthiazol-5-yl)methanol (4b) (0.8 g, 3.33 mmol).  

Yield: 0.75 g (87 %) as a pale-yellow solid. 

m.p.: 116-118 °C.  

Rf: 0.52 (4:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $ 7.92 (d, J = 8.8 Hz, 2H, Ar), 7.55 (d, J = 8.8 Hz, 2H, Ar), 5.11 (s, 2H, 

CH2), 2.43 (s, 3H, CH3). 

 

5-(Chloromethyl)-2-(4-methoxyphenyl)-4-methylthiazole (5c)93 

(C12H12ClNOS, M.W. 253.74) 

 

 

 

 

Reagents: (1.10 g, 4.67 mmol) 2-(4-methoxyphenyl)-4-methylthiazol-5-yl)methanol (4c). 

Yield: 1g (84 %) as a pale yellow solid. 

m.p.: 86-90 °C.  
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Rf: 0.55 (4:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $ 7.84 (d, J = 8.9 Hz, 2H, Ar), 7.04 (d, J = 9.0 Hz, 2H, Ar), 5.09 (s, 2H, 

CH2), 3.82 (s, 3H, O-CH3), 2.40 (s, 3H, CH3). 

 

5-(Chloromethyl)-4-methyl-2-(4-nitrophenyl)thiazole (5d)93 

(C11H9ClN2O2S, M.W. 268.72) 

 

 

 

 

Reagents: (4-methyl-2-(4-nitrophenyl)thiazol-5-yl)methanol (0.71 g, 2.83 mmol) (4d). 

Yield: 0.71 g (100 %) as a pale yellow solid. 

m.p.: 122-124 °C. 

Rf: 0.42 (4:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): $  8.33 (d, J = 9.1 Hz, 2H, Ar), 8.17 (d, J = 9.0 Hz, 2H, Ar), 5.17 (s, 

2H, CH2), 2.47 (s, 3H, CH3). 

 

5-((1H-Imidazol-1-yl) methyl)-4-methyl-2-phenylthiazole (6a)  

(C14H13N3S, M.W.255.34) 

 

 

 

 

 

Method: A suspension of K2CO3 (0.62 g, 4.48 mmol) and imidazole (0.30 g, 4.48 mmol) in 

dry CH3CN (10 mL) was heated at 45 °C for 1 h. After cooling to room temperature, 5- 

(chloromethyl)-4-methyl-2-phenylthiazole (5a) (0.25 g, 1.12 mmol) was added and the mixture 

was heated at 70 °C overnight.87 The solvent was evaporated under vacuum and the residue 

was extracted with EtOAc (50 mL), and washed with brine (3 x 50 mL) and H2O (2 x 50 mL). 

The organic layer was dried (MgSO4) and evaporated under vacuum. The crude product was 

purified by gradient column chromatography and the pure compound was eluted with 3 % 

MeOH in CH2Cl2. 

Yield: 0.14 g (50 %) as a yellow solid. 
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m.p.: 90-93 °C. 

Rf: 0.27 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 8.52 (s, 1H, imidazole), 7.90-7.88 (m, 2H, Ar), 7.46-7.43 (m, 3H, 

Ar), 7.22 (s, 1H, imidazole), 7.03 (s, 1H, imidazole), 5.49 (s, 2H, CH2), 2.55 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 176.6 (CH, imidazole), 167.7 (C, thiazole), 153.0 (C, thiazole), 132.9 

(C, thiazole), 130.5 (2 x CH, Ar), 129.0 (2 x CH, Ar), 126.48 (CH, para-Ar), 126.43 (CH, 

imidazole), 123.6 (C, Ar), 119.2 (CH, imidazole), 43.5 (CH2), 15.3 (CH3). 

HPLC (Method A): 98 %, RT = 3.51 min. 

HRMS (ESI, m/z): theoretical mass: 278.0727 [M+Na]+, observed mass: 278.0722 [M+Na]+. 

 

Using this procedure, the following compounds were prepared: 

 

5-((1H-Imidazol-1-yl) methyl)-2-(4-chlorophenyl)-4-methylthiazole (6b)  

 (C14H12ClN3S, M.W. 289.78) 

 

 

 

 

 

Reagents: 5-(chloromethyl)-2-(4-chlorophenyl)-4-methylthiazole (5b) (0.4 g, 1.54 mmol). 

Yield: 0.23 g (52 %) as a white solid. 

m.p.: 139-142 °C. 

Rf: 0.47 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 7.87 (d, J = 8.8 Hz, 2H, Ar), 7.77 (s, 1H, imidazole), 7.53 (d, J = 8.8 

Hz, 2H, Ar), 7.21 (s, 1H, imidazole), 6.92 (s, 1H, imidazole), 5.46 (s, 2H, CH2), 2.47 (s, 3H, 

CH3). 
13C NMR (DMSO-d6): $ 164.0 (C, thiazole), 151.7 (C, thiazole), 137.5 (CH, imidazole), 135.2 

(C, Ar), 132.1(C, Ar para-Cl), 129.7 (2 x CH, Ar), 129.3 (CH, imidazole), 129.0 (C, thiaazole), 

128.0 (2 x CH, Ar), 119.6 (CH, imidazole), 41.4 (CH2), 15.3(CH3). 

HPLC (Method A): 99 %, RT = 3.75 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl!290.0518/292.0518 [M+H]+, observed mass: 
35/37Cl!290.0518/292.0487 [M+H]+. 
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           heat 45 ℃, 1 h
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5-((1H-Imidazol-1-yl)methyl)-2-(4-methoxyphenyl)-4-methylthiazole (6c)  

(C15H15N3OS, M.W. 285.37) 

 

 

 

Reagents: 5-(chloromethyl)-2-(4-methoxyphenyl)-4-methylthiazole (5c) (0.5 g, 1.97 mmol). 

The pure compound was eluted with 2.5 % MeOH in CH2Cl2. 

Yield: 0.16 g (28 %) as a pale yellow solid.  

m.p.: 106-108 °C. 

Rf: 0.3 (9.5: 0.5 v/v CH2Cl2-MeOH).  
1H NMR (DMSO-d6): $ 7.79 (d, J = 9.0 Hz, 2H, Ar), 7.78 (s, 1H, imidazole), 7.19 (s,1H, 

imidazole), 7.01 (d, J = 9.0 Hz, 2H, Ar), 6.91 (s, 1H, imidazole), 5.42 (s, 2H, CH2), 3.80 (s, 

3H, O-CH3), 2.44 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 165.3 (C, thiazole), 161.3 (C, Ar), 151.2 (C, thiazole), 137.5 (CH, 

imidazole), 129.3 (CH, imidazole), 127.9 (2 x CH, Ar), 127.1 (C, Ar),126.1 (C, thiazole), 119.6 

(CH, imidazole), 115.0 (2 x CH, Ar), 55.8 (CH3 , Ar para O-CH3 ), 41.5 (CH2), 15.3 (CH3). 

HPLC (Method A): 97 %, RT = 3.55 min. 

HRMS (ESI, m/z): theoretical mass: 308.0833 [M+Na]+, observed mass: 308.0825 [M+Na]+. 

 

Triazole derivatives prepared as described for 6 replacing imidazole with triazole: 

  

5-((1H-1,2,4-Triazol-1-yl) methyl)-4-methyl-2-phenylthiazole (7a)  

(C13H12N4S, M.W.256.33) 

 

 

 

 

 

Reagents: 5-(chloromethyl)-4-methyl-2-phenylthiazole (0.29 g, 1.29 mmol) (5a).  

Yield: 0.15 g (45 %) as a white solid. 

m.p.: 116-118 °C 
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Rf: 0.20 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 8.69 (s, 1H, triazole), 8.01 (s, 1H, triazole), 7.88-7.86 (m, 2H, Ar), 

7.48-7.46 (m, 3H, Ar), 5.68 (s, 2H, CH2), 2.49 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 165.8 (C, thiazole), 152.34 (CH, triazole), 152.31 (C, thiazole), 144.3 

(CH, triazole), 133.2 (C, thiazole), 130.7 (CH, para-Ar),129.6 (2 x CH, Ar), 126.3 (C, Ar), 

126.1 (2 x CH, Ar), 44.1 (CH2), 15.4 (CH3).  

HPLC (Method A): 98 %, RT = 4.11 min. 

HRMS (ESI, m/z): theoretical mass: 257.0860 [M+H]+, observed mass: 257.0857 [M+H]+. 

 

5-((1H-1,2,4-Triazol-1-yl)methyl)-2-(4-chlorophenyl)-4-methylthiazole (7b)  

(C13H11ClN4S, M.W. 290.77)  

 

 

 

 

 

 

Reagents: 5-(chloromethyl)-2-(4-chlorophenyl)-4-methylthiazole (5b) (0.29 g, 1.29 mmol).  

Yield: 0.26 g, (59 %) as a white solid. 

m.p.: 162-165 °C.  

Rf: 0.52 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 8.69 (s, 1H, triazole), 8.01 (s, 1H, triazole), 7.88 (d, J = 8.8 Hz, 2H, 

Ar), 7.53 (d, J = 8.8 Hz, 2H, Ar), 5.68 (s, 2H, CH2), 2.49 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 164.4 (C, thiazole), 152.3 (CH, triazole), 152.3 (C, thiazole), 144.4 

(CH, triazole), 135.2 (C, Ar), 132.0 (CH, para-Ar),129.7 (2 x CH, Ar), 128.2 (2 x CH, Ar), 

126.9 (C, thiazole), 44.1 (CH2), 15.4 (CH3). 

HPLC (Method A): 100 %, RT = 4.36 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl!291.0471/ 293.0471 [M+H]+, observed mass: 
35/37Cl!291.0468/ 293.0438 [M+H]+. 

 

 

 

 

(5b) (7b) 

S

N

Cl

H3C

S

NH3C

N
N

N

Cl Cl

I. K2CO3, triazole, CH3CN 
           heat 45 ℃, 1 h
II. Heat 70 ℃, overnight
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5-((1H-1,2,4-Triazol-1-yl)methyl)-2-(4-methoxyphenyl)-4-methylthiazole (7c)  

(C14H14N4OS, M.W. 286.35) 

 

 

 

 

Reagents: 5-(chloromethyl)-2-(4-methoxyphenyl)-4-methylthiazole (5c) (0.5 g, 1.97 mmol). 

The pure compound was eluted with 2 % MeOH in CH2Cl2. 

Yield: 0.15 g (26 %) as a pale yellow solid.  

m.p.: 113-115 °C. 

Rf: 0.27 (9.5: 0.5 v/v CH2Cl2-MeOH).  
1H NMR (DMSO-d6): $ 8.67 (s, 1H, triazole), 8.00 (s,1H, triazole), 7.81 (d, J = 9.0 Hz, 2H, 

Ar), 7.02 (d, J = 8.9 Hz, 2H, Ar), 5.64 (s, 2H, CH2), 3.81 (s, 3H, O-CH3), 2.46 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 165.8 (C, thiazole), 161.3 (C, Ar), 152.3 (CH, triazole), 151.9 (C, 

thiazole), 144.3 (CH, triazole), 127.9 (2 x CH, Ar), 126.0 (C, Ar),125.2 (C, thiazole), 115.0 (2 

x CH, Ar), 55.8 (CH3, Ar para O-CH3 ), 41.5 (CH2), 15.4 (CH3). 

HPLC (Method A): 98 %, RT = 4.13 min. 

HRMS (ESI, m/z): theoretical mass: 287.0966 [M+H]+, observed mass: 287.0960 [M+H]+. 

 

5-((1H-1,2,4-Triazol-1-yl)methyl)-4-methyl-2-(4-nitrophenyl)thiazole (7d)  

(C13H11N5O2S, M.W. 301.32) 

 

 

 

 

Reagents: 5-(chloromethyl)-4-methyl-2-(4-nitrophenyl) thiazole (5d) (0.71 g, 2.64 mmol). 

The pure compound was eluted with 2 % MeOH in CH2Cl2. 

Yield: 0.3 g (37 %) as a pale yellow solid.  

m.p.: 198-200 °C. 

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH).  

(5c) (7c) 

(5d) (7d) 
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           heat 45 ℃, 1 h
II. Heat 70 ℃, overnight
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I. K2CO3, triazole, CH3CN 
           heat 45 ℃, 1 h
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1H NMR (DMSO-d6): $ 8.71 (s, 1H, triazole), 8.30 (d, J = 9.1 Hz, 2H, Ar), 8.14 (d, J = 9.0 

Hz, 2H, Ar), 8.03 (s,1H, triazole), 5.73 (s, 2H, CH2), 2.53 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 163.1 (C, thiazole), 153.2 (C, thiazole),152.4 (CH, triazole), 148,4 

(C, Ar), 144.5 (CH, triazole), 138.6 (C, Ar), 129.1 (C, thiazole), 127.4 (2 x CH, Ar), 124.9 (2 

x CH, Ar), 44.1 (CH2), 15.4 (CH3). 

HPLC (Method A): 99 %, RT = 4.37 min. 

HRMS (ESI, m/z): theoretical mass: 302.0711 [M+H]+, observed mass: 302.0714 [M+H]+. 

 

4-(5-((1H-1,2,4-Triazol-1-yl)methyl)-4-methylthiazol-2-yl)aniline (8) 

(C13H13N5S, M.W. 271.34) 

 

 

 

 

 

 

Method: To a solution of 5-((1H-1,2,4-triazol-1-yl)methyl)-4-methyl-2-(4-nitrophenyl) 

thiazole (7d) (0.3 g, 0.99 mmol) in dry MeOH (15 mL) was added 10 % Pd/C (30 mg). Then, 

the reaction was degassed and the atmosphere filled with H2 using H2 balloons, and the mixture 

was stirred at room temperature for 3 h.96 The suspension was filtered through a pad of celite 

and the filtrate was evaporated under reduced pressure to give the desired product, which was 

used in the next step without any further purification. 

Yield: 0.26 g (100 %) as a yellow solid. 

m.p.: 175-178 °C.  

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 8.64 (s, 1H, triazole), 7.99 (s, 1H, triazole), 7.53 (d, J = 8.7 Hz, 2H, 

Ar), 6.57 (d, J = 8.7Hz, 2H, Ar), 5.66 (s, 2H, NH2), 5.59 (s, 2H, CH2), 2.41 (s, 3H, CH3). 
13C NMR (DMSO-d6): $ 166.62 (C, thiazole), 152.20 (CH, triazole), 151.56 (C, thiazole), 

144.22 (CH, triazole), 127.74 (2 x CH, Ar), 123.10 (C, Ar), 120.97 (C, Ar), 114.01 (2 x CH, 

Ar), 44.30 (CH2), 15.41 (CH3). 

 

 

(7d) (8) 

S

NH3C

N
N

N

NO2
 room temp., 3 h

S

NH3C

N
N

N

NH2H2, Pd/C, EtOH
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N-(4-(5-((1H-1,2,4-Triazol-1-yl)methyl)-4-methylthiazol-2yl)phenyl)benzenesulfonamide 

(10a)  

(C19H17N5O2S2, M.W. 411.50)  

 

 

 

Method: To a cooled (ice bath) solution of 4-(5-((1H-1,2,4-triazol-1-yl)methyl)-4-

methylthiazol-2-yl) aniline (8) (0.26 g, 0.95 mmol) in dry pyridine (5 mL) was added benzene 

sulfonyl chloride (9a) (0.14 mL, 1.14 mmol) in portions.59, 97 Then, the mixture was left at 

room temperature overnight. The solvent was evaporated, and the resulting oil was extracted 

with CH2Cl2 (50 mL), washed with 1M aq. HCl (25 mL), H2O (2 x 25 mL), and dried (MgSO4). 

The organic layer was evaporated under reduced pressure to give a crude yellow-orange oil. 

The desired product was purified by gradient column chromatography to give a pale yellow 

solid which eluted at 3 % MeOH in CH2Cl2. 

Yield: 0.23 g (58 %) as a pale yellow solid. 

m.p.: 175-178 °C.  

Rf: 0.32 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 10.46 (s, 1H, NH), 8.65 (s, 1H, triazole), 7.99 (s, 1H, triazole), 7.80 

(d, J = 7.1 Hz, 2H, Ar), 7.73 (d, J = 8.9 Hz, 2H, Ar), 7.63-7.60 (m, 1H, Ar), 7.57-7.54 (m, 2H, 

Ar), 7.18 (d, J = 8.9 Hz, 2H, Ar), 5.63 (s, CH2), 2.44 (s, CH3). 
13C NMR (DMSO-d6): $ 165.2 (C, thiazole), 152.1 (C, thiazole), 152.1 (CH, triazole), 144.3 

(CH, triazole), 140.0 (C, Ar), 139.7 (C, Ar), 133.5 (CH, Ar), 129.8 (2 x CH, Ar), 128 (C, Ar), 

127.4 (2 x CH, Ar), 127.0 (2 x CH, Ar), 125.9 (C, thiazole), 120.0 (2 x CH, Ar), 44.1 (CH2), 

15.4 (CH3). 

HPLC (Method A): 97 %, RT = 3.73 min. 

HRMS (ESI, m/z): theoretical mass: 412.0902 [M+H]+, observed mass: 412.0902 [M+H]+. 

 

Using this procedure, the following compounds were prepared: 

 

 

Pyridine

room temp. overnight

S
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N
N

N
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S ClO

O
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(8) (9a) (10a) 
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N-(4-(5-((1H-1,2,4-Triazol-1-yl)methyl)-4-methylthiazol-2-yl)phenyl)-4-

chlorobenzenesulfonamide (10b)  

(C19H16ClN5O2S2, M. W. 445.94) 

 

 
 

 

Reagents: 4-chlorobenzene sulfonyl chloride (9b) (0.14 g, 0.66 mmol). The pure compound 

was eluted with 2.5 % MeOH in CH2Cl2. 

Yield: 0.14 g (58 %) as a white solid. 

m.p.: 172-174 °C.  

Rf: 0.3 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 10.70 (s, 1H, NH), 8.65 (s, 1H, triazole), 7.99 (s, 1H, triazole), 7.79-

7.74 (m, 4H, Ar), 7.64 (d, J = 8.9 Hz, 2H, Ar), 7.18 (d, J = 8.9 Hz, 2H, Ar), 5.64 (s, CH2), 2.44 

(s, CH3). 
13C NMR (DMSO-d6): $ 165.1 (C, thiazole), 152.1 (C, thiazole), 152.1 (CH, triazole), 144.3 

(CH, triazole), 139.6 (C, Ar), 138.5 (C, Ar), 138.4 (C, Ar), 130.0 (2 x CH, Ar), 129.1 (C, Ar), 

129.0 (2 x CH, Ar), 127.5 (2 x CH, Ar), 126.0 (C, thiazole), 120.4 (2 x CH, Ar), 44.1 (CH2), 

15.4 (CH3). 

HPLC (Method A): 99 %, RT = 4.20 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl!446.0512/448.0512 [M+H]+, observed mass: 
35/37Cl!446.0510/448.0486 [M+H]+. 

 

N-(4-(5-((1H-1,2,4-triazol-1-yl)methyl)-4-methylthiazol-2-yl)phenyl)-4-

methoxybenzenesulfonamide (10c)  

(C20H19N5O3S2, M.W. 441.52) 
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Reagents: 4-methoxybenzene sulfonyl chloride (9c) (0.20 g, 1.00 mmol). The pure compound 

was eluted with 3.5 % MeOH in CH2Cl2. 

Yield: 0.22 g (59 %) as a white solid. 

m.p.: 86-88°C.  

Rf: 0.27 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): $ 10.49 (s, 1H, NH), 8.65 (s, 1H, triazole), 7.99 (s, 1H, triazole), 7.72 

(d, J = 9 Hz, 4H, Ar), 7.17 (d, J = 8.9 Hz, 2H, Ar), 7.06 (d, J = 9 Hz, 2H, Ar), 5.63 (s, CH2), 

3.78 (s, O-CH3), 2.44 (s, CH3).  

13C NMR (DMSO-d6): $ 165.3 (C, thiazole), 163.0 (C, Ar), 152.1 (C, thiazole), 152.1 (CH, 

triazole), 140.3 (C, Ar), 134.2 (CH, triazole), 131.3 (C, Ar), 129.3 (2 x CH,  Ar), 128.5 (C, Ar), 

127.4 (2 x CH, Ar), 125.8 (C, thiazole), 119.8 (2 x CH, Ar), 114.9 (2 x CH, Ar), 56.0 (CH3, O-

CH3), 44.1 (CH2), 15.4 (CH3). 

HPLC (Method A): 99 %, RT = 3.78 min. 

HRMS (ESI, m/z): theoretical mass: 442.1007 [M+H]+, observed mass: 442.1009 [M+H]+  
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c. Biological evaluation: 

All methods were performed at the Center for Cytochrome P450 Biodiversity, 

Swansea University Medical School by Dr. Josie Parker and Dr. Andrew Warrilow.  

 

1. CaCYP51 susceptibility testing: 

Antifungal MIC testing was performed according to the CLSI microdilution method 

for yeasts.105 C. albicans strains CAI4 and SC5314 were tested in triplicate. Cultures 

were diluted to 2.5 x 103 cells/mL in RPMI 1640 (Sigma), buffered with 0.165 M 

MOPS, pH 7.0. Antifungal compounds were dissolved in DMSO and added at a final 

concentration of 1% v/v DMSO. Plates were incubated at 37 °C and read at 48 h. 

2. Binding affinity (Kd):  

The ligand-CaCYP51 complex was determined by non-linear regression 

(Levenberg-Marquardt algorithm) using a rearrangement of the Morrison equation for 

tight ligand binding.52,106 While weak ligand binding was calculated by the Michaelis- 

Menten equation. Curve fitting for novel azole saturation curves was performed using 

the computer program ProFit 6.1.12 (QuantumSoft, Zurich, Switzerland) for Mac OSX. 

Kd values were determined for each of the three replicate titrations per azole compound 

and then mean Kd values and standard deviations calculated.52,106

!
!
!
!
! !
! !
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1. Introduction: 

The CaCYP51 active site has a “Y-shape” structure, which includes the haem iron binding 

site for the substrate, and a long hydrophobic channel that allows the entrance of the substrate.77 

Modifications of phenyl thiazole series were needed in order to optimise the activity, 

flexibility, selectivity profiles of the new prepared compounds and improve the occupancy of 

both short arms at the haem active site as well as the long access channel. Thus, Table  11 

showed four derivatives (A-D) of modified phenyl thiazole series, which were designed and 

investigated using computational programs Molecular Operating Environment (MOE) and 

Molecular Dynamic (MD) simulation to determine and explore binding interactions within the 

CaCYP51 active as well as direct binding with the haem Fe3+.  

 

Table 11: The four proposed derivatives (A-D). 

 

Derivative A 

 

Derivative B 

 

Derivative C 

 

Derivative D 

 

 

The modifications on phenyl thiazole series included (Figure 28):!

1.! R1 will be alkyl/phenyl substitution at position 4 in the thiazole ring to explore 

effects on binding affinity and activity against fungal strains. 

2.! Sulfonamide linker at position 2 in the thiazole ring to provide more flexibility.  
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3.! Different para-substitutions on the phenyl ring to explore the structure-activity 

relationships (SAR). The R2 group could be an electron donating or electron 

withdrawing group.  

4.! Triazole was kept in position 5 of the thiazole ring to obtain selectivity for 

CaCYP51.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 28: General structure of thiazole sulfonamide series. 
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2. Results and discussion 
a. Computational studies: 

1. Molecular modelling: 

1.1 Wild type docking: 

The molecular docking result for all derivatives (A-D) in wild-type CaCYP51 showed 

high similarity with posaconazole with respect to the position, and the most common amino 

acid residues involved in the binding interactions with the new inhibitors were Met508, Pro375, 

Leu376, His377, Ser507 and Ser378. The H-bonding interactions occur either through water 

molecules and/or directly between the novel inhibitors and the amino acids.  

Derivative B (Figure 29A) is used as an exemplar to illustrate water mediated 

interactions between the sulfonyl oxygen and Met508, Pro375, Leu376, His377 and Ser507 as 

well as Met508 formed direct H-bonding with the substituted phenyl ring and the sulfonamide 

N.  Moreover, the distance between the N atom of the triazole ring and the haem iron was 

approximately 2.74 Å as shown in the 3D visualisation (Figure 29B).  

 

 

 

 

 

 

 

!

!
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Figure 29: Example of derivative B binding interactions with CaCYP51: (A) 2D ligplot 

illustrating binding interactions with amino acids in the protein. (B) 3D image illustrating key 

H-bonding interactions with Met508, Leu376, and His377 as well as the distance between the 

N atom of the triazole ring and the haem iron, which was approximately 2.74 Å. 

 

 

1.2 Mutated CaCYP51 docking: 

In this chapter, the molecular docking studies of derivative C and D with phenyl/Cl-

phenyl substitution in the fourth position on the thiazole ring appeared to be more promising 

for optimal fill of the binding cavity in the double mutant CaCYP51(Y132H/K143R). Both 

derivatives showed high similarity with fluconazole with respect to the position in the enzyme 

active site. In addition, the most common amino acid residues involved in the binding 

interactions with the inhibitors were Met508, Leu376 and His377. The H-bonding interactions 

with Met508, Pro375, Leu376 and His377 occur through water molecules while the direct H-

bond interaction occurs between the phenyl ring and the NH of the sulfonamide with Met 508 

as shown in the 2D and 3D visualisations of derivative D (Figure 30).  

 
 

(S-score) -1 

B 
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Figure 30: Example of derivative D binding interactions with CaCYP51 double mutant 

(Y132H/K143R): (A) 2D ligplot illustrating of derivative D binding interactions with amino 

acids in the CaCYP51 protein. (B) Overlap of derivative D (cyan) and fluconazole (orange) to 

view filling of binding cavities as well as fitting. (C) 3D image illustrating key H-bonding 

interactions with Met508, Pro375, Leu376 and His377 and the distance between the N of the 

triazole and the haem iron approximately 3.11 Å. 

 

2. Molecular dynamic (MD) simulations: 

 Molecular dynamics (MD) is a computer simulation tool used in this project for 

studying the stability of protein-ligand complexes as well as analysing the physical movements 

of both CaCYP51 and the novel inhibitor atoms through computational method. The dynamic 

system will allow the inhibitor and CaCYP51 to interact for a specific period of time in 

nanoseconds (ns).101 For all derivatives (A-D), the favourable pose of the inhibitor with the 

CaCYP51 crystal structure obtained from MOE, was subjected to a 200 ns molecular dynamic 

simulation using the Desmond programme of Maestro.102,106  

(S-score) -3.8 

C 
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The binding profile of all derivatives (A-D) in the wild-type were similar in forming a 

coordination interaction between the haem Fe3+ and the triazole N. Moreover, all derivatives 

showed direct or water mediated binding interactions with Met508, His 377, Ser 378 and 

Leu376 as well as hydrophobic interactions with different residue as shown in the 2D ligand 

interaction of derivative D is shown as an exemplar. However, derivative B molecular dynamic 

simulations also formed a direct H-bonding with His377 and Ser378 through the sulfonyl 

oxygen and H-bonding between NH of the sulfonamide and Met508 as shown in the 2D ligand 

interaction (Figure 31). 

 

 

   

 

 

 

 

Figure 31: 2D detailed ligand interaction of derivative B and D with amino acids of CaCYP51 

active site that occur more than 30% of the simulation time in the selected trajectory (0 through 

200 ns). 

 

The root mean square deviation (RMSD) is a quantitative measurement (in angstrom) 

used to address protein-ligand complex stability over a fixed time.107 There are two main 

concept of the RMSD: 

Derivative D Derivative B 
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1. The change in the RMSD of the protein between the starting time and the final time 

must be within the acceptable range (1-3 Å).  

2. If the ligand RMSD value observed is significantly larger than the RMSD of the 

protein that means the ligand has diffused away from its initial binding site or protein 

pocket.  

As shown in Table 12, derivative B RMSD started at 0.9 Å at 0 ns and rapidly 

equilibrated with CaCYP51 with a final RMSD of 1.39 Å at 200 ns. Similarly, derivative D-

complex showed rapid equilibration of CaCYP51 with the ligand and a RMSD for CaCYP51-

derivative D complex at 200 ns of 2.75 and 2.49 Å, respectively (Figure 32). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: RMSD plot with respect to time over the 200 ns simulation of CaCYP51-derivative 

B/D complex. 

 

Derivative D 

Derivative B 
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Table 12: Protein-ligand complex RMSD (Å) at 0 and 200 ns for derivative B and D. 

 

Ligand -complex 

RMSD (Å) at 0 ns RMSD (Å) at 200 ns 

CaCYP51 Ligand CaCYP51 Ligand 

 
Derivative B 

 

1.32 

 

0.9 

 

2.61 

 

1.39 

 
Derivative D 

 

1.57 

 

0.88 

 

2.75 

 

2.49 

 

While in the CaCYP51 double mutants (Y132H/K143L), the binding profiles for all 

derivatives (A-D) formed a coordination interaction between the haem Fe3+ and the triazole N. 

Moreover, derivative D, used as an exemplar for the molecular dynamic (MD) simulation 

showed only direct H-bonding with Met508, His377 and Ser378 in high percentage (>85%) 

during the 200 ns simulation. The RMSD for the ligand-protein complex showed high stability 

between CaCYP51 and derivative D during the 200 ns MD simulation. The ligand RMSD 

started from 2.68 Å at 0 ns and rapidly reached the equilibrium plateau with a final RMSD of 

2.49 Å at 200 ns. The protein (CaCYP51)-ligand (derivative D) plot illustrated the high stability 

of the complex (Figure 33) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 



   (Chapter III) 

  89 

 

 

Figure 33: A) 2D ligand interactions of molecular dynamic (MD) simulation of 

CaCYP51(Y132H/K143L)-derivative D complex illustrating the binding interactions that 

occur more than 30% of the simulation time in the selected trajectory (0 through 200 ns). B) 

Protein-ligand RMSD of CaCYP51(Y132H/K143L)-derivative D complex over 200 ns MD 

simulation. 
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b. Chemistry: 

To synthesise the novel thiazole sulfonamide compounds (derivative A-D), six reaction 

steps were used (Scheme 3): 

1. Koser's reaction with different ethyl acetoacetate derivatives. 

2. Hantzsch thiazole synthesis with thiourea. 

3.! Sulfonamide linker formation. 

4. Reduction reaction with LiAlH4. 

5. Chlorination reaction using thionyl chloride or Appel (iodination) reaction using 

triphenylphosphine (TPP) and imidazole. 

6. Nucleophilic substitution of triazole.  
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!Scheme (3): Reagents  

 and conditions:  

(i) HTIB, CH3CN 

75 °C, o/n 

(ii) EtOH, reflux at 

 80 °C, 4 h 

(iii) Pyridine, 80 °C, aryl 

sulfonyl chloride 3-48 h, 

 r.t., o/n  

(iv) THF, LiAlH4, r.t.,  

o/n  

(v) CH2Cl2, TPP, 

imidazole, iodine 0 °C, 

r.t., o/n  

(vi) (a) CH3CN, K2CO3, 

triazole, 45 °C, 1 h,  

b. 70 °C, overnight. 

Where R1: 
              a=methyl 
              b= iPr 
              c=phenyl 
              d=4-Cl-phenyl 
 

Where R2: 
             9a = H                
             9b = Cl 
             9c = OCH3 
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1. First Method: 

Synthesis of ethyl 3-oxo-2 (tosyloxy)butanoate (13a): 

Hydroxy(tosyloxy)iodobenzene (HTIB, Koser's reagent) is a widely used reagent to 

generate a good leaving group, commonly HTIB is used for the α-tosylation of ketones.90 The 

synthesis of ethyl 3-oxo-2-(tosyloxy)butanoate (13) was obtained by adding HTIB (11) to ethyl 

acetoacetate (12) in portions in dry CH3CN, and the colourless solution was heated overnight 

at 75 °C.87 

The reaction mechanism involves electrophilic addition of HTIB, which has an 

electrophilic iodine, to the enol tautomer of ethyl acetoacetate. Then, the intermediate α-

phenyliodide ketone is attacked by the tosylate via SN2 mechanism to give the desired product 

as shown in Figure 34.  Purification by column chromatography afforded the desired product. 

This method was also applied to the synthesis of ethyl 4-methyl-3-oxo-2-(tosyloxy) pentanoate 

(13b), ethyl 3-oxo-3-phenyl-2-(tosyloxy) propanoate (13c) and ethyl 3-oxo-3-(4-

chlorophenyl)-2-(tosyloxy) propanoate (13d) (Table 13). 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 34: Reaction mechanism of tosylation using HTIB.  
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 Table 13: Yields of the prepared tosyloxy compounds (13). 

Compound Structure Yield (%) 

 
 

13a 

  

52 

 
 

13b 

  

83 

 
 

13c 

  

88 

 
 

13d 

  

34 

 

 Another method was used to convert compound 12 into a chloro derivative, providing a 

good leaving group in order to form the thiazole ring. As described in the literature for the 

synthesis of ethyl 2-chloro-3-oxo-3-phenylpropanoate (13c, R1 = phenyl), a chlorination 

reaction was performed using sulfuryl chloride, which was added dropwise at 0°C to ethyl 

benzoyl acetate (12d) in dry CHCl3 solution. The resulting mixture was allowed to reach room 

temperature and stirred for 30 min.108 After that, the mixture was refluxed at 63 °C and 

monitored for 48 h, however the reaction did not go to completion. The work up was done after 

48 h and column chromatography was applied to purify the desired compound. The 1H NMR 

data showed that the dichlorinated product (Yield = 67%) was obtained as well as the required 

mono-chlorinated product (Yield = 19%). The dichlorinated product can be distinguished from 

the mono-chlorinated product, which has a singlet peak at ! 5.75 ppm for CHCl (Table 14). 

Unfortunately, 13C NMR was not applied for both derivatives. 
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Table 14: The major and minor product of the reaction. 

Product Structure Yield 

(%) 

1H NMR Data 

 
Di- 

chlorinated 
Major 

  

 

67 

 

1H NMR (DMSO-d6): ! 7.93 (d, J = 

7.3 Hz, 2H, Ar), 7.78-7.76 (m, 1H, Ar), 

7.63-7.61 (m, 2H, Ar), 4.33 (q, J = 7.1 

Hz, CH2CH3), 1.09 (t, J = 7.0 Hz, 3H, 

CH2CH3). 

 
Mono-

chlorinated  
Minor 

  

 

19 

1H NMR (DMSO-d6): ! 7.93 (d, J = 

7.3 Hz, 2H, Ar), 7.78-7.76 (m, 1H, Ar), 

7.63-7.61 (m, 2H, Ar), 5.75 (s, CH), 

4.33 (q, J = 7.1 Hz, CH2CH3), 1.09 (t, J 

= 7.0 Hz, 3H, CH2CH3). 

 

Synthesis of ethyl 2-amino-4-(alkyl/aryl)thiazole-5-carboxylate (15): 

Ethyl 2-amino-4-(alkyl/aryl)thiazole-5-carboxylate (15) was obtained by Hantzsch 

thiazole synthesis with thiourea, where thiourea was added into the solution of ethyl 2-

(chloro/tosylate)acetoacetate in dry EtOH and refluxed at 80°C for 4 h.95  

The reaction mechanism of the thiazole formation involves two major steps as 

previously described (Figure 22). First, the nucleophilic attack of sulfur atom at the "-

tosyloxyketone to form the C-S bond. Then, formation of a five membered ring, which is 

achieved by the removal of a water molecule. In this reaction tosylate takes the same role as Cl 

(ethyl 2-chloroacetoacetate (1)). 

The reaction was worked up by quenching with water, then the resulting mixture was 

neutralised with NH4OH (28 %) to pH 9 to provide a white precipitate. The free amine 

compounds were obtained in very good yields and used in the next step without further 

purification (Table 15).  
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Table 15: Yields and melting points of the prepared thiazole amines (15). 

Compound Structure Yield (%) M.P. (°C) 

(Lit. m.p.) 

 
15a 

  

87 

 

180- 182 

 (174-176)67 

 
15b 

  

94 

 

180- 182 

(179- 181)109  

 
15c 

  

74 

 

168- 171 

(170- 172)109 

 
15d 

  

60 

 

194- 196 

(198- 200)110 

 

Synthesis of ethyl 4-(alkyl/aryl)-2-(phenylsulfonamido)thiazole-5-carboxylate (16-19): 

The sulfonamide linker was obtained by adding ethyl 2-amino-4-(alkyl/aryl)thiazole-

5-carboxylate (15) and benzensulfonyl chloride derivatives (9) in dry pyridine with heating at 

80 °C for 3 h for alkyl derivatives, then the mixture was left at room temperature overnight,111 

and for the aryl derivatives after 48 h at room temperature. All derivatives except compound 

19a were achieved in good yields (Table 16). 
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Table 16: Yields and melting points of the prepared sulfonamide and amide linkers. 

Compound Structure Yield (%) M.P. (°C) 

(Lit. M.P.) 

 
 

16a 

  

86 

 

190 -192  

(157-158°C)68 

 
 

16b 

  

96 

 

185-187  

(Li. m.p. not found) 

 
 

17a 

  

92 

 

Oil 

 
 

18a 
 

 

61 

 

Semisolid 

 
 

19a 

  

8 

 

226-229 

(Li. m.p. not found) 

 

The reaction of compound 19a, which is part of derivative D synthesis, did not reach 

completion even after several optimisations with the equivalents of reagents used, time and 

heat. This could be owing to the electron withdrawing effect (Cl) on the phenyl ring at position 

4 of thiazole which played a role in lowering the availability of the lone pair of electrons on 

the amino N of compound 15d, resulted in reducing the nucleophilicity of the NH2.  Moreover, 

Compound 19a was achieved in a very low yield (8%) because of the difficulty in the 

purification as well as incomplete reaction. Unfortunately, the synthesis of derivative D not 

continued after this stage (Figure 35). 
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Figure 35: The cut off for derivative D synthesis. 

 

Synthesis of N-(5-(hydroxymethyl)-4-(alkyl/aryl) thiazol-2-yl)benzenesulfonamide (20-

22): 

To synthesise N-(5-(hydroxymethyl)-4-(alkyl/aryl)thiazol-2-yl)benzenesulfonamides 

(20-22) several optimisation methods of the reduction reaction were done. First, NaBH4 (3 and 

6 equivalents) was used in THF with reflux at 69 °C for 7 h as usual and left overnight, but the 

reaction did not reach completion. Second, LiAlH4 (1.5 equivalent) was used with caution in 

THF and the reaction was left at room temperature overnight.87 The resulting mixture was 

quenched carefully with H2O in an ice-bath until cession of effervescence, the solid residue 

was filtered, and the desired product was extracted with ethyl acetate from the filtrate solution 

several times. Unfortunately, the crude yield for derivative A and B was very low ranging from 

23-27%, as the desired product extracted into both the water and organic layer after work up. 

In contrast, derivative C was only found in the organic layer owing to having a higher cLogP 
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than derivative A and B, additionally the yield after purification with column chromatography 

was acceptable (54%) (Table 17). 

 

Table 17: Yields and cLogP of the reduction reaction. 

Compound Structure Yield 

(%) 

Comment cLog P* 

 
 
 

20a 

  

 

27 

 

Due to the low lipophilicity 

of the compound, the product 

remained in the aqueous 

layer  

 

 

0.79 

 
 
 

20b 

  

 

37 

 

This compound was 

extracted about 10 times 

from the aqueous layer, but 

the yield was low and 

contained impurities. 

 

 

1.35 

 
 
 

21a 

  

 

23 

 

Due to the low lipophilicity 

of the compound, recovery 

from the aqueous layer was 

difficult resulting in a poor 

recovery. 

 

 

1.67 

 
 
 

22a 
 

  

 

54 

 

 

The compound was only 

found in the organic layer. 

 

 
 
 

2.86 

 

  *cLogP done by Crippen’s fragmentation.103  
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Synthesis of N-(5-(chloro/iodomethyl)-4-alkyl/arylthiazol-2-yl) benzenesulfonamide (24-

26): 

For the final step of the reactions scheme, the OH group must be converted into a good 

leaving group that can be displaced with triazole. Several methods were applied: first, a 

chlorination reaction using either thionyl chloride or oxalyl chloride, which involved the 

addition of thionyl chloride or oxalyl chloride to the alcoholic derivatives (A-C) in CH2Cl2  

under heat for 4 h and then at room temprature overnight.93 However, there was no reaction 

and when DMF was added a complex mixture was obtained. After isolation of the crude 

products, it was found that the amide linker in all derivative (A-C) had broken to give the free 

amine and an aldehyde byproduct.  

