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Abstract  

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis 

(Mtb), which continues to be a highly lethal disease owing to the drug resistance crisis. Drug-

resistant strains of Mtb represent a major therapeutic challenge, so new anti-tuberculosis agents 

are desperately needed. Among 20 Mtb cytochrome P450 enzymes, CYP121A1 was found to 

be a target of interest owing to its importance for Mtb cell viability and its high affinity to azole 

antifungal drugs. The aim of this project was to design and develop novel CYP121A1 inhibitors 

for treatment of TB with both optimum binding and antimycobacterial activity. 

In the present work, docking studies using MOE and MD simulations using the 

Desmond programme of Schrödinger software were used in designing different series of 

potential CYP121A1 inhibitors that mimicked the binding pattern of the CYP121A1 natural 

substrate, the cyclodipeptide dicyclotyrosine (cYY). Different scaffolds were used in the 

design: diaryl pyrazoles (Chapter 2), benzoxazoles (Chapter 3), chroman-4-ones (Chapter 4) 

and tetralones (Chapter 5), and various potential haem binding groups were incorporated 

including imidazole, triazole, tetrazole and pyridine. The designed ligand structures showed a 

consistent binding mode in a region of the active site located between the haem iron and the 

expected access channel, between the F and G Ŭ-helices, in a position comparable with cYY in 

CYP121A1. A synthetic scheme for each series was developed after several optimisation trials. 

Final products were obtained with varying yields followed by structural characterisation using 

NMR (1H, 19F and 13C) along with purity analysis using HPLC-MS and/or elemental analysis. 

All final compounds were evaluated against Mtb H37Rv (MIC90) and compared with 

the reference compounds: rifampicin, isoniazid, and kanamycin. The most promising series 

were screened against resistant Mtb strains. CYP121A1 binding affinity studies (KD) were 

performed using UV-Vis spectral absorption and compared with cYY. Protein-detected 1D 19F 

NMR spectroscopy was conducted as an additional binding test and cYY was used as a 

reference standard. The chroman-4-one and tetralone series were the most promising scaffolds 

followed by the pyrazole series, whereas the benzoxazole series was inactive. This research led 

to an effective design and synthesis of CYP121A1 inhibitors, which demonstrated good 

antimycobacterial activity against Mtb susceptible and resistant strains with optimal binding 

affinity.
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1 Introduction  

1.1 Disease  

Tuberculosis (TB) is ranked as the second leading cause of death from a single 

infectious agent, following COVID-19 (2020 - 2021)1. However, according to the World 

Health Organisation (global TB report 2022), TB will replace COVID-19 and will reclaim the 

top ranking in the near future1. TB is a contagious disease caused mainly by Mycobacterium 

tuberculosis (Mtb), which is one of the Mycobacterium tuberculosis complex (MTBC) 

species1ï3. Other MTBC include M. bovis, M. africanum, M. caprae, M. canetti, M. microti and 

M. pinnipedii3, however, only a small percentage of TB cases were caused by these species2. 

TB mainly affects the lungs (pulmonary TB), however, in 20% of cases it also affects other 

organs (extra-pulmonary TB)1,4. Extra-pulmonary TB can infect any organ in the body through 

the lymph nodes and not necessarily with pulmonary involvement4. When Mtb passes from an 

individual with active TB, usually through coughing, there are three possible outcomes that 

can occur after inhalation1,2. The best scenario is that the bacteria will be completely eradicated 

by the host immunity. Alternately, the host immunity will not eradicate the bacteria completely, 

however, it will be in a controlled, asymptomatic and dormant state described as latent 

tuberculosis infection (LTBI). The last and worst outcome is the activation of the LTBI to 

develop active disease5. Developing active TB is higher among high-risk groups, in particular  

poor nutrition, diabetes, smoking, alcoholism and comorbidities with HIV (human 

immunodeficiency virus)1 contribute to higher rates of active TB. 

The diagnosis of the disease depends on three aspects: the signs and symptoms, the 

laboratory results, and the radiographic images6. General symptoms of TB includes fever, night 

sweats, fatigue, loss of appetite and sudden weight loss6. There are also organ specific 

symptoms, for instance, in pulmonary TB the patient suffers from a persistent productive cough 

for more than 3 weeks as well as other symptoms such as pleuritic chest pain, shortness of 

breath and in the case of invasive disease people may experience haemoptysis (bloody 

sputum)5,7. The radiographic image will show consolidation in the upper lobe area with cavities 

formed due to the multiplication of bacteria5.  

TB diagnostic tests include sputum smear microscopy, TB culture method, rapid 

molecular tests and immunological techniques (the tuberculin skin test and the interferon-ɔ 

release assay)8. The WHO recommends starting with the rapid molecular tests (Xpert® 

MTB/RIF assay), which can provide results within two hours compared with the culture 

method which requires about 3-4 weeks1,8. The Xpert® MTB/RIF assay can detect Mtb and 
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rifampicin resistance (RIF, first-line anti-TB drug) simultaneously8. However, the culture 

method is still the gold standard method for TB diagnosis and is also used for monitoring 

treatment response1. 

1.2 Incidence  

According to the most recent WHO estimates of worldwide deaths by cause (2019), TB 

was the worldôs 13th leading cause of death, affecting around a quarter of the world population, 

and the 2nd leading cause of death from a single infectious agent (2020 - 2021)1,9. In 2021, 

about 10.6 million people were infected with TB, representing an increase of 3.6% in the TB 

incidence rate (new cases per 100,000 people per year)1. TB mortality declined between 2005 

and 2019, but rose in 2021 to 1.6 million deaths (187,000 deaths among people with HIV)1. 

Men bear the greatest burden, accounting for 56.5% of all TB cases in 2021; women account 

for 32.5%; and children account for 11% of cases1. Approximately 70% of the newly diagnosed 

cases were tested for drug resistance, and 6.4% of the cases were rifampicin resistant TB (RR-

TB) and multidrug resistant TB (MDR-TB, defined as resistance to rifampicin and isoniazid)1.  

The COVID-19 pandemic had and continues to have a negative impact on TB burdens1. 

During the pandemic, all the TB resources and facilities were redirected to be used for COVID-

191. The effect on TB was immediately felt in the significant global decline in the number of 

people newly diagnosed with TB in 20201. The significant interruptions in TB diagnosis and 

treatment are likely to reflect various reasons, including reduced healthcare resources, fears 

from visiting healthcare facilities during the pandemic, lockdown challenges to seek care and 

the embarrassment associated with the symptoms, which are similar between TB and COVID-

191. On the other hand, pandemic lockdowns and safety measures (e.g. face masks and social 

distance) resulted in 50% reduction in TB transmission1, although this may be underreported 

as not monitored. 

1.3  Mycobacterium tuberculosis (Mtb) 

Mycobacterium tuberculosis is a non-motile aerobic bacteria that belongs to the 

Actinomycetes family5. Mycobacteria are acid-fast bacteria that have a unique cell wall that 

resists staining by the traditional Gram staining methods, which is a characteristic feature of 

mycobacteria among other prokaryotes5. A distinct feature of mycobacteria is that it grows 

slowly with a doubling time of 24 h while other bacteria, e.g. Escherichia coli (E. coli), take 

about 20 minutes for the growing process5,10. Mtb is also able to multiply intracellularly inside 

the macrophages of the host3.   
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When inhaled, Mtb travels to the alveoli where it will face the macrophages11,12. The 

macrophages ingest the bacterium which immediately starts the intracellular replication 

process11. Through the secretion of cytokines, macrophages attract various immune cells to the 

site of infection, resulting in the formation of a granuloma, an active nodule of the infected 

macrophages, pulmonary cells and immune cells11,12. Generally, the granuloma is an effective 

way of limiting the spread of bacteria12. Three possible outcomes occur next, either 1-

macrophage activation and Mtb eradication, 2- macrophage cell lysis and Mtb spread, or 3- 

Mtb remaining in a dormant, non-replicating state (LTBI) with the possibility of progressing 

to active infection later or never11,12. Since the mycobacterial cell wall is the point of contact 

with the host, knowing its structure and response to immunological factors is crucial11.  

Mycobacterium has a cell wall structure that is distinct from other bacteria and this 

unique cell wall is an important factor for its virulence13,14. The cell wall consists of two 

segments: lower and upper15. The lower segment is composed of the peptidoglycan layer (PG); 

the first layer after the cell membrane, and PG binds to the arabinogalactan (AG) through 

covalent bonds. The third component in the lower segment contains the hydrophobic long-

chain mycolic acid13,15. These three components are known as the cell wall core and named the 

mycolylarabinogalactan-peptidoglycan complex (mAGP)15. The upper segment is composed 

of free lipids, and cell wall proteins, which include the lipomannan (LM), the 

lipoarabinomannan (LAM), the phosphoinositol mannosides (PIMs) and the phthiocerol 

containing lipids (Figure 1.1). 

 

 
Figure 1.1: The Mycobacterium tuberculosis cell wall structure (inspired by ref.11) ï 

ñCreated with Biorender.com.ò 
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1.4  Treatment  

The main objectives of TB treatment include maintaining an individual's quality of life, 

curing the patient, reducing mortality, avoiding TB relapse after treatment, reducing the risk of 

disease transmission, and preventing the emergence of drug resistance16. Instead of using 

monotherapy, the current therapeutic strategy employs combination therapy, as the former 

could potentially result in the development of drug resistance10. 

Effective TB therapy started in the 1940s with the discovery of streptomycin17,18. There 

are two classes of anti-TB agents, first-line and second-line drugs. The WHO and the Centres 

for Disease Control and Prevention (CDC) have published their most recent recommendations 

for TB treatment, which follow a 6-month regimen with the four first-line agents1,6. The first-

line anti-TB drugs are: rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA) and ethambutol 

(EMB). The cost of this 6-month therapy course per person is US$ 4019. In drug-resistant TB 

(RR/MDR-TB), treatment with the second-line agents is considered, however it is more toxic, 

has a longer duration (9-12 months) and is more expensive (Ó US$ 100019). The second-line 

anti-TB agents include: fluoroquinolones (FQs), ethionamide (ETH), aminoglycosides (AGs), 

cycloserine and p-amino salicylic acid10,20,21. New compounds and repurposed drugs were also 

approved to be used in MDR-TB and pre-extensively drug resistance TB (pre-XDR-TB, known 

as resistance to RIF and any FQs) such as bedaquiline, delamanid and linezolid19. Lastly, 

resistance to RIF and FQs plus at least one of bedaquiline or linezolid is defined as extensively 

drug resistance (XDR-TB), where the treatment becomes very difficult1.  

Resistance mechanisms in Mtb arises mainly from: 1) gene mutations of key enzymes 

and drug targets; 2) upregulation of Mtb efflux pumps; 3) Mtb cell permeability changes which 

impairs antibiotic diffusion to the Mtb cell10. Efflux is a self-protection phenomenon that exists 

in prokaryotic and eukaryotic cells, and efflux pumps are transmembrane proteins which expel 

exogenous chemicals and metabolic wastes out of the bacterial cell10. Mtb efflux pumps belong 

to five categories: the ATP-binding cassette (ABC) superfamily, the major facilitator 

superfamily (MFS), the multidrug and toxic compound extrusion family (MATE), the small 

multidrug resistance family (SMR), and the resistance-nodulation-cell-division superfamily 

(RND)22.  
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1.4.1 First -line anti-TB therapeutic agents:  

In general, all the first-line agents are administered orally and act by either inhibiting 

mycobacterial cell wall synthesis or interfering with bacterial protein synthesis, which disrupts 

mycobacterium cell growth10. 

Rifampicin (RIF)  

RIF, a medicine that has been used to treat TB for more than 50 years, is still a crucial 

agent23. RIF is a broad-spectrum antibiotic and a powerful front-line agent in TB therapy23. 

RIF acts by inhibiting the bacterial DNA-dependent RNA polymerase by tightly binding to the 

ɓ subunit and blocking RNA elongation, which results in disrupting the transcription process23. 

Resistance to RIF arises mainly in a region of the rpoB gene that encodes RNA polymerase, 

known as the RIF resistance-determining region (RRDR)24. The most common mutations in 

the rpoB gene are point mutations at Ser531Leu (41-74%), His526Tyr and Asp516His24, which 

result in preventing RIF binding to the ɓ subunit in the polymerase enzyme due to structural 

modifications25. Resistance to RIF also arises due to the MFS efflux pumps by overexpression 

of the Rv1258c (Tap) pump in Mtb22. RIF resistance is a major concern in TB treatment since 

it is a key element of the first-line drug regimen used to treat drug-susceptible TB. Despite the 

low rate of occurrence, there are some common adverse effect reactions (ADR) related to RIF26. 

Hepatotoxicity (᾽1%), thrombocytopenia (0.08%), and gastrointestinal reactions26. However, 

among the first-line agents, RIF is least likely to be associated with hepatotoxicity26.  

Isoniazid (INH) 

Isoniazid, also known as isonicotinic acid hydrazide (INH), is an effective bactericidal anti-

TB agent27. INH is a prodrug that can be converted to the active form (acyl anion form) by the 

Mtb catalase-peroxidase KatG enzyme, which then binds to nicotinamide adenine dinucleotide 

(NAD+)27. Formation of the isonicotinic acyl-NADH adduct (Figure 1.2) results in the 

inhibition of the mycolic acid synthesis by binding to the enoyl-acyl carrier protein reductase 

(InhA) and, hence, disrupting the bacterial cell wall construction27. INH resistance arises from 

two sides: first, a single mutation of the KatG gene mainly at codon 315, which prevents the 

conversion of INH to the active form27. KatG gene mutation results from an amino acid change 

at codon 315 from serine to threonine owing to codon modification from AGC to ACC24. 

Second, mutation in the promoter region of the InhA gene (Cī15T) at position -1524 causes 

overexpression of the InhA target27. Efflux pumps also play a role in conferring INH resistance 

through overexpression of the MFS pump, Tap (Rv1258c) and the SMR, Mmr (Rv3065) efflux 

pumps22. Isoniazid has significant adverse effects in addition to its antibacterial properties. The 
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major side effect of INH is hepatotoxicity with 1.6% rate of occurrence, owing to oxidative 

stress that results from INH and its reactive metabolites such as hydrazine26. 

 
Figure 1.2: The mechanism of action and sites of resistance of isoniazid (INH) drug 

Ethambutol (EMB) 

EMB is the third agent in the first-line anti-TB drugs1. EMB is a bacteriostatic agent, which 

acts by inhibiting the cell wall arabinogalactan biosynthesis by targeting the arabinosyl 

transferase enzyme, preventing further bacterial growth10. A mutation in the arabinosyl 

transferase gene (embB) at codon 306, owing to an amino acid change from methionine to 

valine24, is the most common mutation that results in drug resistance27. A major ADR of EMB 

is optic neuritis with a high rate of occurrence (5-18%)26. 

Pyrazinamide (PZA) 

PZA is the fourth drug of the front-line anti-TB agents1. PZA is a prodrug which reaches 

the Mtb cytoplasm by passive diffusion, and there it is activated to pyrazinoic acid by the 

mycobacterial pyrazinamidase28. Then, pyrazinoic acid is accumulated inside the Mtb 

cytoplasm until the pH of the environment is lowered to a sub-optimal levels that has been 

suggested to diminish the activity of the Mtb fatty acid synthase28. Another proposed 

mechanism is the interaction of pyrazinoic acid with ribosomal protein S1 (RpsA) in  the 30S 

ribosomal subunit, which eventually inhibits protein synthesis10. PZA also acts on the latent 

non-replicating Mtb, which have a role in shortening the duration of therapy26. However, the 



 

7 
 

exact mechanism of action of PZA is unclear10,28. The most common ADR associated with 

PZA are hepatotoxicity (up to 2.5%) and hyperuricemia (gout)26. Resistance to PZA usually 

results from diverse mutations in the pncA gene encoding the pyrazinamidase enzyme 

commonly at codons 324, 325, and 341, which blocks the activation of PZA27,28.  

1.4.2 Second-line anti-TB therapeutic agents:  

Fluoroquinolones (FQs): a class of a broad-spectrum antibiotics used as second-line anti-TB 

agents for  RR/MDR-TB1. In the FQs, a fluorine atom was added to quinolones, generating 

antimicrobial derivatives with a broader spectrum and improved pharmacokinetic activity29. In 

general, FQs are used to treat gastrointestinal, gynecological and respiratory tract infections29. 

The FQs agents that used in treatment of TB (Figure 1.3) are ciprofloxacin and ofloxacin 

(second generation), levofloxacin (third generation) and moxifloxacin (fourth generation)29. 

The mechanism of action of FQs involves targeting the DNA gyrase enzyme, which inhibits 

DNA supercoiling and prevents Mtb DNA replication10,29. Mutations are often found in a 

conserved area, the quinolone resistance-determining region (QRDR), in the DNA gyrase gene 

(gyrA)27. The most prevalent gyrA mutations are Gly88Cys, Asp94Gly, and Ser91Pro, which 

blocks binding of FQs to the DNA gyrase27. Moreover, resistance to FQs arises from the 

overexpression of the Rv1258c (Tap) efflux pump, which belongs to the major facilitator 

superfamily (MFS) in Mtb22. MFS-type pump Tap can extrude FQs from the Mtb cell, thus 

lowering levels of FQs intracellularly and leading to the emergence of resistant mutants22. 

 

 
Figure 1.3: Chemical structures of fluoroquinolone anti-TB agents 

 

Ethionamide (ETH): is a structural analogue of INH, which is also a prodrug that is activated 

by the bacterial monooxygenase, ethionamide activating enzyme (EthA), to the active form, 

the ethionamide sulfoxide27. Similar to INH, the active form of ETH binds to NAD+,  and the 



 

8 
 

resultant adduct inactivates the InhA enzyme, which leads to inhibition of cell wall mycolic 

acid synthesis27. ETH resistance arises from the following mechanisms: 1- mutations in the 

ethA gene that encodes the EthA enzyme, and the most relevant mutations were Gln254Pro24 

or Leu397Arg30, and 2- mutation in InhA gene (Cī15T)24 leading to overexpression of the InhA 

enzyme27.  

Aminoglycosides (AGs): are broad-spectrum injectable antimicrobial agents that act by 

targeting bacterial protein synthesis and disrupting the translation process by binding to the 

16S ribosomal RNA (rRNA) in the 30S ribosomal subunit10. Amikacin, kanamycin and 

capreomycin (Figure 1.4) are the AG anti-TB agents used in the treatment of MDR-TB20,31. 

Resistance mechanisms to AGs include: 1- modification in the AG target, the 16S rRNA (rrs), 

which blocks AGs binding, and the most common mutation found is Ala1401Gly24,30. 2- 

Inactivation of AG by AG-modifying enzymes expressed by the Mtb, which abolish the ability 

of AGs to bind to the target27. Acetyltransferases and phosphotransferases are the main classes 

of AG-modifying enzymes30. In Mtb, the most common modifying enzyme targeting AG is the 

N-acetyltransferase, which acetylates AG with 2´-amino groups in their structure such as 

kanamycin30. 3- Resistance related to the efflux pumps Rv1819c (BacA) and Rv2836c 

belonging to the ABC superfamily and the MATE22, respectively, which expel the AGs out of 

the Mtb cell10. Ototoxicity and nephrotoxicity are the major ADR associated with AG26. 

 

 
Figure 1.4: Chemical structures of aminoglycoside anti-TB agents 

Cycloserine (4-amino-3-isoxazolidinone): is the cyclic analogue of D-alanine (Figure 1.5) 

used in the treatment of MDR-TB. Cycloserine inhibits cell replication by inhibiting cell wall 
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peptidoglycan synthesis. Specifically by targeting D-alanine racemase, which is responsible 

for converting alanine enantiomers in peptidoglycan biosynthesis10. Due to CNS toxicity and 

moderate anti-TB activity, the use of cycloserine is limited18. Resistance to cycloserine is 

mainly caused by mutation of the gene (alr) encoding D-alanine racemase in Mtb with 

Leu113Arg, the major mutation24.   

p-Amino salicylic acid (PAS): is a synthetic second-line anti-TB agent that acts by inhibiting 

folate synthesis10. PAS is a prodrug which undergoes activation by two enzymes involved in 

the folate biosynthesis, dihydropteroate synthase (DHPS) and dihydrofolate synthase (DHFS), 

to the active hydroxy dihydrofolate, which inhibits the dihydrofolate reductase (DHFR) and 

disrupts folate synthesis32. Resistance to PAS could arise from mutations in the gene of the 

activator DHFS (folC), which prevents the conversion of PAS to the active form, and the most 

common mutation is Thr202Ala30,32. Tap, an MFS drug efflux pump, is believed to confer 

resistance to PAS32.  

1.4.3 New compounds or marketed repurposed agents: 

Bedaquiline: a new anti-TB agent recommended by the WHO to be used for the treatment of 

MDR-TB and pre-XDR-TB20. Bedaquiline is a diaryl quinoline (Figure 1.5) that acts by 

inhibiting the Mtb adenosine triphosphate (ATP) synthase, which blocks ATP production30. 

Bedaquiline acts on replicating and non-replicating Mtb, which have an important role in 

shortening the duration of therapy33. Mutations in the ATP synthase gene (aptE) was found in 

some Mtb resistant strains, and the most prevalent mutations were Ala63Pro and Ile66Met30. 

Moreover, the RND superfamily conferred resistance to bedaquiline by overexpression of 

MmpS5/MmpL5 efflux pump22. Prolonged therapy with bedaquiline was found to cause 

sudden death in many cases, owing to QT interval prolongation, an irregular heart rhythm33. 

Delamanid: a new anti-TB bicyclic nitroimidazole agent (Figure 1.5) approved for MDR and 

XDR-TB therapy33. Delamanid is a prodrug which is activated by Mtb dehydrogenase and 

nitroreductase enzymes34. Two mechanisms of action were observed for delamanid: (1) 

inhibition of two main components necessary for mycolic acid synthesis, the methoxymycolic 

and the ketomycolic acids; and (2) inhibition of cell respiration through the generation of 

reactive species that result from the metabolic pathway of delamanid activation33. The 

resistance mechanism to delamanid is unclear; however, it is assumed that there are mutations 

in the genes encoding the enzymes involved in delamanid activation30. 

Linezolid: a marketed drug that belongs to a class of synthetic antibacterials known as the 

oxazolidinones, which acts by inhibiting protein synthesis through binding to 23S rRNA 
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preventing formation of 70S ribosomes30,35. Linezolid, which can be used orally or 

intravenously35, is recommended by the WHO for the treatment of MDR-TB20. The resistance 

to linezolid can arises from a major resistance determinant (G2814T) in the 23S rRNA gene 

(rrl )36.  

1.4.4 The TB Vaccine - Bacille Calmette-Guerin (BCG):  

BCG is the only licenced vaccine since the 1920s for prevention of TB6. BCG is only 

effective in young children, while it showed variable effectiveness against pulmonary TB in 

adults6. BCG is a live attenuated strain of M. bovis6. However, BCG does not provide a life-

long protection, and its effectiveness declines after 10 ï 20 years6. 

According to the WHO global report (2022), in September 2022, 26 therapeutic agents 

were in clinical trials for the treatment of TB, which were either new or repurposed drugs1. 

Moreover, 16 vaccines against TB were also in clinical trials. 

 

 

Figure 1.5: Chemical structures of some of the common anti-TB agents. The first-line agents 

(blue), the second-line agents (black), and the most recent anti-TB agents (red). 
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1.5  Treatment limitations  

Long duration and complex TB therapy are the main causes of non-adherence and 

toxicity19. The emergence of Mtb resistant strains have resulted from non-compliance with TB 

therapy19 and drug resistance poses a significant challenge in TB prevention and treatment1. 

The mechanisms of drug resistance in Mtb include: drug target modification, inactivation of 

prodrugs, drug inactivation by Mtb enzymes, overexpression of efflux pumps, and the cell wall 

permeability barrier10,27.    

Another treatment limitation is the limited therapeutic agents for some subgroups such 

as children, pregnant or breastfeeding women and people who are coinfected with HIV, since 

there is a risk of drug- drug interactions with the antiretroviral therapy19.  

Latent and non-growing Mtb is also developing resistance to antibiotics10, and most of 

the anti-TB agents, e.g. RIF, are unable to eradicate this dormant Mtb since they usually target 

functions related to the growth and multiplication of Mtb, which is missing in latent Mtb10. 

Therefore, there is an urgent need to conduct research on alternative Mtb targets for 

which no resistance exists in the population, to provide additional anti-TB drugs to add to the 

TB combination therapy approach1,6,9,19.  

1.6  Cytochrome P450 (CYP) enzymes 

Cytochrome P450 (CYP) enzymes are one of the largest families of enzymes found in all 

organisms from bacteria to humans37. CYP enzymes are haem-thiolate containing proteins 

where the axial thiolate ligand is cysteine37. Unlike other haem-containing proteins, which 

absorb light at 420 nm, CYP absorb light at 450 nm when reduced by binding to carbon 

monoxide (CO), hence the name P45037,38. This difference is due to the identity of the 5th ligand 

coordinated to the haem in P450, the cysteine amino acid, while in other haem-containing 

proteins such as haemoglobin, it is histidine37.  

