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Abstract 

Heterocyclic structures have found extensive utility in the field of medicinal chemistry, as prominent 

regions of pharmacophores resulting in numerous drug treatments for many diseases. Accordingly, in 

this project we explored the respective antimalarial and anticancer activity exhibited by compounds 

featuring nitrogen containing indole and tetrazole heterocycles respectively. This thesis therefore 

comprises of two distinct parts. 

Part 1. 

Following the development of resistance towards traditional antimalarial therapy such as chloroquine 

and emerging resistance towards artemisinin combination therapies, the WHO reported the urgent 

need for new, effective drugs and identification of new drug targets to combat the Plasmodium 

falciparum parasite. In 2015 the parasite was the cause of 429 000 deaths, the majority occurring in 

the sub-Saharan region of Africa. This highlights the failing effectiveness of vector control strategies, 

reiterating the need to develop alternative control and treatment strategies. In response to this need 

we wanted to expand and further describe the SAR of the indole based series, indolyl-3-ethanone-α-

thioethers, previously synthesized in our laboratory. These compounds were found to exhibit 

antimalarial activity with compounds 2.26 and 2.27 exhibiting activity against P. falciparum 3D7 in the 

nanomolar range. Based on these compounds we synthesized compounds 3.21 and 3.24 – 3.32 

following a three step reaction pathway. Our results in this study, indicate that compound 3.28, a p-

nitrothiophenol analogue of 2.27 was the most active of the compounds we synthesized and 

furthermore was superior in activity against Plasmodium compared to 2.27. This result indicated that 

the presence of p-NO2 is important in enhancing anti-plasmodial activity. Comparing compounds 3.25 

and 3.26 with an oxygen on the ether bridge to compounds 3.29 and 3.30 with a sulfur, we observed 

an increase in hydrophilicity coupled to a decrease in anti-plasmodial activity in the compounds, thus, 

highlighting the importance of sulfur for enhanced activity. Furthermore, we investigated bioisosteric 

replacement of the 5-chloro substituent present in hit compounds 2.27 and 3.28, with an electron 

withdrawing nitrile (3.27) and electron donating methyl (3.29) and methoxy (3.31) substituents. These 
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substituents decreased anti-plasmodial activity, confirming that a chlorine substituent is optimal for 

biological activity. This study furthered our understanding of the SAR of indolyl-3-ethanone-α-

thioethers for the development of potent anti-plasmodial lead compounds. 

Part 2. 

Triple negative breast cancer (TNBC), which disproportionately affects women of sub-Saharan Africa, 

is unresponsive to hormone-based therapies. This emergence presents a population of patients devoid 

of effective drug treatment, signaling the urgent need to develop new effective therapies with novel 

drug targets. Therefore, we identified our target in TNBC cells as the protein-protein interaction 

between the co-chaperones HOP and HSP90. We reasoned that a disruption of this interaction would 

ultimately result in cancer cell death via the degradation of essential oncogenic client proteins. 

Following a fragment screening campaign, which identified several acid and tetrazole containing hits 

(4.56 – 4.58) which bound to HOP, with low anticancer activity, we sought to develop synthetic 

methodology to elaborate our fragment hits synthesizing tetrazole containing fragments to target 

TNBC cell lines. We therefore proceeded to synthesize a range of multi substituted fragments (4.59 – 

4.63), utilizing a nitrile (4.66) to access tetrazoles via 1,3-cycloaddition and an acid by nitrile hydrolysis. 

We successfully synthesized the tetrazole and acid fragments which are currently undergoing 

characterization for activity against TNBC.  
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Chapter 1: Introduction 

1.1 General overview of Malaria 

Plasmodium falciparum induced malaria remains a highly endemic infection affecting mostly the sub-

Saharan region of Africa, with less endemicity in South East Asia and the Americas.1,2 In 2015, the WHO 

reported 212 million new cases of malaria, with a disease burden of 429 000 deaths, Africa accounting 

a colossal proportion of 90% of the reported global cases. 

 

1.2 Plasmodium parasite life cycle 

Development of the Plasmodium parasite occurs sexually in a mosquito following the asexual phase 

in a human host. As depicted in Fig 1.1, the sporozoite form of the Plasmodium is injected into the 

human blood stream during feeding by an infected female Anopheles mosquito. The sporozoites 

proceed from the injection site to invade the host liver cells where they divide asexually to form 

merozoites that rapidly multiply leading to cell rupture. This phenomenon accounts for clinical 

symptoms of fever, chills and night sweats experienced by an infected human host. The merozoites 

then infect red blood cells, further multiplying and causing cell rupture. More red blood cells are re-

infected with merozoites propagating parasite multiplication while merozoites develop into 

gametocytes. When a mosquito feeds on the infected human host, gametocytes are assimilated with 

blood, maturing into gametes in the mosquito stomach resulting in formation of ookinetes on fusion 

of developed male and female sexual gametes. The ookinetes proceed to embed the mosquito 

stomach wall forming an oocyst on the outer stomach wall. Numerous sporozoites are formed within 

the oocysts causing a subsequent burst and release of sporozoites that migrate to the mosquito 

salivary glands for reinjection into a human host on feeding.3–6  
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Fig 1.1 Life cycle of Plasmodium parasite. Image reproduced with permission from authors.7

 Photo Credit: Genome Research Limited. 

 

1.3 Control, treatment and resistance 

The insight into the Plasmodium parasite life cycle presents multiple opportunities to explore methods 

of prevention, control and treatment of malaria. Circumvention of mosquito feeding through the use 

of nets has been enhanced by vector control strategies such as use of insecticide-treated nets and 

mosquito repellents in the form of sprays, creams and coils.8,9 Permethrin (1.1) is one such example 

of pyrethroid insecticides used to treat indoor nets, diethyl toluamide (1.2) on the other hand is used 

in mosquito repelling formulations.10,11 Methoprene (1.3) is an example of environmentally less toxic 

insecticides, referred to as bio rational insecticides, used in mosquito breeding sites to block the 

reproductive and maturation stages of mosquitos, resulting in death.12 However, mosquito resistance 

to insecticides such as dichloro-diphenyl-trichloroethane, (DDT, 1.4) and pyrethroids has been 
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reported in African regions like Zambia, Cameroon, Mali, Ethiopia, calling for prompt resistance 

management strategies and development of new effective insecticides.12–14  

 

 

In the treatment of malaria infections, an array of antimalarial agents with different modes of action 

have been identified and developed for use as reported in the 2015 WHO Guidelines for the treatment 

of malaria. These agents included chloroquine (CQ, 1.5), mefloquine (1.6), artemisinin and its 

derivatives (1.7 – 1.9) along with other combination treatments such as sulfadoxine/pyrimethamine 

(SP, 1.10 and 1.11) and proguanil/atovaquone (1.12 and 1.13). Most of the existing antimalarial agents 

have been plagued by decreasing efficacy against P. falciparum owing to parasitic gene mutations 

leading to the emergence and spread of resistance.15,16 White suggests that these mutations are 

spontaneous changes in genes coding for drug target sites or protein transporters, affecting effective 

drug levels in the parasite.16 
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In the 20th century, CQ was the first line drug of choice in the treatment of malaria, due to its oral 

bioavailability, safety profile and cost effectiveness.17 Resistance to the drug emerged in Asia and the 

Americas in the 1960s with parts of Africa reporting emergence and its subsequent spread between 

1978 – 1988.17,18 

Many countries in Africa and South-East Asia then employed SP as a cost effective and safe alternative 

first line drug to CQ17,19,20,21, but resistance to the drug emerged in the late 20th century spreading 

through Africa, Asia and the Americas.20,22,23  
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With increasing and widespread resistance to available antimalarial agents, the WHO advocated for 

the use of artemisinin combination therapy (ACT) to curb the rates of mortality and morbidity.24 

According to the 2001 WHO report on Antimalarial Drug Combination Therapy, the combination of 

antimalarial agents in therapy attempts to amplify therapeutic efficacy and retard the emergence of 

resistance in contrast with monotherapy outcomes. Agents with different mechanisms of action and 

target sites are combined to yield a concerted cumulative effect against the malaria parasite.25 

Bosman and Mendis reported the widespread adoption of ACTs as a first line treatment in most 

malaria endemic countries between 2001 – 2006.24 The safety profile and rapid efficacious nature of 

ACTs against multi–drug resistant parasites supported the implementation of treatment in spite of the 

highly inflated cost of procurement.16,26 In recent years, the effective first line ACTs have been marked 

with emergence of resistance in parts of South-East Asia and as of late Africa. The resistance is 

characterised by delayed parasite clearance time after administration of the 3-day ACT course to 

malaria infected patients. Residual P. falciparum parasites were detected in patient’s blood after the 

normal dosing regimen.27–29  

 

1.4 Known malaria parasite drug targets 

Notwithstanding the currently unknown biochemical processes and viable target sites of the parasite 

along with still undefined modes of action for drugs such as mefloquine, halofantrine and primaquine, 

some targets have been identified.30–32 In a recent review, potential drug target sites and metabolic 

pathways essential for the survival of P. falciparum were identified and discussed.33 We will therefore 

proceed to highlight some of the known and suspected drug targets of antimalarial agents in current 

use. 

 While the mechanism of action of CQ 34 has not been fully unravelled, the currently accepted theory 

(Fig 1.2) suggests that CQ binds to the toxic haem moiety released from the digestion of haemoglobin 

in red blood cells, thus forming a complex. The CQ-haem complex inhibits the parasite from converting 
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haem to the non-toxic haemozoin. Increasing amounts of the CQ-haem complex results in cell lysis 

and parasite death. Mefloquine though structurally similar to CQ, exhibits a relatively lower affinity to 

the haem group, suggesting an additional different mode of action still yet to be understood.35–37  

 

 

Fig 1.2 Chloroquine mechanism of action. Image reproduced with permission from authors.37 

 

Studies are still inconclusive regarding the mechanism of resistance to CQ but amongst accepted 

theories, investigations have largely suggested that intra-parasitic concentrations of CQ are 

insufficient to inhibit haemozoin formation possibly due to the presence of an efflux pump in resistant 

strains. Genetic crosses have revealed that polymorphism of transporter protein genes have led to 

associated P. falciparum chloroquine resistance transporters (pfCRT), identified and found present in 

resistant strains with reduced intra parasitic CQ levels. Resistance is though, not thought to be entirely 

due to pfCRT polymorphism, P. falciparum multidrug resistance gene-1 (pfMDR1) has also been 

observed to modulate the extent of resistance to CQ by reducing drug target sensitivity.40–43 
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The more recent and widely used treatment is artemisinin and its derivatives (1.7 – 1.9), with a 

mechanism of action that has not been fully characterised. In vivo, artemisinin derivatives are thought 

to form radicals that bind to haem moieties to form adducts, in the process preventing formation of 

non-toxic haemozoin. Death of the parasite via this mechanism lacks conclusive evidence, as 

heamozoin levels were not affected in a study of artemisinin treated parasite cultures.37,44,45 

Nonetheless, the antimalarial activity of artemisinin compounds was found to be linked to the 

endoperoxide bridge, when one oxygen was substituted with a carbon, the compounds were inactive 

against Plasmodium.44,46 

 

SP (1.10 and 1.11), which belong to the sulfonamides and anti-folate class of drugs respectively, target 

the malaria parasite’s de novo folate biosynthesis pathway (Fig 1.3) which is essential for its survival. 

The folate derivatives from the pathway are cofactors in the synthesis of amino acids, purines and 

pyrimidines which in turn are substrates for DNA replication and protein synthesis. Sulfadoxine, a p-

aminobenzoic acid analogue, and pyrimethamine, competitively inhibit two key enzymes in folate 

biosynthesis namely, dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) 

respectively. Proguanil is also a DHFR inhibitor.47,48 
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Fig 1.3 De novo folate biosynthetic pathway. Substrates: 6-hydroxymethyl dihydropterin (6-HMDHP), 

6-hydroxymethyl dihydropterin pyrophosphate (6-HMDHPPi), 7,8-dihydropteroate (7,8-DHP), 7,8-

dihydrofolate (DHF), tetrahydofolate(THF); Enzymes: 7,8-dihydro-6-hydroxymethylpterin 

pyrophosphokinase (HPPK), dihydropteroate synthetase (DHPS), dihydrodihydrofolate synthetase 

(DHFS), dihydrofolate reductase (DHFR). 

 

Efficiency of these drugs has been hindered by rapid resistance emerging due to point mutations in 

the respective genes of parasite DHPS and DHFR. High resistance was observed in folate enzymes 

where three gene sequence points had mutated whilst moderate resistance was conferred by one or 

Drug target 

Drug target 
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two gene sequences mutating. Use of trimethoprim and sulfa-containing drugs for the treatment of 

bacterial infections was also thought to contribute to the rapid emergence of resistance to SP 

treatment.20,21,40,47 Studies were conducted to examine the effectiveness of SP treatment in malaria 

infected patients who had once used trimethoprim and sulfa-containing antibiotics for the treatment 

of bacterial infections. A high prevalence of SP resistant genes was found in malaria parasites of 

infected patients, naïve to SP treatment. These results confirmed the hypothesis of possible cross 

resistance being conferred on SP treatment.49,50 

 

Atovaquone (1.13) is a drug, structurally related to ubiquinone (1.15), an electron transporter in the 

energy producing mitochondria. While often used in combination with the anti-folate, proguanil, the 

synergistic mechanism of atovaquone/proguanil has not yet been fully understood. It is known that 

ubiquinone binds to cytochrome bc1 transferring electrons from dehydrogenase enzymes to the 

cytochrome complex which ultimately produces water using the electrons, free protons and O2. 

Atovaquone exerts its function by competitively inhibiting the binding of ubiquinone to cytochrome 

bc1 in electron transfer. This inhibition disrupts mitochondrial electron flow for ATP synthesis and 

further inhibits the activity of parasite mitochondrion-linked enzymes such as dihydroorotate 

dehydrogenase (DHOD). DHOD provides the orotate required for pyrimidine biosynthesis, substrates 

essential for DNA synthesis. Paucity thereof inhibits cellular proliferation causing parasite death.51,52 

In addition, DHOD has therefore been identified as a potential target in malaria parasites, with a new 

DHOD inhibitor, DSM265 (1.16), a triazolopyrimidine based compound currently undergoing clinical 

trials as a potential antimalarial agent.53 
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Rapid emergence of resistance against atovaquone implied a prior natural resistance and is thought 

to be due to point mutations in genes coding for cyctochrome bc1 which results in the exchange of an 

amino acid, at position 268, important in ubiquinone binding.37,51,54,55 Akhoon et al. and Kessl et al. 

observed reduction in atovaquone interaction with cytochrome bc1 binding site along with altered 

volume and surface area of binding site. The mechanism of resistance that has reduced atovaquone 

efficacy still requires further descriptive study for our understanding.56,57  

 

1.5 The need for new antimalarial agents 

The emergence and widespread resistance of P. falciparum against available treatment drugs and the 

decreased effectiveness of insecticides in vector control highlights the urgent need for new and 

effective strategies to combat malaria infection. A number of new antimalarial compounds have been 

synthesised in response to this urgency.  

Compound NITD609 (rebranded to cipargamin after being renamed KAE609, 1.17)58 belongs to a new 

class of spiroindolone compounds and has been found active at nanomolar concentrations against 

drug resistant strains of P. falciparum and P. vivax. The compound was found to be active against all 

asexual blood stages of the parasite signifying presence of target site in all tested parasite stages, and 

though the mechanism of action had not been determined59, successive studies strongly suggested 

that the compound’s target site is the P-type cation-transporter ATPase4 found on the parasite’s cell 
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membrane.60 With an acceptable safety profile thus far, this drug candidate is undergoing 

development in clinical studies.59,61 

 

SKM13 (1.18) is a new CQ derivative with a phenyl methyl substituent and α,β-unsaturated amide 

representing a class of potential antimalarial drug candidates. Though still requiring further in vivo 

studies against CQ-resistant strains, the compound exhibited higher activity against CQ-resistant 

strains than CQ drug. These findings suggest that SKM13 may have an unknown mechanism of action 

separate to that of CQ, making it a potential new antimalarial agent.62 

 

 The ongoing investigations into metabolic and biological processes of the malaria parasite are also 

encouraging new hypotheses and uncovering the nature of the parasite with proofs of various drug 

class mode of action.63 Furthermore new potential drug targets for essential parasite bioprocesses are 

being discovered, exemplified by the aforementioned P-type cation-transporter ATPase4, whose 

disruption causes influx of Na2+. The effect of increased intra parasitic Na2+ is not fully understood but 

is thought to affect important metabolic functions.58  
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In response to the need for new antimalarial agents, we want to investigate the reported antimalarial 

activity of indole based compounds64, functionalising the scaffold to produce effective agents with a 

conceivably new target. This novelty would minimise the rapid development of resistance as opposed 

to a drug target similar to that of existing therapies already plagued by resistance. 
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Chapter 2: Indole nucleus and its derivatives in medicinal chemistry 

2.1 General overview: Indoles 

Indole is a  heterocyclic compound comprising a fused benzene and pyrrole ring which was  discovered 

in mid-1800 in the study of the natural dye, indigo.64 The indole structure (Fig 2.1) shown below can 

undergo structural modifications yielding functional compounds that define new classes or expand 

existing classes of indole based derivatives. 