A suggested reaction mechanism involves a nucleophilic attack of (O-) of the DMF on the 

carbonyl carbon of the oxalyl chloride which resulted in formation of the Vilsmeier-Haack 

reagent. Then, a nucleophilic attack by the alcoholic O at the alkyl halide bond resulted in 

displacement of the chloride ion. The chloride ion may then attack the C-O carbon resulting in 

formation of intermediate I and the chlorinated product with the free amine. Ultimately, another 

nucleophilic attack by the lone pair of the free amine on the methylidene will give the 

formamide byproduct and dimethylamine (Figure 36).  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 36: Proposed mechanism for chlorination reaction byproduct. 
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The next method applied was to convert the alcohol into either a mesylate or tosylate 

leaving group. The mesylation or tosylation reaction was performed by adding either mesyl or 

tosyl chloride reagent to the alcoholic compound in dry CH2Cl2, which was stirred at room 

temperature overnight. Unfortunately, a complex mixture was obtained, and the desired 

product could not be identified.  

The last trial was an iodination reaction, which was applied by adding iodine to a 

solution of TPP and imidazole in dry CH2Cl2 at 0°C. Then, the reaction was warmed to room 

temperature for 10 min, after that the solution was cooled to 0°C and the alcohol derivative 

added.112,113 The reaction was stirred at room temperature overnight, however the reaction did 

not obtain completion even after the addition of 1 more equivalent of iodine. The crude iodine 

intermediate was used in the next step without further purification.  

 This reaction of converting an alcohol into an alkyl halide is known as the Appel 

reaction.114 The reaction mechanism involves a nucleophilic attack of the lone pair of the 

oxygen of a hydroxy group on the iodotriphenylphosphonium iodide to displace the iodide. 

Then, another nucleophilic attack by the iodide on the C-O bond to give the iodination product 

and triphenylphosphine oxide byproduct. The imidazole played a role as a scavenger for the 

iodide (Figure 37). 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37: The mechanism of the Appel iodination reaction. 
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difficulties with the reaction conditions. While for both derivative A (compound 24) and B 

(compound 25) a complex mixture was obtained, and the desired product could not be 

identified. The complex mixture might be a result of using the alcohol derivatives (A 

=compound 20 and B= compound 21) without further purification owing to the difficulty in 

the purification of the alcohols.  

At this stage as shown in Figure 38, derivative A and B were not progressed further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: The cut off for derivative A and B within scheme (3). 
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acetonitrile and potassium carbonate was heated for 1 h at 45 °C to deprotonate the triazole. 

The triazole anion was added to the iodinated compound and heated at 70 °C overnight 

resulting in the displacement of iodide.95  

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

and the product confirmed by 1H NMR as two singlet peaks for the triazole ring were observed. 

The pure compound was obtained in a very low yield since the previous step was crude, and 

the reaction did not go to completion (Table 18). 

 

Table 18: Yield of the final product (30a). 

Compound Structure Yield 

(%) 

cLog P 
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2. Second Method: 

As shown in Table 17, the alcohols 20a, 20b and 21a of derivatives A and B had very 

low cLogP = 0.79 – 1.67, which might be a reason for finding the compounds in the aqueous 

layer even after several extractions. Modifications in scheme (3) for derivatives A-C were 

needed to improve lipophilicity of the alcohol intermediate, which was a major problem during 

the synthesis. Moreover, an efficient good leaving group reaction method for the alcohol 

derivatives will be investigated (Scheme 4).  

To synthesise derivatives A-C, an eight-step synthetic pathway was proposed: 

1. Koser's reaction with different ethyl acetoacetate derivatives. 

2. Hantzsch thiazole synthesis with thiourea. 

3. Amine protection using phenyl chloroformate. 

4. Reduction reaction with NaBH4. 

5. Chlorination reaction using thionyl chloride. 

6. Nucleophilic substitution of triazole. 

7. Carbamate bond hydrolysis. 

8. Sulfonamide linker formation.  
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Second proposed synthetic pathway of thiazole sulfonamide derivatives: 

 

!!! 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4: Reagents and conditions: (i) HTIB, CH3CN 75 °C, o/n (ii) EtOH, reflux at 80 °C, 

4 h. (iii) pyridine, phenyl chloroformate, r.t., o/n (iv) THF, NaBH4, r.t, o/n (v) CH2Cl2, SO2Cl2, 

40 °C, 4 h (vi) (a) CH3CN, K2CO3, triazole, 45 °C, 1 h (b) 70 °C, o/n (vii) piperidine, DMF, 

r.t., 2 h (vii) pyridine, benzenesulfonyl chloride derivatives, r.t., o/n.  
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Synthesis of ethyl 4-alkyl/aryl-2-((phenoxycarbonyl)amino)thiazole-5-carboxylate (32): 

To solve the lipophilicity issue of derivative A and B, the Fmoc reagent was used first 

to protect the free amine and increasing Log P of the intermediate. The reaction was carried in 

dioxane/H2O (1:1) by heating at 60 °C and monitored by TLC using EtOAc/petrolum ether 

(1:3) eluent system, then the reaction was left overnight. Unfortunately, no reaction occurred 

between Fmoc and compound 15. However, the reason for using Fmoc was to improve the 

stability of the carbamate linker in the reduction of alcoholic intermediate by LiAlH4,115 which 

will be done in the next step. The second reagent used was phenyl chloroformate. The reaction 

involved the addition of phenyl chloroformate into a solution of compound 15 in pyridine at 

0°C and the reaction left at room temperature overnight.111 Only compound 32a (derivative A) 

was synthesised first to confirm and optimise the proposed synthetic pathway. Compound 32a 

was achieved in a good yield (86%) as a white solid and confirmed by NMR analysis (Table 

19).  
 

Table 19: Yield and M.P. of derivative A (32a). 

 

 

 

 

 

 

 

Synthesis of phenyl (5-(hydroxymethyl)-4-methylthiazol-2-yl)carbamate (33a): 

 The reduction of the ester functional group 32a to produce the alcoholic compound (33a) 

was performed by adding 1.5 equivelants of NaBH4 into a solution of 32a in THF and the 

reaction left at room temperature overnight. The reaction was monitored by TLC using 

EtOAc/petroleum ether (3:1) eluent system, unfortunately no reaction occurred even after 

increasing NaBH4 equivalents (3 eq.) and heating at 60 °C. At this point, the proposed scheme 

(4) could not be optimised owing to difficulty in the reduction step.  

 

 The only thiazole sulfonamide obtained from the 4 planned derivatives (A-D) was 

compound 30a of derivative C, which was evaluated against CaCYP51 strains. 
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c. Biological evaluation: 

1.! C. albicans susceptibility testing: 

The final thiazole sulfonamide compound was evaluated against C.albicans wild-type 

clinical isolate CAI4 and C.albicans laboratory strain SC5314. The MIC result for compound 

30a in both strains were very high (>16 µg/mL) compared with fluconazole (Table 20). The 

minimal antifungal activity could be related to the diffusion or transporter system within the 

cells.98  

 
Table 20: MIC value for compound 30a. 

Code Compound MIC (µg/mL) 
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3. New modification on the thiazole sulfonamide derivatives:  

Since antifungal results for 30a were not promising in addition to the difficulties in the 

synthetic pathway, new modifications on the thiazole sulfonamide derivatives (A-D) were 

needed and studied computationally to investigate the binding interactions with different amino 

acids within CaCYP51 active site. From the computational studies, only two derivatives with 

the aryl group at position 4 of the thiazole ring were considered for synthesis (Table 21).  

 

Table 21: Two derivatives (E and F) of modified thiazole sulfonamide. 

  

 

The main idea for the new proposed modification as shown in Figure 39 was: 

1.!  To provide more flexible compounds by adding CH2 at position 2 of the thiazole ring, 

which might help to improve fit and binding at the access channel. 

While two structural features of the previous thiazole sulfonamide derivatives were kept 

(Figure 39): 

2.! To maintain the hydrophobic binding at the haem active site’s arm by the aryl group at 

position 4 of the thiazole ring.   

3.! To increase binding interactions with other amino acids at the access channel by 

introduction of sulfonamide linker. 
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Figure 39: General structure for modified thiazole sulfonamide derivatives. 
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a. Computational studies:  

1. Molecular modelling:    

From the docking studies of modified thiazole sulfonamide derivatives, the compounds 

showed good fitting as well as occupying the access channel, and the distance between the 

azole nitrogen and the haem iron was approximately 3.33 Å. Binding interactions were through 

direct and indirect H-bonding with different amino acid residues as well as hydrophobic 

interctions with 10 amino acids (Figure 40). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: 2D and 3D visualisation of derivative E compound, used as an exemplar. (A) 2D 

ligplot illustrating binding interactions with amino acids in the protein. (B) 3D image 

illustrating key direct H-bonding interactions with Ser378 and through water molecules with 

Met508, Leu376 and His377. 
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2. MD simulation: 

To confirm the result of the molecular docking for the same obtained pose of derivative 

E, molecular dynamic simulation was applied. In Figure 41A, the binding profile for derivative 

E during 200 ns simulation showed direct H-bonding interactions with Ser378, His377 and 

Met508 and water mediated H-bonding with Ser507 as well as a #-# stacking interaction 

between the phenyl at position 4 of the thiazole ring and Tyr118. Moreover, the interaction 

distance between the triazole N and the haem iron was approximately 2.45 Å (Figure 41B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: A) 2D ligand interactions of molecular dynamic (MD) simulation of derivative E 

with amino acids of CaCYP51 active site that occur more than 30% of the simulation time in 

the selected trajectory (0 through 200 ns). B) 3D image showing key binding interactions and 

position of the triazole ring above the heam with direct binding to Fe3+. 

A 

B 



(Chapter III) 

  110 

b. Chemistry: 

From the results of the docking studies, just two derivatives were chosen for synthesis 

using the 7 reaction steps pathway (Scheme 5): 

1.! Lawesson’s reaction. 

2.! Hantzsch thiazole synthesis with thioamide derivative. 

3.! Hydrolysis of the amine protecting group. 

4.! Sulfonamide linker formation. 

5.! Reduction reaction using LiAlH4. 

6.! Chlorination reaction. 

7.! Nucleophilic substitution reaction of triazole. 
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Proposed synthetic scheme of modified thiazole sulfonamide derivatives E and F. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5: Reagents and conditions: (i) THF, Lawesson’s reagent, r.t., 4 h. (ii) DMF/EtOH 

(2:1), heat at 80 °C o/n. (iii) HBr (in 33% AcOH), r.t., 3 h (iv) pyridine, 80 °C, 3 h, r.t., o/n. (v) 

THF, LiAlH 4, r.t., o/n. (vi) CH2Cl2, (COCl)2, reflux at 40 °C, 4 h (vii) (a) CH3CN, K2CO3, 

triazole, 45 °C, 1 h, (b) 70 °C, o/n. 
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Synthesis of benzyl (2-amino-2-thioxoethyl)carbamate (38): 

 Lawesson's reagent is a useful thionating agent for ketones, esters and amides, which 

allows selective transformation.116 Benzyl(2-amino-2-thioxoethyl) carbamate (38) was 

obtained by adding Lawesson’s reagent into a solution of compound 37 in THF, and the 

mixture was left at room temperature for 4 h.117  

 The reaction mechanism involves a dissociation equilibrium with more reactive 

dithiophosphine intermediate. Then, the carbonyl O forms a four membered ring and the 

driving force for the corresponding thioamide (38) is the formation of a stable P=O bond from 

the reactive/unstable ring (Figure 42).116 The desired product (38) was achieved in a good yield 

(yield = 76 %). 

 
 

 

!
 
 
 
 
 

 

 
 
 
 
 

 
 

 
 
 
 
Figure 42: Lawesson’s reaction mechanism. 
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Synthesis of ethyl 2-((((benzyloxy)carbonyl)amino)methyl)-4-phenylthiazole-5-

carboxylate (39): 

 Synthesis of ethyl 2-((((benzyloxy)carbonyl)amino)methyl)-4-phenylthiazole-5-

carboxylate (39c) was achieved by adding compound (13a) into a solution of the thioamide 

compound (38) in a mixture of DMF/EtOH (2:1 v/v), and the reaction was heated at 80 °C 

overnight. The mechanism involves a cyclisation reaction, similar to compound 3 and 15, as 

previously discussed. The purification of this compound was very difficult which affected the 

yield (Table 22).  

 

Table 22: Yield of compound (39c). 

Compound Structure Yield (%) 

 

39c 

  

29 

 
 Unfortunately, the next step, which is a hydrolysis of the carbamate bond in compound 

(39c) to give the free amine, was unsuccessful even with several optimisations of the reaction 

temperature, time, reagent equivalents and different methods (Figure 43). The first hydrolysis 

method that failed was the HBr in 33% acetic acid, and the reaction was left at 3 h as well as 

overnight.118 The second failed trial was using only acetic acid, and the reaction left for 4 h to 

24 h, but only starting material was obtained. On the other hand, reduction of the carbamate 

bond could be possible using LiAlH4, but this would also reduce the ester, which would 

complicate the synthetic pathway.  

 

 

 

 

 

 

Figure 43: Hydrolysis of Compound (39). 

  

Even though the new proposed modifications of the thiazole sulfonamide derivatives 
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4. Conclusion: 

The high demand for antifungal drugs to be developed is due to the frequent fluconazole 

drug resistance that occurs with different antifungal strains, especially for C. albicans. Design 

and synthesis of novel antifungal compounds require a good understanding of the target 

enzyme, CaCYP51. In this chapter, two type of the thiazole sulfonamide derivatives were 

designed as shown in Figure 44. 

 

 

 

 

 

 

 

 

Figure 44: Two different designs of thiazole sulfonamide derivatives. 

 

The computational studies of all thiazole sulfonamide derivatieves (A-F) showed 

promising binding interactions directly with the amino acids as well as through water 

molecules. Met 508, Leu376, Ser 378 and His 377 were the key amino acids in the ligand 

interactions along with the other hydrophobic interactions of the inhibitors with the boundaries 

of the active site as shown from the MD. Moreover, two methods were explored to achieve the 

thiazole sulfonamide derivatives (A-D). From the first method, only one compound of 

derivative C was obtained. Even though compound 30a was obtained, the synthetic pathway 

was very difficult specifically at the iodination step (step five), which needed optimisation to 

obtain completion of the reaction, unfortunately its optimisation was difficult to achieve. The 

second method was used to synthesise derivative A and B, however the synthetic pathway 

stopped at the reduction step of the ester to give hydroxy compound (step four) as no reaction 

was obtained. Similarly, the synthetic route of modified thiazole sulfonamide derivatives (E 

and F) was cut off at the hydrolysis step of the carbamate bond owing to no reaction occurring.  

Even though the computational studies were promising for the thiazole sulfonamide 

derivatives, the biological result for compound 30a was negative. One important reason that 

may explain the negative results in all previous series including chapter II is the rigidity of the 

designed inhibitors, which might be unfavorable for the transporting system in the extracellular 

environment of C. albicans as well as the efflux system of the fungal cell. Thus, the major idea 
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from modified thiazole sulfonamide derivatives was to provide a more flexible structure that 

might improve the activity. Even though the molecular docking and dynamics were promising 

for the modified thiazole sulfomaide derivatives, the synthetic pathway was not applicable.  

Despite the fact that the chemistry of the thiazole sulfonamide derivatives (A-F) did not 

work, the thiazole nucleus and sulfonamide linker was the building bone of all inhibitors, which 

was also a common factor in the phenyl thiazole short and extended series (chapter II). The 

higher polarity of the sulfonamide may be unfavourable for uptake across the lipophilic fungal 

membrane. 

In the next chapter, a new series of novel inhibitors were designed and synthesised in 

order to provide different/applicable chemistry, more flexible structures that allow the 

occupancy of the enzyme active site as well as provide direct binding with the haem iron.    
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5. Experimental 

! Computational docking, MD simulations and MIC assay were performed as described 

in Chapter II (p 61 and 79). 

 

General method: 

Ethyl 3-oxo-2(tosyloxy)butanoate (13a)87  

 (C13H16O6S, M.W. 300.33) 

 

 

 

 

 

To a solution of HTIB (10.14 g, 25.86 mmol) in dry CH3CN (30 mL) was added ethyl 

acetoacetate (12a) (3 mL, 23.51 mmol) in portions. The colourless solution was heated 

overnight at 75 C°. The solvent was evaporated under vacuum and the mixture was extracted 

with EtOAc (100 mL). The organic layer was washed with H2O (3 x 50 mL), dried (MgSO4), 

and concentrated under reduced pressure. Gradient column chromatography was applied to 

purify the residue by using a mixture of petroleum ether/ EtOAc (70:30 v/v) as eluent to afford 

the desired product.  

Yield: 3.67 g (52 %) as a pale yellow oil. 

Rf: 0.33 (5:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): ! 7.84 (d, J = 8.3 Hz, 2H, Ar), 7.50 (d, J = 7.9 Hz, 2H, Ar), 5.75 (s, 1H, 

CH), 4.10 (q, J = 7.1 Hz, 2H, CH2CH3), 2.43 (s, 3H, CH3), 2.19 (s, 3H, CH3), 1.13 (t, J = 7.1 

Hz, 3H, CH2CH3). 

 

Using this procedure, the following compounds were prepared: 

Ethyl 4-methyl-3-oxo-2-(tosyloxy)pentanoate (13b)87  

(C15H20O6S, M.W.328.38) 
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Reagents: ethyl isobutryl acetate (12b) (3 mL, 18.58 mmol). The residue was purified by using 

gradient column chromatography and the pure compound was eluted with 30 % EtOAc in 

petroleum ether. 

Yield: 5.07 g (83 %) as a pale pink oil. 

Rf: 0.5 (4:1v/v petroleum ether- EtOAc).  
1H NMR (DMSO-d6): ! 7.84 (d, J = 8.5 Hz, 2H, Ar), 7.58 (d, J = 7.5 Hz, 2H, Ar), 5.88 (s, CH 

-Tos), 4.10 (q, J = 7.1 Hz, 2H, CH2CH3), 2.95 (sep, J = 7.0 Hz, 1H, CH(CH3)2), 2.43 (s, 3H, 

CH3), 1.12 (t, J = 7.1 Hz, 3H, CH2CH3), 0.96 (d, J = 6.8 Hz, 6H, CH(CH3)2).  
13C NMR (DMSO-d6): !  203.3 (C, C=O), 164.4 (C, C=O), 146.2 (C, Ar), 132.3 (C, Ar), 79.4 

(CHC=O), 62.8 (CH2), 37.7 (CH(CH3)2), 21.6 (CH3, Ar), 17.7 (CH(CH3)2), 14.1 (CH2CH3). 

HPLC (Method B): 98 %, RT = 4.97 min. 

HRMS (ESI, m/z): theoretical mass: 351.0878 [M+Na]+, observed mass: 351.0885 [M+Na] +. 

Ethyl 3-oxo-3-phenyl-2-(tosyloxy)propanoate (13c)87 

(C18H18O6S, M.W. 362.40) 

 

 

 

 

 

Reagents: ethyl benzyl acetate (12c) (3 mL, 17.63 mmol). The residue was purified by gradient 

column chromatography and the pure compound was eluted with 20 % EtOAc in petroleum 

ether. 

Yield: 5.64 g (88 %) as a yelow oil. 

Rf: 0.5 (4:1v/v petroleum ether-EtOAc).  
1H NMR (DMSO-d6): ! 7.90 (d, J = 7.2 Hz, 2H, Ar), 7.81 (d, J = 8.3 Hz, 2H, Ar), 7.71 (t, J 

= 7.4 Hz, 1H, para-Ar), 7.53 (t, J = 8.3 Hz, 2H, Ar), 7.45 (d, J = 7.9 Hz, 2H, Ar), 6.59 (s, CH 

-Tos), 4.09 (q, J = 7.1 Hz, 2H, CH2CH3), 2.41 (s, 3H, CH3), 1.04 (t, J = 7.1 Hz, 3H, CH2CH3). 
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Ethyl 3-(4-chlorophenyl)-3-oxo-2-(tosyloxy)propanoate (13d)<sup>87</sup> 

(C18H17ClO6S, M.W. 396.84)  

 

 

 

 

 

Reagents: ethyl 3-(4-chlorophenyl)-3-oxopropanoate (12d) (1.57g 6.9, mmol). The residue 

was purified by using gradient column chromatography and the pure compound was eluted 

with 25 % EtOAc in petroleum ether.  

Yield: 0.27 g (34 %) as a white powder.  

m.p.: 78-80 °C. 

Rf: 0.4 (4:1v/v petroleum ether-EtOAc).  
1H NMR (DMSO-d6): ! 7.94 (d, J = 9.0 Hz, 2H, Ar), 7.81 (d, J = 8.5 Hz, 2H, Ar), 7.62 (d, J 

= 9.0 Hz, 2H, Ar), 7.45 (d, J = 8.0 Hz, 2H, Ar), 6.62 (s, CH -Tos), 4.12- 4.07 (m, 2H, CH2CH3), 

2.41 (s, 3H, CH3), 1.05 (t, J = 7.0 Hz, 3H, CH2CH3).  

13C NMR (DMSO-d6): !  188.81(C, C=O), 164.19 (C, C=O), 146.33 (C, Ar), 140.16 (C, Ar), 

132.53 (C, Ar), 132.34 (C, Ar), 131.48 (CH, Ar), 130.63 (CH, Ar), 129.51 (CH, Ar), 128.46 

(CH, Ar), 77.79 (CHC=O), 62.97 (CH2), 21.59 (CH3, Ar), 14.06 (CH2CH3). 

HPLC (Method A): 100 %, RT = 4.77 min.  

HRMS (ESI, m/z): theoretical mass: 35/37Cl!419.0331/421.0331 [M+Na]+, observed mass: 
35/37Cl!419.0330/421.0305 [M+Na]+. 

Ethyl 2-amino-4-methylthiazole-5-carboxylate (15a)119  

(C7H10N2O2S, M.W. 186.23) 

 

 

 

To a solution of ethyl 2-chloroacetoacetate (1) (1.29 g, 7.87 mmol) in dry EtOH (15 mL) was 

added thiourea (14) (0.5 g, 6.56 mmol) and the reaction refluxed at 80 °C for 4 h. The reaction 

mixture was cooled to room temperature, then cold ice/H2O (50 mL) was added to the mixture 
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and neutralised with aqueous ammonia. The resulting precipitate was collected by filtration 

and left in the vacuum oven at 40 °C overnight.  

Yield: 1.07 g (87 %) as a white fluffy solid. 

m.p.: 180-182 °C (Lit. m.p.: 174-176 °C)109. 

Rf: 0.22 (2:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): ! 6.57 (s, 2H, NH2), 4.29 (q, J = 7.1 Hz, 2H, CH2CH3), 2.56 (s, 3H, 

CH3), 1.35 (t, J = 7.1 Hz, 3H, CH2CH3). 

 

Using this procedure, the following compounds were prepared: 

Ethyl 2-amino-4-isopropylthiazole-5-carboxylate (15b)119  

(C9H14N2O2S, M.W. 214.28) 

 

 

 

 

Reagents: ethyl 4-methyl-3-oxo-2-(tosyloxy)pentanoate (13b) (1.29 g, 3.93 mmol). 

Yield: 0.66 g (94 %) as a white solid. 

m.p.: 180-182 °C (Lit. m.p.: 179-181 °C)109. 

Rf: 0.45 (2:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): ! 7.73 (s, 2H, NH2), 4.14 (q, J = 7.1 Hz, 2H, CH2CH3), 3.77 (sep, J = 

6.9 Hz, 1H, CH(CH3)2), 1.22 (t, J = 7.1 Hz, 3H, CH2CH3), 1.12 (d, J = 6.8 Hz, 6H, CH(CH3)2). 

Ethyl 2-amino-4-phenylthiazole-5-carboxylate (15c)119 

(C12H12N2O2S, M.W. 248.30) 

!

!

 

 

 

Reagents: ethyl 3-oxo-3-phenyl-2-(tosyloxy) propanoate (13c) (0.32 g, 4.14 mmol). 
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Yield: 0.76 g (74 %) as a faint yellow solid. 

m.p.: 168-171 °C ( 170-172°C)109. 

Rf: 0.3 (2:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): ! 7.83 (s, 2H, NH2), 7.64-7.60 (m, 2H, Ar), 7.39-7.36 (m, 3H, Ar), 4.08 

(q, J = 7.1 Hz, 2H, CH2CH3), 1.14 (t, J = 7.0 Hz, 3H, CH2CH3). 

Ethyl 2-amino-4-(4-chlorophenyl)thiazole-5-carboxylate (15d)119 

(C12H11ClN2O2S, M.W. 282.74)  

 

 

 

 

 

 

 

Reagents: ethyl 3-(4-chlorophenyl)-3-oxo-2-(tosyloxy) propanoate (13d) (0.34g, 0.86 mmol). 

Yield: 0.15 g (60 %) as a pale yellow solid. 

m.p.: 194-196 °C (Lit. m.p.: 198-200°C)110 . 

Rf: 0.2 (2:1 v/v petroleum ether-EtOAc). 
1H NMR (DMSO-d6): ! 7.88 (s, 2H, NH2), 7.66 (d, J=8.5 Hz, 2H, Ar), 7.44 (d, J=8.5 Hz, 2H, 

Ar), 4.08 (q, J = 7.1 Hz, 2H, CH2CH3), 1.16(t, J = 7.1 Hz, 3H, CH2CH3).  

 

Ethyl 4-methyl-2-(phenylsulfonamido) thiazole-5-carboxylate (16a)97  

(C13H14N2O4S2, M. W. 326.39) 

 

 

 

A mixture of ethyl 2-amino-4-methylthiazole-5-carboxylate (15a) (1 g, 5.36 mmol) and 

benzensulfonyl chloride (9a) (1.41 g, 8.04 mmol) in dry pyridine (10 mL) was heated at 80 °C 

for 3 h, then left at room temperature overnight. Then, crushed ice was added to the reaction 
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mixture and the separated solid product was collected by filtration, washed with H2O several 

times, and dried in the vacuum oven at 40 °C overnight.  

Yield: 1.5 g (86 %) as a light brown solid. 

m.p.: 190-192 °C (Lit. m.p.: 157-158°C)120. 

Rf: 0.67 (3:1 v/v EtOAc-petroleum ether). 
 1H NMR (DMSO-d6): ! 13.22 (s, 1H, NH, sulfonamide), 7.82 (d, J = 7.3 Hz, 2H, Ar), 7.65-

7.58 (m, 3H, Ar), 4.23 (q, J = 7.1 Hz, 2H, CH2CH3), 2.39 (s, 3H, CH3), 1.26 (t, J = 7.1 Hz, 3H, 

CH2CH3). 

 

Using this procedure, the following compounds were prepared: 

 

Ethyl-2-((4-chlorophenyl)sulfonamido)-4-methylthiazole-5-carboxylate (16b)97 

(C13H13ClN2O4S2, M.W. 360.83) 

 

 

 

 

Reagents: ethyl 2-amino-4-methylthiazole-5-carboxylate (15a) (1g, 5.36 mmol) and 4-

chlorobenzensulfonyl chloride (9b) (1.69 g, 8.04 g mmol). 

Yield: 1.87 g (96 %) as a light brown solid. 

m.p.: 185-187 °C. 

Rf: 0.57 (3:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): ! 13.32 (s, 1H, NH, sulfonamide), 7.82 (d, J = 8.8 Hz, 2H, Ar), 7.63 

(d, J = 8.5 Hz, 2H, Ar), 4.23 (q, J = 7.1 Hz, 2H, CH2CH3), 2.40 (s, 3H, CH3), 1.26 (t, J = 7.1 

Hz, 3H, CH2CH3). 

 

Ethyl 4-isopropyl-2-(phenylsulfonamido) thiazole-5-carboxylate (17a)  

(C15H18N2O4S2, M.W. 354.44)  
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Variation: The compound was extracted with EtOAc (50 mL) and washed with 1M aqueous 

HCl (2 x 25 mL), brine (2 x 25 mL) and H2O (2 x 25 mL). 

Reagents: ethyl 2-amino-4-isopropylthiazole-5-carboxylate (15b) (0.66 g, 3.08 mmol).  

Yield: 1.01 g (92%) as a brown oil. 

Rf: 0.37 (3:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): ! 13.20 (s, 1H, NH), 7.84 (d, J = 7.0 Hz, 2H, Ar), 7.60-7.57 (m, 3H, 

Ar), 4.24 (q, J = 7.1 Hz, 2H, CH2CH3), 3.92 (sep, J = 7.1 Hz, 1H, CH(CH3)2), 1.27 (t, J = 7.1 

Hz, 3H, CH2CH3), 1.17 (d, J = 6.2 Hz, 6H, CH(CH3)2). 
13C NMR (DMSO-d6): ! 167.54 (C, thiazole), 160.75 (C, C=O), 153.90 (C, thiazole), 142.03 

(C, Ar), 133.04 (CH, Ar), 129.66 (CH x 2, Ar), 126.30 (CH x 2, Ar), 106.47 (C, thiazole), 

61.65 (CH2), 26.42 (CH(CH3)2), 20.59 (CH(CH3)2), 14.53 (CH3). 

HPLC (Method B): 95 %, RT = 3.31 min. 

HRMS (ESI, m/z): theoretical mass: 355.0786 [M+H]+, observed mass: 355.0790 [M+H] +. 

 

Ethyl 4-phenyl-2-(phenylsulfonamido)thiazole-5-carboxylate (18a)  

(C18H16N2O4S2, M.W. 388.46)  

!

!

 

 

Variation: Reaction stirred at room temperature for 48h. In the work up the compound was 

extracted with EtOAc (50 mL) and washed with 1M aqueous HCl (2 x 25 mL), brine (2 x 25 

mL) and H2O (2 x 25 mL). Gradient column chromatography was applied to purify the desired 

product which eluted with petroleum ether-EtOAc 3:2 v/v. 

Reagents: ethyl 2-amino-4-phenylthiazole-5-carboxylate (15c) (0.56 g, 2.25 mmol).  

Yield: 0.53 g (61%) as a white wax (semisolid). 

Rf: 0.67 (3:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): ! 13.49 (s, 1H, NH), 7.87 (d, J = 7.1 Hz, 2H, Ar), 7.63-7.56 (m, 3H, 

Ar), 7.59-7.44 (m, 5H, Ar), 4.13 (q, J = 7.1 Hz, 2H, CH2CH3), 1.13 (t, J = 7.1 Hz, 3H, 

CH2CH3). 
13C NMR (DMSO-d6): ! 166.96 (C, thiazole), 160.17 (C, C=O), 159.18 (C, thiazole), 142.08 

(C, Ar), 135.05 (C, Ar), 133.04 (CH, Ar), 130.78 (CH, Ar),  130.24 (CH x 2, Ar), 129.65 (CH 

(15c) (9a) (18a) 
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x 2, Ar), 129.01 (C, thiazole), 128.30 (CH x 2, Ar), 126.34 (CH x 2, Ar), 61.63 (CH2), 14.28 

(CH3). 

HPLC (Method B): 99 %, RT = 4.96 min. 

HRMS (ESI, m/z): theoretical mass: 411.0448 [M+Na]+, observed mass: 411.0452 [M+Na] +. 

 

Ethyl 4-(4-chlorophenyl)-2-(phenylsulfonamido)thiazole-5-carboxylate(19a)  

(C18H15ClN2O4S2, M.W. 422.90)  

 

 
 

 
 

Reagents: ethyl 2-amino-4-(4-chlorophenylthiazole-5-carboxylate (15d) (0.37 g, 1.33 

mmol). Compound eluted at 40 % EtOAc. 

Yield: 0.05 g (8 %) as a beige crystalline solid. 

m.p.: 174-176 °C. 

Rf: 0.25 (3:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): ! 13.49 (s, 1H, NH), 7.87 (d, J = 7.1 Hz, 2H, Ar), 7.67-7.64 (m, 1H, 

Ar), 7.62-7.58 (m, 4H, Ar), 7.53 (d, J = 7.8 Hz, 2H, Ar), 4.14 (q, J = 7.1 Hz, 2H, CH2CH3), 

1.13 (t, J = 7.1 Hz, 3H, CH2CH3). 
13C NMR (DMSO-d6): ! 166.96 (C, thiazole), 160.17 (C, C=O), 159.18 (C, thiazole), 142.08 

(C, Ar), 135.05 (C, Ar), 133.04 (C, Ar), 130.78 (CH, Ar),  130.24 (CH x 2, Ar), 129.65 (CH x 

2, Ar), 129.01 (C, thiazole), 128.30 (CH x 2, Ar), 126.34 (CH x 2, Ar), 61.63 (CH2), 14.28 

(CH3). 

HPLC (Method A): 100 %, RT = 4.71 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl!423.0240/425.0240 [M+H]+, observed mass: 
35/37Cl!423.0240/425.0213 [M+H]+. 
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N-(5-(hydroxymethyl)-4-methylthiazol-2-yl) benzenesulfonamide (20a)  

(C11H12N2O3S2, M.W. 284.35)  

 

 

 

To an ice-cooled stirred solution of ethyl 4-methyl-2-(phenylsulfonamido)thiazole-5-

carboxylate (16a) (1g, 3.06 mmol) in dry THF (10 mL), was added LiAlH4 (1M in THF, 4.59 

mL, 4.59 mmol) dropwise over 30 min. The reaction was left at room temperature with 

continuous stirring overnight.87 The resulting mixture was quenched carefully with H2O (20 

mL) in an ice-bath until cession of effervescence, then EtOAc (50 mL) was added. The organic 

layer was washed with H2O (2 x 25 mL), dried (MgSO4) and evaporated under vacuum. The 

product was used in the next step without further purification. 

Yield: 0.24g (27%) as a yellow-orange semi solid. 

Rf: 0.47 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): ! 12.44 (s, 1H, NH), 7.79 (d, J = 7.1 Hz, 2H, Ar), 7.63-7.58 (m, 3H, 

Ar), 5.35 (t, J = 8.1 Hz,1H, OH, ex), 4.35 (d, J = 5.1 Hz, 2H, CH2), 2.03 (s, 3H, CH3). 

 

Using this procedure, the following compounds were prepared: 

 

4-Chloro-N-(5-(hydroxymethyl)-4-methylthiazol-2-yl) benzenesulfonamide (20b)  

(C11H11ClN2O3S2, M.W.318.79)  

 

 

 

 

Variations: The resulting mixture was quenched carefully with H2O (20 mL) in an ice-bath 

until cession of effervescence, then 1M aqueous HCL (20 mL) was added; the compound was 

extracted with CH2Cl2 (3 x 50 mL), dried (MgSO4) and evaporated under vacuum. The crude 

product was used without further purification. 

Reagents: 4-chloro-N-(5-(hydroxymethyl)-4-methylthiazol-2-yl) benzenesulfonamide (16b) 

(0.5g, 1.38 mmol). 

(16a) (20a) 

(16b) (20b) 
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Yield: 0.3g (70%) as a white semisolid.  

Rf: 0.3 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): ! 12.54 (s, 1H, NH), 7.79 (d, J = 8.8 Hz, 2H, Ar), 7.55 (d, J = 8.8 Hz, 

2H, Ar), 5.37 (t, J = 6.5 Hz, 1H, OH, ex), 4.35 (d, J = 5.3 Hz, 2H, CH2), 2.04 (s, 3H, CH3). 

 

N-(5-(Hydroxymethyl)-4-isopropylthiazol-2-yl)benzenesulfonamide (21a)  

(C13H16N2O3S2, M.W. 312.40) 

 

 

 

 

Reagents: Ethyl 4-isopropyl-2-(phenylsulfonamido)thiazole-5-carboxylate (17a) (1g, 2.82 

mmol). Crude product was used without further purification. 

Yield: 0.21 g (23%, crude) as a yellow-orange oil.  

Rf: 0.3 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): ! 12.48 (s, 1H, NH), 7.81 (d, J = 6.8 Hz, 2H, Ar), 7.65-7.56 (m, 3H, 

Ar), 5.39 (t, J = 5.7 Hz, 1H, OH, ex), 4.38 (d, J = 5.7 Hz, 2H, CH2), 3.38 (sep, J = 6.8 Hz, 1H, 

CH(CH3)2), 1.11 (d, J = 7.0 Hz, 6H, CH(CH3)2). 

 

N-(5-(Hydroxymethyl)-4-phenylthiazol-2-yl)benzenesulfonamide (22a)  

(C16H14N2O3S2, M.W. 346.42)  

 

 

 

 

Reagents: Ethyl 4-phenyl-2-(phenylsulfonamido)thiazole-5-carboxylate (18a) (0.5g, 1.28 

mmol).The crude product was purified using gradient column chromatography and the pure 

product was eluted with CH2Cl2- MeOH 98:2 v/v. 

Yield: 0.24g (54%) as a white solid. 

 m.p.: 86-88 °C. 

Rf: (9.5:0.5 v/v CH2Cl2-MeOH). 
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1H NMR (DMSO-d6): ! 12.95 (s, 1H, NH), 7.85 (d, J = 6.8 Hz, 2H, Ar), 7.60-7.56 (m, 3H, 

Ar), 7.49-7.45 (m, 5H, Ar), 5.68 (t, J = 5.6 Hz, 1H, OH, ex), 4.44 (d, J = 5.4 Hz, 2H, CH2). 
13C NMR (DMSO-d6): ! 167.58 (C, thiazole), 142.68 (C, thiazole), 129.21 (2 x C, Ar), 132.58 

( CH, Ar), 129.73 ( CH, Ar), 129.47 (CH x 2, Ar), 129.21 (CH x 2, Ar), 128.74 (CH x 2, Ar), 

126.31 (CH x 2, Ar),  122.17 (C, thiazole), 55.83 (CH2). 

HPLC (Method B): 99%, RT = 4.69 min. 

HRMS (ESI, m/z): theoretical mass: 369.0343 [M+Na]+, observed mass: 369.0344 [M+Na]+. 

 
N-(5-(Iodomethyl)-4-phenylthiazol-2-yl)benzenesulfonamide (26a)  
(C16H13IN2O2S2, M.W. 456.32)  

 

 

!
 

 

To a solution of triphenylphosphine (TPP) (0.34g, 1.31 mmoL) in dry CH2Cl2 (10 mL) was 

added imidazole (0.09 mL, 1.31 mL). Then, the reaction flask was covered with aluminum foil 

and cooled in an ice-bath. Four portions of iodine (0.33g, 1.31 mmoL) were added over 20 min, 

then the reaction warmed to room temperature for 10 min. After that, the solution was cooled 

to 0°C and the alcohol 22a (0.35g, 1.01mmoL) was added to the mixture. The reaction was 

stirred at room temperature overnight.112 The reaction mixture was diluted with CH2Cl2 (50 

mL) and washed with H2O (25 mL), the organic layer was dried (MgSO4) and evaporated to 

give an orange oil. The compound was used in the next step without further purifications. 

Yield: 0.46g, (100 %, crude) orange oil.  

Rf: 0.72 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): ! 12.85 (s, 1H, NH), 7.85 (d, J = 6.8 Hz, 2H, Ar), 7.65-7.56 (m, 3H, 

Ar), 7.48-7.46 (m, 5H, Ar), 4.02 (s, 2H, CH2).  

 

 

 

 

 

 

CH2Cl2, TPP, imidazoleS

N
NH

S
O OOH

S
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Iodine at 0℃, room temp.,
 overnight
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N-(5-((1H-1,2,4-triazol-1-yl)methyl)-4-phenylthiazol-2-yl)benzenesulfonamide(30a)  

(C18H15N5O2S2, M. W. 397.47)  

 

 

  

 

 

Method: In dry CH3CN (20 mL), K2CO3 (0.083 g, 0.6 mmol) and triazole (0.28 g, 4 mmol) 

were added. The suspension was heated at 45 °C for 1 h. After cooling to room temperature, 

N-(5-(iodomethyl)-4-phenylthiazol-2-yl)benzenesulfonamide (26a) (0.5 g, 1.1 mmol) was 

added and the mixture was heated at 70 °C overnight.87 The solvent was evaporated under 

vacuum and the residue was extracted with CH2Cl2 (50 mL), washed with brine (3 x 25 mL) 

and H2O (2 x 25 mL). The organic layer was dried (MgSO4) and evaporated under vacuum. 

The crude product was purified by gradient column chromatography and the pure compound 

was eluted with 3.5 % MeOH in CH2Cl2. 

Yield: 0.02g (5%) as a pale yellow solid. 

m.p.: 192-194 °C. 