CYP enzymes are involved in many essential physiological pathways such as cholesterol 

and steroids biosynthesis, fatty acids metabolism, vitamin D activation/inactivation, calcium 

homeostasis as well as the metabolism of xenobiotics (exogenous substances found in the 

body)37,38. Three categories contribute to xenobiotics metabolism: phase I, II, and III37.  CYP 

enzymes are mainly involved in phase 1 metabolism, which generally converts the hydrophobic 

target into a hydrophilic molecule mainly by oxidation37. CYP metabolic processes (phase I) 

mainly include hydroxylation, dealkylation, deamination, desulfuration, sulfoxidation, or N-
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oxidation, while phase II involves conjugation with polar molecule i.e. glutathione to aid in 

excreting the metabolite from the body, and sometimes a drug can undergo further phase III 

metabolism, which involves transporting the xenobiotic and metabolites out of the cells37. 

Regarding the CYP nomenclature (Figure 1.6), the letters CYP is related to the cytochrome 

P450 enzyme, followed by an Arabic numerals for the CYP family (e.g., CYP121). Then, an 

uppercase letter refers to the sub-family (e.g. CYP121A) followed by another Arabic number 

for the individual member within the sub-family (e.g. CYP121A1)37. The amino acid sequences 

show 40% homology in the same family and at least 55% sequence identity within the sub-

family37,38.  The main three families of CYP enzymes involved in the majority of the metabolic 

processes are CYP1, CYP2 and CYP337. 

 
Figure 1.6: Cytochrome P450 enzymes nomenclature 

By comparing the sequence identity of P450 enzymes, it was found that the percent 

similarity is often very low39. However, three common conserved regions were found in the 

core of the P450 proteins around the haem39. The three signature regions are involved in the 

electron/proton transfer and oxygen activation in the catalytic cycle39. The first signature is in 

the centre of I-helix, containing (Ala/Gly-Gly-X-Asp/Glu-Thr-Thr/Ser), which is involved in 

proton transfer process; the second region is in the K-helix (Glu-X-X-Arg), which maintains 

stability of the core structure; the third is the haem-binding motif (Phe-X-X-Gly-X-Arg-X-

Cys-X-Gly) in the proximal face of the haem immediately before the L-helix, which contain 

the highly conserved cysteine as the 5th axial ligand to the haem iron39 (The three regions will 

be shown later in Figure 1.16B). 

CYP enzymes are haem-containing proteins with approximately 400-500 amino acid 

residues and a single haem in the active site40. The centre of the haem is an iron atom, which 

forms five bonds in the resting state, the penta-coordinate state40. Iron forms four bonds with 

tetrapyrrole nitrogen atoms (porphyrin) on a horizontal plane, and it forms a fifth bond with a 

cysteine sulphur atom as the fifth ligand in a vertical plane40. The iron adopts a hexa-coordinate 
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state when it forms an extra bond with a water molecule as a sixth ligand (Figure 1.7), and the 

iron in this state moves slightly out of plane40. 

  
Figure 1.7: Structure of cytochrome P450 haem thiolate 

1.7  CYP catalytic cycle: 

CYP enzymes are monooxygenases that act mainly by catalysing oxidation reactions, 

where the haem iron uses an electron donor (NADPH) and an oxygen molecule; an oxygen 

atom is incorporated into a substrate while the other oxygen atom is reduced to H2O (Figure 

1.8A)37,40. The steps of the CYP catalytic cycle are as follows: 

(1) at the resting state, the 6th water ligand is displaced and the substrate (RH) binds to the haem 

iron to form (Fe3+)-RH complex. (2) Reduction of ferric to ferrous through electron transfer 

from NADPH by a reductase enzyme to form (Fe2+)-RH. (3) Addition of molecular oxygen 

forming superoxide intermediate (Fe3+-O2
Å

 Ȥ)-RH. (4) Reduction of the oxygen by addition of 

another electron forming a peroxide intermediate (Fe3+-O2Ȥ)-RH. (5).Protonation of the 

complex resulting in a hydroperoxide intermediate (Fe3+-OOH)-RH, (compound 0) which is 

susceptible to dehydration. (6) Loss of a water molecule and formation of a radical cation oxo 

species (Fe4+=O+Å)-RH, the most potent oxidant (compound I). (7) Rearrangement of the 

complex where a proton is abstracted from the substrate (Fe4+-OH)-RÅ, compound II. (8) Then, 

the hydroxyl group is transferred to the substrate. (9) The last step involves displacement of 

the hydroxylated substrate by a water molecule and restoring the ferric resting state (Figure 

1.8B).  
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Figure 1.8: (A) Typical cytochrome P450 catalytic reaction. (B) CYPs catalytic cycle, RH is 

the substrate. ñCreated with Biorender.com.ò  

 

As mentioned earlier, the oxidation reaction is the classical reaction catalysed by CYPs, 

however, CYPs are also involved in other catalytic reactions as shown in Table 1.1.  

 

Table 1.1: Examples of other general cytochrome P450 catalytic reactions41. 

Reaction type General example 

Epoxidation 

 
N/O/ or S-dealkylation 

 
Deamination  

 
Sulfoxidation  

 
Desulfuration 

                 (X: halogen) 
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1.8  Mtb CYP enzymes: 

While studying the Mtb genome (H37Rv) for the purpose of finding new drug targets, 20 

Mtb CYP enzymes were discovered42. The density of the CYP genes in the Mtb genome is 

about 200 times greater than in the human genome, indicating that these Mtb CYPs have 

essential biological roles14,43. The Mtb genome sequencing also demonstrated the significance 

of lipid metabolism in Mtb, since a substantial proportion of the coding capacity belonged to 

enzymes responsible for lipid synthesis or catabolism14,43. The waxy cell wall architectures of 

Mtb are related to the highlighted significance of lipogenesis in the Mtb42. However, since the 

majority of the 20 Mtb CYP genes are not found in operons or gene clusters with known 

functions, their genomic dispersion and chromosomal location do not reveal anything about 

their biochemical roles. Table 1.2 shows the key features of the characterised Mtb CYPs42. The 

Mtb CYPs with  limited knowledge are: CYP123A1 (Rv0766c), CYP132A1 (Rv1394c), 

CYP135A1 (Rv0327c), CYP135B1 (Rv0568), CYP136A1 (Rv3059), CYP137A1 (Rv3685c), 

CYP138A1 (Rv0136), CYP139A1 (Rv1666c), CYP140A1 (Rv1880c), CYP141A1 (Rv3121), 

and CYP143A1 (Rv1785c)44.  

Table 1.2: Mtb cytochrome P450 characteristic features42,44. 

Mtb CYP  Gene Substrate Function Essential 

gene 

Molecular 

mass (Da) 

CYP51B1 Rv0764c Lanosterol, 

dihydrolanosterol, 

obtusifoliol 

Unknown No 50,878 

CYP125A1 Rv3545c Cholesterol, 

cholest-4-en-3-one 

Oxidation of 

host cholesterol 

Yes 48,400 

CYP124A1 Rv2266 Branched fatty acids 

e.g., phytanic acid 

Unknown No 47,825 

CYP142A1 Rv3518c Cholesterol, 

cholest-4-en-3-one 

Oxidation of 

host cholesterol 

No 44,398 

CYP128A1 Rv2268c Menaquinone Sulfolipid 

biosynthesis 

Yes 53,313 

CYP144A1 Rv1777 Unknown Unknown No 47,187 

CYP130A1 Rv1256c Unknown Unknown No 44,580 

CYP121A1 Rv2276 Cyclodipeptide 

dicyclotyrosine (cYY) 

Unknown Yes 43,256 

CYP126A1 Rv0778 Unknown Unknown Unknown 47,986 
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1.8.1 CYP51B1 

The first Mtb CYP with known function was CYP51B1, owing to its sequence 

similarity to the eukaryotic CYP51 enzymes, which catalyses Ŭ-demethylation of sterol 

substrates14. CYP51B1 identified substrates are lanosterol, dihydrolanosterol, and obtusifoliol 

(plant sterol)45. However, the functional sterol biosynthesis pathway in Mtb is unclear, and Mtb 

do not endogenously generate lanosterol or a similar analogue45. Also, according to genetic 

research, CYP51B1 is not essential for the mycobacterial growth45. For these two reasons, 

CYP51B1 is considered an uncertain anti-TB drug target45.  

The fungal CYP51 was confirmed as a target for the antifungal agents (e.g., clotrimazole and 

fluconazole), this brought the attention to the Mtb CYPs as potential drug targets14,43 (Figure 

1.9). Another possibility was that antifungals may also target CYP51B1 and other Mtb CYPs14. 

Consequently, studies on azoles activity against Mycobacterium were investigated, and in vitro 

studies on Mycobacterium smegmatis showed good MIC data, with optimum results found with 

econazole (᾽ 0.1 ɛg/mL) and miconazole (0.1 ɛg/mL)46. Also, in Mtb, the same two azoles 

were found to be the most effective although with higher MIC (8 ɛg/mL) for both drugs, which 

could be due to the waxy cell wall of Mtb that might affect azoles penetration46. Table 1.3 

represents the binding affinity values of the antifungal azoles to Mtb CYPs46. Despite that, 

these azoles were also shown to act as inducers/ inhibitors of human CYPs, which eventually 

led to toxicity or loss of the activity14.  

 

Figure 1.9: Examples of antifungal azole agents 
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Table 1.3: KD values for the binding of azoles to Mtb cytochrome P450 enzymes46. 

Azole 

 

CYP51B1 

(ɛM) 

CYP121A1 

(ɛM) 

CYP126A1 

(ɛM) 

CYP125A1 

(ɛM) 

CYP130A1 

(ɛM) 

CYP142A1 

(ɛM) 

Econazole 0.31 0.02 4.0 11.7 1.93 4.6 

Clotrimazole 0.18 0.07 3.9 5.3 13.3 3.8 

Miconazole 0.20 0.14 1.3 4.6 1.70 4.0 

Ketoconazole 3.57 3.41 0.34 27.1 48.0 21 

Fluconazole 5.82 8.61 NB 43.2 ND 860 

Voriconazole 2.10 16.3 NB NB ND NB 

NB: no significant P450 spectral perturbation was observed upon the addition of the relevant 

azole drug. ND: no data. 

 

Some of the other Mtb CYPs are: 

1.8.2 CYP125A1, CYP142A1, and CYP124A1 ï the fatty acid and cholesterol 

monooxygenases 

CYP125A1 is an essential enzyme in Mtb virulence in the host42, which acts by 

metabolising the host cholesterol and cholest-4-en-3-one, as carbon sources for bacterial 

growth47. The most efficient cholesterol monooxygenase among CYP124A1, CYP125A1 and 

CYP142A1 is CYP125A1, which acts as a C26 hydroxylase of host cholesterol (Figure 1.10), 

and the resulting product undergoes subsequent metabolism to produce molecules that act as a 

source of energy enabling the bacterial cell to survive in the macrophage47. Mtb CYP125A1 

was also assumed to be resistant to the nitric oxide generated by macrophages47. CYP142A1 is 

the second most efficient fatty acid oxidase followed by CYP124A145. When CYP125A1 is 

absent, only CYP142A1 can substitute for CYP125A1 in the presence of cholesterol, but not 

CYP124A148. CYP124A1 acts as a terminal methyl hydroxylase of branched fatty acid such 

as phytanic acid (Figure 1.10), however, the specific substrate for this enzyme in Mtb is still 

unknown44. 

Binding to antifungal azoles was seen with CYP125A1, however, it was weaker than 

CYP121A147. Lastly, CYP125A1 could be targeted as a potential anti-TB targets, while the 

possibility of CYP142A1 and CYP124A1 as drug targets is uncertain due to lack of 

information45. 
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Figure 1.10: Structure of cholesterol and phytanic acid 

 

1.8.3 CYP128A1  

CYP128A1 is an essential Mtb CYP and the second-largest Mtb CYP, which is a 

membrane-associated enzyme that catalyses sulfolipid synthesis42. CYP128A1 is the only Mtb 

CYP whose function was predicted based on gene location14. The CYP128A1 gene is located 

in an operon that involves three genes responsible for catalysing sulfomenaquinone synthesis, 

S88145. The sulphated compound S881 is located in the Mtb cell wall, and gene deletion studies 

indicate the role of S881 as a negative regulator of Mtb virulence14. CYP128A1 is involved in 

hydroxylation of dihydromenaquinone (MK-9 (DH-2)), which undergoes sulfonation by 

sulfotransferase (Stf3) to produce S881 (Figure 1.11)45. Therefore, CYP128A1 is not a 

potential therapeutic target in Mtb because inhibition of CYP128A1 hastened the virulence45. 

 

Figure 1.11: CYP128A1 reaction mechanism and formation of sulfomenaquinone S881 
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1.8.4 CYP144A1 and CYP130A1 (orphan CYPs) 

 CYP144A1 is a soluble protein with intermediate mass size compared with the other Mtb 

CYPs42. A gene knock-out study showed that CYP144A1 is not essential for bacterial cell 

viability, but the deletion strain became more sensitive to azole inhibition, suggesting that 

CYP144A1 is important in physiological activity or in an azole resistance mechanism42. 

CYP144A1 binds tightly to azoles; miconazole, econazole and clotrimazole42. However, 

CYP144A1 function and the natural substrate are unknown and hence it is considered an 

orphan Mtb CYP42.  

CYP130A1 is also an orphan enzyme since the gene context studies did not give any 

information about its possible functions. The CYP130A1 gene is found only in Mtb but not in 

other mycobacterium species (e.g., M. bovis), which indicates its inessentiality in bacterial cell 

growth; however, it could be involved exclusively in Mtb virulence45. To date, there is no data 

regarding the role of CYP130A1 in virulence, and therefore, its importance as an anti-TB drug 

target is unclear45.  

1.9   CYP121A1 

CYP121A1 is one of the most promising drug targets in Mtb14, snice the gene encoding 

CYP121A1 enzyme (Rv2276) is found to be essential for Mtb viability14,49. CYP121A1 gene 

essentiality was confirmed by gene-knockout studies through a homologous recombination 

process, where deletion of the CYP121A1 (Rv2276) gene was unsuccessful unless an additional 

copy of the gene was added to the chromosome14. Among the 20 CYP enzymes found in Mtb 

strains, CYP121A1 is one of the most promising drug targets due to its physiological 

importance in bacterial cell viability14. Moreover, CYP121A1 was found to bind tightly to the 

antifungal azoles in the order econazole (KD 0.02 ɛM), clotrimazole (KD 0.07 ɛM), and 

miconazole (KD 0.13 ɛM) with the lowest binding affinities compared with the other Mtb 

CYPs45. Furthermore, the order of these azole affinities correlated with their minimum 

inhibitory concentrations (MIC) potency as anti-mycobacterial agents50, indicating that 

CYP121A1 could be an ideal Mtb target for the azoles50. 

 Identification of the CYP121A1 substrate is definitely valuable for drug design51. The 

natural substrate of CYP121A1 remained unknown for a while until it was revealed after 

studies on an adjacent gene; Rv2275 gene encoding cyclodipeptide synthase, which is located 

on the same operon next to the CYP121A1 gene14. Cyclodipeptide synthase enzyme is 

responsible for production of the cyclodipeptide dicyclotyrosine (cYY), the natural substrate 
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of CYP121A142. Further studies showed that cYY is then metabolised by CYP121A1 and 

converted to one product; mycocyclosin42. Mycocyclosin forms after oxidative intra-molecular 

C-C cross-linkage between the tyrosyl rings of cYY14,42,45,52. The function of mycocyclosin is 

undetermined52, however it has been proposed that mycocyclosin may have an important role 

in cell growth or structural stability, alternatively, inhibition of CYP121A1  may result in an 

accumulation of cYY, which could be toxic to Mtb51. 

1.10 The catalytic reaction of CYP121A1 

CYP121A1 acts by catalysing the conversion of cYY into a single major product; 

mycocyclosin by an unusual oxidative C-C coupling reaction52 (Figure 1.12).  

 

Figure 1.12: The oxidative coupling reaction of the two tyrosine rings of cYY catalysed by 

CYP121A152. 

 

A proposed mechanism of CYP121A1 catalysis suggests biradical intermediate 

formation as shown in Figure 1.1352. After formation of the radical cation oxo species 

(Fe4+=O+Å) compound I, it is proposed that a proton is removed from one cYY-OH and a radical 

formed at the oxygen atom52. Then, the cYY structure flips and another proton from the second 

cYY-OH is transferred to compound II (Fe4+-OH) producing a biradical intermediate with 

release of a water molecule52. From each carbon in the ortho- position, an electron is transferred 

to each adjacent radical oxygen52. Lastly, a biradical coupling of the ortho- carbons is followed 

by cyclisation and liberation of the mycocyclosin52. 
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Figure 1.13: Proposed mechanism of CYP121A1-mediated cYY crosslinking and releasing 

mycocyclosin as a single major product52. 

1.11 CYP121A1 crystal structural features 

The CYP121A1 crystal structure of the ligand-free form was solved at high atomic 

resolution of 1.06 Å (PDB 1N40), and this was the first breakthrough in the enzyme 

characterisation53,54. The second breakthrough was identifying the enzyme substrate 

cYY49,51,53. This level of resolution enables visualisation of the enzymeôs uncommon structural 

features54. The substrate binding site is large (1350 Å3) and full of water molecules with a 

network of H-bonded amino acids54. The proximal 5th axial ligand, Cys345 binds to Fe with a 
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Fe-S bond distance of 2.30 Å, while the distance for the Fe-O bond of the distal 6th axial water 

ligand is 2.21 Å. In the enzyme resting state, the 6th water ligand forms a H-bond with Ser237, 

while Ser237 binds to Ala233 and Arg38654. The presence of the large and polar Arg386 

residue at a close distance to the haem iron is a distinct feature of CYP121A1, and that makes 

it a key residue54. Apart from Gln385 and Arg386, most of the residues in the CYP121A1 

binding site cavity are hydrophobic in nature54. 

CYP121A1 secondary structure showed two main domains; Ŭ helices and ɓ sheet rich 

domains; and the haem is buried in between54. The loops above the catalytic cavity form an 

active site dome, which renders the cavity rigid and squeezed; however, a considerable part of 

the cavity is found protruding between the F and G helices, which were found to be the access 

channel to the enzyme active site54. In the ligand-free state, there is no clear visible access of 

the substrate to the buried active site54. Accordingly, the CYP121A1 structure has been 

proposed to oscillate between open and closed conformations, which are so-called ñbreathing 

motionsò in between of the F/G helices54 (Figure 1.14).  

 
Figure 1.14:  CYP121A1 crystal structure (PDB 3G5H) with the haem in green, the natural 

substrate cYY in cyan, the helices are labelled and showed as red ribbons, ɓ sheets in yellow, 

loops and turns in grey/blue, and an arrow points to the site of substrate entry between the F/G 

helices. 

The crystal structure of cYY-bound CYP121A1 was determined to 1.4 Å resolution (PDB 

3G5H)51. cYY was found to only partially fill the catalytic cavity while surrounded by water 
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molecules51. The cYY structure is composed of a diketopiperazine (DKP) ring that is tethered 

between two tyrosyl rings51. The tyrosine rings are positioned with one pointing between 

helices F and G and the other pointing to the I helix towards the haem iron from the side51. The 

6th axial water ligand is not displaced upon substrate binding51. cYY induces a blue shift in the 

Soret band from 416 nm to 395 nm upon binding to CYP121A1 (type I spectral response)55. 

There are two modes of binding, type I and type II. Type I is seen with the natural substrate 

cYY, which sits on the side of the haem group without direct coordination to the iron, and only 

leads to slight shift in the 6th water ligand which remained bonded to the haem iron, while type 

II indicates direct binding to the haem iron55. 

Amit et al.56 proposed that dimerisation of CYP121A1 is essential for enzyme function. By 

disrupting the dimer, they found that the catalytic function decreased by 75% with 

accumulation of cYY56. This finding was made after comparing functional assays of the wild-

type (dimer) and an engineered monomer56. The engineered monomer was made by double 

mutation of Ile180 in the G helix and Ile166 in the F helix by alanine residues56. Then, the 

assay was performed by measuring cYY depletion and mycocyclosin production (Figure 

1.15)56.  

 
Figure 1.15: (A) Comparative reconstitution functional assays of WT CYP121A1 (dimer) 

and I166A-I180A (engineered monomer)56. (B) cYY depletion (left) and mycocyclosin (P1) 

formation (right) were measured by using tryptophan (Trp) as internal standard56. 
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The sequence identity of Mtb CYP121A1 was compared with various prokaryotic and 

eukaryotic CYP121 using Clustal Omega 12.1. High similarity was found between Mtb and 

other Mycobacteriaceae species: M. bovis (100%), M. canetti (99%), M. lacus (92%), and 

Nocardia ninae (70%), indicating the presence of CYP121A1 in these species. While low 

similarities were observed between Mtb and Streptomyces rimosus (33%) and Mythimna 

separata (18%), indicating that CYP121A1 is absent from these two species (Figure 1.16A). 

In Figure 1.16B, the three conserved regions of Mtb CYP121A1 were aligned versus those 

from other species. The haem binding motif region (3rd signature) showed three conserved 

amino acids in all groups including cysteine (Cys345 in CYP121A1), and two semi-conserved 

amino acids. The 2nd region showed high similarity with three identical amino acids. Whereas 

the 1st region is different and shows no similarities except one highly conserved amino acid 

which is represented by (:). In summary, CYP121A1 is found in the Mycobacterium species 

and in Nocardia ninae but not in Mythimna separata or Streptomyces rimosus. 

A       

B 

 
Figure 1.16: (A) The percent identity matrix created by Clustal Omega 12.1, the framed region 

compares the Mtb CYP121A1 with other prokaryotic and eukaryotic CYP121; (B) Multiple 

sequence alignment of CYP121A1 amino acid sequences of Mythimna separata, Streptomyces 

rimosus, Nocardia ninae, Mtb, M. bovis, M. canettii, and M. lacus. Identical amino acids 

indicated by asterisk (*)  at the bottom of the alignment, highly conserved amino acid indicated 

by colon (:), and semi-conserved amino acids indicated by dots (.).  



 

25 
 

1.12 Previous studies on the inhibition of CYP121A1   

Due to the high binding affinity and the antimycobacterial activity observed with 

different azoles, CYP121A1 considered a potential Mtb target for azole agents14. Clotrimazole, 

miconazole, and econazole displayed MIC values of 11.0, 8.0, and 8.0 µg/mL, respectively43. 

Despite that, antifungal azole agents either have low oral bioavailability or are associated with 

toxic side effects due to their broad overlapping inhibitory activity with human CYPs57. A dual 

conformation was observed in the crystal structure of CYP121A1-fluconazole complex (PDB 

2IJ7). In conformation A, the azole moiety binds directly with the haem, whereas in 

conformation B, the azole moiety is slightly shifted and binds indirectly with the haem through 

the 6th ligand water molecule, in a similar way to cYY binding14,58. This was consistent with 

fluconazole's spectral study, which shows a less extensive red shift in the Soret band than is 

often seen with other CYP-azoles complexes59. Conformation B; the indirect mode, is the 

predominant conformation, however, both conformations lead to enzyme inactivation59. 

Further details on fluconazole binding will be discussed in Chapter 2. 

Hudson et al.60 discovered a novel and selective aminoquinoline inhibitor (Figure 1.17) 

through a fragment-based approach60. The novel inhibitor showed weak or no effect on human 

CYPs60. The KD value of this inhibitor was four-fold higher compared to cYY (KD 28 ± 4 µM) 

and it bound directly to the haem iron (type II binding mode) with a red Soret shift60. Moreover, 

they found that replacing the triazole moiety with other rings was not well tolerated and it was 

suggested that 1,2,4-triazole is optimal for binding in the enzyme active site60.  

Kavanagh et al.61 developed a novel aminopyrazole inhibitor (Figure 1.17) with tight 

binding profile (KD 15 nM) with CYP121A161. This newly discovered ligand did not coordinate 

with the haem iron; however, it showed selectivity for CYP121A1 by 30-fold over other Mtb 

CYPs while no overlapping effect was observed on human CYPs61. Despite that, the MIC data 

of the designed ligand indicated no activity against Mtb (100 ɛM)61. 

 
Figure 1.17: Chemical structures and binding affinities of some previously developed 

CYP121A1 inhibitors60,61. 
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Brengel et al.62 conducted a study where various CYP inhibitors were screened by the 

surface plasmon resonance (SPR) technique, a biophysical screening method used for 

identification of small compounds that bind to CYP121A1, then binding mode and binding 

affinity studies are performed for the positive hits62. Type II binding was found for two groups 

of compounds; the imidazole and the pyridine derivatives, however, the imidazole binding 

affinity improved by 3-fold (e.g., I:16) in comparison with the standard econazole (KD 5 ɛM)62. 

Three compounds of this group showed the best KD values as well as potent MIC; I:16, I:47, 

and I:4862 (Figure 1.18). The imidazole moiety linked to a hydrophobic group via a methylene 

bridge was found to be an important structural feature for a high-affinity ligand62. The two 

linearised biphenyls I:47 and I:48; a para-benzodioxane and para-benzodioxole, were more 

selective to Mtb62. Finally, these novel structures showed lower cellular toxicity in HEK293 

cells (human embryonic kidney cells) compared to the azole antifungal drug econazole62.  