 

Fig 2.1 Structure of the indole nucleus. 

The indole structure is prone to electrophilic substitution reactions with C-3 on the pyrrole ring having 

a high electron density.65,66 When an electron withdrawing group is present  on either the  C-2 or C-3 

positions, nucleophilic addition, cycloaddition and Diels-Alder reactions can occur, depending on the 

presence and nature of an N-protecting group, resulting in numerous indole derivatives.67 

Furthermore, the weakly acidic NH on the pyrrole can also undergo N-substitutions under basic 

reaction conditions,68,69 and following substitutions on the more reactive pyrrole positions, the 

benzene ring can also undergo substitution.68,70  

Indole, termed a privileged structure, can be fashioned into functionalised derivatives that elicit widely 

varying pharmacological effects of medicinal significance.64,69 With a vast number of biologically 

active, naturally occurring alkaloids such as reserpine (2.1) an anti-hypertensive, yohimbine (2.2) for 

sexual dysfunction, melatonin (2.3) and serotonin (2.4) hormones,  vindesine (2.5) an anti-tumour 

agent, development of synthetic indoles has become an area of important interest. Oxypertine (2.6) 

used as an anti-psychotic, fluvastatin (2.7) for hypercholesterolemia and zafirlukast (2.8) for asthma 
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are a few examples of synthetic indoles that have found clinical value.69 We will therefore proceed to 

discuss more examples of natural and synthetic indoles used clinically, by classes of activity.   
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2.2 Indoles as anti-bacterial agents 

Based on the therapeutic use of pyrazino[1,2-a]indoles as antidepressants, anticonvulsants, 

antihistaminic, thrombolytic, serotonin antagonistic, anxiolytic and anticancer agents Tiwari et al. 

sought to study the antibacterial activity of these indolic compounds.71 1,2,3,4-

tetrahydropyrazino[1,2-a]indoles  (2.9a – i) variably substituted on position 1 were synthesised and 

screened for antibacterial activity against pathogenic strains of Staphylococcus aureus, Salmonella 

typhi, Streptomyces thermonitrificans, Escherichia coli and Pseudomonas aeruginosa using the disc 

diffusion method. Gentamycin and doxycyline HCl were used as reference standards. Compounds 

2.9d, 2.9e and 2.9f were potent against all pathogenic strains compared to other screened 

compounds, with lower cytotoxicity than gentamycin.71 

Interestingly, compounds 2.9a, 2.9c and 2.9h exhibited a narrow spectrum of activity, each compound 

with MIC value of 3.75 µg/disc against P. aeruginosa, S. thermonitrificans and S. aureus respectively. 

In addition to substitutions on position 1, an unsubstituted NH at position 2 of 1,2,3,4-

tetrahydropyrazino[1,2-a]indoles was also found to be important for antibacterial activity.71 These 

observations present an opportunity to develop substituted compounds with increased antibacterial 

activity. 
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El-Sayed et al. investigated the reaction between indole and aliphatic di-aldehydes. A novel class of 

bisindolyl-cycloalkane indoles (2.10a – f, 2.11a – d) was synthesised and compounds screened for 

antibacterial activity against S. aureus strains, MRSA standard ATC 43300 and clinically isolated MRSA. 

Ampicillin and sultamicillin antibiotics were employed as reference standards. Compounds 2.10a – f 

and 2.11a – d exhibited strong antibacterial activity against bacterial test strains. MIC values against 

MRSA standard and isolate ranged between 6.25 µg/ml – 12.5 µg/ml compared to the 25 µg/ml and 

50 µg/ml of sultamicillin and ampicillin respectively. Save for 2.10a and 2.10f with MIC values of 50 

µg/ml and 12. 5 µg/ml respectively against S. aureus, 3.125 µg/ml was observed for 2.10b – e and 

2.11a – d.72 

 

 



Chapter 2 
 

17 
 

 

Furthermore, El-Sayed et al. discovered that a free indole NH is important for antibacterial activity, 

with N-substituted compounds, 2.12a – d, exhibiting the lowest antibacterial activity in this class of 

compounds and against the antibiotic standards.72 This class of bisindolyl cycloalkane indoles 

therefore presents an important library of lead compounds in antibacterial development. El Sayed et 

al. further optimised the reaction conditions to advance the development of bisindolyl cycloalkane 

indoles at room temperature using glacial acetic acid as a mild synthetic method.73 

 

Choppara et al. developed another class of bis-indole analogues, with potent antibacterial activity.74 

These analogues were screened against B. subtilis, K. pneumonia, P. auregenosa and E. coli. 

Antibacterial activity of synthesised compounds was determined by measuring the zone where 

bacterial growth was inhibited, with reference to ciprofloxacin as a standard. Compounds 2.13a – f 

and 2.14a – f were active against the bacteria strains though inferior in activity compared to 

ciprofloxacin. Compound 2.13a was more potent against P. aeruginosa whilst compound 2.13c was 

found to be more potent against E, coli. 74 

As discovered by Tiwari et al.71 and El Sayed et al.72, Choppara et al. also observed a decrease in 

antibacterial activity with an N-substituent on compounds 2.14a – d and 2.14f.74 
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Two new prenylated indole alkaloids (2.15a and 2.15b) were isolated from the fungi Aspergillus sp., 

extracted from the gorgonian coral, Dichotella gemmacea.75,76 Compounds were screened against 

gram-positive Bacillus cereus, Micrococcus tetragenus, Staphylococcus epidermidis, S. aureus and 

gram-negative E. coli, Vibrio anguillarum, V. parahemolyticus, and Pseudomonas putida.76 There was 

little to no antibacterial activity exhibited by the prenylated compounds. However, another compound 

(2.16c) exhibited moderate antibacterial activity against S. epidermis with an MIC of 14.5 µM 

compared to 3.13 µM of the standard, ciprofloxacin.75 
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2.3 Indoles as anti-inflammatory agents 

The indole based indomethacin77 (2.17) and tenidap78 (2.18) are non-steroidal drugs that exhibit anti-

inflammatory activity. Rani et al. synthesised a variety of chalcones, pyrazolines and azo compounds 

which were tested for anti-inflammatory activity on an oedemous rat’s paw using indomethacin and 

phenylbutazone standards.79 From the relatively more active class of compounds, compound 2.19b, a 

pyrizoline was the most potent, inhibiting 47% of the oedema at 50 mg/kg with less ulcerative effects 

than phenylbutazone.79 

 

2.4 Indoles as anti-cancer agents 

Vinca alkaloids such as vincristine (2.20) and vinblastine (2.21) are indole based natural products, 

widely administered in adult and childhood cancer therapy.80,81  

The alkaloids disrupt microtubules of the mitotic spindle apparatus from functioning, arresting the 

metaphase stage of cell division in both malignant and non-malignant cells.80–82 Resistance to vinca 

alkaloids is due to the overexpression of membrane efflux proteins or multi-drug resistance associated 

proteins with additional cross-resistance from other bulky natural products of different function and 

structure.83,84 Genetic mutations in the drug targeted tubulin structure also characterise this 
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resistance.81–84 The emergence of resistance to widely used cancer treatment incites the need to 

formulate alternative strategies to retard resistance and develop novel cancer therapy.  

 

 

Madadi et al. investigated (Z)-2-((1-benzyl-1H-indol-3-yl)methylene)-quinuclidin-3-one analogues as 

potential cannabinoid receptor ligands that would exert the desired therapeutic effects with reduced 

CNS side effects and addiction properties as seen with ∆9-tetrahydrocannabinol (∆9-THC, 2.22).85 CB1 

and CB2 are the two major G-coupled protein cannabinoid receptors found in mammals and have been 

found to be highly expressed in cancer cells.85,86 CB1 and CB2 when stimulated, predominantly couple 

to G-inhibitory protein which inhibits the release of adenylyl cyclase.86 Adenylyl cyclase is a ‘secondary 

messenger’ that stimulates the formation of cyclic monophosphate (cAMP) from ATP, cAMP 

subsequently binds to the protein kinases of that cell, stimulating or inhibiting essential metabolic 

pathways.87  In this case, inhibition of adenylyl cyclase would initiate mitogen-activated protein kinase, 

inhibit some voltage gated calcium channels which decreases neurotransmitter release, and activate 

G-protein linked inwardly rectifying potassium channels which forces the cell membrane to remain at 

resting potential.86 The induction of the cannabinoid receptors in animal cancer models has been 

found to induce apoptosis when ceramide, a ‘secondary messenger’ that activates ERK cascade (the 
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cascade mediates cell death, growth arrest or cell proliferation) is continuously released causing cell 

death, simultaneously inhibiting tumour growth and conferring neuron protection.88 

In the study carried out, the non-classic cannabinoid analogues of ∆9 THC, WIN 55212-2 (2.23), an 

aminoalkylindole, exhibited Ki (inhibitor constant) values of 1.9 nM and 0.3 nM for CB1 and CB2 

receptors respectively. IPDN (2.24), an indolopyridone, had a greater affinity for CB2 receptor than CB1 

with Ki  values of 1.0 nM and 16 nM respectively.85 Both compounds are potent cannabinoid ligands 

that inspired the synthesis of (Z)-2-((1-benzyl-1H-indol-3-yl)methylene)-quinuclidin-3-one analogues 

(2.25a – g). These analogues form a new class of compounds with 2.25b and 2.25g displaying a higher 

affinity for CB2 receptor than CB1, shown by Ki values of 1.33 nM and 2.50 nM respectively. 2.25g also 

demonstrated strong receptor selectivity.85 

 

Another study propelled by a bush willow isolate, combretastatin A489 (2.26), saw the synthesis of 

novel carbazole sulfonamide analogues containing an N-alkyl substituted indole motif linked to a 

3,4,5-trimethoxyphenyl moiety via an unsubstituted sulphonamide bridge, components identified to 

be important for antiproliferative activity.90 Compound 2.27 was found to be active against CEM 

leukaemia cells with an IC50 of 56 nM compared to 1.9 nM of 2.26.90 2.27 was further tested against 

MCF-7 breast cancer cells, melanoma, Bel-7402 hepatoma, and PC-3 prostate cancer cells. The breast 

cancer cells were reported to have reduced in tumour volume by 75% after 35 days of initial 

administering of 2.27 while a 67% reduction in human hepatocarcinoma tumours was reported.90 
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From these in vivo tests, the improved activity of compound 2.27 to 2.26 was thought to be due to 

increased hydrophilicity, increasing in vivo absorption and therefore bioavailability. 

 

 

In further characterisation studies, lead compound 2.27 was observed to cause fragmentation of DNA, 

increased expression of tumour suppressing p53 protein while suppressing the Bcl-2 apoptosis 

inhibiting protein consequently causing apoptotic cell death.90 The compound also blocked the 

metaphase stage of tumour cell division. With an LD50>500 mg/kg and observed potency against 

tested cancer cell lines, 2.27 represents a novel class of anti-cancer agents. 

On the other hand, 3,3’-diindolemethane (2.28a) presents a research opportunity into new, potent 

anticancer agents. In breast cancer cells, 3,3’-diindolemethane was seen to increase the expression of 

cyclin dependent kinase (CDK) inhibitor by stimulating mitochondrial reactive oxygen species.91 CDK 

modifies various substrates in the stages of the cell cycle, propagating cell division.92 Thus, inhibition 

of CDK arrests progression of cell division. Despite the potency of the drug in breast cancer cell lines, 
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low drug absorption impeded its use, inciting more bioavailable drug formulations to be developed 

successfully, resulting in their current clinical trials.91,93,94 Of the synthesised 3,3’-diindolemethane 

derivatives, compounds 2.28b – d were found more active against the melanoma cell lines ME18 and 

ME18/R with IC50 values for ME18/R ranging 17.0-17.4 µmol/ml compared to 40.7 µmol/ml of 

compound 2.28a.91 

 

2.5 Indoles as anti-emetic agents 

Currently on the market are indole based 5-HT3 receptor antagonist drugs, ondansetron (2.29), 

alosetron (2.30) and tropisetron (2.31) used in the management of post chemotherapy and 

radiotherapy induced nausea and emesis.69,95  

 

Emesis is believed to be the result of the stimulation of 5-HT3 receptors by the agonist serotonin 

released from enterochromaffin cells of intestinal membrane.95 In the management of emesis, the 5-

HT3 receptor antagonists have been developed to possess a carbonyl group (involved in strong target 

binding) coplanar to an aromatic ring system and a basic motif (for target recognition), all occupying 

relative spatial positions.96 The electronegative nitrogen of the indole nucleus has displayed important 
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electrostatic effects in the receptor region occupied, encouraging the anti-emetic activity of the indole 

based drugs.96 

2.6 Indoles as anti-hypertensive agents 

A number of indole based compounds have been found to exhibit anti-hypertensive activity and are 

presently used in the treatment of various heart related conditions. 

Indapamide (2.32) is an indoline derivative of chlorosulfonamide used to treat heart failure and 

hypertension.97 In hypertension, blood pressure is lowered by vasodilation of blood vessels, with 

marginal diuretic effects. Indapamide is therefore thought to lower blood pressure by inhibiting 

transmembrane calcium ion influx which depresses smooth muscle contractions and also by 

stimulating vasodilation via the modulator, prostaglandin PGE2.97,98 Carvedilol (2.33) is a carbazole 

containing beta-blocker used to treat hypertension and congestive heart failure.69 Mechanism of 

action is unknown but it is speculated that carvedilol exerts its function by reducing heart rate or 

regulating activity of systemic neuro-hormones.99 Pindolol (2.34) is a selective beta blocker also used 

for hypertension, angina pectoris, arrhythmia, acute stress and depression.69,100,101 

 

2.7 Indoles as anti-malarial agents 

Natural extracts from plant species are still affording important biologically active isolates, including 

antimalarial agents. Some Aspidosperma species used in traditional treatment of malaria and fever 

were found to contain various indole alkaloids, extracts of which were tested against Plasmodium 
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falciparum 3D7 (chloroquine sensitive), W2 (chloroquine resistant) and K1 (multidrug resistant).102 Of 

the known Aspidosperma species, de Paula et al. reported that 20 extracts and isolates were assayed 

and observed to exhibit antimalarial activity. Uleine (2.35) and ellipticine (2.36) were found to be the 

most active isolates in vitro and in vivo respectively, with ellipticine completely suppressing 

Plasmodium parasite growth. Uleine was reported to be non-toxic against tumour cells while, 

ellipticine was found to be cytotoxic.102  

Dolabela et al, using Aspidosperma pervifolium species, tested uleine and its alkaloid ethanol extract 

against P. falciparum W2 and 3D7 strains. A highly selective in vitro antimalarial activity of uleine 

against W2 comparable to that of the ethanol extract was shown, establishing that uleine was the 

major alkaloid exhibiting antimalarial activity in the extract.103 Chong and Sullivan Jr. conducted 

mechanism of action studies on ellipticine thought to be an inhibitor of haeme crystallisation to form 

the non-toxic haemozoin. In their study, ellipticine exhibited good results with an IC50 of 7.9 µM 

compared to 4.3 µM of chloroquine in inhibiting haeme crystal growth.104 Ellipticine was therefore 

thought to act by substrate sequestration or surface binding.104,105 

 

A comparative study of ellipticine, its isomer olivacine (2.37), along with cryptolepine triflate (2.38) 

and its analogue (2.39) was conducted by Rocha e Silva et al. The study confirmed previously reported 

ellipticine in vitro activity against P. falciparum 3D7 and K1 with IC50 values of 0.35 µM and 0.81 µM 

respectively compared to the 0.058 µM and 0.13 µM values of chloroquine diphosphate. The isomer, 

olivacine was the least active while the cryptopeline triflate analogue (11-(4-piperidinamino) 

cryptolepine hydrogen dichloride) had the highest reported activity of 0.087 µM and 0.10 µM against 
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3D7 and K1 strains respectively. Acute toxicity was observed with cryptopeline triflate analogue and 

additionally, administration of a 2nd subcutaneous dose of 50 mg/kg/day to infected mice caused lethal 

toxicity. This toxicity impedes the use of cryptolepine derivatives as treatment drugs.105 Further 

research in curbing this toxicity is required. 

