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Abstract

Tuberculosis (TB) is an infectious disease causediggobacterium tuberculosis
(Mtb), which continues to be a highly lethal diseasgéng tothe drug resistance crisis. Drug
resistant strains dfltb represent a major therapeutic challenge, so nevirgrculosis agents
are desperately needetimong 20 Mtb cytochrome P450 enzymes, CYP121A1 was found to
be a target of interest owing to its importance for Mtb cell viakalitgt its high affinity to azole
antifungal drugsThe aim of thigproject was to design and develop novel CYP121A1 inhibitors

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

In the present work, docking studiesing MOE and MD simulations using the
Desmond programmef Schidinger software were used in designing different series of
potential CYP121A1 inhibitorghat mimicked the binding pattern of the CYP121A1 natural
substrate, the cyclodipeptide dicyclotyrosine (cYY). Different scaffolds were used in the
design diaryl pyrazoles(Chapter 2) benzoxazolegChapter 3) chromard-ones(Chapter 4)
and tetralonegChapter 5) and various potential haem binding groups were incatpd
includingimidazole, triazole, tetrazole and pyirid. The cesigned ligand structurefioweda
consistent binding moda a region of the active site located between the haem iron and the
expected access c hanhelieesjnapostionvommarablevithe@€Yih and G
CYP121A1 A synthetic scheme for each series was develafiedseverabptimisation trials.

Final productsvereobtainedwith varying yieldsfollowed bystructuralcharacteriationusing

NMR (*H, °F and**C) along with purity analysiasingHPLC-MS and/orelemental analysis

All final compounds were evaluated agaiivib H37Rv (MICg0) and compared with
the reference compounds: rifampicispniazid,and kanamycinThe most promising series
were screened against resistdtb strains CYP121A1binding affinity studies (KK) were
performedusingUV-Vis spectrabbsorptiorandcompared with cYYProteindetected 13°%F
NMR spectroscopywas conducted as an additional binding t&stl cYY was used as a
reference standar@the diroman4-one and tetralone series were the nposimisingscaffolds
followed by the pyrazole series, wherdasbenzoxazolseriesvasinactive.This research led
to an effective design and synthesis of CYP121A1 inhibitors, which demonstgated
antimycobacteriahctivity againstMtb susceptible andesistantstrains withoptimal binding

affinity.
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CHAPTER 1

General I ntroduction




1 Introduction

1.1 Disease

Tuberculosis (TB)is ranked as the second leading cause of death from a single
infectious agentfollowing COVID-19 (2020 - 2021)}. However, according to the World
Health Organisation (global TB report 2022), TB will replace COXtEDandwill reclaim the
top rankingin the near future TB is a contagious diseasausedmainly by Mycobacterium
tuberculosis (Mtb), which is one of the Mycobacterium tuberculosisomplex (MTBC)
specie$ 3. OtherMTBC includeM. bovis M. africanum, M. caprae, M. canetti, M. micratid
M. pinnipedif, howeveronly a small percentage of TBasesverecausedy these speciés
TB mainly affects the lungs (pulmonary TBhoweverin 20% of caseg alsoaffects other
organs (extrgulmonary TB}“ Extrapulmonary TB can infect any organ in the body through
the lymph nodeand not necessarily with pulmonary involvenfehenMtb passefrom an
individual with active TB usually through coughindhere are three possible outcomes that
can occur after inhalatidf. The best scenario is that the bacteriabégitompletely 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 lastnd worstoutcome is the activation of the LTBI to
develop active diseasdeveloping active TB is higher among highk groups in particular
poor nutrition, diabetes, smokingalcoholsm and comorbidities with HIV (human
immunodeficiency virug)contribute to higher rates of active TB.

The diagnosis of the disease depends on three aspects: the signs and symptoms, thje
laboratoryresults andtheradiographiémage$. General symptomsf TB includesfever, night
sweats, fatigue, loss of appetite asaddenweight los§. There are also organ specific
symptoms, for instance, in pulmonary TB the patient ssfifem a persistent productive cough
for more than3 weeks as well as other symptoms such as pleuritic chest pain, shortness of
breathand in the case of invasive disease people may experfeaamoptysis (blood
sputumy-’. The radiographic image will show consolidation in the upper lobe area with cavities
formed due to the multiplication of bacteria

TB diagnos$ic tests includesputum smear microscopy¥B culture methodrapid
moleculartess andimmunological techniques (the tuberculin skin test thelinterferoro
release ass¥ The WHO recommens starting with the rapid molecular tests (Xpért
MTB/RIF assay), which can provide results within two hocosnpared with the culture

method which requires about43weeks$?®. The Xpertf® MTB/RIF assaycan detecMtb and
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rifampicin resistance (RIF, firdine antiTB drug) simultaneousfy However, the culture
method is still the gold standard methimd TB diagnosisand isalso used for monitoring

treatment responée
1.2 Incidence

According to the most recent WHO estimatés/orldwide deaths by cau$2019),TB
was t he "eadiny chdss of dedthffectingaround a quarter of theorld population
andthe 29 leading cause of death from a single infectious agent (2@2®21)-°. In 2021,
about 106 million people were infected with TBepresenting an increase of 3.6% in the TB
incidence rate (new cases per 100,000 people petyEBrnortality declined between 2005
and2019 butrose in 202%o 1.6 million deaths (187,000 deaths among people with HIV)
Men bear the greatdstirden, accounting for 56.5% of all TB cases in 2021; woateount
for 32.5%; and children account for 11% of cads&pproximately 70% of the newly diagnosed
cases were tested for drug resistance, and 6.4% of the casegamgpein resistant TB (RR
TB) andmultidrug resistant TBMIDR-TB, defined as resistance to rifampicin and isonidzid)
TheCOVID-19 pandemitad and continugto haveanegative impact on TBurdens.
During the pandemic, all the TB resources and facilities were redirected to be used for-COVID
19'. The effect on TBvas immediately felt in the significant global decline in the number of
people newly diagnosed with TB in 262The significant interruptions in TB diagnosis and
treatment are likely to reflect variousasonsincluding reduced healthcare resources, dear
from visiting healthcare facilities during the pandemic, lockdown challenges to seek care and
the embarrassment associated with the symptairish are similar between TB and COVID
19'. On the other hand, pandemic lockdowns and safety measures (e.g. face masks and sociill
distance) resulted in 50% reduction in TB transmissialthough this may be underreported

as not monitored.
1.3 Mycobacterium tuberculosigMtb)

Mycobacteriumtuberculosisis a nonmotile aerobic bacteria thabelongs to the
Actinomycetes famil§. Mycobacteriaare acid-fast bacteriahat havea uniquecell wall that
resistsstaining bythe traditional Gram stainingmethodswhich is a characteristic featuo#
mycobacterisamong other prokaryotesA distinct featureof mycobacterids that it grows
slowly with a doubling time of 24 tvhile other bacteria, e.gscherichiacoli (E. coli), take
about 20 minutes for the growing proce$sMtb is also able to multiplintracellularlyinside
the macrophages of the host




When inhaledMtb travek to the alveoli where it will face the macrophagés The
macrophages ingeshe bacteriumwhich immediatelystars the intracellular replication
proces$t. Through the secretion of cytokines, macrophages attract various immune cells to the
site of infection, resulting in the formation of a granulgraa active nodule of the infected
macrophagg pulmonary cell@andimmune cel'™!2 Generally, the granuloma is an effective
way of limiting the spreadf bacterid®. Three possibleoutcomesoccur next, either 1-
macrophage activation and Mévadication 2- macrophage cell lysis and Mtb spread 3-

Mtb remainng in a dormant nonreplicating state (LTBI) with the possibility of progressing
to active infection later or nevért2 Since the mycobacterial cell wadl the point of contact
with the host, knowing its structure and response to immunological factors is¢rucial

Mycobacteriumhas a cell wall structure that is distinct from other bacteria and this
unique cell wall is an important factor for its viruleht¥ The cell wall consists of two
segments: lower angpper®. The lower segmeis composed of the peptidoglycan layer (PG)
the first layer after the cell membrane, and PG binds to the arabinogalactan (AG) through
covalent bonds. The thirdomponenin the lower segmerntontainsthe hydrophobiclong-
chainmycolic acid®*® These three components are known as the cell wall core and named the
mycolylarabinogalactapeptidoglycan complex (mAGPF) The upper segment is composed
of free lipids, and cell wall proteins, which include the lipomannan (LM), the
lipoarabinomanan (LAM), the phosphoinositol mannosides (PIMs) and the phthiocerol

containinglipids (Figure 11).
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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 relagi$er treatment, reducing the risk of
disease transmission, and preventing the emergence of drug resfstmstead of using
monotherapy, the current therapeutic strategy employs combination therapy, fasmie
could potentially result in the development of drug resistdnce

Effective TB therapytarted irthe 1940s with the discovery of streptomytitf There
are two classes oh#-TB agentsfirst-line and secontine drugs The WHO and theCentres
for Disease Control and Prevention (COfaye published tiiemost recentecommendations
for TB treatmentwhichfollow a 6month regimen withhe four first-line agents®. The first
line antiTB drugs arerifampicin (RIF), isoniazid (INH), pyrazinamide (PZA) and ethambutol
(EMB). The cost of this @nonth therapy course per person is US¥.40 drugresistant TB
(RR/MDR-TB), treatment with the secoslthe agents is considereaipwever itis more toxic,
has a longer duration{P2 mont hs) and iUS$10009%. Ehe sexopding s i v b
ant-TB agents includdluoroquinolonegFQs), ethionamide (ETH)n@noglycosidegAGSs),
cycloserine ang-amino salicylic aci¢??>2t New compounds and repurposed drwgse also
approved to be used MDR-TB andpre-extensively drug resistan@® (pre XDR-TB, known
asresistance to B and any FQsysuch as bedaquiline, delamanid and lineZalidastly,
resistance to K and FQs plus at least one of bedageitinlinezolid is defined as extensively

drug resistance (XDRB), where the treatment becomes very diffitult

Resistance mechanisms in Mtb arisganly from: 1) genemutationsof key enzymes
and drug targets; 2ipregulatiorof Mtb efflux pumps; 3) Mtb cell permeability changekich
impairs antibiotic diffusion to the Mtb céfl Efflux is a seHprotection phenomenon that exists
in prokaryotic and eukaryotic cells, and efflux pumps are transmembrane proteins which expel
exogenous chemicals and metabolic wastes out of the bacterialMedl efflux pumps belon
to five categoriesthe ATRbinding cassette (ABC) superfamily, the major facilitator
superfamily (MFS), thenultidrug and toxic compound extrusion family (MATE), thraall
multidrug resistance family (SMR), and the resistamogulationcell-division superfamily
(RND)?2




1.4.1 First-line anti-TB therapeutic agents

In general, all the firsline agents are administered orally and act by either inhibiting
mycobacterial cell wall synthesis or interfering witcterial protein synthesis, which disrupts
mycobacterium cell growtf
Rifampicin (RIF)

RIF, a medicine that has been used to treat TB for more than 50 years, is still a crucial
agent>. RIF is a broaespectrumantibiotic anda powerful front-line agent in TB therapy.
RIF actsby inhibiting the bacterial DNAdependent RNA polymerabg tightly binding to the
b s u andbiockingRNA elongationwhich results in disrupting thieanscriptiorproces$’.
Resistance to RIF arisesainly in a region of thepoB genethat encodes RNA polymerase,
known asthe RIF resistanceletermining region (RRDRY. The most commomutatiors in
therpoB geneare point mutations &er531Ley41-74%), His526 TyrandAsp516Hig*, which
result in prevent i nginRé pgolynteiase @nzyndge tb structutale b
modificationg®. Resistance to RIBIsoarisesdue tothe MFS efflux pumps bgverexpression
of the Rv1258¢ (Taphumpin Mth?2. RIF resistance is a major concern in TB treatment since
it is a key element of the firdine drug regimen used to treat drsigsceptible B. Despite the
low rate of occurrence, there are some common adverse effect reactions (ADR) relatétl to RIF
Hepatotoxicity (° 1%), thrombocyt pHowdva, (O
among the firstine agents, RIF is least likely to be associated with hepatotoXicity
Isoniazid (INH)

Isoniazid, also known as isonicotinic acid hydrazide (INH), is an effective bactericidal anti
TB agent’. INH is a prodrug that can be converted to the active fagyl @nion form by the
Mtb catalaseperoxidase KatG enzymenhich then binds taicotinamide adenine dinucleotide
(NAD")?". Formation of theisonicotinic acNADH adduct (Figure 1.2) results inthe
inhibition of the mycolic acid synthediy binding to the enoyacyl carrier protein reductase
(InhA) and, hence, disrupting the bacterial cell walhstructiod’. INH resistance arises from
two sidesfirst, a singlemutation ofthe KatG genemainly at codon 315which preverd the
conversion ofNH to the active forrff. KatG gene mutatiomesults from ammino acid change
at codon 315 from serine to threonio@ing to codon modificationfrom AGC to ACC*.
Secondmutationin the promoter region ahe InhA gene( C1 1 & Popsition-15** caues
overexpressionf theInhA target’. Efflux pumps also play a role in conferring INH resistance
through overexpression of the MFS pump, Tap (Rv1258c) and the SMR, Mmr (Rv3065) efflux

pump$2. Isoniazid has significant advers#fects in addition to its antibacterial properties. The
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major side effect of INH is hepatotoxicityith 1.6% rate of occurrengeowing to oxidative

stress that results from INH and its reactive metabolites such as hyéftazine

Mutation 6/
pZ N,NH2 ,
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Figure 1.2 The mechanism dadction and sites atsistageof isoniazid (INH drug

Ethambutol (EMB)

EMB is the third agent in the firdine anti TB drugs. EMB is a bacteriostatic agemthich
acts by inhibitingthe cell wall arabinogalactan biosynthedy targetingthe arabinosyl
transferase enzymepreventing further bacterial growth A mutation in the arabinosyl
transferaseyene(embB at codon 306owing to an amino acid change from methionine to
valiné?®, is the most common mutation thasulsin drug resistanéé A major ADRof EMB
is optic neuritis witha high rate of occurrence {B3%)°.

Pyrazinamide (PZA)

PZAis the fourth drug of th&ont-line antiTB agens'. PZA is a prodrug which reaels
the Mtb cytoplasm by passive diffusion, and theris ictivated to pyrazinoic acid by the
mycobacterial pyrazinamidaSe Then, pyrazinoic acids accumulated inside the Mtb
cytoplasm until the pH of the environmdaatloweredto a suboptimal levels thahas been
suggested tadiminish the activity of the Mtb fatty acid synth&eAnother proposed
mechanism is the interaction of pyrazinoic acid wvilosomalproteinS1(RpsA) in the 30S
ribosomal subunit, which eventually inhibjrotein synthest§. PZA also acts on the latent
nonreplicating Mtb, which have a role in shortening the duration of thétaggwever, the




exact mechanism ddction of PZAis uncleat®?® The most common ADR associated with
PZA are hepatotoxicity (up to 2.5%) and hyperuricemia (§ouResistance to PZA usually
resuls from diverse mutatiors in the pncA gene encodingthe pyrazinamidase enzyme
commonlyat codons324, 325, and 341iyhich blocls the activation of PZA"28

1.4.2 Secondline anti-TB therapeutic agents:

Fluoroquinolones (FQs):a class of a broagpectrum antibiotics used as secding anti TB
agens for RR/MDR-TB™. In the FQs, a fluorine atom was added to quinolones, generating
antimicrobial derivatives with a broader spectrum and improved pharmacokinetic &ttinity
general, FQs are uséaltreat gastrointestinal, gynecological and respiratory tract infeétions
The FQs agents that used in treatment of (FRyure 1.3) are ciprofloxacin and ofloxacin
(second generation), levofloxacin (third generation) and moxifloxacin (fourth genetation)
The mechanism of action of F@s/olvestargeing the DNA gyrase enzymaevhich inhibits
DNA supercoiling and prevesiMito DNA replicatiort®?°, Mutatiors are often foundin a
conserved aredhe quinolone resistancetermining region (QRDRIy the DNA gyraseene
(gyrA?’. The most prevalergyrA mutations arésly88Cys, Asp94Gly, and Ser91Pmghich
blocks binding of FQgo the DNA gyrasé’. Moreover, resistance®d FQsarisesfrom the
overexpressiorof the Rv1258c (Tap) efflux pumpvhich belongs to the major facilitator
superfamily (MFS) in MtE?. MFS-type pumpTap can extrude FQs from the Mtb cell, thus
lowering levels of FQs intracellulargndleading totheemergence of resistant mutaats
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Figure 1.3: Chemicalstructures of fluoroquinolone anfB agents

Ethionamide (ETH): is a structural analogue of INM/hichis also a prodrug tha activated
by the bacterial monooxygenasthionamide activating enzyn{&thA), to the active form,
the ethionamide sulfoxidé Similar to INH, the active forrof ETH binds to NAD, and the




resultant addudnactivates the InhA enzyme, which leads to inhibition of cell wall mycolic
acid synthesf. ETH resistance arises from the following mechanismsndtatiors in the
ethAgenethat encodsthe EthA enzyme and the most relevant mutatgmere GIn254Pré*

or Leu397Arg®, and2- mutation ininhAgene(C 1 1 $5*Teadingto overexpression dfieinhA
enzymé’,

Aminoglycosides (AGs):are broaespectruminjectable antimicrobial agentghat act by
targetingbacterial protein synthesand disrughg thetranslation procesBy binding tothe
16S ribosomal RNA (rRNA) irthe 30S ribosomal subuti?. Amikacin, kanamycin and
capreomycin(Figure 1.4)are the AG antTB agents used ithe treatment oMDR-TB?3%
Resistance mechanisms to AiGslude: t modification in the AG target, the 16S rRN#s),
which blocks AGs binding, and the most common mutation found Ala1401Gly4%. 2-
Inactivation of AG byAG-modifying enzymes expressed by the Mtb, which abahishability

of AGsto bind to the targét Acetyltransferases and phosphotransferases are the main classes
of AG-modifying enzyme¥. In Mtb, the most common modifying enzyme targeting AG is the
N-acetyltransferasevhich acetylates AG with "Zamino group in their structuresuch as
kanamycif®. 3- Resistancerelated tothe efflux pumpsRv1819c (BacA) and R836¢
belonging to the ABC superfamily and tRATE 2, respectivelywhich expel the AGs out of
the Mtb celt®. Ototoxicity and nephrotoxicity are the major ADR associated A@RC.
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Figure 14: Chemical structures of aminoglycoside afd agents

Cycloserine (4-amino-3-isoxazolidinong: is the cyclic analogue of -@lanine(Figure 1.5)

used inthe treatment oMDR-TB. Cycloserine inhibits cell replication by inhibiting cell wall




peptidoglycan synthesi§Specifically ty targeting Dalanine racemase&vhich is responsible
for converting alanine enantiomers in peptidoglycan biosyntieBise toCNS toxicity and
moderate ar{TB activity, the use of cycloserine isnited'®. Resistance to cycloserirg
mainly caused bymutation of the gene &lr) encodingD-alanine racemasmm Mtb with
Leul13Arg the major mutatioit.

p-Amino salicylic acid (PAS): is a synthetic secorthe anti TB agent that acts by inhibiting
folate synthesi$. PAS is a prodrug which undemgactivation by two enzymeiavolved in
the folate biosynthesislihydropteroate synthase (DHPS) and dihydrofolate synthase (DHFS),
to the active hydroxy dihydrofolate, which inhibthe dihydrofolate reductase (DHFR) and
disrupts folate synthesfs Resistance to PAS could arise franutatiors in the gene of the
activator DHFSpIC), which preverd the conversion of PAS to the active foramd the most
common mutation is Thr202A1%%2 Tap, a MFS drug efflux pump, is believed to confer
resistanceéo PAS®,

1.4.3 New compounds omarketed repurposed agents

Bedaquiline: a new antiTB agent recommended Ilye WHO to be used fathetreatment of
MDR-TB and preXDR-TB?°. Bedaquiline is a diaryl quinolin€Figure 1.5) that acts by
inhibiting the Mtb adenosine triphosphate (ATP) synthase, which blocks ATP prodifction
Bedaquiline acts on replicating and a@plicating Mtb, which have an important role in
shortening the duration of therayMutationsin the ATP synthasgene(aptE) was found in
some Mtb resistant strainand the most prevalent mutatsomere Ala63Pro and lle66Mé.
Moreover, theRND superfamilyconferred resistance to bedaquiline dyerexpression of
MmpS5/MmpL5 efflux pumfr. Prolonged therapy with bedaquiline was found to cause
sudden death in many cases, owin@interval prolongation an irregular heart rhythth
Delamanid: anewantiTB bicyclic nitroimidazoleagent(Figure 1.5 approved for MDR and
XDR-TB therapy®. Delamanidis a prodrug whichs activated by Mtb dehydrogenase and
nitroreductase enzym¥s Two mechanism of action wereobservedfor delamanid (1)
inhibition oftwo main components necessary for mycolic acid synthesis, the methoxymycolic
and the ketomycolic acidsgind @) inhibition of cell respiratiorthroughthe generation of
reactive specieshat result from the metabolic pathway of delamanid activdtiorhe
resistance mechanisim delamanid is unclear; however, it is assumed that there are mutations
in the genes encoding the enzymes involved in delamanid actiffation

Linezolid: a marketed drug thdtelongs to a class @fyntheticantibacterials known as the

oxazolidinones which acts by inhibiting protein synthesis through bindinf23& rRNA




prevening formation of 70S ribosome®¥® Linezolid, which can be used orally or
intravenously®, is recommended bhe WHO for the treatment of MDR B, The resistance
to linezolid canarises froma major resistance determina@®2814T) in the 23S rRNA gene

(rrl)3e.

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

BCGis the only licenced vaccirgincethe 1920sfor prevention of TB. BCG is only
effective in young children, while it showed variable effectiveness against pulmonary TB in
adultd. BCG is a live attenuated strain M. bovi€. However, BCGdoesnot provick a life-
long protection, and its effectiveness dediafter 10i 20 year$.