Rf: 0.42 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (CDCl3): !  8.67 (s, 1H, triazole), 8.50 (s, 1H, NH), 8.04 (s, 1H, triazole), 7.73 (d, J 

= 7.5 Hz, 2H, Ar), 7.64-7.59 (m, 3H, Ar), 7.58-7.47 (m, 5H, Ar), 5.14 (s, 2H, CH2). 
13C NMR  (CDCl3): ! 167.29 (C, thiazole), 151.90 (CH, triazole), 143.32 (CH, triazole), 

141.69 (C, thiazole), 136.48 (C, Ar), 132.27 (CH, Ar),130.39 (CH, Ar), 129.34 CH x 2, Ar), 

128.80 (CH x 2, Ar), 128.71(CH x 2, Ar), 127.62 (C, thiazole), 126.35 (CH x 2, Ar), 112.38 

(C, thiazole), 45,53 (CH2).  

Microanalysis (C18H15N5O2S2): Anal. Calcd: C 54.39 %, H 3.80 %, N 17.61 %. Found: C 

54.74 %, H 3.83 %, N 17.24 %.   

 

Ethyl 4-methyl-2-((phenoxycarbonyl)amino)thiazole-5-carboxylate (32)  

(C14H14N2O4S, M.W. 306.34) 

 

 

 

 

I. K2CO3, triazole, CH3CN 
           heat 45 ℃, 1 h
II. Heat 70 ℃, overnight
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A mixture of ethyl 2-amino-4-methylthiazole-5-carboxylate (15a) (0.5 g, 2.68 mmol) and 

phenyl chloroformate (0.5 g, 3.21 mmol) in dry pyridine (10 mL) was left at room temperature 

overnight. Then, crushed ice was added to the reaction mixture and the separated solid product 

was collected by vacuum filtration, washed with H2O several times, and dried in the vacuum 

oven at 40 °C overnight.  

Yield: 0.02g (5%) as a white solid. 

m.p.: 222-224 °C. 

Rf: 0.6 (2: 1 v/v petrolum ether-EtOAc). 
1H NMR (DMSO-d6): !  12.71 (s, 1H, NH),7.46 (t, J = 7.5 Hz, 2H, Ar),7.33-7.27 (m, 3H, Ar), 

4.24 (q, J = 7.6 Hz, 2H, CH2CH3), 2.55 (s, 3H, CH3), 1.26 (t, J = 7.1 Hz, 3H, CH2CH3). 
13C NMR (DMSO-d6): ! 176.60 (C, C=O), 162.32 (C, thiazole), 159.51(C, thiazole), 151.12 

(C, Ar), 150.45 (C, C=O, Ar), 130.07 (CH x 2, Ar), 126.65 (CH, Ar), 122.16 (CH x 2, Ar), 

113.67 (C, thiazole),  61.05 (CH2), 17.35 (CH3, thiazole), 14.63 (CH3).  

HPLC (Method A): 100%, RT = 4.7min. 

HRMS (ESI, m/z): theoretical mass: 329.0571 [M+Na]+, observed mass: 329.0567 [M+Na]+. 

Benzyl (2-amino-2-thioxoethyl)carbamate (38)117  

 (C10H12N2O2S, M.W. 224.28) 

 

 

 

 

 

To a solution of Z-Gly-NH2 (27) (8.97g, 43.1 mmol) in THF (140 mL) was added (10.5g, 25.95 

mmol) of Lawessson’s reagent. After stirring for 4 h at 25 °C, the solvent was evaporated under 

reduced pressure.117,121 The residue was extracted with EtOAc (100 mL) and washed with 1% 

aqueous NaOH solution (50 mL). Then, the aqueous layer was extracted with EtOAc (2 x 100 

mL) and the combined organic layer washed with brine (3 x 50 mL), dried (MgSO4) and 

concentrated under reduced pressure to give an orange solid residue, which was washed with 

diethyl ether to give a white solid pure product.    

Yield: 5.27g (80%) as a white solid. 

m.p.: 144-146 °C (145- 146 °C)121. 

Rf: 0.47 (9.5: 0.5 v/v CH2Cl2-MeOH). 
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 1H NMR (CDCl3): !  9.70 (s, 1H, NH2), 9.10 (s, 1H, NH2), 7.54 (t, J = 6.10 Hz, 1H, NH), 

7.37-7.31 (m, 5H, Ar), 5.04 (s, 2H, CH2-Ar), 3.90 (d, J = 6.2 Hz, 2H, CH2-NH).  

 

Ethyl 2-((((benzyloxy)carbonyl)amino)methyl)-4-phenylthiazole-5-carboxylate (39c)118  

(C21H20N2O4S, M.W. 396.46)   
 

!

!
!
 

To a stirred solution of enzyl (2-amino-2-thioxoethyl)carbamate (38) (0.7g, 3.12 mmol) was 

added ethyl 3-oxo-3-phenyl-2-(tosyloxy)propanoate (13c) (1.69g, 4.68) in a mixture of 

DMF/EtOH (2:1) (30 mL), then the reaction was heated at 80 °C overnight.118 After cooling, 

the solvent was evaporated and the resulted residue dissolved in EtOAc (50 mL), washed with 

aqueous NaHCO3 (2x 25 mL), H2O (2x 25 mL), brine (2x 25 mL) and dried (MgSO4). The 

EtOAc was evaporated under reduced pressure to give a dark brown residue, which was 

purified by gradient column chromatography and the product eluted at 40% EtOAc.  

Yield: 0.36g (29 %) as a yellow solid. 

m.p.: 126-128 °C (134- 136 °C)118. 

Rf: 0.52 (2:1 v/v petroleum ether-EtOAc). 
1H NMR (CDCl3): !  8.32 (t, J = 6.0 Hz, 1H, NH), 7.71-7.69 (m, 2H, Ar), 7.45-7.43 (m, 3H, 

Ar), 7.39-7.36 (m, 5H, Ar), 5.12 (s, 2H, CH2-Ar), 4.53 (d, J = 6.1 Hz, 2H, CH2-NH), 4.21(q, J 

= 7.1 Hz, 2H, CH2CH3), 1.21 (t, d, J = 7.1 Hz, 3H, CH2CH3). 
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1. Introduction 

The new designed series included a mid-sized series and an extended series in order to 

provide different/applicable chemistry, more flexible structure, which will allow the occupancy 

of the “Y-shape” of the enzyme active site as well as direct binding with the haem iron. Even 

though in the design there is an OH group similar to fluconazole (Figure 7), which in a Tyr132 

mutant CaCYP51 strain (e.g. Y132F, Y132H) may result in loss of a key H-bonding interaction 

at the haem site, the compounds have been designed with functional groups that can form 

additional binding interactions in the CaCYP51 access channel. The additional binding 

interactions in the access channel should compensate for the loss of the OH-Tyr132 H-bonding 

and so retain or improve the binding affinity to CaCYP51. Importantly achieving this goal 

should also translate to retention of inhibitory activity in Tyr132 resistant strains. 

Further development from the phenyl thiazole and thiazole sulfonamide derivatives (series 

1 and 2) included the modifications listed below and illustrated in Figure 45, to arrive at the 

new designed triazole hydroxy-propyl benzamide derivatives (mid-sized and extended): 

1.! An amide linker in order to improve the flexibility of the compounds.  

2.! The aryl ring at position 2 of the amide linker is important for the hydrophobic binding 

at the enzyme active site. R1 and R2 are different halide substitutions to explore the 

structure-activity relationship (SAR). 

3.! A triazole with a CH2 linker was kept because of the coordination with the haem iron 

as well as to obtain better selectivity for CaCYP51.  

4.! A bulky group after the linker could be a substituted phenyl/ thiazole ring to provide 

more binding interactions with different amino acids in the enzyme active site. 

5.! For the extended series, different linkers were added to explore the effects on binding 

affinity and activity against fungal strains as well as to allow the occupancy of the 

access channel, which might result in counteracting the fluconazole resistance by 

forming additional binding interactions with amino acids in the access channel. The 

linkers investigated were thiourea, amide and urea at position 4 of the benzamide ring. 

!
!
!
!
!
!
!
!
!
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Figure 45: Modification from phenyl thiazole and thiazole sulfonamide derivatives (series 1 

and 2) leading to general structures of triazole propyl benzamide mid-sized and extended 

derivatives. 
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2. Result and discussion 

a. Computational studies: 

!!!!! 1. Molecular dynamic simulation (MD): 

      The design of the novel inhibitors included a stereocentre (a chiral atom), thus the MD 

simulations of the ligand-CaCYP51complexes included both (R)- and (S)-configurations. MD 

simulations were performed on the mid-sized and extended derivatives using wild-type 

(CaCYP51), and for some of the extended derivatives using the double mutants 

(Y132H/K143R and Y132F/F145L). The ligand-protein complexes were subjected to 200 ns 

MD simulation to explore fit and binding interactions. 

 

a.! Wild type MD simulation for mid-sized derivatives: 

The binding profile of the (R)- and (S)-configurations of the acetyl derivative (46b), is 

shown (Figure 46) as an example. Both enantiomers of 46b showed direct binding between the 

triazole N and the haem iron with $ 99% interaction during the 200 ns simulation (Figure 46). 

Both enantiomers showed a water-mediated binding interaction between the OH and Gly307 

and #-# stacking with Tyr132. Only (S)-46b formed water mediated H-bonding with Met508 

and Tyr132 as well as #-# stacking with Phe380 (Figure 46). Similar binding interactions were 

observed for all mid-sized derivatives.  

 

 

 

 

 

 

 

 

 2D-(R)-46b 
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Figure 46: 2D of (R)-46b and (S)-46b interactions with CaCYP51 key residues. Interactions 

that occur more than 30.0% of the simulation time in the selected trajectory (0.00 through 

200.00 ns are shown. 

 

As shown in Table 23, the RMSD for the (R)-46b CaCYP51 complex started at 0.95 Å 

and rapidly equilibrated with a final RMSD of 1.89 Å at 200 ns. Similarly, the RMSD for (S)-

46b -CaCYP51 complex showed high stability during the 200 ns MD simulation and the ligand 

RMSD started from 1.56 Å and rapidly reached the equilibrium plateau with a final RMSD of 

1.02 Å at 200 ns. The RMSD protein-ligand plot of (R)-46b and (S)-46b CaCYP51 complexes 

illustrated the high stability of the complexes (Figure 47). Again, this stability was observed 

for all mid-sized derivatives. 

 

 

 

 2D-(S)-46b 
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Table 23: Protein-ligand complex RMSD (Å) at 0 and 200 ns for (R) and (S)-46b. 

 

Ligand -complex 

RMSD (Å) at 0 ns RMSD (Å) at 200 ns 

CaCYP51 Ligand CaCYP51 Ligand 

 
(R)-46b 

 

1.11 

 

0.95 

 

2.21 

 

1.89 

 
(S)-46b 

 

1.35 

 

1.56 

 

2.08 

 

1.02 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Protein-ligand RMSD of CaCYP51-(R)-46b and CaCYP51-(S)-46b complexes 

over 200 ns MD simulation. 

 (S)-46b 

 (R)-46b 
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b. Wild type MD simulation for extended derivatives: 

For the thiourea and urea derivatives, the ligand-CaCYP51 wild-type complexes (S)-

enantiomers were the most stable during the 200 ns simulation time and interacted directly with 

the haem iron. In contrast, for the amide derivatives both (S)- and (R)-enantiomers were stable. 

The binding profile for the (S)-enantiomers of the thiourea and urea derivatives were similar. 

Compounds 53a and 55a were used as examples for both linkers (Figure 48). Both compounds 

showed direct binding between the triazole N and the Fe3+ with > 99% interactions during the 

200 ns MD simulation. Moreover, a direct H-bond interaction between the NH of the linkers 

and Ser378 was observed as well as hydrophobic interactions with Met508, Pro230, Tyr64 and 

Tyr118.  
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Figure 48: 2D of (R)-53a and (S)-55a interactions with CaCYP51 key residues. Interactions 

that occur more than 30.0% of the simulation time in the selected trajectory (0.00 through 

200.00 ns) are shown.  

 (S)-53a 

(S)-55a 
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c. Double mutant MD simulation for extended derivatives:  

Some of the novel extended compounds showed promising MD results in the double 

mutant CaCYP51(Y132H/K143R and Y132F/F145L) complexes during the 200 ns MD 

simulation. In the double mutant Y132H/K143R, the (R)- and (S)-enantiomers of compound 

57c formed hydrophobic interactions with Tyr118 for both enantiomers, Phe126 for (S)-57c, 

and Phe380, Pro230 for (R)-57c (Figures 49 and 50). The (S)-enantiomer formed #-# stacking 

with His377 while the (R)-enantiomer formed #-# stacking with His310 and Phe233. 

Moreover, the (S)-enantiomer showed water mediated H-bonding between the NH of the amide 

and Ser378. In contrast, the (R)-enantiomer showed indirect H-bonding between the carbonyl 

O and His468, His377, Ser378 and Met508. Importantly, the interaction between the Fe3+ and 

the triazole N in both configurations occurred 100% of the simulation time, suggesting tight 

binding with the haem active site (Figure 50).  

!

!

!

!

!

!

!

!

!

!

!

!

 

 

 

 

 

 

 

 

 

(R)-57c 



(Chapter III) 

  138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 49: A schematic of detailed ligand atom interactions of (R)-and (S)-57c with the protein 

residues of the CaCYP51 double mutant Y132H/K143R. Interactions that occur more than 

30.0% of the simulation time in the selected trajectory (0.00 through 200.00 ns) are shown. 
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Figure 50: A schematic of detailed ligand atom interactions of (R) and (S)- 57c with the protein 

residues of the CaCYP51 double mutant Y132H/K143R. Interactions that occur more than 

30.0% of the simulation time in the selected trajectory (0.00 through 200.00 ns) are shown. 

(Hydrophobic (purple), water bridges (blue), H-bonds (green), ionic (pink)). 

 

The most promising configuration of compound 57c during the molecular dynamic 

studies of the double mutant Y132F/F145L was the (R)-enantiomer. The binding profile of (R)-

57c in the Y132F/F145L mutant showed hydrophobic interactions with Tyr64, Phe132, and 

Pro230 as well as water mediated H-bonding between the NH of the amide and Ser507 (Figures 

51 and 52). In addition, both enantiomers of compound 57c formed #-# stacking with His377, 

and with Tyr118 for (S)-57c. The (S)-enantiomer showed a water mediated H-bonding 

interaction with Ser378 40% of the simulation time (Figures 51 and 52). Interestingly, the 

interaction between the Fe3+ and the triazole N occurred 100% of the simulation time for the 

(R)-57c and 52% of the simulation time for (S)-57c. In the case of (S)-57c, haem binding was 

not observed in the final frame. 
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(S)-57c 
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Figure 51: A schematic of detailed ligand atom interactions of (R) and (S)- 57c with the protein 

residues of the CaCYP51 double mutant Y132F/F145L. Interactions that occur more than 

30.0% of the simulation time in the selected trajectory (0.00 through 200.00 ns) are shown. 
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Figure 52: A schematic of detailed ligand atom interactions of the (R)- and (S)-57c with the 

protein residues of the double mutant Y132F/F145L. Interactions that occur more than 30.0% 

of the simulation time in the selected trajectory (0.00 through 100.00 ns) are shown. 

(Hydrophobic(purple), water bridges (blue), H-bonds (green), ionic (pink)). 
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2. Molecular modelling (MOE): 

The MOE program was used to visualise the fit and binding interactions of the 

inhibitors within the CaCYP51 protein after the MD simulation and using the final frame result 

of the exemplar derivatives that were discussed in the MD section. 

 

a.! Wild type (MOE) for mid-sized derivatives: 

The binding interactions of the final frame profile of the (R)- and (S)-enantiomers of 

the acetyl derivative (46b) showed good fit and binding interactions with different amino acids 

of the wild type CaCYP51 protein. Water mediated H-bonding was observed with Gly307 and 

Ser378 for (R)-(46b) and Met508 for (S)-(46b). Both enantiomers formed multiple 

hydrophobic interactions with Leu121, Ile131, Thr311, Ile304, Phe380, Leu376, His377 and 

Phe126 (Figure 53). The 3D visualisation illustrated the binding distance between the triazole 

N and the haem Fe3+, which was 2.47 Å for (R)-46b and 2.43 Å for (S)-46b as shown in Figure 

53.  

 

  

 

2D-(R)-46b 
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Figure 53: 2D ligplot illustrating binding interactions with amino acids residues of (R)- and 

(S)-46b MD final frame and 3D image illustrating the perpendicular binding between the N-

atom of the triazole and the haem iron with a distance of 2.47 Å for (R)-46b and 2.43 Å for 

(S)-46b. 

b. Wild type (MOE) for extended derivatives: 

The main aim in the design of the extended series was to allow greater occupancy of 

the access channel and to overcome resistance arising, in particular, from Tyr132 mutations. 

The final frame of the (S)-enantiomer of compound 53a in MOE showed direct binding 

between the triazole N and the haem Fe3+ and water mediated binding interactions between 

Leu121 and the carbonyl O of the amide group and direct H-bonding between Ser378 and the 

amide NH as well as another direct hydrogen bonding interaction between the S of the thiourea 

and Pro230. In addition, the triazole ring formed arene-H binding with Leu376, also multiple 

hydrophobic interactions with several amino acids within the haem binding pocket and the 

access channel (Ala61, Tyr64, Tyr505, Leu88, Leu87, Met508, His377, Phe380, Phe228, 

Phe126, Ile304, Tyr132, Gly307, Ile131, Thr311, Tyr118and Thr122) were observed (Figure 

54). As shown in the 3D visualisation in Figure 54, compound 53a binds perpendicularly with 

the haem iron and the distance between the triazole nitrogen and the haem iron was 2.40 Å. 

3D-(S)-46b 
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Figure 54: 2D ligplot illustrating binding interactions with CaCYP51 amino acids residues and 

(S)-53a MD final frame and 3D image illustrating the perpendicular binding between the N 

atom of the triazole and the haem iron with a distance of 2.40 Å. 

2D-(S)-53a 

3D-(S)-53a 



(Chapter III) 

  146 

 (S)-55a, with the urea linker showed multiple interactions with water molecules as well 

as water mediated H-bonding with Ser378, His377 and Met508. Moreover, two direct 

hydrogen bonds, one between NH of the urea and Ser378 and the other between Tyr132 and 

the OH at the chiral center were observed. The inhibitor formed hydrophobic interaction with 

more than 15 amino acids within the haem binding pocket and the access channel (Figure 55). 

As shown in the 3D visualisation, the distance between the triazole N and the haem iron was 

2.47 Å (Figure 55).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55: 2D ligplot illustrating binding interactions of CaCYP51 amino acid residues and 

(S)-55a MD final frame and 3D image illustrating the perpendicular binding between the N 

atom of the triazole and the haem iron with a distance of 2.47 Å. 

 

2D-(S)-55a 

3D-(S)-55a 
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c. Double mutant (MOE) for extended derivatives: 

Single, double, triple or even quadruple  mutations to CaCYP51 play a significant role 

in changing the conformation of the enzyme.13,81,106 A study reported that single mutations such 

as Ser279 to Phe (S279F) lowered the binding affinity of fluconazole to the haem, and 

fluconazole lost the key hydrogen bonding with Tyr132.122 Moreover, double mutations in 

CaCYP51 such as Y132H/K143R and Y132F/F145L changed the binding affinity to current 

azole medications especially with fluconazole and increased the IC50 value.14,52 These studies 

suggested that conformational changes, which occur from different mutations, significantly 

affect the binding between the triazole nitrogen and haem iron as well as distort the key H-

bonding interactions.14,52,122 

Interestingly, the final frame of the (R)-and (S)-enantiomers of the amide linker (57c) 

in the double mutant Y132H/K143R showed promising results. Both configurations showed 

water mediated H-bonding with His468, Thr122 and Met306 for (R)-57c and with Met508, 

Ser378 and Ser507 for (S)-57c. Only the (R)-57c formed arene-arene interactions with Tyr118 

and arene-H binding with Phe233 and Met508. There are 13 amino acids that interacted 

hydrophobically with (R)-57c, while there were 20 with (S)-57c (Figure 56). (R)-57c showed 

binding interaction between the triazole N and the haem Fe3+ with a distance of 2.36 Å while 

for (S)-57c the distance observed was 2.19 Å (Figure 56). This could be a promising design for 

Y132H/K143R mutant CaCYP51, which would hopefully overcome fluconazole resistance in 

C. albicans mutant strains.  
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2D-(R)-57c 
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Figure 56: 2D ligplot illustrating binding interactions with the protein residues of the 

CaCYP51 double mutant Y132H/K143R. (R)- and (S)-57c MD final frame and 3D image 

illustrating the perpendicular binding between the N atom of the triazole and the haem iron. 

 

 On the other hand, (R)-57c in the double mutant Y132F/F145L was more promising 

than (S)-57c. As shown in the 2D and 3D Figures, (R)-57c binds directly to the haem Fe3+ with 

a distance of 2.29 Å while (S)-57c lost the binding between the triazole N and the haem iron. 

3D-(S)-57c 

2D-(S)-57c 

 

3D-(R)-57c 
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This may be owing to the distortion of the haem as illustrated in Figure 57. (R)-57c showed 

water mediated H-bonding with Ser378, Ser507 and Met508 as well as multiple hydrophobic 

interactions with different amino acids located at the haem binding cavity and at the access 

channel. Even though the direct binding with the haem iron for (S)-57c was lost, arene-H 

binding with Met508 and His377 as well as direct H-bonding with Ser378 was observed 

(Figure 57) 
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Figure 57: 2D ligplot illustrating binding interactions with the protein residues of the 

CaCYP51 double mutant Y132F/F145L. (R) and (S)-57c MD final frame and 3D image 

illustrating the perpendicular binding between the N-atom of the triazole and the haem iron for 

(R)- 57c only. 

3D-(R)-57c 

3D-(S)-57c 
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b. Chemistry: 

1. Mid-sized series synthesis: 

Following the promising MD results of the mid-sized series, different derivatives were 

obtained by five reaction steps (Scheme 6): 

1. Nucleophilic substitution reaction 

2. Corey-Chaykovsky epoxidation reaction 

3. Azide formation 

4. Free amine formation by Staudinger reaction 

5. Coupling reaction 

!
!

!
!

!
!
!
!
!
!
!
!
!
!
!
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Scheme (6): Reagents and conditions: (i) 1,2,4-triazole, K2CO3, acetonitrile, 0-5 oC 30 min, 

r.t., 24 h (ii) TMSOI, 2M aq. NaOH, toluene, 60 oC, 6 h (iii) NaN3, NH4Cl, DMF, 60 oC, 2 h, 

r.t., o/n (iv) a. Ph3P, THF, r.t., 1 h b. H2O, 60 oC, 4 h (v) CDI, DMF, r.t., o/n.   
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Synthesis of 1-(substituted phenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41): 

 Synthesis of 1-(substituted phenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41) involved 

an addition of 1,2,4-triazole and activated K2CO3 into a solution of a substituted acetophenone 

(40) in acetonitrile.123 Then, the reaction was stirred vigorously at 0 oC for 30 min and left at 

room temperature overnight. The reaction did not reach completion even after several 

optimisations, and the yield for compound (41a) was acceptable after recrystallisation. 

Compound (41b) was prepared with the same method but was heated at 80 oC for 4 h, followed 

by purification by gradient column chromatography giving an improved yield compared with 

(41a).  

 For the difluoro (41c) and fluoro (41d), it was necessary to use toluene as a solvent with 

NaHCO3 as the base and 4 h reflux with good yields for both compounds (Table 24).124 

  

Table 24: Chemistry of the prepared compounds (41). 

 

Synthesis of 1-((2-(substituted phenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42):  

 The synthesis of the epoxide compounds was achieved by a Corey-Chaykovsky 

epoxidation reaction, which is known as a methylene transfer reagent, using 

trimethylsulfoxonium iodide (TMSOI).125  TMSOI was added into a solution of compound (41) 

Compound Structure Yield (%) M.P. 

(Lit. m.p.) 

 
41a 

  

51 

 

148-150 °C 

(lit. m.p.: 149-150 °C)123  

 
41b 

  

60 

 

108- 110°C 

(lit. m.p.: 160-161 °C)124 

 
41c 

  

67 

 

112 -114 °C 

(lit. m.p.: 104-106 °C)124 

 
41d 

  

70 

 

116- 118 °C 

(lit. m.p. not found) 
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followed by 20% aqueous NaOH and heated at 60 oC.126 The heating condition for all 

compounds was for 6h except compound 42c was heated for 72h.!The product (42) was not 

visible under UV so was used directly in the next step without any further purification. 

 The reaction mechanism includes formation of an ylide by the deprotonation of TMSOI 

with a strong base (NaOH) to provide the dimethyloxosulfonium methylide (Corey-

Chaykovsky reagent). The ylide intermediate acts as a nucleophile to attack the ketone carbonyl 

carbon and generate O-, which acts as a nucleophile. The O- attacks the electrophilic ylide 

carbon resulting in dimethyl sulfoxide as a byproduct and the epoxide compound (42) (Figure 

58).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58: Corey-Chaykovsky epoxidation reaction mechanism. 

 

 The structure of the epoxide 42 product was confirmed by 1H NMR, with two doublet 

peaks observed for the OCH2 of the epoxide at δ 3.04 (d, J = 4.9 Hz, 1H, OCHaHb) and 2.87 

(d, J = 4.9 Hz, 1H, OCHaHb) of compound 42a and at δ 3.13 (d, J = 4.7 Hz, 1H, OCHaHb) 

and 2.94 (d, J = 4.7 Hz, 1H, OCHaHb) for 42b (Figure 59).  
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Figure 59:!1H NMR (DMSO-d6/ 500 MHz) for compounds 42a and 42b. 
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All of the epoxides (42a-d) were obtained as orange oils and the crude yield was more 

than 80 % (Table 25). 

Table 25: Crude yield of the epoxides (42).!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
! !
Synthesis of 1-azido-2-(substituted phenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43):  

The azide compounds (43) were obtained on reaction of NaN3 with the epoxide (42) in 

dry DMF followed by NH4Cl and heating at 60 oC for 2 h then overnight at room 

temperature.127   

 The desired products 43a-d were achieved in good yields over two steps from 41 as 

yellow thick oils (Table 26). Interestingly, all derivatives (43a-d) have a very weak 

chromophore, so poorly visible under UV. 

 

 

 

 

 

 

 

Compound Structure Crude yield (%) 

 
42a 

  

95 

 
42b 

  

92 
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Table 26: Chemistry of the azide compounds (43). 

         *TLC eluent: (2:1 v/v EtOAc- Petroleum ether) 
 
 

Synthesis of 1-amino-2-(substituted phenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44): 

Azide reduction to the free amines (44) was performed using a Staudinger reaction, 

which is a very mild condition of azide reduction.127 TPP was added into a solution of 

compound 43 in THF and the reaction stirred at room temperature for 1 h. H2O was added, and 

the reaction heated at 60 oC for 4 h.   

The mechanism of the Staudinger reaction involves generation of a phosphazide 

intermediate resulting in loss of N2 to form an iminophosphorane. Then, adding H2O during 

the work up leads to formation of compound 44 and phosphine oxide as a byproduct (Figure 

60). 

 

 

 

Compound Structure Yield (%) TLC Rf* 
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0.45 
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0.57 
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Figure 60: The mechanism of the Staudinger reaction. 
 
 
 All derivatives have a very weak chromophore and were not visible under UV. The 

structure was confirmed by 1H NMR and used without further purification. The desired free 

amine compounds were achieved in good yields as white solids (Table 27). 

 

 

 

 

 

 

 

 

R1

N
N

N

OH
N N N

R1

N
N

N

OH
N N N P Ph

Ph

Ph

R1

N
N

N

OH
N N N P Ph

Ph

Ph

R2 R2 R2

R1

N
N

N

OH
N N

NP
Ph
Ph

Ph

R2N2R1

N
N

N

OH
N P Ph

Ph

Ph

O HH

R2R1

N
N

N

OH
N P Ph

Ph

Ph

O
HHR2

R1

N
N

N

OH

H
N P Ph

Ph

Ph

OHR2 R1

N N

N

OH
NH2

R2

+ PPh3

O

43

44

Phosphazide 

intermediate 

Iminophosphorane 

intermediate 



(Chapter III) 

  158 

Table 27: Yields and 1H NMR of the free amine compounds (44). 

 
 
From the amines (44), the mid-sized derivatives were prepared. 
 
 

A)!Acetyl derivatives: 

Synthesis of 3-acetyl-N-(2-(substitutedphenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl) 

propyl)benzamide (46): 

 1,1’-Carbonyldiimidazole (CDI) is a coupling reagent used to form activated species as 

acylimidazole.128 To form the amide liker, activation of the OH group of 3-acetylbenzoic acid 

Compound Structure Yield (%) 1H NMR (DMSO-d6) 

 
 

44a 

  

91 

δ 8.20 (s, 1H, triaz), 7.82 (s, 1H, triaz), 7.39 
(d, J = 8.9 Hz, 2H, Ar), 7.33 (d, J = 8.8 Hz, 
2H, Ar), 5.53 (brs, 1H, OH, ex), 4.50 (d, J = 
14.3 Hz, 1H, CHaHb-triaz), 4.48 (d, J = 
14.3 Hz, 1H, CHaHb-triaz), 3.27 (d, J = 14.3 
Hz, 1H,  CHaHb-NH2), 2.94 (d, J = 14.3 Hz, 
1H,  CHaHb-NH2), 1.56 (brs, 2H, NH2).  

 
 

44b 
 
 
 
 
 
 

  

72 

δ 8.29 (s, 1H, triaz), 7.72 (s, 1H, triaz), 7.53 
(t, J = 2.1 Hz, 1H, Ar), 7.51 (s, 1H, Ar), 7.30 
(dd, J = 2.2, 8.6 Hz, 1H, Ar), 5.79 (s, 1H, 
OH, ex), 4.87 (d, J = 14.3 Hz, 1H, CHaHb-
triaz), 4.59 (d, J = 14.3 Hz, 1H, CHaHb-
triaz), 3.20 (d, J = 13.5 Hz, 1H, CHaHb-
NH2), 3.07 (d, J = 13.5 Hz, 1H, CHaHb-
NH2), 1.55 (brs, 2H, NH2). 

 
 

44c 

  

86 

δ 8.28 (s, 1H, triaz), 7.73 (s, 1H, triaz), 7.37 
(dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.17-7.12 (m, 
1H, Ar), 6.86 (ddd, J = 2.8, 8.8, 11.4 Hz, 1H, 
Ar), 6.23 (brs, 1H, OH-ex), 4.56 (d, J = 14.3 
Hz, 1H, CHaHb-triaz), 4.50 (d, J = 14.3 Hz, 
1H, CHaHb-triaz), 3.19 (d, J = 13.5 Hz, 1H, 
CHaHb-NH2), 2.91 (d, J = 13.5 Hz, 1H, 
CHaHb-NH2), 1.88 (s, 2H, NH2). 

 
 

44d 

  

83 

δ 8.19 (s, 1H, triaz), 7.82 (s, 1H, triaz), 7.40 
(dd, J = 5.5, 9.0 Hz, 2H, Ar), 7.10 (t, J = 9.0 
Hz, 2H, Ar), 5.73 (s, 1H, OH, ex), 4.52 (d, J 
= 14.2 Hz, 1H, CHaHb-triaz), 4.47 (d, J = 
14.2 Hz, 1H, CHaHb-triaz), 3.29 (d, J = 13.9 
Hz, 1H, CHaHb-NH2), 2.82 (d, J = 13.9 Hz, 
1H, CHaHb-NH2), 1.76 (br.s, 2H, NH2). 
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(45) is needed to form an acyl leaving group, which will react with the free amine derivatives 

(44). The amides (46) were obtained by reaction of 3-acetyl benzoic acid (45) with CDI in dry 

DMF at room temperature for 1 h. Then, a solution of the amine (44) in dry DMF was added 

and the reaction stirred at room temperature overnight to give the amides (46). 

 In this reaction mechanism, imidazole has two roles, first as a base to deprotonate the 

carboxylic acid of compound 45 and form the anhydride intermediate and second, as a 

nucleophile to attack the carbonyl carbon of the anhydride intermediate leading to the 

acylimidazole intermediate and CO2 byproduct. The amines 44 then attack the acylated 

derivatives resulting in the formation of amide product 46 and imidazole side product (Figure 

61).!!

Figure 61: Carboxylic acid activation mechanism by CDI. 
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 All novel amides (46a-c) were confirmed using 1H and 13C NMR. The pure compounds 

showed acceptable yields after purification with gradient column chromatography (Table 28).  

 
Table 28: Yields and HPLC percent of the mid-sized acetyl derivatives (46). 

 
 
 

B)! Thiazole derivatives: 

Synthesis of 2-chloro-N-(2-(substitutedphenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl) 

propyl)thiazole-4-carboxamide (48): 

 The thiazole derivatives were prepared as described for acetyl derivatives (46) using CDI 

coupling reagent to activate the OH of the 2-chlorothiazole-4-carboxylic acid (47) and purified 

by gradient column chromatography using CH2Cl2/MeOH mobile phase system. The pure 

thiazoles (48) were achieved in good yields and high purity (Table 29).  
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Table 29: Yields and HPLC percent of the mid-sized thiazole derivatives (48). 

*TLC eluent: (9.5: 0.5 v/v CH2Cl2-MeOH) 
 
 
 

C)!Nitro-phenyl derivatives: 

Synthesis of N-(2-(substitutedphenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-

nitrobenzamide (50): 

         N-(2-(substitutedphenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-nitrobenzamides 

(50) was obtained on reaction of 4-nitrobenzoyl chloride (49) with the free amine (44) at room 

temperature overnight. 

The crude compounds were purified using gradient column chromatography and the 

desired products (50a-d) achieved in good yields as white solids, and the retention factor 

ranged from 0.33-0.4 (Table 30). 
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Table 30: Yields and retention factor of the nitro derivatives (50). 

*TLC eluent: (9.5: 0.5 v/v CH2Cl2-MeOH) 
 
 
 

As the docking result of the short compounds showed very good fit in the CaCYP51 

active site, similar to fluconazole, as well as binding interactions with different amino acids, 

extension of this series was performed to improve the occupancy of the access channel and to 

provide additional binding interactions. 
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2. Extended series synthesis: 

The nitro derivatives in the mid-sized series, N-(2-(substituted phenyl)-2-hydroxy-3-

(1H-1,2,4-triazol-1-yl)propyl)-4-nitrobenzamide (50), provided a route to synthesise  new 

linkers to allow extension (Scheme 7). The reactions involved were: 

1. Hydrogenation reaction using Pd/C catalyst 

2. Formation of thiourea, urea and amide linkers! 

Scheme 7: Reagents and conditions: (i) H2, Pd/C, EtOH, r.t., 3 h (ii) pyridine, r.t., o/n. 

Where 50-57:  
           a: R1= Cl, R2 = H 
           b: R1= Cl, R2 = Cl 
           c: R1= F, R2 = F 
           d: R1= F, R2 = H 
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Synthesis of 4-amino-N-(2-(substitutedphenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl) 

propyl)benzamide (51): 

The nitro derivatives (50a-d) were reduced to the amine (51) using 10% palladium on 

carbon (Pd-C) catalyst in dry MeOH. The reaction atmosphere was filled with H2 using H2 

balloons, and the mixture was stirred at room temperature for 3 h. The crude compounds were 

purified using gradient column chromatography and the desired free amine derivatives (51a-

d) achieved in good yields and high purity percent (Table 31).  

 

Table 31: Chemistry of the free amine compound (51). 
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Synthesis of the final extended compounds (53, 55, 57) with the thiourea, urea and amide 

linkers: 

 The synthesis of the final compounds (53,55,57) with the different linkers was achieved 

by adding 4-chlorophenyl derivatives (52, 54 and 56) to 4-amino-N-(2-(substituted phenyl)-2-

hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)benzamide (51) in dry pyridine, and the reaction was 

left at room temperature overnight. 

 To form the thiourea and urea linkers, 1-chloro-4-isothiocyanatobenzene (52) and 1-

chloro-4-isocyanatobenzene (54) were used as a reactive functional group especially with 

amines leading to formation of thiourea and urea compounds (53 and 55, respectively). While 

amide compounds (57a-d) were obtained using 4-chlorobenzoyl chloride (56). 

After the work up, the crude products were purified by gradient flash column 

chromatography and the structure of the final extended compounds (53, 55 and 57) confirmed 

by 1H and 13C NMR. The extended compounds were achieved in good yields as white solids 

(Table 32). Two compounds (53b and 55b) showed lower yields than others due to difficulty 

in purifications.  

 

Table 32: Yield and M.P. of the compounds (53, 55 and 57). 
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3. Exploring different moieties: 

 As discussed previously, the enzyme active site has a structure of two short arms and a 

long hydrophobic channel, thus the SAR of the two short arms remained the same as compound 

44c since the molecular docking as well as molecular dynamic (MD) of the triazole hydroxy-

propyl benzamide compounds showed excellent positioning and fitting in the short arms’ active 

sites. The modification on the compounds will be on the long arm, which occupies the access 

channel, with the aim to form extra H-bonding with amino acids to counteract resistance arising 

from mutations at Tyr132. These new moieties included (Figure 62): 

1.! Fused ring derivatives rather than having a second linker in which the X-group could 

be either C or N and the R-group will be an EDG or EWG to explore binding 

interaction with different amino acids residue at the hydrophobic channel. 

2.! Biphenyl derivatives in which the amide linker will be in the meta or para position 

of the second substituted phenyl ring. The R-group could be OCF3 or CF3 to explore 

CaCYP51 inhibitory activity as well as binding affinity. 

Figure 62: General structures of fused ring and biphenyl derivatives. 
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derivatives were synthesized, two of which had a quinoline nucleus and one a naphthalene 

nucleus (Scheme 8).! 

Scheme 8: Reagents and conditions: (i) CDI, DMF, r.t, o.n. 

 

Synthesis of fused ring derivatives (59, 61, 63): 

 The carboxylic acid (58, 60, 62) was first activated by reaction with CDI in dry DMF 

at room temperature for 1 h, then compound 44c was added and the reaction mixture left at 

room temperature overnight to give the products (59, 61, 63) in good yields as white solids 

(Table 33). 
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Table 33: Yield, M. P. and HPLC purity of compounds (59, 61, 63). 

 

B) Biphenyl ring derivatives: 

    To synthesise the para-derivatives N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-

triazol-1-yl)propyl)-4'-(trifluoromethyl/trifluoromethoxy)-[1,1'-biphenyl]-4-carboxamide (69 

a-b) of the biphenyl ring as well as the meta-compounds N-(2-(2,4-difluorophenyl)-2-hydroxy-

3-(1H-1,2,4-triazol-1-yl)propyl)-4'-(trifluoromethyl/trifluoromethoxy)-[1,1'-biphenyl]-3-

carboxamide (70a-b), two reaction steps were used (Scheme 9): 

1.! Suzuki cross-coupling reaction 

2.! CDI coupling reaction  
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Scheme 9: Reagents and conditions: (i) Dioxane/H2O, Pd(PPh3)4, 104 °C, 6 h (ii) CDI, DMF, 

r.t., o.n. 

 

 
Synthesis of 4'-(trifluoromethyl/trifluoromethoxy)-[1,1'-biphenyl]-4/3-carboxylic acid 

(66,68): 

The synthesis of biphenyl intermediates (66 and 68) was achieved by a Suzuki cross-

coupling reaction. This reaction involved a homogenous palladium, that catalysed the coupling 

between arylboronic acid and aryl halide, and a base.129 Compounds 66 and 68 were prepared 

by reaction of 3/4-bromobenzoic acid (64/67), 4-trifluoromethyl/trifluoromethoxy 

phenylboronic acid (65) and 1 mol % of Pd(PPh3)4 in dioxane/H2O, with K2CO3 acting as base. 

The reaction was heated under reflux for 6 h and after aqueous work up and acidification, the 

crude product was purified by gradient column chromatography eluting with 2% MeOH in 

CH2Cl2.  
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The reaction mechanism involved a catalytic cycle with regeneration of the palladium 

catalyst.129 There are three main steps in this mechanism (Scheme 10): 129   

1.! Oxidative addition in which the palladium catalyst forms a complex with the aryl 

halide (64, 67). 

2.! Transmetalation step, which must include a base (KOH was the base generated in 

the reaction media after the addition of K2CO3 in the presence of H2O) to activate 

the arylboronic acid (65) and to facilitate the exchange of the aryl group with the 

palladium complex. The exact mechanism of transmetalation is still unclear.129  

3.! Reductive elimination is a reverse reaction of oxidative addition in organometallic 

chemistry, which allows regeneration of the palladium catalyst to participate 

again in the catalytic cycle and generate the biphenyl product (66, 68). 