 

Ashok et al. reviewed manzamine alkaloids, a novel class of indole containing compounds with 

antimalarial activity.106 The manzamines are naturally occurring ẞ-carbolines compounds isolated 

from sponges, manzamine A (2.40) from Haliclona sp.107, manzamine B, E and ircinal A from 

Acanthostrongylophora sp.108 Initially found to be active against cancer, manzamine A was seen to 

also exhibit in vitro antimalarial activity against P. falciparum chloroquine sensitive (D6) and 

chloroquine resistant (W2) strains with IC50 values of 4.5 ng/ml and 8.0 ng/ml respectively. The 

chloroquine standard exhibited IC50 values of 15.5 ng/ml and 170 ng/ml against the same strains.108 In 

the 1990’s, 8-hydroxymanzamine-A (2.41) was isolated from the sponge of Pachypellina sp.109 whilst 

the N-oxides of manzamine A (2.42), manzamine J and 3,4-dihydromanzamine A were isolated from 

Xestospongia ashmorica. When screened against the D6 and W2 strains, the respective IC50 values of 

6.0 ng/ml and 8.0 ng/ml were attained for 8-hydroxymanzamine-A108 and 11.0 ng/ml and 13.0 ng/ml 

for manzamine A N-oxide.106 Despite the potency of the outlined compounds, Ashok et al. further 

highlighted the cytotoxic nature of manzamines being the major drawback limiting their use. The 

comprehensive SAR study of manzamines offers a working reference for structural functionalisation 

to develop potent non-toxic derivatives.106 
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Urgaonkar et al. went on to investigate 2-amino-5-chloro-3-hydroxy-3-phenylindole (2.43a) which 

showed good in vivo activity against Plasmodium berghei infected mice without notable adverse 

effects. This motioned the synthesis of 2-amino-3-hydroxyindoles from isatin (2.44). The compounds 

were screened against P. falciparum 3D7 and Dd2 (multi-resistant) strains. The racemic mixture of 2-

amino-5-chloro-3-hydroxy-3-phenylindole displayed superior activity to individual enantiomers with 

EC50 values of 207 nM against 3D7 and 507 nM against Dd2. Chloroquine was used as a standard with 

EC50 values of 16 nM and 216 nM against 3D7 and Dd2 respectively. Compounds 2.43b and 2.43c from 

the series were the most potent antimalarial agents, exhibiting activity superior to that of chloroquine 

with respective EC50 values of 24 nM and 30 nM against 3D7 strain, 57 nM and 37 nM against Dd2 

strain. Compounds 2.43d and 2.43e were more active against the Dd2 strain compared to chloroquine 

with EC50 values of 139 nM and 152 nM respectively. Having established a reproducible synthesis of 

2-amino-3-hydroxyindoles, this novel class of compounds could be modified, further describing the 

compound profile.110 
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Melatonin (2.3) has been observed to affect the development process of P. falciparum parasite. Alves 

et al. identified melatonin as an activator of inositol triphosphate (IP3) dependent Ca2+ pumps by 

triggering IP3 release.111 Farias et al. further found that cysteine-proteases activated by Ca2+ in the 

parasite were important in haemoglobin degradation and merozoite release, processes that 

propagate parasite infection.112 On this basis Schuck et al. synthesised a series of melatonin derivatives 

to inhibit this melatonin dependent pathway, disrupting parasite replication and development 

processes. Compounds 2.45a and 2.45b blocked melatonin effect while compounds 2.45c – e, in 

addition, modulated the P. falciparum cycle exhibiting IC50 values ranging from 2.93 µM – 19.17 µM. 

These observations present a potential class of compounds that can be elaborated to increase 

antimalarial activity.113 
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2.8 Rationale of project 

The indole scaffold as discussed, presents a naturally occurring privileged structure allowing multi 

functionalisation of the nucleus to yield biologically active derivatives and synthetic compounds that 

bind to multiple targets of clinical importance in diseased conditions. 

Accordingly, a study conducted in our lab has seen the synthesis of a novel class of indolyl-3-ethanone-

α-thioethers exhibiting antimalarial activity with no significant toxicity to HeLa cells. Compounds 2.46 

and 2.47 of the series were found active against the CQ-sensitive P. falciparum 3D7 strain in 

nanomolar concentrations of 0.24 µM and 0.09 µM respectively. It was hypothesised that the activity 

of this class was linked to the presence of a para-substituted α-thiophenyl ring. The nature of the para-

substituent was also shown to affect activity, with the nitro substituted α-thiophenyl ring in 2.46 

exhibiting the highest activity. Substitution on C-5 also lead to a further increase in antimalarial activity 

of 2.47.114,115 

 

 

Our interest was to further expand this novel class of compounds, synthesising variably functionalised 

compounds in order to characterise the pharmacophore of these potent antimalarial agents 

simultaneously increasing our understanding of the properties of the compound’s unknown target 

site. We proposed to structurally modify the scaffold are as outlined in Fig 2.2. 
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With the information gleaned from prior studies conducted in our lab, we sought to investigate the 

nature of activity enhancing C-5 substituents and further identify the possible interactions formed 

between the substituent and the target site and effect on antimalarial activity. We wanted to 

specifically compare the properties of the electronegative 5-chloro substituent with a nitrile 

substituent as its bioisostere along with the hydrophobic electron donating methyl and methoxy 

groups. We also wanted to investigate the effect on antimalarial activity of a C-2 substituent, 

predicting possible restriction of the rotation of C-3 substituent. Furthermore, we wanted to 

determine which α-thiophenol ring confers superior antimalarial activity between p-NO2 and p-Br 

substituted rings. 
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Chapter 3: Synthesis of indolyl-3-ethanone-α-thioethers 

Based on the research previously conducted in our lab,114 we will proceed in this chapter, to discuss 

the synthetic procedures employed to generate desired analogues of indolyl-3-ethanone-α-

thioethers, their characterisation and biological assay. 

3.1 Outline of reaction pathway 

To develop these compounds, we used the synthetic pathway derived in the investigations conducted 

by Svogie.115 Scheme 3.1 outlines the general three step synthetic route proposed for this project. We 

sought to utilise substituted analogues of 3.1 in the Friedel-Crafts acetylation method adapted in our 

lab114,116, to yield the 3-acetylindole, 3.2 which in turn would undergo selective bromination affording 

the α-brominated ketone, 3.3. The final step to yield the desired indolyl-3-ethanone-α-thioether, 3.4, 

would be a coupling reaction involving the nucleophilic displacement of a α-brominated intermediate 

3.3 with a thiophenol or phenol.  

We wanted to explore the properties of the indole C-5 position by introducing varying substituents 

including the electron withdrawing nitrile group, the electron donating methyl and methoxy groups 

as comparisons to chlorine. Also of interest was the effect of a C-2 methyl substituent and the contrast 

between p-bromo and p-nitrothiophenol moieties. 
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3.2 Results and discussion 

3.2.1 Synthesis of 1H-indole-5-carbonitrile (3.5) 

The SAR trends noted in the study of Svogie et al.114 found that a 5-chloro substituent was important 

for biological activity. As part of this study, we wanted to unravel whether the important contribution 

toward activity came from the chlorine’s electronegativity or its lipophilicity. The nitrile moiety is also 

a very electronegative moiety117, which we felt would be an appropriate bioisosteric replacement for 

chlorine. Furthermore, the nitrile is less lipophilic than the chlorine, which is an important element of 

consideration in our SAR. We initially employed the patented method a118 in Scheme 3.2 for its 

simplicity and use of reagents that were readily available in our lab. This method utilises CuCN as a 

source of nucleophilic nitrile anions that displace the bromine at the C-5 position. The reaction 

attempt was repeatedly unsuccessful with TLC and NMR data confirming presence of unreacted 

starting material in crude product mixture. 

 

We then attempted method b (Scheme 3.2) developed by Sawant et al. that utilises a Pd(OAc)2 

Triphenylphosphine (PPh3) catalytic system and generates  CN- ions in situ via POCl3 mediated 

dehydration of formamide.119 Both 5-bromoindole and 5-iodondole were utilised as starting materials, 

however, both reaction attempts were unsuccessful, possibly due to the PPh3 ligand we employed. 

Xantphos was used as the ligand in the original method and studies have revealed that ligand nature 

greatly influences catalyst effectiveness.120–122 We went on to use the copper catalysed method by 
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Khemnar and Bhanage (c in Scheme 3.2).123 Still generating the CN- ions in situ, the method was again 

unsuccessful with 5-bromo and 5-iodoindole. We then adapted the method by Khemnar and Bhanage; 

our reasoning was to provide a ready source of nitrile anions (d in Scheme 3.2). Carried out under a 

nitrogenous atmosphere using anhydrous reagents, the reaction was reproducibly successful, at a 77% 

yield. 

3.2.1.1 Characterisation of compound 3.5 

The successful cyanation of 5-iodoindole was confirmed using NMR analysis. The 1H-NMR spectrum 

showed a shift in chemical environment of compound 3.5 compared to that of 5-iodoindole (Fig 3.1a). 

13C-NMR spectrum was more definitive, with a new carbon signal characteristic of a nitrile carbon 

observed at 120.8 ppm (Fig 3.1b). 2D analysis confirmed the nitrile positioning at C-5 comparable to 

published analyses.124 

 

a) 

Fig 3.1a 1H-NMR spectrum of 3.5. 
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3.2.2 Suzuki-Miyaura cross-coupling reaction (3.6 – 3.7) 

In our desire to further explore the nature of an optimal C-5 substituent, we attempted the synthesis 

of 5-methyl (3.6) and 5-phenyl (3.7) indole analogues. We anticipated that a Suzuki-Miyaura cross-

coupling125 between commercially available 5-indolylboronic acid with an appropriate organohalide 

would be appropriate to introduce the methyl and phenyl substituents (Scheme 3.3). 

Fig 3.1b 13C-NMR spectrum of 3.5. 

b) 
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The reactions were allowed to proceed for 36 h owing to the reported slow conversion rate in aqueous 

conditions. However, the reactions were unsuccessful, yielding a mixture of compounds that could 

not be separated and purified. Fortunately, 5-methylindole was commercially available from Sigma-

Aldrich allowing us to continue with the synthesis of the desired compound. Unfortunately, we could 

not obtain compound 3.7. 

 

3.2.3 Synthesis of 3-acetyindoles (3.8 – 3.12) 

As depicted in Scheme 3.4 we employed the adapted Friedel-Crafts acetylation method (a) by Veale 

et al.116 stemming from the regioselective method described by Ottoni et al.126 The method utilises 

SnCl4 to catalyse the electrophilic attack of the indole on acetyl chloride. All reactions were allowed to 

proceed for 4 h under an inert nitrogenous atmosphere. Overall yields were low. Indoles featuring 

electron withdrawing groups e.g. 5-bromine (3.9) 5-chlorine (3.10) and 5-nitrile (3.8) exhibited the 

highest yields, while the electron donating 5-methyl substituted analogues (3.11 and 3.12) had the 

lowest yields, possibly due to their influence on the electron distribution of the indole. 
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3.2.3.1 Characterisation of compounds 3.8 – 3.12 

The successful synthesis of acetylated indoles was confirmed using NMR analysis. In the 1H-NMR 

spectrum of 3.8 we observed a signal at 2.48 ppm integrating for three protons, characteristic of a 

methyl group (Fig 3.2a). In the 13C-NMR spectrum we observed the carbonyl signal at 192.9 ppm and 

further, with 2D analysis we correlated via HSQC, the 13C signal at 27.3 ppm to the 1H signal at 2.48 

ppm and using HMBC ascertained the acetylation to have occurred at C-3 (Fig 3.2b). Similar 

characteristics were observed with signals on the NMR spectra of compounds 3.9 – 3.12. The results 

obtained were comparable to published analyses of 3.9.116 
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b) 

Fig 3.2 a) 1H-NMR and b) 13C-NMR spectra of 3.8. 
 

a) 
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3.2.4 Synthesis of 1-(5-methoxy-1H-indol-3-yl)ethanone (3.13) 

To further explore the parameters of the C-5 substituent, we wanted to introduce a hydrophobic 

methoxy residue, which in contrast to chlorine, is an electron donating substituent. Xu and Fan 

outlined a copper catalysed synthesis of 5-methoxyindole from 5-bromoindole using sodium 

methoxide as the source of –OCH3 ions for the nucleophilic displacement of the bromide.127 

 

Due to the low yields observed in the Friedel-Crafts acetylation to form 3.11, we decided to use the 

acetylated 3.9 as the substrate for this reaction (Scheme 3.5). While successful, we obtained the 

desired product at a low yield of 20%.  

3.2.4.1 Characterisation of compound 3.13 

The successful synthesis of 3.13 was confirmed by NMR. A new signal at 3.83 ppm integrating for three 

protons was observed on the 1H-NMR spectrum, characteristic of a methoxy group (Fig 3.3a). 

Analysing the 13C-NMR spectrum, we observed a signal at 54.6 ppm characteristic of the methoxy 

carbon (Fig 3.3b). These observations were confirmed by 2D analysis. 
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b) 

Fig 3.3 a) 1H-NMR and b) 13C-NMR spectra of 3.13. 

a) 
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3.2.5 Synthesis of α-brominated 3-acetylindoles (3.15 – 3.20) 

Having synthesised 3-acetylindoles, we employed the bromination method adapted by Veale et al. 

using CuBr2 as the brominating agent, ethyl acetate and chloroform as solvent to attain α-mono 

brominated intermediates (Scheme 3.6).128 Chloroform was reported to inhibit a second bromination 

occurring. Generally, di-bromination was reported to occur when starting material and mono-

brominated intermediate levels were almost equivalent.128 We therefore monitored reaction progress 

by TLC, stopping the reaction when di-bromination was observed. The reaction times varied 

considerably depending on the nature of the 3-acetylindole, from 30 min to an excess of 6 h, which 

was seemingly idiosyncratic to the starting materials. 

 

Purification of compound 3.15 via column chromatography was not successful, co-elution of the 

mono-brominated intermediate and reaction substrate 3.8 was observed repeatedly (TLC plate 

showed two distinct spots with significantly different retention factors - RF). We therefore resolved to 

proceed with 3.15 as an impure mixture which, as a consequence, hampered the accurate calculation 

of product yields in subsequent reactions. Generally, reaction yields for compounds 3.16 – 3.20 were 

quite low in accordance with the literature.128 However, quenching of the reaction prior to the 
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formation of the undesired di-brominated product, meant that unreacted 3-acetylindole could be 

recovered and re-reacted to generate more α-bromoketone. 

3.2.5.1 Characterisation of compounds 3.15 – 3.20 

The successful bromination of compounds 3.15 – 3.20 was confirmed by NMR analysis. For example, 

the methyl signal at 2.50 ppm belonging to the 3-acetyl group initially observed in compound 3.13 was 

no longer present. Instead, we observed a new signal at 4.51 ppm of the 1H-NMR spectrum of the 

corresponding compound 3.19, integrating for two protons, and characteristic of a methylene group 

(Fig 3.4). Compounds 3.15 – 3.20 showed this characteristic exchange of the methyl signal for a new 

methylene signal. 3.16 and 3.20 were comparable to literature.115 We then proceeded to the final step 

of synthesis using the α-brominated compounds. 

 

Fig 3.4 1H-NMR spectrum of 3.19. 
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3.2.6 Synthesis of indolyl-3-ethanone-α-thioethers 

The final step of this synthetic procedure was the synthesis of indolyl-3-ethanone-α-thioethers, we 

therefore employed the coupling reaction previously used in our lab to access the desired final 

products (Scheme 3.7). Based on syntheses by He et al.129 and Black et al.130, the polar aprotic acetone 

was used as the reaction solvent in the presence of K2CO3 as a base to facilitate the nucleophilic 

displacement of α-bromoketone with a relevant nucleophile.  

 

To verify synthesis of final coupled compounds and for full characterisation, 1H-NMR and 13C-NMR 

analyses along with 2D spectra, HSQC, HMBC and COSY were attained. High resolution mass 

spectrometry, infrared spectrometry and melting point analyses were also conducted. 

 

3.2.6.1 Synthesis of 3-(2-((4-bromophenyl)thio)acetyl)-1H-indole-5-carbonitrile (3.21) 

Using 4-bromothiophenol as the nucleophile with 3-(2-bromoacetyl)-1H-indole-5-carbonitrile (3.15), 

we synthesised our first desired compound 3.21 (Scheme 3.8). However, the reaction yielded 

disappointingly low amounts of product. We repeated the synthesis to attain adequate amounts for 

compound characterisation and biological studies. Following purification we were able to recover the 

acetylated indole (3.8) whilst 3.15 was completely used up. The reaction had to be run for elongated 

time periods of 24 – 36 h, monitoring product formation and reaction completion by TLC. Low yields 

were likely attributed to the use of a crude reaction mixture, a trend maintained in later syntheses. 
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3.2.6.1.1 Characterisation of compound 3.21 

The successful coupling to form 3.21 was verified by NMR analysis. We observed signals that 

integrated for a total of eleven protons on the 1H-NMR spectrum for compound 3.21 (Fig 3.5). The 

methylene signal had shifted from 4.71 ppm in 3.15 to 4.52 ppm in 3.21. Characteristic of a para-

substituted phenyl ring, two signals integrating for two protons each were sighted at 7.48 – 7.46 ppm 

and 7.34 – 7.32 ppm. HMBC was used to assess arrangement of atoms in chemical space, confirming 

synthesis of 3.21. 