According to the WHO global report (2021),September 20226 therapeutic agents
were in clinical trials forthe treatment of TB, which were either new or repurposed drugs

Moreover, 16 vaccines against TB were also in clinical trials.
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Figure 1.5: Chemical structures @ome of thecommon antiTB agentsThe firstline agents
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1.5 Treatment limitations

Long duration and compleXB therapy are the main causes of +aatherence and
toxicity!®. The energence oMtb resistamstrainshaveresulted from nostompliancewith TB
therapy® and dug resistance poses a significant challenge in TB prevention and treatment
The mechanisms of drug resistameeévitb include drug target modification, inactivation of
prodrugsdrug inactivation by Mtlenzymes overexpression afflux pumpsand the cell wall

permeability barriéf?’,

Another treatment limitation iselimited theragutic agent$or somesubgroups such
as children, pregnant twreastfeedingvomen and people who are coinfecteth HIV, since

there is a risk of drugdrug interactions with the antiretroviral therapy

Latentand norgrowing Mtb is alsodevelofng resistance to antibiotit% and most of
the antiTB agents, e.g. RIF, are unable to eradicate this dormant Mtb since they usually target
functions related to the growth andiltiplicationof Mtb, which is missing inatentMtb?°.

Therefore thereis an urgentneedto conduct research on alternative Mtb targets for
which no resistance exists in the populatimnprovide additional anrfiB drugs toadd tothe

TB combination therapy approdd:°
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 huma3hsCYP enzymes are haetmiolate containing proteins
wherethe axial thiolatdigand is cysteiné’. Unlike other haertontaining proteins, which
absorb light at 420 nnCYP absorb light at 450 niwhen reduced by binding to carbon
monoxide (CO), hence the name P58 This difference is due to the identity of tHelgand
coordinatedto the haem in P45Qhe cysteine amino acid, while in other haeomtaining

proteins such as haemoglobin, it is histidine

CYP enzymes are involved many essential physiological pathways sucklagesterol
andsteroidsbiosynthesisfatty acidsmetabolism vitamin D activation/inactivation, calcium
homeostasigs well as the metabolism &enobiotics(exogenous substareéound in the
body)*"3 Three categories contribute tenobiotics metabolisnphase |, Il, and 1. CYP
enzymes are mainly involved in phase 1 metabghkgnich generallyconverts the hydrophobic
target intoa hydrophilic molecule mainly by oxidatidh CYP metabolic process(phase 1)

mainly include hydroxylation, dealkylatiodeamination, desulfuration, sulfoxidation, Idf
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oxidation while phase Il involves conjugation wigolar moleculd.e. glutathione to aid in
excreing the metabolitdrom the body andsometimes a drug can undergo furtpaase Il

metabolismwhich involves transporting the xenobiotic and metabolites out of thé’cells

Regarding th€YP nomenclaturéFigurel.6), the letters CYP is related to the cytochrome
P450enzyme, followed by an Arabic naralsfor the CYP family é.9.,CYP121). Then, a
uppercaséetter refers to the sutamily (e.g. CYP12A\) followed byanother Arabiciumber
for the individual member within the sdamily (e.g. CYP121A)%’. The amino acid sequences
show 40% homology in the same family and at least 55% sequence identity withinthe sub
family®”*8 The main three familiesf CYP enzymevolved inthe majority of the metabolic
processes are CYP1, CYP2 and CYP3

/ \ [ \ @
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Super-family Family Sub-family || Individual
Cytochrome > 40% >55% CYP
P450 enzymes Sequence Sequence
identity to identity to
other other
P19 P19
\_ ) CYPI121 CYPI21IA

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 loi’. However, three common conserved regions were found in the
core of the P450 proteins around the h¥eifhe three signature regions are involved in the
electron/proton transfer and oxygen activation in the catalytic ¥ydlee first signature is in
the centre of-helix, containing (Ala/GlyGly-X-Asp/Glu-Thr-Thr/Ser), which is involved in
proton transfer process; the second region is in thelk (Glu-X-X-Arg), which maintains
stability of the core structure; the third is the habmding motif (PheX-X-Gly-X-Arg-X-
Cys-X-Gly) in the proximal face of the haem immediately before theelix, which contain
the highly conservedysteineasthe 5" axial ligand to the haem iréh(The three regions will

be shown later ifrigure1.16B).

CYP enzymesare haenrcontaining proteins with approximately 4600 amino acid
residues and a single haem in the activéS%itde centre of the haem asmiron atom, which
forms five bonds in the resting stathe pentacoordinate staté. Iron formsfour bonds with
tetrapyrrole nitrogematoms(porphyrin) on a horizontgdlane, and it forms a fifth bond with a

cysteine sulphur atom #sefifth ligand in a vertical plarfé. The iron adopts a hex@ordinate
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state whert forms an extra bond with a water molecule as a sixth ligand (Figlireand the

iron in this state moves slightly out of pldhe

Cysteine

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,
wherethe haemiron uses an electron donor (NADPH) aamad oxygen moleculean oxygen
atom is incorporated into a substrathkile the other oxygen atois reduced taH,0 (Figure
1.8A)%749 The steps ahe CYP catalyticcycle are as follows:

(1) at the resting state, th# @ater ligands displaced and the substrate (RH) binds to the haem
iron to form (F&*)-RH complex. (2) Reduction of ferric to ferrous through electron transfer
from NADPH by a reductase enzyme to form%f4&RH. (3) Addition of molecular oxygen
forming superoxide intermedia(&e**-0,/7)-RH. (4) Reduction of the oxygesy addition of
another electron forming peroxde intermediate (F&-0.2-RH. (5) Protonation of the
complex resulting ira hydroperoide intermediatg(Fe**-O0H)-RH, (compound O)which is
susceptible to dehydratio(6) Loss ofawater moleculend formation ofa radical cation oxo
species(F&"*=0"A-RH, the most potent oxidar(tompound ). (7) Rearrangement of the
complex where a protds abstracted from the substréke**-OH)-RA compound II. (8) Then,
the hydroxylgroupis transferred to the substra{®) The kst stegnvolvesdisplacement of
the hydroxylatedsubstrate by a water molecwded restoring the ferric resting stgiggure
1.8B).
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NADPH + H*+ O, + RH—— NADP* + H,0 + ROH
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Hydroperoxide eroxide

(Compound 0) H*

Figure 1.8: (A) Typical cytochrome P45@0atalytic reaction(B) CYPscatalytic cycle RH is
the substrate. ACreated with Biorender.co

As mentioneckarlier, the oxidation reaction is the classical reaction catalysed by CYPs,

however, CYPsrealso involved in other catalytic reactionssi®wn in Tablel.1.

Table 1.1: Examples of other general cytochrome P450 catalytic reattions

Reaction type

General example

Epoxidation CYP 2
R-C=C-R ———> R-C-C-R
HH HH
N/O/ or Sdealkylation cyp
Yy R—NH, O, Sy—CH; —— = R—(NH,, OH, SH) + CH,0
Deamination Hy 0
C. CYP C., + NH
R”™ NH, R™H ’
. . o)
Sulfoxidation CYP I
R/ \Rl —_— R/ \Rl
Desulfuration 2 CYP B
R-P-X ——— > R-P-X +8
R' R’ (X: halogen)
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1.8 Mtb CYP enzymes:

While studying the Mtb genomé&i87RyY for the purpose of finding new drug targets, 20
Mtb CYP enzymes werdiscoveretf. The density of theCYP genes in the Mtb genome is
about 200 times greater than in the human genome, indicating that these Mtb CYPs have
essential biological rolé$*3 The Mtb genome sequencing also demonstrated the significance
of lipid metabolismin Mtb, since a substantial proportion of the coding capacity bebbiag
enzymes responsible for lipid synthesis or catabdfiéiriThe waxy cell wall architectures of
Mtb are related to the highlighted significance of lipogenesis in thé&’Nitbwever, 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 roleable1.2 shows the key features of the characterised Mtb &YHse
Mtb CYPs with limited knowledge areCYP123A1 Rv0766¢, CYP132A1 Rv13943,
CYP135A1 Rv0327¢, CYP135B1 Rv0568, CYP136A1 Rv3059, CYP137A1 Rv36853,
CYP138A1 Rv013§, CYP139A1 Rv1666%, CYP140A1 Rv1880¢, CYP141A1(Rv312),
andCYP143A1 Rv1785y*.

Table 1.2: Mtb cytochrome P450 characteristic feattté$
Mtb CYP Gene Substrate Function Essential Molecular

gene mass (Da)

CYP51B1 Rv0764c Lanosterol, Unknown No 50,878
dihydrolanosterol,
obtusifoliol

CYP125A1 Rv3545c Cholesterol, Oxidation of Yes 48,400
cholest4-en-3-one host cholesterol

CYP124A1 Rv2266 Branched fatty acids  Unknown No 47,825
e.g., phytanic acid

CYP142A1 Rv3518c Cholesterol, Oxidation of No 44 398
cholest4-en-3-one host cholesterol

CYP128A1 Rv2268c Menaquinone Sulfolipid Yes 53,313

biosynthesis

CYP144A1 Rv1777 Unknown Unknown No 47,187

CYP130A1 Rv1256c¢ Unknown Unknown No 44,580

CYP121A1 Rv2276 Cyclodipeptide Unknown Yes 43,256
dicyclotyrosine €YY)

CYP126A1 Rv0778 Unknown Unknown Unknown 47,986
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1.8.1 CYP51B1

The first Mtb CYP with known function was CYP51Bawing to its sequence
similarity to the eukaryotic CYP51 enzymes, whicha t a | -gesnetlsylatith of sterol

substrate’d. CYP51B1 identified substrates are lanosterol, dihydrolanosterol, and obtusifoliol

(plant sterol®. However, the functional sterol biosynthesis pathway in Mtb is uncledrtb
do not endogenously generate lanosterol or a similar andfodso, according to genetic

research, CYP51B1 is not essential for the mycobacterial gtovabr these two reasons,

CYP51B1is consideredn uncertain an{TB drug target®.

The fungal CYP5Ivasconfirmed asatarget for the antifungal agents (e.g., clotrimazole and

fluconazole), thisoroughtthe attention to the Mtb CYPs as potential drug tatty&t¢Figure

1.9). Another possibility was thaintifungals may also target CYP51B1 and other Mtb ¢¥Ps

Consequentlystudieson azoles activity againstycobacteriunwere investigatedgndin vitro

studies orMycobacterium smegmastowed good MIC datavith optimum resultéound with

econazol e (° 0.1 &g/ mL 3% Alsoid Mty the sameatwooarokes ( 0
were found to be the most effecti@d t h ou g h

wi t h

hi gher

MI C

could be due to the waxy cell wall of Mtb that might affect azoles penettatitable 1.3

represents the binding affinity values of the antifungal azoles to Mtb € YRsspite that,

these azoles wemdsoshown toact as inducers/ inhibitors of human CY®R&ich eventually

led to toxicity or loss ofheactivity'*.

Clotrimazole

Cl

N,

N
\ cl
N—/

Fluconazole

e

Econazole

F
ﬁ;i«
! N
N
o cr

Cl
0]
I

Miconazole

N

2

W

N

Figure 1.9: Examples of antifungal azole agents
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Table 1.3: Kp values for the binding of azoles Mtb cytochrome P450 enzynfés
Azole CYP51B CYP121A CYP126 £ CYP125A1 CYP130A1 CYP1 4 2 £

(eM) (eM) (M) (eM) (eM) (eM)
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. NDno data.

Some of the other Mtb CYPs are:

1.8.2 CYP125A1, CYP142A1, and CYP124A1 the fatty acid and cholesterol
monooxygenases
CYP125A1 is anessential enzyme in Mthirulencein the host?, which act by
metabolsing the host cholesterobnd choles#-en-3-one as carbon soursdor bacterial
growth’. The most efficientholesterol monooxygenaaenongCYP124A1, CYP125A1and
CYP142A1 is CYP125A1, whichacts as a G2hydroxylase of host cholesterol (Figurd0),
and the resulg productundergoes subsequent metaboltsmproduce moleculethatact asa
source of energgnabing the bacterial cell tsurvivein the macrophadé Mtb CYP125A1
wasalsoassumed to beesistant tahenitric oxide generated hyacrophaged. CYP142A1 is
the second most efficient fatty acid oxidase followed by CYP132Afhen CYP125A1 is
absent, only CYP142A1 can substitute for CYP125A1 in the presence of cholesterol, but not
CYP124AT8 CYP124A1 acts aaterminal methyl hydroxylase of branched fatty acid such
as phytanic acidFigure 1.10), however, the specific substrate for this enzyme in Mtb is still
unknowrf?,
Binding to antifungal azoles was seen with CYPARS5 however, it wasweaker than
CYP121A1%. Lastly, CYP125A1could be targeted aspotential antiTB targets while the
possibility of CYP142A1 and CYP124A&s drug targets is uncertain due to lack of

informatiorf®.
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HO Cholesterol Phytanic acid

Figure 1.10: Structure of cholesteraind phytanic acid

1.8.3 CYP128A1

CYP128A1l is anessential Mtb CYP andhe secondargest Mtb CYPR which is a
membraneassociated enzynibatcatalysesulfolipid synthesi&. CYP128A1 is the only Mtb
CYP whosefunction was predicted based on gene locatiofhe CYP128\1 geneis located
in an operorthatinvolvesthree genesesponsible focatalysng sulfomenaquinone synthesis,
S881°. The sulphated compound S881 is located in the Mtb cell wall, and gene deletion studies
indicate the role of S881 as a negatiegulator of Mtb virulencé. CYP12\1 is involved in
hydroxylation of dihydromenaquinondMK-9 (DH-2)), which undergoes sulfonation by
sulfotransferasgStf3) to produce S88YFigure 1.11)*°. Therefore CYP128\1 is not a
potentialtherapeutic target in Mtb becatis@ibition of CYP128\1 hastenedhe virulencé®.

MK-9 (DH-2)

O CYP128A1

Sulfomenaquinone (S881)

Figure 1.11: CYP128\1 reaction mechanism and formation of sulfomenaquinone S881
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1.8.4 CYP144A1 and CYPL30AL (orphan CYPs)

CYP144A1 is a soluble protein with intermediate masscirgpared wittihe otherMtb
CYPs2 A gene knoclout 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 an azole resistazte mechanisrr.
CYP144A1 binds tightly to azoles; miconazole, econazole and clotrimézoldowever,
CYP144A1 function andhe natural substrate are unknown and hentcés consideredan
orphan Mtb CYP?,

CYP130Alis aso anorphan enzyme since the gene context studies did not give any
information abouits possible functionsTheCYP130Algene is found only in Mtb but not in
other mycobacterium speci@sg.,M. bovig, which indicatsits inessentiality in bacterial cell
growth; however, it could be involved exclusively in Mtb viruleffc@o date there is no data
regarding the role of CYP13Q in virulence, andhereforeits importance as an afB drug

target is uncleér.
1.9 CYP121A1

CYP121A1 isone of themost promisingirugtargets invitb'#, snicethe gene encoding
CYP121A1 enzymeRv2276 is found to beessential foMtb viability'44% CYP121A1 gene
essentiality was confirmed by gekeockout studies through homologous recombination
processwheredeleton oftheCYP121AXRv2276¢ gene was unsuccessful unless an additional
copy of the gene was added to the chromosbrmenong 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 viabili; Moreover,CYP121A1 was found to bind tightly the
antifungal azolesn the ordereconazole(Kp 0.02 € M,) clotrimazole(Kp 0.07 ¢ M,) and
miconazole(Kp 0.13 & M with the lowest binding affinities compared with the other Mtb
CYP<®. Furthermore, the order of these azole affinities correlated with thigiimum
inhibitory concentrations MIC) potency as aninycobacterial agents’, indicating that
CYP121A1 could ban idealMtb target for the azolé€%

Identification of the CYP121A1 substratedsfinitely valuable fordrug desigri’. The
natural substrate of CYP121A1 remained unknown for a while until it was revealed after
studies on an adjacent ge225 geneencoding cyclodipeptide synthasehichis located
on the same operonext tothe CYP121Algené*. Cyclodipeptide synthasenzyme is

responsibldor production of thecyclodipeptide dicyclotyrosingYY), the natural substrate
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of CYP121AZ%? Further studies showed that cYY is then metabolised by CYP121A1 and
converted to one produetyycocyclosifi?. Mycocyclosin forns after oxidative intramolecular

C-C crosslinkage between the tyrosyl rings of c¥%*245°2 The function ofmycocyclosin is
undeterminetf, however it has been proposed that mycocyclosin may have an important role
in cell growth or structural stabilityglternatively inhibition of CYP121A1 may result in an

accumulation of cYY, which could be toxic to Mtb
1.10The catalytic reaction of CYP121Al

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

mycocyclosinby an unusual oxidative-C coupling reactiotf (Figure 1.12)

H OH OH
HO o N
L LT orme
N0 OH CYPI2IAL H
N
Hoo
Cyclodipeptide dicyclotyrosine (cYY) Mycocyclosin

Figure 1.12: The oxidative coupling reaction of the two tyrosine rings of cYY catalysed by
CYP121AF2.

A proposed mechanismof CYP121A1 catalysissuggests biradical intermediate
formation as shown in Figurel.13%. After formation of the radical cation oxo species
(Fe**=0"A compound it is proposed that a proton is removed from one €Y and a radical
formedat the oxygemtont?. Thenthe cYY structurdlips andanother protofrom the second
cYY-OH is transferredto compound Il (F&-OH) producirg a biradical intermediatevith
releag ofa water molecufé. From each carbon theortho- position, an electron is transferred
to each adjacent radical oxygérLastly, a biradicatouplingof theortho- carbonss followed

by cyclisationand liberation of the mycocyclosf
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N k J radical coupling
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Figure 1.13: Proposed mechanism of CYP12LAtediated cYY crosslinkingnd releasing
mycocyclosin as a single major prodiict

1.11CYP121A1lcrystal structural features

The CYP121A1 crystal structuref the ligandfree form was solved ahigh atomic

resolution of 1.06 A (PDB 1N40), and this was the first breakthrough in the enzyme
characterisatiot¥® The second breakthrough was identifying the enzyme substrate

cYY495L53 This |evel of resolutioenablewisualisationot h e e n z y me Gtsuctwrah ¢ o

featured*. The substrate binding site is large (135¢) And full of water moleculewith a

network ofH-bondedamino acid¥. The proximal & axial ligand, Cys345 binds to Fe with a
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Fe-S bond distance of 2.30 A, while the distance for th®Fm®nd of the dista" axial water
ligand is 2.21 Aln the enzyme resting state, tHew@ater ligand forrs aH-bond with Ser237
while Ser237 binds to Ala233 and Arg386The presenceof the large andpolar Arg386

residueat a close distande the haem iron iadistinct featureof CYP121A1, andhat makes
it a keyresidué®. Apart from GIn385 and Arg386, most of the residuethexCYP121A1

binding sitecavity are hydrophobic in natute

CYP121A1secondarystructure showedwio main domainsU helicesand b sheetrich
domains andthe haem isburiedin betweef’. The loopsabovethe catalytic cavityform an
active site dome, which rendghe cavity rigid andqueezed; however, a considerable phart
the cavityis found protruding between the F and G heligdschwerefound to be the access
channel to the enzyme active &ftén the ligandfree state, there is no clear visible acafss
the substratdo the buried active sit¢ Accordingly, the CYP121A1 structuréhas been
proposed to oscillate between open and closed conformatiich aresec al | ed A br elat
mo t i im hesweéen of the F/G helicdgFigure1.14).

Figure 1.14: CYP121Alcrystalstructure (PDB 3G5Hyith the haem in green, the natural
substrate cYY ircyan the helices are labelled and showed as red rihfionss he et s i n |y €
loopsandturnsin grey/blueand ararrow points to the site of substrate entry betwiet/G

helices

The crystal structuref cYY-boundCYP121A1was determinetb 1.4 A resolution(PDB

3G5HYPL cYY was found to only partially fill the catalytic cavity while surrounded by water
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molecules!. The cYY structure is composedafliketopiperazine (DKP) ring thé tethered
between two tyrosyl rings The yrosinerings are positioned with one pointing between
helices F and G and the ottpminting to the | helixowards théhaemiron from the side!. The

6" axial water ligands not displaced upon substrate bindingYY induces a blue shift in the
Soret band from 416 nm to 395 nm upon binding to CYP121A1 (type | spectral response)
There are two modes of binding, type | and type Il. Type | 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 theBvater ligand which remained bonded to the haem iron, while type

Il indicates direct binding to the haem irén

Amit et al>® proposed that dimesation of CYP121A1 is essential for enzyme function. By
disrupting the dimer, they found that the catalytic function decreased by Wif§o
accumulation of cYY®. This finding was made after comparing functional assays of the wild
type (dimer) and an engineered monothefhe engineered monomer was made by double
mutation of 1le180in the G helix and lle166n the F helix by alanine residuwé€sThen, the
assaywas performedby measuring cYY depletion and mycocyclosin production (Figure
1.15)5.

(A WT CYP121 (dimer) Engineered monomer \
- (1166A-1180A)
£ £ cYy
s cYY 5
& ™ S P1 ™ K '
E A 60 min E AL N\ 60 min
2 2
< <
£ A A /\snmm £ N N /\wm
8 8
c [
§ ' & )
§ A VAN 15 min E I\ 15 mi
< N 0 min < A 0 min
T T T T T T T T
8 10 12 14 16 8 10 12 14 16
\ Retention time (in minutes) Retention time (in minutes) /
/B WT CYP121 (dimer) | Engineered monomer WT CYP121 (dimer) Engineered monomer \
_ I (1166A-1180A) (1166A-1180A)
I3 I = - |
4 ad e ‘@ =S £+ |
5 =) ‘ B & ¢ |
S z
£ 54 | £E 34 1
z I z |
o = (wal 4 e !
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\ Reaction incubation time (in minutes) Reaction incubation time (in minutes) /

Figure 1.15: (A) Compaative reconstitutiofiunctional assaysf WT CYP121A1 (dimer)
and 1166A1180A (engineered monoméf) (B) cYY depletion (left) ananycocyclosin(P1)

formation (right) were measuréy using tryptophan (Trp) as internal standard
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The sequence identity of Mtb CYP1&1 was compared with various prokaryosicd
eukaryoticCYP121 using Clustal Omega 12High similarity was found betweedtb and
other Mycobacteriaceae speci®ds: bovis(100%), M. canetti(99%), M. lacus(92%), and
Nocardia ninae(70%), indicating the presence of CYP121A1l in these species. While low
similarities wereobservedbetweenMtb and Streptomyces rimosu83%) andMythimna
separata(18%), indicating that CYP121A1 is absent from these two species (Hidi4).