Scheme 10: Suzuki cross-coupling reaction mechanism.!!
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All compounds (66, 68) were characterised by 1H NMR analysis and obtained in good 

yields (Table 34). 

!
Table 34: Yields and M.P. of compounds 66 and 68. 

 
 

Synthesis of N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4'-

(trifluoromethyl/trifluoromethoxy)-[1,1'-biphenyl]-4/3-carboxamide (69 and 70): 

The CDI coupling reaction was performed using the same method described for 

compound 45. The final compounds 69 and 70 were achieved in good yields as white solids 

(Table 35). 
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Table 35: Yields and HPLC purity of compounds (69 and 70). 
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c. Biological evaluation: 

1. All chloro and dichloro derivatives were evaluated at the Centre for Cytochrome 

P450 Biodiversity, Swansea University Medical School. Assays were performed by Dr. Josie 

Parker and Dr. Andrew Warrilow. 

 

A. C. albicans susceptibility testing: 

All the final compounds of the chloro and dichloro derivatives were screened against 

C. albicans wild-type clinical isolate CAI4 and C. albicans laboratory strain SC5314.  

The dichloro compounds (46b, 48b, 50b and 51b) displayed promising antifungal 

activity against C. albicans wild-type strains SC5314 and CA14 compared with chloro 

derivatives (46a, 48a, 50a and 51a) as well as with the control fluconazole. The most effective 

dichloro compounds with MIC < 0.03 µg/mL were the acetyl (46b), thiazole (48b) and nitro 

(50b) derivatives. This could be explained from cLogP as the more lipophilic compound may 

be more able to penetrate the lipophilic fungal membrane resulting in better MIC values (Table 

36). 

The dichloro with the thiourea and urea linker of the extended compounds (53b, 55b 

and 57b) was more effective at inhibiting C. albicans growth, for example: the dichloro 

thiourea 53b showed MIC 0.25 µg/mL compared with the chloro 53a MIC 4 µg/mL (Table 

36). Even though the cLogP of the amide inhibitors (57a, cLogP 3.53 and 57b, cLogP 4.15) 

was more lipophilic than thiourea (53a, cLogP 3.13 and 53b, cLogP 3.73) and less than urea 

(55a, cLogP 3.86 and 55b, cLogP 4.46), the mono and dichloro derivatives of the amide linker 

(57a and 57b) were the most effective over the two linkers as well as the standard fluconazole 

with MIC < 0.03 µg/mL (Table 36). This could be owing to the high polarity of the thiourea 

and urea functional group compared with the amide, which may lead to a reduced uptake across 

the lipophilic fungal membrane.    

 

B. CaCYP51 IC50: 

IC50 is the concentration of an inhibitor required to inhibit 50% of an enzyme in vitro. 

This research focused on competitive inhibitors that compete with the substrate (lanosterol) to 

bind to CaCYP51. Derivatives with a MIC less than 1 µg/mL were chosen for IC50 testing. 

In the mid-sized series (46a-b, 48a-b, 50a-b and 51a-b) the dichloro derivatives of the 

acetyl 46b and the thiazole 48b showed optimal inhibitory activity with IC50 values of 0.49 and 

0.41 µM respectively compared with fluconazole IC50 0.31 µM (Table 36). In addition, the 
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chloro of the nitro derivative (50a), showed promising inhibitory activity with an IC50 of 0.79 

µM. While the dichloro derivatives of the nitro (50b) and free amine (51b) showed weaker 

inhibitory activity (IC50 1.24 and 1.6 µM, respectively).  The extended derivatives of the amide 

linker (57) all showed very good inhibitory activity against CaCYP51 (IC50 0.56 µM for 57a 

and 0.48 µM for 57b) (Table 36).  

Of all derivatives, compounds 46b, 48b, 50a, 50b, 55b, 57a and 57b had MIC and IC50 

values comparable with or lower than fluconazole (Table 36) and that indicates these 

compounds are promising biochemical candidates for further study as antifungal agents.  

 

Table 36: MIC and IC50 values for the chloro and dichloro derivatives of mid-sized and 

extended compounds. 

 

 

 

 

Compounds R1 R2 MIC (µg/ml) IC50 (µM) 

 

cLogP* 
CA14 SC5314 

46a Cl H 0.25 0.25 1.30 1.85 

46b Cl Cl <0.03 0.06 0.49 2.46 

48a Cl H 0.25 0.25 0.77 1.95 

48b Cl Cl <0.03 <0.03 0.41 2.55 

50a Cl H 0.125 0.125 0.79 1.94 

50b Cl Cl <0.03 0.49 1.24 2.54 

51a Cl H 1 1 - 1.05 

51b Cl Cl 0.25 0.25 1.6 1.66 

53a Cl H 4 4 - 3.13 
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*cLogP done by Crippen’s fragmentation.103 

 

C. Binding affinity: 

The novel mid-sized derivatives (46a-b, 48a-b, 50a-b and 51a-b) and extended 

derivatives (53a-b, 55a-b and 57a-b) with MIC < 1 µg/mL and the control, fluconazole, were 

evaluated for CaCYP51 binding affinity (Kd) (Table 37).  

For the mid-sized series, specifically the dichloro derivatives, the binding affinity for 

the thiazole (48b), nitro (50b) and free amine (51b) compounds was acceptable compared with 

fluconazole (Kd = 60 ± 40 nM). For example, the Kd value for compound 48b was (106 ± 15 

nM) and (108 ± 34.4 nM) as well as (159 ± 17.6 nM) for 50b and 51b, respectively, which 

illustrated tight binding with the haem iron (Table 37). Weaker binding affinity for the mono-

chloro derivative of the nitro (50a) was observed (Kd = 458 ± 30 nM). The binding affinity for 

the chloro and dichloro of the acetyl derivatives (46a-b) as well as the chloro of the thiazole 

(48a) derivative indicated weak binding affinity as shown in Table 37.  

For the extended series, the monochloro of the amide derivative (57a) showed the 

tightest binding (Kd = 46 ± 7.64 nM) with CaCYP51 haem Fe3+ compared with the mid-sized 

series as well as fluconazole. Good binding affinity for the dichloro derivative of the thiourea 

(53b) and urea (55b) was observed (53b, Kd = 125 ± 41 nM and 55b, Kd = 137 ± 14 nM) (Table 

37).  

 

 

 

 

 

 

 

 

55a Cl H 1 2 - 3.86 

55b Cl Cl 0.125 0.125 0.47 4.46 

57a Cl H <0.03 <0.03 0.56 3.54 

57b Cl Cl <0.03 <0.03 0.48 4.15 

Fluconazole 0.125 0.125 0.31 0.86 
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Table 37: Binding affinity (Kd) values for the chloro and dichloro derivatives of the mid-

sized and extended compounds. 

 
 

 

 

 

 

 
 

Compounds R1 R2 Kd (nM) 

46a Cl H 1445 ± 266 

46b Cl Cl 229 ± 45 

48a Cl H 635 ± 181 

48b Cl Cl 106 ± 15 

50a Cl H 458 ± 30 

50b Cl Cl 108 ± 34.4 
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Type II difference binding spectra were observed for both middle-sized and extended 

derivatives, which were titrated against 5 µM CaCYP51. The spectra illustrated the direct 

coordination of the triazole N as the sixth axial ligand with the haem Fe3+ of CaCYP51 as well 

as confirming the tight binding to the enzyme (Exemplars are shown in Figure 63) and was 

comparable with fluconazole binding as previously discussed in Chapter II (p 53). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63: Examples of Type II binding spectra for mid-sized and extended compounds (50b, 

51b, 53b and 57a). 
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2. The fluoro and difluoro derivatives of the mid-sized and extended derivatives were 

evaluated at the Division of Health Sciences, University of Otago in New Zealand. Assays 

were performed by Dr. Brian Monk, Dr. Mikhail Keniya and Dr. Yasmeen Ruma. Our new 

collaboration allowed us to achieve the main objective of this project which was evaluating the 

novel compounds against resistance strains of different Candida species. 

Saccharomyces cerevisiaeas (S. cerevisiaeas) has very high similarity to Candida 

species in the proteins involved as described by Karathia et al.130 S. cerevisiaeas was used as a 

model organism to screen a large library of the fluoro and difluoro derivatives using disk 

diffusion assay determine which azole compounds to progress for further testing (MIC, IC50 

and Kd) against C. albicans as well as other Candida species.  

 

a) Disk diffusion assay: 

 The susceptibilities of S. cerevisiaeas strains to azole compounds were observed as 

zones of growth inhibition in agarose diffusion assays.131 The novel compounds were evaluated 

against four S. cerevisiaeas strains which are: 

1. Y2411- host strain expressing native wild type Erg11 and deleted of 7 ABC 

transporters therefore hypersensitive to azole drugs.132 

2. Y2300 - overexpresses wild type levels of the native S. cerevisiae Erg11.132 

3. Y2301 - S. cerevisiae overexpresses Erg11 with single mutation (Y140F) equivalent 

to C. albicans (Y132F), which showed resistance against fluconazole and 

voriconazole.133  

4. Y2513 - S. cerevisiaie overexpresses Erg11 with single mutation (Y140H) equivalent 

to C. albicans  (Y132H).133  

All compounds were applied to sterile BBL paper disk with a concentration of 10 nmol/disk, 

compared with posaconazole (0.5 nmol/disk), and incubated at 30 °C for 48 h.  

The hypersensitive strain S. cerevisiae-Y2411 was highly susceptible to the fluoro and 

difluoro of the mid-sized compounds (46c, 48c, 50c-d and 51c-d) compared with 

posaconazole. The diflouro derivative of the thiazole and nitro (48c and 50c, respectively) 

showed large zone of inhibition in the S. cerevisiae that overexpressed ERG11(Y2300) 

compared with other derivatives as well as with posaconazole. In contrast, all of the mid-sized 

compounds were ineffective in the single mutant strains (Y2301 and Y2513) compared with 

posaconazle, which exhibited a very small zone of inhibition as shown in Table 38. However, 

the reduced inhibitory activity of mid-sized azoles to single mutant strains (Y140F and Y140H) 

might occur owing to the loss of H-bonding with the mutant Tyr140, which could not be 
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compensated by forming additional binding interaction at the hydrophobic channel as these 

inhibitors are more comparable to fluconazole in length. 

 

Table 38: Disk diffusion results of mid-sized derivatives in different S. cerevisiae strains. 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 

 PCZ*=Posaconazole. 

 

For fused ring compounds, the host strain S. cerevisiae-Y2411 was highly susceptible 

to all compounds (59, 61, and 63) compared with posaconazole. The overexpressed strain with 

ERG11 was highly susceptible to compound 59 and 61 as well as moderately susceptible to 

compound 63 compared with posaconazole. In the single mutant strains (Y140F and Y140H), 

a large zone of inhibition was observed for compound 59 and an intermediate zone for 

compound 61 compared with posaconazole.  Compound 63 was ineffective in both mutant 
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strains (Y2301 and Y2513) as shown in Table 39. However, the steric hindrance at position 2 

of compound 63 could play a role in the low susceptibility observed in the ERG11 

overexpressed strain owing to reduced interaction with Tyr140. Besides that, reduced 

inhibitory activity against the mutant strains could occur due to the conformational change at 

the haem active site leading to loss of susceptibility.   

 

Table 39: Disk diffusion results of fused ring derivatives in different S. cerevisiae strains. 
 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
                             PCZ*=Posaconazole. 

 

Table 40 demonstrated the disk diffusion assay results of extended compounds for the 

fluoro and difluoro amides linker as well as the meta- and para-biphenyl derivatives. The 

hypersensitive strain S. cerevisiae-Y2411 in addition to ERG11 overexpressed strain was 

highly susceptible to the amides (57c and 57d) and biphenyl compounds compared with 

posaconazole. Moreover, the single mutant strains (Y140F and Y140H) showed good 

Compounds 59 61 63 PCZ 
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susceptibility to the difluoro amide (57c) and para-biphenyl (69a-b) derivatives while 

intermediate susceptibility to the fluoro amide (57d) and meta-biphenyl (70a-b), compared 

with posaconazole.  

 

Table 40: Disk diffusion results of extended derivatives in different S. cerevisiae strains. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  PCZ*=Posaconazole. 

 

From all derivatives (mid-sized, fused ring and extended series), the most promising 

compounds in the fused ring (59) and extended series (57c-d, 69a-b and 70a-b) were evaluated 

against C. albicans strains owing to the difficulty/sensitivity of disk diffusion assay as C. 

S. cerevisiae-Y2411 
Host 
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albicans always has a blurry appearance in ZOI assay.133–135 As a result, four C. albicans strains 

were used : 

1. SC5314- a laboratory strain as mentioned in Chapter II.136 

2. SGY-243- expresses low CaCdr1, which is one of the efflux pump transporters (ABC 

family), as mentioned in Chapter I.137  

3. Y611/FHB3- overexpresses ABC transporter (CaCdr1 + CaCdr2).136 

4. Y419/FR2- overexpresses MFS efflux transporter (CaMdr1),137 as mentioned in 

Chapter I.  

The disk diffusion assays of novel compounds in C. albicans strains involved a comparison 

with the non-azole drug micafungin, which is one of the echinocandins and has low 

susceptibility in C. albicans strains that overexpressed efflux pump transporters. The main 

reason for testing the promising compound against overexpress efflux pump strains was to 

evaluate the role of the transporters on the azoles compound as the current azole treatments 

show resistance. 

 As shown in Figure 64, compound 59 and 69b were highly active against C. albicans 

wild-type compared with other compounds as well as posaconazole (0.5 nmol/disk) and 

micafungin (0.4 nmol/disk). In the low CaCdr1 strain, high susceptibility was observed for all 

compounds (59, 57c-d, 69a-b and 70a-b) and posaconazole compared with micafungin. 

Moreover, C. albicans strain with overexpression of CaCdr1 and CaCdr2 was intermediately 

susceptible to the fused ring compound (59) and para-biphenyl compound (69b) and weak 

susceptibility was observed for meta-biphenyl (70a-b). The monoflouro and diflouro amide 

compounds (57c-d) exhibited low inhibition compared with posaconazole and micafungin. 

This could be explained as the amide compounds (57c-d) might be substrats for ABC 

transporters.134 On the other hand, C. albicans strain with MFS (CaMdr1) overexpression was 

highly susceptible to compound 59 and 69b and intermediately susceptible to the rest of the 

compounds (57c, 69a and 70a-b) except compound 57d which showed weak susceptibility 

compared with posaconazole and micafungin. 

 C. glabrata is one of the species that developed resistance against azole treatments as 

mentioned in Chapter I. Thus, the novel inhibitors were screened against C. glabrata (CBS-

138, clinical isolate) that overexpressed the ATP binding cassette transporter (CgCdr1).138 The 

zone of growth inhibition was large for compounds 59 and 69b while intermediate for meta-

biphenyl (70a-b), and a small zone of inhibition was observed for compound 69a compared 

with micafungin (Figure 64). Similar results observed for C. albicans wild-type were expected 

for wild-type C. glabrata disk diffusion testing.    
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Figure 64: C. albicans and C. glabrata disk diffusion assay results for compound (57c-d, 59, 

69a-b and 70a-b) showing the zone of inhibition compared to posaconazole (PCZ) and 

micafungin (MCF).  

 
From all compounds, disk diffusion assays indicated that compounds 59 and 69b could 

be promising broad-spectrum azole antifungal treatment for Candida species. However, 

compounds 59, 57c, 69b and 70a-b were progressed to MIC80 testing.   
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b) MIC80 determination for S. cerevisiaeas and Candida species: 

The interpretation of MIC results were always difficult in Candida species owing to 

triazoles fungistatic effects that produce trailing growth.133,139 Thus, MIC80, which is defined 

as 80% growth inhibition, was used to determine susceptibility values of novel azoles in 

different yeast species (S. cerevisiaeas and Candida species).  

Five of the novel inhibitors (59, 57c, 69b and 70a-b) were screened against four S. 

cerevisiaeas, with different characteristics as mentioned previously, and C. albicans wild type 

SC5314. As shown in Table 41, all five compounds were effective against S. cerevisiaeas 

hypersensitive and ERG11 overexpressed strains, but compound 59 (Y2411-MIC80= 15 ± 3 

nM and Y2300-MIC80= 48 ± 4 nM) was highly effective compared with other compounds as 

well as posaconazole (Y2411-MIC80= 94 ± 15 nM and Y2300-MIC80= 281 ± 67 nM). 

Moreover, the growth of S. cerevisiaeas with single mutation (Y140F) was moderately 

inhibited by diflouro amide (57c), fused ring (59) and meta-biphenyl (70a-b) derivatives while 

good growth inhibition was observed for para-biphenyl (69b) with MIC80 ranging from 93 to 

46 nM compared with posaconazole (Y2301-MIC80= 191 ± 41 nM). For S. cerevisiaeas single 

mutant (Y140H), compounds 57c and 69b showed promising activity compared with other 

compounds. However, the compound that showed constant and promising activity in all S. 

cerevisiaeas strains was 69b. This high susceptibility effect in different strains could be related 

to the chemical structure of compound 69b, a rigid moiety after the amide linker as well as the 

functional group OCF3, which might play a role in blocking the enzyme’s pocket entrance even 

if the confirmation of the enzyme changed due to single mutation. 

C. albicans wild type SC5314 was very susceptible to fused ring (59, MIC80= 18 nM) 

and para-biphenyl (69b, MIC80= 40 nM) compared with other derivatives as well as 

posaconazole (MIC80= 73 nM). Further investigations (MIC80, IC50 and Kd) against C. albicans 

single mutant (Y132F and Y132H), double mutant (Y132H/K143R and Y132F/F145L) and 

other Candida species will be done but owing to the COVI-19 situation, there was some delay 

in many biological results.   
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Table 41: MIC80 of promising novel inhibitors 59, 57c, 69b and 70a-b. 

 

 

 

 

 

 

 

 

 

 

 

 

Strains 

S. 

cerevisiae-

Y2411 

Host 
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cerevisiae-
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(Y140F) 

S. 
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ERG11 

(Y140H) 

C. 

albicans-

SC5314 

Wild type 

 

Compounds MIC80 (nM) 

57c 39 ± 14 182 ± 30 123 ± 38 87 ± 4 208 ± 83 

59 15 ± 3 48 ± 4 326 ± 48 632 ± 123 18 

69b 20 96 ± 29 93 ± 46 78 ± 56 40 

70a 30 163 ± 61 419 ± 83 719 ± 1 85 

70b 41 ±15 73 ± 26 411 ± 71 805 ± 121 100 

PCZ 94 ± 15 281 ± 67 191 ± 41 147 ± 57 73 
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3. Conclusion: 

 The main focus in this chapter was to design and synthesise two series of compounds:  

  a. Mid-sized series which was slightly longer than fluconazole. 

  b. Extended series that was comparable with the length of posaconazole. 

All azole compounds were computationally investigated in CaCYP51 wild-type as well as in 

the double mutant CaCYP51(Y132H/K143R and Y132F/F145L) proteins. The novel inhibitors 

formed direct bonding interaction between the triazole N and the haem Fe3+ with a distance 

less than 3 Å and showed multiple binding interactions with different amino acids in the 

enzyme pocket. Based on the docking and molecular dynamic studies, the novel extended 

compounds, especially the amide derivatives (S)- 57 and (R)-57, exhibited promising binding 

interactions with key amino acids (e.g. His377, Met508, Leu376 and Ser378) in CaCYP51 

wild-type as well as in the double mutant CaCYP51 either through direct H-bonding or water 

mediated interactions. Moreover, the molecular dynamic studies of (S)- and (R)-biphenyl 

extended compounds (69 and 70) was less promising in forming direct or water mediated 

interaction compared with amide derivatives (57) but exploring different moieties with more 

rigid structures at the access channel was needed to evaluate the biological effects.  

The synthesis of mid-sized series was achieved by five reaction steps with two 

additional steps for the extended series. The only difficulty during synthesis of the final 

compounds was purification which slightly affected the yield. However, all final compound 

structures were confirmed by 1H/13C NMR and purity was confirmed by either HPLC or 

microanalysis.   

The biological testing was done by two teams of collaborators owing to the COVID-19 

situation, thus comparing all biological results was difficult due to experimental condition, 

techniques and MIC50 or MIC80 concentration used, and the only common factor between the 

two teams was C. albicans SC5314- laboratory strain. As a result, the di-Cl thiazole (48b) of 

the mid-sized series, mono-Cl and di-Cl amide (57a and 57b, respectively) of the extended 

series were highly active against SC5314 strain with MIC % 0.03 µg/mL for all and with potent 

IC50 (48b IC50= 0.41 µM,  57a IC50= 0.56 µM, 57b IC50= 0.48 µM), but only compound 57a 

showed very tight binding to CaCYP51(57a Kd= 46 ± 7.64 nM) while good binding affinity 

for 48b (Kd= 106 ± 15 nM) and 57b (Kd= 166 ± 39 nM,) compared with fluconazole (MIC50= 

0.125 µg/ml, IC50= 0.31 µM and Kd= 60 ± 40 nM). On the other hand, the difluoro fused ring 

derivative (59) and para-biphenyl (69b) were the most active compounds from the rigid 
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moieties in C. albicans SC5314 strain (59 MIC80=18 nM and 69b MIC80= 40 nM) compared 

with posaconazole (MIC80= 73 nM).  

Since the MIC values for previous chloro and fluoro compounds (48b, 57a-c, 59, and 

69b) were promising, determining physicochemical properties was important to assure that 

compounds were within Lipinsky’s range. Table 42 demonstrates the physicochemical 

properties of the most promising CaCYP51 novel inhibitors and reference antifungal agents. 

The mid-sized (48b) and fused ring (59) compounds have much better molecular weight and 

cLogP compared with fluconazole (FLZ). Thus, compound 48b and 59 showed more drug like 

properties even with one extra H-bond donor compared with the clinical azole agents. In 

contrast, the amide derivatives (57a-c) and the biphenyl compound (69b) have significant 

increase in molecular weight in additional to significant increase in cLogP for compound 69b 

compared to fluconazole, which leads to violating Lipinsky’s range. However, compounds 57 

and 69b showed less violation when compared with posaconazole and oteseconazole (VT-

1161). The novel extended compounds (57 and 69b) were very close to oteseconazole in all 

other physicochemical properties except in the number of H-bond donor (nOHNH), which 

might affect the absorption of the oral drug.140 

 

Table 42: Physicochemical properties of promising compounds and clinical antifungal 

agents. 

Compound MW cLogP nON nOHNH nrotb nviol 

48b 399.81 2.23 7 2 6 0 

57a 510.38 3.79 8 3 8 1 

57b 544.83 4.35 8 3 8 1 

57c 511.92 3.55 8 3 8 1 

59 424.40 3.34 6 2 6 0 

69b 518.44 5.39 7 2 9 2 

FLZ 306.27 0.87 7 1 5 0 

PCZ 700.77 5.38 12 1 12 3 

VT-1161 527.39 5.2 7 1 9 2 

MW= Molecular weight; nON= H-bond acceptor; nOHNH= H-bond donor; nrotb= number of routable   

bonds; nviol= number of Lipinsky violations. 
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However, compounds 59 and 69b IC50 and Kd values are still in progress. Further testing 

of all promising compounds against C. albicans single and double mutant clinical isolates as 

well as other Candida species is in progress. Also, selectivity testing against human CYPs is 

still in progress. Unfortunately, there was huge delay in all biological testing owing to COVID-

19 lockdowns.  

In the next chapter, a new series of extended compounds similar to compound 57c and 

69b but without the hydroxy group at the chiral center were designed and synthesised to 

overcome fluconazole resistance developed from Tyr132 single or double mutations. 
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4. Experimental: 

Computational docking and MD simulations were performed as described in Chapter 

II (p 61). The physicochemical properties to compounds were calculated using Molinspiration 

software.141  

 

a. General method: 

1-(4-Chlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41a)  

(C10H8ClN3O, M.W. 221.64) 
 

 

 

 

 

Method: To a cooled (0 oC, ice) solution of 2,4&-dichloroacetophenone (40a) (10.0 g, 53 mmol) 

in acetonitrile (250 mL) was added 1,2,4-triazole (7.307 g, 106 mmol) and K2CO3 (5.33 g, 63 

mmol). The reaction was stirred vigorously at 0 oC for 30 min then at room temperature 

overnight. The orange reaction mixture was filtered to remove inorganics (KCl) and the filtrate 

concentrated under reduced pressure to give a yellow solid. EtOAc (100 mL) and H2O (50 mL) 

were added and the mixture stirred at room temperature for 15 min before most of the EtOAc 

was carefully removed under reduced pressure. The resulting aqueous suspension was filtered, 

and the residue washed with Et2O to remove any unreacted acetophenone. The crude white 

solid was recrystallised from EtOH to give the product as a white crystalline solid.  

Yield: 5.94 g (51 %) as a white crystalline solid.  

m.p.: 148-150 °C (lit. m.p.: 149-150 °C)123. 

Rf: 0.22 (2:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): δ 8.51 (s, 1H, triaz), 8.07 (d, J = 8.8 Hz, 2H, Ar), 8.03 (s, 1H, triaz), 

7.68 (d, J = 8.8 Hz, 2H, Ar), 5.99 (s, 2H, CH2). 

 

1-(2,4-Dichlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41b)   

(C10H7Cl2N3O, M.W. 256.09) 
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Method: To a solution of 2,2&,4&-trichloroacetophenone (40b) (1 g, 4.47 mmol) in dry toluene 

(30 mL) was added 1,2,4-triazole (0.37 g, 5.37 mmol) and NaHCO3 (0.45 g, 5.37 mmol). The 

reaction was refluxed for 4 h and left at room temperature overnight. The reaction mixture was 

extracted with EtOAc (100 mL), and the organic layer was washed with brine (2 x 50 mL), 

H2O (2 x 50 mL) and dried (MgSO4). The organic layer was evaporated under reduced pressure 

to give a brown oil, which was purified by gradient column chromatography and the desired 

compound was eluted at 3% MeOH in CH2Cl2. 

Yield: 0.68g (60 %) as a yellow solid.  

m.p.: 108-110°C (lit. m.p.: 160-161 °C)124. 

Rf: 0.5 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.53 (s, 1H, triaz), 8.02 (s, 1H, triaz), 7.95 (d, J = 8.3 Hz, 1H, Ar),7.82 

(d, J = 1.9 Hz, 1H, Ar), 7.65 (dd, J = 2.0, 8.3 Hz, 1H, Ar), 5.85 (s, 2H, CH2). 

 

Using this procedure, the following compounds were prepared: 

 

1-(2,4-Difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41c)  

(C10H7F2N3O, M. Weight. 223.18) 

 

 

 

 

 

Reagents: 2-chloro-2&,4'-difluoroacetophenone (41c) (3 g, 15.74 mmol).  

Yield: 2.35 g (67 %) as a white solid.  

m.p.: 112-114 °C (lit. m.p.: 104-106 °C)124. 

Rf: 0.4 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.49 (s, 1H, triaz), 8.03 (dd, J = 8.7, 15.4 Hz, 1H, Ar), 8.02 (s, 1H, 

triaz), 7.56-7.51 (m, 1H, Ar), 7.31 (ddd, J = 2.6, 8.2, 10.6 Hz, 1H, Ar), 5.81 (d, J = 3.0 Hz, 2H, 

CH2).  
19F NMR (DMSO-d6): δ -100. 78 (meta-F-Ar), -103.36 (para-F-Ar). 
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1-(4-Fluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41d)123  

(C10H8FN3O, M.W. 205.19) 

 

 

 

 

Variation: Heated at 80 °C for 4 h. 

Reagents: 2-chloro-4&-fluoro-acetophenone (41d) (3.8 g, 22.01 mmol). The residue was 

purified using column chromatography and the desired compound was eluted at 3 % MeOH. 

Yield: 3.19 g (70 %) as a white crystalline solid.  

m.p.: 116-118 °C (lit. m.p.: not found). 

Rf: 0.47 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.51(s, 1H, triaz), 8.14 (dd, J = 5.5, 9.0 Hz, 2H, Ar), 8.02 (s, 1H, 

triaz), 7.44 (t, J = 8.9 Hz, 2H, Ar), 5.99 (s, 2H, CH2 -triaz).  

F NMR (DMSO-d6): δ -104.32 (para-F-Ar). 

 

1-((2-(4-Chlorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42a)126  

(C11H10ClN3O, M.W. 235.67) 

 

 

 

 

 

Method: To a solution of 1-(4-chlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41a) (5.0 

g, 22.56 mmol) in toluene (250 mL) was added trimethylsulfoxonium iodide (TMSOI) (9.93 

g, 45.12 mmol) followed by 20% aqueous NaOH (17.06 mL = 3.41 g, 85.27 mmol) and the 

reaction heated at 60 oC for 6 h. TLC (petroleum ether – EtOAc 1:2 v/v) confirmed 

consumption of starting material. The reaction was diluted with H2O (50 mL) and EtOAc (100 

mL). The aqueous layer was extracted with EtOAc (2 x 50 mL), then the combined organic 

extracts washed with H2O (2 x 50 mL), brine (50 mL), dried (MgSO4) and concentrated under 

reduced pressure to give the crude product as a dark orange/red oil. This crude product was 

used directly in the next step without any further purification. 

Yield: 5.06 g (95 %, crude) as a dark orange oil. 

Cl

NO
Dry toluene, TMSOI,
          aq.NaOH
heat at 60℃ for 6h

N

N

Cl

N N

N
O

F

Cl
O

F

NO
Dry CH3CN, triazole,
           K2CO3

heat at 80℃ for 4h

N

N

(40d) (41d) 

(41a) (42a) 



(Chapter III) 

  193 

1H NMR (DMSO-d6): δ 8.39 (s, 1H, triaz), 7.91 (s, 1H, triaz), 7.40 (s, 4H, Ar), 5.06 (d, J = 

15.0 Hz, 1H, CHaHb-triaz), 4.64 (d, J = 15.0 Hz, 1H, CHaHb-triaz), 3.04 (d, J = 4.9 Hz, 1H, 

OCHaHb), 2.87 (d, J = 4.9 Hz, 1H, OCHaHb). 

 

Using this procedure, the following compounds were prepared: 

 

1-((2-(2,4-Dichlorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42b)126  

(C11H9Cl2N3O, M.W. 270.11) 

 

 

 

 

Reagents: 1-(2,4-dichlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41b) (0.68g, 2.65 

mmol).  

Yield: 0.71 g (92 %, crude) as an orange oil.  

Rf: 0.37 (2:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): δ 8.39 (s, 1H, triaz), 7.91 (s, 1H, triaz), 7.66 (d, J = 1.9 Hz, 1H, Ar),7.35 

(dd, J = 1.9, 8.3 Hz, 1H, Ar), 7.12 (d, J = 8.3 Hz, 1H, Ar), 4.87 (d, J = 15.0 Hz, 1H, CHaHb-

triaz), 4.55 (d, J = 15.0 Hz, 1H, CHaHb-triaz), 3.13 (d, J = 4.7 Hz, 1H, OCHaHb), 2.94 (d, J = 

4.7 Hz, 1H, OCHaHb). 

 

1-((2-(2,4-Difluorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42c)126  

(C11H9F2N3O, M.W. 237.21) 

 

 

 

 

Reagents: 1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41c) (1.5g, 6.72 

mmol).  

Yield: 1.32 g (83 %, crude) as orange oil.  

Rf: 0.42 (2:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): δ 8.39 (s, 1H, triaz), 7.90 (s, 1H, triaz), 7.28 (dd, J = 9.0, 15.1 Hz, 1H, 

Ar), 7.23-7.18 (m, 1H, Ar), 7.02 (ddd, J = 2.6, 8.5, 10.9 Hz, 1H, Ar), 4.77 (d, J = 15.0 Hz, 1H, 
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CHaHb-triaz), 4.58 (d, J = 15.0 Hz, 1H, CHaHb-triaz), 3.09 (d, J = 4.8 Hz, 1H, OCHaHb), 

2.96 (d, J = 4.8 Hz, 1H, OCHaHb). 

 

1-((2-(4-Fluorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42d)126  

(C11H10FN3O, M. W. 219.22) 

 

 

 

 

Reagents: 1-(4-fluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (41d) (1.65 g, 8.04 mmol).  

Yield: 1.63 g (92 %, crude) as a yellow oil.  

Rf: 0.37 (2:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): δ 8.38 (s, 1H, triaz), 7.91 (s, 1H, triaz), 7.41 (dd, J = 5.5, 9.0 Hz, 2H, 

Ar), 7.16 (t, J = 8.9 Hz, 2H, Ar), 5.02 (d, J = 15.0 Hz, 1H, CHaHb-triaz), 4.6 (d, J = 15.0 Hz, 

1H, CHaHb-triaz), 3.01 (d, J = 4.9 Hz, 1H, OCHaHb), 2.87 (d, J = 4.9 Hz, 1H, OCHaHb). 

 

1-Azido-2-(4-chlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43a)  

 (C11H11ClN6O, M.W. 278.70) 

 

 

 

 

Method: To a solution of crude 1-((2-(4-chlorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole 

(42a) (5.06 g, 21.47 mmol) in dry DMF (58 mL) was added NaN3 (2.72 g, 41.87 mmol) 

followed by NH4Cl (1.38 g, 25.76 mmol) and the reaction heated at 60 oC for 2 h then overnight 

at room temperature. The reaction was quenched by the addition of NaHCO3 (100 mL) and 

then extracted with EtOAc (100 mL). The aqueous layer was back extracted with EtOAc (3 x 

50 mL) then the combined organic extracts washed with H2O (100 mL), brine (100 mL), dried 

(MgSO4) and concentrated under reduced pressure to give a thick orange-red syrup. The crude 

product was purified by gradient column chromatography and the product eluted with 

petroleum ether-EtOAc 4:6 v/v as a thick yellow syrup.  

Yield: 3.76 g (60% over two steps from 41a) as a thick yellow syrup. 

Rf: 0.45 (2:1 v/v EtOAc-petroleum ether). 
1H NMR (DMSO-d6): δ 8.22 (s, 1H, triaz), 7.85 (s, 1H, triaz), 7.42 (d, J = 8.9 Hz, 2H, Ar), 
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7.37 (d, J = 8.9 Hz, 2H, Ar), 6.14 (s, 1H, OH, ex), 4.53 (dd, J = 14.3, 22.0 Hz, 2H, CH2-triaz), 

3.65 (dd, J = 12.9, 22.6 Hz, 2H, CH2-N3).  
13C NMR (DMSO-d6): δ 151.26 (CH, triaz), 145.58 (CH, triaz), 141.04 (C, Ar), 132.53 (C, 

Ar), 128.31 (2 x CH, Ar), 128.56 (2 x CH, Ar), 75.94 (C-OH), 57.87 (CH2-triaz), 56.35 (CH2-

N3). 

HPLC (Method B): 99 %, RT = 4.87 min. 

HRMS (ESI, m/z): theoretical mass: 279.0761 [M+H]+, observed mass: 279.0761 [M+H]+. 

 

Using this procedure, the following compounds were prepared: 

 

1-Azido-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43b)127  

(C11H10Cl2N6O, M. W. 313.14) 

 

 

 

 

Reagents: 1-((2-(2,4-dichlorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (0.68g, 2.51 

mmol). The residue was purified using gradient column chromatography and the desired 

compound was eluted with petroleum ether-EtOAc 3:7 v/v. 

Yield: 0.52 g (63% over two steps from 41b) as a thick orange oil. 

Rf: 0.57 (2:1 v/v EtOAc- petroleum ether). 
1H NMR (DMSO-d6): δ 8.32 (s, 1H, triaz), 7.78 (s, 1H, triaz), 7.58 (t, J = 2.4 Hz, 2H, Ar), 

7.37 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.46 (s, 1H, OH, ex), 4.85 (d, J = 14. Hz, 1H, CHaHb-triaz), 

4.68 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.01 (d, J = 13.2 Hz, 1H, CHaHb-N3), 3.73 (d, J = 

13.2 Hz, 1H, CHaHb-N3). 

 

1-Azido-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43c)127  

(C11H10F2N6O, M.W. 280.24) 
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Reagents: 1-((2-(2,4-difluorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42c) (1.30 g, 5.48 

mmol). The residue was purified using gradient column chromatography and the desired 

compound was eluted with petroleum ether-EtOAc 3:7 v/v. 

Yield: 0.93 g (60 % over two steps from 41c) as a thick colourless oil. 

Rf: 0.35 (2:1 v/v EtOAc-petroleum ether). 
 1H NMR (DMSO-d6): δ 8.30 (s, 1H, triaz), 7.79 (s, 1H, triaz), 7.44 (dd, J = 9.1, 15.9 Hz, 1H, 

Ar), 7.23-7.19 (m, 1H, Ar), 7.03 (ddd, J = 2.5, 8.2, 10.8 Hz, 1H, Ar), 6.38 (s, 1H, OH, ex), 4.56 

(s, 2H, CH2-triaz), 3.73 (d, J = 13.8 Hz, 1H, CHaHb-N3), 3.63 (d, J = 13.8 Hz, 1H, CHaHb-

N3). 

 

1-Azido-2-(4-fluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43d)  

(C11H11FN6O, M.W. 262.25) 

 

 

 

 

 

Reagents: 1-((2-(4-fluorophenyl)oxiran-2-yl)methyl)-1H-1,2,4-triazole (42d) (1.5 g, 6.84 

mmol). The residue was purified using gradient column chromatography and the desired 

compound was eluted with petroleum ether-EtOAc 2:8 v/v. 

Yield: 1. 25 g (60 % over two steps from 41d) as a thick colourless oil. 

Rf: 0.22 (2:1 v/v EtOAc-petroleum ether). 
 1H NMR (DMSO-d6): δ 8.20 (s, 1H, triaz), 7.85 (s, 1H, triaz), 7.44 (dd, J = 5.5, 9.0 Hz, 2H, 

Ar), 7.13 (t, J = 8.9 Hz, 2H, Ar), 6.10 (s, 1H, OH, ex), 4.53 (dd, J = 14.3, 26.9 Hz, 2H, CH2-

triaz), 3.64 (dd, J = 12.9, 25.3 Hz, 2H, CH2-N3).  
13C NMR (DMSO-d6): δ 161.87 (d, 1JCF = 243.9 Hz, para-CF), 151.22 (CH, triaz), 145.54 

(CH, triaz), 138.13 (C, Ar), 128.37 (2 x CH, Ar), 114.99 (2 x CH, Ar), 75.86 (C-OH), 57.59 

(CH2-triaz), 56.48 (CH2-N3). 

HPLC (Method A): 100 %, RT = 4.17 min. 

HRMS (ESI, m/z): theoretical mass: 263.1046 [M+H]+, observed mass: 263.1058 [M+H]+. 
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1-Amino-2-(4-chlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44a)  

(C11H13ClN4O, M.W. 252.70) 

 

 

 

 

 

Method: To a solution of 1-azido-2-(4-chlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol 

(43a) (2g, 7.81 mmol) in dry THF (20 mL) was added TPP (2.16g, 8.26 mmol) and the reaction 

stirred at room temperature for 1 h. H2O (1.42 mL, 78.98 mmol) was added and the reaction 

heated  at 60 oC for 4 h. The reaction was concentrated under reduced pressure and 2M aqueous 

HCl (20 mL) was added to the resulting residue and the reaction stirred at room temperature 

for 20 min before extracting with CH2Cl2 (4 x 25 mL) to remove excess Ph3P and 

triphenylphosphine oxide by-product. To the aqueous layer was added 1M aqueous NaOH until 

basic pH; the free amine was then extracted with EtOAc (2 x 50 mL). The organic layers were 

combined, dried (MgSO4) and concentrated under reduced pressure to give the product as a 

colourless syrup, which became a white solid on standing overnight. 

Yield: 0.74g (91%) as a white solid.  

m.p.: 94-96 °C. 

Rf:  0.36 (9:1 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.20 (s, 1H, triaz), 7.82 (s, 1H, triaz), 7.39 (d, J = 8.9 Hz, 2H, Ar), 

7.33 (d, J = 8.8 Hz, 2H, Ar), 5.53 (brs, 1H, OH, ex), 4.50 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 

4.46 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.27 (d, J = 14.3 Hz,, 1H, CHaHb-NH2), 2.94 (d, J = 

14.3 Hz,, 1H, CHaHb-NH2), 1.56 (brs, 2H, NH2).  
13C NMR (DMSO-d6): δ 150.91 (CH, triaz), 145.28 (CH, triaz), 142.61 (C, Ar), 131.91 (C, 

Ar), 128.25 (2 x CH, Ar), 128.16 (2 x CH, Ar), 75.82 (C-OH), 56.48 (CH2-triaz), 49.79 (CH2-

NH2). 