 
Figure 1.18: Chemical structures, binding affinities, and MIC data of CYP121A1 inhibitors  

developed previously by Brengel et al.62  

Many cYY mimetics (Figure 1.19) were designed previously in our lab. Taban et al.58 

developed a series of Y-shaped biaryl pyrazole, imidazole (series 1) and triazole (series 2) 

derivatives (Figure 1.19A). The imidazole derivatives showed better activity compared with 

clotrimazole with MIC data of 6.25 - 25 µg/mL (clotrimazole MIC 20 µg/ mL)58. Although the 

binding affinities of these imidazole derivatives were less than 12 µM; however, they were 

weaker binders compared with clotrimazole (KD 0.07 ± 0.01 µM)58. On the other hand, the 

triazole derivatives had KD values ranging from 33.6 ± 2.7 to 193 ± 21 µM, and MIC results 

from 25 to ι100 Õg/mL58. Most of these compounds showed type II binding58. Taban et al.58 

study also emphasised the importance of the short methylene bridge between the azole group 

and the hydrophobic moiety for the activity, which was seen through designing an inactive and 

weakly binding extended pyrazole series with ï(C=O)-NH-CH2-CH2- linker (series 3)58. 
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Kishk et al.63 conducted another study by designing three series: 1) pyridyl pyrazole 

imidazole compounds (series 1), 2) monophenyl pyrazole (series 2), and 3) biaryl pyrazole 

imidazole (series 3)63 (Figure 1.19B). Series 3 was the most active with iso-butyl and tert-butyl 

compounds showing the optimal MIC result (0.78 ï 1.56 µg/ mL) and gave the highest affinity 

with KD values of 0.22 µM and 4.81 µM, respectively63. 

A  

 
 
 

B 

 
 

Figure 1.19: Chemical structures of some CYP121A1 inhibitors developed previously in our 

lab; (A) Taban et al.58 and (B) Kishk et al.63. 

 

 

 



 

28 
 

1.13 Hypothesis 

Can we design anti-TB inhibitors with optimum occupancy and binding interactions in 

the CYP121A1 active site with both good selectivity and activity in wild type and resistant Mtb 

strains? 

1.14 Aim and Objectives 

Aim:  

The aim of this project was to design and develop novel CYP121A1 inhibitors for 

treatment of TB with both optimum binding affinity and antimycobacterial activity. Aims 

specific to each series of compounds are provided at the start of each Chapter. 

Objectives:  

1. To investigate CYP121A1 active site and identify binding requirements of the natural 

substrate (cYY) and known inhibitors (fluconazole) to understand binding 

requirements. 

2. To design effective inhibitors which optimise fill of the active site and probe additional 

binding interactions while incorporating drug like properties that can be predicted from 

cLogP as well as ADME properties of the designed ligands, by using computational 

approaches: docking studies using Molecular Operating Environment (MOE)64 and 

Molecular Dynamics (MD) using Desmond programme of Schrödinger software65. 

3. To develop synthetic procedures for the designed inhibitors and complete analysis 

implemented for structure conformation and purity evaluation, i.e., NMR, HPLC-MS, 

and elemental analysis. 

4. To determine antimycobacterial activity against Mtb for the designed compounds 

(MIC) (Dr. Sam J. Willcocks, The London School of Hygiene and Tropical Medicine; 

Prof Sanjib Bhaktar, UCL/Birbeck), Mtb resistant strains (Dr. Alistair Brown, 

Newcastle University) and the CYP121A1 binding affinity (KD) of the various 

compounds through UV-Vis absorption spectroscopy and 19F NMR assay (Dr. Amit 

Kumar; Prof. Fernando Estrada, University at Buffalo, New York).  

1.15 The rationale of the project 

CYP121A1 has been identified as a potential target in Mtb due to the very tight binding 

affinity of the commercially available antifungal azole agents for CYP121A1 and the 

significant antimycobacterial activity. CYP121A1 novel inhibitors were designed previously 
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in our lab by developing compounds with a Y-shape structure mimicking the natural substate 

cYY, which improves the binding affinity with potent antimycobacterial activity58,63. Based on 

the studies conducted previously, imidazole and triazole rings will be retained as the haem 

binding moieties, which are connected to the hydrophobic part of the molecule through a 

methylene bridge58,63. Biaryl pyrazoles were also found to show improvement in KD possibly 

via van der Waals interactions with flanking hydrophobic residues in the active site58,63. 

Moreover, there was a direct correlation between the MIC and the lipophilicity of the designed 

inhibitors. The design of new inhibitors was focused on optimising binding with the haem iron 

and the key amino acids while keeping the Y-shape structure, which was noted to provide a 

good fit to the enzyme active site58.  

The lead pyrazole compounds58 were further modified in Chapter 2 as follows: aromatic 

substitution of the phenyl ring by halide groups (Y= Cl or F) will be made to enhance metabolic 

stability and also will increase the lipophilic nature of the designed compounds, also para-

aromatic substitution of the other phenyl ring by different alkoxy groups to closer mimic the 

phenolic OH group of cYY and to evaluate the effect on binding affinity (Figure 1.20). 

 

Figure 1.20: Lead compound and chapter 2 general structures. 

Different pharmacophores have also been explored in the following Chapters to 

determine optimal scaffolds for binding and antimycobacterial activity:  

In Chapter 3, derivatives containing a benzoxazole pharmacophore were prepared as short, 

mid-sized, and extended series to determine the effectiveness with respect to CYP121A1 

binding and antimycobacterial activity (Figure 1.21). Potential haem binding groups (pyridyl, 

tetrazole and imidazole) were added and phenyl ring substitution by different R groups were 

included to probe additional binding interactions. An extended series of the benzoxazoles was 

designed to achieve selectivity over other CYPs by optimally filling the CYP121A1 active site. 
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The structure was modified to design Y-shape compounds mimicking the natural substrate 

cYY, which provided good fit to the active site. 

 

Figure 1.21: Chapter 3 benzoxazole general structure design (short, mid-sized, and extended 

series). 

 In Chapter 4, chroman-4-one derivatives will be explored as a new pharmacophore for 

CYP121A1. A pyridine moiety was attached to the structure through a methylene bridge on 

one side as a potential haem binding group. On the other side of the structure, an aromatic 

substitution by O-R groups; where R represents alkyl substituents or different aryl groups, was 

added to closer mimic cYY and therefore, to enhance the binding interactions with the residues 

of the aromatic area (Phe168 and Trp182) and to optimise filling of the active site (Figure 1.22).  

 

Figure 1.22: Chapter 4 chroman-4-one general structure design. 

In Chapter 5, a tetralone scaffold is explored with two haem binding groups; pyridyl or 

imidazole, to compare the effect on binding affinity and MIC results. The rest of the compound 

is very similar to chapter 4 design, a substituted phenyl ring attached to the tetralone moiety 

through aliphatic linkers (Figure 1.23).  

 

Figure 1.23: Chapter 5 tetralone general structure design 
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CHAPTER 2 
IMIDAZOLE AND TRIAZOLE PYRAZOLES  
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2 Imidazole and Triazole Pyrazoles 

2.1    Introduction  

Azole pyrazoles was a promising scaffold described previously by our lab58,63,66,67. Two 

lead compounds; imidazole and triazole; with biaryl pyrazole scaffold were developed 

previously in our group by Ismail Taban as inhibitors of CYP121A158 (Table 2.1). Their 

binding affinities and MIC results were compared with the antifungal agents; clotrimazole and 

fluconazole and showed promising antimycobacterial activity. Lead compound 1 (imidazole) 

possessed lower MIC, and most of the derivatives were notably more active than clotrimazole 

(imidazole) and fluconazole (triazole). Derivatives of lead compound 2 (triazole) were less 

active than clotrimazole.  Moreover, both lead compounds were binding to CYP121A1 less 

tightly (lead 1, KD  ̓12 ɛM and lead 2, KD 33.6 ± 2.7 to 193 ± 21 ɛM) compared with the 

reference azole agents (clotrimazole, KD 0.07 ± 0.01 ɛM and fluconazole KD 8.6 ± 0.2 ɛM). 

Further studies were conducted by Safa Kishk in our group63. The biaryl pyrazole 

imidazoles with alkyl substitutions were the most promising in respect to the inhibitory activity 

(MIC= 0.78 ï 1.56 µg/ mL) which were correlated with the enhanced lipophilicity that aided 

in crossing the waxy bacterial cell wall (cLogP 4.19 ï 4.99)63. The lowest KD values were seen 

with the branched alkyl substituents  ̓5 ɛM63, which were more tight compared with the natural 

substrate cYY (KD 12.3 Ñ 1.1 ɛM) (Table 2.1). 

Modifications of the lead compounds were considered to improve the binding affinity 

with CYP121A1 and to further enhance the antimycobacterial activity against Mtb. 

The lead compounds were modified as follows (Figure 2.1): 

1- O-alkyl substitution was added to one aryl ring to improve the hydrophilic properties 

compared with the lead compound and to probe H-bonding with Asn85.  

2- para-aromatic substitution of the other aryl ring attached at position 1 of the pyrazole 

ring by halide groups (Cl or F) to increase the lipophilic nature of the compounds, which 

has been found to have a direct effect on the MIC of the target compound58 and also to 

improve the metabolic stability. 

3- Incorporating imidazole and 1,2,4-triazole as potential haem binding groups by 

methylene linker to maintain structure flexibility and evaluate the effect on binding 

affinity and MIC. 
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Table 2.1: Lead compounds inhibitory activity (MIC) and CYP121A1 binding (KD) data58,63 

R: (H, F, Cl, CH3, OCH3, Br, I, CN)58 

(Et, Pr, iPr, iBu, tBu)63ééééé  

Compound  X MIC (µg/ mL)  KD (µM)  

Lead 1  

 

CH 6.25 - 12.5 58 

 

0.78 ï 1.56 63 

 ̓12 58 

 

0.2 ± 0.01 to  

53 ± 5.9 63 

Lead 2 

 

N 

  

25 ï (ι100) 33.6 ± 2.7 to  

193 ± 21 

Clotrimazole 

 

20 0.1 ± 0.01 

Fluconazole 

 

ι100 8.6 ± 0.2 

cYY 

 

- 12 ± 1 

 

 

Figure 2.1: Structural modifications of lead compounds and structure design of new pyrazole 

series (9 and 10) 
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2.2   Results and Discussion 

2.2.1 Computational studies 

The CYP121A1 protein-ligand complexes were designed and generated by molecular 

docking of derivatives 9 and 10 with the crystal structure of Mtb CYP121A1 co-crystallised 

with the natural substrate cYY (pdb 3G5H51) using MOE64. The best poses based on binding 

interactions and energy value were then subjected to 150 ns MD simulations using the 

Desmond programme of Schrödinger software65. MD is a computer simulation technique used 

to predict the movement of atoms of the CYP121A1 protein and the designed inhibitors, and 

analyse the stability of the protein-ligand complex during a fixed time in nanoseconds (ns)65. 

The natural substrate (cYY) sits to one side of the haem with no binding to the iron, and 

the water molecule (the sixth iron ligand) is not displaced upon substrate binding. cYY binds 

to the enzyme through aromatic stacking interactions between the cYY tyrosyl rings and the 

aromatic residues. The central diketopiperazine ring in cYY binds to the enzyme through H-

bonding interactions between the C=O groups with Val83 and Asn85 on one side of the active 

site and through H-binding interaction between one OH and the key residue Arg386 on the 

other side of the active site (Figure 2.2A and B).  

A                                                           B 

Figure 2.2: (A) 2D and (B) 3D images of cYY-bound CYP121A1 (PDB 3G5H), showing 

binding interactions with the key residues. Haem in green, cYY in yellow, amino acid residues 

in grey, and water molecules shown as red spheres in the crystal structure. 
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Azoles were known as CYP121A1 inhibitors, and a co-crystalised structure of 

fluconazole with CYP121A1 (PDB 2IJ759) was available in the PDB, which was used to study 

the binding interactions in the enzyme active site. Fluconazole is positioned in the cYY pocket 

with one of the triazole moieties interacting with the haem iron through the water molecule (the 

6th axial ligand) (Figure 2.3), whilst the rest of fluconazole molecule is predominantly bound 

to the hydrophobic residues41.  

                                               A 

 

 

 

 

 

 

 

B 

 

 

  

 

  

 

Figure 2.3: (A) 2D and (B) 3D images of fluconazole bound CYP121A1 (PDB 2IJ7), showing 

binding interactions with the key residues. Haem in green, fluconazole in cyan, amino acid 

residues in grey, and water molecules shown as red spheres in the crystal structure. 
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Accordingly, three main binding areas in CYP121A1 active site were suggested: 1- the 

haem iron centre; 2- the aromatic cage located in the F and G helices; and 3- the H-bonding 

interactions with Asn85 or polar residues on the side pocket, which are assumed to provide 

more stabilised binding (Figure 2.4). 

 
Figure 2.4: The three main binding areas in CYP121A1 active site and the F and G Ŭ-helices 

are labelled. Haem in orange and cYY in grey.  

 

Table 2.2 illustrates the designed pyrazoles (imidazoles and triazoles) with the 

purpose of the design that predicted to improve binding in the CYP121A1 active site and to 

further enhance the antimycobacterial activity against Mtb. 

 

Table 2.2: List of the designed compounds (9a-h and 10a-h) with the purpose of the design 

 
Designed 

compounds  

Azole ring R1 R2 Purpose of the design 

9a Imidazole  CH3 Cl 1- Azole N to interact with the 

haem Fe or to form H-bonding 

with Gln385 or Arg386 

9b CH3 F 

9c CH2CH3 Cl 

9d CH2CH3 F 

9e CH2CH2CH3 Cl 
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9f CH2CH2CH3 F 2- Alkoxy O to form H-bonding 

with Asn85 (or: Asn74, Arg72, 

Asn84) 

3- Aromatic ring to form 

hydrophobic ˊ-ˊ interaction with 

Phe168 and/or Trp182 

4- Alkyl substitution (R1) was 

added to enhance the 

lipophilicity and to compare 

between simple, longer, and 

branched alkyl groups  

5- Halide substitution (R2) was 

added for metabolic stability and 

to probe halogen bonding with 

any additional residues  

9g CH2(CH3)2 Cl 

9h CH2(CH3)2 F 

10a Triazole  CH3 Cl 

10b CH3 F 

10c CH2CH3 Cl 

10d CH2CH3 F 

10e CH2CH2CH3 Cl 

10f CH2CH2CH3 F 

10g CH2(CH3)2 Cl 

10h CH2(CH3)2 F 

 

 

Docking of all designed pyrazoles (9a-h and 10a-h) was performed and showed that all 

the compounds sit on one side of the haem with no binding to the iron in the same cYY binding 

pocket, which could allow for competitive binding. Derivatives 9h and 10a were used as 

imidazole and triazole exemplars for docking results. H-bonding interactions between either 

the imidazole or triazole moiety were observed mainly with Arg386, which may block access 

of cYY to the active site channel (Figures 2.5 and 2.6). Hydrophobic ˊ-ˊ interactions were 

observed between the pyrazole phenyl rings and the aromatic residue Phe168 (Figure 2.5). 

More hydrogen bond, hydrophobic side chain and water mediated interactions were observed 

with additional active site residues including Arg72, Asn74, Val82, Val83, Ala167 and Thr229.  
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A                                                                                        B 
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Figure 2.5: (A) 2D image of binding interactions of imidazole compound 9h in CYP121A1 

active site, (B) 2D image of detailed ligand 9h interactions with the protein residues that occur 

more than 30% of the simulation time (150 ns), (C) 3D image of binding interactions of 

derivative 9h in CYP121A1 active site. Haem (green), 9h (orange), amino acid residues (grey) 

and water molecules (red spheres). 
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A                                                                                        B 
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Figure 2.6: (A) 2D image of binding interactions of imidazole compound 10a in CYP121A1 

active site, (B) 2D image of detailed ligand 10a interactions with the protein residues that occur 

more than 30% of the simulation time (150 ns), (C) 3D image of binding interactions of 

derivative 10a in CYP121A1 active site. Haem (green), 10a (orange), amino acid residues 

(grey) and water molecules (red spheres). 
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To evaluate the stability of the CYP121A1-ligand complex, the Root Mean Square 

Deviation (RMSD) is used to measure the average change in the complex stability with respect 

to a specific time frame. RMSD is a measure of average atoms displacement from their initial 

position over a specific given time. RMSD evaluation highlights two main features; a- the 

stability of the protein conformation which considered stable when RMSD variation is within 

the accepted value (  ̓3 Å), and b- the RMSD difference between the ligand and the protein, 

must be within the accepted range, otherwise a large difference indicates that the ligand is 

diffusing away from the initial binding site65.  

The protein RMSD variation was within the accepted range during the simulation process, 

starting with 1.21 Å and ends with 2.24 Å, indicating stable protein conformation during the 

simulation process (150 ns). The ligand 10a; which was used as an exemplar, was 

simultaneously aligned with the protein after 20 ns with acceptable RMSD variation at the end 

of the simulation between the protein and the ligand of 0.9 Å (Table 2.3), indicating a stable 

protein-ligand complex (Figure 2.7).  

 

Table 2.3: RMSD values of 10a during 150 ns MD simulation. 

Compound Time (ns) Protein RMSD (Å) Ligand RMSD (Å) 

10a 1 1.21 2.13 

Stabilised at 20 ns 2.24 2.12 

150 2.24 1.34 

 

 

Figure 2.7: RMSD plot of CYP121A1-10a protein ï ligand complex in 150 ns. Protein RMSD 

in the left Y-axis and ligand RMSD in the right Y-axis; protein (blue) and ligand (red). 
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2.2.2 Chemistry 

Series 1 pyrazole imidazole and pyrazole triazole compounds were synthesised 

according to the published procedure of the lead compounds with some modifications58. 

Synthesis of the intermediates and the target compounds was achieved through a six-step 

synthetic route as described in Scheme 1 as follows: 

1- Williamson ether synthesis  

2-  Synthesis of hydrazone 

3-  Vilsmeier-Haack reaction 

4- Reduction of aldehyde to primary alcohol using NaBH4 

5- Chlorination reaction using thionyl chloride 

6- Nucleophilic substitution reaction to introduce either imidazole or triazole. 

 
Scheme 2.1. Synthesis of pyrazole compounds. Reagents and conditions: (i) K2CO3, DMF, r.t, 

overnight; (ii) Et3N, AcOH, EtOH, 83 °C, 1 h, 79-100%; (iii) POCl3, DMF, 60 °C, 3 h, 65-

100%; (iv) NaBH4, EtOH, r.t, 1 h, 68-98%; (v) SOCl2, CH2Cl2, 40 °C, 4 h; (vi) imidazole or 

triazole, K2CO3, CH3CN, 45 °C, 1 h then 70 °C, overnight, yields see Table 2.9 
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Synthesis of 4-substituted acetophenones (3): 

4-Substituted acetophenones were prepared by Williamson ether synthesis, by reacting 

4-hydroxy acetophenone (1) with alkyl bromide (2) in dry DMF overnight with K2CO3 as a 

base68. Two derivatives were prepared; 4-propoxy acetophenone (3c) and 4-isopropoxy 

acetophenone (3d) (Table 2.4) while the rest of the derivatives were commercially available. 

Table 2.4: Yield and m.p. of the prepared acetophenone compounds (3) 

 

Compound R Yield (%)  m.p. (°C) 

3c -CH2CH2CH3 97 oil 

3d -CH2(CH3)2 92 44-46  (38-39)69 

 

Synthesis of 1-(1-(4-substituted-phenyl)ethylidene)-2-(4-substituted-phenyl)hydrazines 

(5): 

Different methods were attempted to prepare the hydrazine derivatives (5). The first 

attempt involved stirring the acetophenone (3) with phenyl hydrazine (4) in dry EtOH under 

acidic conditions at room temperature for 24 h70. However, the product (5) was not pure and 

recrystallisation with EtOH reduced the yield to only 33%. Then, a reaction using AcOH as 

both solvent and acid catalyst at room temperature for 15 min58 was considered but no reaction 

was observed even when the reaction was left for 1 h. Finally, the optimal method for preparing 

the hydrazines (5) was by reacting the acetophenones (3) with phenylhydrazines (4) in dry 

EtOH under acidic conditions (AcOH) and reflux at 83 °C for 1 h58, and the resulting products 

were pure enough to be used in the next step without further purification. Et3N was used to 

neutralise the HCl and release the free phenylhydrazines (4). All hydrazine compounds (5) 

were found to decompose when left overnight at room temperature. The prepared compounds 

were obtained in good yields (Table 2.5) and structure confirmed by 1H and 19F NMR. 
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Table 2.5: Yield and m.p. of the prepared hydrazine compounds (5) 

 

Compound R1 R2 Yield (%)  m.p. (°C) 

5a -CH3 Cl 100 112-114  (128-130) 70 

5b -CH3 F 100 90-92 

5c -CH2CH3 Cl 79 132-134 

5d -CH2CH3 F 94 76-78 

5e - CH2CH2CH3 Cl 100 130-132 

5f - CH2CH2CH3 F 100 semisolid 

5g - CH2(CH3)2 Cl 100 84-86  

5h - CH2(CH3)2 F 98 semisolid 

 

Synthesis of 1-(4-substituted phenyl)-3-(4-substitued phenyl)-1H-pyrazole-4-

carbaldehydes (6): 

Synthesis of the aldehydes (6) was achieved by treatment of 1-(1-(4-substituted 

phenyl)ethylidene)-2-(4-substituted phenyl)hydrazines (5) with the Vilsmeier-Haack reagent 

and heating at 60 °C for 3 h70. The Vilsmeier-Haack reagent is a formylating agent formed in 

situ from DMF and phosphorus oxychloride (POCl3)
71.  

When the Vilsmeier-Haack reagent is formed, the reaction mechanism starts by two 

electrophilic attacks resulting in formation of intermediate I (chloro hydrazine) followed by 

formation of intermediate II by elimination of Cl-. Then formation of the pyrazole ring takes 

place by removal of dimethylamine and formation of an iminium salt intermediate. Eventually, 

the corresponding aldehyde was formed by adding potassium carbonate (K2CO3) and removal 

of another molecule of dimethylamine (Figure 2.8). 

The prepared aldehyde compounds were all obtained in high yields (Table 2.6). 1H 

NMR showed a singlet peak at around 9.97 ppm indicating the presence of the aldehyde proton 

and another singlet peak for the pyrazole proton appeared at around 9.32 ppm (Figure 2.9A). 

13C NMR signals for the aldehyde and pyrazole CH appeared at around 180 ppm and 135.5 

ppm, respectively, confirming formation of the aldehyde (6).   

 

 

 



 

44 
 

   

Figure 2.8: Mechanism of the Vilsmeier-Haack reaction. 
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Table 2.6: Yield and m.p. of the prepared aldehyde compounds (6) 

 

Compound R1 R2 Yield (%)  m.p. (°C) 

6a -CH3 Cl 65  142-144  (142-143)70  

6b -CH3 F 95  144-146 

6c -CH2CH3 Cl 93  138-140 

6d -CH2CH3 F 90  162-164 

6e - CH2CH2CH3 Cl 100 132-134 

6f - CH2CH2CH3 F 96 140-142 

6g - CH2(CH3)2 Cl 88 144-146 

6h - CH2(CH3)2 F 98 137-139 

 

 

Synthesis of (1-(4-substituted phenyl)-3-(4-substitued phenyl)-1H-pyrazol-4-

yl)methanols (7): 

Reduction of aldehyde compounds (6) to the corresponding primary alcohols (7) was 

achieved by using sodium borohydride (NaBH4) as a reducing agent in dry EtOH63. 1H NMR 

showed a triplet peak at around 5.20 ppm indicating the presence of the alcoholic OH, which 

was split owing to the presence of the adjacent CH2, and absence of the aldehyde proton singlet, 

which was previously located around 9.97 ppm, confirming formation of the alcohol (7) (Figure 

2.9B). The prepared alcohols (7a-7h) were pure enough for use in the next reaction, except 

compound (7d), which was purified by gradient column chromatography. All the compounds 

were obtained in high yields (Table 2.7). 
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Figure 2.9: Magnified 1H NMR for (A) 1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole-

4-carbaldehyde (6c) and, (B) (1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazol-4-yl) 

methanol (7c). 

Table 2.7: Yield and m.p. of the prepared alcohol compounds (7) 

 

Compound R1 R2 Yield (%)  m.p. (°C) 

7a -CH3 Cl 93  112-114 

7b -CH3 F 90  142-144 

7c -CH2CH3 Cl 90  128-130 

7d -CH2CH3 F 68  106-108 

7e - CH2CH2CH3 Cl 80 100-102 

7f - CH2CH2CH3 F 89 110-112 

7g - CH2(CH3)2 Cl 98 116-118 

7h - CH2(CH3)2 F 81 110-112 
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Synthesis of 4-(chloromethyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazoles (8): 

A chlorination reaction was carried out to replace the OH of the alcohol compounds (7) 

by a good leaving group (Cl)72. Preparation of these chlorinated intermediates was required to 

synthesise the final target compounds. This reaction was performed by treating the alcohols (7) 

with thionyl chloride in dry CH2Cl2 at 40 °C for 4 h73.  

The crude chlorinated compounds (8) were obtained in good yields and were pure 

enough to be used in the next reaction without further purification (Table 2.8). These 

chlorinated intermediates were confirmed by 1H NMR (DMSO-d6), where the R-OH triplet 

signal was absent in the chlorinated compounds (8) and the doublet peak of R-CH2OH (7) was 

replaced by a singlet peak of R-CH2Cl at 4.89 ppm. 