In Figure1.16B, thethree conserved regions bftb CYP121A1 were alignedversusthose

from otherspecies The raembinding motif region (3 signature) showed three conserved
amino acids in all groups including cysteine (Cys345 in CYP121A1), and twecsaiserved
amino acids. The" region showed high similarity with three identical amino acids. Whereas
the P! region is different and shows no similarities except one highly conserved amino acid
which is represented by ). In summary, CYP121A1 is found in tivycobacteriumspecies

and inNocardianinaebut not inMythimna separatar Streptomyces rimosu

A
Percent Tdentity Matrix - created by Clustal2.l
1: Mythimna separata 100.00 18.07 18.67
2: Streptomyces rimosus 23.12 33.16 33.67
3: Nocardia ninae 19.52 70.13 71.39
4: Mycobacterium tuberculosis 18.07 99,49 92.17
5: Mycobacterium bovis 18.07 99.49 92.17
6: Mycobacterium canettii 18.07 100.00 92.17
7: Mycobacterium lacus 18.67 92.17 100.00
B
1* signature
1: Mythimna separata CYP121 VGATDTSAVG
2: Streptomyces rimosus CYP121 L1S
3: Nocardia ninae CYP121
4: Mycobacterium tuberculosis CYP121
5: Mycobacterium bovis CYP121
6: Mycobacterium canettii CYP121
1: Mycobacterium lacus CYP121
1: Mythimna separata CYP121
2: Streptomyces rimosus CYP121
3: Nocardia ninae CYP121
4: Mycobacterium tuberculosis CYP121
5: Mycobacterium bovis CYP121
6: Mycobacterium canettii CYP121
7: Mycobacterium lacus CYP121
1: Mythimna separata CYP121
2: Streptomyces rimosus CYP121
3: Nocardia ninae CYP121
4: Mycobacterium tuberculosis CYP121
5: Mycobacterium bovis CYP121 71
6: Mycobacterium canettii CYP121 I VDLA
7: Mycobacterium lacus CYP121 PGBALGRRHAQIGI IPGFDLA
(—-I— Haem binding motif

Figure 1.16: (A) The percent identity matrix created by Clustal Omega, i2elframed region
compares théitb CYP121A1 with other prokaryotiandeukaryoticCYP12L; (B) Multiple
sequence alignment of CYP1&1 amino acid sequence$ Mythimna separata, Streptomyces
rimosus, Nocardianinae, Mtb, M. bovis, M. canettignd M. lacus.Identical amino acids
indicated byasterisk(*) at the bottom of the alignmentighly conserved amino acid indicated

by colon(:), and semiconserved amino acids indicateddmnts (.).
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1.12 Previous studies on the inhibition of CYP121A1

Due to the high binding affinityand the antimycobacterial activitgbserved with
different azolesCYP121Alconsiderec potential Mtb target for azole agéefit€lotrimazole,
miconazole, and econazalesplayedMIC values of 110, 8.0, and 80 pug/mL, respectivelf.
Despite thatantifungal azole agentstherhavelow oral bioavailability orare associated with
toxic side effects due to their broad overlappirgbitory activity with human CYP¥. A dual
conformation was observed in the crystal structure of CYP1ZlL&bnazole complex (PDB
21J7). In conformation A, the azole moiety binds directly with the haem, whereas in
conformation B, the azole moiety is slightly shifted and binds indireattytive haem through
the @" ligand water moleculén a similar way to cYY binding:>® This was consistent with
fluconazole's spectral study, which shows a &edensivered shift in the Soret band than is
often seen with other C¥Bzoles complex&% Conformation B; the indirect mode, is the
predominant conformation, however, both conformations lead to enzyme inacfitation

Further details on fluconazole binding will be discussedhapter 2

Hudsonet al®° discoveredh noveland selectivaminoquinoline inhibito(Figure1.17)
througha fragmentbased approaéh The novel inhibitoshowedwveakor no effect on human
CYP<P. The Ky value of this inhibitor was foufiold higher compared to cY¥Kp 28 + 4 uM)
and it boundiirectlyto thehaem iror(type Il binding modgwith aredSoretshift®®. Moreover
they found thateplacing thdriazole moiety with other rings was not well tolerated and it was
suggested that 1,2tfiazole is optimal for binding in the enzyme active%ite

Kavanaghet al®! developeda novel aminopyrazole inhibito(Figure 1.17) with tight
bindingprofile (Ko 15nM) with CYP121AZ%L. This newly discovered ligand did not coordimat
with the haem ironhowever, it showed selectivity for CYP121A1 by-fald overother Mtb
CYPswhile nooverlappingeffectwasobserved on human CYBsDespite thatthe MIC data
of the designed ligand indicate o act i vity ad@ainst Mtb (100

N—\ H
-N
Y N NH,
N \
S NH, Q
» (O
N
. . . . A NH,
Aminoquinolone inhibitor Aminopyrazole inhibitor
Kp 28 £ 4 yM, no MIC Kp 15 nM, MIC 100 uM

Figure 1.17: Chemical structures and binding affinities sbme previously developed
CYP121A1linhibitors®®6%,
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Brengeletal.®? conducted a study wheranousCYP inhibitors were screened bye
surface plasmon resonan€8PR technique a biophysical screeningnethod used for
identification of small compounds that bind to CYP121Athen binding mode and binding
affinity studiesareperformedor the positive hit%. Type Il binding was found for two groups
of compounds; the imidazmlnd the pyridie derivatives however, the imidazelbinding
affinity improvedby 3-fold (e.g.,1:16) in comparisowith the standardconazoléKp5 €M)
Three compounds of this grospowedthe best I values as well as poteMIC; I:16, 1:47,
and1:48°% (Figure1.18). Theimidazole moiety linked ta hydrophobic group viamethylene
bridgewas found to ben important structural feature for a higffinity ligand®?. The two
linearised biphenyld:47 and|:48; a parabenzodioxane and patenzodioxod, were more
selective to Mth®2 Finally, these novel structures showledver cellular toxicity in HEK293
cells (human embryonic kidney cells) compared to the azole antifungal drug ecéhazole

C C o C

1:47 1:48 1116
Kp 5.4+ 1.0 uM Kp 5.3+ 0.6 uM Kp 1.3+ 0.4 uM
MIC 0.3 pg/mL MIC 3.5 pg/mL MIC 1.9 pg/mL

Figure 1.18: Chemical structuredinding affinities and MIC dataof CYP121A1 inhibitors

developed previously bgrengelet al.®?

Many cYY mimetics(Figure1.19) weredesignedpreviously in our labTabanet al>®
developed aeries of ¥shaped biaryl pyrazole, imidazofseries 1)and triazole(series 2)
derivatives(Figure 1.19A). The imidazole derivatives showed better acticiompared with
clotrimazolewith MIC dataof 6.25- 25 pg/mL(clotrimazole MIC 2Qug/ mL)%8. Although the
binding affiniies of theseimidazolederivativeswereless than 12 puMhowever, they were
weaker binders compareuth clotrimazole (K 0.07 + 0.01 pM¥. On the other hand, the
triazole derivativediad Ko values ranging from 336 2.7 to 193t 21 pM, and MIC results
from 25 t 0% Mdsthithese gdmpoundsowedtype Il binding®. Tabanet al>®
study also emphasised the importancéhefshort methylene bridge between the azole group
and the hydrophobic moietgr the activity, whichwas seen through designingiaactive and
weakly bindingextended pyrazole series wittC=0)NH-CH,-CH.- linker (series 38,
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Kishk et al®® conductedanother studyy designingthree seriesl) pyridyl pyrazole
imidazole compounds (series 1), 2) monophenyl pyrazole (series 2), and 3) biaryl pyrazole
imidazole (series 8J (Figure1.19B). Series 3 was the most active wislo-butyl andtert-butyl
compounds showing treptimalMIC result(0.7871 1.56ug/ mL) and gave the highest affinity
with Kp values of 0.22 uM and 4.81 pM, respectivély

A

¢

N/X

N
R
x: H (series 1); series 3

Kp < 12 uM (extended linker)
MIC 6.25 - 25 pg/mL

Kp > 290 + 27 uM
x: N (series 2); MIC >100 pg/mL
Kp 33.6 £2.7 to 193 +21 uM
MIC 25 - >100 pg/mL

B
N A \
8
¢ Al %
NX < |
N-X
g /N /N
SCNQ N SN @
Ar N S OMe
R
series 1 series 2 series 3
Ar= pyridyl; Kp>2294+02uM Ar= phenyl;
x= CH; Kp > 53.6 £+ 6.8 uM MIC 25 - >100 pg/mL Kp 0.2+0.01to 53 £5.9 uM
MIC 12.5 ug/mL MIC 0.78 - 3.125 ug/mL

x=N; Kp 5.4 + 1.0 uM
MIC > 100 pg/mL

Figure 1.19: Chemical structures cfome CYP121A1 inhibitordeveloped previously in our
lab; (A) Tabanet al>® and @) Kishk et al®.
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1.13Hypothesis

Can we design anfiB 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 projectvasto design and develop novel CYP121A1 inhibitors for
treatment of TB with both optimum binding affinity and antimycobacterial actiityns
specific to each series of compourdsprovided at the start of each Chapter.

Objectives:

1. Toinvestigate CYP121A1 active site and identify binding requirenadrite natural
substrate (cYY) and known inhibitorgfluconazole) to understand binding
requirements.

2. To desigreffectiveinhibitorswhich optimise fill of the active site aqmlobe additional
binding interactions while incorporating drug like propertieg can be predicted from
cLogP as well asADME properties of the designed ligandy using computational
approachesdocking studiesusing Molecular OperatingEnvironment MOE)®* and
MolecularDynamics(MD) usingDesmond programme of Schrédinger software

3. To develop synthetic procedures for the designed inhibitors and complete analysis
implemented for structure conformation and puetyluationj.e., NMR, HPLGMS,
and elemental analysi

4. To determineantimycobacteriabctivity againstMtb for the designed compounds
(MIC) (Dr. Sam J. WillcocksThe London School of Hygiene and Tropical Medicine;
Prof Sanjib Bhaktar,UCL/Birbeck) Mtb resistant strains (Dr. Alistair Brown,
Newcastle University)Jand he CYP121A1 binding affinity (K) of the various
compounds through UWis absorption spectroscopyd*F NMR assayDr. Amit
Kumar, Prof. Fernando Estrada, University at Buffalo, New York)

1.15The rationale of the project

CYP121Alhas been identifieds a potential target in Mtb due teetvery tight binding
affinity of the commercially available antifungazole agents for CYP121Aland the

significantantimycobacterial activityCYP121A1 novel inhibitorsveredesigned previously
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in our lab by developng compounds witla Y-shape structure mimickintpe natural substate

cYY, which improveshebinding affinitywith potent antimycobacterial activi§?®3 Based on

the studies conducted previously, imidazole and triazole rings wilttagnedas thehaem
binding moietieswhich are connected to the hydrophobic part of the molecule through a
methylene bridg® 2 Biaryl pyrazole werealso found to show improvement irb Kossibly

via van der Waals interactions with flanking hydrophobic residues in the activé®%ite
Moreover, there was a direct correlation between the MIC and the lipophilicity of the designed
inhibitors. The design of new inhibitorgas focused ooptimising binding with the haem iron

and the key amino acidshile keeping the ¥shape structurevhich was noted to provide a

good fit to the enzyme active site

The lead pyrazole compourtfisvere further modified irChapter 2 as follows: aromatic
substitution of the phenyl ring by halide groups @*or F) will be made to enhance metabolic
stability and alsowill increase the lipophilic nature of the designed compouati® 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 (Fiba®.

N N
¢ ¢
N/X N/X
N N Y
R R\O
Lead compound Chapter 2 modifictions

Figure 1.20: Lead compound and chapter 2 general structures.

Different pharmacophores have also been exploredhe following Chaptersto
determine optimal scaffolds for binding and antimycobacterial activity

In Chapter3, derivatives containing a benzoxazole pharmacophore were preysashdrt,
mid-sized, and extended serigs determine the effectiveness with respect to CYP121A1
binding and antimycobacterial activity (Figut1). Potential haem binding grougpyridyl,
tetrazole and imidazole) weegldedand ghenyl ringsubstitutionby different R groups were
included to probe additional binding interactioAs extended series of the benzoxazoles

designed to achieve selectivity over other CYPs by optimaligdithe CYP121A1 active site.
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The structurevas modified to designy-shape compounds mimicking the natural substrate

cYY, which providel good fit to the active site.

Chapter 3 design

N
N\”N\/N E,\?
O N N N
< O = OO
N

Short series Mid-sized series Extended series

Figure 1.21: Chapter3 benzoxazole general structure degigimort, midsized, and extended

series)

In Chapter4, chromar4-one derivatives will be explored as a new pharmacophore for
CYP121A1. A pyridine moiety waattachedo the structurehrougha methylene bridgen
one sideas a potential haem binding groupn the other side of the structure, an aromatic
substitution by GR groups; where R represents alkyl substituents or different aryl groups, was
added to closer mimic cYY and therefore, to enhance the binding interagiibribe residues

of the aromatic area (Phe168 and Trpl®8&jto optimise filling of he active site (Figure.22).

Chapter 4 design
)
= i X
Ro 0 N7

Figure 1.22. Chapted chroman4-one general structure design.

In Chapter 5, a tetralone scaffold is explored with two haem binding grpypdyl 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 moiet

through aliphatic linkers (Figure23).

Chapter S design
)

0]
= AN NN
Wsone o
oo TR et AT
R

Figure 1.23. Chaptel5 tetralonegeneral structure design

R
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CHAPTER 2

IMIDAZOLE AND TRIAZOLE PYRAZOLES
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2 Imidazole and Triazole Pyrazoles

2.1 Introduction

Azole pyrazoles waapromisingscaffolddescribed previously byurlab863.66.67 Two
lead compounds; imidazole and triazole; witharyl pyrazole scaffold were developed
previously in our group by Ismail Taban as inhibitors of CYP128ATable 2.1). Their
binding affinities and MIC results were compareith the antifungal agentsjotrimazole and
fluconazoleandshowed promising antimycobacterial activity. Lead compound 1 (imidazole)
possessdlower MIC, and most of the derivatives were notably more active than clotrimazole
(imidazole)and fluconazoldtriazole) Derivatives of lead compound 2 (triazole) were less
activethan clotrimazole. Moreovehoth lead compoundsere binding to CYP121A1 less
tightly lead 1L,Kp” 12 & M a nKp 33.6exa2d’to 293 + 21e M fompared with the
reference azole ager(tdotrimazole Kp 0.07 + 0.0le Mand fluconazol&p 8.6 + 0.2 M.

Further studes were conducted by Safa Kishk in our grédpThe biaryl pyrazole
imidazoles with alkyl substitutions were the most promising in respect to the inhibitory activity
(MIC=0.7871 1.56 pg/ mL) which were correlated with the enhanced lipophilicity thatdaid
in crossing thevaxy bacterialcell wall (d_ogP 4.19i 4.99¥°. ThelowestKp values were seen
with the branched alkyl substituents  £3Mhich were more tight compared with the natural
substrate cYY (K1 2 . 3 N (ThbleR.1).e M)

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

with CYP121A1 and to further enhance the antimycobacterial activity addibst
The lead compounds were modified as follows (Figuié

1- O-alkyl substitution was added to one aryl ring to improve the hydrophilic properties
compared with the lead compouand to probe Fbonding with Asn85.

2- para-aromatic substitution of thether arylring attached at position 1 of the pyrazole
ring by halide groups (Cl or F) tocreasehe lipophilicnature of the compoungdshich
has been found to have a direct effect on the MIC of the target contpanddalso to
improvethemetabolic stability.

3- Incorporatingimidazole and 1,24riazole 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) ari@lYP121A1binding (Ko) dat&853

R R: (H, F, Cl, CH, OCH;, Br, I, CN)®®
(Et, Pr, iPr, iBu, tBUf
Compound X MIC (ug/ mL) Kb (UM)
Lead 1 CH 6.25- 12.5°8 ' 12°%8
0.78i 1.56% 0.2+ 0.01to
53 +5.9%
Lead 2 N 251 ( . 10C 336x27to
193+ 21
Clotrimazole 20 01+0.01
Cl
OO
W
Fluconazole N:\ _100 8.6+0.2
Che
OH I/ />
N
F F
cYY 0 - 12+1
HO HN
NH OH
o)
N
¢
N-X

Methylene bridge —»
Where: R'= Me, Et, Pr, 'Pr

R?= F, Cl
X=CH (9), N (10)

5
q4—
3\N'N1\©\R2
2

Figure 2.1: Structural modifications of lead compowndnd structure design oéw pyrazole
serieg(9 and10)

R'0
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2.2 Results and Discussion

2.2.1 Computational studies
The CYP121A1 protedigand complexes were designed and generated by molecular

docking of derivative® and 10 with the crystal structure of Mtb CYP121A1-coystallised

with the natural substrate cYY (pdb 3G3Husing MOE“. The best poses based on binding
interactions and energy value were then subjecteti5tbns MD simulations using the
Desmond programme of Schrodinger softWamdD is a computer simulation technique used
to predict the movement of atomsthe CYP121A1 protein and the designed inhibitors, and
analyse the stability of the protdigand complex during a fixed time in nanoseconds’fns)

The natural substrateYY) sits to one side of the haewmith no binding to the ironand
the watemolecule(the sixth iron ligand is not displaced upon substrate bindiogY binds
to the enzyme throughr@matic stacking interactionbetween theYY tyrosyl ringsand the
aromatic residuesThe central diketpiperazine ring in cYYbinds to the enzyméehroughH-
bondng interactiondetween the C=@roupswith Val83 and Asn85 on one side of the active
site and through Fbinding interaction between one Cdid the key residue Arg386 on the
other side of thactive sitg(Figure2.2A andB).

proximity
contour

e

Ala
ALG7,

ligand
exposure

Vi

e
S
. ey A
A7S Al68,

AY
i

® &

Arg
A386,

O receptor
exposure

JI

O polar » sidechain acceptor () solventresidue  ©X© arene-arene Cys345
O acidic  + sidechain donor O metal complex ©H arene-H y
O basic = * backbone acceptor solvent contact ©+ arene-cation /
O greasy = backbone donor - metalfion contact \

A B
Trp182 » Alal67
£
2 e 5
Val78 4 l \< /
y ° “ GIn385
> ke |
, /
| v Val\82 ° 1 /f’he168 |
rd I\ 3 |
! .- '\ L L. ()
i valig3 [\ "\ = Thr229 > i
5 ! \ L e .. Arg386

Figure 2.2 (A) 2D and B) 3D images of cYYbound CYP121A1l (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 CYP121A1l inhibitors, and acoetalised structure of
fluconazole with CYP121A1 (PDB 2I¥) was available ithe PDB, which was used to study
the binding interactions in the enzyme active site. Fluconazplesitioned in theYY pocket
with one of the triazole moieties interacting with the haem iron through the water molecule (the
6" axial ligand)(Figure2.3), whilst the rest of fluconazole molecule is predominantly bound
to the hydrophobic residuts

/((Eys345

Figure 2.3: (A) 2D and B) 3D images ofluconazolebound CYP121A1RDB 2137, showing
binding interactions with the key residues. Haem in gréeopnazolein 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 suggestibe: 1

haem iron centre2- the aromatic cage located in the F and G heliaed 3 the Hbonding

interactions with Asn85 or polar residues on the side ppeketh are assumed to provide

more stabilised binding (Figure4}.

Aromatic cage- J

H-bonding

area

)

Figure 24: T h e

three mai

n

b

are labelledHaemin orange an@YY in grey.

inding areas i-helceSsYP121A

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

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

further enhance the antimycobacterial activity agdwtbt

Table 2.2 List of the designed compoundath and10ah) with the purpose of the design

Designed

N
&

Ri~

compounds

9a
9b
9c
9d
9e

Imidazole

/N\Q\Rz

o 9a - 9h
Azole ring

R1

CHs

CHs
CH2CH3
CH2CHs
CH2CH2CH3

R2

Cl
F
Cl
E
Cl
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10a - 10h
Purpose of the design

1- Azole N to interact with the
haem Fe or to form Honding
with GIn385 or Arg386




of

9h
10a
10b
10c
10d
10e
10f
10g
10h

Triazole

CH2CH>CHs
CH(CHz3)2
CH2(CH3)
CHs

CHs
CH2CH3
CH2CH3
CH2CH2CH3
CH2CH2CHs
CH2(CH>)2
CH2(CH3)

Cl

Cl

Cl

Cl

Cl

Alkoxy O toform H-bonding
with Asn85 (or: Asn74, Arg72,
Asn84)

Aromatic ring to form
hydropfiobint et a
Phel68 and/or Trp182

Alkyl substitution (R) was
added to enhance the
lipophilicity and to compare
between simple, longer, and
branched alkyl groups

Halide substitution (B was
added for metabolic stability ant
to probe halogen bonding with

any additional residues

Docking of dl designed pyrazole®9&-h and10ah) was performed anshowed that all

the compoundsit onone side of the haem with no binding to the imthesamecYY binding

pocket which could allow for competitive bindingDerivatives 9h and 10a were used as

imidazoleand triazoleexemplas for docking resultsH-bondinginteractions between either

theimidazoleor triazole moietywere observedhainly with Arg386, which mayblock access

of cYY to the active sitehannel (Figure2.5 and 26) .

Hydr e pholbtiecr act i

observed between the pyrazole phenyl rings and the aromatic residue PRigLE82.5).

More hydrogenbond,hydrophobic side chain and water mediated interactiare observed
with additionalactive site residuascludingArg72, Asn74, Val82yal83,Alal67and Thr229
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ALA \IN 285
233 [
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\ 62 ><

o\ \/
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Val82

Figure 2.5: (A) 2D image of binding interactions of imidazole compo@idin CYP121A1
active site(B) 2D imageof detailed ligan®h interactions with the protein residutest occur
more than 30% of the simulation tin@50 ns), (C) 3D image of binding interactions of
derivative9h in CYP121A1 active sittHaem(greer), 9h (orange) amino acid residuggrey)

and water molecules (red spheres).