HPLC (Method B): 97 %, RT = 4.84 min. 

HRMS (ESI, m/z): theoretical mass: 253.0856 [M+H]+, observed mass: 253.0855 [M+H]+. 

 

Using this procedure, the following compounds were prepared: 
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1-Amino-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44b) 127  

(C11H12Cl2N4O,M. W. 287.14) 

 

 

 

 

 

 

Reagents: 1-azido-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43b) (0.52g, 

1.66 mmoL).  

Yield: 0.34g (72%) as a white solid.  

m.p.: 78-80 °C (lit. m.p.: 215-216°C)142. 

Rf:  0.47 (9:1 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.29 (s, 1H, triaz), 7.72 (s, 1H, triaz), 7.53 (t, J = 2.1 Hz, 1H, Ar), 

7.51 (s, 1H, Ar), 7.30 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 5.79 (s, 1H, OH, ex), 4.87 (d, J = 14.3 Hz, 

1H, CHaHb-triaz), 4.59 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.20 (d, J = 13.5 Hz, 1H, CHaHb-

NH2), 3.07 (d, J = 13.5 Hz, 1H, CHaHb-NH2), 1.55 (brs, 2H, NH2). 

 

1-Amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c)127  

(C11H12F2N4O, M.W. 254.24) 

 

 

 

 

 

Reagents: 1-azido-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43c) (0.93g, 

3.31 mmoL).  

Yield: 0.73g (86%) as a white solid.  

m.p.: 102-104 °C (lit. mp. 253 °C)143  

Rf:  0.38 (9:1 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.28 (s, 1H, triaz), 7.73 (s, 1H, triaz), 7.37 (dd, J = 9.0, 15.9 Hz, 1H, 

Ar), 7.17-7.12 (m, 1H, Ar), 6.86 (ddd, J = 2.8, 8.8, 11.4 Hz, 1H, Ar), 6.23 (brs, 1H, OH-ex), 

4.56 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.50 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.19 (d, J = 
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13.5 Hz, 1H, CHaHb-NH2), 2.91 (d, J = 13.5 Hz, 1H, CHaHb-NH2), 1.88 (s, 2H, NH2).  

 

1-Amino-2-(4-fluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44d)  

(C11H13FN4O, M.W. 236.25) 

 

 

 

 

 

Reagents: 1-azido-2-(4-fluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (43d) (0.52g, 1.66 

mmoL).  

Yield: 0.75g (83%) as a white waxy solid.  

Rf:  0.35 (9:1 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.19 (s, 1H, triaz), 7.82 (s, 1H, triaz), 7.40 (dd, J = 5.5, 9.0 Hz, 2H, 

Ar), 7.10 (t, J = 9.0 Hz, 2H, Ar), 5.73 (s, 1H, OH, ex), 4.52 (d, J = 14.2 Hz, 1H, CHaHb-triaz), 

4.47 (d, J = 14.2 Hz, 1H, CHaHb-triaz), 3.29 (d, J = 13.9 Hz, 1H, CHaHb-NH2), 2.82 (d, J = 

13.9 Hz, 1H, CHaHb-NH2), 1,76 (s, 2H, NH2).  
13C NMR (DMSO-d6): δ 161.57 (d, 1JCF = 242.5 Hz, para-CF), 150.89 (CH, triaz), 145.26 

(CH, triaz), 139.76 (d, 4JCF = 2.8 Hz, C4-Ar), 128.28 (d, 3JCF = 8.1 Hz, 2 x CH, Ar), 114.88 (d, 
2JCF = 23.1 Hz, 2 x CH, Ar), 75.82 (C-OH), 56.64 (CH2-triaz), 50.01 (CH2-NH2). 

HPLC (Method A):  94.15 %, RT = 1.43 min. 

HRMS (ESI, m/z): theoretical mass: 259.0970 [M+Na]+, observed mass: 259.0967 [M+Na]+. 

 

3-Acetyl-N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)benzamide 

(46a) 

(C20H19ClN4O3,M.W. 398.85)  

 

 

 

Method: To a solution of 3-acetylbenzoic acid (45) (0.14g, 0.88 mmol) in dry DMF (5 mL) 

was added CDI (0.14g, 0.88 mmol) and the reaction stirred at room temperature for 1 h. Then, 
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a solution of 1-amino-2-(4-chlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44a) (0.15g, 

0.59 mmol) in dry DMF (5 mL) was added and the reaction stirred at room temperature 

overnight. The reaction mixture was quenched with ice/cooled H2O (25 mL), then the residue 

extracted with EtOAc (50 mL), washed with brine (25 mL x 2), and dried (MgSO4). The 

organic layer was evaporated under reduced pressure to give a light yellow oil. Gradient 

column chromatography was applied to purify the compound which eluted with 3.5% MeOH 

in CH2Cl2 as a semi solid. 

Yield: 0.12 g (52 %) as a white semi solid. 

Rf: 0.4 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): δ 8.55 (t, J = 5.7 Hz, 1H, NH), 8.27 (d, J = 7.15 Hz, 1H, Ar),  8.26 (s, 

1H, triaz), 8.09 (d, J = 7.8 Hz, 1H, Ar), 7.98 (d, J = 8.3 Hz, 1H, Ar), 7.83 (s, 1H, triaz), 7.60 

(d, J = 7.8 Hz, 1H, Ar), 7.45 (d, J = 8.8 Hz, 2H, Ar), 7.32 (d, J = 8.8 Hz, 2H, Ar), 6.07 (s, 1H, 

OH, ex), 4.64 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.59 (d, J = 14.3 Hz, 1H, CHaHb-triaz),, 3.90  

(dd, J = 6.80, 14.0 Hz, 1H, CHaHb-NH), 3.65 (dd, J = 5.3, 14.0  Hz, 1H, CHaHb-NH), 2.61 

(s, 3H, CH3).    
13C NMR (DMSO-d6): δ 197.99 (C, CH3C=O),167.08 (C, C=O, amide), 150.01 (CH, triaz), 

145.45 ( CH, triaz), 141.40 (C, Ar), 137.19 (C, Ar), 134.92 (C, Ar), 132.31 (CH, Ar), 132.17 

(C, C-Cl), 131.41 (CH, Ar), 129.29 (CH, Ar), 128.37 (2 X CH, Ar), 128.09 (2 X CH, Ar), 

127.29 (2 X CH, Ar), 76.28 (C-OH), 57.01 (CH2-triaz), 48.24 (CH2-NH), 27.30 (CH3) 

HPLC (Method A): 100 %, RT = 4.37 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 399.1224/401.1224 [M+H]+, observed mass: 
35/37Cl 399.1225/401.1199 [M+H]+. 

 

Using this procedure, the following compounds were prepared: 

 

3-Acetyl-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-

yl)propyl)benzamide (46b)  

(C20H18Cl2N4O3, M. W. 433.29)  
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Reagents: 1-amino-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44b) (0.15g, 

0.52 mmoL) and 3-acetyl benzoic acid (45) (0.13g, 0.78 mmoL). The residue was purified 

using column chromatography and the desired compound was eluted with 3.5 % MeOH in 

CH2Cl2.  

Yield: 0.1 g (45 %) as a white solid. 

m.p.: 160-162 °C. 

Rf: 0.45 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): δ 8.72 (t, J = 6.0 Hz, 1H, NH), 8.34 (s, 1H, triaz), 8.30 (s, 1H, Ar),  8.10 

(d, J = 7.8 Hz, 1H, Ar), 8.01 (d, J = 8.3 Hz, 1H, Ar), 7.74 (s, 1H, triaz), 7.62-7.57 (m, 3H, Ar), 

7.29 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.35(s, 1H, OH, ex), 5.10 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 

4.70 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.08 (dd, J = 5.7, 14.0 Hz, 1H, CHaHb-NH), 3.97 (dd, 

J = 6.4, 14.0 Hz, 1H, CHaHb-NH), 2.61 (s, 3H, CH3).    
13C NMR (DMSO-d6): δ 198.00 (C, CH3C=O),167.58 (C, C=O, amide), 151.02 (CH, triaz), 

145.56 ( CH, triaz), 138.11 (C, Ar), 137.20 (C, Ar), 134.71 (C, Ar), 133.29 (C, C-Cl), 132.40 

(CH, Ar), 131.51 (CH, Ar), 131.50 (C, C-Cl), 130.43 (CH, Ar), 129.30 (2 X CH, Ar), 127.39 

(2 X CH, Ar), 76.90 (C-OH), 54.09 (CH2-triaz), 45.95 (CH2-NH), 27.32 (CH3).  

HPLC (Method A): 100 %, RT = 4.49 min.  

HRMS (ESI, m/z): theoretical mass: 35/37Cl 433.0834/435.0834 [M+H]+, observed mass: 

35/37Cl 433.0832/435.0806 [M+H]+. 

 

3-Acetyl-N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-

yl)propyl)benzamide (46c)  

(C20H18F2N4O3, M.W. 400.39) 

 

 

 

Reagents: 1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 

0.78 mmol) and 3-acetyl benzoic acid (45) (0.19g, 1.17mmoL). The residue was purified using 

gradient column chromatography and the desired compound was eluted with 3% MeOH in 

CH2Cl2.  

Yield: 0.17g (54 %) as a white semisolid.  
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Rf:  0.35 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.37 (t, J = 6.0 Hz, 1H, NH), 8.34 (s, 1H, triaz), 8.30 (s, 1H, Ar), 8.09 

(d, J = 7.8 Hz, 1H, Ar), 8.00 (d, J = 8.3 Hz, 1H, Ar), 7.75 (s, 1H, triaz), 7.61 (t, J = 7.8 Hz, 1H, 

Ar), 7.41 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.21-7.16 (m, 1H, Ar), 6.93 (ddd, J = 2.6, 8.5, 11.0 

Hz, 1H, Ar), 6.24 (s, 1H, OH, ex), 4.73 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.60 (d, J = 14.4 

Hz, 1H, CHaHb-triaz), 3.84 (d, J = 14.0 Hz, 1H, CHaHb-NH), 3.77 (d, J = 14.0 Hz, 1H, 

CHaHb-NH), 2.61 (s, 3H, CH3).    
19F NMR (DMSO-d6): δ -106. 77 (para-F-Ar), -112.08 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 197.99 (C, C=O), 167.32 (C, C=O), 162.28 (dd, 3JCF = 12.6 Hz, 1JCF 

=246.0 Hz, C, C2-Ar),159.60 (dd, 3JCF = 12.5 Hz, 1JCF =247.3 Hz, C, C4-Ar), 150.99 (CH, 

triaz), 145.44 (CH, triaz), 137.20 (C, Ar), 134.79 (C, Ar), 132.34 (CH, Ar), 131.46 (CH Ar), 

130.44 (dd, 3JCF = 6.1 Hz, 3JCF = 9.6 Hz, CH, C6-Ar), 129.29 (CH, Ar), 127.31 (CH, Ar), 

125.20 (dd, 4JCF = 3.5 Hz, 2JCF =13.23 Hz, C, C1-Ar), 111.15 (dd, 4JCF = 3.1 Hz, 2JCF = 20.6 

Hz, CH, C5-Ar), 104.41 (t, 2JCF = 26.2 Hz, CH, C3-Ar), 75.57 (C-OH), 55.53 (CH2-triaz), 

47.09 (CH2-NH2), 27.31 (CH3). 

HPLC (Method A):  100 %, RT = 4.26 min. 

HRMS (ESI, m/z): theoretical mass: 401.1425 [M+H]+, observed mass: 401.1425 [M+H]+. 

  

2-Chloro-N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)thiazole-4-

carboxamide (48a)  

(C15H13Cl2N5O2S, M.W. 398.26)  

 

 

 

Reagents: 1-amino-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44a) (0.16g, 

0.63 mmoL) and 2-chlorothiazole-4-carboxylic acid (47) (0.15g, 0.95 mmol). The residue was 

purified by using gradient column chromatography and the pure compound was eluted with 3.5 

% MeOH in CH2Cl2. 

Yield: 0.17 g (68 %) as a white semisolid. 

Rf: 0.45 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.23 (s, 1H, thiazole), 8.22 (s, 1H, triaz), 8.10 (t, J = 5.2 Hz, 1H, NH), 

7.84 (s, 1H, triaz), 7.41 (d, J = 8.8 Hz, 2H, Ar), 7.32 (d, J = 8.8 Hz, 2H, Ar), 6.12 (s, 1H, OH, 
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ex), 4.53 (s, 2H, CH2-triaz), 3.96  (dd, J = 7.3, 14.0 Hz, 1H, CHaHb-NH), 3.58 (dd, J = 5.1, 

14.0 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 160.06 (C, C=O, amide), 151.44 (C, C-Cl), 151.13 (CH, triaz), 

147.72 (C, Ar), 145.45 (CH, triaz), 141.28 (C, thiazole), 132.28 (C, Ar), 128.30 (2 X CH, Ar), 

128.19 (2 X CH, Ar), 128.03 (CH, thiazole), 75.72 (C-OH), 57.26 (CH2-triaz), 47.22 (CH2-

NH). 

HPLC: 100 %, RT = 4.52 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 398.0245/400.0245 [M+H]+, observed mass: 

35/37Cl 398.0242/400.0214 [M+H]+. 

 

2-Chloro-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)thiazole-

4-carboxamide (48b) 

(C15H12Cl3N5O2S, M. W. 432.70)  

 

 

 

Reagents: 1-amino-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44b)(0.15g, 

0.52 mmoL) and 2-chlorothiazole-4-carboxylic acid (47) (0.13g, 0.78 mmol). The residue was 

purified by gradient column chromatography and the pure compound was eluted with 2.5 % 

MeOH in CH2Cl2. 

Yield: 0.15 g (68 %) as a pale yellow wax. 

Rf: 0.55 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.32 (s, 1H, thiazole), 8.26 (t, J = 5.9 Hz, 1H, NH), 8.25 (s, 1H, triaz), 

7.72 (s, 1H, triaz), 7.54 (d, J = 7.7 Hz, 2H, Ar), 7.29 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.33 (s, 1H, 

OH, ex), 5.03 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.64 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.05  

(dd, J = 6.7, 14.0 Hz, 1H, CHaHb-NH), 3.99 (dd, J = 5.8, 14.0 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 160.43 (C, C=O, amide), 151.45 (C, C-Cl), 151.03 (CH, triaz), 

147.67 (C, Ar), 145.58 ( CH, triaz), 137.98 (C, thiazole), 133.35 (C, C-Cl), 132.07 (C, C-Cl), 

131.49 (CH, Ar), 130.47 (CH, Ar), 128.18 (CH, thiazole), 127.30 (CH, Ar), 76.27 (C-OH), 

54.14 (CH2-triaz), 45.06 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.63 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 431.9855/433.9855 [M+H]+, observed mass: 
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35/37Cl  431.9854/433.9826 [M+H]+. 

 

2-Chloro-N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)thiazole-

4-carboxamide (48c)  

(C15H12ClF2N5O2S, M.W. 399.80) 

  

 

 

Reagents: 1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 

0.78 mmol) and 2-chlorothiazole-4-carboxylic acid (47) (0.19g, 1.17 mmol). The residue was 

purified by gradient column chromatography and the desired compound was eluted with 2% 

MeOH in CH2Cl2.  

Yield: 0.20g (65 %) as a white solid. 

m.p.: 182-184 °C.  

Rf:  0.42 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.32 (s, 1H, thiazole), 8.30 (t, J = 6.2 Hz, 1H, NH), 8.24 (s, 1H, triaz), 

7.73 (s, 1H, triaz), 7.38 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.19-7.15 (m, 1H, Ar), 6.93 (ddd, J = 

2.4, 8.3, 10.9 Hz, 1H, Ar), 6.24 (s, 1H, OH, ex), 4.66 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.54 

(d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.85  (dd, J = 6.9, 14.0 Hz, 1H, CHaHb-NH), 3.74  (dd, J 

= 5.8, 13.9 Hz, 1H, CHaHb-NH). 
19F NMR (DMSO-d6): δ -106. 88 (para-F-Ar), -111.95 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 162.30 (dd, 3JCF = 12.7 Hz, 1JCF =246.1 Hz, C, C2-Ar), 160.34 (C, 

C=O), 159.68 (dd, 3JCF = 12.5 Hz, 1JCF =247.3 Hz, C, C4-Ar), 151.42 (C, thiazole), 151.01 

(CH, triaz), 147.72 (C, thiazole), 145.46 (CH, triaz), 130.50 (dd, 3JCF = 6.1 Hz, 3JCF =9.6 Hz, 

CH, C6-Ar), 128.10 (CH, Ar), 125.12 (dd, 4JCF = 3.5 Hz, 2JCF =13.4 Hz, C, C1-Ar), 111.19 

(dd, 4JCF = 3.0 Hz, 2JCF = 20.4 Hz, CH, C5-Ar), 104.43 (t, 2JCF = 27.9 Hz, CH, C3-Ar), 75.02 

(C-OH), 55.57 (CH2-triaz), 46.16 (CH2-NH2). 

HPLC (Method A):  97.1%, RT = 4.42 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 422.0265/424.0265 [M+Na]+, observed mass: 
35/37Cl 422.0262/424.0234 [M+Na]+. 
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N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-nitrobenzamide 

(50a)  

(C18H16ClN5O4, M.W. 401.81) 
 

 

 

Method: Dichloromethane (3 mL) and sat. aqueous NaHCO3 (6 mL) were stirred vigorously 

and chilled in an ice bath. 4-Nitrobenzoyl chloride (49) (0.22g, 1.19 mmol) was added, 

followed immediately by 1-amino-2-(4-chlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol 

(44a) (0.20g, 0.79 mmol). Stirring was continued at room temperature overnight. The solvent 

was evaporated under reduced pressure then the suspension was extracted with EtOAc (2 x 25 

mL), dried (MgSO4), and the organic layer was evaporated to give the crude product, which 

was purified by gradient column chromatography and the desired compound eluted with 3% 

MeOH in CH2Cl2. 

Yield: 0.24g (74 %) as a white solid.  

m.p.: 228-230 °C. 

Rf:  0.33 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.62 (t, J = 6.0 Hz, 1H, NH), 8.28 (d, J = 9.0 Hz, 2H, Ar), 8.25 (s, 

1H, triaz), 7.95 (d, J = 9.0 Hz, 2H, Ar), 7.83 (s, 1H, triaz), 7.45 (d, J = 8.7 Hz, 2H, Ar), 7.32 

(d, J = 8.7 Hz, 2H, Ar), 5.99 (s, 1H, OH, ex), 4.62 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.59 (d, 

J = 14.4 Hz, 1H, CHaHb-triaz), 3.90 (dd, J = 6.8, 13.9 Hz, 1H, CHaHb-NH), 3.64 (dd, J = 5.3, 

13.9 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 166.07 (C, C=O), 151.03 (CH, triaz), 149.48 (C, C-NO2), 145.45 

(CH, triaz), 141.26 (C, Ar), 140.32 (C, Ar), 132.20 (C, C-Cl), 129.27 (2 X CH, Ar), 128.35 (2 

X CH, Ar), 128.09 (2 X CH, Ar), 123.91 (2 X CH, Ar), 76.11 (C-OH), 56.91 (CH2-triaz), 48.14 

( CH2-NH). 

HPLC (Method B): 99 %, RT = 4.84 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 402.0969/404.0969 [M+H]+, observed mass: 

35/37Cl  402.0969/404.0945 [M+H]+. 

 

Using this procedure, the following compounds were prepared: 
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N-(2-(2,4-Dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-nitrobenzamide 

(50b)  

(C18H15Cl2N5O4, M. W. 436.25)  

 

 

 

Reagents: 1-amino-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44b) (0.34g, 

1.18 mmoL) and 4-nitrobenzoyl chloride (49) (0.33g, 1.77 mmol). The residue was purified by 

gradient column chromatography and the desired compound was eluted with 3% MeOH in 

CH2Cl2.  

Yield: 0.36g (72 %) as a white solid.  

m.p.: 240-242 °C. 

Rf:  0.45 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.78 (t, J = 6.0 Hz, 1H, NH), 8.33 (s, 1H, triaz), 8.29 (d, J = 8.9 Hz, 

2H, Ar), 7.98 (d, J = 8.7 Hz, 2H, Ar), 7.74 (s, 1H, triaz), 7.57 (s, 1H, Ar), 7.55 (d, J = 2.2 Hz, 

1H, Ar), 7.29 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.26 (s, 1H, OH, ex), 5.10 (d, J = 14.4 Hz, 1H, 

CHaHb-triaz), 4.71 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.07 (dd, J = 5.8, 13.9 Hz, 1H, CHaHb-

NH), 4.00 (dd, J = 6.4, 13.9 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 166.49 (C, C=O), 151.05 (CH, triaz), 149.55 (C, C-NO2), 145.56 

(CH, triaz), 140.15 (C, Ar), 137.97 (C, Ar), 133.33 (C, C-Cl), 132.11 (C, C-Cl), 131.49 (CH, 

Ar), 130.45 (CH, Ar), 129.36 (2 X CH, Ar), 127.26 (CH, Ar), 123.93 (2 X CH, Ar), 76.73 (C-

OH), 54.02 (CH2-triaz), 45.81 (CH2-NH). 

HPLC (Method B): 99 %, RT = 4.68 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 436.0579/438.0579 [M+H]+, observed mass: 
35/37Cl 436.0578/438.0554 [M+H]+. 
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N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-nitrobenzamide 

(50c)  

(C18H15F2N5O4, M. Weight. 403.35) 

 

 

 

 

Reagents: 1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.83g, 

3.26 mmoL) and 4-nitrobenzoyl chloride (49) (0.90g, 4.89 mmol). The residue was purified by 

gradient column chromatography and the desired compound was eluted with 4% MeOH in 

CH2Cl2.  

Yield: 0.86g (65 %) as a white solid.  

m.p.: 232-234 °C. 

Rf:  0.45 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.79 (t, J = 6.0 Hz, 1H, NH), 8.33 (s, 1H, triaz), 8.29 (d, J = 9.0 Hz, 

2H, Ar), 7.97 (d, J = 9.0 Hz, 2H, Ar), 7.75 (s, 1H, triaz), 7.41 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 

7.20-7.15 (m, 1H,Ar), 6.93 (ddd, J = 2.5, 8.4, 10.9 Hz, 1H, Ar), 6.15 (s, 1H, OH, ex), 4.73 (d, 

J = 14.4 Hz, 1H, CHaHb-triaz), 4.61 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.85  (dd, J = 6.6, 13.9 

Hz, 1H, CHaHb-NH), 3.77 (dd, J = 5.7, 13.8 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 166.23 (C, C=O), 162.30 (dd, 3JCF = 12.6 Hz, 1JCF =243.1 Hz, C, C2-

Ar),159.63 (dd, 3JCF = 12.2 Hz, 1JCF =247.7 Hz, C, C4-Ar), 151.02 (CH, triaz), 149.51 (C, C-

NO2), 145.44 (CH, triaz), 140.22 (C, Ar), 130.47 (dd, 3JCF = 5.8 Hz, 3JCF =9.7 Hz, CH, C6-Ar), 

129.26 (2 X CH, Ar), 125.48 (dd, 4JCF = 3.5 Hz, 2JCF =13.0 Hz, C, C1-Ar), 123.92 (2 X CH, 

Ar),111.14 (dd, 4JCF = 3.0 Hz, 2JCF = 20.5 Hz, CH, C5-Ar), 104.41 (t,2JCF = 28.0 Hz, CH, C3-

Ar), 75.40 (C-OH), 55.43 (CH2-triaz), 47.01 (CH2-NH2). 

HPLC (Method A): 100 %, RT = 4.37 min. 

HRMS (ESI, m/z): theoretical mass: 404.1170 [M+H]+, observed mass: 404.1173 [M+H]+. 
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N-(2-(4-Fluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-nitrobenzamide 

(50d)  

(C18H16FN5O4, M.W. 385.36) 

 

 

 

 

 

Reagents: 1-amino-2-(4-fluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44d) (0.75g, 

3.17 mmoL) and 4-nitrobenzoyl chloride (49) (0.88g, 4.76 mmol). The residue was purified 

using column chromatography and the desired compound was eluted with 3% MeOH in 

CH2Cl2.  

Yield: 0.8g (65 %) as a white solid.  

m.p.: 213-215 °C. 

Rf:  0.37 (9.5:0.5 v/v CH2Cl2- MeOH). 
1H NMR (DMSO-d6): δ 8.60 (t, J = 5.65 Hz, 1H, NH), 8.28 (d, J = 9.0 Hz, 2H, Ar), 8.24 (s, 

1H, triaz), 7.94 (d, J = 9.0 Hz, 2H, Ar), 7.83 (s, 1H, triaz), 7.46 (dd, J = 5.5, 9.0 Hz, 2H, Ar), 

7.08 (t, J = 8.9 Hz, 2H, Ar), 5.96 (s, 1H, OH, ex), 4.63 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.60 

(d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.90  (dd, J = 6.8, 13.9 Hz, 1H, CHaHb-NH), 3.64 (dd, J = 

5.3, 13.9 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 166.02 (C, C=O), 161.70(d, 1JCF = 243.1 Hz, C, C1-Ar), 151.02 (CH, 

triaz), 149.46 (C, C-NO2), 145.43 (CH, triaz), 140.36 (C, Ar), 138.36 (d, 4JCF = 2.5 Hz, C, C4-

Ar), 129.25 (2 X CH, Ar), 128.43 (d, 3JCF = 8.1 Hz, 2 x CH, Ar), 123.91 (2 X CH, Ar),114.85 

(d, 2JCF = 21.1 Hz, 2 x CH, Ar), 76.06 (C-OH), 57.07 (CH2-triaz), 48.22 (CH2-NH2). 

HPLC (Method A): 100 %, RT = 4.33 min. 

HRMS (ESI, m/z): theoretical mass: 386.1264 [M+H]+, observed mass: 386.1261 [M+H]+. 
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4-Amino-N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)benzamide 

(51a)   

 (C18H18ClN5O2, M.W. 371.83)  

 

 

 

 

 

Method: To a solution of N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-

4-nitrobenzamide (50a) (0.44g, 1.09 mmol) in dry MeOH (15 mL) was added 10 % Pd/C (44 

mg). Then, the reaction atmosphere was filled with H2 using H2 balloons, and the mixture was 

stirred at room temperature for 3 h. The suspension was filtered through a pad of celite and the 

solvent was evaporated under reduced pressure to give the crude product, which was purified 

by column chromatography and the desired compound eluted at 3% MeOH in CH2Cl2. 

Yield: 0.40g (100 %) as an off-white wax. 

Rf: 0.42 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): δ 8.25 (s, 1H, triaz), 7.99 (t, J = 6.0 Hz, 1H, NH), 7.82 (s, 1H, triaz), 

7.48 (d, J = 8.7 Hz, 2H, Ar), 7.41 (d, J = 8.7 Hz, 2H, Ar), 7.31 (d, J = 8.7 Hz, 2H, Ar), 6.51 (d, 

J = 8.7 Hz, 2H, Ar), 6.40 (s, 1H, OH, ex), 5.67 (brs, 2H, NH2), 4.53 (d, J = 14.3 Hz, 1H, 

CHaHb-triaz), 4.49 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.79 (dd, J = 6.6, 13.9 Hz, 1H, CHaHb-

NH), 3.60 (dd, J = 5.1, 13.9 Hz, 1H, CHaHb -NH).    
13C NMR (DMSO-d6): δ 168.38 (C, C=O), 152.49 (C, C-NH2), 150.41 (CH, triaz), 145.45 

(CH, triaz), 141.73 (C, Ar), 132.07 (C, C-Cl), 129.41 (2 X CH, Ar), 128.41 (2 X CH, Ar), 

128.08 (2 X CH, Ar), 120.44 (C,Ar), 112.91 (2 X CH, Ar), 76.53 (C-OH), 57.33 (CH2-triaz), 

48.39 (CH2-NH). 

HPLC (Method B): 99 %, RT = 4.68 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 394.1046/396.1046[M+Na]+, observed mass: 
35/37Cl 394.1047/396.1024 [M+Na]+. 

 

Using this procedure, the following compounds were prepared: 
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4-Amino-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

benzamide (51b) 

(C18H17Cl2N5O2, M.W. 406.27)  

 

 

 

 

 

 

 

Reagents: N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4- 

nitrobenzamide (50b) (0.44g, 1.09 mmol). The residue was purified by gradient column 

chromatography and the desired compound was eluted with 2.5% MeOH in CH2Cl2. 

Yield: 0.32g (100 %) as a pale yellow oil. 

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): δ 8.34 (s, 1H, triaz), 8.20 (t, J = 5.9 Hz, 1H, NH), 7.73 (s, 1H, triaz), 

7.58 (d, J = 8.6 Hz, 1H, Ar), 7.55 (d, J = 2.2 Hz, 1H, Ar), 7.50 (d, J = 8.7 Hz, 2H, Ar), 7.27 (d, 

J = 2.2 Hz, 1H, Ar),  6.87 (s, 1H, OH, ex), 6.54 (d, J = 8.7 Hz, 2H, Ar), 5.70 (brs, 2H, NH2), 

4.99 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.64 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.95 (d, J = 

14.5 Hz, 1H, CHaHb-NH), 3.91 (d, J = 14.5 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 169.23 (C, C=O), 152.66 (C, C-NH2), 150.95 (CH, triaz), 145.61 

(CH, triaz), 138.47 (C, Ar), 133.21 (C, C-Cl), 131.96 (C, C-Cl), 131.66 (CH, Ar), 130.30 (CH, 

Ar), 129.59 (2 X CH, Ar), 127.29 (2 X CH, Ar), 120.01 (C,Ar), 112.89 (2 X CH, Ar), 77.21 

(C-OH), 54.33 (CH2-triaz), 46.39 (CH2-NH). 

HPLC (Method B): 99 %, RT = 4.69 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 428.0656/430.0656 [M+Na]+, observed mass: 
35/37Cl 428.0660/430.0633 [M+Na]+. 
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4-Amino-N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl) propyl) 

benzamide (51c) 

(C18H17F2N5O2, M.W. 373.36) 

 

 

 

 

 

Reagents: N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-

nitrobenzamide (50c) (0.48g, 1.19 mmoL). The residue was purified by gradient column 

chromatography and the desired compound was eluted with 2.5 % MeOH in CH2Cl2.  

Yield: 0.44g (100 %) as an off-white semisolid.  

Rf:  0.35 (9.5:0.5 v/v CH2Cl2- MeOH). 
1H NMR (DMSO-d6): δ 8.33 (s, 1H, triaz), 8.20 (t, J = 6.0 Hz, 1H, NH), 7.73 (s, 1H, triaz), 

7.50 (d, J = 8.7 Hz, 2H, Ar), 7.40 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.20-7.15 (m, 1H,Ar), 6.93 

(ddd, J = 2.4, 8.3, 10.9 Hz, 1H, Ar), 6.67 (s, 1H, OH, ex), 5.69 (s, 2H, NH2), 4.64 (d, J = 14.4 

Hz, 1H, CHaHb-triaz), 4.53 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.73  (dd, J = 5.5, 14.2 Hz, 1H, 

CHaHb-NH), 3.70 (dd, J = 6.3, 14.3 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 168.90 (C, C=O), 162.23 (dd, 3JCF = 12.5 Hz, 1JCF =245.4 Hz, C, C2-

Ar), 159.46 (dd, 3JCF = 12.5 Hz, 1JCF =247.5 Hz, C, C4-Ar), 152.58 (C, C-NH2), 151.02 (CH, 

triaz), 145.44 (CH, triaz), 140.22 (C, Ar), 130.44 (dd, 3JCF = 6.2 Hz, 3JCF =9.6 Hz, CH, C6-Ar), 

129.50 (2 X CH, Ar), 125.48 (dd, 4JCF = 3.5 Hz, 2JCF =13.0 Hz, C, C1-Ar), 120.17 (C, Ar), 

112.89 (2 X CH, Ar),111.19 (dd, 4JCF = 3.0 Hz, 2JCF = 17.7 Hz, CH, C5-Ar), 104.36 (t, 2JCF = 

27.8 Hz, CH, C3-Ar), 75.85 (C-OH), 55.77 (CH2-triaz), 47.47 (CH2-NH2). 

HPLC (Method A): 100 %, RT = 4.04 min. 

HRMS (ESI, m/z): theoretical mass: 374.1428 [M+H]+, observed mass: 374.1430 [M+H]+. 
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4-Amino-N-(2-(4-fluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)benzamide 

(51d)  

(C18H18FN5O2, M.W. 355.37) 

 

 

 

 

 

Reagents: N-(2-(4-fluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-

nitrobenzamide (50d) (0.47g, 1.21 mmoL). The residue was purified by gradient column 

chromatography and the desired compound was eluted with 2.5% MeOH in CH2Cl2.  

Yield: 0.4g (95 %) as a white semisolid.  

Rf:  0.37 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.22 (s, 1H, triaz), 7.95 (t, J = 5.6 Hz, 1H, NH), 7.82 (s, 1H, triaz), 

7.47 (d, J = 9.0 Hz, 2H, Ar), 7.42 (dd, J = 5.5, 9.0 Hz, 2H, Ar), 7.07 (t, J = 8.9 Hz, 2H, Ar), 

6.5 (d, J = 8.8 Hz, 2H, Ar), 6.34 (s, 1H, OH, ex), 5.66 (s, 2H, NH2), 4.54 (d, J = 14.3 Hz, 1H, 

CHaHb-triaz), 4.50 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.79  (dd, J = 6.6, 14.2 Hz, 1H, CHaHb-

NH), 3.60 (dd, J = 5.2, 14.2 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 168.34 (C, C=O), 161.64 (d, 1JCF = 243.1 Hz, C1-Ar), 152.46 (C, 

Ar), 150.94 (CH, triaz), 145.39 (CH, triaz), 138.80 (d, 4JCF = 2.5 Hz, C4-Ar), 129.37 (2 X CH, 

Ar), 128.45 (d, 3JCF = 8.1 Hz, 2 x CH, Ar), 120.49 (C, Ar), 114.83 (d, 2JCF = 21.0 Hz, 2 x CH, 

Ar), 112.91 (2 X CH, Ar), 76.47 (C-OH), 57.49 (CH2-triaz), 48.45 (CH2-NH2). 

HPLC (Method A): 100 %, RT = 3.97 min. 

HRMS (ESI, m/z): theoretical mass: 356.1523 [M+H]+, observed mass: 356.1523 [M+H]+. 

 

N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-(3-(4-

chlorophenyl)thioureido)benzamide (53a)  

(C25H22Cl2N6O2S, M.W. 541.45) 

 

Method: To a cooled (0°C, ice bath) solution of 4-amino-N-(2-(4-chlorophenyl)-2-hydroxy-3-

(1H-1,2,4-triazol-1-yl)propyl)benzamide  (51a) (0.16g, 043 mmol) in dry pyridine (5 mL) was 
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added 4-chlorophenyl isothiocyanate (52) (0.11g, 064 mmol) in portions,59, 61 the reaction 

stirred at room temperature overnight. The solvent was evaporated, and the resulting oil was 

extracted with EtOAc (50 mL), washed with 1M aq. HCl (25 mL), H2O (2 x 25 mL), and dried 

(MgSO4). The organic layer was evaporated under reduced pressure to give a crude yellow-

orange oil. The desired product was purified by gradient column chromatography and the 

desired product eluted with 3.5 % MeOH in CH2Cl2. 

Yield: 0.15 g (68 %) as a white solid. 

m.p.: 146-148 °C.  

Rf: 0.23 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): ! 10.05 (s, 1H, NH-thiourea), 10.00 (s, 1H, NH-thiourea),  8.22 (t, J = 

6.0 Hz, 1H, NH-CH2), 8.20 (s, 1H, triaz), 7.84 (s, 1H, triaz), 7.70 (d, J = 8.9 Hz, 2H, Ar), 7.55 

(dd, J = 8.8, 21.2 Hz, 4H, Ar), 7.43 (d, J = 7.1 Hz, 2H, Ar), 7.39 (d, J = 8.9 Hz, 2H, Ar), 7.33- 

7.19 (m, 2H, Ar), 6.05 (s, 1H, OH, ex), 5.74 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.55 (d, J = 

14.3 Hz, 1H, CHaHb-triaz), 3.86 (dd, J = 6.7, 14.0 Hz, 1H, CHaHb-NH), 3.63 (dd, J = 5.2, 

14.1 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): ! 179.97 (C, C=S), 167.33 (C, C=O), 150.96 (CH, triaz), 145.38 (CH, 

triaz), 142.70 (C, Ar), 142.45 (C, Ar), 141.48 (C, Ar), 138.75 (C, C-Cl), 132.14 (C, C-Cl), 

129.85 (C, Ar), 129.84 ( 2 X CH, Ar), 128.23 (2 X CH, Ar), 128.17 ( 2 X CH, Ar), 126.24 ( 2 

X CH, Ar), 125.74 (2 X CH, Ar), 122.74 (2 X CH, Ar), 76.48 (C-OH), 57.40 (CH2-triaz), 48.35 

(CH2-NH). 

HPLC (Method B): 99 %, RT = 4.78 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 541.0980/543.0980 [M+H]+, observed mass: 
35/37Cl 541.0971/543.0945 [M+H]+. 

 

Using this procedure, the following compounds were prepared: 

 

4-(3-(4-Chlorophenyl)thioureido)-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-

triazol-1-yl)propyl)benzamide (53b) 

(C25H21Cl3N6O2S, M.W. 575.89)  
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Reagents: 4-amino-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

benzamide (51b) ( 0.17g, 0.41 mmol) and 4-chlorophenyl isothiocyanate (52)(0.1g, 0.62 

mmol). 

Yield: 0.13g (56 %) as a white solid. 

m.p.: 138-140 °C.  

Rf: 0.32 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): ! 10.06 (s, 1H, NH-thiourea), 10.03 (s, 1H, NH-thiourea),  8.47 (t, J = 

6.0 Hz, 1H, NH-CH2), 8.34 (s, 1H, triaz), 7.74 (s, 1H, triaz), 7.73(d, J = 8.8 Hz, 2H, Ar), 7.58-

7.56 (m, 4H, Ar), 7.51 (d, J = 8.9 Hz, 2H, Ar), 7.39 (d, J = 8.9 Hz, 2H, Ar), 7.29 (dd, J = 2.3, 

8.7, 1H, Ar), 6.46 (s, 1H, OH-ex), 5.05 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.68 (d, J = 14.4 

Hz, 1H, CHaHb-triaz), 4.02 (dd, J = 5.7, 14.2 Hz, 1H, CHaHb-NH), 3.97 (dd, J = 6.5, 14.2 Hz, 

1H, CHaHb-NH).    
13C NMR (DMSO-d6): ! 179.90 (C, C=S), 168.02 (C, C=O), 151.01 (CH, triaz), 145.59 (CH, 

triaz), 142.89 (C, Ar), 138.76 (C, Ar), 138.19 (C, C-Cl), 133.26 (C, C-Cl), 132.17 (C, C-Cl), 

132.04 (C, C-Cl), 131.54 (CH, Ar), 130.41 (CH, Ar), 128.81 (2 X CH, Ar), 128.32 (2 X CH, 

Ar), 127.27 (CH, Ar), 125.72 (2 X CH, Ar), 122.70 (2 X CH, Ar), 76.99 (C-OH), 54.18 (CH2-

triaz), 46.05 (CH2-NH). 

Microanalysis (C25H21Cl3N6O2S): Anal. Calcd: C 52.13 %, H 3.68 %, N 14.59 %. Found: C 

52.29 %, H 3.82 %, N 14.71 %.   

 

N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4-(3-(4-chlorophenyl) 

ureido)benzamide (55a) 

(C25H22Cl2N6O3, M.W. 525.39)  

 

 

Reagents: 4-amino-N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-

yl)propyl)benzamide  (51a) ( 0.16g, 0.43 mmol) and 4-chlorophenyl isocyanate (54) (0.1g, 

0.64 mmol). The desired product was purified by gradient column chromatography and the 

desired product eluted with 6 % MeOH in CH2Cl2. 