Table 2.8: Yield and m.p. of the prepared chlorinated compounds (8) 

 

Compound R1 R2 Yield (%)  m.p. (°C) 

8a -CH3 Cl 99  oil 

8b -CH3 F 94  116-118 

8c -CH2CH3 Cl 93  90-92 

8d -CH2CH3 F 98  oil 

8e - CH2CH2CH3 Cl 98 semisolid 

8f - CH2CH2CH3 F 100 semisolid 

8g - CH2(CH3)2 Cl 94 oil 

8h - CH2(CH3)2 F 48 semisolid 

 

Synthesis of 4-((1H-imidazol-1-yl)methyl)-1-(4-substituted-phenyl)-3-(4-substituted-

phenyl)-1H-pyrazoles and 1-((1-(4-substituted-phenyl)-3-(4-substituted-phenyl)-1H-

pyrazol-4-yl) methyl)-1H-1,2,4-triazoles (9 and 10): 

The target compounds (9 and 10) were synthesised in two steps. The imidazole/triazole 

anion was first prepared by reacting imidazole/triazole with K2CO3 in dry CH3CN at 45 °C for 

1 h63. Then, the chlorinated compounds (8) was added to the imidazolate/ triazolate and the 

temperature raised to 70 °C and stirred overnight63. The reaction mechanism involves 

deprotonation of the imidazole/triazole in the first step followed by nucleophilic attack of the 

imidazolate/ triazolate at the carbon atom of C-Cl resulting in displacement of the Cl. 
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The final compounds (Table 2.9) were purified by gradient column chromatography 

and confirmed by 1H NMR (DMSO-d6), by three new signals of the imidazole at around 7.6, 

7.1 and 6.8 ppm (Figure 2.10), and at around 137.4, 130.0 and 119.6 ppm in 13C NMR. 1H 

NMR of the triazole showed two signals at 8.59 and 7.99 ppm, and carbon signals in 13C NMR 

appeared at 152.0 and 144.4 ppm. 19F NMR for fluoro-substituted derivatives was obtained 

showing one signal in the aromatic area at around -116.49 ppm (Figure 2.11).  

 

Table 2.9: Yield and m.p. of the prepared imidazole/triazole final compounds (9 and 10) 

 

Compound X R1 R2 Yield (%)  m.p. (°C) 

9a CH -CH3 Cl 61 136-138 

9b CH -CH3 F 70 150-152 

9c CH -CH2CH3 Cl 71  124-126 

9d CH -CH2CH3 F 45  118-120 

9e CH - CH2CH2CH3 Cl 63 90-92 

9f CH - CH2CH2CH3 F 66 120-122 

9g CH - CH2(CH3)2 Cl 94 98-100 

9h CH - CH2(CH3)2 F 58 96-98 

10a N -CH3 Cl 60 124-126 

10b N -CH3 F 58 150-152 

10c N -CH2CH3 Cl 60 122-124 

10d N -CH2CH3 F 52 140-142 

10e N - CH2CH2CH3 Cl 72 114-116 

10f N - CH2CH2CH3 F 58 120-122 

10g N - CH2(CH3)2 Cl 81 98-100 

10h N - CH2(CH3)2 F 53 118-120 
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Figure 2.10: Magnified aromatic area of 1H NMR for 4-((1H-imidazol-1-yl) methyl)-1-(4-

fluorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole (9d) showing the imidazole CH signals. 

 

 
Figure 2.11: Magnified 19F NMR for 4-((1H-imidazol-1-yl)methyl)-1-(4-fluorophenyl)-3-(4-

methoxyphenyl)-1H-pyrazole (9b) showing the signal which appeared in the aromatic area. 
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2.2.3 Biological studies  

a- Antimycobacterial activity against Mtb wild- type strain (MIC 90) 

All  imidazole (9a-h) and triazole (10a-h) pyrazoles were evaluated against the 

laboratory wild-type Mtb H37Rv using Spot culture growth inhibition (SPOTi) assay86. As 

shown in Table 2.10, all imidazole compounds showed good antimycobacterial activity, with 

optimal activity detected for propoxy/Cl (9e, MIC90 4.0 ɛg/mL, 10.1 ɛM) and isopropoxy/F 

(9h, MIC90 4.3 ɛg/mL, 11.4 ɛM) derivatives. Triazoles MIC90 were higher than imidazoles, 

with notable activity observed with methoxy/Cl (10a, MIC90 4.4 ɛg/mL, 11.9 ɛM), ethoxy/Cl 

(10c, MIC90 6.4 ɛg/mL, 16.8 ɛM) and propoxy/Cl (10e, MIC90 6.4 ɛg/mL, 16.2 ɛM) 

derivatives. The observed activity for all imidazoles (except 9d) and triazoles 10a, 10c and 10e 

was comparable with the second line anti-TB agent kanamycin (MIC90 7.8 ɛg/mL, 16.1 ɛM). 

Table 2.10: MIC90 of the prepared imidazole/triazole final compounds (9 and 10) 

 

Compound X R1 R2 MIC 90 
a (ɛg/mL) MIC 90 

a (ɛM) cLog P b 

9a CH -CH3 Cl 6.0 16.5 3.7 

9b CH -CH3 F 4.3 12.3 3.3 

9c CH -CH2CH3 Cl 5.0 13.3 4.1 

9d CH -CH2CH3 F 12.0 33.2 3.7 

9e CH - CH2CH2CH3 Cl 4.0 10.1 4.6 

9f CH - CH2CH2CH3 F 6.0 15.9 4.2 

9g CH - CH2(CH3)2 Cl 6.0 15.3 4.4 

9h CH - CH2(CH3)2 F 4.3 11.4 4.0 

10a N -CH3 Cl 4.4 11.9 3.2 

10b N -CH3 F 12.8 36.7 2.8 

10c N -CH2CH3 Cl 6.4 16.8 3.6 

10d N -CH2CH3 F 25.6 70.5 3.2 

10e N - CH2CH2CH3 Cl 6.4 16.2 4.1 

10f N - CH2CH2CH3 F 20.9 55.5 3.7 

10g N - CH2(CH3)2 Cl 25.6 65.1 3.9 

10h N - CH2(CH3)2 F 20.9 55.5 3.5 

Isoniazid  - - - 0.2 1.8 -0.6  

Kanamycin  - - - 7.8 16.1 -7.6 

Rifampicin  - - - 0.2 0.3 - 
a Average of two independent experiments. b Crippen's fragmentation by Chemdraw74.  
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b- Antimycobacterial activity against Mtb mutant strains  

Two exemplars of the most promising pyrazole series, an imidazole (9e) and a triazole 

(10a), were screened against Mtb mutant strains by our collaborator (Dr. Alistair Brown, Newcastle 

University), using Resazurin microtiter assay (REMA)87. The Mtb strains used were drug-susceptible 

and drug-resistant triple auxotrophic strains, which derived from the WT double auxotrophic strain, 

H37Rv. An auxotrophic mycobacterium defined as a mycobacterium, in which the gene encoding an 

essential enzyme in synthesis pathway of essential nutrient has been deleted entirely or partially75, 

which make it suitable for BSL2 lab due to low lethality in mice. Triple auxotrophic strains are Mtb 

strains that have been genetically manipulated to have deficiencies in three different metabolic 

pathways, rendering them dependent on external nutrient supplementation for growth and survival. The 

third auxotrophy (arginine) in Mtb mutant strains was made through deleting argB (Rv1654), a gene 

encoding acetyl glutamate kinase, as æargB strains are unable to survive amino acid deletion and infect 

Mtb host75. Figure 2.12 and Table 2.11, shows the Mtb strains (WT and mutants) which used in the 

study with a description of each strain.  

 

Figure 2.12: Schematic representation of the wild-type and mutant Mtb strains 

Table 2.11: Different Mtb strains with description of each strain used in the study 

Strains  Description  

H37Rv (wild- type) Pantothenate and Leucine auxotrophic (ȹpanCD ȹleuCD) 

Mtb mc
2
7902  

(Drug- susceptible) 

Pantothenate, Leucine and arginine triple auxotroph (ȹleuCD 

ȹpanCD ȹargB)  

Mtb mc
2
8245 (INH

R
)  Monoresistance:  Large genomic deletion contains katG and 50 

other genes (Rv1867 to Rv1916 genome deletion)  

Mtb mc
2
8247 (RIF

R
)  Monoresistance:  rpoB mutation (H445Y) 

Mtb mc
2
8250 (RIF

R
&INH

R
)  MDR mutant:  rpoB mutation (H445Y) and genome deletion 

(Rv1872c to Rv1918c) 

Mtb mc
2
8256 (RIF

R
&INH

R
) MDR mutant:  rpoB mutation (H445Y) and katG 

mutation (ȹ305ï312 bp, frameshift/stop codon) 
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Interestingly, the most promising imidazole pyrazole (9e) and triazole pyrazole (10a) 

retained activity against the resistant strains, and optimal MIC against all strains were seen with 

the imidazole derivative (all strains MIC  0.25 ɛg/mL, 0.64 ɛM), indicating the importance of 

the more lipophilic propoxy substitution (cLogP: 4.55), which most probably attributed to 

enhanced cell wall penetration. Moreover, compound 9e was comparable with INH in the Mtb 

susceptible strain (mc
2
7902) and INH-resistant strain (mc

2
8245). Triazole derivative 10a was 

also active against the resistant strains, although with higher MIC value (all strains MIC  4.0 

ɛg/mL, 10.93 ɛM) compared with imidazole derivative. Table 2.12 shows the MIC values of 

reference anti-TB agents against Mtb mutant strains. 

Table 2.12: MIC data (ɛM) of compounds 9e, 10a and reference anti-TB drugs against mutant 

strains 

Compound mc27902 
(susceptible) 

mc28247 
(RIFR)  

mc28245 
(INHR)  

mc28250 
(RIFR & INH R)  

mc28256 
(RIFR & INH R)  

9e 0.6 0.6 0.6 0.6 0.6 

10a 10.9 10.9 10.9 10.9 10.9 

Isoniazid 0.7 - 0.7 - - 

Rifampicin 0.1 0.1 - - - 

Ethambutol 2.5 4.9 4.9 4.9 2.5 

Ethionamide 6.0 6.0 6.0 6.0 6.0 

c- Protein binding Studies  

UV-Vis spectral binding assay: A simple and precise technique used to evaluate the 

binding of inhibitors to protein (CYP121A1)50. There are two modes of binding, type I and 

type II. Type I is seen with the natural substrate cYY, which sits on the side of the haem group 

without direct coordination to the iron, and only leads to slight shift in the 6th water ligand 

which remained bonded to the haem iron76. Type II suggests that the designed inhibitor is 

capable of direct haem coordination with displacement of the 6th ligand water molecule76. The 

Soret band in type I (cYY) showed a blue shift from 417 to 395 nm, while in type II (e.g., 

antifungal azole inhibitors), a red shift was observed to a higher wavelength from 417 to (421 

ï 423.5) nm50,58. Figure 2.13A shows the absolute spectra of CYP121A1 at the resting state, 

where the 6th water molecule remains ligating to the haem iron.  

Preliminary binding studies; an initial investigation; were formed for all the designed 

pyrazole inhibitors (9a-9h and 10a-10h), and seven imidazoles (9b-h) and one triazole (10a) 

were subject to further evaluation. All the imidazole series (9b-h) shifted the Soret band to 

longer wavelength (red shift) indicating potential direct binding to the haem iron with 

displacement of the water ligand (type II ) (Figure 2.13C). While the triazole derivative (10a) 
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illustrated a negligible change in Soret band (Table 2.12) and it was not able to obtain 

difference spectra for other triazoles. 

Dissociation constant (KD) of pyrazole inhibitors was determined by plotting difference 

spectra (Figure 2.13C and D), which starts with a ligand-free aliquot and followed by adding 

subsequent aliquots of ligands ranging from 0 to 150 µM until no further spectral change 

occurred. After that, an absorbance maximum (Apeak) and minimum (Atrough) were determined 

and overall absorbance change calculated (æAmax). The KD was calculated from data fitting of 

the inhibitor concentration against the spectral response. The KD value for cYY is 12 ± 1 µM. 

In the imidazoles (9b-h), the designed chloroaryl derivatives were generally showed tighter 

binding to CYP121A1 compared with the fluoroaryl derivatives. The chloroaryl imidazole with 

propoxy substitution (9e, KD 11.7 ± 5.4 ɛM) displayed a comparable binding affinity with cYY 

(12 ± 1). On the other hand, the chloroaryl triazole with methoxy group (10a) showed the 

tightest binding affinity with KD 5.1 ± 1.5 ɛM, although, the UV-Vis absorbance data showed 

negligible shift in Soret band (Table 2.13). A possible reason for the triazole absorbance data 

could be that the triazole moiety is indirectly binding to the haem iron while preserving the 6th 

water ligand, and such coordination is difficult to detect in practice by absorbance difference 

spectra alone, which is based on direct binding to the haem iron with displacement of the 6th 

water molecule. As a result, another orthogonal technique; the protein-detected 1D 19F NMR 

spectroscopy, was performed to test ligand binding unassociated with haem perturbation.  

Table 2.13: Soret shift and KD values of the designed pyrazole derivatives (9b-h and 12a): 

 

Compound X R1 R2 Soret shift (nm) KD (ɛM) cLogP b 

9b CH -CH3 F 417 to 421 65.0 ± 16.6 3.3 

9c CH -CH2CH3 Cl 417 to 420 18.8 ± 10.2 4.1 

9d CH -CH2CH3 F 417 to 422 54.0 ± 5.2 3.7 

9e CH - CH2CH2CH3 Cl 417 to 419 11.7 ±5.4 4.6 

9f CH - CH2CH2CH3 F 417 to 420 22.3 ± 4.2 4.2 

9g CH - CH2(CH3)2 Cl  417 to 419 17.7 ± 6.9 4.4 

9h CH - CH2(CH3)2 F 417 to 419 38.5 ± 8.7 4.0 

10a N -CH3 Cl  417 to 417 5.1 ± 1.5 3.2 

cYY - - - 417 to 395 12.3 ± 1.1 - 
a Average of two independent experiments. b Crippen's fragmentation by Chemdraw.74 
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Figure 2.13: (A) CYP121A1 ligand free absolute spectra showing the characteristic peaks; a 

peak due to aromatic amino acid residue at ~280 nm, a Soret peak at 417 nm, ɓ and Ŭ bands 

appeared at ~538 nm and ~565 nm, respectively, and a small charge transfer signal at ~650 

nm63; An overlaid difference spectra of (B) cYY (type I binding), (C) designed pyrazole 

exemplar 9e (type II binding) and (D) 10a, formed by subtraction of the free-ligand spectrum 

from each succeeding ligand-bound spectrum collected by titration.  

 

19F NMR assay: A simple and sensitive tool to study protein conformational changes through 

incorporation of 19F labels (e.g., 3-bromo-1,1,1-trifluoroacetone (BTFA)77 and 5-fluoroindole 

(5FI)78). BTFA is added to cysteine and a covalent bond formed between the bromine of BTFA 

and the thiol (SH) group of cysteine, which is then incorporated into the protein56. Another 

example was implemented by Campomizzi et al., where a 5FI label was added to tryptophan 

and phenylalanine amino acids78. 19F NMR is then obtained and investigated for protein 

conformational alterations by detecting changes in chemical shifts, intensities or signal 

broadening, which occurs with ligand binding or structural remodelling.  
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In CYP121A1, ligand binding leads to structural rearrangement through the FG-loop 

which correlates with access channel opening and closing79ï81. Using mutated CYP121A1 

S171C, the cysteine was labelled with BTFA, located in the FG-loop (BTFA-labelled 

CYP121A1_S171C)56. In the 19F NMR of ligand-free CYP121A1, the FG-loop conformational 

heterogeneity is indicated by three distinct resonances82,83 (Figure 2.14A). The addition of cYY 

reduced the intensity of the broad resonance (~ - 83.5 ppm) and increased the intensity of the 

major resonance (~ -84.5 ppm), indicating reduced FG-loop conformational heterogeneity and 

an enhanced ligand-bound state83 (Figure 2.14B). 

  

 A                                                                                 

B 

 

 

            

 

         

 

 

 

                                                      

 

                                                      

 

 

Figure 2.14: (A)  The position of the mutated cysteine S171C located in the FG-loop in the 

CYP121A-cYY complex, (B) 19F NMR spectra showing the three distinct resonances, (C) 19F 

NMR spectra of BTFA-labelled CYP121A1_S171C; ligand-free (blue) and with cYY-bound 

(red)83. 



 

56 
 

Overlayed spectra of the ligand-free, cYY-bound and the designed pyrazoles-bound 

spectra were displayed at the same concentrations to evaluate the binding strength of the 

designed compounds. Imidazole exemplars (9b and 9h) induced perturbations in the NMR 

spectrum, which are consistent with interactions occuring in the active site and seemed stronger 

compared with cYY (Figure 2.15A and B). Moreover, the extent of the NMR spectrum 

perturbations aligned with the degree of Soret band changes in UV-Vis assay. Interestingly, 

the triazole exemplars (10a and 10c) NMR spectrum perturbations were more intense than cYY 

indicating ligand-binding in CYP121A1 active site (Figure 2.15C and D). The triazole NMR 

spectrum data were obviously not in agreement with the UV-Vis spectroscopy assay which 

elicited a negligible spectral response. This disagreement in binding profile might indicate that 

the triazole moiety is weakly coordinating to the haem group which also allowed to preserve 

the 6th water molecule ligation to the haem. Thus, the 19F NMR conformation of ligand binding 

in the substrate binding pocket was aligned with the MIC results of these compounds, despite 

the weak UV-Vis absorbance changes. 

A                           B                          C                          D 

 

Figure 2.15 : 19F NMR spectra of BTFA-labelled CYP121_S171C (blue) alone, with cYY 

bound (red) and with exemplar pyrazole ligands (green) (A) 9b, (B) 9h, (C) 10a and (D) 10c. 

By comparing the biological results of the lead 1 compound and the designed imidazole 

(9), a comparable or enhanced binding affinity was observed but with reduced Mtb inhibitory 

activity (Table 2.1, lead compound R= Pr, MIC 0.78 ɛg/mL, while 9e MIC 4.0 ɛg/mL. This 

reduction in inhibitory activity is possibly due to the reduced lipophilicity by adding the alkoxy 

oxygen, that could affect the uptake across the Mtb cell wall. Methoxy derivatives were 

prepared previously58 with both imidazole and triazole moieties (Table 2.14) and both had 

MIC90= 25 ɛg/mL. In the designed imidazole/triazole compounds with methoxy substitution 
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(9a-b and 10a-b), the added halide group to the second benzene ring improved the Mtb 

inhibitory activity, which supports the effect of increasing the lipophilicity as mentioned 

previously58,63,67,83,84. 

 

Table 2.14: MIC90 against WT Mtb of methoxy derivatives of lead and designed compounds 

 
Compound R X MIC 90

a (ɛg/mL) cLogP b 

Lead 1 H CH 25 3.2 

9a Cl CH 6.0 3.7 

9b F CH 4.3 3.3 

Lead 2 H N 25 2.7 

10a Cl N 4.4 3.2 

10b F N 12.8 2.8 
a Average of two independent experiments. b Crippenôs fragmentation by Chemdraw74. 
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2.3   Conclusion 

Computational studies of the designed pyrazoles predicted comparable position of the 

designed ligands to cYY in the CYP121A1 active site. Binding of pyrazole, imidazole or 

triazole was observed with Arg386 either directly or through an interstitial water molecule.  A 

6-step synthesis for the pyrazole derivatives (imidazole/triazole) was optimised. Hydrazine 

synthesis (step 2) was a challenging step with different methods implemented until good yields 

were achieved. All final compounds were synthesised successfully. The purity of the 

(compounds) was confirmed by HPLC-MS or elemental analysis.  

MIC was measured by SPOTi-assay against Mtb wild-type strain showed that the imidazole 

series (9) was more active with optimal MIC shown with the longer and branched chain 

substitutions (9e and 9h). Triazoles (10) with chlorobenzene were more active than the 

fluorobenzene compounds. The most promising compounds also retained activity against 

resistant strains which tested by REMA assay. Resistant strains include RIF-resistant, INH-

resistant, and MDR mutant strains. UV-Vis spectral assay showed type II binding for 

imidazoles (9) and aligned with the MIC results. Triazole exemplar compound (10a) had UV-

Vis spectral data which did not correlate with the observed MIC. Therefore, 19F NMR assay 

using BTFA-labelled CYP121A1_S171C was performed for both imidazole and triazole 

compounds and all derivatives showed tighter binding than cYY, which suggested that triazole 

may be indirectly coordinated to the haem while preserving the 6th axial water molecule. 

Further modifications may result in improved pyrazole derivatives, however exploration of a 

different pharmacophore; benzoxazoles, was considered and is discussed in the next chapter. 
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2.4    Experimental 

Molecular modelling:  

Molecular docking was performed using Molecular Operating Environment (MOE) 

software. Docking studies using the crystal structure of Mtb CYP121A1 co-crystallised with 

cYY (PDB 3G5H)51, which solved at high resolution (1.4 Å), were performed to generate PDB 

Mtb CYP121A1ïligand complexes, until a RMSD gradient of 0.01 kcal molī1 Åī1 with the 

MMFF94 forcefield (ligands) and partial charges were automatically calculated. The charge 

and geometry of the haem iron of the protein at physiological pH (pH 7.4) was adjusted to 3+ 

(geometry d2sp3) through the atom manager in MOE. The ligands were generated using either 

MOE builder or ChemDraw Professional (16.0), and the energy minimised structures saved in 

a database for docking studies. 

Docking was performed using the Alpha Triangle placement to determine the poses, 

refinement of the results was done using the Merck molecular forcefield (MMFF94), and 

rescoring of the refined results using the London ȹG scoring function was applied. The output 

database dock file was created showing each ligand with different poses, which were ordered 

according to the final S-score function.    

Molecular dynamics (MD) simulation:  

Molecular dynamics simulations were run on the Mtb CYP121A1-designed ligand 

complexes. PDB files were first optimised with protein preparation wizard in Maestro 

(Schrödinger Release 2020-1)65  by assigning bond orders, adding hydrogen, and correcting 

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

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

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

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

region between protein atoms and box sides. Overlapping water molecules beyond 5 Å were 

deleted, and the systems were neutralised with Na+ ions and salt concentration 0.15 M. Force-

field parameters for the complexes were assigned using the OPLS_2005 forcefield, that is, a 

150 or 200 ns molecular dynamic run in the NPT ensemble (T 1/4 300 K) at a constant pressure 

of 1 bar. Energy and trajectory atomic coordinate data were recorded at each 1.2 ns. 
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Chemistry - general information: 

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

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

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

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

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

(dimension 20 x 20 cm) (ALUGRAM® SIL G/UV254) with visualisation via UV light (254 nm). 

Melting points were determined on an electrothermal instrument (Gallenkamp) and were 

uncorrected. cLogP obtained from ChemDraw (Professional 16.0) using Crippenôs 

fragmentation74. 

1H, 13C, and 19F NMR spectra were recorded on a Bruker Advance DP500 spectrometer 

operating at 500, 125 and 470 MHz, respectively. NMR solvents which used in all chapters 

were chloroform-d (CDCl3), methanol-d4 (CD3OD), DMSO-d6 ((CD3)2SO) and acetone-d6 

((CD3)2CO). Chemical shifts are given in parts per million (ppm) relative to the internal 

standard tetramethylsilane (Me4Si); coupling constants (J values) were given in Hertz (Hz). 

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

of doublet), t (triplet), dt (doublet of triplets), q (quartet), and m (multiplet). All NMR 

characterisations were made by comparison with previous NMR spectra of the appropriate 

structure class and/or predictions from ChemDraw. 

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

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

University of Bath, Bath, UK. The HPLC method was performed on a Zorbax Eclipse Plus C18 

Rapid Resolution 2.1 x 50 mm, 1.8 µm particle size using a 7.5-minute gradient method 5:95 

v/v water: methanol with 0.1% formic acid as additive. Microanalysis was performed by 

MEDAC Ltd (Chobham, Surrey, UK). 

4'-Propoxy acetophenone (3c)68 

(C11H14O2, M.W. 178.23)  

 
                 (1)                          (2c)                                                (3c)                                                                                                             

Method: 4'-Hydroxyacetophenone (1) (3.0 g, 22 mmol), propyl bromide (2c) (8 mL, 88 mmol), 

and K2CO3 (9.12 g, 66 mmol) in dry DMF (45 mL), was stirred at room temperature 
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overnight68. On completion, water (40 mL) was added, and the reaction stirred for 1 h, then the 

product was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed 

with brine (3 x 20 mL), H2O (3 x 20 mL), dried (MgSO4) and evaporated under reduced 

pressure to give the crude 4´-propoxy acetophenone (3c)68, which was purified by gradient 

column chromatography and the pure compound was eluted with petroleum ether ï EtOAc 

80:20 v/v. 

Yield: 3.83 g (97%), colourless oil 

Rf: 0.60 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 7.92 (d, J = 9.0 Hz, 2H, Ar), 7.03 (d, J = 9.0 Hz, 2H, Ar), 4.01 (t, J = 

6.5 Hz, 1H, OCH2), 3.34 (s, 3H, CH3CO), 1.75 (m, 2H, CH2), 0.98 (t, J = 7.5 Hz, 3H, CH3). 

4'-Isopropoxy acetophenone (3d)69 

(C11H14O2, M.W. 178.23)  

 
     (1)                        (2d)                                              (3d)                                                                                                             

Method: As described for (3c) 

Reagents: 4'-Hydroxyacetophenone (1) (1.5 g, 11 mmol) and isopropyl bromide (2d) (4.13 

mL, 44 mmol). The pure compound was eluted with petroleum ether ï EtOAc 80:20 v/v. 

Yield: 1.80 g (92%), white crystals 

m.p: 44 - 46 °C (literature 38 - 39 °C69) 

Rf: 0.64 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.02 (d, J = 9.0 Hz, 2H, Ar), 4.75 (m, 

1H, CH), 2.51 (s, 3H, CH3CO), 1.30 (d, J = 6.0 Hz, 6H, 2 x CH3). 