38




229 VAL
228
TRP
GL 182 ’
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Figure 2.6: (A) 2D image of binding interactions of imidazole compoutdin CYP121A1
active site(B) 2D imageof detailed ligand.Oainteractions with the protein residuésit occur
more than 30% of the simulation tinf250 ns), (C) 3D image of binding interactions of
derivative 10ain CYP121A1 active siteHaem(greer), 10a (orange),amino acid residues

(grey) and water molecules (red spheres).
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To evaluate the stability of th€YP121Atligand complex, the Root Mean Square
Deviation (RMSD) is used to measure the average change in the complex stability with respec
to a specific time framd&rRMSD is a measure of average atoms displacement from their initial
position over a specific given tim&MSD evaluation highlights two main features;tlae
stability of the protein coofmationwhich considered stabighen RMSD variation is within
the accepted valug 3 A), andb- the RMSD difference betweenettigand and the protein
must be within the accepted range, othervadarge difference indicates that the ligand is

diffusing away from the initial bindingite®.

Theprotein RMSD variationwas within the accepted randering thesimulation process,
starting with1.21 A and ends witl2.24 A, indicating stable protein conformatiaturing the
simulation process (150 ns)Yhe ligand 10a which was used asan exemplar, was
simultaneously aligned with the protein af2érns with acceptable RMSD variation at the end
of the simulation between the protein and the ligan@.®f (Table2.3), indicating a stable

proteintligand complex (Figur@.7).

Table 2.3: RMSD values ofl0aduring150 ns MDsimulation

Compound Time (ns) Protein RMSD (A)  Ligand RMSD (A)
10a 1 1.21 2.13
Stabilised a0 ns 2.24 2.12
150 2.24 1.34

Protein-Ligand RMSD

Protein RMSD (A)

°(V) aSnd puesbI:

Time (nsec)

Figure 2.7: RMSD plot of CYP121A10aproteini ligandcomplexin 150ns. Protein RMSD
in the leftY-axis and ligand RMSD in the righttaxis; 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 smmiéications®,

Synthesis of the intermediates and the target compounds was achieved througtep six

synthetic route as described in Scheme 1 as follows:

1- Williamson ether synthesis
2- Synthesis of hydrazone

3
4- Reduction of aldehyde to primary alcohol using NaBH
5
6

VilsmeierHaack reaction

Chlorination reaction using thionyl chloride

Nucleophilic substitution reaction to introduce either imidazole or triazole.

(0] (6]
H H
. _N X _N
o H,N \©\ (ii) N \©\
HO R1-Br R1O -HCl R2 R1O R2
1) (2) 3 1))

(©)

where in 2 and 3, Ry: where in 4, R,: l(iii)
a=Me c=Pr a=Cl 0
b=Et d=Pr b=F

l(iv)

OH
\N,N \©\ (v) X N
- N
Rs R
®) R10 ™ 2

(9a-h) X=CH
(10a-h) X=N

Where in 5-10:

a Ri=Me,R,=Cl e Ry=Pr, R,=Cl
bR=Me,R,=F f Ry=Pr,R,=F
¢ Ri=Et,R,=Cl g Ry=Pr,Ry=Cl
dR=Et,R,=F h R=Pr, R=F

Scheme2.1. Synthesis of pyrazole compounBgagents and condition§) K.COz, DMF, r.t,
overnight; (ii) EtN, AcOH, EtOH, 83 °C, 1 h79-100% (iii) POCl3, DMF, 60 °C, 3 h65
100% (iv) NaBHs, EtOH, r.t, 1 h 6898%; (v) SOCh, CHCl, 40 °C, 4 h; (vi) imidazoler
triazole KoCOs, CH3CN, 45 °C, 1 h then 70 °C, overnighteldsseeTable2.9
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Synthesis of 4substituted acetophenones (3):

4-Substituted acetophenones wprepared by Williamson ether synthesis, by reacting
4-hydroxy acetophenond)(with alkyl bromide 2) in dry DMF overnight with KCO; asa
bas&. Two derivatives were prepared:pdopoxy acetophenone3d) and 4isopropoxy

acetophenoned(l) (Table2.4) while the rest of the derivativegere commercially available.

Table 2.4: Yield and m.p. of the prepared acetophenone compd@hds

R\O/©)‘\
Compound R Yield (%) m.p. (°C)
3c -CH2CH2CH;3 97 oil
3d -CHz(CHga)2 92 44-46 (38-39)%°

Synthesis of 1(1-(4-substituted-phenyl)ethylidene)}2-(4-substituted-phenyl)hydrazines
(5):

Different methods were attempted to prepare the hyweaderivatives ). The first
attemptinvolved stirringthe acetophenone3f with phenyl hydrazine4) in dry EtOH under
acidic conditions at room temperature for Z& klowever,the produci5) was not pure and
recrystallisation with EtOH reduced the yield to only 33%en a reaction using AcOH as
both solvent and acid catalyst at room temperature for 1% wasconsideredut no reaction
was observedven wherthe reactiorwasleft for 1 h Finally, the optimal method for preparing
the hydraznes b) wasby reactingthe acetophenones3) with phenylhydrazines4j in dry
EtOH under acidic conditioni®cOH) and reflux at 83C for 1 8, and theesuling products
were pure enough to be used in the next step without further purificktihwas used to
neutralise the HCI and release the free phenylhydraz)eg\lf hydrazne compounds5j
were found to decompose when left overnight at room temperature. The prepared compound

were obtained in good yield$able2.5) andstructureconfirmedby *H and!°F NMR.
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Table 2.5: Yield and m.p. of the prepared hydir@e compound§b)

H

N\

L
R0 R

2

Compound R1 R2 Yield (%) m.p. (°C)
5a -CH3 Cl 100 112114 (128130)7°
5b -CH3 F 100 90-92
5c -CH2CHs Cl 79 132134
5d -CH2CHs F 94 76-78
5e - CH.CH2CHz Cl 100 130132
5f - CH2CH2CHz3 F 100 semisolid
59 - CH2(CHz3)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 aldehyde$)(was achieved by treatment a&f(1-(4-substituted
phenyl)ethylidenep-(4-substituted phenyl)hydrazin€s) with the VilsmeiefHaack reagent
and heating at 68C for 3 H°. The VilsmeiefHaack reagent is a formylating agent fornied
situ from DMF and phosphorus oxychloride (PGQ)CL

When the VilsmeieHaack reagent is formed, the reaction mechanism starts by two
electrophilic attacksesulting information of intermediate | (chloro hydrazine) followed by
formation of intermediate Il by elimination of Clrhen formation of the pyrazole ring takes
place by removal of dimethylamine and formation of an iminium salt intermediate. Eventually,
the corresponding aldehydesformed by adding potassium carbonate(Ks) and removal

of another molecule afimethylamine (Figure.8).

The prepared aldehyde compounds were all obtained in high yields (apl&H
NMR showed a singlet peak at around 9.97 ppm indicating the presence of the aldehyde proto
and another singlet peak for the pyrazole proton appeared at around 9.82iguyme 29A).
13C NMR signals for the aldehyde and pyrazold @ppeared at around 180 ppm and 135.5

ppm, respectively, confirming formation of the aldehy@)e (
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Vilsmeier-Haack reagent
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Figure 2.8: Mechanism othe VilsmeierHaack reaction.
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Table 2.6: Yield and m.p. of the prepared aldehyde compoi@ds

Compound Ri1 Yield (%) m.p. (°C)
6a -CHs 65 142-144 (142-143)°
6b -CHs 95 144146
6C -CHCHjs 93 138140
6d -CH2CHzs F 90 162164
6e - CH2CH.CHz Cl 100 132134
6f - CH2CH.CHzs F 96 140142
69 - CH2(CHs3)2 Cl 88 144146
6h - CH2(CHs)2 F 98 137-139

Synthesis of  (3(4-substituted phenyl)-3-(4-substitued  phenyl}1H-pyrazol-4-
yl)methanols(7):

Reduction of aldehyde compounds (o the corresponding primary alcohoB (as
achieved by using sodium borohydride (NafBHs a reducing agent in dry Et&HH NMR
showed a triplet peak at around 5.20 ppm indicatingpthsence of the alcoholic OH, which
was split owing to the presence of the adjacent, @rtdabsence of the aldehyde proton singlet,
which was previously located around 9.97 ppm, confirming formation of the al@Keiqure
2.9B). The prepared alcohol3&7h) were pure enough for use in the next reactexcept
compound Td), which was purified by gradient column chromatography. All the compounds
were obtained in high yields (Tal2e7).
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Figure 2.9: Magnified'H NMR for (A) 1-(4-chlorophenyB3-(4-ethoxyphenyb1H-pyrazole
4-carbaldehyde 6c) and, (B) (1-(4-chlorophenyh3-(4-ethoxyphenybBl1H-pyrazot4-yl)

methanol 7¢).

Table 2.7: Yield and m.p. of the prepared alcohol compouTls

Compound Ri1 R2 Yield (%) m.p. (°C)
7a -CHs Cl 93 112114
7b -CHs F 90 142-144
7cC -CH2CHzs Cl 90 128130
7d -CH2CHzs F 68 106108
7e - CH2CH2CH;s Cl 80 100102
7f - CH2CH.CH;3 F 89 110112
79 - CH2(CHa)2 Cl 98 116118
7h - CHz(CHa)2 F 81 110112
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Synthesis of 4(chloromethyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl}1H-pyrazoles(8):

A chlorination reaction wasarried outo replace the Oldf the alcohol compound3)
by a good leaving group (C¥) Preparation of these chlorinated intermediates was required to
synthesise the final target compounds. This reaction was performed by treating the afgohols (
with thionyl chloride in dry CHCl.at 40°C for 4 H3,

The crude chlorinated compoundd (vere obtained in good yields and were pure
enough to be used in the next reactiwithout further purification(Table 2.8). These
chlorinatedintermediates @re confirmed by'H NMR (DMSO-ds), where the ROH triplet
signal wasabsentn the chlorinated compound8) @nd the doublet peak of®H20H (7) was

replaced by a singlet peak of@®H2Cl at 4.89 ppm.

Table 2.8: Yield and m.pof theprepared chlorinated compoun@3

Compound Ri1 Yield (%) m.p. (°C)
8a -CHs 99 oil
8b -CH3 F 94 116118
8c -CH2CHzs Cl 93 90-92
8d -CH2CHzs F 98 oil
8e - CH2CH.CH3 Cl 98 semisolid
8f - CHCH2CH3 F 100 semisolid
89 - CH2(CHs)2 Cl 94 oil
8h - CHx(CHg)2 F 48 semisolid

Synthesis of 4-((1H-imidazol-1-yl)methyl)-1-(4-substituted-phenyl)-3-(4-substituted-
phenyl)-1H-pyrazoles and 21((1-(4-substituted-phenyl)-3-(4-substituted-phenyl)-1H-
pyrazol-4-yl) methyl)-1H-1,2,4triazoles (9 and 10:

The target compound® @nd 10) were synthesised in two steps. The imidazole/triazole
anion wadirst prepared by reacting imidazole/triazole withdQOz in dry CHCN at 45°C for
1 3 Then, the chlorinatedompounds &) was added to the imidazolate/ triazolate and the
temperatureraised to 70°C and stired overnighf®. The reaction mechanism involves
deprotonation of the imidazolef/triazole in the first step followed by nucleophilic attack of the
imidazolate/ triazolate at the carbon atom e€esulting in displacement of the CI.
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The final compoundg§Table 2.9) were purified by gradient column chromatography
and confirmed byH NMR (DMSO-ds), by three new signals of the imidazole at around 7.6,
7.1 and 6.8 ppm (Figur2.10, and at around 137.4, 130.0 and 119.6 ppifQnNMR. H
NMR of the triazoleshowed two signalat8.59 and 7.99 pprandcarbon signals if®C NMR
appeared at52.0and 144.4ppm. *°%F NMR for fluoro-substituted derivatives was obtained

showing one signal in the aromatic area at arot8.49 ppm (Figur@.11).

Table 2.9: Yield and m.pof the prepared imidazole/triazole final compou(@land10)

Y

R40O 2

Compound X R1 R2 Yield (%) m.p. (°C)
9a CH -CHs Cl 61 136138
9 CH -CHs F 70 150152
9c CH -CH2CHzs Cl 71 124126
od CH -CH:CHjs F 45 118120
%e CH - CH2CH.CH3 Cl 63 90-92
of CH - CH2CH.CHzs F 66 120122
9g CH - CH2(CHs3)2 Cl 94 98-100
9h CH - CH2(CHs3)2 F 58 96-98
10a N -CHs Cl 60 124126
10b N -CHs F 58 150152
10c N -CH2CHz Cl 60 122124
10d N -CH2CHzs F 52 140142
10e N - CH2CH.CHzs Cl 72 114116
10f N - CH2CH.CHz F 58 120122
10g N - CH2(CHa)2 Cl 81 98-100
10h N - CH2(CHs3)2 F 53 118120
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Figure 2.1Q Magnifiedaromatic area ofH NMR for 4-((1H-imidazok1-yl) methyl)-1-(4-
fluorophenyl}3-(4-ethoxyphenyb1H-pyrazole(9d) showing the imidazole CH signals
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Figure 2.11 Magnified'°F NMR for 4-((1H-imidazot1-yl)methyl)-1-(4-fluorophenyl}3-(4-

methoxyphenyBlH-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 (10ah) pyrazoleswere evaluatedagainstthe
laboratory wildtype Mtb H37Rv using Spot culture growth inhibitiofSPOT) assay®. As
shownin Table2.10, all imidazolecompoundshowed goo@ntimycobacteriahctivity, with
optimal activitydetectedor propoxy/Cl Qe MICo04.0 eg/mL, 10.1e N andisopropoxyF
(9h, MIC904.3 ¢ g / mL4,e Mldérivatives.TriazolesMICgo were higher than imidazoles
with notableactivity observed wittmethoxy/CI(10a, MICg04.4¢ g / ml9¢e Mlethoxy/Cl
(10g MICge 6.4 ¢ g/ mMb.8 € M and propoxy/Cl(10e MICg 64 € g/ mB.2 ¢ M
derivatives The observed activity fall imidazoles (excedd) and triazoled0a 10cand10e

was comparable with the second line ariagentkanamycin fICo7 . 8 € g/ anM), 16

Table 2.10: MICgo of the prepared imidazole/triazole final compou(@land10)

Compound X R1 R MIC92( € g/ MICo?( € M cLogPP®
9a CH -CHs Cl 6.0 16.5 3.7
9b CH -CHs F 4.3 12.3 3.3
9c CH -CHxCHs Cl 5.0 13.3 41
9d CH -CHxCHs F 12.0 33.2 3.7
%e CH -CHxXCH:CHs ClI 4.0 10.1 46
of CH -CHXCHXCH: F 6.0 15.9 4.2
99 CH - CHx(CHa): Cl 6.0 15.3 44
9h CH - CHz(CHa): F 4.3 114 4.0
10a N -CHs Cl 4.4 11.9 3.2
10b N -CHs F 12.8 36.7 2.8
10c N -CHCHz Cl 6.4 16.8 36
10d N -CHCHz F 25.6 70.5 3.2
10e N -CHCH:CHs CI 6.4 16.2 41
10f N -CHXCH:CHs F 20.9 55.5 3.7
109 N - CHz(CHz)2 Cl 25.6 65.1 39
10h N - CHz(CHz)2 F 20.9 55.5 35
Isoniazid - - - 0.2 1.8 -0.6
Kanamycin - - - 7.8 16.1 -76
Rifampicin = - - - 0.2 0.3 -

@ Average of two independent experimeAtSrippen's fragmentatidoy Chemdraw?.
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b- Antimycobacterial activity against Mtb mutant strains

Two exemplars of the most promising pyrazole seaesimidazole @€ anda triazole
(10a), were screened agaimdtb mutant strain®y our collaborator@r. Alistair Brown, Newcastle
University), usingResazurin microtiter assgREMA)®’. The Mtb strains used were dragsceptible
and drugresistant 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 pathvediyessential nutrienhas been deleted entirely or parti&lly
which make it suitable for BSL2 lab due to low lethality in mi€eple auxotrophic strains amdtb
strains that have been genetically manipulated to lifecienciesin three different metabolic
pathways, rendering them dependent on external nutrient supplementation for growth and $hevival.
third auxotrophy(arginine)in Mtb mutant strainsvas maddhrough deletingargB (Rv1654, a gene
encodingacetyl glutamate kinasasaargB strains are unable to survive amino acid deletion and infect
Mtb host®. Figure 2.12 andrable2.11, shows theMtb strains(WT and mutants) which used in the

H37Rv
CVE) Drug- susceptible

argB deletion

mc27902

2 2
me?8247 mc?8245 Monoresistant
RIF-resistant INH-resistant

studywith a description ogach strain.

mc28250

mc28256 MDR mutant
INH- and RIF-resistant

Figure 2.12 Schematic representation of the wijghe and mutant Mtb strains

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

Strains Description

H37Rv (vild- type) Pantothenate and Leucine auxotroplfpdnCDgleuCD)

Mtb mc-7902 Pantothenateleucine and arginine triple auxotrofigeuCD
(Drug- susceptiblg gpanCDqgargB)

Mtb mc28245 (NH R) Monoresistance Large genomic deletion contaikatGand 50

other genesRv1867o Rv1916genome deletion)

Mtb mc 8247 R”:R) Monoresistance rpoB mutation(H445Y)

Mtb mc’8250(RIF &INH )  MDR mutant: rpoBmutation (H445Y) and genome deleti
(Rv1872do Rv1918}

Mtb mc’825 (RIF &INH ©) MDR  mutant:  rpoBmutation  (H445Yjand  katG
mutation(qp3 03H2 bp, frameshift/stop codpn
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Interestingly, he most promising imidazole pyrazole( and triazolgoyrazole 103
retained activity against the resistant straamgloptimalMIC against all straingiereseen with
the imidazole derivativea(l strainsMIC 0.25¢ g / @.b4¢ M, indicating the importance of
the more lipophilic propoxyubstitution ¢LogP: 4.55), which most probably attributed to

enhanced cell wall penetratidioreover, compoun8iewascomparable withNH in the Mtb

susceptible straim(027902) and INHresistant strainnﬁc28243. Triazole derivativelOawas
also active against the resistant strains, although with higher MIC \alustréinsMIC 4.0
e g/ mL, e Nl @m@red with imidazole derivativEable2.12 shows the MIC values of

reference andl B agents against Mtb mutant strains.

Table 2.12: MIC data(e M of compound®e 10aandreference amti B drugs against mutant
strains
Compound mc?7902 mc?8247  mc?8245 mc?8250 mc?8256

(susceptible) (RIFR) (INHF) (RIFR& INHR)  (RIFR& INHR)
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 25 49 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 udedevaluate the
binding of inhibitorsto protein (CYP121AZPf. There are twanodes ofbinding, type | and
type Il. Type | isseen with the natural substrate cYY, whsifs on the side of the haegrnoup
without direct coordination to the irp@ndonly leads toslight shift in the6™ water ligand
which remainedbondedto the haem iroff. Type Il suggests that théesigned inhibitoiis
capable of direct haem coordination with displacement oftHigg&nd water molecul&. The
Soret bandn type 1 (cYY) showeda blue shift from 417 to 395 nmwhile in type Il €.9.,
antifungal azolenhibitors), a red shiftvasobservedo a higher wavelengtinom 417 to (421
i 423.5)nnr%°8 Figure2.13A shows the absolute spectra of CYP121A1 at the resting state,

where the 8 water moleculeemaindigating to the haem iron.

Preliminary binding studiesan initial investigationwere formed forall the designed
pyrazoleinhibitors @a-9h and10a-10h), and sevemmidazoles 9b-h) and one triazolelQa)
were subjecto further evaluation. the imidazole serie§9b-h) shifted the Soret band to
longer wavelength (red shift) indicatingotential direct binding to the haem iron with

displacement of the water ligantyge Il) (Figure2.13C). While the triazole derivativelQa)
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illustrated a negtjible change in Soret band (Tak2el? and it was not able to obtain

difference spectra for other triazoles

Dissociation constant @ of pyrazoleinhibitors was determined by plotting difference
specta (Figure2.13C and D) which starts with a liganttee aliquot and followed by adding
subsequent aliquots of ligands rangingm O to 150 uM untilno further spectral change
occurred. After that, an absorbance maximumge{fand minimum (Aougn) Were determined
I a b s or b amcThe kg \haa calgubated fienin data ffittrdf e d
the inhibitor concentration against the spectral respdimekKp value for cYY is 12 £ 1 uM.

and

In the imidazole$9b-h), the designed chloroaryl derivatives were generally skbghter

binding to CYP121A1 compared with the fluoroaryl derivatives. The chloroaryl imidazole with

over al

propoxy substitutionde Kp 11.7 £ 5.4 M)

(12 £ 7). On the other hand, the chloroaryl triazole with methoxy grd®a)(showed the
tightest binding affinity with I§ 5.1+ 1.5¢ Malthough the U\+Vis absorbance data showed
negligible shift in Soret band (Tab®13). A possiblereason for the triazole absorbance data
could bethat thetriazole moiety isndirectly bindingto the haem iron while preserving tbié
water ligandand such coordinatiois difficult to detect in practicby absorbance difference
spectra alonewhichis based ordirect binding to the haem iron witlisplacement of thé™"

water moleculeAs a resultanotherorthogonal technique; theroteindetected 10°F NMR

di spl ayed a

comparabl e

spectroscopywas performed ttestligand bindingunassociated withaem perturbatian

Table 2.13: Soret shift and K values of thelesignegyrazole derivatives9p-h and12a):

Compound X

9b
9c
9d
9e
of
99
9h
10a
cYY

CH
CH
CH
CH
CH
CH
CH
N

R1
-CHs
-CH2CHa
-CH2CH3

- CH,CH>CHs
- CH,CH>CHzs

- CH2(CHa)2
- CH2(CHa)2
-CHs

X
N

N=/

Soret shift (nm)

417 to 421
417 to 420
417 to 422
417 to 419
417 to 420
417 to 419
417 to 419
417 to417
417 to 395

Ko M
65.0 + 16.6
18.8 +£10.2
54.0+5.2
11.7 £54
22.3+4.2
17.7+£6.9
38.5+8.7

51+£15
12.3+x1.1

cLogP®
3.3
4.1
3.7
4.6
42
44
4.0
32

2 Average of two independent experimefiSrippen's fragmentatiooy Chemdraw/*
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Figure 2.13 (A) CYP121A1 ligandree absolute spectrahowing thecharacteristic peaks; a
peak due to aromatic amino acid residue280 nm, a Soret peak atZf m, b and
appeared at538 nm and-565 nm, respectively, and a small changensfer signal at ~650
nm®3 An overlaid difference spectra ¢B) cYY (type | binding), (C) designed pyrazole
exemplae (type Il binding) and O) 10a formed by subtraction of the frdigand spectrum

from each succeedidggand-bound spectrum collected by titration

1% NMR assay A simple and sensitive totd study protein conformational chandesough
incorporation of%F labels(e.qg.,3-bromo1,1, Ltrifluoroacetong BTFA)’” and 5fluoroindole
(5F1)’®). BTFA isadded taysteineand a covalent bond formeetween théromineof BTFA
and thethiol (SH) group of cy®ine whichis thenincorporatednto the proteirr®. Another
example was implemented Bampomizziet al, wherea 5FI label was added to tryptophan
and phenylalanine amino acifs'®*F NMR is then obtained anihvestigated forprotein
conformationalalterationsby detectingchanges in chemical shiftsntensitiesor signal

broadeningwhich occurs with ligand bindingr structuraremodelling.
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In CYP121A1,ligand binding leads to structuraarrangement throughe FG-loop
which correlates with access channel opening and cl6%#gUsing mutatedCYP121A1
S171C, thecysteinewas labelled with BTFA, located in the FG-loop (BTFA-labelled
CYP121A1_S171C¥. In the!®F NMR of ligandfree CYP121A1theFG-loop conformational
heterogeneity igdicated bythreedistinctresonancéé3(Figure2.14A). The additiorof cYY
redue@dthe intensityof the broadesonance~ - 83.5 ppm andincreased the intensity of the
major resonance-(-84.5 ppm) indicating reduced F®op conformational heteregeity and
anenhanced ligantiound stat® (Figure2.14B).