Yield: 0.14g (63 %) as a white solid. 

m.p.: 226-228 °C.  
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Rf: 0.35 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): ! 8.99 (s, 1H, NH-urea), 8.90 (s, 1H, NH-urea), 8.25 (s, 1H, triaz), 8.22 

(t, J = 6.0 Hz, 1H, NH-CH2), 7.83 (s, 1H, triaz), 7.54 (dd, J = 3.2, 8.9 Hz, 2H, Ar), 7.48 (m, 

4H, Ar), 7.43 (d, J = 8.8 Hz, 2H, Ar), 7.34-7.28 (m, 4H, Ar), 6.16 (s, 1H, OH-ex), 4.60 (d, J = 

14.3 Hz, 1H, CHaHb-triaz), 4.56 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 3.85  (dd, J = 6.7, 14.1 

Hz, 1H, CHaHb-NH), 3.63 (dd, J = 5.2, 14.1 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): ! 167.51 (C, C=O), 152.63 (C, C=O), 151.00 (CH, triaz), 145.45 (CH, 

triaz), 143.01 (C, Ar), 142.50 (C, Ar), 141.52 (C, Ar), 138.88 (C, C-Cl), 132.12 (C, C-Cl), 

129.10 (C, Ar), 128.80 (2 X CH, Ar), 128.38 (2 X CH, Ar), 128.09 (2 X CH, Ar), 120.34 (2 X 

CH, Ar), 117.66 (2 X CH, Ar), 76.337 (C-OH), 57.14 (CH2-triaz), 48.24 (CH2-NH). 

Microanalysis (C25H22Cl2N6O3): Anal. Calcd: C 57.15 %, H 4.22 %, N 15.99 %. Found: C 

57.53 %, H 4.28 %, N 15.94 %.   

 

4-(3-(4-Chlorophenyl)ureido)-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-

1-yl)propyl)benzamide (55b) 

(C25H21Cl3N6O3, M. W. 559.83)  

 

 

 

Reagents: 4-amino-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

benzamide (51b) ( 0.16g, 0.43 mmol) and 4-chlorophenyl isocyanate (54) (0.1g, 0.64 mmol). 

The desired product was purified by gradient column chromatography and the desired product 

eluted with 6 % MeOH in CH2Cl2. 

Yield: 0.11g (52 %) as a white solid. 

m.p.: 216-218 °C.  

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): ! 9.06 (s, 1H, NH-urea), 8.97 (s, 1H, NH-urea), 8.42 (t, J = 6.0 Hz, 1H, 

NH-CH2), 8.34 (s, 1H, triaz), 7.72 (d, J = 11.0 Hz, 2H, Ar), 7.70 (s, 1H, triaz), 7.57 (dd, J = 

8.6, 11.0 Hz, 2H, Ar), 7.51- 7.47 (m, 4H, Ar), 7.33 (d, J = 8.9 Hz, 2H, Ar), 7.28 (dd, J = 2.2, 

8.6 Hz, 1H, Ar), 6.53 (s, 1H, OH, ex), 5.05 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.67 (d, J = 
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14.3 Hz, 1H, CHaHb-triaz), 4.02 (dd, J = 5.5, 14.1 Hz, 1H, CHaHb-NH), 3.95 (dd, J = 6.3, 

14.1 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): ! 168.21 (C, C=O), 152.66 (C, C=O), 151.00 (CH, triaz), 145.45 (CH, 

triaz), 143.18 (C, Ar), 138.90 (C, Ar), 138.25 (C, C-Cl), 133.25 (C, C-Cl), 132.02 (C, C-Cl), 

131.55 (CH, Ar), 131.24 (CH, Ar), 130.04 (CH, Ar), 129.10 ( 2 X CH, Ar), 128.93 (CH, Ar), 

127.27 (CH, Ar), 120.35 (2 X CH, Ar), 117.64 (2 X CH, Ar), 77.03 (C-OH), 54.19 (CH2-triaz), 

46.12 (CH2-NH). 

Microanalysis (C25H21Cl3N6O3): Anal. Calcd: C 53.64 %, H 3.78 %, N 15.00 %. Found: C 

53.84 %, H 3.68 %, N 14.63 %.   

 

4-Chloro-N-(4-((2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

carbamoyl)phenyl)benzamide (57a) 

(C25H21Cl2N5O3, M.W. 510.38)  

 

 

Reagents: 4-amino-N-(2-(4-chlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-

yl)propyl)benzamide  (51a) ( 0.15g, 0.42 mmol) and 4-chlorobenzoyl chloride (56) (0.1g, 0.64 

mmol). The desired product was purified by gradient column chromatography and the desired 

product eluted with 6 % MeOH in CH2Cl2. 

Yield: 0.16g (80 %) as a white solid. 

m.p.: 222-224 °C.  

Rf: 0.33 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): ! 10.50 (s, 1H, NH-amide), 8.28 (t, J = 6.0 Hz, 1H, NH-CH2), 8.26 (s, 

1H, triaz), 7.99 (d, J = 8.8 Hz, 2H, Ar), 7.84 (s, 1H, triaz), 7.83 (dd, J = 3.8, 8.9 Hz, 2H, Ar), 

7.76 (d, J = 8.9 Hz, 2H, Ar), 7.62 (d, J = 8.8 Hz, 2H, Ar), 7.44 (d, J = 8.8 Hz, 2H, Ar), 7.33- 

7.27 (m, 2H, Ar), 6.14 (s, 1H, OH-ex), 4.60 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.57 (d, J = 

14.4 Hz, 1H, CHaHb-triaz), 3.86  (dd, J = 6.8, 14.1 Hz, 1H, CHaHb-NH), 3.64 (dd, J = 5.3, 

14.1 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): ! 167.38 (C, C=O), 165.13 (C, C=O), 151.00 (CH, triaz), 145.45 (CH, 

triaz), 142.26 (C, Ar), 141.49 (C, Ar), 137.10 (C, C-Cl), 133.76 (C, Ar), 132.14 (C, C-Cl), 

130.17 (2 X CH, Ar), 129.34 (C, Ar), 128.97 (2 X CH, Ar), 128.53 (2 X CH, Ar), 128.09 (2 X 
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CH, Ar), 126.25 (2 X CH, Ar), 119.91 (2 X CH, Ar), 76.33 (C-OH), 57.10 (CH2-triaz), 48.24 

(CH2-NH). 

Microanalysis (C25H21Cl2N5O3): Anal. Calcd: C 58.83 %, H 4.15 %, N 13.72 %. Found: C 

58.78 %, H 4.07 %, N 13.68 %.   

 

4-Chloro-N-(4-((2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

carbamoyl)phenyl)benzamide (57b) 

(C25H20Cl3N5O3, M. W. 544.82)  

 

 

 

 

Reagents: 4-amino-N-(2-(2,4-dichlorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

benzamide (51b) (0.16g, 0.39 mmol) and 4-chlorobenzoyl chloride (56) (0.16g, 0.6 mmol). 

The desired product was purified by gradient column chromatography and the desired product 

eluted with 5 % MeOH in CH2Cl2. 

Yield: 0.16 g (76 %) as a white solid. 

m.p.: 190-192 °C.  

Rf: 0.32 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): ! 10.51 (s, 1H, NH-amide), 8.49 (t, J = 5.9 Hz, 1H, NH-CH2), 8.35 (s, 

1H, triaz), 7.99 (d, J = 8.6 Hz, 2H, Ar), 7.84 (d, J = 8.8 Hz, 2H, Ar), 7.79 (d, J = 8.8 Hz, 2H, 

Ar), 7.74 (s, 1H, triaz), 7.62 (d, J = 8.6 Hz, 2H, Ar), 7.57 (dd, J = 8.6, 13.4 Hz, 2H, Ar), 7.29 

(dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.50 (s, 1H, OH, ex), 5.07 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 

4.68 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.04 (dd, J = 5.5, 14.0 Hz, 1H, CHaHb-NH), 3.97 (dd, 

J = 6.5, 14.0 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): ! 168.02 (C, C=O), 165.14 (C, C=O), 151.00 (CH, triaz), 145.58 (CH, 

triaz), 142.38 (C, Ar), 138.21 (C, Ar), 137.11 (C, C-Cl), 133.75 (C, C-Cl), 133.26 (C, C-Cl), 

132.04 (C, Ar), 131.55 (CH, Ar), 130.41 (CH, Ar), 130.17 (  X CH, Ar), 129.06 (C, Ar), 128.98 

(2 X CH, Ar), 128.65 (2 X CH, Ar), 127.27 (CH, Ar), 119.89 (2 X CH, Ar), 76.99 (C-OH), 

54.16 (CH2-triaz), 46.68(CH2-NH). 

Microanalysis (C25H20Cl3N5O3): Anal. Calcd: C 54.39 %, H 3.65 %, N 12.68 %. Found: C 

54.05 %, H 3.80 %, N 12.31 %.   
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4-Chloro-N-(4-((2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

carbamoyl)phenyl)benzamide (57c)  

(C25H20ClF2N5O3, M.W. 511.91) 

 

 

 

 

Reagents: 4-amino-N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl) propyl) 

benzamide (51c) (0.25g, 0.66 mmoL) and 4-chlorobenzoyl chloride (56) (0.17g, 1.0 mmol). 

The desired product was purified by gradient column chromatography and the desired product 

eluted with 4 % MeOH in CH2Cl2. 

Yield: 0.26g (78%) as a white solid.  

m.p.: 211-213 °C.  

Rf:  0.37 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 10.50 (s, 1H, NH), 8.48 (t, J = 6.0 Hz, 1H, NH), 8.34 (s, 1H, triaz), 

7.99 (d, J = 8.8 Hz, 2H, Ar), 7.84 (d, J = 9.0 Hz, 2H, Ar), 7.78 (d, J = 9.0 Hz, 2H, Ar), 7.75 (s, 

1H, triaz), 7.62 (d, J = 8.8 Hz, 2H, Ar), 7.42 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.21-7.16 (m, 

1H,Ar), 6.93 (ddd, J = 2.4, 8.4, 10.9 Hz, 1H, Ar), 6.34 (s, 1H, OH, ex), 4.71 (d, J = 14.4 Hz, 

1H, CHaHb-triaz), 4.58 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.81 (dd, J = 6.1, 14.4 Hz, 1H, 

CHaHb-NH), 3.77 (dd, J = 5.7, 14.4 Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 167.73 (C, C=O), 165.14 (C, C=O), 162.27 (dd, 3JCF = 13.4 Hz, 1JCF 

=246.8 Hz, C, C2-Ar),159.56 (dd, 3JCF = 12.3 Hz, 1JCF =247.1 Hz, C, C4-Ar), 150.97 (CH, 

triaz), 145.45 (CH, triaz), 142.32 (C, Ar), 137.11 (C, Ar), 133.76 (C, Ar), 130.53 (dd, 3JCF = 

6.3 Hz, 3JCF =9.5 Hz, CH, C6-Ar), 130.17 (2 X CH, Ar), 129.19 (C, Ar), 128.98 (2 X CH, Ar), 

128.58 (2 X CH, Ar), 125.29 (dd, 4JCF = 3.4 Hz, 2JCF =13.0 Hz, C, C1-Ar), 119.91 (2 X CH, 

Ar),111.17 (dd, 4JCF = 3.3 Hz,  2JCF = 20.7 Hz, CH, C5-Ar), 104.39 (t, 2JCF = 27.9 Hz, CH, C3-

Ar), 75.66 (C-OH), 55.59 (CH2-triaz), 47.17 (CH2-NH2). 

HPLC (Method A):  100 %, RT = 4.6 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 512.1301/514.1301 [M+H]+, observed mass: 

35/37Cl  512.1304/514.1284 [M+H]+. 
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4-Chloro-N-(4-((2-(4-fluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl) 

carbamoyl)  phenyl)benzamide (57d)  

(C25H21ClFN5O3, M.W. 493.92) 

 

 

 

 

 

Reagents: 4-amino-N-(2-(4-fluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-

yl)propyl)benzamide (51d) (0.19g, 0.53mmoL) and 4-chlorobenzoyl chloride (56) (0.14g, 0.8 

mmol). The desired product was purified by gradient column chromatography and the desired 

product eluted with 5 % MeOH in CH2Cl2. 

Yield: 0.24g (92 %) as a white solid. 

m.p.: 218-220 °C.   

Rf:  0.37 (9.5:0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 10.50 (s, 1H, NH), 8.26 (t, J = 5.6 Hz, 1H, NH), 8.24 (s, 1H, triaz), 

7.97 (d, J = 8.8 Hz, 2H, Ar), 7.83 (s, 1H, triaz), 7.82 (d, J = 5.6 Hz, 2H, Ar), 7.76 (d, J = 8.9 

Hz, 2H, Ar), 7.62 (d, J = 8.8 Hz, 2H, Ar), 7.46 (dd, J = 5.5, 9.0 Hz, 2H, Ar), 7.09 (t, J = 8.9 

Hz, 2H, Ar), 6.10 (s, 1H, OH, ex), 4.60 (d, J = 14.3 Hz, 1H, CHaHb-triaz), 4.57 (d, J = 14.3 

Hz, 1H, CHaHb-triaz), 3.86  (dd, J = 6.7, 14.0 Hz, 1H, CHaHb-NH), 3.64 (dd, J = 5.3, 14.0 

Hz, 1H, CHaHb-NH).    
13C NMR (DMSO-d6): δ 167.35 (C, C=O), 165.13 (C, C=O), 161.69 (d, 1JCF = 242.8 Hz, C, 

C1-Ar), 150.99 (CH, triaz), 145.42 (CH, triaz), 142.24 (C, Ar), 138.59 (d, 4JCF = 2.5 Hz, C, 

C4-Ar), 137.10 (C, Ar), 133.76 (C, Ar), 130.17 (2 X CH, Ar), 129.38 (C, Ar), 128.97 (2 X CH, 

Ar), 128.51(2 X CH, Ar), 128.44 (d, 3JCF = 8.1 Hz, 2 x CH, Ar), 119.91 (2 X CH, Ar), 114.85 

(d, 2JCF = 21.0 Hz, 2 x CH, Ar), 76.28 (C-OH), 57.28 (CH2-triaz), 48.31 (CH2-NH2). 

HPLC (Method A): 100 %, RT = 4.6 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 494.1395/496.1395 [M+H]+, observed mass: 

35/37Cl  494.1393/ 496.1376 [M+H]+. 

 

 Using compound (46) procedure, the following compounds were prepared:
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N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-6-fluoro-2-

naphthamide (59)  

(C22H17F3N4O2, M. W. 426.40) 

 

 

Reagents: 6-fluoro-2-naphthoic acid (58) (0.22g, 1.17 mmol) and 1-amino-2-(2,4-

difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 0.78 mmol). The desired 

product was purified by gradient column chromatography and the desired product eluted with 

2.5 % MeOH in CH2Cl2. 

Yield: 0.20g (60 %) as a white solid. 

m.p.: 195-197 °C. 

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.69 (t, J = 6.0 Hz, 1H, NH), 8.42 (s, 1H, Ar), 8.35 (s, 1H, triaz), 8.10 

(dd, J = 5.8, 9.1 Hz 1H, Ar), 7.96 (d, J = 9.0 Hz, 1H, Ar), 7.88 (d, J = 8.8 Hz, 1H, Ar), 7.77 

(dd, J = 2.6, 19.2 Hz, 1H, Ar), 7.75 (s, 1H, triaz), 7.51 (ddd, J = 2.7, 8.9, 11.5 Hz, 1H, Ar), 

7.43 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.21-7.17 (m, 1H, Ar), 6.94 (ddd, J = 2.8, 8.7, 11.3 Hz, 1H, 

Ar), 6.32 (s, 1H, OH, ex), 4.74 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.62 (d, J = 14.4 Hz, 1H, 

CHaHb-triaz), 3.86 (dd, J = 6.2, 14.1 Hz, 1H, CHaHb-NH), 3.82 (dd, J = 5.8, 14.1 Hz, 1H, 

CHaHb-NH). 
19F NMR (DMSO-d6): δ -106.76 (para-F-Ar), -112.09 (2F, meta-F-Ar and naph-F). 
13C NMR (DMSO-d6): δ 167.97 (C, C=O), 162.39 (d, 1JCF = 246.2 Hz, C, C6’-Ar), 160.9 (dd, 
3JCF = 12.7 Hz, 1JCF =245.4 Hz, C, C2-Ar), 159.21 (dd, 3JCF = 12.5 Hz, 1JCF =247.4 Hz, C, C4-

Ar), 150.9 (CH, triaz), 145.44 (CH, triaz), 135.62 (d, 3JCF = 9.9 Hz, C, C10’-Ar), 132.38 (dd, 
3JCF = 9.3 Hz, CH, C8’-Ar), 131.22 (d, 4JCF = 2.7 Hz, C, C9’-Ar), 130.53 (dd, 3JCF = 6.1Hz, 
3JCF = 9.5 Hz, CH, C6-Ar), 129.67 (C, C2’-Ar), 128.27 (CH, Ar), 127. 82 (d, 4JCF = 5.3 Hz, 

CH, C4’-Ar), 125.67 (CH, Ar), 125.25 (dd, 4JCF = 3.3 Hz, 2JCF =12.8 Hz, C, C4-Ar), 117.51 

(d, 2JCF = 25.4 Hz, CH, C7’-Ar), 111.26 (d, 2JCF =20.7 Hz, CH, C5’-Ar) 111.18 (dd, 4JCF = 3.1 

Hz, 2JCF =20.7 Hz, CH, C5-Ar), 104.42 (t, 2JCF = 27.1 Hz, CH, C3-Ar), 75.62 (C-OH), 55.57 

(CH2-triaz), 47.20 (CH2-NH2). 

HPLC:  96 %, RT = 4.59 min. 

HRMS (ESI, m/z): theoretical mass:  449.1201 [M+Na]+, observed mass:  449.1199 [M+Na]+.  
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N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)quinoline-3-

carboxamide (61)  

(C21H17F2N5O2, M.W. 409.40) 

 

 

 

Reagents: Quinoline-3-carboxylic acid (60) (0.20g, 1.17 mmol) and 1-amino-2-(2,4-

difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 0.78 mmol). The desired 

product was purified by gradient column chromatography and the desired product eluted with 

3 % MeOH in CH2Cl2. 

Yield: 0.19g (61 %) as a white solid. 

m.p.: 193-195 °C. 

Rf: 0.3 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 9.18 (d, J = 2.2 Hz, 1H, Ar), 8.87 (t, J = 6.1 Hz, 1H, NH), 8.75 (d, J 

= 2.2 Hz, 1H, Ar), 8.35 (s, 1H, triaz), 8.07 (d, J = 9.8 Hz, 2H, Ar), 7.88- 7.85 (m, 1H, Ar), 7.76 

(s, 1H, triaz), 7.71-7.68 (m, 1H, Ar), 77.44 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.22-7.17 (m, 1H, 

Ar), 6.94 (ddd, J = 2.5, 8.7, 10.9 Hz, 1H, Ar), 6.22 (s, 1H, OH, ex), 4.77 (d, J = 14.4 Hz, 1H, 

CHaHb-triaz), 4.65 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.86 (dd, J = 6.2, 13.8 Hz, 1H, CHaHb-

NH), 3.83 (dd, J = 6.2, 13.8 Hz, 1H, CHaHb-NH). 
19F NMR (DMSO-d6): δ -106.77 (para-F-Ar), -112.05 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 165.51 (C, C=O), 162.32 (dd, 3JCF = 12.6 Hz, 1JCF =245.9 Hz, C, C2-

Ar), 159.6 (dd, 3JCF = 12.5 Hz, 1JCF =247.7 Hz, C, C4-Ar), 151.0 (CH, triaz), 149.32 (CH, Ar), 

148.92 (C, Ar), 145.44 (CH, triaz), 136.16 (CH, Ar), 131.72 (CH, Ar), 130.53 (dd, 3JCF = 6.1 

Hz, 3JCF = 9.5 Hz, CH, C6-Ar), 129.54 (CH, Ar), 129.21 (CH, Ar), 127. 90 (CH, Ar), 127.22 

(C, Ar), 126.87 (C, Ar), 125.16 (dd, 4JCF = 3.5 Hz, 2JCF =13.0 Hz, C, C1-Ar), 111.19 (dd, 4JCF 

= 2.6 Hz, 2JCF = 20.5 Hz, CH, C5-Ar), 104.44 (t, 2JCF = 28.0 Hz, CH, C3-Ar), 75.55 (C-OH), 

55.46 (CH2-triaz), 46.97 (CH2-NH2). 

HPLC:  100 %, RT = 4.34 min. 

HRMS (ESI, m/z): theoretical mass:  410.1428 [M+H]+, observed mass:  410.1427 [M+H]+. 
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7-Chloro-N-(2-(2,4-difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-2-

methylquinoline-3-carboxamide (63)  

(C22H18ClF2N5O2, M.W. 457.87) 

 

 

 

Reagents: 7-chloro-2-methylquinoline-3-carboxylic acid (62) (0.17g, 0.78 mmol) and 1-

amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 0.78 mmol). 

The desired product was purified by gradient column chromatography and the desired product 

eluted with 3 % MeOH in CH2Cl2. 

Yield: 0.22g (63 %) as a white solid. 

m.p.: 145-146 °C. 

Rf: 0.45 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.62 (t, J = 6.0 Hz, 1H, NH), 8.36 (s, 1H, triaz), 8.20 (s, 1H, Ar), 7.99 

(d, J = 11.2 Hz, 1H, Ar), 7.98 (s, 1H, Ar), 7.79 (s, 1H, triaz), 7.62 (dd, J = 2.2, 9.0 Hz, 1H, Ar), 

77.46 (q, J = 9.0 Hz, 1H, Ar), 7.23-7.18 (m, 1H, Ar), 7.00 (ddd, J = 2.5, 8.5, 11.0 Hz, 1H, Ar), 

6.17 (s, 1H, OH, ex), 4.74 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.66 (d, J = 14.4 Hz, 1H, CHaHb-

triaz), 4.00 (dd, J = 7.0, 13.9 Hz, 1H, CHaHb-NH), 3.67 (dd, J = 5.3, 13.9 Hz, 1H, CHaHb-

NH). 
19F NMR (DMSO-d6): δ -106.69 (para-F-Ar), -112.07 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 168.74 (C, C=O), 162.43 (dd, 3JCF = 12.9 Hz, 1JCF = 245.8 Hz, C, 

C2-Ar), 159.71 (dd, 3JCF = 12.0 Hz, 1JCF = 247.8 Hz, C, C4-Ar), 151.07 (CH, triaz), 147.72 (C, 

Ar), 145.50 (CH, triaz), 135.39 (C, Ar), 135.09 (CH, Ar), 130.99 (C, Ar), 130.78 (dd, 3JCF = 

6.0 Hz, 3JCF = 9.7 Hz, CH, C6-Ar), 130.48 (CH, Ar), 127. 53 (CH, Ar), 127.24 (CH, Ar), 125.02 

(dd, 4JCF = 3.6 Hz, 2JCF = 13.0 Hz, C, C1-Ar), 111.11 (dd, 4JCF = 3.0 Hz, 2JCF = 20.4 Hz, CH, 

C5-Ar), 104.44 (t, 2JCF = 27.8 Hz, CH, C3-Ar), 75.31 (C-OH), 55.50 (CH2-triaz), 46.51 (CH2-

NH2), 23.50 (CH3). 

HPLC: 100 %, RT = 4.51 min. 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 458.1195/460.1195 [M+H]+, observed mass: 

35/37Cl  458.1192/460.1169 [M+H]+. 
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4'-(Trifluoromethyl)-[1,1'-biphenyl]-4-carboxylic acid (66a)  

(C14H9F3O2, M.W. 266.22)  

 

 

 

Method: Under nitrogen atmosphere, 4-bromobenzoic acid (64) (0.3g, 1.49 mmol), 4-

trifluoromethyl phenylboronic acid (65a) (0.42g, 2.23 mmol) and 1 mol % of Pd(PPh3)4 

(0.17mg) were dissolved in a mixture solution of dioxane/H2O (10:1 v/v). Then, K2CO3 (0.41g, 

2.93 mmol) was added and the mixture heated under reflux for 6 h. The reaction mixture was 

cooled to room temperature and the dioxane was evaporated. After that, H2O (20 mL) was 

added and the solution was adjusted to pH 1-3 with 2N aqueous HCl, then extracted with 

EtOAc (3 x 50 mL) and dried (MgSO4). The organic layer was evaporated under reduced 

pressure to give a crude light gray semisolid. The residue was purified by gradient column 

chromatography and the desired product was eluted with 2% MeOH in CH2Cl2. 

Yield: 0.32g (82 %) as a white solid. 

m.p.: 240-243 °C.  

Rf: 0.42 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 13.07 (s, 1H, OH), 8.06 (d, J = 8.7 Hz, 2H, Ar), 7.87 (dd, J = 5.2, 8.7 

Hz, 4H, Ar), 7.71 (d, J = 8.7 Hz, 2H, Ar).  
19F NMR (DMSO-d6): δ -60.92 (CF3). 

 

 Using this procedure, the following compounds were prepared: 

 

4'-(Trifluoromethoxy)-[1,1'-biphenyl]-4-carboxylic acid (66b)  

(C14H9F3O3, M.W. 282.22) 

 

 

Reagents: 4-bromobenzoic acid (64) (0.3g, 1.49 mmol) and 4-trifluoromethoxy phenylboronic 

acid (65b) (0.46g, 2.23 mmol).  
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Yield: 0.36g (85 %) as a white solid. 

m.p.: 251-253 °C.  

Rf: 0.47 (9.5: 0.5 v/v CH2Cl2-MeOH) 
1H NMR (DMSO-d6): δ 13.03 (s, 1H, OH), 8.03 (d, J = 8.7 Hz, 2H, Ar), 7.86 (d, J = 8.9 Hz, 

2H, Ar), 7.82 (d, J = 8.7 Hz, 2H, Ar), 7.49 (d, J = 8.0 Hz, 2H, Ar). 
19F NMR (DMSO-d6): δ -56.74 (CF3). 

 

4'-(Trifluoromethyl)-[1,1'-biphenyl]-3-carboxylic acid (68a)  

(C14H9F3O2, M.W. 266.22) 

 

 

 

Reagents: 3-bromobenzoic acid (67) (0.3g, 1.49 mmol) and 4-trifluoromethyl phenylboronic 

acid (65a) (0.42g, 2.23 mmol). The residue was purified by gradient column chromatography 

and the desired product was eluted with 2.5 % MeOH in CH2Cl2. 

Yield: 0.35g (90 %) as a white solid. 

m.p.: 198-200 °C.  

Rf: 0.45 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 13.18 (s, 1H, OH), 8.24 (s, 1H, Ar), 8.02-7.99 (m, 2H, Ar), 7.94 (d, 

J = 8.0 Hz, 2H, Ar), 7.84 (d, J = 8.1 Hz, 2H, Ar), 7.65 (t, J = 7.7 Hz, 1H, Ar). 
19F NMR (DMSO-d6): δ -60.96 (CF3). 

 

4'-(Trifluoromethoxy)-[1,1'-biphenyl]-3-carboxylic acid (68b)  

(C14H9F3O3, M.W. 282.22) 

 

 

Reagents: 3-bromobenzoic acid (67) (0.3g, 1.49 mmol) and 4-trifluoromethoxy phenylboronic 

acid (65b) (0.46g, 2.23 mmol). The residue was purified by gradient column chromatography 

and the desired product was eluted with 2.5 % MeOH in CH2Cl2. 
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Yield: 0.35g (83 %) as a beige solid. 

m.p.: 158-160 °C.  

Rf: 0.35 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 13.13 (s, 1H, OH), 8.19 (s, 1H, Ar), 7.95 (dd, J = 7.7, 15.9 Hz, 2H, 

Ar), 7.84 (d, J = 8.9 Hz, 2H, Ar), 7.62 (t, J = 7.7 Hz, 1H, Ar), 7.47 (d, J = 7.9 Hz, 2H, Ar).  
19F NMR (DMSO-d6): δ -56.74 (CF3). 
13C NMR (DMSO-d6): δ 167.55 (C, C=O), 148.60 (C, Ar), 139.53 (C, Ar), 139.02 (C, Ar), 

132.06 (C, Ar), 131.69 (CH, Ar), 129.89 (CH, Ar), 129.24 (2 x CH, Ar), 129.11 (CH), 127.89 

(CH), 122.00 (2 x CH, Ar), 120.56 (q, 1JCF3 = 256.24 Hz, C, CF3).  

HPLC: 100 %, RT = 4.81 min. 

HRMS (ESI, m/z): theoretical mass: 281.0426 [M-H]-, observed mass: 281.0431 [M-H]-. 
 

Using compound (46) procedure, the following compounds were prepared: 
 

N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4'-

(trifluoromethyl)-[1,1'-biphenyl]-4-carboxamide (69a)  

(C25H19F5N4O2, M.W. 502.45) 

 

 

 

 

Reagents: 4'-(trifluoromethyl)-[1,1'-biphenyl]-4-carboxylic acid (66a) (0.2g, 0.78 mmol) and 

1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.15g, 0.58 

mmol). The residue was purified by gradient column chromatography and the desired product 

was eluted with 2.5 % MeOH in CH2Cl2. 

Yield: 0.3g (76 %) as a white solid. 

m.p.: 211-213 °C. 

Rf: 0.37 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.61 (t, J = 6.0 Hz, 1H, NH), 8.35 (s, 1H, triaz), 7.94 (d, J = 8.1 Hz, 

2H, Ar), 7.89 (d, J = 8.9 Hz, 2H, Ar), 7.83 (dd, J = 5.7, 7.8 Hz, 4H, Ar), 7.75 (s, 1H, triaz), 

7.42 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.21-7.16 (m, 1H, Ar), 6.93 (ddd, J = 2.7, 8.6, 11.1 Hz, 1H, 

Ar), 6.29 (s, 1H, OH, ex), 4.73 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.60 (d, J = 14.4 Hz, 1H, 

CHaHb-triaz), 3.85  (dd, J = 6.5, 14.0 Hz, 1H, CHaHb-NH), 3.79  (dd, J = 5.7, 14.0 Hz, 1H, 
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CHaHb-NH). 
19F NMR (DMSO-d6): δ -60.96 (CF3), -106. 79 (para-F-Ar), -112.15 (meta-F-r). 
13C NMR (DMSO-d6): δ 167.61 (C, C=O), 162.28 (dd, 3JCF = 12.1 Hz, 1JCF = 245.5 Hz, C, 

C2-Ar), 159.60 (dd, 3JCF = 12.2 Hz, 1JCF = 247.2 Hz, C, C4-Ar), 150.9 (CH, triaz), 145.57 (CH, 

triaz), 143.57 (C, Ar), 141.77 (C, Ar), 134.05 (C, Ar), 130.51 (dd, 3JCF = 6.2 Hz, 3JCF = 9.6 Hz, 

CH, C6-Ar), 128.82 (d, 2JCF3 = 31.9 Hz, C, C4’’-Ar), 128.69 (2 x CH, Ar), 128.57 (2 x CH, 

Ar), 127. 42 (2 x CH, Ar), 126.30 (q, 3JCF3 = 3.5 Hz, 2 x CH, C3’’and C5’’-Ar), 125.22 (dd, 
4JCF = 3.4 Hz, 2JCF = 12.9 Hz, C, C1-Ar), 124.64 (q, 1JCF3 = 256.18 Hz, C, CF3), 111.16 (dd, 

4JCF = 2.4 Hz, 2JCF = 20.6 Hz, CH, C5-Ar), 104.41 (t, 2JCF = 26.3 Hz, CH, C3-Ar), 75.64 (C-

OH), 55.57 (CH2-triaz), 47.08 (CH2-NH2). 

HPLC: 100 %, RT = 4.76 min. 

HRMS (ESI, m/z): theoretical mass: 503.1506 [M+H]+, observed mass: 503.1503 [M+H]+. 

 

N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4'-

(trifluoromethoxy)-[1,1'-biphenyl]-4-carboxamide (69b)  

(C25H19F5N4O3, M.W. 518.44) 

 

 

 

 

Reagents: 4'-(trifluoromethoxy)-[1,1'-biphenyl]-4-carboxylic acid (66b) (0.22g, 0.78 mmol) 

and 1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 0.78 

mmol). The residue was purified by gradient column chromatography and the desired product 

was eluted with 2.5 % MeOH in CH2Cl2. 

Yield: 0.26g (65 %) as a white solid. 

m.p.: 208-210 °C. 

Rf: 0.35 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.59 (t, J = 6.0 Hz, 1H, NH), 8.35 (s, 1H, triaz), 7.85 (q, J = 8.7 Hz, 

4H, Ar), 7.77 (d, J = 8.7 Hz, 2H, Ar), 7.75 (s, 1H, triaz), 7.47 (d, J = 7.9 Hz, 2H, Ar), 7.42 (dd, 

J = 9.0, 15.9 Hz, 1H, Ar), 7.21- 7.16 (m, 1H, Ar), 6.93 (ddd, J = 2.4, 8.3, 10.9 Hz, 1H, Ar), 

6.30 (s, 1H, OH, ex), 4.72 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.60 (d, J = 14.4 Hz, 1H, CHaHb-

triaz), 3.84 (dd, J = 6.5, 14.0 Hz, 1H, CHaHb-NH), 3.79  (dd, J = 5.7, 14.0 Hz, 1H, CHaHb-

NH). 
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19F NMR (DMSO-d6): δ -56.69 (CF3), -106. 81 (para-F-Ar), -112.12 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 167.70 (C, C=O), 162.29 (dd, 3JCF = 12.4 Hz, 1JCF = 245.3 Hz, C, 

C2-Ar), 159.60 (dd, 3JCF = 12.7 Hz, 1JCF = 247.2 Hz, C, C4-Ar), 150.9 (CH, triaz), 148.72 (C, 

Ar), 145.46 (CH, triaz), 141.94 (C, Ar), 138.88 (C, Ar), 133.81 (C, Ar), 130.51 (dd, 3JCF = 6.0 

Hz, 3JCF = 9.5 Hz, CH, C6-Ar), 129.30 (2 x CH, Ar), 128.51 (2 x CH, Ar), 127. 15 (2 x CH, 

Ar), 125.23 (dd, 4JCF = 3.5 Hz, 2JCF = 13.3 Hz, C, C1-Ar), 123.20 (q, 1JCF3 = 256.23 Hz, C, 

CF3),  121.97 (2 x CH, Ar), 111.16 (dd, 4JCF = 2.8 Hz, 2JCF = 20.7 Hz, CH, C5-Ar), 104.40 (t, 
2JCF = 28.1 Hz, CH, C3-Ar), 75.61 (C-OH), 55.57 (CH2-triaz), 47.09 (CH2-NH2). 

HPLC: 100 %, RT = 4.78 min. 

HRMS (ESI, m/z): theoretical mass: 519.1455 [M+H]+, observed mass: 519.1453 [M+H]+. 
 

N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4'-

(trifluoromethyl)-[1,1'-biphenyl]-3-carboxamide (70a)  

(C25H19F5N4O2, M. W. 502.45) 

 

 

Reagents: 4'-(trifluoromethyl)-[1,1'-biphenyl]-3-carboxylic acid (68a) (0.24g, 0.90 mmol) and 

1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.23g, 0.90 

mmol). The residue was purified by gradient column chromatography and the desired product 

was eluted with 3 % MeOH in CH2Cl2. 

Yield: 0.34g (75 %) as a white solid. 

m.p.: 92-94 °C. 

Rf: 0.42 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.72 (t, J = 6.0 Hz, 1H, NH), 8.35 (s, 1H, triaz), 8.09 (s, 1H, Ar), 7.94 

(d, J = 8.1 Hz, 2H, Ar), 7.90 (d, J = 7.7 Hz, 1H, Ar), 7.86 (d, J = 8.2 Hz, 2H, Ar), 7.81 (d, J = 

8.2 Hz, 1H, Ar), 7.75 (s, 1H, triaz), 7.59 (t, J = 7.7 Hz, 1H, Ar), 7.43 (dd, J = 9.0, 15.9 Hz, 1H, 

Ar), 7.21-7.17 (m, 1H, Ar), 6.94 (ddd, J = 2.5, 8.4, 10.9 Hz, 1H, Ar), 6.27 (s, 1H, OH, ex), 4.74 

(d, J = 14.4 Hz, 1H, CHaHb-triaz), 4.61 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.85 (d, J = 6.0, 

13.9 Hz, 1H, CHaHb-NH), 3.79 (d, J = 6.0, 13.9 Hz, 1H, CHaHb-NH). 
19F NMR (DMSO-d6): δ -60.90 (CF3), -106. 80 (para-F-Ar), -112.08 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 167.87 (C, C=O), 162.34 (dd, 3JCF = 12.3 Hz, 1JCF = 245.6 Hz, C, 
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C2-Ar), 159.65 (dd, 3JCF = 12.2 Hz, 1JCF = 247.6 Hz, C, C4-Ar), 151.01 (CH, triaz), 145.72 

(CH, triaz), 143.92 (C, Ar), 139.01 (C, Ar), 135.25 (C, Ar), 130.50 (dd, 3JCF = 6.0 Hz, 3JCF = 

9.7 Hz, CH, C6-Ar), 130.40 (CH, Ar), 129.69 (CH, Ar), 128.63 (d, 2JCF3 = 31.8 Hz, C, C4’’-

Ar), 128.11 (3 x CH, Ar), 127. 95 (CH, Ar), 126.31 (q, 3JCF3 = 3.3 Hz, 2 x CH, C3’’and C5’’-

Ar), 125.24 (dd, 4JCF = 3.3 Hz, 2JCF = 13.2 Hz, C, C1-Ar), 124.66 (q, 1JCF3 = 256.4 Hz, C, CF3), 

111.18 (dd, 4JCF = 2.8 Hz, 2JCF = 20.7 Hz, CH, C5-Ar), 104.42 (t, 2JCF = 28.0 Hz, CH, C3-Ar), 

75.64 (C-OH), 55.52 (CH2-triaz), 47.12 (CH2-NH2). 

HPLC: 100 %, RT = 4.77 min. 

HRMS (ESI, m/z): theoretical mass: 503.1506 [M+H]+, observed mass: 503.1505 [M+H]+.  
 

N-(2-(2,4-Difluorophenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-4'-

(trifluoromethoxy)-[1,1'-biphenyl]-3-carboxamide (70b)  

(C25H19F5N4O3, M.W. 518.44) 

 

 

 

Reagents: 4'-(trifluoromethoxy)-[1,1'-biphenyl]-3-carboxylic acid (68b) (0.22g, 0.78 mmol) 

and 1-amino-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (44c) (0.2g, 0.78 

mmol). The residue was purified by gradient column chromatography and the desired product 

was eluted with 2 % MeOH in CH2Cl2. 

Yield: 0.27g (72 %) as a pale yellow oil. 

Rf: 0.4 (9.5: 0.5 v/v CH2Cl2-MeOH). 
1H NMR (DMSO-d6): δ 8.69 (t, J = 6.1 Hz, 1H, NH), 8.35 (s, 1H, triaz), 8.03 (s,1H, Ar), 7.83 

(d, J = 8.9 Hz, 3H, Ar), 7.77 (d, J = 8.4 Hz, 1H, Ar), 7.75 (s, 1H, triaz), 7.56 (t, J = 7.7 Hz, 1H, 

Ar), 7.49 (d, J = 8.0 Hz, 2H, Ar), 7.42 (dd, J = 9.0, 15.9 Hz, 1H, Ar), 7.21-7.17 (m, 1H, Ar), 

6.94 (ddd, J = 2.7, 8.6, 11.2 Hz, 1H, Ar), 6.28 (s, 1H, OH, ex), 4.73 (d, J = 14.4 Hz, 1H, 

CHaHb-triaz), 4.60 (d, J = 14.4 Hz, 1H, CHaHb-triaz), 3.84 (d, J = 6.2, 14.3 Hz, 1H, CHaHb-

NH), 3.78 (d, J = 5.7, 14.3 Hz, 1H, CHaHb-NH). 
19F NMR (DMSO-d6): δ -56.74 (CF3), -106. 81 (para-F-Ar), -112.09 (meta-F-Ar). 
13C NMR (DMSO-d6): δ 167.95 (C, C=O), 162.29 (dd, 3JCF = 12.7 Hz, 1JCF = 245.9 Hz, C, 

C2-Ar), 159.60 (dd, 3JCF = 12.0 Hz, 1JCF = 247.0 Hz, C, C4-Ar), 150.9 (CH, triaz), 148.55 (C, 

Ar), 145.44 (CH, triaz), 139.27 (C, Ar), 139.16 (C, Ar), 135.13 (C, Ar), 130.50 (dd, 3JCF = 6.2 
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Hz, 3JCF = 9.7 Hz, CH, C6-Ar), 130.18 (CH, Ar), 129.58 (CH, Ar), 129.24 (2 x CH, Ar), 127. 