Fig 3.5 1H-NMR spectrum of 3.21. 
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Following sparing solubility in DMSO, compound 3.21 further suffered from low solubility in biological 

medium, thus affecting its biological activity. We therefore sought to increase the solubility of 

compounds in our library to allow for biological testing. 

Prior studies in our lab, utilising compounds 3.22 and 3.23 revealed that the ether bridge containing 

3.22 was slightly less active against P. falciparum compared to 3.23.131 However, the oxygen atom 

rendered the molecule less lipophilic than its sulfur containing analogue due to its increased polarity 

and capacity to form hydrogen bonds compared to sulfur.132–134 Accordingly, we thought it prudent to 

explore oxygen containing analogues, which feature a nitro group on the phenyl ring. 

 

 

3.2.6.2 Synthesis of indolyl-3-ethanone-α-ethers (3.24 – 3.26) 

Scheme 3.9 shows the synthesis of oxygen containing analogues 3.24 – 3.26. 

 

Compared to Scheme 3.8, yields were generally higher while reaction times were shorter.  
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3.2.6.2.1 Characterisation of compounds 3.24 – 3.26 

Characteristic para substituted phenyl signals integrating for two protons each were observed in the 

1H-NMR spectra of 3.25 at 8.21 – 8.19 ppm and 7.18 – 7.15 ppm respectively (Fig 3.6). A change in 

chemical environment was observed with the methylene signal shifting from 4.47 ppm in 3.17 to 5.52 

ppm in 3.25. Compounds 3.24 and 3.26 showed similar characteristic signals and a methylene shift 

confirming coupling to 4-nitrophenol. 

 

 

3.2.6.3 Synthesis of indolyl-3-ethanone-α-thioethers (3.27 – 3.31) 

Compounds 3.15 – 3.19 were coupled to the nucleophile 4-nitrothiophenol (Scheme 3.10). The 

observed reaction yields were comparatively lower than for the 4-nitrophenol coupled compounds 

3.24 – 3.26. 

Fig 3.6 1H-NMR spectrum of 3.25. 
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The NMR analyses of these compounds showed similar characteristics observed with 3.24 – 3.26.  

3.2.6.4 Synthesis of 2-(4-(1H-tetrazol-5-yl)phenoxy)-1-(1H-indol-3-yl)ethanone (3.32) 

As a result of the synthesis of tetrazole containing compounds (discussed in Chapter 4), we had access 

to 4-(1H-tetrazol-5-yl)phenol, which we employed as a nucleophile for the interest of probing size 

limitations of the binding pocket and possible interactions that would occur with the acidic tetrazole 

moiety when coupled to 3.20 (Scheme 3.11). 

 

3.2.6.4.1 Characterisation of 3.32 

The 1H-NMR spectrum of 3.32 was consistent to that of compounds 3.24 – 3.26, with a shift in the 

methylene signal from 4.65 ppm in 3.20 to 6.27 ppm in 3.32 (Fig 3.7a). We identified the signal 165.8 
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ppm in the 13C-NMR spectrum, representing the quaternary carbon on the tetrazole moiety (Fig 3.7b). 

Using HSQC and HMBC we were able to confirm the successful formation of compound 3.32. 

 

 

a) 

b) 

Fig 3.7 a) 1H-NMR and b) 13C-NMR spectra of 3.32. 

b) 
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3.3 Biological assay results 

Compounds 3.21 and 3.24 – 3.32 were screened for viability against P. falciparum 3D7 strain at 20 µM 

concentration using the Markwalter assay that detects Plasmodium lactate dehydrogenase (PLDH).135 

Makler and Hinrichs found that the activity of PLDH enzyme correlated to the number of parasites 

present in an analyte. In the assay, the activity of PLDH results in the reduction of the yellow dye, 

nitroblue tetrazolium (NBT) to formazan which is blue in colour, propelled by phenazine ethosulfate 

(PES) and reduced 3-acetylpyridine-adenine dinucleotide (APADH).136 Compounds 3.25 – 3.32 reduced 

parasite cell viability below 25%, and were submitted for dose dependant assessment. In addition, 

mammalian cytotoxicity was assessed against a HeLa cell line at a single concentration. This assay 

indicated that there was no significant reduction in cell viability at 20 µM, indicating that these 

compounds show low toxicity (Table 3.1).  clogP values were obtained using Swiss ADME, a free online 

source from the Swiss Institute of Bioinformatics.137,138 

Compound 3.28 exhibited the highest anti-plasmodial activity amongst the compounds synthesised 

for this project, with no significant toxicity to HeLa cells. A higher pIC50 value was observed for 3.28 

compared to the p-bromothiophenol containing 2.47, suggesting that the p-NO2 is important for 

enhanced biological activity. The clogP values also suggest that 3.28 is more hydrophilic than 2.47 

which would increase its solubility, an important parameter in drug design.  

While 3.21, which was tested as a suspension was found to be inactive, its nitro containing analogue 

3.27 displayed moderate activity. This data suggested that the electron withdrawing nitrile bioisostere 

reduced anti-plasmodial activity compared to 2.74. To understand further the nature of the 5-

substituent required to enhance activity we looked at compounds 4.29 and 3.31 possessing electron 

donating and hydrophobic methyl and methoxy groups. These compounds showed improved anti-

plasmodial activity compared to 3.27. Though inferior to the pIC50 values of 3.28 and CQ, the activity 

of compound 3.31 was comparable to that of 2.47 suggesting a hydrophobic interaction is important 

in this region, and the electron withdrawing nature of the chlorine substituent is less important. 
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Table 3.1 Bioassay results of compounds 3.21 and 3.24 – 3.32 against P. falciparum 3D7.  

Compound 

# 
Structure 

P. falciparum 3D7 
HeLa 

Toxicity 

(% cell 

viability) 

clogP 

IC50 (µM) pIC50 (M) 

3.21 

 

inactive- - 105 3.90 

3.24 

 

inactive - 107 2.12 

3.25 

 

0.868 6.06 86 2.53 

3.26 

 

2.181 5.66 79 2.52 

3.27 

 

0.536 6.27 97 2.62 

3.28 

 

0.037 7.44 85 3.41 

3.29 

 

0.248 6.61 100 3.04 

3.30 

 

1.369 5.86 107 3.04 

3.31 

 

0.129 6.89 102 2.67 

3.32 

 

8.28 5.08 79 2.34 

 Reference compounds 

2.46 

 

0.24 6.62  3.4 

2.47 

 

0.09 7.05  5.1 

CQ  0.024 7.61   
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3.30 with a 2-methyl substituent was less active against Plasmodium compared to compound 2.46. 

We suspected that the methyl group was constricting the bond rotation about C-3 or might have 

formed somewhat of hydrophobic interactions, which possibly restricted the compound adjusting to 

a conformation that allows maximum interaction with the binding pocket.  

As anticipated, the clogP values of 3.25 and 3.26 were lower than for analogue compounds 3.29 and 

3.30 owing to the more electronegative oxygen in the ether bridge than the sulfur. The trade-off for 

the increased hydrophilicity was a declined anti-plasmodial activity. Synonymous with the ether bridge 

containing 3.25 and 3.26, compound 3.32 had a markedly lower anti-plasmodial activity. This 

suggested that a sulfur atom is a critical element of the pharmacophore. 

 

3.4 Conclusions 

In this chapter we set out to synthesise indolyl-3-ethanone-α-thioethers to further understand the 

SAR and nature of the putative target binding pocket of this series of compounds. We employed the 

Friedel-Crafts acetylation and α-bromination described by Veale et al. and despite the low yields and 

repeat syntheses to attain viable amounts of α-brominated analogues, we managed to access the 

desired compounds (3.21 and 3.24 – 3.32) using the coupling reaction adapted from the synthetic 

methods by He et al. and Black et al.129,130 

Despite its low solubility in assay medium, compound 3.21 was assayed as a suspension and found 

inactive against the malaria parasites. p-Nitrophenol analogues were synthesised, improving solubility 

and further exhibiting activity against P. falciparum 3D7 (3.25 and 3.26). Similar to 3.21, compound 

3.24 was inactive with % viability against parasitaemia >100%. 

Having synthesised the p-nitrothiophenol coupled analogues, we identified most active of the series, 

compound 3.28, though with a relatively lower pIC50 to CQ, 3.28 was more active against Plasmodium 

compared to 2.47. Observing the activities of 3.28 and 2.47 we can also conclude that the interaction 
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between the target site and p-NO2 enhances anti-plasmodial activity, superior to the p-Br containing 

thiophenol. 

Compared to 5-chloro, the bioisosteric 5-methyl, 5-cyano and 5-methoxy analogues were less active 

against P. falciparum 3D7, suggesting the possible formation of an important halogen bond between 

the 5-chloro substituent and the binding pocket, enhancing biological activity. Furthermore we 

observed the comparable activity of compounds 3.29 and 3.31 suggesting that the electron donating 

C-5 substituents form hydrophobic interactions with the target site also tolerating slight increases in 

substituent size (3.31). This finding attracts further C-5 study using 5-NO2, 5-NH2 and isopropyl 

substituents as examples. 

Compound 3.30 also showed us the possibility of hydrophobic interactions forming with C-2 

substituents which could restrict the conformational fitting of the compound into the binding pocket, 

suggesting an unsubstituted C-2 to be important for activity.  

With the information gleaned from this project, compound 3.28 presents an opportunity for further 

investigations and optimisation of this series of privileged indole based compounds to yield a potent 

lead compound. 
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Chapter 4: Tetrazoles 

4.1 General overview 

The tetrazole ring is an electron rich five-membered heterocycle with one carbon atom and four 

nitrogen atoms. The compound has two unsaturated bonds and can exist in two tautomeric forms 

(4.1a and 4.1b).139 The tetrazole ring facilitates numerous interactions such as hydrogen bonds, 

coordination bonds, hydrophobic interactions and π-stacking interactions with biological 

macromolecules eliciting a wide array of pharmaceutically important biological activities.140  Owing to 

its combined lipophilic acidic nature, tetrazoles have found application as a bioisostere of carboxylic 

acid, amide and related heterocycles, resulting in improved compound pharmacokinetic profiles.140,141 

 

Tetrazoles and their derivatives have been identified as antibacterial, anti-inflammatory, analgesic, 

anticancer, antiviral, herbicidal, anti-proliferative, anticonvulsant, anti-parasitic and hypoglycaemic 

agents. We will continue to look at some of these derivatives and their application in medicinal 

chemistry. 

 

4.2 Antifungal agents 

The triazole compound, TAK-456 (4.2) containing a postion-1 substituted tetrazole, was found to 

exhibit potent antifungal activity against major opportunistic fungi of the Candida and Aspergillus 

species. TAK-456 exhibited superior in vitro activity against C. albicans, C. krusei, C. parapsilosis, C. 

neoformans, C. tropicalis, C. glabrata, A. niger, A. fumigatus and A. flavus compared to fluconazole 

(4.3). The activities of TAK-456 were comparable to the reference azole drugs, itraconazole (4.4) and 
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voriconazole (4.5), with the exception of C. glabrata. TAK-456 also exhibited an effective in vivo 

activity against fluconazole resistant strains of C. albicans whilst showing efficacy against A. fumigatus  

comparable to itraconazole and voriconazole.142 With observed in vivo and in vitro activities, toxicity 

similar or less to the azoles antifungal agents, TAK-456 presents a potent clinical drug candidate in 

treatment of fungal infections.142 

 

Hayashii et al. further developed an injectable salt of TAK-456, the water soluble prodrug TAK-457 

(4.6) which was also found potent against pulmonary fungal infections caused by A. fumigatus with 

an activity comparable to the injectable amphotericin B. The development of the injectable, TAK-457, 

encourages research into new and effective, non-toxic antifungal injectable agents using the prodrug 

approach.143 
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4.3 Antimicrobial agents 

Ceftezole (4.7) and cefazolin (4.8) are ẞ-lactam antibiotics that contain a tetrazole moiety. The two 

compounds are analogues of cephalosporin C, belonging to the 1st generation of cephalosporins first 

developed in the 1960s and still widely used as injectable antibiotics.144–146 Cefazolin exhibited 

bactericidal activity against gram positive and gram negative bacteria killing isolates of E.coli, 

klebsiella, H. influenza, S. aureus with no bactericidal activity against P. aeruginosa. The bactericidal 

activity of cefazolin was comparable to that of cefalothin (4.9), another 1st generation cephalosporin, 

but with cefazolin exerting less injection pain on administration.145,147,148 Studies showed that ceftezole 

had a broad spectrum activity against gram negative and gram positive bacteria, similar to that of 

cefazolin with the exception of P.aeruginosa, S. marcescens, P. vulgaris and P. morganii.146 

 

 

Cefamandole (4.10) and cefmetazole (4.11) are semisynthetic antibiotics which represent tetrazole 

containing 2nd generation cephalosporins, with an additional 2-methyl substituent on the tetrazole 

compared to the previously discussed cefazolin and ceftezole compounds. Cefamandole exhibited 

superior activity compared to cefazolin and cefalothin against gram negative bacteria, though slightly 

less active against gram positive bacteria compared to cefalothin. Cefamandole was found active 

against H. influenza, methicillin resistant S. aureus with resistance studies showing that, compared to 
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cefazolin and cephalothin, cefamandole was less susceptible to hydrolysis by ẞ-lactamase enzymes.149–

151  

Cefmetazole also exhibited superior activity compared to cefazolin and cefalothin against gram 

negative bacteria, particularly the anaerobic Bacteroides fragilis.152,153 Though when compared to the 

2nd generation cephalosporin, cefoxitin (4.12), cefmetazole was found to be less effective against the 

Bacteroides group.153 Though more potent and having a longer half-life, cefmetazole had a narrower 

spectrum of antibacterial activity than cefoxitin, acting against methicillin susceptible Staphylococcus 

spp., H. influenza and Neisseria spp. Similar to cefoxitin, cefmetazole was stable against hydrolysis by 

ẞ-lactamase enzymes.154 

Much like the 1st generation cephalosporins, cefamandole and cefmetazole drugs were inactive 

against P. aeruginosa and enterococci.144,154 

 

Latamoxef/moxalactam (4.13) is a 3rd generation cephalosporin with a six membered ring fused to a 

sulfur containing ẞ-lactam instead of an oxygen. The compound was found to exhibit antibacterial 

activity against Enterobacteriacae at concentrations much lower than those of cefoxitin and 

cefamandole. Furthermore, latamoxef was found active against P. aeruginosa but owing to limited 

effectiveness could not be indicated as a monotherapy drug for P. aeruginosa infections. Latamoxef 

was very active against Klebsiella, Serratia marcescens and E.coli but, against Staphylococcus spp. 
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latamoxef was less effective in killing off tested isolates as compared to cefamandole and 

cefalothin.155–157 

 

A new oxazolidinone derivative, DA-7867 (4.14) containing a 1-methyl-tetrazolyl-substituted pyridine 

ring was synthesised in the search for new antimicrobial agents. Studies were conducted using the 

approved antibacterial drug linezolid (4.15) as a reference against a range of gram positive bacterial 

strains. Results indicated that DA-7867 was superior to linezolid both in vitro and in vivo against 

methicillin resistant S. aureus, vancomycin resistant enterococci, penicillin resistant Streptococcus 

pneumoniae, Haemophilus influenza and Moraxella catarrhalis. Though the mechanism of action of 

DA-7867 has not been determined, the compound presents a potential drug candidate for further 

clinical studies.158–160 

 

Owing to the on-going studies of linezolid against Mycobacterium tuberculosis, DA-7867 was also 

tested against the bacteria with results showing superior activity than linelozid.161 Linezolid has shown 

effective clearance of mycobacteria after designated treatment periods without the resurgence of 
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infection one year after treatment termination, however this is coupled to high dose related adverse 

effects in XDR TB test patients. The development of new oxazolidinone derivatives presents possible 

potent TB treatment candidates aimed to have safer side effect profiles compared to lizenolid.162,163 

Clinical studies for DA-7867 have however been hindered by its limited solubility in vivo. This drawback 

saw the development of torezolid (4.16) and its sodium phosphate containing prodrug, 4.17, that 

possessed an increased drug solubility profile and improved availability for in vivo tissue absorption.164 