(E)-1-(4-Chlorophenyl)-2-(1-(4-methoxyphenyl)ethylidene) hydrazine (5a)70  

(C15H15ClN2O, M.W. 274.748) 

 
      (3a)                                        (4a)                                                                (5a) 

Method: Et3N (1.4 mL, 10 mmol) was added to a solution of 4-chlorophenylhydrazine 

hydrochloride (4a) (1.8 g, 10 mmol) in dry EtOH (10 mL) and stirred at room temperature. 

After 30 min, a solution of 4'-methoxy acetophenone (3a) (0.75 g, 5 mmol) in dry EtOH (5 
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mL) was mixed with AcOH (1 mL) and added to the reaction, which was refluxed to 83 °C for 

1 h. Once complete, the reaction was cooled, and the solvent was evaporated under reduced 

pressure58. Precipitation was achieved by the addition of iced H2O. The precipitate was 

collected by filtration, washed with iced water, dried, and used immediately in subsequent 

reactions without further purification.  

Yield: 1.374 g (100%), orange solid 

m.p: 112 ï 114 °C (literature m.p 128 ï 130 °C70) 

Rf: 0.89 (petroleum ether-EtOAc 1:2 v/v) 

1H NMR (DMSO-d6): 9.27 (s, 1H, NH), 7.73 (d, J = 9.0 Hz, 2H, Ar), 7.22 (m, 4H, Ar), 6.95 

(d, J = 9.0 Hz, 2H, Ar), 3.07 (s, 3H, OCH3), 2.23 (s, 3H, CH3). 

(E)-1-(4-Fluorophenyl)-2-(1-(4-methoxyphenyl)ethylidene)hydrazine (5b) 

(C15H15FN2O, M.W. 258.296) 

 
          (3a)                                     (4b)                                                            (5b) 

Method:  As described for (5a) 

Reagents: 4'-Methoxyacetophenone (3a) (0.32 g, 2.15 mmol), 4-fluorophenylhydrazine 

hydrochloride (4b) (0.7 g, 4.30 mmol), Et3N (0.6 mL, 4.3 mmol) 

Yield:  0.55 g (100%), orange solid 

m.p: 90 ï 92 °C  

Rf: 0.80 (petroleum ether - EtOAc 1:2 v/v) 

1H NMR (DMSO-d6): 9.12 (s, 1H, NH), 7.72 (d, J = 9.0 Hz, 2H, Ar), 7.20 (m, 2H, Ar), 7.05 

(m, 2H, Ar), 6.94 (d, J = 9.0 Hz, 2H, Ar), 3.78 (s, 3H, OCH3), 2.22 (s, 3H, CH3). 

19F NMR: (DMSO-d6): ŭ -116.54 (F - Ar). 

(E)-1-(4-Chlorophenyl)-2-(1-(4-ethoxyphenyl) ethylidene) hydrazine (5c) 

(C16H17ClN2O, M.W. 288.78) 

 
            (3b)                               (4a)                                                                  (5c) 

Method:  As described for (5a). 
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Reagents: 4'-Ethoxyacetophenone (3b) (0.82 g, 5 mmol), 4-chlorophenylhydrazine 

hydrochloride (4a) (0.90 g, 5 mmol), Et3N (0.7 mL, 5 mmol). 

Yield: 0.13 g (79%), light brown solid 

m.p: 133 - 136 °C 

Rf: 0.47 (petroleum ether - EtOAc 4:1 v/v)   

1H NMR (DMSO-d6): 9.26 (s, 1H, NH), 7.71 (d, J = 9.0 Hz, 2H, Ar), 7.22(m, 4H, Ar), 6.93 

(d, J = 9.0 Hz, 2H, Ar), 4.05 (q, J = 7.0 Hz, 2H, CH2CH3), 2.22 (s, 3H, CH3), 1.34 (t, J = 7.0 

Hz, 3H, CH2CH3). 

(E)-1-(1-(4-Ethoxyphenyl) ethylidene)-2-(4-fluorophenyl) hydrazine (5d) 

(C16H17FN2O2, M.W. 272.32) 

 
       (3b)                             (4b)                                                                 (5d) 

Method:  As described for (5a). 

Reagents: 4'-Ethoxyacetophenone (3b) (2.46 g, 15 mmol), 4-fluorophenylhydrazine 

hydrochloride (4b) (2.44 g, 15 mmol), Et3N (2 mL, 15 mmol). 

Yield: 3.85 g (94%), pale yellow solid 

Rf: 0.53 (petroleum ether - EtOAc 4:1 v/v)   

m.p: 76 - 78 °C 

1H NMR (DMSO-d6): ŭ 9.11 (s, 1H, NH), 7.70 (d, J = 9.0 Hz, 2H, Ar), 7.20 (m, 2H, Ar), 7.04 

(m, 2H, Ar), 6.92 (d, J = 9.0 Hz, 2H, Ar), 4.05 (q, J = 7.0 Hz, 2H, CH2CH3), 2.21 (s, 3H, CH3), 

1.34 (t, J = 7.0 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): ŭ -116.52 (F - Ar). 

(E)-1-(4-Chlorophenyl)-2-(1-(4-propoxyphenyl)ethylidene)hydrazine (5e) 

(C17H19ClN2O, M.W. 302.80)  

 
         (3c)                               (4a)                                                                   (5e)                                                                                                             

Method: As described for (5a). 

Reagents: 4'-Propoxy acetophenone (3c) (0.80 g, 4.50 mmol), 4-chlorophenylhydrazine 

hydrochloride (4a) (1.60 g, 9.0 mmol), Et3N (1.25 mL, 9.0 mmol). 
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Yield: 1.36 g (100%), light brown solid 

m.p: 130 ï 132 °C    

Rf: 0.90 (petroleum ether - EtOAc 1:2 v/v) 

1H NMR (DMSO-d6): ŭ 9.27 (s, 1H, NH), 7.72 (d, J = 9.0 Hz, 2H, Ar), 7.23 (m, 4H, Ar), 6.94 

(d, J = 8.5 Hz, 2H, Ar), 3.95 (t, J = 6.5 Hz, 2H, OCH2), 2.22 (s, 3H, CH3), 1.75 (m, 2H, 

CH2CH3), 1.0 (d, J = 7.5 Hz, 3H, CH2CH3). 

(E)-1-(4-Fluorophenyl)-2-(1-(4-propoxyphenyl)ethylidene)hydrazine (5f) 

(C17H19FN2O, M.W. 286.35)  

 
         (3c)                             (4b)                                                                  (5f)                                                                                                             

Method: As described for (5a). Variation : The reaction was stirred at room temperature. 

Reagents: 4'-Propoxy acetophenone (3c) (0.80 g, 4.50 mmol), 4-fluorophenylhydrazine 

hydrochloride (4b) (1.46 g, 9.0 mmol), Et3N (1.25 mL, 9.0 mmol). 

Yield: 1.28 g (100%), orange semisolid 

Rf: 0.90 (petroleum ether - EtOAc 1:2 v/v) 

1H NMR (DMSO-d6): ŭ 9.11 (s, 1H, NH), 7.71 (d, J = 9.0 Hz, 2H, Ar), 7.19 (m, 2H, Ar), 7.05 

(t, J = 9.0 Hz, 2H, Ar), 6.94 (d, J = 9.0 Hz, 2H, Ar), 3.94 (t, J = 7.0 Hz, 2H, OCH2), 2.21 (s, 

3H, CH3), 1.75 (m, 2H, CH2CH3), 0.99 (d, J = 7.5 Hz, 3H, CH2CH3). 

19F NMR: (DMSO -d6): ŭ -116.56 (F - Ar). 

(E)-1-(4-Chlorophenyl)-2-(1-(4-isopropoxyphenyl)ethylidene)hydrazine (5g) 

(C17H19ClN2O, M.W. 302.80)  

 
             (3d)                             (4a)                                                                      (5g)                                                                                                             

Method: As described for (5a). 

Reagents: 4'-Isopropoxy acetophenone (3d) (0.70 g, 3.9 mmol), 4-chlorophenylhydrazine 

hydrochloride (4a) (1.40 g, 7.80 mmol), Et3N (1.10 mL, 7.80 mmol). 

Yield: 1.18 g (100%), yellow solid 

m.p: 84 ï 86 °C    

Rf: 0.70 (petroleum ether - EtOAc 1:2 v/v) 
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1H NMR (DMSO-d6): ŭ 9.26 (s, 1H, NH), 7.71 (d, J = 9.0 Hz, 2H, Ar), 7.22 (m, 4H, Ar), 6.93 

(d, J = 9.0 Hz, 2H, Ar), 4.64 (m, 1H, CH), 2.22 (s, 3H, CH3), 1.28 (d, J = 6.0 Hz, 6H, 2 x CH3). 

(E)-1-(4-Fluorophenyl)-2-(1-(4-isopropoxyphenyl)ethylidene)hydrazine (5h) 

(C17H19FN2O, M.W. 286.35)  

 
          (3d)                             (4b)                                                                      (5h)                                                                                                             

Method: As described for (5a). Variation : The reaction was stirred at room temperature. 

Reagents: 4'-Isopropoxy acetophenone (3d) (0.30 g, 1.7 mmol), 4-fluorophenylhydrazine 

hydrochloride (4b) (0.54 g, 3.3 mmol), Et3N (0.45 mL, 3.3 mmol). 

Yield: 1.10 g (98%), orange semisolid 

Rf: 0.72 (petroleum ether - EtOAc 1:2 v/v) 

1H NMR (DMSO-d6): ŭ 9.11 (s, 1H, NH), 7.70 (d, J = 9.0 Hz, 2H, Ar), 7.19 (m, 2H, Ar), 7.04 

(t, J = 9.0 Hz, 2H, Ar), 6.92 (d, J = 9.0 Hz, 2H, Ar), 4.63 (m, 1H, CH), 2.21 (s, 3H, CH3), 1.28 

(d, J = 6.0 Hz, 6H, 2 x CH3). 

19F NMR: (DMSO-d6): ŭ -116.48 (F - Ar). 

1-(4-Chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole-4-carbaldehyde (6a)70 

(C17H13ClN2O2, M.W. 312.75) 

 
                  (5a)                                                                                  (6a) 

Method: A mixture of dry DMF (1.1 mL, 14 mmol) and POCl3 (1.3 mL, 14 mmol) was cooled 

at 0 °C for 5 min, then stirred at room temperature where a solution of (E)-1-(4-chlorophenyl)-

2-(1-(4-methoxyphenyl)ethylidene)hydrazine (5a) (1.3 g, 4.7 mmol) in dry DMF (2 mL) was 

added dropwise to the Vilsmeier-Haack reagent, allowed to warm to room temperature, and 

then heated at 60 °C for 3 h. The reaction was brought to pH 8.0 with cold saturated K2CO3 

solution and the precipitate collected by filtration70, washed with water, dried, and used 

immediately in subsequent reactions without further purification. 

Yield: 0.96 g (65%), buff solid 

m.p: 142 ï 144 °C (literature m.p 142 ï 143 °C)70 
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Rf: 0.52 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.33 (s, 1H, pyrazole), 8.03 (d, J = 9.0 Hz, 2H, 

Ar), 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.64 (d, J = 9.0 Hz, 2H, Ar), 7.07 (d, J = 9.0 Hz, 2H, Ar), 

3.83 (s, 3H, OCH3) 

1-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole-4-carbaldehyde (6b) 

(C17H13FN2O2, M.W. 296.30) 

 
                    (5b)                                                                                    (6b) 

Method:  As described for (6a). 

Reagents: (E)-1-(4-Fluorophenyl)-2-(1-(4-methoxyphenyl)ethylidene)hydrazine (5b) (0.56 g, 

2.17 mmol). 

Yield: 0.61 g (95%), off-white solid 

m.p: 144 ï 146 °C 

Rf: 0.45 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.28 (s, 1H, pyrazole), 8.03 (m, 2H, Ar), 7.90 (d, 

J = 8.5 Hz, 2H, Ar), 7.43 (m, 2H, Ar), 7.07 (d, J = 9.0 Hz, 2H, Ar), 3.83 (s, 3H, OCH3). 

19F NMR: (DMSO-d6): ŭ -114.66 (F - Ar). 

13C NMR (DMSO-d6): ŭ 185.07 (C, aldehyde), 162.49 (C, Ar), 162.49 and 160.55 (d, 1JCF = 

244.0 Hz, C-F, Ar), 160.54 (CO, Ar), 152.97 (C, pyrazole), 135.68 (d, 4JCF = 2.5 Hz, C, Ar), 

135.57 (CH, pyrazole), 130.53 (2 x CH, Ar), 124.01 (C, Ar), 122.44 (C, pyrazole), 121.91 and 

121.84 (d, 3JCF = 8.8 Hz, 2 x CH, Ar), 117.05 and 116.87 (d, 2JCF = 22.6 Hz, 2 x CH, Ar), 

114.46 (2 x CH, Ar), 55.73 (CH3). 

1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole-4-carbaldehyde (6c)85 

(C18H15ClN2O2, M.W. 326.78) 

 
                   (5c)                                                                                    (6c) 

Method:  As described for (6a).  
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Reagents: (E)-1-(4-Chlorophenyl)-2-(1-(4-ethoxyphenyl)ethylidene)hydrazine (5c) (0.50 g, 

1.7 mmol). 

Yield: 0.53 g (93%), white solid 

m.p: 138 - 140 °C 

Rf: 0.39 (Petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.32 (s, 1H, pyrazole), 8.01 (d, J = 9.0 Hz, 2H, 

Ar), 7.89 (d, J = 9.0 Hz, 2H, Ar), 7.64 (d, J = 9.0 Hz, 2H, Ar), 7.05 (d, J = 9.0 Hz, 2H, Ar), 

4.10 (q, J = 7.0 Hz, 2H, CH2CH3), 1.37 (t, J = 7.0 Hz, 3H, CH2CH3). 

3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole-4-carbaldehyde (6d) 

(C18H15FN2O2, M.W. 310.32) 

 
                  (5d)                                                                                   (6d) 

Method:  As described for (6a). 

Reagents: (E)-1-(1-(4-Ethoxyphenyl)ethylidene)-2-(4-fluorophenyl)hydrazine (5d) (3.0 g, 11 

mmol). 

Yield: 3.07 g (90%), white solid 

m.p: 162 - 164 °C 

Rf: 0.39 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.28 (s, 1H, pyrazole), 8.03 (m, 2H, Ar), 7.89 (d, 

J = 9.0 Hz, 2H, Ar), 7.43 (m, 2H, Ar), 7.05 (d, J = 9.0 Hz, 2H, Ar), 4.10 (q, J = 7.0 Hz, 2H, 

CH2CH3), 1.37 (t, J = 7.0 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): ŭ -114.68 (F - Ar). 

13C NMR (DMSO-d6): ŭ 185.07 (C, aldehyde), 162.49 and 160.55 (d, 1JCF = 244.0 Hz, C-F, 

Ar), 159.84 (CO, Ar), 152.99 (C, pyrazole), 135.69 (d, 4JCF =  2.5 Hz, C, Ar), 135.58 (CH, 

pyrazole), 130.53 (2 x CH, Ar), 123.87 (C, Ar), 122.43 (C, pyrazole), 121.89 and 121.83 (d, 

3JCF =  7.5 Hz, 2 x CH, Ar), 117.05 and 116.87 (d, 2JCF =  22.6 Hz, 2 x CH, Ar), 114.88 (2 x 

CH, Ar), 63.65 (CH2), 15.10 (CH3).  
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1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole-4-carbaldehyde (6e) 

(C19H17ClN2O2, M.W. 340.80) 

 
                          (5e)                                                                                      (6e) 

Method: As described for (6a). 

Reagents: (E)-1-(4-Chlorophenyl)-2-(1-(4-propoxyphenyl)ethylidene)hydrazine (5e) (1.30 g, 

4.3 mmol). 

Yield: 1.47 g (100%), yellow solid 

m.p: 132 ï 134 °C   

Rf: 0.46 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.33 (s, 1H, pyrazole), 8.03 (d, J = 9.0 Hz, 2H, 

Ar), 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.65 (d, J = 9.0 Hz, 2H, Ar), 7.06 (d, J = 9.0 Hz, 2H, Ar), 4.0 

(t, J = 6.50 Hz, 2H, OCH2), 1.77 (m, 2H, CH2CH3), 1.0 (d, J = 7.50 Hz, 3H, CH2CH3). 

13C NMR (DMSO-d6): ŭ 185.06 (C, aldehyde), 160.05 (CO, Ar), 153.08 (C, pyrazole), 137.92 

(C, Ar), 135.69 (CH, pyrazole), 132.26 (C-Cl, Ar), 130.53 (2 x CH, Ar), 130.10 (2 x CH, Ar), 

123.77 (C, pyrazole), 122.61 (C, Ar), 121.29 (2 x CH, Ar), 114.92 (2x CH, Ar), 69.53 (OCH2), 

22.48 (CH2), 10.86 (CH3). 

1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole-4-carbaldehyde (6f) 

(C19H17FN2O2, M.W. 324.35) 

 
                        (5f)                                                                           (6f) 

Method: As described for (6a). Variation : The reaction was stirred at room temperature 

overnight. 

Reagents: (E)-1-(4-Fluorophenyl)-2-(1-(4-propoxyphenyl)ethylidene)hydrazine (5f) (1.20 g, 

4.20 mmol). 

Yield: 1.31 g (96%), yellow solid 

m.p: 140 ï 142 °C   

Rf: 0.41 (petroleum ether - EtOAc 4:1 v/v) 
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1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.27 (s, 1H, pyrazole), 8.04 (m, 2H, Ar), 7.90 (d, 

J = 9.0 Hz, 2H, Ar), 7.43 (t, J = 8.5 Hz, 2H, Ar), 7.07 (d, J = 9.0 Hz, 2H, Ar), 4.0 (t, J = 6.5 

Hz, 2H, OCH2), 1.77 (m, 2H, CH2CH3), 1.01 (d, J = 7.5 Hz, 3H, CH2CH3) 

19F NMR (DMSO-d6): ŭ -114.67 (F - Ar) 

13C NMR (DMSO-d6): ŭ 185.07 (C, aldehyde), 162.49 and 160.54 (d, 1JCF = 245.3 Hz, C-F, 

Ar), 160.0 (C, Ar), 152.99 (C, pyrazole), 135.69 (d, 4JCF = 2.5 Hz, C, Ar), 135.56 (CH, 

pyrazole), 130.52 (2x CH, Ar), 123.86 (C, pyrazole), 122.43 (C, Ar), 121.89 and 121.82 (d, 

3JCF = 8.8 Hz , 2x CH, Ar), 117.05 and 116.86 (d, 2JCF = 23.9 Hz, 2 x CH, Ar), 114.92 (2x CH, 

Ar), 69.52 (OCH2), 22.48 (CH2), 10.87 (CH3). 

1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole-4-carbaldehyde (6g) 

(C19H17ClN2O2, M.W. 340.80) 

 
                    (5g)                                                                                         (6g) 

Method: As described for (6a). 

Reagents: (E)-1-(4-Chlorophenyl)-2-(1-(4-isopropoxyphenyl)ethylidene)hydrazine (5g) (1.18 

g, 3.8 mmol). 

Yield: 1.14 g (88%), yellow solid 

m.p: 144 ï 146 °C   

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

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.32 (s, 1H, pyrazole), 8.03 (d, J = 9.0 Hz, 2H, 

Ar), 7.89 (d, J = 9.0 Hz, 2H, Ar), 7.65 (d, J = 9.0 Hz, 2H, Ar), 7.05 (d, J = 9.0 Hz, 2H, Ar), 

4.71 (m, 1H, CH), 1.32 (d, J = 6.0 Hz, 6H, 2 x CH3). 

13C NMR (DMSO-d6): ŭ 185.08 (C, aldehyde), 158.85 (CO, Ar), 153.10 (C, pyrazole), 137.93 

(C, Ar), 135.67 (CH, pyrazole), 132.26 (C-Cl, Ar), 130.58 (2 x CH, Ar), 130.11 (2 x CH, Ar), 

123.59 (C, pyrazole), 122.60 (C, Ar), 121.29 (2 x CH, Ar), 115.91 (2 x CH, Ar), 69.74 (CH), 

22.29 (2 x CH3). 
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1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole-4-carbaldehyde (6h) 

(C19H17FN2O2, M.W. 324.35) 

 
                     (5h)                                                                                   (6h) 

Method: As described for (6a). Variation : The reaction stirred at room temperature overnight. 

Reagents: (E)-1-(4-Fluorophenyl)-2-(1-(4-isopropoxyphenyl)ethylidene)hydrazine (5h) (1.50 

g, 5.2 mmol). 

Yield: 1.65 g (98%), yellow solid 

m.p: 137 ï 139 °C   

Rf: 0.40 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 9.97 (s, 1H, CHO), 9.27 (s, 1H, pyrazole), 8.04 (m, 2H, Ar), 7.88 (d, 

J = 9.0 Hz, 2H, Ar), 7.42 (t, J = 9.0 Hz, 2H, Ar), 7.05 (d, J =8.5 Hz, 2H, Ar), 4.71 (m, 1H, CH), 

1.31 (d, J = 6.0 Hz, 6H, 2 x CH3). 

19F NMR (DMSO-d6): ŭ -114.68 (F - Ar). 

13C NMR (DMSO-d6): ŭ 185.08 (C, aldehyde), 162.49 and 160.54 (d, 1JCF = 245.3 Hz, C-F, 

Ar), 158.81 (C, Ar), 153.01 (C, pyrazole), 135.70 (d, 4JCF = 2.5 Hz, C, Ar), 135.54 (CH, 

pyrazole), 130.57 (2 x CH, Ar), 123.69 (C, pyrazole), 122.42 (C, Ar), 121.88 and 121.82 (d, 

3JCF = 7.6 Hz , 2 x CH, Ar), 117.05 and 116.87 (d, 4JCF = 22.6 Hz, 2 x CH, Ar), 115.91 (2 x 

CH, Ar), 69.73 (CH), 22.28 (2 x CH3). 

(1-(4-Chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazol-4-yl)methanol (7a) 

(C17H15ClN2O2, M.W. 314.77) 

 
                     (6a)                                                                                        (7a) 

Method: To an ice-cooled solution of 1-(4-chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole-

4-carbaldehyde (6a) (0.95 g, 3 mmol) in dry EtOH (10 mL) was added NaBH4 (0.11 g, 3 mmol) 

in portions, and then the reaction was stirred at room temperature for 1 h. The solvent was 

evaporated and H2O (20 mL) was added slowly and the reaction stirred for 30 min 63. The 

reaction mixture was extracted with EtOAc (2 x 25 mL), then the combined organic layers 
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washed with H2O (3 x 25 mL), dried (MgSO4) and evaporated under reduced pressure to give 

the crude alcohol (7a). 

Yield: 0.88 g (93%), orange solid 

m.p: 112 ï 114 °C 

Rf: 0.06 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.51 (s, 1H, pyrazole), 7.93 (d, J = 9.0 Hz, 2H, Ar), 7.83 (d, J = 9.0 

Hz, 2H, Ar), 7.57 (d, J = 9.0 Hz, 2H, Ar), 7.05 (d, J = 9.0 Hz, 2H, Ar), 5.20 (t, J = 5.0 Hz, 1H, 

OH), 4.53 (d, J = 5.0 Hz, 2H, CH2OH ), 3.81 (s, 3H, OCH3). 

13C NMR (DMSO-d6): ŭ 159.66 (C, Ar), 151.05 (C, pyrazole), 138.86 (C, Ar), 130.36 (C, Ar), 

129.91 (2 x CH, Ar), 129.22 (CH, pyrazole), 129.14 (2 x CH, Ar), 125.74 (C, Ar), 122.37 (C, 

pyrazole), 119.97 (2 x CH, Ar), 114.48 (2 x CH, Ar), 55.62 (OCH3), 54.57 (CH2). 

(1-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazol-4-yl)methanol (7b) 

(C17H15FN2O2, M.W. 298.32) 

 
                    (6b)                                                                                      (7b) 

Method:  As described for (7a). 

Reagent: 1-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole-4-carbaldehyde (6b) (0.6 g, 

2 mmol). 

Yield: 0.54 g (90%), light orange solid 

m.p: 142 ï 144 °C 

Rf: 0.08 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.45 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.82 (d, J = 9.0 Hz, 2H, Ar), 

7.35 (m, 2H, Ar), 7.02 (d, J = 9.0 Hz, 2H, Ar), 5.19 (t, J = 5.0 Hz, 1H, OH), 4.52 (d, J = 5.0 

Hz, 2H, CH2OH), 3.81 (s, 3H, OCH3). 

19F NMR: (DMSO-d6): ŭ -117.13 (F - Ar). 

13C NMR (DMSO-d6): ŭ 161.49 and 159.56 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.58 (C, Ar), 

150.78 (C, pyrazole), 135.67 (d, 4JCF = 2.5 Hz, C, Ar),  129.24 (CH, pyrazole), 129.11 (2 x CH, 

Ar), 125.88 (C, Ar), 122.02 (C, pyrazole), 120.41 and 120.34 (d, 3JCF =  8.8 Hz, 2 x CH, Ar), 

116.80 and 116.62 (d, 2JCF =  22.6 Hz, 2 x CH, Ar), 114.46 (2 x CH, Ar), 55.61 (OCH3), 54.57 

(CH2OH). 
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(1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazol-4-yl) methanol (7c) 

(C18H17ClN2O2, M.W. 328.79) 

 
                     (6c)                                                                                          (7c) 

Method:  As described for (7a). 