~-84.5 ppm
FG-loop 5
A
F \" ’/5171(: ~-83.5 ppm “/ ‘\ ~-85.9 ppm
4 G O - 1 ,,’/ \'\ 3
& '
. WW N\“an«.w ) W p

Ligand bound (Red)
- peak resolves to singlet

N\ Ligand free (Blue)
Y e % - peak with shoulderobserved

Blue - ligand free conformation
Red - ligand bound conformation

o

Figure 2.14 (A) The position of the mutated cysteiB&71C located in the FBop in the
CYP121AcYY complex (B) °F NMR spectrashowing the thredistinct resonance¢C) 1°F
NMR spectraof BTFA-labelled CYP121A1S171C ligandfree (blue) andvith cYY-bound
(redy®.
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Overlayed spectra of the ligafficee, cYY-bound and the designed pyrazebesind
spectra were displayed #ie sameconcentrations to evaluate the binding strength of the
designed compoundémidazole exemplars9p and 9h) induced perturbations ithe NMR
spectrumwhichare consistent with interactionscuing in the active siteand seemed stronger
compared with cYY(Figure 2.15A and B. Moreover, theextent ofthe NMR spectrum
perturbations aligned with theeegree of Soret band chasge UV-Vis assayInterestingly,
the triazoleexemplars10a and10c) NMR spectrunperturbations were more intense than cYY
indicating ligandbindingin CYP121A1 active sit¢Figure2.15C and D. Thetriazole NMR
spectrum data were obviously not in agreement tighUV-Vis spectroscopy assayhich
elicitedanegligiblespectral responsé&his disagreement in bindirrofile might indicate that
the triazole moietys weakly coordinating tthe haem group which alsallowed topreserve
the6™ watermoleculéligation to the haemThus, thé®F NMR conformationof ligand binding
in thesubstrate binding pocketas aligned with the MIC results of these compouddspite

the wealdJV-Vis absorbancehanges

A B C D

Lo ke L-o L-o
r T T T T r T T T r T T T T
a5

T
84 85 84 83 84 85 !
[ppm] (ppm] Ippm] lppm

Figure 2.15: F NMR spectra of BTFAabelled CYP121_S171C (blue) alone, with cYY
bound (red) and with exemplpyrazoleligands (green) (A®b, (B) 9h, (C) 10aand (D)10c.

By comparing the biological results of the lehkdompound and the designed imidazole
(9), a comparable or enhanced binding affinity was observed but with reMiloadhibitory
activity (Table2.1, lead compound RPr,MI C 0. 78 ¢ gMhIC, 4wldi leg/ m
reduction in inhibitory activity is possibly due to the reduced lipophilicity by adding the alkoxy
oxygen, that could affect the uptake across Ntb cell wall. Methoxy derivatives were
prepared previoust with both imidazole and triazolmoieties (Table2.14) and bothhad
MICoo= 2 5 dmngtlie mdsigned imidazole/triazole compounds with methoxy substitution
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(9a-b and 10a-b), the aded halide group to the second benzene ring improvedMtie

inhibitory activity, which suppo#g the effect of increasing the lipophilicity as mentioned

previously?863.67.83.84

Table 2.14: MICgoagainstWT Mtb of methoxy derivatives of lead and dgsed compounds

-
N~
\N’NQ\R
H5CO
Compound R X MICoo®( € g/ 1| cLogPP?
Lead 1 H CH 25 32
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

2 Average of two independent experimefS.r i ppends byChandrafhit at i on
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2.3 Conclusion

Computational studies of the designed pyrazplesiictedcomparableposition of the
designed ligands to cYY ithe CYP121A1l active siteBinding of pyrazole, imidazole or
triazole was observadith Arg386either directly or throughninterstitial water moleculeA
6-step synthesis fothe pyrazole derivatives (imidazole/triazole) was optimisdgldrazine
synthesis (step 2) was a challenging step with different methods implemented until good yields
were achieved. All final compounds were synthesised successfully. The piritye
(compoundswasconfirmed byHPLC-MS or elemental analysis

MIC was measured by SPQassay againsflitb wild-type strain showed that timidazole
series 9) was more activewith optimal MIC shown withthe longerand branched chain
substitutios (9e and 9h). Triazoles (10) with chlordbenzene were more active than the
fluorobenzene compound3he most promising compounds also retained activity against
resistant straingvhich tested byREMA assay Resistant strains include RIEsistant, INH
resistant, and MDR mutant straindV-Vis spectralassayshowed type Il binding for
imidazoles 9) and aligned with the MICesults.Triazoleexemplar compound.Qa had U\+
Vis spectral data whictlid not correlate with thebservedvIC. Therefore 1F NMR assay
using BTFA-labelled CYP121A1 S171Cwas performedfor both imidazole and triazole
compounds andll derivativesshowedighter binding than cYY whichsuggested that triazole
may be indirectlycoordinated to the haem while preserving @feaxial water molecule.
Further modifications may result in improvpgrazolederivatives, however exploration of a

different pharmacophoréenzoxazolesvas considered ansldiscussed 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 usinghe crystal structure of Mtb CYP121Ado-crystallisedwith

cYY (PDB3G5H)%, which solved at high resolution (1.4 Ayere performed to generd®B

Mtb CYP121A1 ligand complexgsuntil a RMSD gradient of 0.01 kcal méIA'* with the
MMFF94 forcefield (ligands) and partial charges were automatically calcul&tezl charge
and geometry of theaemiron of the proteirat physiological pH (pH 7.4)as adjusted to+3
(geometryd2sp3 through theatom manager in MOH he ligands were generated using either
MOE builder or ChemDraw Professional (16.80)d theenergy minimisedtructuresaved 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 uUbeommt t he
database dock file was created showing each ligand with different poses wehédrdered

according to the final-Score function.
Molecular dynamics (MD) simulation:

Molecular dynamics simulations were run on e CYP121Akdesigned ligand
complees. PDB files were first optimised with proteipreparation wizard in Maestro
(Schrodinger Release 2020P° 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 pbal 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 A buffer
region between protein atoms and box sides. Overlapping water molecules Befianere
deleted, and the systems were neutralised withidée and salt concentration 0.15 M. Force
field parameters for the complexes were assigned using the OPLS_2005 forcefield, that is, &
150 or 200ns molecular dynamic run in the NPT ensemibl&/g 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 -Bilgimeh, Alfa Aesar,
VWR, Acros and Fluka. Solvents were dried prior to use over molecular sieyes kbr
column chromatography, a glass column was slurry packed in the appropriate elusiicaith
gel (Fluka Kieselgel 60), column chromatography was performed with the aid of a bellow.
Analytical thin layer chromatography (TLC) was carried out onqoaed silica plates
(dimension 20 x 20 cm) (ALUGRARISIL G/UV2s4) with visualisation via UV tjht (254 nm).
Melting points were determined on an electrothermal instrument (Gallenkamp) and were
uncorrected.cLogP obt ai ned from ChemDr aw (Profess|io
fragmentatioft,

H, 3C, and'®F NMR spectra were recorded on a Bruker Advance DBp&6trometer
operating at 500125 and 470MHz, respectively NMR solventswhich used in all chapters
were chloroforrad (CDCk), methanoids (CDsOD), DMSOds ((CD3).SO) and acetonels
((CD»s)2C0O). Chemical shifts are given in parts per million (pprelative to the internal
standard tetramethylsilane (M); coupling constants] (values) were given in Hertz (Hz).
Splitting of the peaks in thi#éd 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 Reslution 2.1 x 50 mm, 1.8 pum particle size using amibute gradient method 5:95
viv water: methanol with 0.1% formic acid as additiWéicroanalysis was performed by
MEDAC Ltd (Chobham, Surrey, UK)

4'-Propoxy acetophenone (3€§

(C11H1402, M.W. 178.23)
0] 0]

/©)J\ i /\/Br K2003 /©)‘\
o DMF ~o

1) 20 3c|
Method: 4'-Hydroxyacetophenond) (3.0 g, 22 mmol), propyl bromid@¢) (8 mL, 88 mmol),
and KCQOz (9.12 g, 66 mmol) in dry DMF (45 mL), was stirred at room temperature
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overnight®. On completion, water (40 mL) wasldedand 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), HO (3 x 20 mL), dried (MgS%) and evaporated under reduced
pressure to give the crude-grfopoxy acetophenon@&d®®, which was purified by gradient
column chromatography and the pure compound was eluted with petroleuni &t@Ac

80:20 v/v.

Yield: 3.83 g (97%), colourless oil

Rf: 0.60 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 1i7.92 (d,J = 9.0 Hz, 2H, Ar), 7.03 (d] = 9.0 Hz, 2H, Ar), 4.01 (] =

6.5 Hz, 1H, OCH), 3.34 (s, 3H, CkCO), 1.75 (m, 2H, Ch), 0.98 (tJ= 7.5 Hz, 3H, CH).

4'-1sopropoxy acetophenone (34
(C11H1402, M.W. 178.23)
o) @)

Br K,COs4 /@)‘\
o - DMF )\o
1) d) 3d)

Method: As described for3c)

Reagents 4-Hydroxyacetophenonel) (1.5 g, 11 mmol) and isopropyl bromidedf (4.13
mL, 44 mmol). The pure compound was eluted with petroleum etB&EDAc 80:20 v/v
Yield: 1.80 g (92%), white crystals

m.p: 44 - 46 °C (literature 38 39 °C%)

Rf: 0.64 petroleumether- EtOAc 4:1 v/v)

'H NMR (DMSO-de): 1 7.90 (d,J = 9.0 Hz, 2H, Ar), 7.02 (d) = 9.0 Hz, 2H, Ar), 4.75 (m,
1H, CH), 2.51 (s, 3H, C4€CO0O), 1.30 (dJ = 6.0 Hz, 6H, 2 x Ch).

(E)-1-(4-Chlorophenyl)-2-(1-(4-methoxyphenyl)ethylidene) hydrazing(5a)’°
(C15H15CIN20, M.W. 274.748)

H H
AcOH
~ ~
0 « HCI Cl 1h/83°C o cl
(39) (4a) (59)

Method: EtsN (1.4 mL, 10 mmol) was added to a solution e€Morophenylhydrazine
hydrochloride 4a) (1.8 g, 10 mmol) in dry EtOH (10 mL) and stirred at room temperature
After 30 min, a solution of '‘4nethoxy acetophenon&d) (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*®© #@©3

1 h. Once complete, the reaction was cooled, and the solvent was evaporated under reduce(d
pressure®. Precipitation was achieved by the addition of ice®DHThe precipitate was
collected by filtration, washed with iced water, dried, aiseéd immediately in subsequent
reactions without further purification.

Yield: 1.374 g (100%), orange solid

m.p: 1127 114°C (literaturem.p128i 130°C’%)

Rf: 0.89 petroleumetherEtOAC 1:2 v/v)

'H NMR (DMSO-ds): 9.27 (s,1H, NH), 7.73 (dJ = 9.0 Hz, 2H, Ar), 7.22 (m, 4H, Ar), 6.95
(d,J=9.0 Hz, 2H, Ar), 3.07 (s, 3H, OGH 2.23 (s, 3H, Ch).

(E)-1-(4-Fluorophenyl)-2-(1-(4-methoxyphenyl)ethylidene)hydrazing(5b)
(C15sH15FN20, M.W. 258.296)

H H
\O F AcOH ~o0 E

* HCI 1h/ 83 °C

(33) 419) 5b)(
Method: As described forqa)
Reagents 4'-Methoxyacetophenone3®) (0.32 g, 2.15 mmol), -luorophenylhydrazine
hydrochloride 4b) (0.7 g, 4.30 mmol), BN (0.6 mL, 4.3 mmol)
Yield: 0.55 g (100%), orange solid
m.p: 901 92°C
Rf: 0.80 petroleumether- EtOAc 1:2 v/v)
'H NMR (DMSO-ds): 9.12 (s,1H, NH), 7.72 (dJ = 9.0 Hz, 2H, Ar), 7.20 (m, 2H, Ar), 7.05
(m, 2H, Ar), 6.94 (dJ = 9.0 Hz, 2H, Ar), 3.78 (s, 3H, OGH 2.22 (s, 3H, Ckh).
19F NMR: (DMSO-ds): i-116.54 (F- Ar).

(E)-1-(4-Chlorophenyl)-2-(1-(4-ethoxyphenyl) ethylidene) hydrazing5c)
(C16H17CIN20, M.W. 288.7)

O H H
o cl AcOH o ol

* HCI 1h/83°C
(3b) (4q) 50) (

Method: As described fo(5a).
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Reagents 4'-Ethoxyacetophenone 3l§) (0.82 g, 5 mmol), <£hlorophenylhydrazine
hydrochloride 4a) (0909, 5 mmol), EN (0.7 mL, 5 mmol)

Yield: 0.13 g 79%), light brownsolid

m.p: 133- 136 °C

Rf: 0.47 petroleumether- EtOAc 4:1 v/v)

'H NMR (DMSO-de): 9.26 (s,1H, NH), 7.71 (dJ = 9.0 Hz, 2H, Ar), 7.22(m, 4H, Ar), 6.93
(d,J=9.0Hz, 2H, Ar), 4.05 (qJ) = 7.0 Hz, 2HCHCH3), 2.22 (s, 3H, Ch), 1.34 (tJ=7.0
Hz, 3H, CHCHy).

(E)-1-(1-(4-Ethoxyphenyl) ethylidene}2-(4-fluorophenyl) hydrazine (5d)
(CieH 17FN202, M.W. 272. 32)

H
N
\@ EtOH/ Et;N N
AcOH B o .

* HCI 1h/83°C
(3b) 5d) (

Method: As describedor (5a).

Reagents 4'-Ethoxyacetophenone3lf) (2.46 g, 15 mmol), 4luorophenylhydrazine
hydrochloride 4b) (2.44 g, 15 mmol), BN (2 mL, 15 mmol)

Yield: 3.85 g (94%), pale yellowolid

Rf: 0.53 petroleumether- EtOAc 4:1v/v)

m.p: 76- 78 °C

'H NMR (DMSO-de): 1i9.11 (s, 1H, NH), 7.70 (d,= 9.0Hz, 2H, Ar), 7.20 (m, 2H, Ar), 7.04
(m, 2H, Ar), 6.92 (dJ = 9.0Hz, 2H, Ar), 4.05 (gJ = 7.0 Hz, 2HCH.CHg), 2.21 (s, 3H, Cbh),
1.34 (t,J=7.0 Hz, 3H, CHCHz).

19F NMR: (DMSO-de): Ui-116.52 (F Ar).

(E)-1-(4-Chlorophenyl)-2-(1-(4-propoxyphenyl)ethylidene)hydrazine (5e)
(C17H19CIN20, M.W. 302.80)

H
/©)‘\ + HoN™ \©\ EtOH/ EtzN /@)%N/N\Q\
AcOH

. HCl 1h/ 83 °C
(309) (5¢)

Method: As described forga).
Reagents 4'-Propoxy acetophenone3f) (0.80 g, 4.50 mmol), -¢hlorophenylhydrazine
hydrochloride 4a) (1.60 g, 9.0 mmol), BN (1.25 mL, 9.0 mmol)
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Yield: 1.36 g (100%), light brown solid

m.p: 13071 132°C

Rf: 0.90 petroleum ether EtOAcC 1:2 v/v)

IH NMR (DMSO-de): 119.27 (s, 1H, NH), 7.72 (d,= 9.0 Hz, 2H, Ar), 7.23 (m, 4H, Ar), 6.94
(d, J = 8.5 Hz, 2H, Ar), 3.95 (t) = 6.5 Hz, 2H, OCH), 2.22 (s, 3H, CH), 1.75 (m, 2H,
CH2CHs), 1.0(d, J= 7.5 Hz, 3H, CHCHa).

(E)-1-(4-Fluorophenyl)-2-(1-(4-propoxyphenyl)ethylidene)hydrazine (5f)
(C17H19FN20, M.W. 286. 35)

_ EtOH/EtN
etk @ o oy
e HCI
(39 (5f)

Method: As described forE(a). Variation : The reaction was stirred at room temperature
Reagents 4-Propoxy acetophenone3d) (0.80 g, 4.50 mmol), -luorophenylhydrazine
hydrochloride 4b) (1.46 g, 9.0 mmol), BN (1.25 mL, 9.0 mmol)

Yield: 1.28 g (100%), orange semisolid

Rf: 0.90 petroleum ether EtOAcC 1:2 v/v)

'H NMR (DMSO-de): i9.11 (s,1H, NH), 7.71 (dJ = 9.0 Hz, 2H, Ar), 7.19 (m, 2H, Ar), 7.05
(t, J=9.0 Hz, 2H, Ar), 6.94 (d) = 9.0 Hz, 2H, Ar), 3.94 (1) = 7.0 Hz, 2H, OCH), 2.21 (s,
3H, Chg), 1.75 (m, 2HCH2CHs), 0.99 (dJ = 7.5 Hz, 3H, CHCHj).

19F NMR: (DMSO-ds): 1i-11656 (F - Ar).

(E)-1-(4-Chlorophenyl)-2-(1-(4-isopropoxyphenyl)ethylidene)hydrazine (5g)
(C17H19C|N20 M.W. 302. 80)

H
EtOH/ EtgN <y-N
)\ AcOH )\
(@ Cl

1 h/ 83 °C

(3d) (59)
Method: As described forE(a).
Reagents 4-Isopropoxy acetophenon&d) (0.70 g, 3.9 mmol), 4hlorophenylhydrazine
hydrochloride 4a) (1.40 g, 7.80 mmol), BN (1.10 mL, 7.80 mmol)
Yield: 1.18 g (100%), yellow solid
m.p: 8471 86°C
Rf: 0.70 petroleum ether EtOAc 1:2 v/v)
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IH NMR (DMSO -ds): 119.26 (s, 1H, NH), 7.71 (d,= 9.0Hz, 2H, Ar), 7.22 (m, 4H, Ar), 6.93
(d,J=9.0Hz, 2H, Ar), 4.64 (m, 1H, CH), 2.22 (s, 3H, §HL1.28 (d,J = 6.0 Hz, 6H, 2 X CH).

(E)-1-(4-Fluorophenyl)-2-(1-(4-isopropoxyphenyl)ethylidene)hydrazine (5h)
(C17H19FN20, M.W. 286.35)

(0] H H
+ H,N” EtOH/ Et3N _ \N,N
)\ E AcOH )\
(0] e HCI (0] F
4b)

(3d) 5h) (
Method: As described forHa). Variation : The reaction was stirred at room temperature

Reagents 4-Isopropoxy acetophenon8&d) (0.30 g, 1.7 mmol), 4luorophenylhydrazine
hydrochloride 4b) (0.54 g, 3.3 mmol), BN (0.45 mL, 3.3 mmol)

Yield: 1.10 g (98%), orange semisolid

Rf: 0.72 petroleum ether EtOAcC 1:2 v/v)

'H NMR (DMSO-de): 9.11 (s, 1H, NH), 7.70 (d,= 9.0 Hz, 2H, Ar), 7.19 (m, 2H, Ar), 7.04
(t, J=9.0 Hz, 2H, Ar), 6.92 (d1 = 9.0 Hz, 2H, Ar), 4.63 (m, 1H, CH), 2.21 (s, 3H, §H..28
(d,J=6.0 Hz, 6H, 2 x Ch).

19F NMR: (DMSO-ds): 1i-11648 (F - Ar).