In antibacterial studies, torezolid exhibited a superior potency against methicillin resistant S. aureus, 

vancomycin resistant enterococci, penicillin resistant Streptococcus pneumoniae, Haemophilus 

influenza, Moraxella catarrhalis and Mycobacteruim tuberculosis compared to linezolid.165,166 

Although the potency of torezolid was lower than that of DA-7867166, the improved pharmacokinetic 

profile of its prodrug prompted clinical studies to be performed on the compound as a potential 

antimicrobial drug candidate.164 

 

4.4 Antiviral agents 

In the search for new effective anti-retroviral therapies owing to mutations in human 

immunodeficiency virus-1 (HIV-1) and treatment related toxicity, 7-(2H-tetrazol-5-yl)-1H-indole (4.18) 

was synthesised based on the drug candidate BMS-488043 (4.19) which had  been found active against 

HIV-1 and safe for administration in human.167 HIV-1 gains entry to infected host cells when the gp120 

protein surface subunit of the viral envelope attaches to a CD4 receptor on the host cell surface. A 

conformational change in gp120 follows this attachment, leading to the gp120 protein binding to 

chemokine co-receptors which allows the viral transmembrane protein gp41 to puncture through the 
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host cell membrane. Fusion of viral and host cells occur, resulting in the release of viral genetic 

material into the host cell. The entry process of HIV-1 offers a multi-target pathway for drugs known 

as entry inhibitors to be developed, including attachment inhibitors.168–170  

7-(2H-tetrazol-5-yl)-1H-indole was found to be potent at nanomolar concentrations, inhibiting HIV-1 

cells attaching to CD4 cells. The major drawback of 4.18 was an almost negligible in vivo oral 

bioavailability which prompted the synthesis of substituted tetrazole prodrug analogues 4.20 and 4.21 

containing N-acetoxymethyl and N-methyl respectively. Both prodrugs were found to be comparable 

in potency with 4.18, maintaining a low cytotoxicity with highly improved oral bioavailability. Prodrug 

4.20 showed higher plasma concentration of active drug compared to 4.21. This study revealed that 

substitutions on the tetrazole ring with specific groups can improve the pharmacokinetic profile of 

these drugs and therefore allow further development of more potent HIV-1 entry inhibitors.167 

 

Chang et al. synthesised a series of pyridylimidazolidinone derivatives based on the lead compound 

DBPR103 (4.22). The synthesised compounds were tested in vitro against isolated strains of the 

picornavirus genus and human enterovirus 71 (EV71).171 EV71 infection has been identified as the 

cause of foot, hand and mouth disease in children along with neurologic complications including 

brainstem encephalitis, aseptic meningitis, and acute flaccid paralysis.172,173 Compounds 4.23, 4.24, 

4.25a – b, 4.26a – b exhibited strong activity against the viral strains with 4.23, 4.25a and 4.26b 
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showing the highest activity. To determine the spectrum of activity of compounds 4.23, 4.25a and 

4.26b, further assays were conducted on picornavirus genera including rhinoviruses, echoviruses, 

coxsackieviruses and genotypes A, B and C of enterovirus strains. Results showed that compounds 

4.23, 4.25a and 4.26b are more active than the lead compound 4.22, with no evident cytotoxicity, and 

hence presenting these compounds as viable drug candidates for further evaluation. This study also 

reveals important groups that enhance antiviral activity, that is, the heterocyclic biosiosteres of 4-

chlorophenyl in 4.23, the oxadiazole in 4.25a and the metabolically stable tetrazole in 4.26b.171 

 

The WHO reports that the influenza virus is a contagious infection that has been observed to cause 

seasonal epidemics in animal and human populations. The virus is of 3 main types, A, B and C of which 

antigenic mutations in virus strains of type A and B have been the main cause of eruptions and 

pandemics experienced worldwide thus far. The avian strains, H1N1 and H5N1 are examples of type 

A influenza viruses that have previously caused a worldwide pandemic. The WHO recommends the 

prevention of infection by vaccinating individuals in risk groups and treating already infected 

individuals timeously to reduce complications and death.174,175 
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The drugs amantadine (4.27) and rimantadine (4.28) are adamantane (4.29) derivatives used in the 

treatment of type A influenza viruses not type B. There is need to develop broad acting antiviral agents 

for both type A and B viruses. The adamantine derivatives block the release of viral RNA into infected 

cells by inhibiting the viral transmembrane protein, M2. Adamantane derivative drug resistant strains 

with substituted amino acids in the M2 protein have emerged and rapidly spread, prompting the need 

for new, effective antiviral agents with a broad spectrum activity.176 Zarubaev et al. synthesised a 

library of azolo-adamantane compounds which were tested against the highly rimantadine resistant 

virus strain A/Puerto Rico/8/34. Compounds 4.30 – 4.33 were found to inhibit the tested viral strain 

more potently than rimantadine, thought to be due to a higher affinity of the adamantyl-tetrazole 

compounds to M2 protein or possibly, a different binding site. The prospect of azolo-adamantane 

derivatives binding to a target site other than M2 protein, would encourage the identification of this 

target for the evelopment of more potent agents as drug candidates in antiviral treatment. These 

compounds would avert the already existing adamantane-derivative drug resistance.177 

 

4.5 Anticancer agents 

Bhaskar and Mohite synthesised a small library of 1,5-disubstituted tetrazole containing compounds 

which were tested in vitro against 60 lines of human cancer cell types including breast, prostate, 

kidney, ovary, brain, colon, leukemia, melanoma and lung cancer. The tested compounds 4.34a – c 
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and 4.35a – e were found to be selective growth inhibitors of cancer cells. Compounds 4.34a and 4.35c 

were selective to CNS cancer, compounds 4.34b, 4.34c, 4.35b and 4.35e to renal cancer while 4.35a 

and 4.35d to ovarian cancer. The anticancer activity of these compounds was found to be related to 

the nature of the postion-1 substituent on the tetrazole ring. Accordingly, compound 4.35b was found 

to be most active amongst the synthesised compounds, exhibiting a selective % growth of ovarian 

cancer cells (SK-OV-3 cell line) of 34.94%. These compounds, simple in their structure, require further 

investigation to describe and improve the anticancer activity observed.178 

 

Protein arginine deiminases (PADs) are calcium dependent enzymes that convert arginine residues to 

citrulline. Isozymes PAD1, -2, -3, -4 are found in humans and have been identified as drug targets 

owing to their yet to be understood dysregulated expression in certain disease conditions. PAD4 has 

been found associated to inflammatory diseases where citrullinated proteins are recognised and 

attacked by auto-antibodies such as the rheumatoid factor, promoting disease progression. 

Overexpression of PAD4 has been found in various malignant cancer patients (but not in benign 

cancers), rheumatoid arthritis, multiple sclerosis and ulcerative colitis. As a known transcriptional 

corepressor of the tumour suppressor protein, p53, overexpression of PAD4 is believed to propagate 

tumorigenesis and disrupt apoptosis.179–181 The PADs as drug targets present an opportunity to 

develop inhibitors with clinical significance. Subramanian et al. synthesised tetrazole analogues of the 

PAD inhibitor Cl-amidine (4.36) to improve the pharmacological profile of the compound. Owing to 

the peptide structure of Cl-amidine and its derivatives, proteolysis is an imminent challenge, hence 

the attempt by Subramanian et al. to synthesise more stable, potent and selective PAD inhibitors. The 
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anti-proliferative potency of the synthesised compounds was tested against the rapid growing human 

osteosarcoma U20S cell line at 20 µM concentrations. Compounds 4.37a and 4.37b were found more 

active against the cancer cells than Cl-amidine with compound 4.37a having a superior activity, 

completely inhibiting tumour cell growth. Compound 4.37b showed higher selectivity for PAD2 over 

PAD4 and also exhibited better in vitro stability compared to Cl-amidine and 4.37a. This study further 

elucidates the viability of PAD inhibitors as potential drugs in chemotherapy and the need for 

continued investigations.182 

 

Marked by its anti-proliferative activity of inhibiting tubulin polymerisation into microtubules during 

cell division, the naturally occurring combrestatin A-4 (4.38) is active against a variety of cancer cell 

lines including overexpressing P-glycoprotein multidrug resistant cell lines.183 The SAR of combrestatin 

A-4 linked its anti-proliferative activity to the essential presence of a trimethoxy substituted A-ring 

and cis configured double bond bridge to a p-methoxy substituted B-ring.184,185 The issue with 

combrestatin A-4 is the isomerisation of its active cis- double bond configuration to the less active, 

more stable trans- configuration during storage and metabolism. A series of 1,5-diaryl-1,2,4-triazoles 

was synthesised in response to the loss of activity by combrestatin A-4. Compound 4.39 from the 

series of potent inhibitors of tumour growth was found to be the most active.186 This result 

encouraged Romagnoli et al. to develop the bioisosteric series of 1,5-diaryl substituted 1,2,3,4-

tetrazoles. The synthesised compounds were tested against cancerous HeLa, A549, HL-60, Jurkat, 
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MCF-7 and HT-29 cell lines.183 Jedhe et al. also synthesised a range of combrestatin-A4 analogues 

containing hydroxyl moieties on rings A and B intended to form stabilising hydrogen bonds with a 

central 1,5-disubstituted tetrazole. HeLa, A549, H1299 cell lines and breast adenocarcinoma MCF-7 

growth inhibiting activity was tested.187 Both studies achieved the cis- double bond stabilisation. 

Compounds 4.40, 4.41 and its regioisomer 4.42, synthesised by Romagnoli et al. were found to be 

most active of the tetrazole containing series. In comparison to compounds 4.38 and 4.39, compound 

4.41 exhibited superior inhibition of tubulin polymerisation. When tested against A-549-T12, a 

paclitaxel (4.43) resistant cell line, compounds 4.40 – 4.42 were relatively more active implying their 

usefulness in treating cancers resistant to other anti-tubulin agents such as paclitaxel. Further in vivo 

studies using human colon adenocarcinoma xenografts showed results of the potent 4.41 reducing 

tumour volume by 66% compared to the 43.7% of compound 4.38 with no apparent toxicity. This 

study presents 4.41 as a potential anti-tubulin agent requiring further investigation for use in cancer 

treatment.183 
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Compounds 4.44 and 4.45, synthesised by Jedhe at al. were the most active from the series, though 

with showing less anti-proliferative activity compared to compound 4.41. The anti-tubulin inhibition 

of compound 4.45 with an o-hydroxyl and m-NH2 on ring B was however superior to that of compound 

4.44 with an o-hydroxyl and m-hydroxyl, showing the importance of the m-NH2 for inhibition. 

Notwithstanding the achieved synthesis of compounds with stabilising hydrogen bonds, the 

anticipated improvement in cancer cell growth inhibition and anti-tubulin activity was not realised.187 

 

 

Arshad et al. synthesised a series of tetrazolohydrazone compounds targeting specific proteins linked 

to breast cancer and aimed at lowering the cytotoxic effects of therapy. Breast cancer cells responsive 

to hormone treatment, i.e. estrogen receptor (ER) positive MCF-7 cell line and cancer cells non-

responsive to hormone treatment, i.e. ER negative MDA-MB-231 and ZR-75 cell lines were used in this 

study. Compounds 4.46 – 4.48 selectively inhibited the growth of ER positive MCF-7 cancer cells while 
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compound 4.49 selectively inhibited the growth of ER negative cancer cells. The growth of cancerous 

cell lines was retarded by 10-30% compared to untreated cells. The selectivity of the compounds to 

breast cancer cell lines was verified by gene tests of which one test showed the increase in CD44 gene 

expression causing poor disease prognosis and metastasis when MCF-7 is treated with the 

tetrazolohydrazones. This study probes and encourages investigation into specific cancer types and 

the identification of related proteins as potential targets of chemotherapy, possibly reducing the 

cytotoxic effects observed with non-specific drug treatment.188 

 

4.6 Hypotensive agents 

In hypertension treatment, the renin-angiotensin aldosterone system (RAAS) is a drug targeted 

pathway that regulates extracellular fluid balance and arterial pressure. Fig 4.1 shows the angiotensin 

converting enzyme mediated conversion of angiotensin  to angiotensin II (AII), which subsequently 

binds non-specifically to angiotensin type 1 and type 2 receptors (AT1R and AT2R). AT1R exerts most 

RAAS effects inclusive of vasoconstriction and stimulating the release of aldosterone which promotes 

the reabsorption of sodium and water into the blood circulation, increasing blood pressure.189–191  
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Fig 4.1 Angiotensin II formation and pathway inhibition points. 

 

Accordingly, ACE inhibiting drugs (ACE-I) such as captopril and enalapril  are used in the management 

of high blood pressure owing to their vasodilatory effect and capacity to lower the sodium and water 

reabsorption by inhibiting aldosterone release. ACE inhibition has been found to also potentiate 

bradykinin action causing an unwanted dry cough and angioedema. This has encouraged research into 

the synthesis of angiotensin receptor blockers (ARBs) to avoid the side effects caused by ACE 

inhibition. Losartan (4.50), irbesartan (4.51) and valsartan (4.52) are examples of tetrazole containing 

ARBs that have been developed and are clinically used to block AII target sites.192–194 
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4.7 Leukotriene inhibitors 

Some tetrazole containing compounds have been found to exhibit anti-leukotriene function acting as 

antagonists of the pro-inflammatory mediators, leukotrienes (LTs). LTs released from mast cells by 

allergenic stimulation, have been found associated with inflammatory and immune body responses 

inclusive of allergic rhinitis, asthma and pulmonary airway obstructive conditions. Leukotriene B4 

(LTB4) represents one of two classes of LTs that promotes inflammation of cell tissue via neutrophil 

action whilst the second class called the cysteinyl LTs (CysLTs) cause smooth muscle contraction. The 

combined action of these two signalling molecules can therefore cause airway obstruction by 

bronchoconstriction and inflammation in asthmatic patients via LT G-coupled protein receptors.195,196 

LT receptors are distributed around the body in tissues including the lungs, spleen, small intestines, 

placenta, brain, heart and lymph nodes.197  

Pranlukast (4.53) is a selective CysLT1 receptor antagonist that inhibits LT agonistic 

bronchoconstriction and also preventing the stimulation of eosinophil modulated inflammation. This 

drug is used in asthma patients to prevent acute attacks.198 Pranlukast development is marked by a 

series of structural modifications through compound FPL 55712 (4.54) which contains a carboxylic acid 

that conferred the compound’s anti-leukotriene activity.199 The carboxylic acid was bioisosterically 

replaced with metabolism-resistant tetrazole forming the compound tomelukast (4.55) with an 

improved pharmacokinetic profile hence more bioavailable in vivo.141,199 Clinical trials for tomelukast 

were performed, during which toxicology studies showed tomelukast to be hepatotoxic, enlarging the 

liver of test rats.200 This urged further structural optimisation to avert toxicity leading to the synthesis 

of the more potent pranlukast with an improved safety profile.  
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4.8 Chemical tagging 

An interesting study by Otsuki et al. disclosed that 5-sulfonyl tetrazoles can be used in chemical tagging 

of small bioactive compounds to identify and allow further elaboration of molecular targets. Probe 

molecules are used in chemical tagging, comprising of a ligand that binds to the target protein, a 

tagging function which links the probe to the target protein, and a tag that will act as a marker for 

detection. In this study, cyclosporine A which binds to the known receptor cyclophilin A201 was used 

as the ligand, biotin as the tag and owing to the highly reactive nature of the electrophilic sulfonyl 

group, 5-sulfonyl tetrazole was used as the tagging function (Fig 4.2). Studies detected the biotin tag 

on the target receptor, cyclophilin A. Nucleophilic groups on the target protein were therefore thought 

to attack the electrophile hence forming a bond202 with the tagging function. This study plays an 

important role in advancing medicinal chemistry, presenting a simple assembly of a 5-sulfonyl 

tetrazole containing probe for use in drug target identification.203 

 

Fig 4.2 Composition of a probe molecule. 
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4.9 Rationale of project 

The simple structure of the tetrazole moiety and its application in medicinal chemistry in combination 

with other pharmacophores prompted our investigation into its possible application in targeted 

treatment of breast cancer. Women of sub-Saharan Africa have been predominantly plagued by 

cancer of the breasts but particularly in this project we will focus on triple negative breast cancer 

(TNBC). Genetic profiling studies of TNBC revealed gene expression dependent tumour subtypes 

which largely affects the efficacy of administered cancer drug therapies. TNBC is non-responsive to 

hormone treatment, expressing tumours void of estrogen receptor (ER), progesterone receptor (PR) 

and human epidermal growth factor receptor 2 (HER2).204,205 Due to the absence of effective drug 

treatment, there is a dire need for the identification of new drug targets and development of effective 

TNBC treatment. 