40 (CH, Ar), 126.17 (CH, Ar), 125.24 (dd, 4JCF = 3.6 Hz, 2JCF = 13.3 Hz, C, C1-Ar), 123.04 

(q, 1JCF3 = 256.2 Hz, C, CF3), 121.99 (2 x CH, Ar), 111.18 (dd, 4JCF = 2.7 Hz, 2JCF = 20.6 Hz, 

CH, C5-Ar), 104.42 (t, 2JCF = 28.1 Hz, CH, C3-Ar), 75.65 (C-OH), 55.52 (CH2-triaz), 47.20 

(CH2-NH2). 

HPLC: 97 %, RT = 4.79 min. 

HRMS (ESI, m/z): theoretical mass: 519.1455 [M+H]+, observed mass: 519.1453 [M+H]+. 
!
! !
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b. Biological evaluation: 

1. Evaluation of chloro and dichloro compounds was performed at the Center for Cytochrome 

P450 Biodiversity, Swansea University Medical School by Dr. Josie Parker and Dr. Andrew 

Warrilow. MIC and Kd assays were performed as described in Chapter II (p 61 and 79). 

 

A. CaCYP51 IC50 determination: 

C. albicans CYP51 was overexpressed in E.coli and purified.144 CYP51 

reconstitutions assays were performed.145 The final reaction volume was 500 µL, 

containing; 1 µM C. albicans CYP51, 2 µM Homo sapiens cytochrome P450 reductase 

(CPR) (UniProtKB accession number P16435), 60 µM lanosterol, 50 µM 

dilaurylphosphatidylcholine, 4% w/v 2-hydroypropyl-cyclodextrin, 0.4 mg/mL 

isocitrate dehydrogenase, 25 mM trisodium isocitrate, 50 mM NaCl, 5 mM MgCl2, and 

40 mM MOPS ( morpholinepropanesulfonic acid, pH 7.2). Antifungal compounds were 

added in 2.5 µL DMSO. The reaction was started by the addition of 4 mM NADPH-

tetrasodium salt. Samples were shaken for 15 min at 37 °C and sterol metabolites 

extracted with ethyl acetate and derivatised with BSTFA. 

  

2. The fluoro and difluoro derivatives were evaluated at the Division of Health Sciences, 

University of Otago in New Zealand. Assays were performed by Dr. Brian Monk, Dr. Mikhail 

Keniya and Dr. Yasmeen Ruma. 

 

A. Disk diffusion assay: 

The susceptibilities of S. cerevisiaeas and Candida species strains to azole 

compounds were observed as zones of growth inhibition in agarose diffusion assays.131 

The disk diffusion assays were carried out as described by Keniya et al.135 Complete 

Supplement Mixture (CSM) agarose (0.6 % agarose [wt/vol]; 20 mL Synthetic defined 

medium (SD); pH 6.8-7) was solidified in a rectangular Petri dish which was overlaid 

with CSM agarose (0.6% [wt/vol]; 5 ml; pH 6.8-7) seeded with yeast cells at an optical 

density (OD600) of 0.008 (118,000 cells per 1 mL of overlay). Then, azole compounds 

with a concentration of 10  nmol/disk were applied to sterile BBL paper disks (Becton 

Dickinson Co., Sparks, MD), which were then placed on the overlays. Cell growth was 

assessed after incubation at 30°C for 48 h. 
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! B. MIC80 determination for S. cerevisiaeas and C. albicans strains: 

The MIC assay were carried out as described by Keniya et al.133,135 MIC80s for 

novel inhibitors, MCF and PCZ were determined in 96-well microtiter plates using SD 

buffered to pH 6.8 for S. cerevisiae constructs while pH 7 for C. albicans. Cells were 

seeded at an OD600 of 0.005 (1.5 x 104 CFU), and the plates were incubated at 30°C 

with shaking at 200 rpm for 48 h for S. cerevisiae strains and 24 h for C. albicans. Cell 

growth was assessed by measuring the OD600 using a Synergy 2 multimode plate reader 

(BioTek Instruments, VT, USA). Each MIC80 was determined using triplicate 

measurements for pools of 4 clones of each strain, in three separate experiments. 

   

 

!



! ! !

232 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



! ! (Chapter V) 

233 
 

1. Introduction: 

The promising biological results of the triazole hydroxy-propyl benzamide derivatives 

(chapter IV) encouraged us to design novel extended inhibitors similar to compound 57c and 

69 but without a hydroxyl group at the chiral center of the short arm. Removing the OH group 

may show good activity in Candida species that develop resistance from recognising azole 

compounds containing a hydroxyl group. A few modifications on compound 57c and 69 were 

indicated (Figure 65):  

1. The amide group with the CH2 was reversed and the OH group replaced with a 

hydrogen in both compounds (57c and 69) to explore the activity and binding affinity 

against CaCYP51. 

2. Exploring different moieties at the phenyl ring located after the second amide linker 

for compound 57c to explore additional binding interaction at the access channel. R 

could be EDG or EWG or no substitution. 

3. Maintaining the substituted biphenyl ring (CF3 and OCF3) similar to compound 69. 

  

  

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

Figure 65: General structure of new series, triazole propanamide derivatives, after 

modification of compounds 57c and 69.  
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2. Results and discussion: 

a. Computational studies (MD): 

To perform the molecular dynamic simulation studies, the favourable pose of the 

protein-ligand complex was obtained from MOE, then subjected to 200 ns molecular dynamic 

simulations using the Desmond programe of Maestro. Of note, only MD data results are 

presented in this chapter owing to the more accurate data generated from MD simulations as 

both the CaCYP51 protein and the inhibitor can move during the simulation time to form a 

stable protein-ligand complex to identify key binding interactions with amino acid residues.  

The binding profile of para-biphenyl (80a-d) and substituted amide (85a-f) derivatives 

in the wild-type were similar in forming a coordination interaction between the haem Fe3+ and 

the triazole N. Moreover, only the (R)-configuration was promising for amide compounds 

while both (S)- and (R)-configurations looked promising for biphenyl derivatives. All 

derivatives formed direct or indirect hydrogen bonding and hydrophobic interactions at the 

access channel as well as #-# stacking binding interactions with different amino acids such as 

His377, Met508, Ser378, Leu376, Tyr505 and Trp57.  

Compound 80d was used as an exemplar for para-biphenyl derivatives to illustrate 

binding interactions during the 200 ns simulation time. In the 2D ligand interactions, both 

enantiomers showed 100% binding interaction with the haem Fe3+ as well as more than 65% 

interaction with Tyr132 through a water molecule (Figure 66A). The 3D visualisation in MOE 

for the final frame demonstrated hydrophobic binding interactions with Met508, His377, 

Leu376, Ser378, Tyr64, Leu87 and Pro230 for both configurations while H-arene binding 

interaction with Met508 was observed for (S)-80d (Figure 66B). In addition, (S)- 80d was 

shown to bind perpendicularly with the haem iron and the distance between the triazole 

nitrogen and the haem iron was 2.36!Å while (R)-80d was found to bind slightly sloped with a 

distance of 2.46!Å (Figure 66B). In Figure 67, the protein-ligand RMSD plot of (S)-80d and 

(R)-80d CaCYP51 complexes illustrated high stability of the complexes during the 200 ns 

simulation time. 
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Figure 66: A) 2D of (S)-80d and (R)-80d interactions with CaCYP51 key residues. Interactions 

that occur more than 30.0% of the simulation time in the selected trajectory (0.00 through 

200.00 ns are shown. B) 3D image illustrating binding between the N-atom of the triazole and 

the haem iron for (S)-80d and (R)-80d.   
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Figure 67: Protein-ligand RMSD of CaCYP51-(S)-80d and CaCYP51-(R)-80d complexes 

over 200 ns MD simulation. 

 
An example of the amide derivatives was compound 85f with a pyrazine substitution. 

The 2D ligand interactions showed 99% binding interaction with the haem Fe3+ as well as more 

than 53% direct H-bonding with Ser378 and $ 51% #-# stacking with Tyr118 and His377 for 

both configurations during the 200 ns simulation time. Only (R)-85f exhibited additional 

binding interaction through a water molecule with Tyr132 (65%) and Tyr505 (48%) during the 

simulation time as shown in Figure 68A. Moreover, the loss of direct binding with the heam 

iron was observed for the (S)-85f final frame in MOE and the triazole ring was positioned flat 

above the haem with a distance of 2.63 Å while (R)-85f was shown to bind perpendicularly 

with a distance of 2.67 Å (Figure 68B). Both configurations showed hydrophobic interactions 

with His37, Leu376 and Leu121 but (R)-85f formed water mediated H-bonding between the 

haem porphyrin and amide N as well as between the sp2 of the pyrazine N and Tyr505. In 

addition, direct hydrogen bonding between the amide NH and Ser378 was observed for (R)- 

(R)-80d 

(S)-80d 
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85f as shown in Figure 68B. However, the MD for all amide derivatives (85a-f) was similar in 

which the (R)-configuration preserved the direct binding with Fe3+ during the 200 ns simulation 

time and had an advantage in binding interactions with different amino acids.  
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Figure 68: A) 2D of (S)-85f and (R)-85f interactions with CaCYP51 key residues. Interactions 

that occur more than 30.0% of the simulation time in the selected trajectory (0.00 through 

200.00 ns are shown. B) 3D image illustrating binding between the N-atom of the triazole and 

the haem iron for (S)-85f and (R)-85f.   
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b. Chemistry: 

To synthesise the novel triazole propanamide derivatives, two synthetic pathways were 

optimised to achieve the final compounds in good yields and high purity.  

 

1.! First synthetic pathway: 

A few compounds of the triazole propanamide with the biphenyl nucleus were 

synthesised through six reaction steps (Scheme 11): 

1.1. Esterification reaction. 

1.2. Hydroxymethyl addition to "-carbon. 

1.3. Mesylation reaction. 

1.4. Nucleophilic substitution of triazole. 

1.5. Ester hydrolysis. 

1.6. Coupling reaction using CDI. 
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Scheme 11: Reagents and conditions: (i) SOCl2, MeOH, 60 °C, 3 h (ii) DMSO, NaOCH3, 

paraformaldehyde, r.t., 4 h (iii) CH2Cl2, Et3N, CH3SO2Cl, r.t., o/n (iv) (a) CH3CN, K2CO3, 

triazole, 45 °C, 1 h (b) 70 °C, o/n (v) THF, LiOH, r.t., 1 h (vi) Dioxane/H2O, Pd(PPh3), 104 

°C, 6 h (vii) THF, LiAlH4, 0 °C, 5 h (viii) DMF, CDI, r.t., o/n.   

Where R: 
             a =H 
             b = Cl 
             c = CF3 

             d = OCF3 
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Synthesis of methyl 2-(2,4-difluorophenyl)acetate (72): 

 To synthesise methyl 2-(2,4-difluorophenyl)acetate (72), an esterification reaction was 

performed by reacting compound (71) with SOCl2 in MeOH and the reaction heated at 60 °C 

for 3 h.146 The reaction mechanism involved a nucleophilic attack of the OH lone pair of the 

carboxylic acid on the sulfur to form a good leaving group, which was displaced by MeOH to 

form the desired ester as shown in Figure 69. Compound (72) was confirmed by 1H NMR and 

achieved in a good yield (91%) as a yellow oil 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 69: Esterification mechanism. 
 
 
Synthesis of methyl 2-(2,4-difluorophenyl)-3-hydroxypropanoate (73): 

 The addition of hydroxymethyl to the "-carbon of compound (72) was achieved by 

adding sodium methoxide to a solution of methyl 2-(2,4-difluorophenyl) acetate (72) in dry 

DMSO at 0 °C, followed by paraformaldehyde and the reaction mixture was stirred at room 

temperature for 4 h.147 The reaction mechanism involved a deprotonation of the acidic proton 

at the "-carbon by sodium methoxide, then the carbanion intermediate attacks the carbonyl C 

of the paraformaldehyde to add CH2-OH moiety resulting in compound (73) as shown in Figure 

70.   
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Figure 70: Reaction mechanism of hydroxy-methyl addition. 

 

 After workup, the residue was purified by gradient column chromatography and the 

desired oily product was obtained in a good yield (78%). To confirm synthesis of 

hydroxymethyl compound (73), 1H and 13C NMR was applied. In the 1H NMR a triplet peak 

for OH appeared at δ 5.06 and two doublet of doublet peaks for each proton of CH2 appeared 

at δ 3.98 and δ 3.93 as shown in Table 43. 13C NMR confirmed the additional carbon of CH2 

which appeared at δ 62.29 as well as the CH carbon (δ 46.51).  

 

Table 43: Yield and NMR data for compound (73) 

Compound (73) 
 
 

Structure 

 

 
 

Yield (%) 

 
 

78 

 

 

1H NMR (DMSO-d6) 

 δ 7.44 (q, J = 8.7 Hz, 1H, Ar), 7.23 (t, J = 10.6 Hz, 1H, Ar), 

7.08 (t, J = 8.5 Hz, 1H, Ar), 5.06 (t, J = 5.5 Hz, 1H, OH-ex), 

3.98 (dd, J = 7.4, 13.7 Hz, 1H, CH2), 3.93 (dd, J = 4.7, 10.4 

Hz, 1H, CH2), 3.68 (m, 1H, CH), 3.62 (s, 3H, CH3). 
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13C NMR (DMSO-d6)
 

δ 172.08 (C, C=O), 162.23 (dd, 3JCF = 12.6 Hz, 1JCF = 160.0 

Hz, C, C2-Ar), 160.27 (dd, 3JCF = 12.2 Hz, 1JCF =161.8 Hz, 

C, C4-Ar), 131.32 (dd, 3JCF = 5.5 Hz, 3JCF = 9.62 Hz, CH, 

C6-Ar), 120. 61 (dd, 4JCF = 4.1 Hz, 2JCF =15.3 Hz, CH, C1-

Ar), 112.00 (dd, 4JCF = 3.5 Hz, 2JCF = 21.0 Hz, CH, C5 -Ar), 

104.27 (t, 2JCF = 26.7 Hz, CH, C3-Ar), 62.29 (CH2), 

52.41(CH3), 46.51 (CH). 

 
 
Synthesis of methyl 2-(2,4-difluorophenyl)-3-((methylsulfonyl)oxy)propanoate (74): 

 The alcoholic functional group in the previous compound (73) was converted into a good 

leaving group using methane sulfonyl chloride reagent (MsCl). The mesylated compound (74) 

was achieved by reacting compound (73) with MsCl in the presence of Et3N. The reaction was 

stirred at 0 °C for 1 h then at room temperature overnight.148 The product was purified by 

gradient column chromatography to yield 84 % as a colorless oily product (Table 44).  

 

Table 44: Yield and Rf of compound (74). 

Compound  Structure Yield (%) TLC Rf* 

 
 

74 

  
 

84 

 
 

0.55 

*TLC eluent (petroleum ether-EtOAc 1:1 v/v). 

 
Synthesis of methyl 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoate (75): 

 As mentioned previously in chapter II, the nucleophilic substitution reaction of the 

triazole was performed by reacting triazole with K2CO3 for 1 h at 45 ºC. After the mixture 

cooled to room temperature, methyl 2-(2,4-difluorophenyl)-3-((methylsulfonyl)oxy) 

propanoate (74) was added and heated at 70 ºC for 4 h then room temperature overnight. The 

product (75) was obtained as a yellow oil (yield 85%) after purification with column 

chromatography. Compound 75 was confirmed by 1H NMR as two singlet peaks of the triazole 

CH appeared at δ 8.35 and 7.90 as shown in Figure 71. 
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Figure 71: 1H NMR (DMSO-d6/500 MHz) spectrum for compound 75. 

 

 However, the synthesis of the tetrazole derivative from compound (74) was not 

successful as the alkene byproduct was formed with a yield of 85%. Formation of the alkene 

was not expected owing to the acidity of the tetrazole nucleus149 as well as the presence of the 

mesylate good leaving group, but the resulting tetrazole anion could deprotonate the acidic 

proton at the  "-carbon leading to the alkene byproduct (Figure 72).  

 

 

 

 

 

 

 

 

 

 

Figure 72: Proposed reaction mechanism of alkene byproduct formation. 
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Synthesis of 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76): 

 The synthesis of 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76) 

involved an ester hydrolysis by reacting compound 75 with lithium hydroxide monohydrate in 

H2O at room temperature for 1 h. After workup, a white powder was achieved in good yield 

(Table 45). 

 

Table 45: Yield and melting point (M.P.) of compound (76). 

Compound  Structure Yield (%) M.P. (ºC) 

 
 

76 

  
 

73 

 
 

193- 195 

 

Synthesis of N-((4'-substituted-[1,1'-biphenyl]-4-yl)methyl)-2-(2,4-difluorophenyl)-3-

(1H-1,2,4-triazol-1-yl)propanamide (80a-d): 

 The final compounds of the biphenyl derivative were attempted by activating the OH 

of compound 76 using CDI reagent as discussed in chapter IV for compound 46. Then, the 

acylimidazole intermediate was reacted with the free amine of compound 79 to form the desired 

product (80).  

Compounds 79a-c were commercially available, compound 79d was prepared by two 

reaction steps. The first step was Suzuki coupling, as mentioned previously in chapter IV for 

compound 66, in which 4-bromobenzonitrile (77) was reacted with 4-

trifluromethoxyphenylboronic acid (65b)  and 1 mol % Pd(PPh3) in dioxane/H2O in the 

presence of K2CO3 as a base.150 The desired compound (78) was achieved in an excellent yield 

( 93%) as a yellow solid (Table 46). The second step was a reduction of the nitrile functional 

group in compound (78) to the free amine derivative (79d), which was performed by adding 

LiALH4 dropwise to a solution of compound 78 in THF at -40 ºC for 30 min, then the reaction 

mixture was left at 0 ºC for 5 h.151  The crude white solid (approximately 83%) was used in the 

next step without further purification owing to difficulty in the purification as the compound 

has solubility issue. 
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Table 46: Compound (78) and (79d) chemistry. 

Compound  Structure Yield (%) M.P. (ºC) (Lit. M.P.) 

78 
 

93 
 

53- 54 (51)152 

79d 
 

83 - 

 

The unsubstituted biphenyl derivative (80a) is not optimal for drug like properties 

owing to metabolic stability, however it was synthesised to confirm the reaction method. All 

biphenyl final compounds were confirmed by 1H/13C NMR and achieved in good yields with 

high purity as shown in Table 47.  

 

Table 47: Yield and HPLC/EA purity of compound (80a-d). 

Compound Structure Yield 

(%) 

HPLC purity 

(%)/*EA 

 
 

80a 

  
 

66 

 
 

100 

 
 

80b 

  
 

55 

 
 

100 

 
 

80c 

  
 

54 

 
 

100 

 
 

80d 

  
 

40 

*EA: Anal. Calcd: C 

59.76 %, H 3.81 %, 

N 11.15 %. Found: 

C 59.72 %, H 3.69 

%, N 11.18 %.   
*EA= Elemental analysis 
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2. Second synthetic pathway: 

This synthetic pathway was applied to extend the novel compounds by a second amide 

linker in order to occupy the hydrophobic channel of wildtype/mutant CaCYP51 as well as 

to block the entrance of the natural substrate, which would hopefully circumvent resistance 

by forming additional binding interactions with different amino acids. To synthesise 

compounds 85a-f, three reaction steps were involved starting from the carboxylic acid 

derivative (76) (Scheme 12):    

1.7. Coupling reaction using tris(trifluoromethyl)borate. 

1.8. Hydrogenation reaction using Pd/C catalyst. 

1.9. Amide linker formation. 

 

 

 

 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 12: Reagents and conditions: (i) CPME, B(OCH2CF3)3, 100 °C, o/n (ii) H2, Pd/C, 

MeOH, r.t., 3 h (iii) Pyridine, r.t., o/n.  

Where: 
            a/ Z= Cl, X=C, Y=C, R= Cl  
            b/ Z= Cl, X=C, Y=C, R= OCH3 

            c/ Z= Cl, X= C, Y= C, R= CN  
            d/ Z= OH, X=C, Y=C, R= acetyl 
            e/ Z= Cl, X=H, Y=N, R= H                              
            f/ Z= OH, X= N, Y=N, R= H                              
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Synthesis of 2-(2,4-difluorophenyl)-N-(4-nitrobenzyl)-3-(1H-1,2,4-triazol-1-yl) 

propenamide (82): 

 To synthesise 2-(2,4-difluorophenyl)-N-(4-nitrobenzyl)-3-(1H-1,2,4-triazol-1-yl) 

propenamide (82), an amidation reaction with CDI coupling reagent was first applied to 

achieve the desired product but unfortunately a complicated TLC was obtained. The second 

reagent was used tris(2,2,2-trifluoroethyl)borate (B(OCH2CF3)3) in which the reagent was 

added to a solution of compound 76 and 4-nitrobenzylamine (81) in cyclopentyl methyl ether 

(CPME) and the mixture was stirred at 100 °C overnight.153   

 The reaction mechanism involved activation of the OH of compound 76 to form the 

borate leaving group, which can be displaced by the free amine of compound 81 to produce 

H2O as a byproduct and the desired compound (82) (Figure 73). 

 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 73: Amidation reaction mechanism.  

 

F

F
OH

O

N N

N

B
OCF3

OCF3
OCF3+

F

F
O

O

N N

N

B
H

OCF3

OCF3
OCF3

NO2

H2N

+

B
OCF3

OCF3
OCF3HO

F

F
N

O

N N

N

NO2H

H
+H2O

F

F
H
N

O

N N

N

NO2

B
OCF3

OCF3
OCF3

76

81

82



! ! (Chapter V) 

250 
 

 A solid phase workup using resins was carried out by adding Amberlyst A-26(OH) 

(COOH scavenger), Amberlyst 15 (free amine scavenger ) and Amberlite IRA743 (boron 

scavenger) together to the mixture and stirred for 30 min.154 Then, the mixture was dried 

(MgSO4), filtered to remove resins and MgSO4, and the filtrate was concentrated in vacuo. The 

crude product was purified by gradient column chromatography to yield a faint yellow solid 

(Table 48).   

 

Table 48: Chemistry of compound (82). 

Compound  Structure Yield (%) M.P. (ºC) 

 
 

82 

  
 

67 

 
 

178- 180 

 

Synthesis of N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) 

propenamide (83): 

 The nitro compound 82 was reduced by hydrogenation using Pd/C as described in chapter 

II for compound 8. The free amine derivative 83 was confirmed by 1H NMR (singlet for NH2 

at δ 4.92), and the desired product was achieved in an excellent yield (93 %) as a white solid. 

 

Synthesis of substituted N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) 

propanamido)methyl)phenyl)benz/nicotin/pyrazin-amide (85): 

 The final compounds (85a-f) were synthesised by reacting compound 83 with the acid 

chloride derivatives (84a-f) in pyridine at room temperature overnight. An additional step 

before the amide coupling reaction was applied for compounds 85d and 85f, which was 

preparing the acid chloride derivative by adding SOCl2 to a solution of the carboxylic acid 

compound (84d and 84f) in CH2Cl2. Then, the reaction mixture was heated at 40 ºC for 4 h and 

after evaporation used in the amide coupling step without further purifications.  

 All novel compounds were achieved in good yields after purification with column 

chromatography, as shown in Table 49, except compound 85d. The purification was 

challenging and difficult as the TLC of the final compound (85d) was very complicated; 

moreover; the very low yield (12%) of the acetyl derivative (85d) could be owing to the 

stability of the acetyl derivative in the chlorination and coupling steps. 
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Table 49: Yields and HPLC purity of the final compounds (85a-f). 

Compound  Structure Yield 

(%) 

HPLC purity 

(%) 

 
 

85a 

  
 

68 
 

 
 

100 
 

 
 

85b 

  
 

72 

 
 

100 

 
 

85c 

  
 

80 

 
 

100 
 

 
 

85d 

  
 

12 

 
 

100 

 
 

85e 
 

  
 

77 

 
 

100 

 
 

85f 

  
 

68 

 
 

100 
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c. Biological evaluation: 

All novel compounds will be evaluated at the Division of Health Sciences, University 

of Otago in New Zealand. Assays will be performed by Drs. Brian Monk, Mikhail Keniya and 

Yasmeen Ruma. Same strategy of biological evaluations used in Chapter IV will be applied to 

this series. 
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3. Conclusion: 

The non-hydroxy derivatives of the para-biphenyl (80a-d) and amide (85a-f) 

derivatives showed promising docking results but one favorable conformation was observed 

for amide derivatives. The synthesis of para-biphenyl derivatives (80a-d) was achieved with 

six reaction steps with an additional two steps for amide (85a-f) compounds. The acetyl 

derivative 85d was obtained in very low yield (12%) owing to purification difficulties as well 

as stability issue with the chlorinated compound. However, all synthesised compounds were 

sent for biological evaluation at University of Otago in New Zealand. The biological results of 

the non-hydroxy derivatives against C. albicans wild-type and mutant strains as well as other 

Candida species will be compared with the hydroxy derivatives in chapter IV to provide a clear 

SAR for future design. 
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4. Experimental: 

Computational docking and MD simulations were performed as described in Chapter 

II (p 61). 

 

General method: 

Methyl 2-(2,4-difluorophenyl) acetate (72) 

(C9H8F2O2, M.W.186.16) 

 
 
 
 
 
 
 
  
Method: To a colourless solution of 2-(2,4-difluorophenyl) acetic acid (71) (1.5g, 8.71mmol) 

in dry MeOH (15 mL) was added SOCl2 (1.26 mL, 17.42 mmol) dropwise while cooling in an 

ice- bath. The mixture was heated to 60 °C for 3 h. After evaporation, the residue was dissolved 

in EtOAc (70 mL), washed with aqueous NaHCO3 (3 x 35 mL), H2O (3 x 35 mL) and brine 

(35 mL), dried (MgSO4), and concentrated under vacuum to give the product that was used in 

the next step without further purification.  

Yield: 1.48g (91 %) as a yellow oil.  

Rf = 0.65 (petroleum ether-EtOAc 3:1 v/v). 
1H NMR (DMSO-d6): δ 7.42 (dd, J = 8.7, 15.4 Hz, 1H, Ar), 7.23 (ddd, J = 2.6, 9.5, 10.3 Hz, 

1H, Ar), 7.06 (ddd, J = 2.7, 8.5, 11.1 Hz, 1H, Ar), 3.73 (s, 2H, CH2), 3.63 (s, 3H, CH3). 
19F NMR (DMSO-d6): δ -106.76 (para-F-Ar), -112.09 (meta-F-Ar). 

 

Methyl 2-(2,4-difluorophenyl)-3-hydroxypropanoate (73) 

(C10H10F2O3, M.W. 216.18) 

 

 
 
 
 
 
 

Method: To a stirred solution of methyl 2-(2,4-difluorophenyl) acetate (72) (1.39g, 7.46 mmol) 

in dry DMSO (20 mL) was added sodium methoxide (0.02g, 0.37 mmol) at 0 °C. 
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Paraformaldehyde (0.23g, 7.84 mmol) was then added and the reaction mixture was stirred at 

room temperature for 4 h. The reaction mixture was diluted with EtOAc (70 mL), washed with 

water (3 x 35 mL), brine (35 mL), dried (MgSO4) and evaporated in vacuo to afford the crude 

product. The crude material was purified by gradient column chromatography eluting with 

petroleum ether-EtOAc 60:40 v/v. 

Yield: 1.26g (78%) as colourless oil.  

Rf = 0.5 (petroleum ether-EtOAc 1:1 v/v). 
1H NMR (DMSO-d6): δ 7.44 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.23 (ddd, J = 2.6, 9.3, 10.6 Hz, 

1H, Ar), 7.08 (ddd, J = 2.7, 8.5, 10.0 Hz, 1H, Ar), 5.06 (t, J = 5.5 Hz, 1H, OH-ex), 3.98 (dd, J 

= 7.4, 13.7 Hz, 1H, CHaHb), 3.93 (dd, J = 6.0, 10.4 Hz, 1H, CHaHb), 3.70- 3.66 (m, 1H, CH), 

3.62 (s, 3H, CH3).  

13C NMR (DMSO-d6): δ 172.08 (C, C=O), 162.23 (dd, 3JCF = 12.6 Hz, 1JCF = 160.0 Hz, C, 

C2-Ar), 160.27 (dd, 3JCF = 12.2 Hz, 1JCF = 161.8 Hz, C, C4-Ar), 131.32 (dd, 3JCF = 5.5 Hz, 3JCF 

= 9.6 Hz, CH, C6-Ar), 120. 61 (dd, 4JCF = 4.1 Hz, 2JCF = 15.3 Hz, CH, C1-Ar), 112.00 (dd, 4JCF 

= 3.5 Hz, 2JCF = 21.0 Hz, CH, C5-Ar), 104.27 (t, 2JCF = 26.7 Hz, CH, C3-Ar), 62.29 (CH2), 

52.41(CH3), 46.51 (CH). 

HPLC (Method A):  100 %, RT = 4.23 min. 

HRMS (ESI, m/z): theoretical mass:  239.0495 [M+Na]+, observed mass: 239.0499 [M+Na]+.  

 
Methyl 2-(2,4-difluorophenyl)-3-((methylsulfonyl)oxy) propanoate (74) 

(C11H12F2O5S, M. W. 294.27) 

 

 
 
 
 
Method: To an ice-cooled suspension of methyl 2-(2,4-difluorophenyl)-3-hydroxypropanoate 

(73) (2.94g, 13.59 mmoL) in dry CH2Cl2 (25 mL), was added Et3N (2.84 mL, 20.39 mmoL) 

followed by methane sulfonyl chloride (2.63 mL, 33.99 mmoL) dropwise. The reaction was 

stirred at 0 °C for 1 h then at room temperature overnight. After evaporation, the reaction was 

diluted with EtOAc (100 mL), washed with H2O (2 x 50 mL), dried (MgSO4) and evaporated 

under vacuum. The product was purified by gradient column chromatography and the desired 

product was eluted with 40 % EtOAc in petroleum ether.  

Yield: 3.39g (84%) as a colourless oil.  

Rf = 0.55 (petroleum ether-EtOAc 1:1 v/v). 
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1H NMR (DMSO-d6): δ 7.48 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.31 (ddd, J = 2.5, 9.4, 10.6 Hz, 

1H, Ar), 7.13 (ddd, J = 2.6, 8.5, 10.2 Hz, 1H, Ar), 4.70 (dd, J = 6.8, 10.1 Hz, 1H, CHaHb), 

4.50 (dd, J = 7.0, 10.1 Hz, 1H, CHaHb), 4.41 (t, J = 6.9 Hz, 1H, CH), 3.66 (s, 3H, OCH3), 3.16 

(s, 3H, CH3).  
13C NMR (DMSO-d6): δ 170.34 (C, C=O), 162.57 (dd, 3JCF = 12.6 Hz, 1JCF = 206.7 Hz, C, 

C2-Ar), 160.60 (dd, 3JCF = 12.6 Hz, 1JCF = 207.9 Hz, C, C4-Ar), 131.94 (dd, 3JCF = 5.3 Hz, 3JCF 

= 9.63 Hz, CH, C6-Ar), 118.88 (dd, 4JCF = 3.7 Hz, 2JCF = 15.1 Hz, CH, C1-Ar), 112.40 (dd, 
4JCF = 3.5 Hz, 2JCF = 21.2 Hz, CH, C5-Ar), 104.71 (t, 2JCF = 26.2 Hz, CH, C3-Ar), 69.10 (CH2), 

52.96 (OCH3), 43.56 (CH), 37.03 (CH3). 

HPLC (Method A):  92.57 %, RT = 4.29 min. 

HRMS (ESI, m/z): theoretical mass: 317.0271 [M+Na]+, observed mass: 317.0269 [M+Na]+. 

 

Methyl 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) propanoate (75) 

(C12H11F2N3O2, M. W. 267.24) 

 

 
 
 
 
 
Method: To a stirred solution of triazole (0.17g, 2.54 mmoL) in dry CH3CN (2 mL) was added 

K2CO3 (0.35g, 2.54 mmoL), and the mixture was heated for 1 h at 45 °C. After cooling to room 

temperature, methyl 2-(2,4-difluorophenyl)-3-((methylsulfonyl)oxy) propanoate (74) (0.5g, 

1.69 mmoL) was added and the reaction was heated at 70 °C for 4 h then stirred at room 

temperature overnight. The solvent was evaporated under vacuum and the residue was 

extracted with EtOAc (50 mL), washed with brine (3 x 25 mL) and H2O (3 x 25 mL). The 

organic layer was dried (MgSO4) and evaporated under vacuum to give the crude product, 

which was purified by gradient column chromatography and the desired product was eluted 

with 2 % MeOH in CH2Cl2.  

Yield: 0.38g (85%) as a yellow oil.  

Rf = 0.52 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.35 (s, 1H, triaz), 7.90 (s, 1H, triaz), 7.33 (dd, J = 8.7, 15.2 Hz, 1H, 

Ar), 7.23 (ddd, J = 2.7, 9.3, 10.8 Hz, 1H, Ar), 7.05 (ddd, J = 2.7, 8.5, 10.0 Hz, 1H, Ar), 4.84 

(dd, J = 6.8, 13.7 Hz, 1H, CHaHb), 4.62 (dd, J = 8.4, 13.7 Hz, 1H, CHaHb), 4.53 (t, J = 6.8 

Hz, 1H, CH), 3.62 (s, 3H, OCH3). 
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13C NMR (DMSO-d6): δ 170.93 (C, C=O), 162.47 (dd, 3JCF = 12.1 Hz, 1JCF = 198.9 Hz, C, 

C2-Ar), 160.50 (dd, 3JCF = 12.2 Hz, 1JCF = 200.1 Hz, C, C4-Ar), 152.01 (CH, triaz), 145.07 

(CH, triaz), 131.77 (dd, 3JCF = 5.4 Hz, 3JCF = 9.57 Hz, CH, C6-Ar), 119.48 (dd, 4JCF = 3.7 Hz, 
2JCF = 15.0 Hz, CH, C1-Ar), 112.28 (dd, 4JCF = 3.6 Hz, 2JCF = 21.1 Hz, CH, C5-Ar), 104.48 (t, 
2JCF = 26.2 Hz, CH, C3-Ar), 52.91 (CH3), 49.47 (CH2), 44.37 (CH). 

HPLC (Method A): 100 %, RT = 4.20 min. 

HRMS (ESI, m/z): theoretical mass: 268.0897 [M+H]+, observed mass: 268.0903 [M+H]+. 

 

2-(2,4-Difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) propanoic acid (76) 

(C11H9F2N3O2, M.W. 253.21) 

 

 

 
 
Method: To a stirred solution of methyl 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) 

propanoate (75) (0.7g, 2.65 mmoL) in dry THF (8 mL) was added a solution of LiOH . H2O 

(0.28g, 6.62 mmoL) in H2O (2.4 mL) dropwise at 0 °C and the resulting mixture stirred at room 

temperature for 1 h. The reaction mixture was acidified (pH 3) with 2N aqueous HCl and 

extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with brine (3 x 

25 mL), water (25 mL), dried (MgSO4) and evaporated under vacuum to give a white powder 

which was washed with Et2O.  

Yield: 0.49g (73%) as a white solid.  

m.p.: 193-195 °C 

Rf = 0.12 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 13.02 (brs, 1H, OH), 8.35 (s, 1H, triaz), 7.90 (s, 1H, triaz), 7.34 (dd, 

J = 8.6, 15.1 Hz, 1H, Ar), 7.22 (ddd, J = 2.6, 9.4, 10.5 Hz, 1H, Ar), 7.04 (ddd, J = 2.5, 8.5, 10.9  

Hz, 1H, Ar), 4.81 (dd, J = 6.8, 13.7 Hz, 1H, CHaHb), 4.55 (dd, J = 8.5, 13.7 Hz, 1H, CHaHb), 

4.42 (t, J = 8.4 Hz, 1H, CH). 
13C NMR (DMSO-d6): δ 171.89 (C, C=O), 162.42 (dd, 3JCF = 12.2 Hz, 1JCF = 172.8 Hz, C, 

C2-Ar), 160.45 (dd, 3JCF = 12.6 Hz, 1JCF = 174.5 Hz, C, C4-Ar), 151.93 (CH, triaz), 144.99 

(CH, triaz), 131.64 (dd, 3JCF = 5.5 Hz, 3JCF = 9.6 Hz, CH, C6-Ar), 120.15 (dd, 4JCF = 3.7 Hz, 
2JCF =15.1 Hz, CH, C1-Ar), 112.14 (dd, 4JCF = 3.5 Hz, 2JCF = 21.4 Hz, CH, C5-Ar), 104.49 (t, 
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2JCF = 26.1 Hz, CH, C3-Ar), 49.66 (CH2), 44.63 (CH). 

HPLC (Method A): 100 %, RT = 3.97 min. 

HRMS (ESI, m/z): theoretical mass: 254.0741 [M+H]+, observed mass: 254.0740 [M+H]+. 

 

N-([1,1'-biphenyl]-4-ylmethyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) 

propenamide (80a) 

(C24H20F2N4O, M. W. 418.45) 

 

 

 

 

Method: Chapter IV compound 46. 

Reagents: 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76) (0.15g, 0.59 

mmol) and [1,1'-biphenyl]-4-yl-methanamine (79a) (0.13g, 0.71 mmol). The residue was 

purified by gradient column chromatography and the desired compound eluted with 2.5 % 

MeOH in CH2Cl2.  

Yield: 0.16g (66 %) as a white solid.  

m.p.: 194-195 °C 

Rf = 0.37 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.77 (t, J = 5.9 Hz, 1H, NH), 8.35 (s, 1H, triaz), 7.98 (s, 1H, triaz), 

7.63 (d, J = 7.2 Hz, 2H, Ar), 7.58 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.54 (d, J = 8.4 Hz, 2H, Ar), 

7.45 (t, J = 7.3 Hz, 2H, Ar), 7.35 (ttt, J = 1.2, 1.7, 1.3 Hz, 1H, Ar ), 7.23 (ddd, J = 2.6, 9.3, 10.4 

Hz, 1H, Ar), 7.12 (d, J = 8.5  Hz, 2H, Ar), 7.11 (ddd, J = 2.5, 8.4, 10.9  Hz, 1H, Ar), 4.81 (dd, 

J = 7.8, 12.7 Hz, 1H, CHaHb-triaz), 4.52-4.44 (m, 2H, CHCHaHb-triaz), 4.31 (dd, J = 6.2, 

15.4 Hz, 1H, CHaHb-NH), 4.20 (dd, J = 5.6, 15.4 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.60 (C, C=O), 162.29 (dd, 3JCF = 12.2 Hz, 1JCF = 189.9 Hz, C, 

C2-Ar), 160.32 (dd, 3JCF = 12.6 Hz, 1JCF = 191.6 Hz, C, C4-Ar), 152.03 (CH, triaz), 145.06 

(CH, triaz), 140.34 (C, Ar), 139.14 (C, Ar), 138.61 (C, Ar), 130.96 (dd, 3JCF = 5.2 Hz, 3JCF = 

9.9 Hz, CH, C6-Ar), 129.36 (CH x 2, Ar), 127.94 (CH x 2, Ar), 127.78 (CH, Ar), 127.01 (CH 

x 2, Ar), 126.95 (CH x 2, Ar), 120.66 (dd, 4JCF = 3.9 Hz, 2JCF =15.0 Hz, CH, C1-Ar), 112.017 

(dd, 4JCF = 3.5 Hz, 2JCF =21.0 Hz, CH, C5-Ar), 104.38 (t, 2JCF = 26.3 Hz, CH, C3-Ar), 50.53 

(CH2-triaz), 44.06 (CH), 42.32 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.69 min. 
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HRMS (ESI, m/z): theoretical mass: 441.1502 [M+Na]+, observed mass: 441.1498 [M+Na]+. 

 

Using this procedure, the following compounds were prepared: 

 

N-((4'-chloro-[1,1'-biphenyl]-4-yl) methyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-

yl)propenamide (80b) 

(C24H19ClF2N4O, M.W. 452.89) 

 

 

 

 

Reagents: 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76) (0.15g, 0.59 

mmol) and (4'-chloro-[1,1'-biphenyl]-4-yl)methanamine (79b) (0.15g, 0.71 mmol). The 

residue was purified by gradient column chromatography and the desired compound eluted 

with 2 % MeOH in CH2Cl2.  