1-(4-Chlorophenyl)-3-(4-methoxyphenyl)-1H-pyrazole-4-carbaldehyde (6a)"°
(C17H13CIN202, M.W. 312.75)

H
< _N
/@J\N \©\ POCIy/ DMF
~o cl 60 °C/ 3 h ~o

(5a) (6a)
Method: A mixture of dry DMF (1.1 mL, 14 mmol) and PQE1.3 mL, 14 mmol) was cooled
at 0°C for 5 min, then stirred at room temperature where a solutidg)-df (4-chlorophenyl)
2-(1-(4-methoxyphenyl)ethylidene)hydrazifga) (1.3 g, 4.7 mmol) in dry DMF (2 mL) was
added dropwise to the Vilsmeiklaack reagent, allowed to warm to room temperature, and
then heated at 6TC for 3 h. The reaction wdsought to pH 8.Qvith cold saturated ¥COs

solution and the precipitate collected by filtrafiQnwashed with water, dried, anded
immediately in subsequent reactions without further purification

Yield: 0.96 g (65%), buff solid

m.p: 1427 144°C (literaturem.p 1427 143°C)"°
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Rf: 0.52 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 19.97 (s, 1H, CHO), 9.33 (s, 1H, pyrazole), 8.03)(¢,9.0 Hz, 2H,
Ar), 7.90 (d,J = 9.0 Hz, 2H, Ar), 7.64 (d) = 9.0 Hz, 2H, Ar), 7.07 (dJ = 9.0 Hz, 2H, Ar),
3.83 (s, 3H, OCh)

1-(4-Fluorophenyl)-3-(4-methoxyphenyl)}1H-pyrazole-4-carbaldehyde(6b)
(C17H13FN202, M.W. 296.30)

H

it
/@A\N \©\ POCI,/ DMF
o F 60°C/3 h

(5b) (6b)
Method: As described forga).
Reagents (E)-1-(4-Fluorophenyl)2-(1-(4-methoxyphenyl)ethylidene)hydraziggb) (0.56 g,
2.17 mmol)
Yield: 0.61 g (95%)off-white solid
m.p: 1447 146°C
Rf: 0.45 petroleum ether EtOAC 4:1 v/v)
'H NMR (DMSO-de): 119.97 (s, 1H, CHO), 9.28 (s, 1H, pyrazole), 8.03 (m, 2H, Ar), 7.90 (d,
J=8.5Hz, 2H, Ar), 7.43 (m, 2H, Ar), 7.07 (@= 9.0 Hz, 2H, Ar)3.83 (s, 3H, OCH).
19F NMR: (DMSO-ds): i-114.66 (F Ar).
13C NMR (DMSO-de): 11 185.07 (C, aldehyde), 162.49 (C, Atf2.49and160.55 (d;Jcr =
244.0 Hz, GF, Ar), 160.54 (©, Ar), 152.97 (C, pyrazole), 135.68 (dcr= 2.5 Hz, C, Ar),
135.57 (CH, pyrazole), 130.53 (2 x CH, Ar), 124.01 (C, Ar), 122.44 (C, pyraz@&)PQland
121.84 (d3Jce = 8.8 Hz, 2 x CH, Ar)117.05and116.87 (d,2Jce = 22.6 Hz, 2 x CH, Ar),
114.46 (2 x CH, Ar), 55.73 (G

Y

1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)}1H-pyrazole-4-carbaldehyde (6¢)%°
(C18H15CIN202, M.W. 326.78)

H
@A\N/N\@\ POCIy/ DMF
60°C/3h
-0 cl

(50)
Method: As described forga).
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Reagents (E)-1-(4-Chlorophenyh2-(1-(4-ethoxyphenyl)ethylidene)hydrazingc) (0.50 g,
1.7 mmol)

Yield: 0.53 g (93%), white solid

m.p: 138- 140 °C

Rf: 0.39 (Petroleum etherEtOAcC 4:1 v/v)

'H NMR (DMSO-de): 19.97 (s, 1H, CHO), 9.32 (s, 1H, pyrazole), 8.01)(,9.0 Hz, 2H,
Ar), 7.89 (d,J = 9.0 Hz, 2H, Ar), 7.64 (dJ = 9.0 Hz, 2H, Ar), 7.05 (d) = 9.0 Hz, 2H, Ar),
4.10 (q,J = 7.0 Hz, 2HCH2CHs), 1.37 (tJ = 7.0 Hz, 3H, CHCH).

3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazole-4-carbaldehyde(6d)
(C18H15FN202, M.W. 310.32)

H
60°C/3h
-0 F -0

(5d) (6d)
Method: As described forga).
Reagents (E)-1-(1-(4-Ethoxyphenyl)ethylidene2-(4-fluorophenyl)hydrazine5d) (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)
'H NMR (DMSO-de): 119.97 (s, 1H, CHO), 9.28 (s, 1H, pyrazole), 8.03 (m, 2H, Ar), 7.89 (d,
J=19.0 Hz, 2H, Ar), 7.43 (m, 2H, Ar), 7.05 (d= 9.0 Hz, 2H, Ar), 4.10 (q) = 7.0 Hz, 2H,
CH2CHs), 1.37 (t,J= 7.0 Hz, 3H, CHCH).
19F NMR: (DMSO-ds): i-114.68 (F Ar).
1I3C NMR (DMSO-de): i 185. 07 ( X62.49andi160e56 (@ dee 3 244.0 Hz, CF,
Ar), 159.84 (@, Ar), 152.99 (C, pyrazole), 135.69 (tcr = 2.5 Hz, C, Ar), 135.58 (CH,
pyrazole), 130.53 (2 CH, Ar), 123.87 (C, Ar), 122.43 (C, pyrazolép1.89and121.83 (d,
3Jck = 7.5 Hz, 2x CH, Ar), 117.05and116.87 (d2Jcr = 22.6 Hz, 2x CH, Ar), 114.88 (X
CH, Ar), 63.65 (CH), 15.10 (CH).
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1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole-4-carbaldehyde(6€)
(C19H17CIN202, M.W. 340.80)

< N
N \©\ POCIy DMF
"o Cl 60°CI3h g
(5€¢) (6€)

Method: As describedor (6a).
Reagents (E)-1-(4-Chlorophenyh2-(1-(4-propoxyphenyl)ethylidene)hydrazingg] (1.30 g,

4.3 mmol)

Yield: 1.47 g (100%), yellow solid

m.p: 1327 134°C

Rf: 0.46 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 1 9.97 (s, 1H, CHO), 9.33 (s, 1H, pyrazole), 8.03)(¢,9.0 Hz, 2H,
Ar), 7.90 (d,J=9.0 Hz, 2H, Ar), 7.65 (d] = 9.0 Hz, 2H, Ar), 7.06 (d] = 9.0 Hz, 2H, Ar), 4.0
(t, J=6.50 Hz, 2H, OCH), 1.77 (m, 2HCH2CHs3), 1.0 (d,J = 7.50 Hz, 3HCH.CHa).
I3CNMR (DMSO-de): i 185.06 (C, aldehyde), 160.05 (|CO
(C, Ar), 135.69 (CH, pyrazole), 132.26-@, Ar), 130.53 (2 CH, Ar), 130.10 (% CH, Ar),
123.77 (C, pyrazole), 122.61 (C, Ar), 121.2%@H, Ar), 114.92 (2x CH, Ar), 69.53 (OCGH
22.48 (CH), 10.86 (CH).

1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole-4-carbaldehyde(6f)
(C10H17FN202, M.W. 324.35)

(5f) (6f)
Method: As describedfor (6a). Variation: The reaction was stirred at room temperature
overnight
Reagents (E)-1-(4-Fluorophenyl)2-(1-(4-propoxyphenyl)ethylidene)hydrazin&f) (1.20 g,
4.20 mmol)
Yield: 1.31 g (96%), yellow solid
m.p: 14071 142°C
Rf: 0.41 petroleum ether EtOAC 4:1 v/v)
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'H NMR (DMSO-de): 19.97 (s, 1H, CHO), 9.27 (s, 1H, pyrazole), 8.04 (m, 2H, Ar), 7.90 (d,
J=9.0 Hz, 2H, Ar), 7.43 () = 8.5 Hz, 2H, Ar), 7.07 (d) = 9.0 Hz, 2H, Ar), 4.0 (tJ=6.5

Hz, 2H, OCH), 1.77 (m, 2HCH>CHs), 1.01 (dJ = 7.5 Hz, 3HCH2CHa)

19 NMR (DMSO-de): ti-114.67(F - Ar)

1I3C NMR (DMSO-de): i 185. 07 (C, al dehyde3245.31H8,ZF, 4 9
Ar), 160.0 (C, Ar), 152.99 (C, pyrazole), 135.69 {&r = 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,
3Jcr = 8.8 Hz , 2x CH, Ar), 117.05 and 116.8638tr = 23.9 Hz, 2 CH, Ar), 114.92 (2x CH,

Ar), 69.52 (OCH), 22.48 (CH), 10.87 (CH).

1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl)}1H-pyrazole-4-carbaldehyde (69)
(C1oH17CIN202, M.W. 340.80)

/@A\\N’H POCIy/ DMF

)\o \©\CI 60°C/3h g )\o
(59 (69)

Method: As describedor (6a).

Reagents (E)-1-(4-Chlorophenyh2-(1-(4-isopropoxyphenyl)ethylidene)hydrazirtegf (1.18

g, 3.8 mmol)

Yield: 1.14 g (88%), yellow solid

m.p: 1447 146°C

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

'H NMR (DMSO-de): 19.97 (s, 1H, CHO), 9.32 (s, 1H, pyrazole), 8.03)(¢,9.0 Hz, 2H,

Ar), 7.89 (d,J = 9.0 Hz, 2H, Ar), 7.65 (dJ = 9.0 Hz, 2H, Ar), 7.05 (dJ = 9.0 Hz, 2H, Ar),

4.71 (m, 1H, CH), 1.32 (d,= 6.0 Hz, 6H, 2 x CH).

13CNMR (DMSO-de):i 185.08 (C, aldehyde), 158.85 (

(C, An), 135.67 (CH, pyrazole), 132.26-@, Ar), 130.58 ( CH, Ar), 130.11 (X CH, Ar),
123.59 (C, pyrazole), 122.60 (C, Ar), 121.2K(ZH, Ar), 115.91 (X CH, Ar), 69.74 (CH),
22.29 (2x CH).
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1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl}1H-pyrazole-4-carbaldehyde(6h)
(C19H17FN202, M.W. 324.35)

H
X N
e
0 o L

(5h) (6h)
Method: As describedor (6a). Variation : The reaction stirred at room temperature overnight.

Reagents (E)-1-(4-Fluorophenyl}2-(1-(4-isopropoxyphenyl)ethylidene)hydrazirghj (1.50

g, 5.2 mmol)

Yield: 1.65 g (98%), yellow solid

m.p: 1377 139°C

Rf: 0.40 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 119.97 (s, 1H, CHO), 9.27 (s, 1H, pyrazole), 8.04 (m, 2H, Ar), 7.88 (d,
J=9.0 Hz, 2H, Ar), 7.42 (1 = 9.0 Hz, 2H, Ar), 7.05 (d1=8.5 Hz, 2H, Ar), 4.71 (m, 1H, CH),
1.31 (d,J=6.0 Hz, 6H, 2 x Ch).

19F NMR (DMSO-ds): U-114.68(F - Ar).

1I3C NMR (DMSO-de): i 185.08 (C, al dehyWde3245.31H3,2F, 4 9
Ar), 158.81 (C, Ar), 153.01 (C, pyrazole), 135.70 {dtr = 2.5 Hz, C, Ar), 135.54 (CH,
pyrazole), 130.57 (& CH, Ar), 123.69 (C, pyrazole), 122.42 (C, Ar), 121.88 and 121.82 (d,
3Jce = 76 Hz , 2x CH, Ar), 117.05 and 116.87 (tllcr = 22.6 Hz, 2 CH, Ar), 115.91 (X

CH, Ar), 69.73 (CH), 22.28 (2 CH).

(1-(4-Chlorophenyl)-3-(4-methoxyphenyl)}1H-pyrazol-4-yl)methanol (7a)

(C17H15CIN202, M.W. 314.77)
HO
NaBH, / EtOH /@l\:\
> N~
rt/1h \©\
~o cl

(6a) (74)
Method: To an icecooled solution of 44-chlorophenyB3-(4-methoxyphenyhlH-pyrazole
4-carbaldehydef@a) (0.95 g, 3 mmol) in dry EtOH (10 mL) was added NaBH11 g, 3 mmol)

in portions, and then the reaction was stirred at room temperature for 1 h. The solvent was

evaporated and 2@ (20 mL) was added slowly and the reaction stirred for 30%hifihe

reaction mixture was extracted with EtOAc (2 x 25 mL), then the combined organic layers
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washed with HO (3 x 25 mL), dried (MgS&) and evaporated under reduced pressure to give
the crude alcohol7@).

Yield: 0.88 g (93%), orange solid

m.p: 1127 114°C

Rf: 0.06 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): Ui 8.51 (s, 1H, pyrazole), 7.93 (d= 9.0 Hz, 2H, Ar), 7.83 (d) =9.0

Hz, 2H, Ar), 7.57 (dJ = 9.0 Hz, 2H, Ar), 7.05 (d] = 9.0 Hz, 2H, Ar), 5.20 () = 5.0 Hz, 1H,

OH), 4.53 (dJ = 5.0 Hz, 2HCHOH ), 3.81 (s, 3H, OCH#).

3CNMR (DMSO-dg):i 159.66 (C, Ar), 151.05 (C, pyraz
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 (QCB4.57 (CH).

(1-(4-Fluorophenyl)-3-(4-methoxyphenyl)1H-pyrazol-4-yl)methanol (7b)
(C17H15FN202, M.W. 298.32)
HO
NaBH, / EtOH <~ N
] e
t/1h
j o F
(6b) (7b)

Method: As described fora).
Reagent: 1-(4-Fluorophenyh3-(4-methoxyphenyhlH-pyrazole4-carbaldehydegb) (0.6 g,

2 mmol)

Yield: 0.54 g (90%), light orange solid

m.p: 14271 144°C

Rf: 0.08 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-ds): 18.45 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.82J¢,9.0 Hz, 2H, Ar),
7.35 (m, 2H, Ar), 7.02 (d] = 9.0 Hz, 2H, Ar), 5.19 (1) = 5.0 Hz, 1H, OH), 4.52 (d1= 5.0
Hz, 2H,CH.OH), 3.81 (s, 3H, OC}).

19F NMR: (DMSO-de): 1i-117.13 (F Ar).

13C NMR (DMSO-de): Ui 161.49and 159.56(d, *Jcr = 242.7 Hz, GF, Ar), 159.58 (C, Ar),
150.78 (C, pyrazole), 135.67 (Jcr= 2.5 Hz, C, Ar), 129.24 (CH, pyrazole), 129.1k @H,
Ar), 125.88 (C, Ar), 122.02 (C, pyrazold)20.41and120.34 (d3Jcr = 8.8 Hz, 2x CH, Ar),
116.80and116.62 (d2Jcr = 22.6 Hz, 2x CH, Ar), 114.46 (X CH, Ar), 55.61 (OCH), 54.57
(CH20H).
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(1-(4-Chlorophenyl)-3-(4-ethoxyphenyl)}1H-pyrazol-4-yl) methanol (7¢)
(C18H17CIN202, M.W. 328.79)

NaBH, / EtOH

X N
N
rt/1h
Cl

(60 (70
Method: As described for4a).
Reagent:1-(4-Chlorophenyl3-(4-ethoxyphenyh1H-pyrazole4-carbaldehydegc) (0.33 g, 1

mmol).

Yield: 0.309g (90%), whitesolid

m.p: 128- 130 °C

Rf: 0.10 (petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 1i 8.50 (s, 1H, pyrazole), 7.92 (d= 9.0 Hz, 2H, Ar), B1(d,J=9.0

Hz, 2H, Ar), 7.56 (dJ = 9.0 Hz, 2H, Ar), 7.02 (d] = 9.0 Hz, 2H, Ar), 5.20 (1} =5.0Hz, 1H,

OH), 4.51 (dJ=5.0Hz, 2H,CH;OH ), 4.08 (q,J = 7.0 Hz, 2HCH2CHj), 1.36 (t,J= 7.0 Hz,

3H, CHCHa).

I3C NMR (DMSO-de): i 158. 93 (C, Ar), 151.06 (C, pyrpaz:
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 §£B4.57 (CH), 15.13 (CH).

(3-(4-Ethoxyphenyl)-1-(4-fluorophenyl)-1H-pyrazol-4-yl) methanol (7d)

(C18H17FN202, M.W. 312.34)
HO
NaBH, / EtOH /Ol\?\N
TP G O8

(6d) (7d)
Method: As described forqa).
Reagent: 3-(4-EthoxyphenyBh1-(4-fluorophenyl}1H-pyrazole4-carbaldehyde(6d) (2.5 g,
8.0 mmol). The crude product¢l) was purified by gradient flash column chromatograghg

the pure compound was eluted with &L 7 MeOH 99:1 v/v.
Yield: 1.89 g (68%),light brown solid

m.p: 1067 108°C

Rf: 0.09 petroleum ether EtOAC 4:1 v/v)
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'H NMR (DMSO-de): U8.46 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.81J¢, 9.0 Hz, 2H, Ar),
7.35 (m, 2H, Ar), 7.02 (dJ = 9.0 Hz, 2H, Ar), 5.18 (1) = 5.0 Hz, 1H, OH), 4.53 (d1= 5.0
Hz, 2H,CH.OH), 4.08 (qJ = 6.5 Hz, 2HCH>CH?3), 1.36 (t,J = 7.0 Hz, 3H, CHCHa).

19 NMR: (DMSO-de): -117.16 (K Ar).

13C NMR (DMSO-de): Ui 161.48 and159.55 (d}Jce = 242.7 Hz, GF, Ar), 158.85 (C, Ar),
150.79 (C, pyrazole), 135.67 (Ucr = 2.5 Hz, C, Ar), 129.24 (CH, pyrazole), 129.1& @H,
Ar), 125.75 (C, Ar), 122.0 (C, pyrazole)20.39and120.32 (dJck = 8.8 Hz, 2x CH, Ar),
116.79and116.61 (d2Jcr = 22.6 Hz, 2x CH, Ar), 114.90 (X CH, Ar), 63.51 (CH), 54.57
(CH20OH), 15.10 (CH).

(1-(4-Chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl) methanol (7€)
(C19H19CIN202, M.W. 342.82)

NaBH, / EtOH

Y

rt/1h

N0
(6¢) (7¢)

Method: As described fora).

Reagent:1-(4-ChlorophenyB3-(4-propoxyphenyb1H-pyrazole4-carbaldehydegg) (0.80 g,

2.35 mmol)

Yield: 0.64 g (80%), pale brown solid

m.p: 1007 102°C

Rf: 0.08 petroleum ether EtOAc 4:1 v/v)

'H NMR (DMSO-de): 18.51 (s, 1H, pyrazole), 7.93 (d= 9.0 Hz, 2H, Ar), B2(d,J=9.0

Hz, 2H, Ar), 7.57 (dJ = 9.0 Hz, 2H, Ar), 7.03 (d] = 9.0 Hz, 2H, Ar), 5.20 () = 5.0 Hz, 1H,

OH), 4.53 (dJ =4.5 Hz, 2HCH>OH), 3.98 (tJ= 7.0 Hz, 2H, OCH), 1.77 (m, 2HCH.CHy),

1.0 (d,J=7.5 Hz, 3HCHj).

BCNMR (DMSO-dg):i 159.10 (C, Ar), 151.06 (C, pyrpaz:

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 £§£134.58 CH-OH), 22.53

(CH>), 10.90 (CH).
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(1-(4-Fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazol-4-yl)ymethanol (7f)
(C19H19FN202, M.W. 326.37)

\N,N NaBH, / EtOH
\©\F rt/1h B
(6) (7f)

Method: As described forqa).
Reagent: 1-(4-Fluorophenyh3-(4-propoxyphenyB1H-pyrazole4-carbaldehyd€6f) (0.90 g,

2.8 mmol).

Yield: 0.80 g (89%)prange solid

m.p: 1107 112°C

Rf: 0.10 (petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 18.45 (s, 1H, pyrazole), 7.92 (m, 2H, Ar), 7.81J¢, 9.0 Hz, 2H, Ar),
7.35 (t,J=9.0 Hz, 2H, Ar), 7.03 (d] = 9.0 Hz, 2H, Ar), 5.18 (tJ= 5.0 Hz, 1H, OH), 4.53 (d,
J=5.0 Hz, 2H,CH-OH), 3.98 (tJ = 6.5 Hz, 2HOCH), 1.76 (m, 2HCH>CHj3), 1.0 (d,J =
7.5 Hz, 3H,CH.CHj).

19F NMR: (DMSO-de): -117.16 (F Ar).

13C NMR (DMSO-de): U 161.48and159.55 (d,\Jcr = 242.7 Hz, GF, Ar), 159.02 (C, Ar),
150.79 (C, pyrazole), 136.68 (Hcr = 2.51 Hz, C, Ar), 129.23 (CH, pyrazole), 129.1x(2
CH, Ar), 125.75 (C, Ar), 122.01 (C, pyrazol@p0.39and120.33 (d3Jcr = 7.6 Hz, 2x CH,
Ar), 116.79and116.61(d, 2Jcr = 22.6 Hz, 2x CH, Ar), 114.94 (X CH, Ar), 69.42 (OCH),
54.58 CH2OH), 22.53 (CH), 10.89 (CH).

(1-(4-Chlorophenyl)-3-(4-isopropoxyphenyl}1H-pyrazol-4-yl) methanol (7g)
(C10H19CIN202, M.W. 342.82)

NaBH,/ EtOH

rt/1h )\
@]

(69) (79
Method: As described forqa).
Reagent: 1-(4-Chlorophenyb3-(4-isopropoxyphenyblH-pyrazole4-carbaldehyde 6Q)
(0.80 g, 2.3nmol).
Yield: 0.77 g (98%), brown solid

74




m.p: 1167 118°C

Rf: 0.09 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): Ui 8.51 (s, 1H, pyrazole), 7.91 (d= 9.0 Hz, 2H, Ar), BO(d,J= 8.5

Hz, 2H, Ar), 7.56 (dJ = 9.0 Hz, 2H, Ar), 7.0 (d) = 9.0 Hz, 2H, Ar), 5.19 (f) = 5.0 Hz, 1H,

OH), 4.68 (m, 1H, CH), 4.52 (d,= 5.0 Hz, 2HCH20OH), 1.30 (dJ = 6.0 Hz, 6H, 2 x CH).

I3CNMR (DMSO-dg):i 157.87 (C, Ar), 151.08 (C, pyraz
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), 54.5%)(2.32 (2xCH).

(1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl}1H-pyrazol-4-yl)methanol (7h)
(C19H19FN202, M.W. 326.37)

NaBH, / EtOH

rt/1h
(6h) (7h)

Method: As described for{a).