Heat shock protein 90 (HSP90) and heat shock protein 70 (HSP70) are chaperone proteins that 

facilitate correct folding of polypeptide chains and protein complexation preventing aggregation with 

other proteins. Therefore, these chaperones are critical for cancer cell survival, ensuring that mutated 

and overexpressed oncoproteins correctly fold and are protected from degradation.206 Heat shock 

protein organising protein (HOP) is a co-chaperone that mediates HSP70 and HSP90 interactions 

forming a complex that facilitates the effective transfer of client proteins between the two 

chaperones207 (Fig 4.3). The tetratricopeptide repeat domains (TPR) of HOP feature  regions rich in 

basic amino acids (referred to as the carboxylate clamp) which coordinate the binding of HSP90 and 

70 through selective salt bridge interactions with acid rich MEEVD (HSP90) or GPTIEEVD (HSP70) 

peptides present on the chaperones.208 

We postulated that the disruption of this protein-protein interaction (PPI) would impede chaperone 

protein assembly, arrest HSP function and lead to the degradation of essential oncogenic client 

proteins, ultimately leading to cancer cell death. 
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Fig 4.3 Interaction of client protein transferring HOP with chaperones HSP70 and HSP90 during 

chaperone mediated protein folding. 

 

Previous work conducted in our laboratory identified a small cohort of acid and tetrazole containing 

fragments (e.g. 4.56 – 4.58) which bound to the carboxylate clamp of the HOP TPR2A domain. 

Furthermore, these fragments have displayed weak biological activity against breast cancer cell lines. 
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Accordingly, as part of the fragment elaboration phase of this project, we sought to incorporate and 

combine structural elements of these fragments in order to elucidate an SAR and begin to improve on 

the anticancer activity of these compounds. We therefore aimed at synthesising a de-halogenated 

mandelic acid fragment (4.59), bioisosteric phenyl tetrazole fragments (4.60 – 4.61) and di-

halogenated benzyl tetrazole fragments (4.62 – 4.65) as analogues of 4.56 – 4.58. 

 

 

For the purposes of this project we reasoned the synthetic outline as depicted in Fig 4.4. We were 

particularly interested in utilising the nitrile moiety, which can be derived via dehydration of an 

amide.209 Subsequent nitrile hydrolysis would generate an acid210 (4.59) or undergo a 1,3-dipolar 

cycloaddition to form a tetrazole211 (4.60 – 4.65). We will discuss further the synthetic methods 

employed from literature to generate the desired fragments. 
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Fig 4.4 Proposed synthetic outline of tetrazole and acid fragments. 

 

4.10 Synthesis of tetrazole and acid fragments (4.59 – 4.60) 

In this section we will describe fragment synthesis, discuss the results obtained and characterisation 

processes used. 

4.10.1 Synthesis of 2-hydroxy-2-phenylacetic acid (4.59) 

To attain fragment 4.59, also known as mandelic acid, we hydrolysed the nitrile of commercially 

available mandelonitrile (4.66) using hydrochloric acid to generate a carboxylic acid as depicted in 

Scheme 4.1. 
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This reaction proceeded smoothly, resulting in the desired product at a low but acceptable yield of 

49%. 

4.10.1.1 Characterisation of 4.59 

We confirmed the synthesis of the compound using NMR-analysis and High Res MS. We observed on 

the 1H-NMR spectrum a singlet signal at 5.13 ppm integrating for one proton, characteristic of the 

methine proton at a (Fig 4.5a). The characteristic phenyl signals were present in the aromatic region. 

We further observed the absence of the characteristic nitrile signal initially present in the 13C-NMR 

spectrum of mandelonitrile, sighting a new signal at 174.7 ppm, characteristic of the carbonyl group 

(Fig 4.5b). Fig 4.5c further confirmed the formation of the α-hydroxy acid at m/z 175.0060 [M+Na]+, 

signal representative of a sodium adduct of 4.59. Obtained results are consistent with reported 

analyses.212 

 

 

Fig 4.5a 1H-NMR spectrum of 4.59. 

a) 
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Fig 4.5b 13C-NMR spectrum of 4.59. 

 

 

Fig 4.5c High resolution Mass Spectrum of 4.59. 

 

b) 
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4.10.2 Synthesis of tetrazole fragments 4.60 – 4.63 

To attain these compounds, we employed the 1,3-cycloaddition method outlined by Mohite et al. 

which generates -N3 ions in situ utilising ammonium chloride and inorganic NaN3 with several 

commercially available nitriles.213 Anhydrous solvent was used in this reaction so as to restrict the 

formation of hydrazoic acid during the reaction.214 

 

Reactions yielding 4.61 – 4.63, proceeded to completion with no residual starting material after 7 h 

under an inert nitrogenous atmosphere. We observed higher reaction yields for 1,3-dihalogenated 

phenyl rings. We suspected that the halogens electron withdrawing nature increased the polarity of 

the nitrile, thereby encouraging 1,3-cycloaddition to commence. Unlike the other fragments, 4.60 was 

afforded at 31% yield after 48 h reaction time, with a 30% residue of the initial starting material. The 

effect of the electron donating OH on the p-substituted phenyl is thought to cause this marked 

difference. 

4.10.2.1 Characterisation of 4.60 and 4.61 

NMR analysis confirmed synthesis of these fragments. The signals of the phenyl ring protons were 

identified in the aromatic region of the 1H-NMR spectrum of 4.60 (Fig 4.6a). We observed the 

characteristic tetrazole carbon signal on the 13C-NMR spectrum of 4.60 (Fig 4.6b) at 155.4 ppm, 



Chapter 4 
 

76 
 

confirming successful 1,3-cycloaddition. The spectra of fragment 4.61 was also consistent with 

observed characteristic signals. Both fragment results were comparable with published analyses.215,216 

 

 

Fig 4.6 a) 1H-NMR and b) 13C-NMR spectra of 4.60. 

b) 

a) 
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An interesting feature of note in Fig 4.6a are the signals at 7.97 ppm, 2.99 ppm and 2.86 ppm indicating 

the presence of a DMF molecule post extraction and purification of the fragment. With studies 

reporting capacity of the DMF molecule to form hydrogen bonds with polar molecules217,218, we 

thought that DMF forms the same interactions with the p-hydroxyl group and the NH-group on the 

tetrazole. 

4.10.2.2 Characterisation of 4.62 and 4.63 

To confirm synthesis of these fragments, NMR-analysis and High Res MS was conducted. An important 

feature observed from the 1H-NMR spectra of 4.62 compared to the starting material was the up-field 

shift of the methylene signal to 4.52 ppm (Fig 4.7a). The phenyl proton signals were present in the 

aromatic region.  We noted the absence of the characteristic nitrile signal from the 13C-NMR spectrum, 

sighting a new signal at 154.2 ppm, characteristic of the tetrazole carbon (Fig 4.7b). Fig 4.7c showed 

the mass of 4.62 at m/z 229.0033 (calcd for C8H7N4
35Cl2 [M+H]+. Fragment 4.63 displayed similar 

characteristic NMR signals and the mass spectrum correlated with the predicted molecular formula. 

 

Fig 4.7a 1H-NMR spectrum of 4.62. 

a) 
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Fig 4.7b 13C-NMR spectrum of 4.62. 
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4.10.3 Synthesis of intermediate fragments 4.71 and 4.72 

To access fragments 4.64 and 4.65, we first had to attain the respective dichloro- and difluoro-

substituted derivatives of mandelonitrile (4.71 and 4.72) from the corresponding aldehyde precursors 

(4.73 and 4.74). Suzuki et al. describes a ZnCl2 catalysed nucleophilic substitution that utilises TMSCN 

as the source of nucleophilic CN- ions in the fairly inert solvent, dichloromethane.219 Following the 

successful trial reaction using benzaldehyde (4.75) to form mandelonitrile, the method was applied 

on the aldehyde precursors using anhydrous ZnBr2 as the catalyst due to its availability (Scheme 4.3). 

 

The reaction yields were above 60% for 4.71 and 4.72. Mandelonitrile (4.66) yield was quite poor at 

18%. This difference in yield is thought to be the result of the electron deficient phenyl ring owing to 

the presence of halogen di-substitution discussed in 4.10.2. 

4.10.3.1 Characterisation of 4.71 and 4.72 

NMR analysis was performed, confirming synthesis of compounds. We observed a signal at 6.26 ppm 

on the 1H-NMR spectrum of 4.71, characteristic of the methine proton at a (Fig 4.8a). We further 

observed a carbon signal at 118.8 ppm on the 13C-NMR spectrum, characteristic of the nitrile (Fig 

4.8b).Similar characteristic signals were observed on the NMR spectra of fragment 4.72. 
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Fig 4.8 a) 1H-NMR and b) 13C-NMR spectra of 4.71. 

b) 

a) 
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4.10.4 Synthesis of fragments 4.64 and 4.65  

To access these compounds, we employed the synthetic method described in 4.10.2 to 4.71 and 4.72. 

The reactions were unfortunately unsuccessful in affording us the desired fragments. We therefore 

thought that the presence of the electron donating α-hydroxyl group restricted 1,3-cycloaddition, 

possibly due to a stable delocalised system of electrons formed with the nitrile. 

Though unable to complete synthesis of fragments 4.64 and 4.65 we propose the 1,3-cycloaddition 

described by Aureggi and Sedelmeier as a potential synthetic route to afford us these fragments. The 

method utilises diethyl aluminium chloride as a catalyst, activating NaN3 in an aprotic medium such as 

toluene and ultimately converting a nitrile into a tetrazole.220 

 

4.11 Conclusions 

In this chapter we described the applications of tetrazoles in medicinal chemistry. We went on to focus 

particularly on TNBC and the need for drug treatment specific to cancerous cells and identification of 

new drug targets for effective treatment. Under the premises of fragment based drug discovery we 

aimed at synthesising fragments 4.59 – 4.65 as analogues of 4.56 – 4.58 previously prepared in our 

lab and found to exhibit weak biological activity against cancer cell lines. Fragments 4.59 – 4.63 were 

successfully synthesised and are currently being characterised for TNBC activity. The results of which 

will enable us to further describe the SAR of these fragments allowing continued structural 

optimisation to enhance the binding activity of fragments to the targeted PPI of the HOP complex.  

Unfortunately, we were unable to complete the synthesis of fragments 4.64 and 4.65 though having 

attained the nitrile intermediates (4.71 and 4.72) from their corresponding aldehydes. 
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Chapter 5: Experimental Data 

1D and 2D NMR spectra were obtained using either a Bruker Fourier 300 MHz, 400 MHz or 600 MHz 

Avance II spectrometer. Chemical shifts are reported in ppm with residual reference solvents 

resonances as follows: Acetone-d6 δH 2.05, δC 29.8, 206.2; CD3OD δH 3.31, δC 49.0; DMSO δH 2.50, δC 

39.5 ppm.221 High resolution mass spectrometry was performed on a Waters Synapt G2 TOF 

instrument with an ESI source. IR spectra were obtained using a Perkin Elmer Spectrum 100 FTIR. 

Melting points were determined using a Reichert hot stage microscope (Protea Holding Ltd.). Flash 

column chromatography was performed using Kieselgel 60 (230–400 mesh) silica gel. Distilled solvents 

were used. 

 

5.1 Synthesis of 1H-indole-5-carbonitrile (3.5) 

To a stirring mixture of CuI (80 mg, 0.41 mmol) and anhydrous N,N-DMF (20 ml) in a 2-neck round 

bottom flask under a nitrogenous atmosphere was added 5-iodoindole (500 mg, 2.05 mmol), PPh3 

(107 mg, 0.41 mmol) and CuCN (552 mg, 6.17 mmol). Reaction was ran for 24 h at 140 °C. Reaction 

mixture was allowed to cool. EtOAc was used to extract the organic material, washing with saturated 

NaCl solution. The extract was dried with anhydrous MgSO4 before concentrating in vacuo. Purified 

compound was attained by flash column chromatography (Hexane: EtOAc, 7:3).   

 

1H-indole-5-carbonitrile124 (3.5); brown amorphous solid; yield 77%; IR (cm-1) 

3400, 2224, 1610, 1414, 769, 732; 1H NMR (DMSO, 300 MHz): δH 11.65 (1H, brs, 

NH-1), 8.08 (1H, dd, J = 1.6, 0.7 Hz, H-4), 7.57 – 7.54 (2H, m, H-2, H-7), 7.41 (1H, 

dd, J = 8.4, 1.6 Hz, H-6), 6.58 (1H, dd, J = 3.2, 0.7 Hz, H-3); 13C NMR (DMSO, 75 MHz): δC 137.6 (qC, C-

7a), 128.1 (CH, C-2), 127.4 (qC, C-3a), 125.7 (CH, C-4), 123.7 (CH, C-6), 120.8 (CN, C-8), 112.7 (CH, C-7), 

102.1 (CH, C-3), 100.9 (qC, C-5) ppm. 
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5.2 General procedure for the synthesis of 3-acetyindoles (3.8 – 3.12) 

To a stirring solution of indole (1 eq) and anhydrous DCM (7.5 ml) under nitrogen at 0 °C was added 

SnCl4 (1.2 eq) after which the ice bath was removed. After 30 min of stirring acetyl chloride (1.2 eq) 

was added followed by nitromethane (4.5 ml). The reaction was allowed to proceed for 4 h before 

quenching with ice. Organic material was extracted with EtOAc, washing with saturated NaCl solution. 

The extract was dried over MgSO4 before concentrating in vacuo. Flash column chromatography was 

performed to purify the compound (varying proportions of Hexane: EtOAc). 

 

3-acetyl-1H-indole-5-carbonitrile (3.8); cream amorphous solid; yield 46%; IR 

(cm-1) 3109, 2220, 1739, 1628, 1615, 1444, 1376, 805, 655; 1H NMR (DMSO, 300 

MHz): δH 12.40 (1H, brs, NH-1), 8.52 (1H, dd, J = 1.6, 0.8 Hz, H-4), 8.51 (1H, s, H-

2), 7.65 (1H, dd, J = 8.5, 0.8 Hz, H-7), 7.58 (1H, dd, J = 8.5, 1.6 Hz, H-6), 2.48 (3H, s, H-2’); 13C NMR 

(DMSO, 75 MHz): δC 192.9 (CO, C-1’), 138.5 (qC, C-7a), 136.6 (CH, C-4), 126.3 (CH, C-2), 125.7 (CH, C-

6), 125.0 (qC, C-5), 120.2 (CN, C-8), 116.9 (qC, C-3), 113.7 (CH, C-7), 103.9 (qC, C-3a), 27.3 (CH3, C-2’) 

ppm. 

 

1-(5-bromo-1H-indol-3-yl)ethanone116 (3.9); yield 69%; 1H NMR (CD3OD, 300 

MHz): δH 8.37 (1H, s, H-2), 8.18 (1H, s, H-4), 7.36 – 7.34 (1H, m, H-6, H-7), 2.50 

(3H, s, H-2’); 13C NMR (DMSO, 75 MHz): δC 135.7 (qC, C-3a), 135.1 (CH, C-4), 

127.1 (qC, C-7a), 125.7 (CH, C-6), 124.0 (CH, C-2), 116.5 (qC, C-3), 115.2 (qC, C-5), 113.1 (CH, C-7), 22.8 

(CH3, C-2’) ppm. 
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1-(5-chloro-1H-indol-3-yl)ethanone (3.10); cream amorphous solid; yield 45%; 

IR (cm-1) 3155, 2923, 1716, 1626, 1522, 1427, 940, 892, 793, 631; 1H NMR 

(DMSO, 400 MHz): δH 12.10 (1H, brs, NH-1), 8.38 (1H, d, J = 3.1 Hz, H-2), 8.14 

(1H, d, J = 2.1 Hz, H-4), 7.49 (1H, d, J = 8.6 Hz, H-7), 7.22 (1H, dd, J = 8.6, 2.1 Hz, H-6), 2.45 (3H, s, H-2’); 

13C NMR (DMSO, 100 MHz): δC 193.2 (CO, C-1’), 136.2 (CH, C-2), 135.6 (qC, C-7a), 126.9 (qC, C-5), 126.8 

(qC, C-3a), 123.2 (CH, C-6), 120.8 (CH, C-4), 116.8 (qC, C-3), 114.2 (CH, C-7), 27.6 (CH3, C-2’) ppm. 