Yield: 0.14 g (53 %) as a white solid.  

m.p.: 198-200 °C 

Rf = 0.4 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.78 (t, J = 5.9 Hz, 1H, NH), 8.35 (s, 1H, triaz), 7.98 (s, 1H, triaz), 

7.66 (d, J = 8.7 Hz, 2H, Ar), 7.57 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.55 (d, J = 8.4 Hz, 2H, Ar), 

7.50 (d, J = 8.7 Hz, 2H, Ar), 7.23 (ddd, J = 2.6, 9.4, 10.5 Hz, 1H, Ar), 7.11 (d, J = 8.4  Hz, 2H, 

Ar), 7.10 (ddd, J = 2.4, 8.4, 10.0  Hz, 1H, Ar), 4.81 (dd, J = 7.8, 12.8 Hz, 1H, CHaHb-triaz), 

4.52-4.44 (m, 2H, CHCHaHb-triaz), 4.31 (dd, J = 6.2, 15.4 Hz, 1H, CHaHb-NH), 4.20 (dd, J 

= 5.6, 15.4 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.62 (C, C=O), 162.29 (dd, 3JCF = 12.5 Hz, 1JCF = 190.7 Hz, C, 

C2-Ar), 160.32 (dd, 3JCF = 12.1 Hz, 1JCF = 192.6 Hz, C, C4-Ar), 152.03 (CH, triaz), 145.06 

(CH, triaz), 139.13 (C, Ar), 139.06 (C, Ar), 137.76 (C, Ar), 132.65 (C, Ar), 130.96 (dd, 3JCF = 

5.2 Hz, 3JCF = 9.9 Hz, CH, C6-Ar), 129.30 (CH x 2, Ar), 128.76 (CH x 2, Ar), 127.99 (CH x 2, 

Ar), 126.90 (CH x 2, Ar), 120.66 (dd, 4JCF = 3.8 Hz, 2JCF = 15.1 Hz, CH, C1-Ar), 112.017 (dd, 
4JCF = 3.5 Hz, 2JCF = 21.1 Hz, CH, C5-Ar), 104.38 (t, 2JCF = 26.5 Hz, CH, C3-Ar), 50.53 (CH2-

triaz), 44.06 (CH), 42.29 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.80 min. 

(76) (80b) (79b) 

CDI, DMF
room temp., 

overnightF

F
OH

O

N N

N

+ H2N
F

F
H
N

O

N N

N
Cl

Cl

1

2
3

5
64



! ! (Chapter V) 

260 
 

HRMS (ESI, m/z): theoretical mass: 35/37Cl 451.1137/453.1137 [M-H]-, observed mass: 35/37Cl  

451.1142/453.1120 [M-H]-. 

 

2-(2,4-Difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)-N-((4'-(trifluoromethyl)-[1,1'-biphenyl]-

4-yl) methyl) propenamide (80c) 

(C25H19F5N4O, M.W. 486.45) 

 

 

 

 

Reagents: 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76) (0.15g, 0.59 

mmol) and (4'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)methanamine (79c) (0.20 g, 0.71 mmol). 

The residue was purified by gradient column chromatography and the desired compound eluted 

with 2 % MeOH in CH2Cl2.  

Yield: 0.15 g (54 %) as a white solid.  

m.p.: 197-198 °C. 

Rf = 0.42 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.80 (t, J = 5.9 Hz, 1H, NH), 8.35 (s, 1H, triaz), 7.98 (s, 1H, triaz), 

7.86 (d, J = 8.2 Hz, 2H, Ar), 7.80 (d, J = 8.2 Hz, 2H, Ar), 7.63 (d, J = 8.4 Hz, 2H, Ar), 7.58 

(dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.23 (ddd, J = 2.6, 9.4, 10.4 Hz, 1H, Ar), 7.15 (d, J = 8.4  Hz, 

2H, Ar), 7.11 (ddd, J = 2.4, 8.4, 10.7  Hz, 1H, Ar), 4.81 (dd, J = 7.9, 12.9 Hz, 1H, CHaHb-

triaz), 4.52- 4.44 (m, 2H, CHCHaHb-triaz), 4.33 (dd, J = 6.2, 15.5 Hz, 1H, CHaHb-NH), 4.22 

(dd, J = 5.6, 15.5 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.65 (C, C=O), 162.29 (dd, 3JCF = 12.5 Hz, 1JCF =191.1 Hz, C, C2-

Ar), 160.32 (dd, 3JCF = 12.6 Hz, 1JCF = 193.4 Hz, C, C4-Ar), 152.02 (CH, triaz), 145.06 (CH, 

triaz), 144.32 (C, Ar), 139.80 (C, Ar), 137.50 (C, Ar), 130.96 (dd, 3JCF = 5.0 Hz, 3JCF = 10.1 

Hz, CH, C6-Ar), 128.16 (d, 2JCF3 = 31.9 Hz, C, C4’’-Ar), 128.06 (CH x 2, Ar), 127.78 (CH x 

2, Ar), 127.33 (CH x 2, Ar), 126.20 (q, 3JCF3 = 3.7 Hz, CH x 2, C3’’and C5’’-Ar), 123.29 (q, 
1JCF = 203.1 Hz, CF3), 120.62 (dd, 4JCF = 3.8 Hz, 2JCF =15.3 Hz, CH, C1-Ar), 112.018 (dd, 4JCF 

= 3.6 Hz, 2JCF = 21.5 Hz, CH, C5-Ar), 104.38 (t, 2JCF = 26.5 Hz, CH, C3-Ar), 50.51 (CH2-

triaz), 44.06 (CH), 42.28 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.79 min. 

HRMS (ESI, m/z): theoretical mass: 487.1557 [M+H]+, observed mass: 487.1553 [M+H]+. 
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4'-(Trifluoromethoxy)-[1,1'-biphenyl]-4-carbonitrile (78) 

(C14H8F3NO, M.W. 263.22) 

 

 

 

Method: Chapter IV compound (66).  

Reagents: 4-bromobenzonitrile (77) (0.5g, 2.74 mmol), (4-(trifluoromethoxy) phenyl) boronic 

acid (65b) (0.67g, 3.29 mmol), 1 mol % of Pd(PPh3)4 (31 mg) and K2CO3 (0.75g, 5.48 mmol). 

The residue was purified by gradient column chromatography and the desired compound eluted 

with 20 % EtOAc in petroleum ether.  

Yield: 0.67 g (93 %) as a yellow solid.  

m.p.: 53-54 °C (lit. m.p. 51°C)152. 

Rf = 0.75 (petroleum ether- EtOAc 3:1 v/v). 
1H NMR (DMSO-d6): δ 7.93 (d, J = 8.7 Hz, 2H, Ar), 7.90 (d, J = 9.2 Hz, 2H, Ar), 7.89 (d, J 

= 9.0 Hz, 2H, Ar), 7.51 (d, J = 8.0 Hz, 2H, Ar).  

 

(4'-(Trifluoromethoxy)-[1,1'-biphenyl]-4-yl)methanamine (79d) 

(C14H12F3NO, M.W. 267.25) 

 

 

 

 

Method: LiAlH4 in 1M THF (6.83 mL, 6.83 mmol) was added to a solution of 4'-

(trifluoromethoxy)-[1,1'-biphenyl]-4-carbonitrile (78) (0.6g, 2.27 mmol) in THF (30 mL) while 

stirring at -40 °C for 30 min. The reaction mixture was left at 0 °C for 5 h, then (1 mL) H2O 

was added to decompose any remaining LiAlH4. Then, 1N aq.NaOH (0.25 mL) was added and 

the mixture stirred for 30 min at room temperature. The reaction mixture was filtered through 

a pad of celite, washed with EtOAc and the filtrate was evaporated under vaccuo. H2O (25 mL) 

was added to the concentrated mixture and extracted with EtOAc (3 x 50 mL), dried (MgSO4) 

and evaporated under reduced pressure. The crude white solid was used in the next step without 

further purification.  

Yield: 0.5g (83 % crude yield) as a white solid.  
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m.p.: 142-144 °C. 

Rf = 0.17 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.60 (s, 2H, NH2), 7.91 (d, J = 8.5 Hz, 2H, Ar), 7.85 (d, J = 9.0 Hz, 

2H, Ar), 7.78 (d, J = 8.9 Hz, 2H, Ar), 7.67 (d, J = 8.4 Hz, 2H, Ar), 4.86 (s, 2H, CH2).  

 

2-(2,4-Difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)-N-((4'-(trifluoromethoxy)-[1,1'-biphenyl 

]-4-yl) methyl)propenamide (80d) 

(C25H19F5N4O2, M.W. 502.45) 

 

 

 

 

Method: Chapter IV compound 46. 

Reagents: 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76) (0.3g, 1.18 

mmol) and (4'-(trifluoromethoxy)-[1,1'-biphenyl]-4-yl)methanamine (79d) (0.37 g, 1.42 

mmol). The residue was purified by gradient column chromatography and the desired 

compound eluted with 3 % MeOH in CH2Cl2. A faint minor impurity spot was observed just 

above the major spot on TLC therefore the compound was purified further by recrystallisation 

from EtOH resulting in a white crystalline solid. 

Yield: 0.24 g (40 %) as a white solid.  

m.p.: 160-162 °C 

Rf = 0.55 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.79 (t, J = 5.9 Hz, 1H, NH), 8.36 (s, 1H, triaz), 7.98 (s, 1H, triaz), 

7.76 (d, J = 8.9 Hz, 2H, Ar), 7.60- 7.56 (m, 1H, Ar), 7.57 (d, J = 8.4 Hz, 2H, Ar), 7.44 (dd, J 

= 0.9, 8.8 Hz, 2H, Ar), 7.23 (ddd, J = 2.7, 9.4, 10.5 Hz, 1H, Ar), 7.13 (d, J = 8.5 Hz, 2H, Ar), 

7.11 (ddd, J = 2.4, 8.5, 10.8 Hz, 1H), 4.81 (dd, J = 7.9, 12.9 Hz, 1H, CHaHb-triaz), 4.52- 4.44 

(m, 2H, CHCHaHb-triaz), 4.32 (dd, J = 6.2, 15.4 Hz, 1H, CHaHb-NH), 4.21 (dd, J = 5.7, 15.4 

Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.65 (C, C=O), 162.1 (dd, 3JCF = 12.1 Hz, 1JCF = 246.1 Hz, C, C2-

Ar), 160.32 (dd, 3JCF = 12.1 Hz, 1JCF = 251.4 Hz, C, C4-Ar), 152.0 (CH, triaz), 148.21 (C, Ar), 

145.1 (CH, triaz), 139.7 (C, Ar), 137.2 (C, Ar), 137.7 (C, Ar), 130.96 (dd, 3JCF = 5.2 Hz, 3JCF 

= 9.8 Hz, CH, C6-Ar), 128.9 (CH x 2, Ar), 128.0 (CH x 2, Ar), 127.1 (CH x 2, Ar), 121.9 (CH 
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x 2, Ar), 120.7 (dd, 4JCF = 3.6 Hz, 2JCF = 15.3 Hz, CH, C1-Ar), 120.58 (q, 1JCF = 256.1 Hz, 

CF3), 112.18 (dd, 4JCF = 3.5 Hz, 2JCF = 21.3 Hz, CH, C5-Ar), 104.39 (t, 2JCF = 26.0 Hz, CH, 

C3-Ar), 50.5 (CH2-triaz), 44.1 (CH), 42.3 (CH2-NH). 

Microanalysis (C25H19F5N4O2): Anal. Calcd: C 59.76 %, H 3.81 %, N 11.15 %. Found: C 

59.72 %, H 3.69 %, N 11.18 %. 

 

2-(2,4-Difluorophenyl)-N-(4-nitrobenzyl)-3-(1H-1,2,4-triazol-1-yl)propenamide (82) 

(C18H15F2N5O3, M. W. 387.35) 

 

 

 
 

 
Method: Tris(2,2,2-trifluoroethyl)borate (B(OCH2CF3)3) (0.40 mL, 1.80 mmol) was added to 

a solution of 2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanoic acid (76) (0.23g, 0.90 

mmol) and 4-nitrobenzylamine (81) (0.15g, 0.99 mmol) in CPME (4 mL). The resulting 

mixture was then stirred at 100 °C overnight. Upon completion the reaction mixture was diluted 

with EtOAc (8 mL) and H2O (1 mL). Amberlyst A-26(OH) (300 mg), Amberlyst 15 (300 mg) 

and Amberlite IRA743 (300 mg) were added together to the mixture and it was stirred for 30 

min. The mixture was then dried (MgSO4), filtered to remove resins and MgSO4 and washed 

with EtOAc (3 x 20 mL). The filtrate was concentrated in vacuo and an orange oil residue was 

obtained. The crude product was purified by gradient column chromatography to yield a faint 

yellow solid with 2.5 % MeOH in CH2Cl2.   

Yield: 0.23g (67%) as a yellow solid.  

m.p.: 178-180 °C. 

Rf = 0.42 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.90 (t, J = 5.9 Hz, 1H, NH), 8.35 (s, 1H, triaz), 8.12 (d, J = 8.8 Hz, 

2H, Ar ), 8.00 (s, 1H, triaz), 7.54 (dd, J = 8.7, 15.0 Hz, 1H, Ar), 7.26 (d, J = 8.9 Hz, 2H, Ar ), 

7.25 (ddd, J = 2.6, 8.9, 10.0 Hz, 1H, Ar), 7.11 (ddd, J = 2.8, 8.5, 10.0 Hz, 1H, Ar), 4.81 (dd, J 

= 8.4, 13.2 Hz, 1H, CHaHb-triaz), 4.53-4.45 (m, 2H, CHCHaHb-triaz), 4.41 (dd, J = 6.2, 16.0 

Hz, 1H, CHaHb-NH), 4.26 (dd, J = 5.5, 16.0 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.92 (C, C=O), 162.30 (dd, 3JCF = 12.6 Hz, 1JCF = 198.9 Hz, C, 

C2-Ar), 160.33 (dd, 3JCF = 12.2 Hz, 1JCF = 200.3 Hz, C, C4-Ar), 152.09 (CH, triaz), 147.54 (C, 
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Ar), 146.84 (C, Ar), 145.10 (CH, triaz), 130.92 (dd, 3JCF = 5.0 Hz, 3JCF = 9.4 Hz, CH, C6-Ar), 

128.24 (CH x 2, Ar), 123.80 (CH x 2, Ar), 120.43 (dd, 4JCF = 3.7 Hz, 2JCF = 15.0 Hz, CH, C1-

Ar), 112.24 (dd, 4JCF = 3.3 Hz, 2JCF = 21.1 Hz, CH, C5-Ar), 104.44 (t, 2JCF = 26.2 Hz, CH, C3-

Ar), 50.42 (CH2-triaz), 43.99 (CH), 42.21 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.35 min. 

HRMS (ESI, m/z): theoretical mass: 388.1221[M+H]+, observed mass: 388.1221[M+H]+. 

 

N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) propenamide (83) 

(C18H17F2N5O, M. W. 357.36) 

 

 
 

 
 

 
Method: Chapter II compound 8. 

Reagents: 2-(2,4-difluorophenyl)-N-(4-nitrobenzyl)-3-(1H-1,2,4-triazol-1-yl)propenamide 

(82) (0.18g, 0.46 mmol) and 10 % Pd-C (20 mg). The residue was purified by gradient column 

chromatography and the desired compound eluted with 3 % MeOH in CH2Cl2.  

Yield: 0.15g (93%) as a white solid.  

m.p.: 147-149 °C. 

Rf = 0.3 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ 8.53 (t, J = 5.8 Hz, 1H, NH), 8.33 (s, 1H, triaz), 7.92 (s, 1H, triaz), 

7.56 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.20 (ddd, J = 2.7, 9.4, 10.5 Hz, 1H, Ar ), 7.08 (ddd, J = 

2.4, 8.5, 11.2 Hz, 1H, Ar), 6.69 (d, J = 8.5  Hz, 2H, Ar), 6.43 (d, J = 8.5  Hz, 2H, Ar), 4.92 (s, 

2H, NH2), 4.76 (dd, J = 5.1, 15.7 Hz, 1H, CHaHb-triaz), 4.45- 4.40 (m, 2H, CHCHaHb-triaz),  

4.07 (dd, J = 6.0, 15.0 Hz, 1H, CHaHb-NH), 3.98 (dd, J = 5.6, 15.0 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.17 (C, C=O), 162.50 (dd, 3JCF = 12.2 Hz, 1JCF = 182.7 Hz, C, 

C2-Ar), 160.27 (dd, 3JCF = 12.0 Hz, 1JCF = 184.6 Hz, C, C4-Ar), 151.93 (CH, triaz), 147.95 (C, 

Ar), 144.99 (CH, triaz), 130.94 (dd, 3JCF = 5.2 Hz, 3JCF = 9.53 Hz, CH, C6-Ar), 128.39 (CH x 

2, Ar), 126.07 (C, Ar), 120.82 (dd, 4JCF = 3.6 Hz, 2JCF = 15.0 Hz, CH, C1-Ar), 114.05 (CH x 

2, Ar), 112.06 (dd, 4JCF = 3.5 Hz, 2JCF = 21.3 Hz, CH, C5-Ar), 104.29 (t, 2JCF = 26.5 Hz, CH, 

C3-Ar), 50.59 (CH2-triaz), 44.05 (CH), 42.40 (CH2-NH). 

HPLC (Method A): 100 %, RT = 3.77 min. 

HRMS (ESI, m/z): theoretical mass: 358.1479 [M+H]+, observed mass: 358.1480 [M+H]+. 

(83) (82) 

 room temp., 3 h
H2, Pd/C, MeOH

F

F
H
N

O

N N

N

NO2

F

F
H
N

O

N N

N

NH2

2
3

5
64

1



! ! (Chapter V) 

265 
 

4-Chloro-N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl) 

phenyl)benzamide (85a) 

(C25H20ClF2N5O2, M. W. 495.91) 

 

 

 
 

 

Method: Chapter II compound 10. 

Reagents: N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propenamide 

(83) (0.12g, 0.33 mmol) and 4-chlorobenzoyl chloride (84a) (0.06 mL, 0.50 mmol). The 

residue was purified by gradient column chromatography and the desired compound eluted 

with 3 % MeOH in CH2Cl2.  

Yield: 0.11g (68%) as a white solid.  

m.p.: 206-208 °C. 

Rf = 0.5, (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ10.26 (s, 1H, NH), 8.73 (t, J = 5.9 Hz, 1H, NH), 8.36 (s, 1H, triaz), 

7.98 (d, J = 8.8 Hz, 2H, Ar), 7.95 (s, 1H, triaz), 7.63 (d, J = 8.5  Hz, 2H, Ar), 7.60 (d, J = 8.8  

Hz, 2H, Ar), 7.56 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 7.23 (dd, J = 2.7, 9.4, 10.5 Hz, 1H, Ar ), 7.10 

(ddd, J = 2.4, 8.4, 11.5 Hz, 1H, Ar), 6.99 (d, J = 8.5  Hz, 2H, Ar), 4.81 (dd, J = 7.3, 12.3 Hz, 

1H, CHaHb-triaz), 4.50-4.43 (m, 2H, CHCHaHb-triaz), 4.25 (dd, J = 6.1, 15.2 Hz, 1H, 

CHaHb-NH), 4.14 (dd, J = 5.6, 15.2 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.51 (C, C=O), 164.70 (C, C=O), 162.28 (dd, 3JCF = 12.4 Hz, 1JCF 

= 188.7 Hz, C, C2-Ar), 160.31 (dd, 3JCF = 12.5 Hz, 1JCF = 190.4 Hz, C, C4-Ar), 151.98 (CH, 

triaz), 145.05 (CH, triaz), 138.06 (C, Ar), 136.82 (C, Ar), 134.76 (C, Ar), 134.01 (C, Ar), 

130.95 (dd, 3JCF = 5.2 Hz, 3JCF = 9.54 Hz, CH, C6-Ar), 130.04 (CH x 2, Ar), 128.90 (CH x 2, 

Ar), 127.58 (CH x 2, Ar), 120.71(CH x 2, Ar), 120.67 (dd, 4JCF = 2.26 Hz, 2JCF = 12.2 Hz, CH, 

C1-Ar), 112.06 (dd, 4JCF = 3.4 Hz, 2JCF = 21.0 Hz, CH, C5-Ar), 104.37 (t, 2JCF = 26.0 Hz, CH, 

C3-Ar), 50.51 (CH2-triaz), 44.06 (CH), 42.22 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.57 min. 

HRMS (ESI, m/z): theoretical mass: 518.1171/520.1171 [M+Na]+, observed mass: 

518.1169/520.1148 [M+Na]+. 

 

(84a) (83) (85a) 
F

F
H
N

O

N N

N

NH2
Pyridine

room temp.,
 overnight

+
Cl

Cl

O

F

F
H
N

O

N N

N
H
N

Cl

O2
3

5
64

1



! ! (Chapter V) 

266 
 

Using this procedure, the following compounds were prepared: 

 

N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl)phenyl)-4-

methoxybenzamide (85b) 

(C26H23F2N5O3, M.W. 491.50) 

 

 
 

 
 
 

Reagents: N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propenamide 

(83) (0.15g, 0.41 mmol) and 4-methoxybenzoyl chloride (84b) (0.08 mL, 0.62 mmol). The 

residue was purified by gradient column chromatography and the desired compound eluted 

with 3 % MeOH in CH2Cl2.  

Yield: 0.13g (72%) as a white solid.  

m.p.: 222-224 °C. 

Rf = 0.4 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ10.04 (s, 1H, NH), 8.72 (t, J = 5.9 Hz, 1H, NH), 8.36 (s, 1H, triaz), 

7.99-7.93 (m, 3H, triaz + Ar), 7.63 (d, J = 8.6  Hz, 2H, Ar), 7.57 (dd, J = 8.7, 15.3 Hz, 1H, Ar), 

7.23 (ddd, J = 2.7, 9.4, 10.5 Hz, 1H, Ar ), 7.10 (ddd, J = 2.4, 8.4, 10.7 Hz, 1H, Ar), 7.05 (d, J 

= 8.9  Hz, 2H, Ar), 6.97 (d, J = 8.5  Hz, 2H, Ar), 4.81 (dd, J = 7.2, 12.1 Hz, 1H, CHaHb-triaz), 

4.50- 4.43 (m, 2H, CHCHaHb-triaz),  4.24 (dd, J = 6.1, 15.2 Hz, 1H, CHaHb-NH), 4.14 (dd, J 

= 5.6, 15.2 Hz, 1H, CHaHb-NH), 3.84 (s, 3H, CH3). 
13C NMR (DMSO-d6): δ 169.49 (C, C=O), 165.17 (C, C=O), 162.32 (C, Ar), 162.28 (dd, 3JCF 

= 12.2 Hz, 1JCF = 188.0 Hz, C, C2-Ar), 160.32 (dd, 3JCF = 12.4 Hz, 1JCF = 190.0 Hz, C, C4-

Ar), 151.98 (CH, triaz), 145.05 (CH, triaz), 138.46 (C, Ar), 134.29 (C, Ar), 130.96 (dd, 3JCF = 

5.0 Hz, 3JCF = 9.8 Hz, CH, C6-Ar), 129.99 (CH x 2, Ar), 127.53 (CH x 2, Ar), 127.34 (C, Ar), 

120.70 (dd, 4JCF = 3.6 Hz, 2JCF = 14.8 Hz, CH, C1-Ar), 120.62 (CH x 2, Ar), 114.03 (CH x 2, 

Ar), 112.14 (dd, 4JCF = 3.4 Hz, 2JCF = 21.1 Hz, CH, C5-Ar), 104.36 (t, 2JCF = 26.5 Hz, CH, C3-

Ar), 55.88 (OCH3), 50.52 (CH2-triaz), 44.07 (CH), 42.23 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.44 min. 

HRMS (ESI, m/z): theoretical mass: 514.1666 [M+Na]+, observed mass: 514.1660 [M+Na]+. 
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4-Cyano-N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl) 

phenyl)benzamide (85c) 

(C26H20F2N6O2, M.W. 486.48) 

 

 
 

 
 
 
Reagents: N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propenamide 

(83) (0.16g, 0.44 mmol) and 4-cyanobenzoyl chloride (84c) (0.11g, 0.67 mmol). The residue 

was purified by gradient column chromatography and the desired compound eluted with 3 % 

MeOH in CH2Cl2.  

Yield: 0.17g (80%) as a white solid.  

m.p.: 200-201 °C. 

Rf = 0.32 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ10.44 (s, 1H, NH), 8.73 (t, J = 5.9 Hz, 1H, NH), 8.36 (s, 1H, triaz), 

8.10 (d, J = 8.7 Hz, 2H, Ar), 8.02 (d, J = 8.7 Hz, 2H, Ar), 7.64 (d, J = 8.6 Hz, 2H, Ar), 7.57 

(dd, J = 8.7, 15.2 Hz, 1H, Ar), 7.23 (ddd, J = 2.7, 9.4, 10.5 Hz, 1H, Ar ), 7.10 (ddd, J = 2.4, 

8.4, 11.6 Hz, 1H, Ar), 7.00 (d, J = 8.7 Hz, 2H, Ar), 4.81 (dd, J = 7.4, 12.4 Hz, 1H, CHaHb-

triaz), 4.50- 4.43 (m, 2H, CHCHaHb-triaz),  4.25 (dd, J = 6.1, 15.2 Hz, 1H, CHaHb-NH), 4.14 

(dd, J = 5.6, 15.2 Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.53 (C, C=O), 164.42 (C, C=O), 162.28 (dd, 3JCF = 12.5 Hz, 1JCF 

= 188.8 Hz, C, C2-Ar), 160.32 (dd, 3JCF = 12.7 Hz, 1JCF = 191.4 Hz, C, C4-Ar), 151.98 (CH, 

triaz), 145.06 (CH, triaz), 139.33 (C, Ar), 137.83 (C, Ar), 135.08 (C, Ar), 132.91 (CH x 2, Ar), 

130.96 (dd, 3JCF = 5.1 Hz, 3JCF = 9.8 Hz, CH, C6-Ar), 128.95 (CH x 2, Ar), 127.63 (CH x 2, 

Ar), 120.76 (CH x 2, Ar), 120.67 (dd, 4JCF = 5.4 Hz, 2JCF = 16.4 Hz, CH, C1-Ar), 118.78 (CN), 

114.27 (C, Ar), 112.15 (dd, 4JCF = 3.4 Hz, 2JCF = 21.0 Hz, CH, C5-Ar), 104.37 (t, 2JCF = 26.3 

Hz, CH, C3-Ar), 50.52 (CH2-triaz), 44.07 (CH), 42.21 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.38 min. 

HRMS (ESI, m/z): theoretical mass: 509.1513 [M+Na]+, observed mass: 509.1509 [M+Na]+. 
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4-Acetyl-N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl) 

phenyl) benzamide (85d) 

(C27H23F2N5O3, M.W. 503.51) 

 

 
 

 

 

Variations: To an ice-cooled solution of 4-acetylbenzoic acid (84d) (0.11g, 0.67 mmol) in 

CH2Cl2 (10 mL) was added SOCl2 (0.09 mL, 1.34 mmol) and the reaction was heated at 40 °C 

for 4 h to form 4-acetylbenzoyl chloride. 

Reagents: N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl) propenamide 

(83) (0.14 g, 0.39 mmol). The residue was purified by gradient column chromatography and 

the desired compound eluted with 4 % MeOH in CH2Cl2.  

Yield: 0.023g (12%) as a faint beige solid.  

m.p.: 220-222 °C. 

Rf = 0.3 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ10.37 (s, 1H, NH), 8.73 (t, J = 5.9 Hz, 1H, NH), 8.36 (s, 1H, triaz), 

8.07 (q, J = 8.8 Hz, 4H, Ar), 7.95 (s, 1H, triaz), 7.65 (d, J = 8.5 Hz, 2H, Ar), 7.57 (dd, J = 8.7, 

15.3 Hz, 1H, Ar), 7.23 (ddd, J = 2.7, 9.4, 10.4 Hz, 1H, Ar ), 7.10 (ddd, J = 2.4, 8.4, 10.9 Hz, 

1H, Ar), 7.00 (d, J = 8.7 Hz, 2H, Ar), 4.81 (dd, J = 7.3, 12.3 Hz, 1H, CHaHb-triaz), 4.51-4.43 

(m, 2H, CHCHaHb-triaz), 4.25 (dd, J = 6.1, 15.2 Hz, 1H, CHaHb-NH), 4.14 (dd, J = 5.6, 15.3 

Hz, 1H, CHaHb-NH), 2.64 (s, 3H, CH3). 
13C NMR (DMSO-d6): δ 198.20 (C, C=O), 169.53 (C, C=O), 165.04 (C, C=O), 162.29 (dd, 
3JCF = 12.0 Hz, 1JCF = 187.1 Hz, C, C2-Ar), 160.32 (dd, 3JCF = 12.7 Hz, 1JCF = 191.1 Hz, C, 

C4-Ar), 151.98 (CH, triaz), 145.06 (CH, triaz), 139.27 (C, Ar), 139.10 (C, Ar), 138.00 (C, Ar), 

134.90 (C, Ar), 130.95 (dd, 3JCF = 5.4 Hz, 3JCF = 9.7 Hz, CH, C6-Ar), 128.63 (CH x 2, Ar), 

128.43 (CH x 2, Ar), 127.60 (CH x 2, Ar), 120.76 (CH x 2, Ar), 120.67 (dd, 4JCF = 2.26 Hz, 
2JCF = 12.2 Hz, CH, C1-Ar), 112.15 (dd, 4JCF = 3.4 Hz, 2JCF = 21.1 Hz, CH, C5-Ar), 104.37 (t, 
2JCF = 26.5 Hz, CH, C3-Ar), 50.51 (CH2-triaz), 44.07 (CH), 42.22 (CH2-NH), 27.46 (CH3). 

HPLC (Method A): 100 %, RT = 4.38 min. 

HRMS (ESI, m/z): theoretical mass: 504.1847 [M+H]+, observed mass: 504.1843 [M+H]+. 
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N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl)phenyl) 

nicotinamide (85e) 

(C24H20F2N6O2, M. W. 462.46) 

 

 

 
 

 
 
 
Reagents: N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propenamide 

(83) (0.14g, 0.39 mmol) and nicotynoylchloride hydrochloride (84e) (0.10g, 0.58 mmol). The 

residue was purified by gradient column chromatography and the desired compound eluted 

with 4 % MeOH in CH2Cl2.  

Yield: 0.14g (77 %) as a white solid.  

m.p.: 204-206 °C. 

Rf = 0.27 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ10.39 (s, 1H, NH), 9.10 (d, J = 2.3 Hz, 1H, CH-pyridine), 8.76 (d, J 

= 1.6, 4.7 Hz, 1H, CH-pyridine), 8.73 (t, J = 5.9 Hz, 1H, NH), 8.36 (s, 1H, triaz), 8.28 (tt, J = 

1.7, 2.3 Hz, 1H, CH-pyridine), 7.95 (s, 1H, triaz), 7.64 (d, J = 8.6 Hz, 2H, Ar), 7.60-7.55 (m, 

2H, Ar), 7.23 (ddd, J = 2.7, 9.4, 10.4 Hz, 1H, Ar ), 7.10 (ddd, J = 2.4, 8.4, 10.9 Hz, 1H, Ar), 

7.01 (d, J = 8.6 Hz, 2H, Ar), 4.81 (dd, J = 7.3, 12.3 Hz, 1H, CHaHb-triaz), 4.51-4.43 (m, 2H, 

CHCHaHb-triaz), 4.25 (dd, J = 6.6, 15.2 Hz, 1H, CHaHb-NH), 4.15 (dd, J = 5.6, 15.2 Hz, 1H, 

CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.53 (C, C=O), 164.33 (C, C=O), 162.29 (dd, 3JCF = 12.3 Hz, 1JCF 

= 188.7 Hz, C, C2-Ar), 160.32 (dd, 3JCF = 12.6 Hz, 1JCF = 190.6 Hz, C, C4-Ar), 152.54 (CH, 

pyridine), 151.98 (CH, triaz), 149.10 (CH, pyridine), 145.06 (CH, triaz), 137.93 (C, Ar), 135.86 

(CH, pyridine), 134.93 (C, Ar), 130.96 (dd, 3JCF = 5.2 Hz, 3JCF = 9.9 Hz, CH, C6-Ar), 130.95 

(C, Ar), 127.63 (CH x 2, Ar), 123.93 (CH, pyridine), 120.69 (dd, 4JCF = 3.9 Hz, 2JCF = 10.0 Hz, 

CH, C1-Ar), 120.68 (CH x 2, Ar), 112.14 (dd, 4JCF = 3.4 Hz, 2JCF = 21.0 Hz, CH, C5-Ar), 

104.37 (t, 2JCF = 26.2 Hz, CH, C3-Ar), 50.52 (CH2-triaz), 44.07 (CH), 42.21 (CH2-NH). 

HPLC (Method A): 100 %, RT = 4.23 min. 

HRMS (ESI, m/z): theoretical mass: 463.1703 [M+H]+, observed mass: 463.1693 [M+H]+. 
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N-(4-((2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propanamido)methyl)phenyl) 

pyrazine-2-carboxamide (85f) 

(C23H19F2N7O2, M. W. 463.45) 

 

 
 

 
 
Variations: To an ice-cooled solution of pyrazine-2-carboxylic acid (84f) (0.1g, 0.8 mmol) in 

CH2Cl2 (10 mL) was added SOCl2 (0.11 mL, 1.61 mmol) and the reaction was heated at 40 °C 

for 4 h to form pyrazine-2-carbonyl chloride. 

Reagents: N-(4-aminobenzyl)-2-(2,4-difluorophenyl)-3-(1H-1,2,4-triazol-1-yl)propenamide 

(83) (0.15g, 0.41 mmol). The residue was purified by gradient column chromatography and the 

desired compound eluted with 3 % MeOH in CH2Cl2.  

Yield: 0.13g (68 %) as a white solid.  

m.p.: 202-204 °C. 

Rf = 0.4 (CH2Cl2-MeOH 9.5:0.5 v/v). 
1H NMR (DMSO-d6): δ10.68 (s, 1H, NH), 9.29 (d, J = 1.5 Hz, 1H, CH-pyrazine), 8.93 (d, J 

= 2.5 Hz, 1H, CH-pyrazine), 8.81 (dd, J = 1.5, 2.5 Hz, 1H, CH-pyrazine), 8.73 (t, J = 5.9 Hz, 

1H, NH), 8.36 (s, 1H, triaz), 7.95 (s, 1H, triaz), 7.77 (d, J = 8.6 Hz, 2H, Ar), 7.56 (dd, J = 8.7, 

15.3 Hz, 1H, Ar), 7.23 (ddd, J = 2.7, 9.4, 10.4 Hz, 1H, Ar ), 7.10 (ddd, J = 2.4, 8.4, 10.9 Hz, 

1H, Ar), 7.02 (d, J = 8.6 Hz, 2H, Ar), 4.81 (dd, J = 6.5, 11.5 Hz, 1H, CHaHb-triaz), 4.50- 4.44 

(m, 2H, CHCHaHb-triaz), 4.25 (dd, J = 6.1, 15.2 Hz, 1H, CHaHb-NH), 4.15 (dd, J = 5.6, 15.2 

Hz, 1H, CHaHb-NH). 
13C NMR (DMSO-d6): δ 169.53 (C, C=O), 162.29 (dd, 3JCF = 12.6 Hz, 1JCF = 187.1 Hz, C, 

C2-Ar), 162.02 (C, C=O), 160.32 (dd, 3JCF = 12.1 Hz, 1JCF = 189.8 Hz, C, C4-Ar), 151.98 (CH, 

triaz), 148.13 (CH, pyrazine), 145.51 (C, Ar), 145.05 (CH, triaz), 144.47 (CH, pyrazine), 

143.67 (CH, pyrazine), 137.26 (C, Ar), 135.22 (C, Ar), 130.96 (dd, 3JCF = 5.1 Hz, 3JCF = 9.6 

Hz, CH, C6-Ar), 127.67 (CH x 2, Ar), 120.85 (CH x 2, Ar), 120.70 (dd, 4JCF = 2.26 Hz, 2JCF = 

12.2 Hz, CH, C1-Ar), 112.14 (dd, 4JCF = 3.4 Hz, 2JCF = 21.2 Hz, CH, C5-Ar), 104.36 (t, 2JCF = 

26.4 Hz, CH, C3-Ar), 50.51 (CH2-triaz), 44.07 (CH), 42.24 (CH2-NH).  

HPLC (Method A): 100 %, RT = 4.29 min. 

HRMS (ESI, m/z): theoretical mass: 464.1646 [M+H]+, observed mass: 464.1642 [M+H]+.  
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' Conclusion: 

The aim of this project was to design and synthesise novel CaCYP51 inhibitors owing 

to frequent drug resistance of azole antifungals in different Candida species, specifically C. 

albicans. For compounds design, fluconazole was used as a pharmacophore to build our novel 

inhibitors. Computational studies were performed to provide a preliminary idea about the 

conformation, key amino acid interactions and direct binding between the imidazole/triazole 

nitrogen and the haem iron. The synthetic pathways for all series involved 4 to 8 reaction steps, 

and compounds were achieved after several optimisations of the reaction conditions or routes. 

Different purification methods and analyses were performed for all new compounds or 

intermediates with structures confirmed by 1H, 19F and 13C NMR.  

The biological activity of the thiazole backbone in Chapter II and III was negative (MIC 

> 16 µg/mL compared with fluconazole 0.125 µg/mL) against wildtype antifungal strains even 

though the computational studies were promising. In contrast, the extended triazole hydroxy 

benzamide derivatives, especially the (S)- and (R)-enantiomers of the amide derivative (57), in 

Chapter IV, exhibited excellent binding profile in MOE and MD studies for both CaCYP51 

wild type as well as in double mutant (Y132H/K143R and Y132F/F145L) homology models. 

MOE/MD studies of the fused ring (59, 61 and 63) and biphenyl (69 and 70) derivatives were 

less promising in both configurations compared with thiourea, urea and amide derivatives. 

However, the extended derivatives, specifically amide (57), fused ring (59), para-(69) and 

meta- (70) biphenyl extended compounds (Figure 74), showed promising activity against C. 

albicans wildtype as well as against S. cerevisiae (MIC, IC50, Kd, disk diffusion).  

The disk diffusion assay results in S. cerevisiae single mutant (Y140F and Y140H) 

strains were promising for the difluoro compounds, in particular the amide (57c), fused ring 

(59) and para-biphenyl (69), while compounds 57c and 69b showed the most promising MIC 

for S. cerevisiaeas single mutant (Y140F and Y140H) strains. The difluoro derivatives were 

examined against C. albicans strains that overexpressed CaCdr1, CaCdr2 and CaMdr1 to 

evaluate efficacy with compounds 59 and 69b found to be the most effective against C. 

albicans strains overexpressing efflux pump.  
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Figure 74: The most promising compounds from all series. 

 

In Chapter V, which included the triazole non-hydroxy propanamide derivatives, the 

para-biphenyl (80a-d) compounds showed promising computational results for both (S)- and 

(R)-configurations while only the (R)-configuration was promising in the substituted amide 

(85a-f) compounds. The novel inhibitors (80 and 85) have been sent for biological testing with 

results still to be received.  

 Considering the computational studies as well as the antifungal data obtained, it is 

possible to drive some SAR required for CaCYP51 inhibitors (Figure 75): 

 

 

 

 

 

 

 

 

 

 

 

Figure 75: Hypothesised SAR required for CaCYP51 inhibitors, numbers explained in the text. 
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1. Substituted phenyl at the short arm and CH2-triazole are important for haem 

active site binding, position and orientation. 

2. Amide is the best linker between the groups that sit in the short arm of the enzyme 

active site and the extended moieties that fit in the enzyme access channel. 

3. Aromatic as a central nucleus to provide more rigid structure with reduced 

flexibility in the access channel.  

4. Less polar functional groups (e.g. amide) or hydrophobic moieties 

(biphenyl/fused ring) to improve antifungal activity as good activity was observed 

for compounds with Log P between 3 and 5, which improves uptake across the 

fungal cell wall. 

5. Para-substitution with OCF3 at the lateral chain could block the enzyme entrance 

through additional binding interactions and/or potentially form a steric block to 

prevent access of lanosterol i.e. the addition of the OCF3 enhances the competitive 

inhibition of the designed inhibitors.  

 

 This project has resulted in the generation of promising series of compounds with 

specific features that showed good biological activity against C. albicans as well as the model 

strain S. cerevisiae. Future work will include: 

1. Testing all promising compounds against CaCYP51 double mutant strains as well as 

against different clinical Candida species and fungal strains such as Aspergillus, 

Pneumocysti and Cryptococcus. 

2. Selectivity testing for CaCYP51 over human CYP51 and also against a CYP panel, 

to include CYP2D6 and CYP3A4, to avoid side effects and toxicity. 

3. Find a synthetic route to obtain tetrazole derivatives, similar to Chapters IV and V, 

for better selectivity against hCYP51 as well as better antifungal activity compared with 

triazole inhibitors.   
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