Reagent: 1-(4-Fluorophenyl3-(4-isopropoxyphenyhlH-pyrazole4-carbaldehyde (6h)

(0.80 g, 25 mmol).

Yield: 0.65 g (81%), buff solid

m.p: 1107 112°C

Rf: 0.10 (petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): Ui 8.45 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.80J¢, 9.0 Hz, 2H, Ar),

7.35 (m, 2H, Ar), 7.0 (dJ = 9.0 Hz, 2H, Ar), 5.18 (t) = 5.0 Hz, 1H, OH), 4.67 (m, 1H, CH),

4.52 (d,J=4.5 Hz, 2HCH>OH), 1.30 (dJ = 6.0 Hz, 6H, 2 x Ch).

19 NMR: (DMSO-de): -117.16 (F Ar).

13C NMR (DMSO-de): U 161.48and159.55 (d,\Jcr = 242.7 Hz, GF, Ar), 157.79 (C, Ar),

150.81 (C, pyrazole), 136.69 (Jcr= 2.5 Hz, C, Ar), 129.22 (CH, pyrazole), 129.1% @H,

Ar), 125.60 (C, Ar), 121.99 (C, pyrazold)20.38and120.31 (d2Jcr = 8.8 Hz, 2x CH, Ar),

116.80and116.61 (d,2Jcr = 23.9 Hz, 2x CH, Ar), 116.0 (2x CH, Ar), 69.60 (CH), 54.57

(CHy), 22.32 (2x CH).
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4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-methoxyphenyl} 1H-pyrazole (8a)
(C17H14CI2N20, M.W. 333.12)

HO Cl
\N/N\Q\ SOC|2/ CH2CI2 . \_ N
o N~
~o o  40°Cr4n 6 @m
(79) 8a) (

Method: To an icecooled solution of (X4-chlorophenyB3-(4-methoxyphenyhlH-pyrazot
4-yl)methanol) 7a) (0.8 g, 2.5 mmol) in dry C¥Cl> (5 mL) was added thionyl chloride
(SOCb) (1.8 mL, 25 mmol) dropwise. The reaction was stirred and heated@tfé04 h. The
solvent was evaporated under reduced pressure and then while cooling thaih joarefully
guenched with saturated aqueous NaH@®ortions 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), HO (2 x 10 mL), dried (MgS%) and evaporated under reduced
pressure to give therude chloride&a), whichwasused immediately in subsequent reactions
without further purificatiof.

Yield: 0.83 g (99%), brown oil

Rf: 0.67 petroleum ether EtOAc 4:1 v/v)

'H NMR (DMSO-de): i 8.74 (s, 1H, pyrazole), 7.91 (d= 8.5 Hz, 2H, Ar), 7.78 (d) = 9.0

Hz, 2H, Ar), 7.59 (dJ = 9.0 Hz, 2H, Ar), 7.08 (d] = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, GBI),
3.82 (s, 3H, Ch).

13C NMR (DMSO-de): U 1 5 90, &rj, 150.02 (C, pyrazole), 138.46 (C, Ar), 131.04 (C,
Ar), 130.76 (CH, pyrazole), 130.0 (2 x CHr), 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 {CB8.30 (CHCI).

4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-methoxyphenyl}1H-pyrazole (8b)
(C17H14CIFN20, M.W. 316.76)

SOCl, / CH,Cl,
40 °C/ 4 h

(7b) (8b)
Method: As described for8a).
Reagent: (1-(4-Fluorophenyl3-(4-methoxyphenyhlH-pyrazot4-yl)methanol (7b) (0.5 g,
1.7 mmol).
Yield: 0.50 g (94%), brown solid
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m.p: 1167 118°C

Rf: 0.67 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 1i8.69 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.78J¢, 8.5 Hz, 2H, Ar),
7.38 (m, 2H, Ar), 7.08 (d] = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CBI), 3.82 (s, 3H, OCHJ.

19F NMR: (DMSO-de): -116.25 (F Ar).

13C NMR (DMSO-de): Ui 161.83and159.89 (d1Jce = 2440 Hz, GF, Ar), 159.90 (©, Ar),
150.89 (C, pyrazole), 136.26 (Ucr= 2.5 Hz, C, Ar), 130.78 (CH, pyrazole), 129.1%(@H,
Ar), 125.01 (C, Ar), 120.86 and 120.79 ¥dr = 8.8 Hz, 2x CH, Ar), 117.67 (C, pyrazole),
116.91 and 116.72 (&)ce = 23.8 Hz, 2x CH, Ar), 114.70 (X CH, Ar), 55.67 (OCH), 38.40
(CHCI).

4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl}1H-pyrazole (8c)

(C18H16CI2N20, M.W. 347.24)
cl
SOCI, / CH,Cl, /(;\;\NO\
40°C/4h o -

(70) (89)
Method: As described forga).
Reagent: (1-(4-Chlorophenylh3-(4-ethoxyphenyh1H-pyrazot4-yl)methanol {c) (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)
'H NMR (DMSO-de): U 8.75 (s, 1H, pyrazole), 7.92 (d= 9.0 Hz, 2H, Ar), 7.77 (d) = 9.0
Hz, 2H, Ar), 7.59 (dJ = 9.0 Hz, 2H, Ar), 7.07 (d] = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CBI),
4.10 (9,J = 7.0 Hz, 2HCH2CHz3), 1.36(t, J= 7.0 Hz, 3H, CHCHj).
13C NMR (DMSO-de): U 1 590, A}, 150.22 (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 (C120 33
(2 x CH, Ar), 117.98 (C, pyrazole), 115.14 (2 x CH, Ar), 63.60{CB8.32 (CHCI), 15.12
(CHg).
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4-(Chloromethyl)-3-(4-ethoxyphenyl)1-(4-fluorophenyl)-1H-pyrazole (8d)
(C18H16CIFN20, M.W. 330.787)

HO
= SOCl,/ CH,Cl,
< _N
N \@\ 40°C/ 4 h
~o F

(7d) (8d)
Method: As described for&a).
Reagent: (3-(4-Ethoxyphenyh1-(4-fluorophenyl}1H-pyrazot4-yl)ymethanol(7d) (0.3 g, 10

mmol).

Yield: 0.309g (98%), brown oil

Rf: 0.64 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-ds): 1 8.69 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.76J¢,9.0 Hz, 2H, Ar),
7.38 (m, 2H, Ar), 7.06 (d] = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CGBI), 4.09 (q,J = 7.0 Hz, 2H,
CH2CHs), 1.36 (t,J= 7.0 Hz, 3H, CHCHa).

19F NMR: (DMSO-de): -116.27 (F Ar).

13C NMR (DMSO-de): Ui 161.83and159.89 (d1Jcr = 244.0 Hz, GF, Ar), 159.17 (©, Ar),
150.90 (C, pyrazole), 136.27 (Ucr= 2.5 Hz, C, Ar), 130.78 (CH, pyrazole), 129.1&(@H,
Ar), 124.87 (C, Ar), 120.85 and 120.78 fd;r = 8.8 Hz, 2x CH, Ar), 117.65 (C, pyrazole),
116.91 and 116.73 (dJcr = 22.6 Hz, 2x CH, Ar), 115.13 (X CH, Ar), 63.59 (CH), 38.42
(CH2CI), 15.12 (CH).

4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8e)
(C19H18CI2N20, M.W. 361.26)

SOCl,/ CH,Cl,
40°C/ 4 h

(7€) 8¢ (
Method: As describedor (8a).
Reagents (1-(4-ChlorophenyB3-(4-propoxyphenyb1H-pyrazot4-yl)methanol(7€) (0.64 g,
1.87 mmol)
Yield: 0.66 g (98%), brown semisolid
Rs: 0.67 petroleum ether EtOAC 4:1 v/v)
'H NMR (DMSO-de): Ui 8.75 (s, 1H, pyrazole), 7.90 (d= 9.0 Hz, 2H, Ar), 7.76 (d) = 9.0
Hz, 2H, Ar), 7.60 (dJ = 9.0 Hz, 2H, Ar), 7.08 (d] = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CBI),
4.0 (t,J=6.5Hz, 2H, OCH), 1.77 (m, 2HCH.CHj3), 1.0 (d,J= 7.5 Hz, 3HCH.CHy).

\J
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13C NMR (DMSO-dg): i 1 5 90, A, 15(.T3 (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
(2x CH, Ar), 117.98 (C, pyrazole), 115.18XZH, Ar), 69.49 (OCH), 38.32 (CHCI), 22.50
(CHy), 10.88 (CH).

4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-propoxyphenyl)-1H-pyrazole (8f)
(C19H18CIFN20, M.W. 344.81)
HO

SOCl, / CH,Cl,

X N
N \O\ 40°C/ 4 h
F

(7f) (8f)
Method: As describedor (8a).
Reagents (1-(4-Fluoropheny3-(4-propoxyphenyh1H-pyrazot4-yl)methanol(7f) (0.75 g,
2.30 mmol).
Yield: 0.79 g (100%)brown semisolid
Rf: 0.68 petroleum ether EtOAcC 4:1 v/v)
'H NMR (DMSO-ds): 18.69 (s, 1H, pyrazole), 7.92 (m, 2H, Ar), 7.77J¢,9.0 Hz, 2H, Ar),
7.37 (t,J=9.0 Hz, 2H, Ar), 7.06 (d] = 9.0 Hz, 2H, Ar), 4.89 (s, 2H, CBI), 3.99 (tJ=7.0
Hz, 2H, OCH), 1.77 (m, 2HCH2CHs), 1.0 (d,J = 7.5 Hz, 3HCH2CHs).
19F NMR: (DMSO-de): -11691 (Fi Ar).
13C NMR (DMSO-ds): Ui 161.82and159.89 (dlJck = 242.7 Hz, GF, Ar), 159.33 (©, Ar),
150.90 (C, pyrazole), 136.28 (dce = 2.5 Hz, C, Ar), 130.77 (CH, pyrazole), 129.1& @H,
Ar), 124.87 (C, Ar), 120.84 and 120.77 fd;r = 8.8 Hz, 2x CH, Ar), 117.65 (C, pyrazole),
116.90 and 116.72 (8Jcr = 22.6 Hz, 2x CH, Ar), 115.17 (X CH, Ar), 69.48 (OCH), 38.41
(CHCI), 22.50 (CH), 10.88 (CH).

\/\O

4-(Chloromethyl)-1-(4-chlorophenyl)-3-(4-isopropoxyphenyl}1H-pyrazole (89)
(C19H18Cl2N20, M.W. 361.26)

HO Cl
© N SOCI/ CH,Cly )\ © N
N \©\CI 40°C/ 4 h o N \©\CI
(79) (89)

Method: As describedor (8a).
Reagents (1-(4-ChlorophenyB3-(4-isopropoxyphenyblH-pyrazot4-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)

'H NMR (DMSO-de): Ui 8.75 (s, 1H, pyrazole), 7.92 (d= 9.0 Hz, 2H, Ar), 7.76 (d) = 9.0

Hz, 2H, Ar), 7.60 (dJ = 9.0 Hz, 2H, Ar), 7.06 (d] = 8.5 Hz, 2H, Ar), 4.89 (s, 2H, GBI),

4.69 (m, 1H, CH), 1.31 (d= 6.0 Hz, 6H, 2 x Ch).

13C NMR (DMSO-de): U 1 5 80, 21), 150.C3 (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), 38.332(TH 22.30

(2x CHb).

4-(Chloromethyl)-1-(4-fluorophenyl)-3-(4-isopropoxyphenyl)}1H-pyrazole (8h)
(C19H18CIFN20, M.W. 344.81)

SOCl, / CH,Cly

40°C/4h

L iy
(7h) (8h)

Method: As describedor (8a).

Reagents (1-(4-Fluorophenyh3-(4-isopropoxyphenyhlH-pyrazot4-yl)methanol(7h) (0.60

g, 1.80mmol).

Yield: 0.30 g (48%), orangeemisolid

Rf: 0.67 petroleum ether EtOAC 4:1 v/v)

'H NMR (DMSO-de): 1i8.69 (s, 1H, pyrazole), 7.91 (m, 2H, Ar), 7.76J¢, 8.5 Hz, 2H, Ar),
7.38 (t,J = 9.0 Hz, 2H, Ar), 7.06 (d] = 8.5 Hz, 2H, Ar), 4.89 (s, 2HCH:CI), 4.69 (m, 1H,
CH), 1.31 (dJ= 6.0 Hz, 6H, 2 x CH).

19 NMR: (DMSO-de): -11695 (Fi Ar).

13C NMR (DMSO-de): U 161.82and159.89 (d,*Jcr = 242.7 Hz, GF, Ar), 158.12 (C, Ar),
150.91 (C, pyrazole), 136.28 (Ucr= 2.5 Hz, C, Ar), 130.77 (CH, pyrazole), 129.2k(@H,
Ar), 124.70 (C, Ar), 120.82 and 120.76 fdcr = 7.6 Hz, 2x CH, Ar), 117.64 (C, pyrazole),
116.91 and 116.72 (dJcr = 23.8 Hz, 2x CH, Ar), 116.18 (X CH, Ar), 69.68 (CH), 38.43
(CHCI), 22.30 (2x CHg).
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4-((1H-1midazol-1-yl)methyl)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)} 1H-pyrazole (9a)
(C20H17CIN4O, M.W. 364.833)

Cl (\N
N=/

\N,N\©\ [) K,CO3, imidazole, CH3;CN <~ _N
(0]
~0 cy Dreflux70°C ~ \©\CI

(8a) (99)
Method: To a stirred suspension 0b&Oz (0.58 g, 4.2 mmol) in dry C4#CN (10 mL) was
added imidazole (0.29 g, 4.2 mmol). The reaction mixture was refluxed®@t#b 1 h. After

Y

cooling to room temperature;(éhloromethyl}1-(4-chlorophenyh3-(4-methoxyphenyblH-
pyrazole 8a) (0.35 g, 1.05 mmol) was added and the reaction mixture refluxed &€ 70
overnight. The solvent was evaporated under reduced pressure and the resulting mixture wajs
diluted with EtOAc (50 mL) and washed with brine (3x 20mL) an® H3x 20mL). The
organic layer was dried (MgSPand evaporated under reduced pressure to give the crude
imidazole, which was purified by gradient column chromatography and thecpomgound

was eluted with CECl2- MeOH 97:3 v/,

Yield: 0.23 g(61%), pale orange solid

m.p: 13671 138°C

Rt 0.44 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): U 8.53 (s, 1H, pyrazole), 7.90 (d,= 9.0 Hz, 2H, Ar), 7.65 (s, 1H,
imidazole), 7.58 (d) =9.0Hz, 2H, Ar), 7.56 (dJ = 9.0Hz, 2H, Ar), 7.12 (s, 1Hmidazole),

7.02 (d,J=9.0Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.28 (s, 2H, Ghtidazole), 3.81 (s, 3H,
OCHa).

13C NMR (DMSO-de): ' 1 5 90, 8r§ 150.%} (C, pyrazole), 138.60 (C, Ar), 137.47 (CH,
imidazole), 130.86 (C, Ar), 130.10 (CH, imidazole), 129.96 (2 x CH, Ar), 129.2%2, Ar),
129.08 (CH, pyrazole), 125.06 (C, pyrazole), 120.38 @H, Ar) 119.63 (CH, imidazole),
117.32 (C, Ar), 114.63 (2 CH, Ar), 55.65 (CH), 40.94 (CH).

Microanalysis: Anal. Calcdfor C2oH17CIN4O (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)

1) K,CO3, imidazole, CH3;CN

I reflux 70 °C

(8b) (9b)
Method: As describedor (9a).
Reagent: 4-(Chloromethylj1-(4-fluorophenyl}3-(4-methoxyphenyhlH-pyrazole 8b) (0.5
g, 1.6 mmol) The pure compound was eluted with £CHp - MeOH 97:3 v/v.
Yield: 0.39 g (70%)beigesolid
m.p: 1507 152°C
Rf: 0.50 (CHCI2- MeOH 9.5:0.5 v/v)
'H NMR (DMSO-de): 1i8.49 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.65 (s, 1H, imidazole), 7.56
(d,J=8.5Hz, 2H, Ar), 7.37 (m, 2H, Ar), 7.12 (s, 1H, imidazole), 7.02 9.0 Hz, 2H, Ar),
6.89 (s, 1H, imidazole), 5.27 (s, 2H, &khidazole), 3.81 (s, 3H, OGH
19F NMR: (DMSO-de): -116.49 (F Ar).
13C NMR (DMSO-de): U 161.74and159.81(d, YJcr = 242.7 Hz, CF, Ar), 159.76 (C, Ar),
150.69 (C, pyrazole), 137.45 (CH, imidazole), 136.4%J¢k = 2.5 Hz, C, Ar), 130.14 (CH,
pyrazole), 129.22 (% CH, Ar), 129.08 (CH, imidazole), 125.20 (C, At20.82and120.76 (d,
8Jce = 7.5 Hz, 2x CH, Ar), 119.61 (CH, imidazole), 116.95 (C, pyrazdl&$,85 and116.67
(d,?Jcr = 22.6 Hz, 2 CH, Ar), 114.61 (X CH, Ar), 55.64 (OCH), 40.95 (CH).
Microanalysis: Anal. Calcdfor CooH17FN4O (348.384). C 68.59%, H 4.89%, N 15.99%.
Found: C 68.54%, H 4.73%, N6.07%.

4-((1H-Imidazol-1-yl) methyl)-1-(4-chlorophenyl)-3-(4-ethoxyphenyl)}1H-pyrazole (9¢)

(C21H19CIN4O, M.W. 378.86)
K\
N
l) K,CO3, imidazole, CH3CN N=/

Cl
_N
SN - < _N
I1) reflux 70 °C \©\
|
c Cl

e
(80 (90
Method: As describedor (9a).
Reagent 4-(Chloromethylj1-(4-chlorophenyl)3-(4-ethoxyphenyh1H-pyrazole 8c) (0504,
1.4mmol). The pure compound was eluted with £LHp - MeOH 97.5:2.5 v/v.
Yield: 0389 (71%), white solid

/\o
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m.p: 12471 126°C

Rf: 0.55 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-ds): U 8.53 (s, 1H, pyrazole), 7.90 (d,= 9.0 Hz, 2H, Ar), 7.64 (s, 1H,
imidazole), 7.58 (dJ=9.0 Hz, 2H, Ar), 7.56 (d] = 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@Hidazole), 4.08 (q) =
7.0 Hz, 2H,CH.CHg), 1.35(t,J = 7.0 Hz, 3H, CHCHa).

13C NMR (DMSO-de): ' 1 5 90, 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 AGH,
129.09 (CH, pyrazole), 124.93 (C, pyrazole), 120.3% @H, Ar) 119.63 (CH, imidazole),
117.34 (C, Ar), 115.06 (2 x CH, Ar), 63.58CH>), 40.96 (CH), 15.11 (CH).

HPLC: 97.83%, RT=4.48 min

HRMS (ESI, m/z): Theoretical mas$>*Cl): 401.1145[M+Na]*, observed mass: 401.1147
[M+Na]*; theoretical mass{Cl): 403.111M+Na]*, observed mas403.112q0M+H]".

4-((1H-Imidazol-1-yl) methyl)- 3-(4-ethoxyphenyl)1-(4-fluorophenyl)-1H-pyrazole (9d)
(C21H19FN4O, M.W. 362.40)

© N
N=/

1) K,COs3, imidazole, CH3CN

1) reflux 70 °C

(8d) (9d)
Method: As describedor (9a)
Reagent:4-(Chloromethyl)3-(4-ethoxyphenyhl-(4-fluorophenyl}1H-pyrazole(8d) (0.30g,
0.9 mmol) The pure compound was eluted with £ - MeOH 98:2v/v.
Yield: 0.15 g (45%), light brown solid
m.p: 118- 120 °C
Rf: 0.47 (CHCI2- MeOH 9.5:0.5 v/v)
'H NMR (DMSO-ds): 18.48 (s, 1H, pyrazole), 7.90 (dii= 4.5, 9.0 Hz, 2H, Ar), 7.64 (s, 1H,
imidazole), 7.55 (dJ = 9.0 Hz, 2H, Ar), 7.37 (tJ = 8.5 Hz, 2H, Ar), 7.12 (s, 1H, imidazole),
7.0 (d,J=8.5Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.27 (s, 2H@Hidazole), 4.07 (qJ =
7.0 Hz, 2H,CH2CHs3), 1.35(t,J = 7.0 Hz, 3H, CHCHj3).
19 NMR: (DMSO-de): -116.52 (K Ar).
13C NMR (DMSO-de): U1 161.73and159.80 (d1Jcr = 242.7 Hz, GF, Ar), 159.04 (©, Ar),
150.71 (C, pyrazole), 136.42 (Ucr= 2.5 Hz, C, Ar), 130.10 (CH, pyrazole), 129.2X(@H,
Ar), 129.08 (CH, imidazole), 125.06 (C, Af)20.81and120.74 (dJcr = 8.8 Hz, 2x CH,
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Ar), 119.61 (CH, imidazole), 116.96 (C, pyrazol&}6.85and116.67 (d2Jcr = 22.6 Hz, 2
CH, Ar), 115.04 (% CH, Ar), 63.57 OCH>), 40.96 (CH), 15.12(CHy).

Microanalysis: Anal. Calcdfor Coi1H19FN4O (362.4@4). 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 (9¢)
(C22H21CIN4O, M.W. 392.14)

(/\N

Cl J
N
— 1) K,COj3, imidazole, CH3CN
= ,N\Q\m > —
N Il reflux 70 °C _ ’N\Q\
"0 N Cl
\/\O

(8¢) (9¢)

Method: As describedor (9a).
Reagents 4-(Chloromethyl)1-(4-chlorophenyl3-(4-propoxyphenyb1H-pyrazole 8¢€) (0.30

g, 0.83 mmol)The pure compound was eluted with £ - MeOH 98:2 v/v.

Yield: 0.20 g (63%)beigesolid

m.p: 90-92 °C

Rf: 0.60 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): U 8.53 (s, 1H, pyrazole), 7.91 (d,= 9.0 Hz, 2H, Ar), 7.65 (s, 1H,
imidazole), 7.58 (d) =9.0Hz, 2H, Ar), 7.56 (dJ = 8.5Hz, 2H, Ar), 7.12 (s, 1H, imidazole),
7.02 (d,J=9.0Hz, 2H, Ar), 6.89 (s, 1H, imidazole), 5.28 (s, 2H, Lhhidazole), 3.98 (1) =
6.5Hz, 2H,CH2CH3), 1.76 (m, 2H, CH), 1.0 (t,J=7.0Hz, 3H,CH2CHj3).