Reagent: 1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole-4-carbaldehyde (6c) (0.33 g, 1 

mmol). 

Yield: 0.30 g (90%), white solid 

m.p: 128 - 130 °C 

Rf: 0.10 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.50 (s, 1H, pyrazole), 7.92 (d, J = 9.0 Hz, 2H, Ar), 7.81 (d, J = 9.0 

Hz, 2H, Ar), 7.56 (d, J = 9.0 Hz, 2H, Ar), 7.02 (d, J = 9.0 Hz, 2H, Ar), 5.20 (t, J = 5.0 Hz, 1H, 

OH), 4.51 (d, J = 5.0 Hz, 2H, CH2OH ), 4.08 (q, J = 7.0 Hz, 2H, CH2CH3), 1.36 (t, J = 7.0 Hz, 

3H, CH2CH3). 

13C NMR (DMSO-d6): ŭ 158.93 (C, Ar), 151.06 (C, pyrazole), 138.86 (C, Ar), 130.35 (C, Ar), 

129.91 (2 x CH, Ar), 129.22 (2 x CH, Ar), 129.14 (CH, pyrazole), 125.61 (C, Ar), 122.35 (C, 

pyrazole), 119.95 (2 x CH, Ar), 114.91 (2 x CH, Ar), 63.53 (CH2), 54.57 (CH2), 15.13 (CH3). 

(3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazol-4-yl) methanol (7d) 

(C18H17FN2O2, M.W. 312.34) 

 
                       (6d)                                                                                (7d) 

Method: As described for (7a). 

Reagent: 3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole-4-carbaldehyde (6d) (2.5 g, 

8.0 mmol). The crude product (7d) was purified by gradient flash column chromatography and 

the pure compound was eluted with CH2Cl2 ï MeOH 99:1 v/v. 

Yield: 1.69 g (68%), light brown solid 

m.p: 106 ï 108 °C 

Rf: 0.09 (petroleum ether - EtOAc 4:1 v/v) 
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1H NMR (DMSO-d6): ŭ 8.46 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.81 (d, J = 9.0 Hz, 2H, Ar), 

7.35 (m, 2H, Ar), 7.02 (d, J = 9.0 Hz, 2H, Ar), 5.18 (t, J = 5.0 Hz, 1H, OH), 4.53 (d, J = 5.0 

Hz, 2H, CH2OH), 4.08 (q, J = 6.5 Hz, 2H, CH2CH3), 1.36 (t, J = 7.0 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): -117.16 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.48  and 159.55 (d, 1JCF = 242.7 Hz, C-F, Ar), 158.85 (C, Ar), 

150.79 (C, pyrazole), 135.67 (d, 4JCF = 2.5 Hz, C, Ar),  129.24 (CH, pyrazole), 129.10 (2 x CH, 

Ar), 125.75 (C, Ar), 122.0 (C, pyrazole), 120.39 and 120.32 (d, 3JCF =  8.8 Hz, 2 x CH, Ar), 

116.79 and 116.61 (d, 2JCF =  22.6 Hz, 2 x CH, Ar), 114.90 (2 x CH, Ar), 63.51 (CH2), 54.57 

(CH2OH), 15.10 (CH3). 

(1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl) methanol (7e) 

(C19H19ClN2O2, M.W. 342.82) 

 
                              (6e)                                                                                       (7e) 

Method:  As described for (7a). 

Reagent: 1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole-4-carbaldehyde (6e) (0.80 g, 

2.35 mmol). 

Yield: 0.64 g (80%), pale brown solid 

m.p: 100 ï 102 °C 

Rf: 0.08 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.51 (s, 1H, pyrazole), 7.93 (d, J = 9.0 Hz, 2H, Ar), 7.82 (d, J = 9.0 

Hz, 2H, Ar), 7.57 (d, J = 9.0 Hz, 2H, Ar), 7.03 (d, J = 9.0 Hz, 2H, Ar), 5.20 (t, J = 5.0 Hz, 1H, 

OH), 4.53 (d, J = 4.5 Hz, 2H, CH2OH), 3.98 (t, J = 7.0 Hz, 2H, OCH2), 1.77 (m, 2H, CH2CH3), 

1.0 (d, J = 7.5 Hz, 3H, CH3). 

13C NMR (DMSO-d6): ŭ 159.10 (C, Ar), 151.06 (C, pyrazole), 138.86 (C, Ar), 130.35 (C, Ar), 

129.91 (2 x CH, Ar), 129.21 (CH, pyrazole), 129.13 (2 x CH, Ar), 125.60 (C, Ar), 122.35 (C, 

pyrazole), 119.95 (2 x CH, Ar), 114.96 (2 x CH, Ar), 69.43 (CH2), 54.58 (CH2OH), 22.53 

(CH2), 10.90 (CH3). 
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(1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl)methanol (7f) 

(C19H19FN2O2, M.W. 326.37) 

 

                       (6f)                                                                                             (7f) 

Method: As described for (7a). 

Reagent: 1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole-4-carbaldehyde (6f) (0.90 g, 

2.8 mmol). 

Yield: 0.80 g (89%), orange solid 

m.p: 110 ï 112 °C 

Rf: 0.10 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.45 (s, 1H, pyrazole), 7.92 (m, 2H, Ar), 7.81 (d, J = 9.0 Hz, 2H, Ar), 

7.35 (t, J = 9.0 Hz, 2H, Ar), 7.03 (d, J = 9.0 Hz, 2H, Ar), 5.18 (t, J = 5.0 Hz, 1H, OH), 4.53 (d, 

J = 5.0 Hz, 2H, CH2OH), 3.98 (t, J = 6.5 Hz, 2H, OCH2), 1.76 (m, 2H, CH2CH3), 1.0 (d, J = 

7.5 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): -117.16 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.48 and 159.55 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.02 (C, Ar), 

150.79 (C, pyrazole), 136.68 (d, 4JCF = 2.51 Hz, C, Ar), 129.23 (CH, pyrazole), 129.10 (2 x 

CH, Ar), 125.75 (C, Ar), 122.01 (C, pyrazole), 120.39 and 120.33 (d, 3JCF =  7.6 Hz, 2 x CH, 

Ar), 116.79 and 116.61 (d, 2JCF =  22.6 Hz, 2 x CH, Ar), 114.94 (2 x CH, Ar), 69.42 (OCH2), 

54.58 (CH2OH), 22.53 (CH2), 10.89 (CH3). 

(1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazol-4-yl) methanol (7g) 

(C19H19ClN2O2, M.W. 342.82) 

 
                           (6g)                                                                                    (7g) 

Method:  As described for (7a). 

Reagent: 1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole-4-carbaldehyde (6g) 

(0.80 g, 2.3 mmol). 

Yield: 0.77 g (98%), brown solid 
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m.p: 116 ï 118 °C 

Rf: 0.09 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.51 (s, 1H, pyrazole), 7.91 (d, J = 9.0 Hz, 2H, Ar), 7.80 (d, J = 8.5 

Hz, 2H, Ar), 7.56 (d, J = 9.0 Hz, 2H, Ar), 7.0 (d, J = 9.0 Hz, 2H, Ar), 5.19 (t, J = 5.0 Hz, 1H, 

OH), 4.68 (m, 1H, CH), 4.52 (d, J = 5.0 Hz, 2H, CH2OH), 1.30 (d, J = 6.0 Hz, 6H, 2 x CH3). 

13C NMR (DMSO-d6): ŭ 157.87 (C, Ar), 151.08 (C, pyrazole), 138.87 (C, Ar), 130.34 (C, Ar), 

129.91 (2 x CH, Ar), 129.21 (CH, pyrazole), 129.18 (2 x CH, Ar), 125.46 (C, Ar), 122.34 (C, 

pyrazole), 119.94 (2 x CH, Ar), 116.01 (2 x CH, Ar), 69.61 (CH), 54.57 (CH2), 22.32 (2xCH3). 

(1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazol-4-yl)methanol (7h) 

(C19H19FN2O2, M.W. 326.37) 

 
                       (6h)                                                                                        (7h) 

Method: As described for (7a). 

Reagent: 1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole-4-carbaldehyde (6h) 

(0.80 g, 2.5 mmol). 

Yield: 0.65 g (81%), buff solid 

m.p: 110 ï 112 °C 

Rf: 0.10 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.45 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.80 (d, J = 9.0 Hz, 2H, Ar), 

7.35 (m, 2H, Ar), 7.0 (d, J = 9.0 Hz, 2H, Ar), 5.18 (t, J = 5.0 Hz, 1H, OH), 4.67 (m, 1H, CH), 

4.52 (d, J = 4.5 Hz, 2H, CH2OH), 1.30 (d, J = 6.0 Hz, 6H, 2 x CH3). 

19F NMR: (DMSO-d6): -117.16 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.48 and 159.55 (d, 1JCF = 242.7 Hz, C-F, Ar), 157.79 (C, Ar), 

150.81 (C, pyrazole), 136.69 (d, 4JCF = 2.5 Hz, C, Ar),  129.22 (CH, pyrazole), 129.15 (2 x CH, 

Ar), 125.60 (C, Ar), 121.99 (C, pyrazole), 120.38 and 120.31 (d, 3JCF =  8.8 Hz, 2 x CH, Ar), 

116.80 and 116.61 (d, 2JCF =  23.9 Hz, 2 x CH, Ar), 116.0 (2 x CH, Ar), 69.60 (CH), 54.57 

(CH2), 22.32 (2x CH3). 
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4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (8a) 

(C17H14Cl2N2O, M.W. 333.12)  

 

                             (7a)                                                                                     (8a)                                                                                                             

Method: To an ice-cooled solution of (1-(4-chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazol-

4-yl)methanol) (7a) (0.8 g, 2.5 mmol) in dry CH2Cl2 (5 mL) was added thionyl chloride 

(SOCl2) (1.8 mL, 25 mmol) dropwise. The reaction was stirred and heated at 40 °C for 4 h. The 

solvent was evaporated under reduced pressure and then while cooling in an ice-bath, carefully 

quenched with saturated aqueous NaHCO3 in portions until slightly basic (pH 8.0). After that, 

the product was extracted with EtOAc (3 x 25 mL), and the combined organic layers washed 

with brine (3 x 10 mL), H2O (2 x 10 mL), dried (MgSO4) and evaporated under reduced 

pressure to give the crude chloride (8a), which was used immediately in subsequent reactions 

without further purification73. 

Yield: 0.83 g (99%), brown oil 

Rf: 0.67 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.74 (s, 1H, pyrazole), 7.91 (d, J = 8.5 Hz, 2H, Ar), 7.78 (d, J = 9.0 

Hz, 2H, Ar), 7.59 (d, J = 9.0 Hz, 2H, Ar), 7.08 (d, J = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 

3.82 (s, 3H, CH3). 

13C NMR (DMSO-d6): ŭ 159.95 (CO, Ar), 151.12 (C, pyrazole), 138.46 (C, Ar), 131.04 (C, 

Ar), 130.76 (CH, pyrazole), 130.0 (2 x CH, Ar), 129.20 (2 x CH, Ar), 124.88 (C, Ar), 120.34 

(2 x CH, Ar), 118.0 (C, pyrazole), 114.72 (2 x CH, Ar), 55.68 (CH3), 38.30 (CH2Cl). 

4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (8b) 

(C17H14ClFN2O, M.W. 316.76)  

 
                     (7b)                                                                                   (8b) 

Method: As described for (8a). 

Reagent: (1-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazol-4-yl)methanol (7b) (0.5 g, 

1.7 mmol). 

Yield: 0.50 g (94%), brown solid 
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m.p: 116 ï 118 °C  

Rf: 0.67 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.69 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.78 (d, J = 8.5 Hz, 2H, Ar), 

7.38 (m, 2H, Ar), 7.08 (d, J = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 3.82 (s, 3H, OCH3). 

19F NMR: (DMSO-d6): -116.25 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.83 and 159.89 (d, 1JCF = 244.0 Hz, C-F, Ar), 159.90 (CO, Ar), 

150.89 (C, pyrazole), 136.26 (d, 4JCF = 2.5 Hz, C, Ar), 130.78 (CH, pyrazole), 129.17 (2 x CH, 

Ar), 125.01 (C, Ar), 120.86 and 120.79 (d, 3JCF =  8.8 Hz, 2 x CH, Ar), 117.67 (C, pyrazole), 

116.91 and 116.72 (d, 2JCF =  23.8 Hz, 2 x CH, Ar), 114.70 (2 x CH, Ar), 55.67 (OCH3), 38.40 

(CH2Cl). 

4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole (8c) 

(C18H16Cl2N2O, M.W. 347.24)  

 

                          (7c)                                                                                  (8c) 

Method: As described for (8a). 

Reagent: (1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazol-4-yl)methanol (7c) (0.25 g, 

0.76 mmol). 

Yield: 0.97 g (93%), white solid 

m.p: 90 - 92 °C 

Rf: 0.65 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.75 (s, 1H, pyrazole), 7.92 (d, J = 9.0 Hz, 2H, Ar), 7.77 (d, J = 9.0 

Hz, 2H, Ar), 7.59 (d, J = 9.0 Hz, 2H, Ar), 7.07 (d, J = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 

4.10 (q, J = 7.0 Hz, 2H, CH2CH3), 1.36 (t, J = 7.0 Hz, 3H, CH2CH3). 

13C NMR (DMSO-d6): ŭ 159.24 (CO, Ar), 151.12 (C, pyrazole), 138.47 (C, Ar), 131.02 (C, 

Ar), 130.77 (CH, pyrazole), 130.01 (2 x CH, Ar), 129.19 (2 x CH, Ar), 124.74 (C, Ar), 120.33 

(2 x CH, Ar), 117.98 (C, pyrazole), 115.14 (2 x CH, Ar), 63.60 (CH2), 38.32 (CH2Cl), 15.12 

(CH3). 
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4-(Chloromethyl)-3-(4-ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole (8d) 

(C18H16ClFN2O, M.W. 330.787)  

 
                     (7d)                                                                                  (8d) 

Method: As described for (8a). 

Reagent: (3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazol-4-yl)methanol (7d) (0.3 g, 1.0 

mmol). 

Yield: 0.30 g (98%), brown oil 

Rf: 0.64 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.69 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.76 (d, J = 9.0 Hz, 2H, Ar), 

7.38 (m, 2H, Ar), 7.06 (d, J = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 4.09 (q, J = 7.0 Hz, 2H, 

CH2CH3), 1.36 (t, J = 7.0 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): -116.27 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.83 and 159.89 (d, 1JCF = 244.0 Hz, C-F, Ar), 159.17 (CO, Ar), 

150.90 (C, pyrazole), 136.27 (d, 4JCF = 2.5 Hz, C, Ar), 130.78 (CH, pyrazole), 129.16 (2 x CH, 

Ar), 124.87 (C, Ar), 120.85 and 120.78 (d, 3JCF =  8.8 Hz, 2 x CH, Ar), 117.65 (C, pyrazole), 

116.91 and 116.73 (d, 2JCF =  22.6 Hz, 2 x CH, Ar), 115.13 (2 x CH, Ar), 63.59 (CH2), 38.42 

(CH2Cl), 15.12 (CH3). 

4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8e) 

(C19H18Cl2N2O, M.W. 361.26)  

 
                             (7e)                                                                                      (8e)                                                                                                             

Method: As described for (8a). 

Reagents: (1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl)methanol (7e) (0.64 g, 

1.87 mmol). 

Yield: 0.66 g (98%), brown semisolid 

Rf: 0.67 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.75 (s, 1H, pyrazole), 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.76 (d, J = 9.0 

Hz, 2H, Ar), 7.60 (d, J = 9.0 Hz, 2H, Ar), 7.08 (d, J = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 

4.0 (t, J = 6.5 Hz, 2H, OCH2), 1.77 (m, 2H, CH2CH3), 1.0 (d, J = 7.5 Hz, 3H, CH2CH3). 
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13C NMR (DMSO-d6): ŭ 159.40 (CO, Ar), 151.13 (C, pyrazole), 138.47 (C, Ar), 131.02 (C, 

Ar), 130.76 (CH, pyrazole), 130.0 (2 x CH, Ar), 129.18 (2 x CH, Ar), 124.74 (C, Ar), 120.33 

(2 x CH, Ar), 117.98 (C, pyrazole), 115.18 (2 x CH, Ar), 69.49 (OCH2), 38.32 (CH2Cl), 22.50 

(CH2), 10.88 (CH3). 

4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8f) 

(C19H18ClFN2O, M.W. 344.81)  

 
                     (7f)                                                                                         (8f) 

Method: As described for (8a). 

Reagents: (1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl)methanol (7f) (0.75 g, 

2.30 mmol). 

Yield: 0.79 g (100%), brown semisolid 

Rf: 0.68 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.69 (s, 1H, pyrazole), 7.92 (m, 2H, Ar), 7.77 (d, J = 9.0 Hz, 2H, Ar), 

7.37 (t, J = 9.0 Hz, 2H, Ar), 7.06 (d, J = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 3.99 (t, J = 7.0 

Hz, 2H, OCH2), 1.77 (m, 2H, CH2CH3), 1.0 (d, J = 7.5 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): -116.91 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.82 and 159.89 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.33 (CO, Ar), 

150.90 (C, pyrazole), 136.28 (d, 4JCF = 2.5 Hz, C, Ar),  130.77 (CH, pyrazole), 129.16 (2 x CH, 

Ar), 124.87 (C, Ar), 120.84 and 120.77 (d, 3JCF =  8.8 Hz, 2 x CH, Ar), 117.65 (C, pyrazole), 

116.90 and 116.72 (d, 2JCF =  22.6 Hz, 2 x CH, Ar), 115.17 (2 x CH, Ar), 69.48 (OCH2), 38.41 

(CH2Cl), 22.50 (CH2), 10.88 (CH3). 

4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole (8g) 

(C19H18Cl2N2O, M.W. 361.26)  

 
                             (7g)                                                                                     (8g)                                                                                                             

Method: As described for (8a). 

Reagents: (1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazol-4-yl)methanol (7g) (0.70 

g, 2.0 mmol). 
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Yield: 0.68 g (94%), brown oil 

Rf: 0.68 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.75 (s, 1H, pyrazole), 7.92 (d, J = 9.0 Hz, 2H, Ar), 7.76 (d, J = 9.0 

Hz, 2H, Ar), 7.60 (d, J = 9.0 Hz, 2H, Ar), 7.06 (d, J = 8.5 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 

4.69 (m, 1H, CH), 1.31 (d, J = 6.0 Hz, 6H, 2 x CH3). 

13C NMR (DMSO-d6): ŭ 158.20 (CO, Ar), 151.13 (C, pyrazole), 138.48 (C, Ar), 131.01 (C, 

Ar), 130.76 (CH, pyrazole), 130.0 (2 x CH, Ar), 129.23 (2 x CH, Ar), 124.57 (C, Ar), 120.32 

(2 x CH, Ar), 117.97 (C, pyrazole), 116.19 (2 x CH, Ar), 69.69 (CH), 38.33 (CH2Cl), 22.30 

(2x CH3). 

4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole (8h) 

(C19H18ClFN2O, M.W. 344.81)  

 
                     (7h)                                                                                           (8h) 

Method: As described for (8a). 

Reagents: (1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazol-4-yl)methanol (7h) (0.60 

g, 1.80 mmol). 

Yield: 0.30 g (48%), orange semisolid 

Rf: 0.67 (petroleum ether - EtOAc 4:1 v/v) 

1H NMR (DMSO-d6): ŭ 8.69 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.76 (d, J = 8.5 Hz, 2H, Ar), 

7.38 (t, J = 9.0 Hz, 2H, Ar), 7.06 (d, J = 8.5 Hz, 2H, Ar), 4.89 (s, 2H, CH2Cl), 4.69 (m, 1H, 

CH), 1.31 (d, J = 6.0 Hz, 6H, 2 x CH3). 

19F NMR: (DMSO-d6): -116.95 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.82 and 159.89 (d, 1JCF = 242.7 Hz, C-F, Ar), 158.12 (C, Ar), 

150.91 (C, pyrazole), 136.28 (d, 4JCF = 2.5 Hz, C, Ar), 130.77 (CH, pyrazole), 129.20 (2 x CH, 

Ar), 124.70 (C, Ar), 120.82 and 120.76 (d, 3JCF =  7.6 Hz, 2 x CH, Ar), 117.64 (C, pyrazole), 

116.91 and 116.72 (d, 2JCF =  23.8 Hz, 2 x CH, Ar), 116.18 (2 x CH, Ar), 69.68 (CH), 38.43 

(CH2Cl), 22.30 (2 x CH3). 
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4-((1H-Imidazol-1-yl)methyl)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (9a) 

(C20H17ClN4O, M.W. 364.833)  

 
                (8a)        (9a) 

Method: To a stirred suspension of K2CO3 (0.58 g, 4.2 mmol) in dry CH3CN (10 mL) was 

added imidazole (0.29 g, 4.2 mmol). The reaction mixture was refluxed at 45 °C for 1 h. After 

cooling to room temperature, 4-(chloromethyl)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)-1H-

pyrazole (8a) (0.35 g, 1.05 mmol) was added and the reaction mixture refluxed at 70 °C 

overnight. The solvent was evaporated under reduced pressure and the resulting mixture was 

diluted with EtOAc (50 mL) and washed with brine (3x 20mL) and H2O (3x 20mL). The 

organic layer was dried (MgSO4) and evaporated under reduced pressure to give the crude 

imidazole, which was purified by gradient column chromatography and the pure compound 

was eluted with CH2Cl2 - MeOH 97:3 v/v63.  

Yield: 0.23 g (61%), pale orange solid 

m.p: 136 ï 138 °C  

Rf: 0.44 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.53 (s, 1H, pyrazole), 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.65 (s, 1H, 

imidazole), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.56 (d, J = 9.0 Hz, 2H, Ar), 7.12 (s, 1H, imidazole), 

7.02 (d, J = 9.0 Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.28 (s, 2H, CH2-imidazole), 3.81 (s, 3H, 

OCH3). 

13C NMR (DMSO-d6): ŭ 159.83 (CO, Ar), 150.94 (C, pyrazole), 138.60 (C, Ar), 137.47 (CH, 

imidazole), 130.86 (C, Ar), 130.10 (CH, imidazole), 129.96 (2 x CH, Ar), 129.25 (2 x CH, Ar), 

129.08 (CH, pyrazole), 125.06 (C, pyrazole), 120.33 (2 x CH, Ar) 119.63 (CH, imidazole), 

117.32 (C, Ar), 114.63 (2 x CH, Ar), 55.65 (CH3), 40.94 (CH2). 

Microanalysis: Anal. Calcd for C20H17ClN4O (364.8330): C 65.84%, H 4.70%, N 15.35%. 

Found: C 65.97%, H 4.59%, N 15.38%. 
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4-((1H-Imidazol-1-yl)methyl)-1-(4-fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (9b) 

(C20H17FN4O, M.W. 348.38) 

 
                (8b)                          (9b) 

Method: As described for (9a).  

Reagent: 4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (8b) (0.5 

g, 1.6 mmol). The pure compound was eluted with CH2Cl2 - MeOH 97:3 v/v.  

Yield: 0.39 g (70%), beige solid 

m.p: 150 ï 152 °C 

Rf: 0.50 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.49 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.65 (s, 1H, imidazole), 7.56 

(d, J = 8.5 Hz, 2H, Ar), 7.37 (m, 2H, Ar), 7.12 (s, 1H, imidazole), 7.02 (d, J = 9.0 Hz, 2H, Ar), 

6.89 (s, 1H, imidazole), 5.27 (s, 2H, CH2-imidazole), 3.81 (s, 3H, OCH3). 

19F NMR: (DMSO-d6): -116.49 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.74 and 159.81 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.76 (C, Ar), 

150.69 (C, pyrazole), 137.45 (CH, imidazole), 136.41 (d, 4JCF = 2.5 Hz, C, Ar),  130.14 (CH, 

pyrazole), 129.22 (2 x CH, Ar), 129.08 (CH, imidazole), 125.20 (C, Ar), 120.82 and 120.76 (d, 

3JCF = 7.5 Hz, 2x CH, Ar), 119.61 (CH, imidazole), 116.95 (C, pyrazole), 116.85 and 116.67 

(d, 2JCF = 22.6 Hz, 2 x CH, Ar), 114.61 (2 x CH, Ar), 55.64 (OCH3), 40.95 (CH2). 

Microanalysis: Anal. Calcd for C20H17FN4O (348.3814): C 68.59%, H 4.89%, N 15.99%. 

Found: C 68.54%, H 4.73%, N 16.07%. 

4-((1H-Imidazol-1-yl) methyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole (9c) 

(C21H19ClN4O, M.W. 378.86)  

 
                (8c)        (9c) 

Method: As described for (9a).  

Reagent: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole (8c) (0.50 g, 

1.4 mmol). The pure compound was eluted with CH2Cl2 - MeOH 97.5:2.5 v/v. 

Yield: 0.38 g (71%), white solid 
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m.p: 124 ï 126 °C  

Rf: 0.55 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.53 (s, 1H, pyrazole), 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.64 (s, 1H, 

imidazole), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.56 (d, J = 8.8 Hz, 2H, Ar), 7.12 (s, 1H, imidazole), 

7.01 (d, J = 8.8 Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.28 (s, 2H, CH2-imidazole), 4.08 (q, J = 

7.0 Hz, 2H, CH2CH3), 1.35(t, J = 7.0 Hz, 3H, CH2CH3). 

13C NMR (DMSO-d6): ŭ 159.11 (CO, Ar), 150.95 (C, pyrazole), 138.61 (C, Ar), 137.47 (CH, 

imidazole), 130.83 (C, Ar), 130.06 (CH, imidazole), 129.96 (2 x CH, Ar), 129.24 (2 x CH, Ar), 

129.09 (CH, pyrazole), 124.93 (C, pyrazole), 120.31 (2 x CH, Ar) 119.63 (CH, imidazole), 

117.34 (C, Ar), 115.06 (2 x CH, Ar), 63.58 (OCH2), 40.96 (CH2), 15.11 (CH3). 