 

1-(5-methyl-1H-indol-3-yl)ethanone (3.11); brown amorphous solid; yield 19%; 

IR (cm-1) 3132, 2918, 1621, 1431, 1374, 943, 798, 757; 1H NMR (DMSO, 300 

MHz): δH 11.77 (1H, brs, NH-1), 8.22 (1H, s, H-2), 7.98 (1H, m, H-4), 7.34 (1H, d, 

J = 8.3 Hz, H-7), 7.02 (1H, dd, J = 8.3, 1.6 Hz, H-6), 2.42 (3H, s, H-2’), 2.39 (3H, s, H-8); 13C NMR (DMSO, 

75 MHz): δC 193.0 (CO, C-1’), 135.3 (qC, C-7a), 134.6 (CH, C-2), 130.7 (qC, C-5), 126.0 (qC, C-3a), 124.5 

(CH, C-6), 121.4 (CH, C-4), 117.0 (qC, C-3), 112.1 (CH, C-7), 27.6 (CH3, C-2’), 21.7 (CH3, C-8) ppm. 

 

1-(2-methyl-1H-indol-3-yl)ethanone (3.12); brown amorphous solid; yield 30%; IR 

(cm-1) 3162, 3050, 2970, 1609, 1528, 1444, 1413, 1390, 969, 905, 739; 1H NMR 

(DMSO, 400 MHz): δH 11.81 (1H, brs, NH-1), 8.02 – 8.00 (1H, m, H-4), 7.37 – 7.35 

(1H, m, H-7), 7.14 – 7.11 (2H, m, H-5, H-6), 2.67 (3H, s, H-8), 2.51 (3H, s, H-2’); 13C NMR (DMSO, 100 

MHz): δC 193.5 (CO, C-1’), 144.6 (qC, C-2), 135.1 (qC, C-7a), 127.3 (qC, C-3a), 122.2 (CH, C-6), 121.7 (CH, 

C-5), 121.0 (CH, C-4), 113.9 (qC, C-3), 111.6 (CH, C-7), 31.3 (CH3, C-2’), 15.4 (CH3, C-8) ppm. 
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5.3 Synthesis of 1-(5-methoxy-1H-indol-3-yl)ethanone (3.13) 

To a stirring mixture of CuI (484 mg, 2 eq) in anhydrous N,N-DMF (15 ml) was added 1-(5-bromo-1H-

indol-3-yl)ethanone (3.9, 250 mg, 1 eq). Sodium methoxide [sodium (362 mg, 15 eq), absolute 

methanol (10 ml)] was then added and the reaction allowed to proceed for 6 h under reflux. Reaction 

mixture was allowed to cool before filtering and concentrating in vacuo. 10% NaOH (30 ml) was added 

and extraction with EtOAc performed. The mixture was dried over MgSO4 then purified by flash 

column chromatography (DCM: EtOAc, 4:1). 

 

1-(5-methoxy-1H-indol-3-yl)ethanone (3.13); brown amorphous solid; yield 

20%; IR (cm-1) 3150, 2934, 1613, 1518, 1427, 804, 652, 587; 1H NMR (CD3OD, 

300 MHz): δH 8.08 (1H, s, H-2), 7.77 (1H, d, J = 2.4 Hz, H-4), 7.32 (1H, d, J = 

8.9 Hz, H-7), 6.86 (1H, dd, J = 8.9, 2.4 Hz, H-6), 3.83 (3H, s, H-9), 2.50 (3H, s, H-2’); 13C NMR (CD3OD, 75 

MHz): δC 195.0 (CO, C-1’), 156.2 (qC, C-5), 134.3 (CH, C-2), 131.9 (qC, C-7a), 126.2 (qC, C-3a), 116.9 (qC, 

C-3), 112.9 (CH, C-6), 112.1 (CH, C-7), 103.1 (CH, C-4), 54.6 (CH3, C-9), 25.6 (CH3, C-2’) ppm. 

 

5.4 General procedure for the synthesis of α-brominated 3-acetylindoles (3.15 – 3.20) 

3-acetylindole (1 eq) in CHCl3 (20 ml) was added to a stirring mixture of CuBr2 (1.8 eq) in EtOAc (15 ml) 

under reflux. Reaction progressed at 75 °C, monitored by TLC observing for di-bromination. Reaction 

mixture was allowed to cool prior to washing with saturated NaCl solution and drying over MgSO4. 

Following in vacuo concentration of crude product, purification was performed using flash column 

chromatography.  

3-(2-bromoacetyl)-1H-indole-5-carbonitrile (3.15); cream amorphous solid; 

Inseparable mixture from 3-acetyl-1H-indole-5-carbonitrile (3.8), taken 

forward into next step without further purification. 
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2-bromo-1-(5-chloro-1H-indol-3-yl)ethanone115 (3.16); cream amorphous 

solid; yield 30%; IR (cm-1) 3167, 2933, 1709, 1633, 1515, 1426, 1386, 806, 758, 

626, 583; 1H NMR (DMSO, 300 MHz): δH 12.31 (1H, brs, NH-1), 8.53 (1H, d, J = 

3.0 Hz, H-2), 8.12 (1H, d, J = 2.1 Hz, H-4), 7.53 (1H, d, J = 8.6 Hz, H-7), 7.26 (1H, dd, J = 8.6, 2.1 Hz, H-6), 

4.66 (2H, s, H-2’); 13C NMR (DMSO, 75 MHz): δC 186.9 (CO, C-1’), 137.0 (CH, C-2), 135.7 (qC, C-7a), 127.4 

(qC, C-5), 127.1 (qC, C-3a), 123.7 (CH, C-6), 120.8 (CH, C-4), 114.5 (CH, C-7), 113.6 (qC, C-3), 33.9 (CH2, 

C-2’) ppm. 

 

2-bromo-1-(5-methyl-1H-indol-3-yl)ethanone (3.17); orange amorphous 

solid; yield 19%; IR (cm-1) 3185, 2919, 1643, 1514, 1430, 1365, 801, 761, 672; 

1H NMR (CH3OD, 300 MHz): δH 8.21 (1H, s, H-2), 8.03 (1H, s, H-4), 7.34 (1H, d, J 

= 8.3 Hz, H-7), 7.09 (1H, d, J = 8.3 Hz, H-6), 4.47 (2H, s, H-2’), 2.45 (3H, s, H-8); 13C NMR (CH3OD, 75 

MHz): δC 188.0 (CO, C-1’), 135.4 (qC, C-7a), 134.6 (CH, C-2), 131.9 (qC, C-5), 126.0 (qC, C-3a), 124.8 (CH, 

C-6), 121.2 (CH, C-4), 113.6 (qC, C-3), 111.3 (CH, C-7), 31.1 (CH2, C-2’), 20.4 (CH3, C-8) ppm. 

 

2-bromo-1-(2-methyl-1H-indol-3-yl)ethanone (3.18); brown amorphous solid; 

yield 44%; IR (cm-1) 3302, 3114, 2946, 1715, 1624, 1454, 1411, 980, 890, 757, 

589; 1H NMR (CD3OD, 300 MHz): δH 7.97 – 7.94 (1H, m, H-4), 7.38 – 7.34 (1H, m, 

H-7), 7.21 – 7.17 (2H, m, H-5, H-6), 4.51 (2H, s, H-2’), 2.74 (3H, s, H-8); 13C NMR (CD3OD, 75 MHz): δC 

188.1 (qC, C-1’), 146.6 (qC, C-2), 135.3 (qC, C-7a), 126.6 (qC, C-3a), 122.2 (CH, C-6), 121.8 (CH, C-5), 120.5 

(CH, C-4), 110.9 (qC, C-3), 34.4 (CH2, C-2’), 14.0 (CH3, C-8) ppm. 
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2-bromo-1-(5-methoxy-1H-indol-3-yl)ethanone (3.19); cream amorphous 

solid; yield 37.1%; IR (cm-1) 3186, 2928, 1639, 1514, 1426, 1029, 951, 920, 

886, 743, 670; 1H NMR (Acetone-d6, 300 MHz): δH 11.07 (1H, brs, NH-1), 8.34 

(1H, d, J = 3.3 Hz, H-2), 7.82 (1H, d, J = 2.6 Hz, H-4), 7.43 (1H, d, J = 8.9 Hz, H-7), 6.89 (1H, dd, J = 8.9, 

2.6 Hz, H-6), 4.51 (2H, s, H-2’), 3.84 (3H, s, H-9); 13C NMR (Acetone-d6, 75 MHz): δC 186.1 (qC, C-1’), 

156.4 (qC, C-5), 134.0 (CH, C-2), 131.8 (qC, C-7a), 126.9 (qC, C-3a), 114.1 (qC, C-3), 113.5 (CH, C-6), 112.8 

(CH, C-7), 103.2 (CH, C-4), 54.9 (CH3, C-9), 32.2 (CH2, C-2’) ppm. 

 

2-bromo-1-(1H-indol-3-yl)ethanone (3.20); yellow amorphous solid; yield 17%; 

IR (cm-1) 1729, 1625, 1517, 1426, 1388, 1236, 745, 678; 1H NMR (DMSO, 400 

MHz): δH 12.15 (1H, s, NH-1), 8.48 (1H, d, J = 3.2 Hz, H-2), 8.16 – 8.14 (1H, m, H-

4), 7.51 – 7.49 (1H, m, H-7), 7.26 – 7.21 (2H, m, H-5, H-6), 4.65 (2H, s, H-2’); 13C NMR (DMSO, 100 

MHz): δC 186.9 (CO, C-1ʹ), 137.2 (qC, C-7a), 135.8 (CH, C-2), 125.9 (qC, C-3a), 123.7 (CH, C-4), 122.6 (CH, 

C-6), 121.7 (CH, C-5), 114.0 (qC, C-3), 112.8 (CH, C-7), 34.0 (CH2, C-2ʹ) ppm. 

 

5.5 General procedure for the synthesis of compounds 3.21 and 3.24 – 3.32 

A relevant nucleophile (2 eq) was added to a stirring mixture of α-brominated 3-acetylindole (1 eq) 

and K2CO3 (2 eq) in acetone. The reaction was stopped after 5 h at 60 ° C, save for 3.21 that reacted 

for 36 h. The acetone was removed in vacuo before extracting the organic material with EtOAc and 

washing with saturated NaCl solution. Flash column chromatography was used to purify compounds 

followed by crystallisation from EtOAc, washing with cold CHCl3. 

NB: Yields for compounds 3.21, 3.24 and 3.27 could not be accurately calculated owing to the use of 

impure 3.15. 
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3-(2-((4-bromophenyl)thio)acetyl)-1H-indole-5-carbonitrile (3.21); 

cream amorphous solid; mp 242 – 246 °C; IR (cm-1) 3133, 2931, 2221, 

1784, 1615, 1523, 1440, 1373, 805, 784, 637; 1H NMR (DMSO, 400 

MHz): δH 12.56 (1H, brs, NH-1), 8.67 (1H, s, H-2), 8.48 (1H, brs, H-4), 7.68 (1H, d, J = 8.4 Hz, H-7), 7.61 

(1H, dd, J = 8.4, 1.5 Hz, H-6), 7.48 – 7.46 (2H, m, H-6’, H-8’), 7.34 – 7.32 (2H, m, H-5’, H-9’), 4.52 (2H, s, 

H-2’); 13C NMR (DMSO, 100 MHz): δC 189.2 (CO, C-1’), 138.5 (qC, C-7a), 137.2 (CH, C-2), 135.8 (qC, C-

4’), 131.7 (CH, C-6’, C-8’), 130.0 (CH, C-5’, C-9’), 126.2 (CH, C-4), 126.0 (CH, C-6), 125.2 (qC, C-3a), 120.0 

(CN, C-8), 118.7 (qC, C-7’), 115.1 (qC, C-3), 113.9 (CH, C-7), 104.3 (qC, C-5), 39.6* (CH2, C-2’) ppm. 

*resolved by HSQC 

 

3-(2-(4-nitrophenoxy)acetyl)-1H-indole-5-carbonitrile (3.24); 

cream amorphous solid; mp 254 – 256 °C; IR (cm-1) 3180, 3116, 

2994, 2216, 1729, 1657, 1505, 1430, 1344, 1261, 1239, 945, 779; 

1H NMR (DMSO, 400 MHz): δH 8.63 (1H, s, H-2), 8.46 (1H, d, J = 1.4 Hz, H-4), 8.18 (2H, m, H-6’, H-8’), 

7.70 (1H, d, J = 8.5 Hz, H-7), 7.61 (1H, dd, J = 8.5, 1.4 Hz, H-6), 7.16 (2H, m, H-5’, H-9’), 5.54 (2H, s, H-

2’); 13C NMR (DMSO, 100 MHz): δC 189.1 (CO, C-1’), 164.0 (qC, C-4’), 141.5 (qC, C-7’), 138.7 (qC, C-7a), 

136.9 (CH, C-2), 126.7 (CH, C-4), 126.6 (CH, C-6), 126.3 (CH, C-6’, C-8’), 125.5 (qC, C-3a), 120.5 (CN, C-

8), 115.7 (CH, C-5’, C-9’), 114.4 (CH, C-7), 113.7 (qC, C-3), 104.8 (qC, C-5), 70.8 (CH2, C-2’) ppm; HRESMS 

m/z 320.0676 (calcd for C17H10N3O4 [M+H]- 320.0671). 

 

1-(5-methyl-1H-indol-3-yl)-2-(4-nitrophenoxy)ethanone (3.25); 

orange crystalline solid; yield 82%; mp 235 – 237 °C; IR (cm-1) 3253, 

2920, 2854, 1709, 1650, 1591, 1422, 1339, 1251, 1234, 820, 750, 

689; 1H NMR (DMSO, 400 MHz): δH 12.02 (1H, brs, NH-1), 8.44 (1H, s, H-2), 8.21 – 8.19 (2H, m, H-6’, H-
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8’), 7.94 (1H, s, H-4), 7.39 (1H, d, J = 8.3 Hz, H-7), 7.18 – 7.15 (2H, m, H-5’, H9’), 7.07 (1H, d, J = 8.3 Hz, 

H-6), 5.52 (2H, s, H-2’), 2.39 (3H, s, H-8); 13C NMR (DMSO, 100 MHz): δC 188.6 (CO, C-1’), 164.2 (qC, C-

4’), 141.4 (qC, C-7’), 135.2 (qC, C-7a), 134.5 (CH, C-2), 131.4 (qC, C-5), 126.2 (CH, C-6’, C-8’), 126.1 (qC, 

C-3a), 125.1 (CH, C-6), 121.3 (CH, C-4), 115.7 (CH, C-5’, C-9’), 113.2 (qC, C-3 ), 112.4 (CH, C-7), 70.7 (CH2, 

C-2’), 21.7 (CH3, C-8) ppm; HRESMS m/z 311.1025 (cald for C17H15N2O4 [M+H]+ 311.1032). 

 

1-(2-methyl-1H-indol-3-yl)-2-(4-nitrophenoxy)ethanone (3.26); 

yellow amorphous solid; yield 98%; mp 217 – 219 °C; IR (cm-1) 

3274, 2923, 1637, 1590, 1508, 1457, 1333, 1250, 974, 838, 740; 1H 

NMR (Acetone-d6, 600 MHz): δH 11.08 (1H, brs, NH-1), 8.22 – 8.20 (2H, m, H-6’, H-8’), 8.06 – 8.04 (1H, 

m, H-4), 7.45 – 7.43 (1H, m, H-7), 7.21 – 7.19 (2H, m, H-5, H-6), 7.19 – 7.17 (2H, m, H-5’, H-9’), 5.56 

(2H, s, H-2’), 2.81 (3H, s, H-8); 13C NMR (Acetone-d6, 150 MHz): δC 188.3 (CO, C-1’), 164.2 (qC, C-4’), 

145.0 (qC, C-2), 141.4 (qC, C-7’), 135.3 (qC, C-7a), 126.7 (qC, C-3a), 125.5 (CH, C-6’, C-8’), 122.3 (CH, C-

5), 121.9 (CH, C-5), 121.0 (CH, C-4), 115.1 (CH, C-5’, C-9’), 111.4 (CH, C-7), 111.3 (qC, C-3), 72.3 (CH2, C-

2’), 14.6 (CH3, C-8) ppm; HRESMS m/z 311.1026 (cald for C17H15N2O4 [M+H]+ 311.1032). 

 

3-(2-((4-nitrophenyl)thio)acetyl)-1H-indole-5-carbonitrile (3.27); 

yellow amorphous solid; mp 226 – 230 °C; IR (cm-1) 3182, 2920, 

2219, 1637, 1580, 1513, 1434, 1335, 843, 742; 1H NMR (Acetone-

d6, 300 MHz): δH 11.65 (1H, brs, NH-1), 8.71 (1H, s, H-2), 8.64 (1H, d, J = 1.4 Hz, H-4), 8.16 – 8.13 (2H, 

m, H-6’, H-8’), 7.75 (1H, d, J = 8.6 Hz, H-7), 7.65 – 7.62 (2H, m, H-5’, H-9’), 7.59 (1H, dd, J = 8.6, 1.4 Hz, 

H-6), 4.72 (2H, s, H-2’); 13C NMR (DMSO, 100 MHz): δC 188.8 (CO, C-1’), 147.7 (qC, C-4’), 145.0 (qC, C-

7’), 138.9 (qC, C-7a), 137.9 (CH, C-2), 126.9 (CH, C-5’, C-9’), 126.6 (CH, C-4), 126.5 (CH, C-6), 125.0 (qC, 

C-3a), 124.3 (CH, C-6’, C-8’), 120.4 (CN, C-8), 115.5 (qC, C-3) 114.4 (CH, C-7), 104.8 (qC, C-5), 39.3* (CH2, 

C-2’) ppm; HRESMS m/z 336.0454 (calcd for C17H10N3O3S [M+H]- 336.0443). 



Chapter 5 
 

90 
 

*resolved by HSQC 

 

1-(5-chloro-1H-indol-3-yl)-2-((4-nitrophenyl)thio)ethanone (3.28); 

yellow amorphous solid; yield 46%; mp 249 – 252 °C; IR (cm-1) 3170, 

3121, 2922, 1713, 1637, 1577, 1507, 1424, 1329, 843, 739, 680; 1H 

NMR (Acetone-d6, 600 MHz): δH 11.37 (1H, brs, NH-1), 8.59 (1H, d, J = 2.4 Hz, H-2), 8.28 (1H, d, J = 2.1 

Hz, H-4), 8.16 – 8.13 (2H, m, H-5’, H-9’), 7.64 – 7.61 (2H, m, H-6’, H-8’), 7.57 (1H, d, J = 8.7 Hz, H-7), 

7.27 (1H, dd, J = 8.7, 2.1 Hz, H-6), 4.69 (2H, s, H-2’); 13C NMR (Acetone-d6, 150 MHz): δC 188.7 (CO, C-

1’), 148.3 (qC, C-4’), 145.9 (qC, C-7’), 136.0 (CH, C-2),  135.8 (qC, C-7a), 128.5 (qC, C-5), 127.9 (qC, C-3a), 

127.3 (CH, C-6’, C-8’), 124.5 (CH, C-5’, C-9’), 124.3 (CH, C-6), 121.9 (CH, C-4), 115.9 (qC, C-3), 114.5 (CH, 

C-7), 39.9 (CH2, C-2’) ppm; HRESMS m/z 347.0255 (calcd for C16H12N2O3S35Cl [M+H]+ 347.0257). 

 

1-(5-methyl-1H-indol-3-yl)-2-((4-nitrophenyl)thio)ethanone (3.29); 

yellow amorphous solid; yield 62%; mp 218 – 221 °C; IR (cm-1) 3139, 

3112, 2914, 1703, 1611, 1502, 1431, 1338, 960, 800, 739; 1H NMR 

(DMSO, 400 MHz): δH 12.02 (1H, brs, NH-1), 8.52 (1H, m, H-2), 8.14 – 8.11 (2H, m, H-6’, H-8’), 7.95 (1H, 

s, H-4), 7.60 – 7.56 (2H, m, H-5’, H-9’), 7.37 (1H, dd, J = 8.1, 3.3 Hz, H-7), 7.05 (1H, d, J = 8.1, 3.3 Hz, H-

6), 4.70 (2H, s, H-2’), 2.39 (3H, s, H-8); 13C NMR (DMSO, 100 MHz): δC 188.3 (CO, C-1’), 148.1 (qC, C-4’), 

144.9 (qC, C-7’), 135.6 (CH, C-2), 135.4 (qC, C-7a), 131.4 (qC, C-5), 126.8 (CH, C-5’, C-9’), 126.1 (qC, C-3a), 

125.0 (CH, C-6), 124.2 (CH, C-6’, C-8’), 121.4 (CH, C-4), 114.9 (qC, C-3), 112.4 (CH, C-7), 39.2 (CH2, C-2’), 

21.8 (CH3, C-8) ppm; HRESMS m/z 327.0798 (calcd for C17H15N2O3S [M+H]+ 327.0803). 
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1-(2-methyl-1H-indol-3-yl)-2-((4-nitrophenyl)thio)ethanone (3.30); 

orange amorphous solid; yield 69%; mp 215 – 218 °C; IR (cm-1) 3288, 

2906, 1732, 1610, 1500, 1455, 1416, 1332, 980, 832, 738, 715; 1H 

NMR (DMSO, 400 MHz): δH 12.05 (1H, brs, NH-1), 8.15 – 8.12 (2H, m, H-6’, H-8’), 8.06 – 8.02 (1H, m, 

H-4), 7.55 – 7.52 (2H, m, H-5’, H-9’), 7.41 – 7.39 (1H, m, H-7), 7.19 – 7.16 (2H, m, H-5, H-6), 4.80 (2H, 

s, H-2’), 2.76 (3H, s, H-8); 13C NMR (DMSO, 100 MHz): δC 187.7 (CO, C-1’), 147.8 (qC, C-4’), 145.6 (qC, C-

2), 144.3 (qC, C-7’), 134.8 (qC, C-7a), 126.7 (qC, C-3a), 126.5 (CH, C-5’, C-9’), 123.8 (CH, C-6’, C-8’), 122.2 

(CH, C-6), 121.8 (CH, C-5), 120.8 (CH, C-4), 111.9 (qC, C-3), 111.4 (CH, C-7), 42.4 (CH2, C-2’), 15.3 (CH3, 

C-8) ppm; HRESMS m/z 327.0801 (calcd for C17H15N2O3S [M+H]+ 327.0803). 

 

1-(5-methoxy-1H-indol-3-yl)-2-((4-nitrophenyl)thio)ethanone (3.31); 

yellow crystalline solid; yield 87%; mp 218 – 223 °C; IR (cm-1) 3165, 

2928, 1735, 1610, 1501, 1427, 1337, 1275, 842, 798, 739; 1H NMR 

(DMSO, 400 MHz): δH 12.05 (1H, brs, NH-1), 8.53 (1H, d, J = 3.3 Hz, H-2), 8.14 – 8.12 (2H, m, H-6’, H-

8’), 7.63 (1H, d, J = 2.4 Hz, H-4), 7.59 – 7.57 (2H, m, H-5’, H-9’), 7.39 (1H, d, J = 8.8 Hz, H-7), 6.86 (1H, 

dd, J = 8.8, 2.4 Hz, H-6), 4.70 (2H, s, H-2’), 3.76 (3H, s, H-9); 13C NMR (DMSO, 100 MHz): δC 188.3 (CO, 

C-1’), 156.2 (qC, C-5), 148.1 (qC, C-4’), 144.9 (qC, C-7’), 135.7 (CH, C-2), 131.8 (qC, C-7a), 126.8 (CH, C-5’, 

C-9’), 126.7 (qC, C-3a), 124.2 (CH, C-6’, C-8’), 115.1 (qC, C-3), 113.5 (qC, C-7), 113.4 (CH, C-6), 103.3 (CH, 

C-4), 55.7 (CH3, C-9), 39.1 (CH2, C-2’) ppm; HRESMS m/z 343.0744 (calcd for C17H15N2O4S [M+H]+ 

343.0753). 
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2-(4-(1H-tetrazol-5-yl)phenoxy)-1-(1H-indol-3-yl)ethanone (3.32); 

white needle-like crystalline solid; yield 20%; mp 225 – 230 °C; IR (cm-

1) 3473, 3307, 2957, 2737, 1640, 1617, 1595, 1523, 1442, 1379, 1244, 

1141, 836, 759; 1H NMR (Acetone-d6, 600 MHz): δH 8.57 (1H, s, H-2), 8.26 – 8.24 (1H, m, H-4), 8.02 – 

7.99 (2H, m, H-6’, H-8’), 7.59 – 7.57 (1H, m, H-7), 7.31 – 7.23 (2H, m, H-5, H-6), 7.01 – 6.99 (2H, m, H-

5’, H-9’), 6.27 (2H, s, H-2’); 13C NMR (Acetone-d6, 100 MHz): δC 185.2 (CO, C-1’), 165.8 (qC, C-5”), 160.2 

(qC, C-4’), 137.8 (qC, C-7a), 134.8 (CH, C-2), 129.0 (CH, C-6’, C-8’), 126.6 (qC, C-3a), 124.5 (CH, C-6), 123.3 

(CH, C-5), 122.5 (CH, C-4), 120.1 (qC, C-7’), 116.7 (CH, C-5’, C-9’), 115.0 (qC, C-3), 113.0 (CH, C-7), 58.1 

(CH2, C-2’) ppm; HRESMS m/z 320.1142 (calcd for C17H14N5O2 [M+H]+ 320.1147). 

 

5.5 Synthesis of mandelic acid (4.59) 

32% HCl solution (5 ml) was added with mandelonitrile (4.66, 200 mg, 1.50 mmol) into a round bottom 

flask and stirred for 16 h at room temperature. Following this, the mixture was refluxed for 4 h before 

cooling and extracting the organic material with EtOAc. MgSO4 was used to dry the crude mixture prior 

to concentration under high vacuum. The mixture was purified by flash column chromatography 

(Hexane: EtOAc, 4:1). 

 

Mandelic acid212 (4.59); cream amorphous solid; yield 49%; IR (cm-1) 3445, 2904, 2618, 

1714, 1456, 1239, 1189, 1061, 933, 871, 725, 692; 1H NMR (CD3OD, 400 MHz): δH 7.46 

(2H, d, J = 7.1 Hz, H-2, H-6), 7.37 – 7.30 (3H, m, H-3, H-4, H-5), 5.13 (1H, s, H-1’); 13C 

NMR (CD3OD, 100 MHz): δC 174.7 (CO, C-2’), 139.5 (qC, C-1), 128.0 (CH, C-3, C-5), 127.8 (CH, C-4), 126.5 

(CH, C-2, C-6), 72.7 (CH, C-1’) ppm; HRESMS m/z 175.0360 (calcd for C8H8O3Na [M+Na]+ 175.0371). 
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5.6 General procedure for the synthesis of tetrazoles (4.60 – 4.63) 

To a stirring mixture of a nitrile (1 eq) in anhydrous N,N-DMF (2 ml) was added NaN3 (1 eq) and acetyl 

chloride (1 eq) under a nitrogenous atmosphere. The reaction proceeded for 7 h at 125 °C, save for 

3.60 with a 48 h reaction time. Reaction mixture was allowed to cool before adding 1M NaOH (10 ml) 

and allowing the mixture to stir for a further 30 min. The pH of the resultant mixture was adjusted to 

1 using 32% HCl solution. The organic material was extracted with EtOAc prior to drying over MgSO4. 

Compounds were purified using flash column chromatography (Hexane: EtOAc, 1:1) followed by 

crystallisation from EtOAc and washing with CHCl3. 

 

4-(1H-tetrazol-5-yl)phenol216 (4.60); white crystalline solid; yield 31%; IR (cm-1) 3414, 

2843, 2620, 1614, 1599, 1415, 1279, 1249, 1079, 830, 751;  1H NMR (CD3OD, 400 MHz): 

δH 7.84 (2H, d, J = 8.7 Hz, H-2’, H-6’), 6.95 (2H, d, J = 8.7 Hz, H-3’, H-5’); 13C NMR (CD3OD, 

100 MHz): δC 160.6 (qC, C-4’), *155.4 (qC, C-5), 128.6 (CH, C-2’, C-6’), 115.8 (CH, C-3’, C-

5’), 114.4 (qC, C-1’) ppm. 

*resolved by HMBC 

 

5-phenyl-1H-tetrazole215 (4.61); white crystalline solid; yield 30%; IR (cm-1) 1608, 1563, 

1485, 987, 684; 1H NMR (CD3OD, 400 MHz): δH 8.03 – 8.01 (2H, m, H-2’, H-6’), 7.60 – 7.58 

(3H, m, H-3’, H-4’, H-5’); 13C NMR (CD3OD, 100 MHz): δC 156.0 (qC, C-5), 131.2 (CH, C-4’), 

129.1 (CH, C-3’, C-5’), 126.8 (CH, C-2’, C-6’), 123.9 (qC, C-1’) ppm. 
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5-(2,6-dichlorobenzyl)-1H-tetrazole (4.62); colourless crystalline solid; yield 38%; 

IR (cm-1) 2978, 2618, 1564, 1436, 920 ,764; 1H NMR (DMSO, 400 MHz): δH 7.54 (2H, 

d, J = 8.0 Hz, H-3’, H-5’), 7.40 (1H, dd, J = 8.4, 7.5 Hz, H-4’), 4.52 (2H, s, H-7’); 13C 

NMR (DMSO, 100 MHz): δC *154.2 (qC, C-5), 135.7 (qC, C-2’, C-6’), 132.0 (qC, C-1’), 

130.6 (CH, C-4’), 129.1 (CH, C-3’, C-5’), 26.3 (CH2, C-7’) ppm; HRESMS m/z 229.0033 (calcd for 

C8H7N4
35Cl2 [M+H]+ 229.0048). 

*resolved by HMBC 

 

5-(2,6-difluorobenzyl)-1H-tetrazole (4.63); cream needle-like crystalline solid; yield 

57.8%; IR (cm-1) 3001, 2865, 1626, 1589, 1469, 1442, 1190, 1007, 776; 1H NMR 

(CD3OD, 300 MHz): δH 7.44 – 7.34 (1H, m, H-4’), 7.07 – 6.99 (2H, m, H-3’, H-5’), 4.37 

(2H, s, H-7’); 13C NMR (CD3OD, 75 MHz): δC 163.0 (qC, C-2’, C-6’), 159.7 (qC, C-5), 154.5 (qC, C-1’), 129.8 

(CH, C-4), 111.2 (CH, C-3’, C-5’), 16.4 (CH2, C-7’) ppm; HRESMS m/z 197.0753 (calcd for C8H7N4F2 [M+H]+ 

197.0639). 

 

5.7 General procedure for the synthesis of phenyl nitriles (4.66 and 4.71 – 4.72) 

To a charged 2-neck round bottom flask with a nitrogen stream was added anhydrous ZnBr2 (1.5 eq). 

Appropriate aldehyde (4.73 – 4.74, 1 eq) and anhydrous DCM (5 ml) were added and the mixture 

stirred to homogeneity. TMSCN (1.3 eq) was then added and reaction was allowed to stir for 4 h at 

room temperature. Afterwards, 9 ml of HCl: Methanol (1:2) was added and reaction mixture stirred 

for a further 1 h before extracting the organic material with EtOAc, washing with water. MgSO4 was 

used to dry the extract prior to concentration in vacuo. Purification was done using flash column 

chromatography (Hexane: EtOAc, 9:1). 
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2-hydroxy-2-phenylacetonitrile212 (4.66); yellow oil; yield 18%; 1H NMR (DMSO, 400 

MHz): δH 7.51 – 7.38 (5H, m, H-2, H-6), 5.76 – 5.74 (1H, d, J = 5.1 Hz, H-1’); 13C NMR 

(DMSO, 100 MHz): δC 137.7 (qC, C-1), 129.3 (CH, C-2, C-6), 129.2 (CH, C-4), 126.8 (CH, C-

3, C-5), 121.0 (CN, C-2’), 62.2 (CH, C-1’) ppm. 

 

2-(2,6-dichlorophenyl)-2-hydroxyacetonitrile (4.71); yellow amorphous solid; yield 

64%; IR (cm-1) 3378, 2935, 2259, 1564, 1437, 1039, 830, 782, 766; 1H NMR (DMSO, 

400 MHz): δH 7.61 – 7.56 (2H, m, H-3, H-5), 7.47 (1H, dd, J = 8.9, 7.1 Hz, H-4), 7.27 

(1H, d, J = 4.3 Hz, OH), 6.26 (1H, d, J = 4.3 Hz, H-1’); 13C NMR (DMSO, 100 MHz): δC 134.9 (qC, C-2, C-6), 

132.5 (CH, C-4), 131.7 (qC, C-1), 130.1 (CH, C-3, C-5), 118.8 (CN, C-2’), 58.4 (CH, C-1’) ppm. 

 

2-(2,6-difluorophenyl)-2-hydroxyacetonitrile (4.72); yellow crystalline solid; yield 

62%; IR (cm-1) 3383, 2923, 2259, 1624, 1473, 1236, 1039, 929, 784; 1H NMR (DMSO, 

400 MHz): δH 7.60 – 7.52 (1H, m, OH), 7.24 – 7.18 (3H, m, H-3, H-4, H-5), 5.93 (1H, d, J 

= 5.8 Hz, H-1’); 13C NMR (DMSO, 100 MHz): δC 161.7 (qC, C-2, C-6), 159.2 (qC, C-1) 133.0 (CH, C-4), 119.3 

(CN, C-2’), 112.8 (CH, C-3, C-5), 52.4 (CH, C-1’) ppm. 
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