HPLC: 97.83%, RT= 4.48 min 

HRMS (ESI, m/z): Theoretical mass (35Cl): 401.1145 [M+Na]+, observed mass: 401.1147 

[M+Na]+;  theoretical mass (37Cl): 403.1116 [M+Na]+, observed mass: 403.1120 [M+H] +. 

4-((1H-Imidazol-1-yl) methyl)- 3-(4-ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole (9d) 

(C21H19FN4O, M.W. 362.40)  

 
                (8d)        (9d) 

Method: As described for (9a)  

Reagent: 4-(Chloromethyl)-3-(4-ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole (8d) (0.30 g, 

0.9 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98:2 v/v. 

Yield: 0.15 g (45%), light brown solid 

m.p: 118 - 120 °C 

Rf: 0.47 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.48 (s, 1H, pyrazole), 7.90 (dd, J = 4.5, 9.0 Hz, 2H, Ar), 7.64 (s, 1H, 

imidazole), 7.55 (d, J = 9.0 Hz, 2H, Ar), 7.37 (t, J = 8.5 Hz, 2H, Ar), 7.12 (s, 1H, imidazole), 

7.0 (d, J = 8.5 Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.27 (s, 2H, CH2-imidazole), 4.07 (q, J = 

7.0 Hz, 2H, CH2CH3), 1.35(t, J = 7.0 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): -116.52 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.73 and 159.80 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.04 (CO, Ar), 

150.71 (C, pyrazole), 136.42 (d, 4JCF = 2.5 Hz, C, Ar), 130.10 (CH, pyrazole), 129.22 (2 x CH, 

Ar), 129.08 (CH, imidazole), 125.06 (C, Ar), 120.81 and 120.74 (d, 3JCF =  8.8 Hz, 2 x CH, 
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Ar), 119.61 (CH, imidazole), 116.96 (C, pyrazole), 116.85 and 116.67 (d, 2JCF =  22.6 Hz, 2 x 

CH, Ar), 115.04 (2 x CH, Ar), 63.57 (OCH2), 40.96 (CH2), 15.12 (CH3). 

Microanalysis: Anal. Calcd for C21H19FN4O (362.4084): C 69.25%, H 5.26%, N 15.38%. 

Found: C 68.86%, H 5.06%, N 15.16%. 

4-((1H-Imidazol-1-yl)methyl)-1-(4-chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (9e) 

(C22H21ClN4O, M.W. 392.14)  

 
                (8e)        (9e) 

Method: As described for (9a). 

Reagents: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8e) (0.30 

g, 0.83 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98:2 v/v. 

Yield: 0.20 g (63%), beige solid 

m.p: 90 - 92 °C 

Rf: 0.60 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.53 (s, 1H, pyrazole), 7.91 (d, J = 9.0 Hz, 2H, Ar), 7.65 (s, 1H, 

imidazole), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.56 (d, J = 8.5 Hz, 2H, Ar), 7.12 (s, 1H, imidazole), 

7.02 (d, J = 9.0 Hz, 2H, Ar), 6.89 (s, 1H, imidazole), 5.28 (s, 2H, CH2-imidazole), 3.98 (t, J = 

6.5 Hz, 2H, CH2CH3), 1.76 (m, 2H, CH2), 1.0 (t, J = 7.0 Hz, 3H, CH2CH3). 

13C NMR (DMSO-d6): ŭ 159.27 (CO, Ar), 150.95 (C, pyrazole), 138.61 (C, Ar), 137.48 (CH, 

imidazole), 130.83 (C, Ar), 130.05 (CH, imidazole), 129.95 (2 x CH, Ar), 129.24 (2 x CH, Ar), 

129.10 (CH, pyrazole), 124.93 (C, pyrazole), 120.30 (2 x CH, Ar) 119.63 (CH, imidazole), 

117.34 (C, Ar), 115.09 (2 x CH, Ar), 69.46 (OCH2), 40.97 (imidazole-CH2), 22.50 (CH2), 10.87 

(2 x CH3). 

Microanalysis: Anal. Calcd for C22H21ClN4O (392.1404): C 67.26%, H 5.39%, N 14.25%. 

Found: C 67.25%, H 5.19%, N 14.27%. 
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4-((1H-Imidazol-1-yl)methyl)-1-(4-fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (9f) 

(C22H21FN4O, M.W. 376.44)  

 
                (8f)             (9f) 

Method: As described for (9a). 

Reagents: 4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8f) (0.30 

g, 0.87 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98:2 v/v. 

Yield: 0.20 g (66%), pale orange solid 

m.p: 120 - 122 °C 

Rf: 0.51 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.48 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.64 (s, 1H, imidazole), 7.56 

(d, J = 9.0 Hz, 2H, Ar), 7.36 (t, J = 9.0 Hz, 2H, Ar), 7.12 (s, 1H, imidazole), 7.02 (d, J = 8.5 

Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.27 (s, 2H, CH2-imidazole), 3.97 (t, J = 6.5 Hz, 2H, 

CH2CH3), 1.76 (m, 2H, CH2), 1.0 (t, J = 7.0 Hz, 3H, CH2CH3). 

19F NMR: (DMSO-d6): -116.51 (F ï Ar). 

13C NMR (DMSO-d6):  ŭ 161.73 and 159.80 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.20 (CO, Ar), 

150.71 (C, pyrazole), 137.45 (CH, imidazole), 136.42 (d, 4JCF = 2.5 Hz, C, Ar),  130.10 (CH, 

pyrazole), 129.21 (2 x CH, Ar), 129.08 (CH, imidazole), 125.05 (C, Ar), 120.81 and 120.74 (d, 

3JCF = 8.8 Hz, 2 x CH, Ar), 119.62 (CH, imidazole), 116.96 (C, pyrazole), 116.85 and 116.67 

(d, 2JCF = 22.6 Hz, 2 x CH, Ar), 115.08 (2 x CH, Ar), 69.46 (OCH2), 40.96 (imidazole-CH2), 

22.50 (CH2), 10.87 (CH3). 

Microanalysis: Anal. Calcd for C22H21FN4O (376.4354): C 70.20%, H 5.62%, N 14.88%. 

Found: C 70.00%, H 5.54%, N 14.97%. 

4-((1H-Imidazol-1-yl)methyl)-1-(4-chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole 

(9g) (C22H21ClN4O, M.W. 392.88)  

 
                (8g)        (9g) 

Method: As described for (9a). 
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Reagents: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole (8g) 

(0.30 g, 0.83 mmol). The pure compound was eluted with CH2Cl2 - MeOH 97.5:2.5 v/v. 

Yield: 0.30 g (94%), white solid 

m.p: 98 - 100 °C 

Rf: 0.45 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.52 (s, 1H, pyrazole), 7.90 (d, J = 9.0 Hz, 2H, Ar), 7.65 (s, 1H, 

imidazole), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.55 (d, J = 9.0 Hz, 2H, Ar), 7.13 (s, 1H, imidazole), 

7.0 (d, J = 8.5 Hz, 2H, Ar), 6.89 (s, 1H, imidazole), 5.28 (s, 2H, CH2-imidazole), 4.67 (m, 1H, 

CH ), 1.30 (d, J = 6.0 Hz, 6H, 2x CH3). 

13C NMR (DMSO-d6): ŭ 158.06 (CO, Ar), 150.96 (C, pyrazole), 138.61 (C, Ar), 137.48 (CH, 

imidazole), 130.82 (C, Ar), 130.01 (CH, imidazole), 129.95 (2 x CH, Ar), 129.29 (2 x CH, Ar), 

129.10 (CH, pyrazole), 124.76 (C, pyrazole), 120.29 (2x CH, Ar) 119.64 (CH, imidazole), 

117.34 (C, Ar), 116.12 (2 x CH, Ar), 69.68 (CH), 40.98 (CH2), 22.28 (2x CH3). 

Microanalysis: Anal. Calcd for C22H21ClN4O (392.1404): C 67.26%, H 5.39%, N 14.26%. 

Found: C 67.03%, H 5.16%, N 14.21%. 

4-((1H-Imidazol-1-yl)methyl)-1-(4-fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole 

(9h) (C22H21FN4O, M.W. 376.44)  

 
                (8h)              (9h) 

Method: As described for (9a). 

Reagents: 4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole (8h) 

(0.15 g, 0.44 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98.5:1.5 v/v. 

Yield: 0.10 g (58%), beige solid 

m.p: 96 - 98 °C 

Rf: 0.44 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.48 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.65 (s, 1H, imidazole), 7.54 

(d, J = 9.0 Hz, 2H, Ar), 7.36 (t, J = 9.0 Hz, 2H, Ar), 7.13 (s, 1H, imidazole), 7.0 (d, J = 9.0 Hz, 

2H, Ar), 6.89 (s, 1H, imidazole), 5.27 (s, 2H, CH2-imidazole), 4.67 (m, 1H, CH), 1.30 (d, J = 

6.0 Hz, 6H, 2 x CH3). 

19F NMR: (DMSO-d6): -116.52 (F ï Ar). 
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13C NMR (DMSO-d6): ŭ 161.73 and 159.80 (d, 1JCF = 242.7 Hz, C-F, Ar), 157.99 (CO, Ar), 

150.72 (C, pyrazole), 137.46 (CH, imidazole), 136.43 (d, 4JCF = 2.5 Hz, C, Ar), 130.06 (CH, 

pyrazole), 129.26 (2 x CH, Ar), 129.08 (CH, imidazole), 124.89 (C, Ar), 120.79 and 120.72 (d, 

3JCF = 8.8 Hz, 2 x CH, Ar), 119.63 (CH, imidazole), 116.96 (C, pyrazole), 116.96 and 116.85 

(d, 2JCF = 13.8 Hz, 2 x CH, Ar), 116.12 (2 x CH, Ar), 69.67 (CH), 40.97 (CH2), 22.29 (2xCH3). 

Microanalysis: Anal. Calcd for C22H21FN4O (376.4354): C 70.20%, H 5.62%, N 14.88%. 

Found: C 69.84%, H 5.48%, N 14.83 %. 

1-((1-(4-Chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-triazole 

(10a) (C19H16ClN5O, M.W. 365.82)  

 
                     (8a)               (10a) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (8a) (0.35 

g, 1.05 mmol). The pure compound was eluted with CH2Cl2 - MeOH 97:3 v/v. 

Yield: 0.32 g (60 %), light orange solid 

m.p: 124 ï 126 °C  

Rf: 0.65 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.59 (s, 1H, triazole), 8.54 (s, 1H, pyrazole), 7.99 (s, 1H, triazole), 

7.90 (d, J = 9.0 Hz, 2H, Ar), 7.67 (d, J = 8.5 Hz, 2H, Ar), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.03 (d, 

J = 9.0 Hz, 2H, Ar), 5.48 (s, 2H, CH2-triazole), 3.81 (s, 3H, CH3). 

13C NMR (DMSO-d6): ŭ 159.87 (CO, Ar), 152.01 (CH, triazole), 151.13 (C, pyrazole), 144.39 

(CH, triazole), 138.58 (C, Ar), 130.90 (C, Ar), 130.37 (CH, pyrazole), 129.96 (2 x CH, Ar), 

129.39 (2 x CH, Ar), 124.92 (C, pyrazole), 120.32 (2 x CH, Ar), 116.06 (C, Ar), 114.61 (2 x 

CH, Ar), 55.66 (CH3), 43.79 (CH2). 

Microanalysis: Anal. Calcd for C19H16ClN5O (365.8210): C 62.08%, H 4.39%, N 19.05%. 

Found: C 61.77%, H 4.14%, N 19.00%. 
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1-((1-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-triazole 

(10b) (C19H16FN5O, M.W. 349.37)  

 
                (8b)        (10b) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole (8b) (0.44 

g, 1.3 mmol). The pure compound was eluted with CH2Cl2 - MeOH 97.5:2.5 v/v. 

Yield: 0.26 g (58 %), orange solid 

m.p: 150 ï 152 °C  

Rf: 0.63 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.54 (s, 1H, triazole), 8.54 (s, 1H, pyrazole), 7.99 (s, 1H, triazole), 

7.90 (m, 2H, Ar), 7.67 (d, J = 8.5 Hz, 2H, Ar), 7.36 (m, 2H, Ar), 7.04 (d, J = 9.0 Hz, 2H, Ar), 

5.48 (s, 2H, CH2-triazole), 3.81 (s, 3H, CH3). 

19F NMR: (DMSO -d6): -116.42 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.77 and 159.83 (d, 1JCF = 242.7 Hz, C-F, Ar), 159.80 (C, Ar), 

151.99 (CH, triazole), 150.89 (C, pyrazole), 144.36 (CH, triazole), 136.39 and 136.36 (d, 4JCF 

= 2.5 Hz, C, Ar), 130.40 (CH, pyrazole), 129.37 (2 x CH, Ar), 125.04 (C, pyrazole), 120.83 

and 120.76 (d, 3JCF = 8.7 Hz, 2 x CH, Ar), 116.86 and 116.68 (d, 2JCF = 22.6 Hz, 2 x CH, Ar), 

115.69 (C, Ar), 114.59 (2 x CH, Ar), 55.65 (CH3), 43.81 (CH2). 

Microanalysis: Anal. Calcd for C19H16FN5O (349.3694): C 64.99%, H 4.59%, N 19.94%. 

Found: C 64.67%, H 4.41%, N 19.95%. 

1-((1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-triazole 

(10c) (C20H18ClN5O, M.W. 379.848)  

 
                (8c)        (10c) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl)-1H-pyrazole (8c) (0.49 g, 

1.41 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98:2 v/v. 
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Yield: 0.32 g (60 %), light brown solid 

m.p: 122 ï 124 °C 

Rf: 0.49 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.58 (s, 1H, triazole), 8.54 (s, 1H, pyrazole), 7.98 (s, 1H, triazole), 

7.90 (d, J = 8.5 Hz, 2H, Ar), 7.66 (d, J = 9.0 Hz, 2H, Ar), 7.57 (d, J = 9.0 Hz, 2H, Ar), 7.01 (d, 

J = 9.0 Hz, 2H, Ar), 5.48 (s, 2H, CH2-triazole), 4.08 (q, J = 7.0 Hz, 2H, CH2CH3), 1.35 (t, J = 

6.5 Hz, 3H, CH2CH3). 

13C NMR (DMSO-d6): ŭ 159.15 (CO, Ar), 152.01 (CH, triazole), 151.15 (C, pyrazole), 144.39 

(CH, triazole), 138.58 (C, Ar), 130.89 (C, Ar), 130.34 (CH, pyrazole), 129.96 (2 x CH, Ar), 

129.39 (2 x CH, Ar), 124.78 (C, pyrazole), 120.31 (2 x CH, Ar), 116.05 (C, Ar), 115.04 (2 x 

CH, Ar), 63.58 (OCH2), 43.80 (CH2), 15.11 (CH3). 

Microanalysis: Anal. Calcd for C20H18ClN5O (379.8480): C 63.24%, H 4.78%, N 18.43%. 

Found: C 62.91%, H 4.63%, N 18.29%. 

1-((3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-triazole 

(10d) (C20H18FN5O, M.W. 363.40)  

 
                (8d)        (10d) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-3-(4-ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole (8d) (0.40 g, 

1.2 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98.5:1.5 v/v. 

Yield: 0.23 g (52 %), beige solid 

m.p: 140 - 142 °C 

Rf: 0.56 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.53 (s, 1H, pyrazole), 8.53 (s, 1H, triazole), 7.98 (s, 1H, triazole), 

7.90 (m, 2H, Ar), 7.66 (d, J = 9.0 Hz, 2H, Ar), 7.36 (t, J = 8.5 Hz, 2H, Ar), 7.02 (d, J = 9.0 Hz, 

2H, Ar), 5.48 (s, 2H, CH2-triazole), 4.08 (q, J = 7.0 Hz, 2H, CH2CH3), 1.35 (t, J = 7.0 Hz, 3H, 

CH2CH3). 

19F NMR: (DMSO-d6): -116.44 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.76 and 159.82 (d, 1JCF = 243.9 Hz, C-F, Ar), 159.08 (CO, Ar), 

151.99 (CH, triazole), 150.91 (C, pyrazole), 144.36 (CH, triazole), 136.39 and 136.37 (d, 4JCF 
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= 2.5 Hz, C, Ar), 130.37 (CH, pyrazole), 129.36 (2 x CH, Ar), 124.90 (C, pyrazole), 120.81 

and 120.74 (d, 3JCF = 8.8 Hz, 2 x CH, Ar), 116.85 and 116.67 (d, 2JCF = 22.6 Hz, 2 x CH, Ar), 

115.68 (C, Ar), 115.02 (2 x CH, Ar), 63.57 (OCH2), 43.81 (CH2), 15.11 (CH3). 

Microanalysis: Anal. Calcd for C20H18FN5O (363.3964): C 66.10%, H 4.99%, N 19.26%. 

Found: C 66.21%, H 4.87%, N 19.17%. 

1-((1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-triazole 

(10e) (C21H20ClN5O, M.W. 393.88)  

 
                     (8e)             (10e) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8e) (0.3 g, 

0.83 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98.5:1.5 v/v. 

Yield: 0.23 g (72 %), light orange solid 

m.p: 114 - 116 °C 

Rf: 0.69 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.58 (s, 1H, triazole), 8.54 (s, 1H, pyrazole), 7.98 (s, 1H, triazole), 

7.91 (d, J = 9.0 Hz, 2H, Ar), 7.67 (d, J = 9.0 Hz, 2H, Ar), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.03 (d, 

J = 9.0 Hz, 2H, Ar), 5.48 (s, 2H, CH2-triazole), 3.98 (t, J = 6.5 Hz, 2H, OCH2), 1.76 (m, 2H, 

CH2), 1.0 (t, J = 7.0 Hz, 3H, CH3). 

13C NMR (DMSO-d6): ŭ 159.31 (CO, Ar), 152.01 (CH, triazole), 151.15 (C, pyrazole), 144.40 

(CH, triazole), 138.59 (C, Ar), 130.88 (C, Ar), 130.34 (CH, pyrazole), 129.96 (2 x CH, Ar), 

129.38 (2 x CH, Ar), 124.78 (C, pyrazole), 120.31 (2 x CH, Ar), 116.06 (C, Ar), 115.08 (2 x 

CH, Ar), 69.47 (OCH2), 43.81 (triazole-CH2), 22.50 (CH2), 10.88(CH3). 

Microanalysis: Anal. Calcd for C21H20ClN5O (393.8750): C 64.04%, H 5.12%, N 17.77%. 

Found: C 63.94%, H 5.02%, N 17.87%. 
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1-((1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-triazole 

(10f) (C21H20FN5O, M.W. 377.42)  

 
                    (8f)                                     (10f) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8f) (0.30 

g, 0.87 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98.5:1.5 v/v. 

Yield: 0.185 g (58 %), light orange solid 

m.p: 120 - 122 °C 

Rf: 0.51 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.53 (s, 1H, pyrazole), 8.53 (s, 1H, triazole), 7.98 (s, 1H, triazole), 

7.90 (m, 2H, Ar), 7.66 (d, J = 9.0 Hz, 2H, Ar), 7.36 (t, J = 9.0 Hz, 2H, Ar), 7.03 (d, J = 9.0 Hz, 

2H, Ar), 5.48 (s, 2H, CH2-triazole), 3.98 (t, J = 6.5 Hz, 2H, OCH2), 1.76 (m, 2H, CH2), 1.0 (t, 

J = 7.0 Hz, 3H, CH3). 

19F NMR: (DMSO-d6): -116.45 (F ï Ar). 

13C NMR (DMSO-d6): ŭ 161.76 and 159.82 (d, 1JCF = 243.9 Hz, C-F, Ar), 159.24 (CO, Ar), 

151.99 (CH, triazole), 150.91 (C, pyrazole), 144.36 (CH, triazole), 136.39 and 136.37 (d, 4JCF 

= 2.5 Hz, C, Ar), 130.37 (CH, pyrazole), 129.36 (2 x CH, Ar), 124.90 (C, pyrazole), 120.81 

and 120.75 (d, 3JCF = 7.5 Hz, 2 x CH, Ar), 116.86 and 116.67 (d, 2JCF = 23.9 Hz, 2 x CH, Ar), 

115.68 (C, Ar), 115.06 (2 x CH, Ar), 69.46 (OCH2), 43.82 (CH2), 22.50 (CH2), 10.88 (CH3). 

Microanalysis: Anal. Calcd for C21H20FN5O (377.4234): C 66.83%, H 5.34%, N 18.55%. 

Found: C 66.67 %, H 5.20%, N 18.67%. 

1-((1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-

triazole (10g)  

(C21H20ClN5O, M.W. 393.88) 

 
                (8g)        (10g) 

Method: As described for (9a) but replacing the imidazole with triazole. 
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Reagent: 4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole (8g) 

(0.3 g, 0.83 mmol). The pure compound was eluted with CH2Cl2 - MeOH 97.5:2.5 v/v. 

Yield: 0.26 g (81%), white solid 

m.p: 98 ï 100 °C 

Rf: 0.48 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.57 (s, 1H, triazole), 8.54 (s, 1H, pyrazole), 7.99 (s, 1H, triazole), 

7.91 (d, J = 9.0 Hz, 2H, Ar), 7.66 (d, J = 9.0 Hz, 2H, Ar), 7.58 (d, J = 9.0 Hz, 2H, Ar), 7.01 (d, 

J = 9.0 Hz, 2H, Ar), 5.48 (s, 2H, CH2-triazole), 4.68 (m, 1H, CH), 1.30 (d, J = 6.0 Hz, 6H, 2 x 

CH3). 

13C NMR (DMSO-d6): ŭ 158.10 (CO, Ar), 152.02 (CH, triazole), 151.16 (C, pyrazole), 144.40 

(CH, triazole), 138.58 (C, Ar), 130.87 (C, Ar), 130.30 (CH, pyrazole), 129.96 (2 x CH, Ar), 

129.44 (2 x CH, Ar), 124.61 (C, pyrazole), 120.29 (2 x CH, Ar), 116.10 (2 x CH, Ar), 116.06 

(C, Ar), 69.67 (CH), 40.81 (CH2), 22.29 (2 x CH3). 

HPLC: 100%, RT= 4.88 min. 

HRMS (ESI, m/z): Theoretical mass (35Cl): 394.1435 [M+H]+, observed mass: 394.1443  

[M+H] +; Theoretical mass (37Cl): 396.1406 [M+H]+, observed mass: 396.1420 [M+H] +. 

1-((1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazol-4-yl)methyl)-1H-1,2,4-

triazole (10h) 

 (C21H20FN5O, M.W. 377.42)  

 
                (8h)        (10h) 

Method: As described for (9a) but replacing the imidazole with triazole. 

Reagent: 4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-isopropoxyphenyl)-1H-pyrazole (8h) 

(0.15 g, 0.44 mmol). The pure compound was eluted with CH2Cl2 - MeOH 98.5:1.5 v/v. 

Yield: 0.088 g (53 %), beige solid 

m.p: 118 - 120 °C 

Rf: 0.52 (CH2Cl2 - MeOH 9.5:0.5 v/v) 

1H NMR (DMSO-d6): ŭ 8.54 (s, 1H, pyrazole), 8.53 (s, 1H, triazole), 7.99 (s, 1H, triazole), 

7.90 (m, 2H, Ar), 7.65 (d, J = 9.0 Hz, 2H, Ar), 7.36 (t, J = 9.0 Hz, 2H, Ar), 7.01 (d, J = 9.0 Hz, 

2H, Ar), 5.48 (s, 2H, CH2-triazole), 4.67 (m, 1H, CH), 1.30 (d, J = 6.0 Hz, 6H, 2 x CH3). 

19F NMR: (DMSO-d6): -116.46 (F ï Ar). 
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13C NMR (DMSO-d6): ŭ 161.75 and 159.82 (d, 1JCF = 242.7 Hz, C-F, Ar), 158.03 (CO, Ar), 

152.0 (CH, triazole), 150.93 (C, pyrazole), 144.37 (CH, triazole), 136.39 and 136.37 (d, 4JCF = 

3.8 Hz, C, Ar), 130.33 (CH, pyrazole), 129.41 (2 x CH, Ar), 124.74 (C, pyrazole), 120.80 and 

120.73 (d, 3JCF = 8.8 Hz, 2 x CH, Ar), 116.86 and 116.67 (d, 2JCF = 23.9 Hz, 2 x CH, Ar), 

116.10 (2 x CH, Ar), 115.69 (C, Ar), 69.66 (CH), 43.82 (CH2), 22.29 (CH3) 

Microanalysis: Anal. Calcd for C21H20FN5O (377.4234): C 66.83%, H 5.34%, N 18.55%. 

Found: C 66.81%, H 5.16%, N 18.68%. 

 

Biological assay: 

Antimycobacterial activity (MIC 90) - SPOTi Assay 

MIC90 testing was performed by our collaborators: Dr. Sam J. Willcocks, The London 

School of Hygiene and Tropical Medicine; and Prof. Sanjib Bhakta, UCL/Birbeck  

Spot culture growth inhibition (SPOTi) assay was performed86. Briefly, each well of a 

flat 96-well plate was spotted with 2 µL compound, serially diluted two-fold in DMSO from 

150 µg mL-1. 200 µL Middlebrook 7H10 agar supplemented with 0.5 % (v/v) glycerol and 10 

% OADC was dispensed into each well of a flat 96-well plate and the plate shaken to 

homogenise the compound. The agar was allowed to set before storage at 4 oC and used in the 

SPOTi assay within 24 h. To inoculate the plate, M. tuberculosis H37Rv was first cultured with 

shaking at 37 oC in Middlebrook 7H9 media supplemented with 0.5 % (v/v) glycerol, 10% 

OADC (Oleic Albumin Dextrose Catalase) and 0.025% Tween 80 up to an OD (optical density) 

of 1. The culture was then diluted 1:100 in 7H9 media and 2 µL spotted onto each well of the 

SPOTi plate. Cultures were incubated at 37 oC for five weeks before MIC90 was recorded for 

each compound.  

The Resazurin Microtiter Assay (REMA) Method87 

MIC testing against mutant Mtb strains was performed by our collaborator: Dr. Alistair 

Brown, Newcastle University 

Stock solutions of the tested compounds were prepared in sterile dimethyl sulfoxide (DMSO), 

then diluted in Middlebrook 7H9 broth (Difco, Detroit, MI, USA) supplemented with oleic 

acid, albumin, dextrose and catalase (OADC enrichment) to obtain a final compound 

concentration range of 0.0625ï64 µg/mL. A suspension of the test Mycobacterium was 

cultured in Middlebrook 7H9 broth supplemented with 10% OADC and 0.2% glycerol, 0.2% 

casamino acids, 24 µg/mL pantothenate, 1 µg/mL penicillin G, 10 µg/mL cyclohexamide and 
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0.05% Tween 80 for one week at 37 °C in an atmosphere of 5% CO2. The concentration was 

adjusted at McFarland 0.5 and diluted to 1 × 106 CFU/mL and diluted in growth media 1:25. 

A 100 µL of the inoculum was added to each well of a 96-well microplate together with 100 

µL of the compounds. The plate was incubated at 37 °C in an atmosphere of 5% CO2. After 5 

days, 10 µL 0.2% (w/v) resazurin (solubilized in sterile water) was added. MIC99 was defined 

as the lowest concentration resulting in 99% inhibition of growth of Mycobacterium resulting 

in no colour change. Samples were set up in quadruplet and tested in two independent assays. 

CYP121A1 spectral binding assay for K D determination 

Protein binding studies were performed by our collaborators: Dr. Amit Kumar and Prof. 

Fernando Estrada, University at Buffalo, New York 

Recombinant CYP121A1 protein that was used in spectral binding assays was 

expressed and purified as described56. Compounds were first screened for binding on a dual-

beam Shimdazu 2700 spectrophotometer, in which ligand-free spectra of 1 µM CYP121A1 (50 

mM TrisHCl, 300 mM NaCl, pH 7.4) were compared with spectra in the presence of 250 µM 

of each compound following a 15 min incubation period in a 1 cm quartz cuvette. The shape 

and intensity of preliminary difference spectra indicated peak maxima between 420-435 nm 

and minima between 380-415 nm and were consistent with a type-II ligand response.  

Full titrations were performed in triplicate at ambient temperature using an Agilent BioTek 

Cytation 5 monochromator-based multimode plate reader. Protein samples at 1 µM 

concentration and in 200 µL volume were prepared in Corning® 96-well black flat bottom 

polystyrene 96 well plates. Individual wells were used to acquire 12 intermediate concentration 

points spanning 0 to 150 µM of compound. KD values were calculated by plotting the inhibitor 

concentrations against the blue-shifted type-II response. Data fitting was performed as 

described24 using a single binding mode equation for hyperbolic fitting in Prism GraphPad 

v7.05. As additional controls, cYY substrate was included in the plate reader assay and all 

compounds were validated with a single manual titration on the Shimdazu 2700 

spectrophotometer.  

Protein expression, purification, and sample preparation for 19F NMR 

19F NMR assay was performed by our collaborators: Dr. Amit Kumar and Prof. 

Fernando Estrada, University at Buffalo, New York 

The mutant version of CYP121A1 protein containing S171C was expressed, purified, 

and labelled for NMR detection as described82. Following purification, the protein was 19F 
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labelled using 3-bromo-1,1,1-trifluoroacetone (BTFA). Briefly, the protein was diluted to 2 

ɛM in 50 mM Tris HCl, pH 7.4, and 300 mM NaCl supplemented with 10 mM BTFA and 5 

mM Dithiothreitol (DTT) and incubated overnight at 4 °C. Unreacted BTFA and DTT were 

removed by size exclusion chromatography. The protein was exchanged into the NMR buffer 

(50 mM potassium phosphate, pH 7.4, 50 mM NaCl, and 10% D2O) using a 10 kDa molecular 

weight cut-off filter. Protein was aliquoted into separate NMR samples at 100 ɛM and 450 ɛL 

volume. Compounds were added from a DMSO stock to a final concentration of 300 ɛM and 

allowed to incubate for 15 min prior to transfer to NMR sample tubes. Spectra were acquired 

at 25 °C on a Bruker AVANCE III 600 MHz spectrometer for 10000 scans per experiment. 

The data were processed and analysed in TopSpin, version 4.1.1. 
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CHAPTER 3 

BENZOXAZOLE DERIVATIVES  
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3 Benzoxazoles 

3.1 Introduction  

 Benzoxazole is one of the considerably promising skeletons in terms of antitubercular 

activity88ï90. Studies of the benzoxazole scaffold in combination with other heterocyclic 

moieties have shown promising antimycobacterial activity (Figure 3.1). A study conducted by 

Ertan-Bolelli et al.88 on various benzoxazole compounds againt Mtb H37Rv showed good 

activity with MIC ranging from 256 to 8 ɛg/mL. InhA was the suggested target for these 

compounds. The research suggests that these synthesised compounds could act as promising 

starting points in development of new antimicrobial agents. Another study conducted by 

Vinsova et al.89 explores newly synthesized 2-substituted 5,7-di-tert-butylbenzoxazoles as 

potential antimicrobial agents. These compounds were tested for their antimycobacterial 

activity, showing several with comparable or superior efficacy to the standard drug INH, 

highlighting their potential as candidates for further development as antimycobacterial agents.  

However, there are no studies on the biological properties of benzoxazoles on 

CYP121A1, so, the aim of this Chapter was to explore the benzoxazole skeleton as a new 

moiety for inhibition of CYP121A1. The benzoxazole pharmacophore was designed and 

investigated by MOE and MD to predict the effectiveness of this structure with respect to 

CYP121A1 binding and therefore potential antimycobacterial activity. A pyridine ring was 

joined to the benzoxazole via a methylene bridge as a haem binding group (Figure 3.2). 

Substitution in the benzoxazole aryl moiety by different R groups was included to probe 

additional binding interactions and to determine effect on the biological activity. For 

clarification, the haem binding group does not necessarily bind directly to the haem iron, but it 

can interact with the haem through interstitial water molecules. 

 

 
MIC 8 ɛg/mL88 

 
MIC 6.25 ɛg/mL89  

MIC 0.625 ɛg/mL90 

Figure 3.1: Benzoxazole compounds with MIC against Mtb H37Rv 
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Figure 3.2: Benzoxazole general structure design. 

An extended benzoxazole series with a mid-sized structure was also designed to achieve 

selectivity over other CYPs by optimally filling the CYP121A1 active site. The structure was 

modified to design Y-shape compounds mimicking the natural substrate cYY, which 

provided good fit in the active site. Moreover, extending the structure was made to enhance 

the lipophilicity, which can facilitate the uptake across the lipophilic bacterial cell wall.  The 

modifications were as follows (Figure 3.3): 

1- Elongation of the methylene bridge at position 2 of the benzoxazole to ethylene. 

2- Introducing a tetrazole at position 1 of the ethylene linker, which forms interactions with 

the key amino acid Arg386 as confirmed by docking studies. L-amino acid was used for 

tetrazole synthesis for the purpose of enantioselectivity. 

3- Replacing pyridine at position 2 with a para- substituted phenyl by different R groups to 

optimise filling of the active site and to explore additional binding interactions and structure 

activity relationship (SAR). 
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Figure 3.3: Mid-size benzoxazole general structure design 

3.2 Results and discussion  

3.2.1 Computational studies  

The CYP121A1 protein-ligand complexes were designed and generated by molecular 

docking of derivatives 13 and 18 with the crystal structure of Mtb CYP121A1 co-crystallised 

with the natural substrate cYY (pdb 3G5H51) using MOE64. The best poses based on binding 

interactions and energy value were then subjected to 200 ns MD simulation using the Desmond 

programme of Schrödinger software65. 

Table 3.1 illustrates the designed benzoxazoles all series (13, 18 and 24) with the 

purpose of the design that predicted to improve binding in the CYP121A1 active site and to 

further enhance the antimycobacterial activity against Mtb. 

Table 3.1: List of the designed compounds (13, 18 and 24) with the purpose of the design 

 
Exemplar 

compound  

R Purpose of the design  

Generally - 1- Pyridine N to interact with the haem Fe or to form H-

bonding with Gln385 or Arg386 

2- Benzoxazole O to form H-bonding with Asn85 (or: 

Asn74, Arg72, Asn84) 

3- Benzene ring to form hydrophobic ˊ-ˊ interaction with 

Phe168 and/or Trp182 
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13b 

13i 

13j 

13k 

5-Cl 

5,7-diCl 

5,7-diCl; 6-CH3 

5-F 

Halide substitution was added for metabolic stability and to 

prob halogen interaction (e.g., Thr77, Val78, Val82, Val83) 

13d 

13g 

5-C(CH3)3  

5-CH3 

Simple and branched alkyl substitution added to better 

filling of the active site and to enhance lipophilicity 

13c 5-OCH3 To form H-bonding with (Thr77 or Thr229) 

13e 

 

Phenyl ring substitution added to extend the structure and 

allow for hydrophobic ˊ-ˊ interaction with Phe168 and/or 

Trp182 

18 

 

1- Tetrazole N to interact with the haem Fe or to form H-

bonding with Gln385 or Arg386 

2- Benzoxazole O to form H-bonding with Asn85 

3- Benzene ring to form hydrophobic ˊ-ˊ interaction with 

Phe168 and/or Trp182  

4- R1: chlorine or fluorine added for metabolic stability, for 

better filling of the active site and to probe halogen 

interactions (Thr77) 

5- R2: different substitution to prob additional interactions 

with active site residues (H, Cl, F, CH3, CF3, NO2) 

24 

 

1- Imidazole N to interact with the haem Fe or to form H-

bonding with Gln385 or Arg386 

2- Methylene bridge added to allow for more flexibility 

which could enhance haem binding  

3- Benzoxazole O to form H-bonding with Asn85 

4- Benzene ring to form hydrophobic ˊ-ˊ interaction with 

Phe168 and/or Trp182 

5- R1: chlorine or fluorine added for metabolic stability, for 

better filling of the active site and to probe halogen 

interactions (Thr77) 

6- R2: different substitution to prob additional interactions 

with active site residues  (Cl, F, OCH3, CF3,) 
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The short benzoxazoles (13a-m) are small molecules which move freely in the CYP121A1 

active site. The docking studies of the short benzoxazoles showed fitting of most of the ligands 

in the cYY pocket but positioned away from the haem iron. These short molecule inhibitors 

are predicted to suppress CYP121A1 activity by interfering with the most functionally involved 

interactions. The pyridine predominantly bound to the key amino acid Arg386 either directly 

or indirectly via water molecules (13b, Figure 3.4B), which is assumed to block access to the 

active site. The N of the benzoxazole moiety also formed interactions with Arg386 in ligand 

13j  (Figure 3.5) and with water molecules in ligand 13b (Figure 3.4, A and C). Hydrophobic 

interactions were also detected in ligand 13b between the benzoxazole moiety and Val83 side 

chain (Figure 3.4C). Hydrophobic (ˊ-cation) interaction of the haem group and oxazole moiety 

was noted in ligand 13j  (Figure 3.5A).  
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Figure 3.4: (A) 2D image of binding interactions of compound 13b in CYP121A1 active site, 

(B) 2D image of detailed ligand 13b interactions with the protein residues that occur more than 

30% of the simulation time (200 ns), (C) 3D image of binding interactions of derivative 13b 

in CYP121A1 active site highlighting the key residues involved in binding. Haem (green), 13b 

(cyan), amino acid residues (grey) and water molecules (red spheres). 
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                                      A                                                                          B 
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Figure 3.5: (A) 2D image of binding interactions of compound 13j in CYP121A1 active site, 

(B) 2D image of detailed ligand 13j interactions with the protein residues that occur more than 

30% of the simulation time (200 ns), (C) 3D image of binding interactions of derivative 13j in 

CYP121A1 active site highlighting interaction of benzoxazole N with Arg386. Haem (green), 

13j (cyan), amino acid residues (grey) and water molecules (red spheres). 

Ligand 13e is substituted with a phenyl ring at position 5 of the benzoxazole moiety, which 

allowed for extra binding with the active site residues. The pyridine bound directly to Arg386 

which is assumed to block the access channel. The hydrophobic interactions in ligand 13e were 

observed between; the 5-aryl substitution and Leu73 side chain, the benzoxazole aryl moiety 

and Gln385, and between the pyridine ring and Ala233 (Figure 3.6).  



 

104 
 

                                      A                                                                          B 

  
 

 

 

C 

 

 

Figure 3.6: (A) 2D image of binding interactions of compound 13e in CYP121A1 active site, 

(B) 2D image of detailed ligand 13e interactions with the protein residues that occur more than 

30% of the simulation time (200 ns), (C) 3D image of binding interactions of derivative 13e in 

CYP121A1 active site highlighting interaction of pyridine N with Arg386 and multiple 

hydrophobic interactions. Haem (green), 13e (cyan), amino acid residues (grey) and water 

molecules (red spheres). 

 Despite that, ligand 13d showed weak and unstable binding in the CYP121A1 active 

site. The RMSD plot showed numerous fluctuations in addition to a large RMSD difference of 

5.92 Å between the protein and ligand at 200 ns (Figure 3.7), suggesting that ligand 13d 

diffused away from the binding position.  
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Figure 3.7: (A) RMSD plot of CYP121A1-13d protein-ligand complex in 200 ns simulation. 

Protein RMSD in the left Y-axis and ligand RMSD in the right Y-axis; protein (blue) and ligand 

(red); (B) 3D image showing binding stages and movement of 13d away from the CYP121A1 

active site. Haem (green), 13d at 10 ns (yellow), at 120 ns (magenta) and the final stage at 200 

ns (cyan). 

Docking of the mid-sized benzoxazoles (18) showed better filling of the enzyme active 

site compared to the short benzoxazoles (13). Derivative 18a was used as an exemplar for the 

docking studies of the mid-sized benzoxazoles. Unlike the small benzoxazole inhibitors which 

were positioned away from the haem iron, in the mid-sized benzoxazoles, the tetrazole ring 

approached the haem, however, no haem binding was observed. Tetrazole N formed a H-bond 

interaction with Ser237 (Figure 3.8A), moreover, during the simulation cycle, the tetrazole 
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moiety formed hydrophobic (ˊ-ˊ) stacking with Phe168 and ˊ-cation interaction with the polar 

Arg386 residue (Figure 3.8B). 

                   A                                                                                         B 
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Figure 3.8: (A) 2D image of binding interactions of compound 18a in CYP121A1 active site, 

(B) 2D image of detailed ligand 18a interactions with the protein residues that occur more than 

30% of the simulation time (200 ns), (C) 3D image of binding interactions of derivative 18a in 

CYP121A1 active site highlighting the key residues involved in binding. Haem (green), 18a 

(magenta), amino acid residues (grey) and water molecules (red spheres). 

Simulation studies with MD provided insight of the protein-ligand complex stability over 

a fixed period expressed in nanoseconds (ns). For both designed benzoxazoles, the short and 
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the mid-sized (13 and 18), the molecular dynamic analysis was performed in explicit solvent 

to evaluate solvent effect.  

Derivative 13e is used as an example for the short benzoxazoles. The protein RMSD 

variation during the simulation process was within the accepted range, starting with 1.46 Å and 

ends with 2.11 Å, indicating stable protein conformation. The ligand 13e was simultaneously 

aligned with the protein after 60 ns with acceptable RMSD variation at the end of the simulation 

between the protein and the ligand of 1.25 ¡ (᾽ 3 Å) (Table 3.2), indicating a stable protein-

ligand complex (Figure 3.9).  

Table 3.2: RMSD values of 13e during 200 ns MD simulation. 

Compound Time (ns) Protein RMSD (Å) Ligand RMSD (Å) 

13e 1 1.46 3.75 

Stabilised at 60 ns 2.09 3.19 

200 2.11 3.36 

 

 

Figure 3.9: RMSD plot of CYP121A1-13e protein-ligand complex in 200 ns. Protein RMSD 

in the left Y-axis and ligand RMSD in the right Y-axis; protein (blue) and ligand (red). 

 

Derivative 18a is used as a model for the MD simulation of the mid-sized benzoxazoles. 

At the starting point, protein RMSD was 1.38 Å and immediately stabilised throughout the 

simulation with RMSD of 2.40 Å at 200 ns, which indicates a stable protein conformation.  The 

RMSD for the ligand 18a changed from 2.80 Å at 0 ns to 4.66 Å after 50 ns, then it remained 

aligned with the protein in equilibrium and ended with RMSD of 4.39 Å at 200 ns (Table 3.3, 

Figure 3.10).  
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Table 3.3: RMSD values of 18a during 200 ns MD simulation. 

Compound Time (ns) Protein RMSD (Å) Ligand RMSD (Å) 

18a 1 1.38 2.80 

Stabilised at 50 ns 1.83 4.66 

200 2.40 4.39 

 

 

Figure 3.10: RMSD plot of protein and ligand of CYP121A1-18a complex in 200 ns. Protein 

RMSD in the left Y-axis and ligand RMSD in the right Y-axis; protein (blue) and ligand (red). 

From the MD results of the short and mid-sized benzoxazole series, direct binding was 

not observed between the designed ligands and the haem iron. However, binding with Arg386 

was predominant. Most of the designed ligands were sitting in the cYY binding pocket which 

would result in competitive inhibition to cYY binding. The ligands substituted with a phenyl 

or EWG were more stable in the CYP121A1 active site than the ligands with EDG which 

appeared to diffuse away rapidly from the active site. 

3.2.2 Chemistry  

a- Short benzoxazoles synthesis 

The designed short benzoxazole compounds structures are illustrated in Figure 3.11. 

Synthesis of the short benzoxazole series followed a single step route according to a published 

method91 (Scheme 3.1).   
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Figure 3.11:Chemical structures of the designed short benzoxazoles (13) 

 

  
Scheme 3.1. Synthesis of short series benzoxazole compounds. Reagents and conditions: 

 (i) N-methylpiperidine, S8, 80 °C, 16 h, N2 atm, sealed tube. 
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Synthesis of short series substituted benzoxazoles (13a-m): 

According to the reaction shown in scheme 3.1, an oxidative coupling between  

substituted o-aminophenols (11a-m) and 3-acetylpyridine (12) was achieved using elemental 

sulfur as a catalyst and N-methylpiperidine as a sulfur activator under a nitrogen atmosphere 

in a closed tube at 80 oC for 16 h91. Synthesis of derivative 13a was used only for optimising 

the reaction conditions. Purification with gradient column chromatography afforded the desired 

compounds. All synthesised compounds were analysed by 1H and 13C NMR. The methylene 

signal appeared around 4.4 ppm in 1H NMR and at 32 ppm in 13C NMR. The formed quaternary 

C of the oxazole appeared around 165.7 ppm in 13C NMR (Figure 3.12). 

The octasulfur (S8) became highly reactive by ring opening which is promoted by 

certain reaction conditions, and is found to be reactive only at high reaction temperatures in 

combination with a nitrogen base92. The reaction mechanism proposed by Thanh and Pascal 

(2017)7 was based on the Willgerodt reaction. The classical Willgerodt rearrangement reaction 

involves formation of amides by heating ketones with secondary amine and elemental sulfur at 

high temperatures (200-220 oC)7. However, the exact mechanism of this benzoxazole formation 

reaction is not fully understood and may involve a combination of different pathways such as 

free radical reactions91ï94. A proposed mechanism could be as follows:   

1- The reaction started with a condensation of the aminophenol (11) and 3-acetylpyridine (12) 

resulting in an equilibrated imine ï enamine intermediate.  

2- Nucleophilic attack of elemental sulfur on the carbonyl carbon and a polysulfuration 

intermediate formed. 

3- Cyclisation of the resultant polysulfuration intermediate and removal of polysulfides  

4- The anticipated side products formed in this reaction are N-methyl piperidinium salt and 

hydrogen sulfide.   
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Figure 3.12: 13C NMR for compound 5-fluoro-2-(pyridin-3-ylmethyl)benzo[d]oxazole (13k) 

Synthesis of some derivatives was challenging. Compounds 13f, 13h and 13m gave 

multiple spots on TLC. Preparative TLC was performed to separate the desired compounds 13f 

and 13h and gradient column chromatography was used to try and purify 13m, however, 

isolation of pure compounds was unsuccessful. Derivatives 13c, 13d and 13g required gradient 

column chromatography followed by preparative TLC, which was repeated twice with different 

systems, however, they did not pass the HPLC analysis with percent purity for 13c, 13d and 

13g of 89%, 85% and 81%, respectively. From the 13 designed compounds, 7 were 

successfully obtained with good purity for biological evaluation (Table 3.4).  
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Table 3.4: Yield and purity of the prepared benzoxazole final compounds (13) 

 
Compound R Yield (%)  Purity  

13a H 52 HPLC*: 97% 

13b 5-Cl 63 Anal. Calcd: C 63.82%, H 3.71%, N 11.44%.  

Found: C 63.78%, H 3.63%, N 11.39% 

13c 5-OCH3 26 HPLC: 93% 

13d 5-C(CH3)3 26 HPLC: 85% 

13e 5-C6H5 23 HPLC: 100% 

13g 5-CH3 53  HPLC: 92% 

13i 5,7-diCl 40 Anal. Calcd: C 55.94%, H 2.89%, N 10.03%.  

Found: C 56.13%, H 2.82%, N 9.79% 

13j 5,7-diCl; 

6-CH3 

49 Anal. Calcd: C 57.36%, H 3.44%, N 9.55%.  

Found: C 57.46%, H 3.29%, N 9.39% 

13k 5-F 49 Anal. Calcd: C 68.42%, H 3.97%, N 12.27%.  

Found: C 68.65%, H 4.10%, N 11.98%. 

13l 5-CF3 56 HPLC: 95% 

*Gradient method 5:95 v/v water: methanol with 0.1% formic acid as additive. 

 

b- Middle sized benzoxazoles synthesis  

The synthesis of this series involved four reaction steps (Scheme 3.2): 

1- Tetrazole cyclisation  

2- Chlorination reaction using thionyl chloride  

3- Amide formation 

4- Benzoxazole cyclisation by Mitsunobu reaction  
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Scheme 3.2. Synthesis of mid-sized benzoxazole compounds. Reagents and conditions: (i) 

AcOH, TEOF, NaN3, 80 °C, 4 h; (ii) SOCl2, CH2Cl2, DMF, 40 °C 4 h; (iii) Pyridine, 100 °C, 

overnight; (iv) PPh3 in THF (10 min), DIAD dropwise (1 h), overnight, room temperature. 

Synthesis of (S)-3-(4-substituted-phenyl)-2-(1H-tetrazol-1-yl)propanoic acid (15): 

Tetrazole compounds were synthesised by reacting substituted L-phenylalanine amino 

acids (14) with sodium azide and triethyl orthoformate (TEOF), and acetic acid used as catalyst 

and solvent, and heated at 80 °C for 4 h95. Due to difficulty in visualising the product and 

starting compound spots under UV, the reaction was heated for 4 h then left at room 

temperature overnight to maximise completion. Acetic acid was evaporated then the residue 

diluted with acetone and filtered to remove sodium acetate salts which formed from the reaction 

between acetic acid and sodium azide. The resulting filtrate was evaporated, and H2O added 

and then the pH was adjusted to 9-10 with 5M aq. NaOH solution. For purification purposes, 

activated carbon was refluxed with the alkaline solution of tetrazole compounds95. On removal 

of activated carbon, the solution was acidified with 2M aq. HCl to pH 2 to protonate the 

carboxylic acid, and the desired compound (15) began to precipitate due to the low pKa value 

of tetrazole (pKa: 4.9)95. The product was analysed by 1H NMR where the tetrazole signal 

appeared at 9.7 ppm.    
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TEOF has many different roles, however, in the tetrazole synthesis, TEOF serves as a 

carbon source for the tetrazole ring. Acetic acid acts as a catalyst initiating ethoxy activation 

of TEOF.  

The reaction mechanism is initiated by activation of one oxygen of TEOF, which makes 

it more electrophilic followed by nucleophilic attack of the L-phenyl alanine N and formation 

of a new C-N bond (intermediate I). The acetate ion deprotonates the N and a double bond is 

generated (N=C) (intermediate II). In intermediate II, protonation of the O takes place, 

generating an electrophilic C atom, which is subject to nucleophilic attack by azide anion 

followed by formation of the desired tetrazole compounds and elimination of ethanol and 

sodium acetate as  by-products (Figure 3.13).  

 
Figure 3.13: Reaction mechanism of tetrazole cyclisation. 




































































































































































































































































