13C NMR (DMSO-de): U 1 5 90, ArY, 150.95 (C, pyrazole), 138.61 (C, Ar), 137.48 (CH,
imidazole), 130.83 (C, Ar), 130.05 (CH, imidazole), 129.9% CH, Ar), 129.24 (X CH, Ar),
129.10 (CH, pyrazole), 124.93 (C, pyrazole), 120.3& @H, Ar) 119.63 (CH, imidazole),
117.34 (C, Ar), 115.09 (CH, Ar), 69.46 (OCH), 40.97 (imidazole€CHy), 22.50 (CH), 10.87
(2 x CHg).

Microanalysis: Anal. Calcdfor C22H21CIN4O (392.104). 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)
N

¢
N

C. i
~\ 1) K,CO3, imidazole, CH;CN —
\N/ F ~ 'NQF
1) reflux 70 °C N
\/\O
(8f) (9f)

"o

Method: As describedor (9a).

Reagents 4-(Chloromethyly1-(4-fluorophenyl}3-(4-propoxyphenyh1H-pyrazole 8f) (0.30

g, 0.87 mmol)The pure compound was eluted with £LH - MeOH 98:2 vi/v.

Yield: 0.20 g (66%), pale orange solid

m.p: 120- 122 °C

Rf: 0.51 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): i8.48 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.64 (s, 1H, imidazole), 7.56
(d,J=9.0Hz, 2H, Ar), 7.36 (tJ = 9.0Hz, 2H, Ar), 7.12 (s, 1H, imidazole), 7.02 (b= 8.5

Hz, 2H, Ar), 6.88 (s, 1H, imidazole), 5.27 (s, 2H, Lhhidazole), 3.97 (tJ = 6.5Hz, 2H,
CH2CHs), 1.76 (m, 2H, CH), 1.0 (t,J=7.0Hz, 3H,CH2CHs).

19 NMR: (DMSO-de): -116.51 (K Ar).

13C NMR (DMSO-de): U 161.73and159.80 (dXJcr = 242.7 Hz, GF, Ar), 159.20 (©, Ar),
150.71 (C, pyrazole), 137.45 (CH, imidazole), 136.42J¢k = 2.5 Hz, C, Ar), 130.10 (CH,
pyrazole), 129.21 (% CH, Ar), 129.08 (CH, imidazole), 125.05 (C, Ar), 120.81 and 120.74 (d,
3Jcr = 8.8 Hz, 2x CH, Ar), 119.62 (CH, imidazole), 116.96 (C, pyrazol)6.85and116.67

(d, 2Jcr = 22.6 Hz, 2x CH, Ar), 115.08 (X CH, Ar), 69.46 (OCH), 40.96 (imidazoleCH,),
22.50 (CH), 10.87 (CH).

Microanalysis: Anal. Calcdfor CooH21FN4O (376.4354) C 70.20%, H 5.62%, N 14.88%.
Found: C 70.00%, 19.54%, N 14.97%.

4-((1H-Imidazol-1-yl)methyl)-1-(4-chlorophenyl)-3-(4-isopropoxyphenyl}1H-pyrazole
(99) (C22H21CIN4O, M.W. 392.88)

N

N=/

1) K,CO3, imidazole, CH3CN
1) reflux 70 °C =)\O
(89) (99)

Method: As describedor (9a).
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Reagents 4-(Chloromethyl}1-(4-chlorophenyl3-(4-isopropoxyphenyhlH-pyrazole (8g)
(0.30 g, 0.83 mmoal)The pure compound was eluted with £CHp - MeOH 97.5:2.5 v/v.

Yield: 0.30 g (94%), white solid

m.p: 98- 100 °C

Rf: 0.45 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): U 8.52 (s, 1H, pyrazole), 7.90 (d,= 9.0 Hz, 2H, Ar), 7.65 (s, 1H,
imidazole), 7.58 (dJ =9.0Hz, 2H, Ar), 7.55 (dJ = 9.0Hz, 2H, Ar), 7.13 (s, 1H, imidazole),
7.0 (d,J=8.5Hz, 2H, Ar), 6.89 (s, 1H, imidazole), 5.28 (s, 2H, &hidazole), 4.67 (m, 1H,
CH), 1.30 (dJ = 6.0 Hz, 6H, 2x CH).

13C NMR (DMSO-de): U 1 5 80, Arf 150.95 (C, pyrazole), 138.61 (C, Ar), 137.48 (CH,
imidazole), 130.82 (C, Ar), 130.01 (CH, imidazole), 129.9% CH, Ar), 129.29 (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 CH, Ar), 69.68 (CH), 40.98 (Chl 22.28 (2x CH).

Microanalysis: Anal. Calcdfor C22H21CIN4O (3921404: C 67.26%, H 5.39%, N 14.26%.
Found: C 67.03%, H 5.16%, N 14.21%.

4((aH-Imidazol-L-yhmethyl)-1-(4-fluoropheny)-3-(4-isopropoxyphenyl)-1H-pyrazole
(9h) (C22H21FN4O, M.W. 376.44)

\©\ I) K,CO3, imidazole, CH;CN
F 1) reflux 70 °C )\O
(8h)

Method: As describedor (9a).

Reagents 4-(Chloromethyl)1-(4-fluorophenyl}3-(4-isopropoxyphenyhlH-pyrazole (8h)
(0.15 g, 0.44 mmol)The pure compound was eluted with £LH - MeOH 98.5:1.5 v/v.
Yield: 0.10g (58%),beigesolid

m.p: 96- 98 °C

Rt: 0.44 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): 1i8.48 (s, 1H, pyrazole), 7.90 (m, 2H, Ar), 7.65 (s, 1H, imidazole), 7.54
(d,J=9.0Hz, 2H, Ar), 7.36 (tJ = 9.0Hz, 2H, Ar), 7.13 (s, 1H, imidazole), 7.0 (b= 9.0Hz,
2H, Ar), 6.89 (s, 1H, imidazole), 5.27 (s, 2H, £iFhidazole), 4.67 (m, 1H, CH), 1.30 @7~
6.0Hz, 6H, 2x CHg).

19 NMR: (DMSO-ds): -116.52 (K Ar).
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13C NMR (DMSO-de): U 1 6dnd189380 (d1Jce = 242.7 Hz, GF, Ar), 157.99 (©, Ar),
150.72 (C, pyrazole), 137.46 (CH, imidazole), 136.43J¢k = 2.5 Hz, C, Ar), 130.06 (CH,
pyrazole), 129.26 (% CH, Ar), 129.08 (CH, imidazole), 124.89 (C, Ar), 120.79 and 120.72 (d,
3Jck = 8.8 Hz, 2x CH, Ar), 119.63 (CH, imidazole), 116.96 (C, pyrazole), 116.96 and 116.85
(d,2Jce=13.8 Hz, X CH, Ar), 116.12 (X CH, Ar), 69.67 (CH), 40.97 (CH 22.29 (2xCH).
Microanalysis: Anal. Calcdfor CooH21FN4O (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, 4triazole
(108) (C19H16CINsO, M.W. 365.82)

\©\ I) KoCOgs, triazole, CH3CN
cl ) reflux 70 °C
(8a) (10a)

Method: As describedor (9a) but replacing themidazole with triazole

Reagent:4-(Chloromethylj1-(4-chlorophenyl)3-(4-methoxyphenyhlH-pyrazole 8a) (0.35

g, 1.05 mmol)The pure compound was eluted with £ - MeOH 97:3 v/v.

Yield: 0.32 g (60 %), light orange solid

m.p: 1247 126°C

Rt: 0.65 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): 1 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 (d1 = 8.5 Hz, 2H, Ar), 7.58 (d] = 9.0 Hz, 2H, Ar), 7.03 (d,
J=9.0 Hz, 2H, Ar), 5.48 (s, 2H, GHriazole), 3.81 (s, 3H, Cjjl

13C NMR (DMSO-de): i 1 5 90, 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), 129.960R, Ar),
129.39 (2x CH, Ar), 124.92 (Cpyrazole), 120.32 (2 x CH, Ar), 116.06 (C, Ar), 114.6(2
CH, Ar), 55.66 (CH), 43.79 (CH).

Microanalysis: Anal. Calcdfor C19H16CINsO (365.82.0): 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-1,2,4triazole
(10b) (C19H16FNsO, M.W. 349.37)

N
\©\ l) KoCO3, triazole, CH;CN SN

F 1) reflux 70 °C =\O \O\F

(8b) (10b)

Method: As describedor (9a) but replacing the imidazole withiazole.
Reagent:4-(Chloromethyl}1-(4-fluorophenyl}3-(4-methoxyphenyblH-pyrazole 8b) (0.44
g, 1.3 mmol) The pure compound was eluted with £CHp - MeOH 97.5:2.5 viv.
Yield: 0.26 g (58 %), orange solid
m.p: 1507 152°C
Rf: 0.63 (CHCI2- MeOH 9.5:0.5 v/v)
'H NMR (DMSO-de): U 8.54 (s, 1H, triazole), 8.54 (s, 1H, pyrazole), 7.99 (s, 1H, triazole),
7.90 (m, 2H, Ar), 7.67 (d] = 8.5 Hz, 2H, Ar), 7.36 (m, 2H, Ar), 7.04 @@= 9.0 Hz, 2H, Ar),
5.48 (s, 2H, Chttriazole), 3.81 (s, 3H, Cijl
19F NMR: (DMSO -ds): -11642 (Fi Ar).
1I3C NMR (DMSO-de): T 161. 77 a R =248DHz8CE, A(),d59.80 (C, Ar),
151.99 (CH, triazole), 150.89 (C, pyrazole), 144.36 (CH, triazole), 136.39 and 136'%& (d,
= 2.5 Hz, C, Ar), 130.40 (CH, pyrazole), 129.37 (2 x CH, Ar), 125.04 (C, pyrazole), 120.83
and 120.76 (®Jcr = 8.7 Hz, 2x CH, Ar), 116.86 and 116.68 (&Hcr = 22.6 Hz, 2x CH, Ar),
115.69 (C, Ar), 114.59 (2 x CH, Ar), 55.65 (e)iH43.81 (CH).
Microanalysis: Anal. Calcd for Ci1oH16FNsO (349.%94): 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-1,2,4triazole
(109 (C20H1sCINsO, M.W. 379.848)

1) K,COg, triazole, CH3CN

1) reflux 70 °C

(89) (109
Method: As describedor (9a) but replacing the imidazole with triazole
Reagent:4-(Chloromethyl}1-(4-chlorophenyh3-(4-ethoxyphenyh1H-pyrazole(8c) (0.49 g,
1.41 mmol) Thepure compound was eluted with &E>- MeOH 98:2 v/v.
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Yield: 0.32 g (60 %), light browsolid

m.p: 12271 124°C

Rt 0.49 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): Ui 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 (d1= 9.0 Hz, 2H, Ar), 7.57 (d] = 9.0 Hz, 2H, Ar), 7.01 (d,
J=9.0 Hz, 2H, Ar), 5.48 (s, 2H, CHriazole), 4.08 (qJ = 7.0 Hz, 2HCH>CHg), 1.35(t, J =

6.5 Hz, 3H, CHCHa).

13C NMR (DMSO-de): i 1 5 90, Arg 152.01 (CH, triazole), 151.15 (C, pyrazole), 144.39
(CH, triazole), 138.58 (C, Ar), 130.89 (C, Ar), 130.34 (CH, pyrazole), 129.9601, Ar),
129.39 (2x CH, Ar), 124.78 (Cpyrazole), 120.31 ( CH, Ar), 116.05 (C, Ar), 115.04 2
CH, Ar), 63.58 OCH), 43.80 (CH), 15.11 (CH).

Microanalysis: Anal. Calcdfor CooH1sCINsO (379.848): 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-1,2,4triazole
(10d) (C20H18FNsO, M.W. 363.40)

N

¢

cl NN
= I) K,COg3, triazole, CH3;CN —

SSs - O
N 0 N
) reflux 70 °C
-0 -0

(8d) (10d)
Method: As describedor (9a) but replacing the imidazole with triazole
Reagent:4-(Chloromethyl)3-(4-ethoxyphenyhl-(4-fluorophenyl}1H-pyrazole 8d) (0.40 g,
1.2 mmol) Thepure compound was eluted with &t - MeOH 98.5:1.5 v/v
Yield: 0.23 g (52 %)beigesolid
m.p: 140- 142 °C
Rt: 0.56 (CHCI2- MeOH 9.5:0.5 v/v)
'H NMR (DMSO-de): 1 8.53 (s, 1H, pyrazole), 8.53 (s, 1H, triazole), 7.98 (s, 1H, triazole),
7.90 (m, 2H, Ar), 7.66 (d] = 9.0 Hz, 2H, Ar), 7.36 (1= 8.5 Hz, 2H, Ar), 7.02 (d] = 9.0 Hz,
2H, Ar), 5.48 (s, 2H, CHitriazole), 4.08 (gJ = 7.0Hz, 2H,CH2CHj), 1.35 (t,J=7.0Hz, 3H,
CH2CHg).
19F NMR: (DMSO-de): -116.44 (F Ar).
I3C NMR (DMSO-de): i 16 1. 76 aXod=28%9Hz, &R Ar), 169.08 (O, Ar),
151.99 (CH, triazole), 150.91 (C, pyrazole), 144.36 (CH, triazole), 136.39 and 136'%% (d,
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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 (®Jcr = 8.8 Hz, 2x CH, Ar), 116.85 and 116.67 (&lcr = 22.6 Hz, 2x CH, Ar),
115.68 (C, Ar), 115.02 (2 x CH, Ar), 63.57 (OgH43.81 (CH), 15.11 (CH).

Microanalysis: Anal. Calcdfor CyoH1sFNsO (3633964) 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
(106 (C21H20CINsO, M.W. 393.88)

N
¢
cl N
- 1) K,COs3, triazole, CH;CN =
\N’N\Q\C' ) 200 . N /N\Q\m
N
- 1) reflux 70 °C
O \/\O

(8¢ (109

Method: As describedor (9a) but replacing the imidazole with triazole
Reagent:4-(Chloromethylj1-(4-chlorophenyl)3-(4-propoxyphenyh1H-pyrazole 8¢) (0.3 g,
0.83 mmol) Thepure compound was eluted with gt - MeOH 98.5:1.5 v/v

Yield: 0.23 g (72 %)light orange solid

m.p: 114- 116 °C

Rt: 0.69 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): Ui 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 (d1= 9.0 Hz, 2H, Ar), 7.58 (d] = 9.0 Hz, 2H, Ar), 7.03 (d,
J=9.0 Hz, 2H, Ar), 5.48 (s, 2H, CHriazole), 3.98 (tJ = 6.5Hz, 2H,0OCHy), 1.76 (m, 2H,
CHy), 1.0 (t,J=7.0Hz, 3H, CH).

13C NMR (DMSO-de): i 1 5 90, 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), 129.960R, Ar),
129.38 (2x CH, Ar),124.78 (C, pyrazole), 120.31 (2 x CH, Ar), 116.06 (C, Ar), 115.08 (2
CH, Ar), 69.47 (OCH), 43.81 (triazoleCH>), 22.50 (CH), 10.88(CH).

Microanalysis: Anal. Calcdfor C21H20CINsO (3938750) 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-1,2,4triazole
(10f) (C21H20FNsO, M.W. 377.42)

Cl

SN 1) K,COg, triazole, CH3CN

\©\F I1) reflux 70 °C
(8f) (101)

Method: As describedor (9a) but replacing the imidazole with triazole

Reagent: 4-(Chloromethy1-(4-fluorophenyl}3-(4-propoxyphenyhlH-pyrazole (8f) (0.30

g, 0.87 mmol)The pure compound was eluted with £y - MeOH 98.5:1.5 v/v

Yield: 0.185 g (58 %)light orange solid

m.p: 120- 122 °C

Rf: 0.51 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): U 8.53 (s, 1H, pyrazole), 8.53 (s, 1H, triazole), 7.98 (s, 1H, triazole),

7.90 (m, 2H, Ar), 7.66 (d] = 9.0 Hz, 2H, Ar), 7.36 () = 9.0 Hz, 2H, Ar), 7.03 (d] = 9.0 Hz,

2H, Ar), 5.48 (s, 2H, CHhitriazole), 3.98 (tJ = 6.5Hz, 2H,0OCHy), 1.76 (m, 2H, CH), 1.0 (t,

J=7.0Hz, 3H, CH).

19 NMR: (DMSO-ds): -116.45 (K Ar).

1I3C NMR (DMSO-de): i 16 1. 76 aXod=2859Hz, &R Ar), 169.24 (©, Ar),

151.99 (CH, triazole), 150.91 (C, pyrazole), 144.36 (CH, triazole), 136.39 and 1365+ (d,

= 2.5 Hz, C, Ar), 130.37 (CH, pyrazole), 129.36x(ZH, Ar), 124.90 (C, pyrazole), 120.81

and 120.75 (d®Jcr = 7.5 Hz, 2x CH, Ar), 116.86 and 116.67 (8lcr = 23.9 Hz, 2« CH, Ar),

115.68 (C, Ar), 115.06 (2 CH, Ar), 69.46 (OCH), 43.82 (CH), 22.50 (CH), 10.88(CHs3).

Microanalysis: Anal. Calcdfor Co1H20FNsO (377.4284). 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 (109
(C21H20CINsO, M.W. 393.88)

\©\ 1) K,COg, triazole, CH;CN

Cl 1) reflux 70 °C ')\
(89) (109

Method: As describedor (9a) but replacing the imidazole with triazole
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Reagent: 4-(Chloromethylj1-(4-chloropheny3-(4-isopropoxyphenyhlH-pyrazole 8g)
(0.3 g, 0.83 mmol)The pure compound was eluted with L1 - MeOH 97.5:2.5 v/v

Yield: 0.26 g (81%), white solid

m.p: 981 100°C

Rt: 0.48 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): U 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] = 9.0 Hz, 2H, Ar), 7.58 (d] = 9.0 Hz, 2H, Ar), 7.01 (d,
J=9.0 Hz, 2H, Ar), 5.48 (s, 2H, CHriazole), 4.68 (m, 1H, CH), 1.30 (d= 6.0 Hz, 6H, X
CHa).

13C NMR (DMSO-de): i 1 5 80, Arp) 152.02 (CH, triazole), 151.16 (C, pyrazole), 144.40
(CH, triazole), 138.58 (C, Ar), 130.87 (C, Ar), 130.30 (CH, pyrazole), 129.960R, Ar),
129.44 (2 x CH, Ar), 124.61 (C, pyrazole), 120.29 (2 x CH, Ar), 116.30GH, Ar), 116.06
(C, Ar), 69.67 (CH), 40.81 (Chi, 22.29 (2 CHs).

HPLC: 100%, RT= 4.88 min.

HRMS (ESI, m/z): Theoretical mass®{Cl): 394.1435[M+H]*, observed mass: 394.1443
[M+H]*; Theoretical mass${Cl): 396.1406[M +H]*, observed mas896.1420M+H] *.

1-((1-(4-Fluorophenyl)-3-(4-isopropoxyphenyl)}1H-pyrazol-4-yl)methyl)-1H-1,2,4
triazole (10h)
(C21H20FNsO, M.W. 377.42)

I) K;COgs, triazole, CH3CN

1) reflux 70 °C )\
0]

(8h) (10h)

Method: As describedor (9a) but replacing the imidazole with triazole

Reagent: 4-(Chloromethylj1-(4-fluorophenyl}3-(4-isopropoxyphenyblH-pyrazole (8h)
(0.15 g, 0.44 mmol)The pure compound was eluted with £LH - MeOH 98.5:1.5 v/v

Yield: 0.088 g (53 %)beigesolid

m.p: 118- 120 °C

Rf: 0.52 (CHCI2- MeOH 9.5:0.5 v/v)

'H NMR (DMSO-de): Ui 8.54 (s, 1H, pyrazole), 8.53 (s, 1H, triazole), 7.99 (s, 1H, triazole),
7.90 (m, 2H, Ar), 7.65 (d] = 9.0 Hz, 2H, Ar), 7.36 (t1= 9.0 Hz, 2H, Ar), 7.01 (d] = 9.0 Hz,

2H, Ar), 5.48 (s, 2H, Chitriazole), 4.67 (m, 1H, CH), 1.30 (d= 6.0 Hz, 6H, X CHj).

19 NMR: (DMSO-ds): -116.46 (K Ar).
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1I3C NMR (DMSO-de): i 16 1. 75 a¥od=2857Hz, &R Ar), 168.03 (O, Ar),
152.0 (CH, triazole), 150.93 (C, pyrazole), 144.37 (CH, triazole), 136.39 and 136"+ &,
3.8Hz, C, Ar), 130.33 (CH, pyrazole), 129.41(ZH, Ar), 124.74 (C, pyrazole), 120.80 and
120.73 (d3Jcr = 8.8 Hz, 2x CH, Ar), 116.86 and 116.67 (&8Jcr = 23.9 Hz, 2x CH, Ar),
116.10 (2x CH, Ar), 115.69 (C, Ar), 69.66 (CH), 43.82 (@H22.29 (CH)

Microanalysis: Anal. Calcdfor Co1H20FNsO (377.434). 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

MICgo testing was performed by our collaborators: $am J. WillcocksThe London
School of Hygiene and Tropical Medicirnend Prof. Sanjib Bhakt&CL/Birbeck

Spot culture growth inhibition (SPOTassay was perform&t Briefly, each well of a
flat 96-well plate was spotted with 2 ptompound, serially diluted twfold in DMSO from
150 ug mlt. 200 pL Middlebrook 7H10 agar supplemented with 0.5 % (v/v) glycerol and 10
% OADC was dispensed into each well of a flatv@dl plate and the plate shaken to
homogenise the compound. The agar was allowed to set before stor&@eaattdused in the
SPOTi assay within 24 h. To inoculate the pI&tetuberculosidH37Rv was first cultured with
shaking at 37C in Middlebrook 7H9 media supplemented with 0.5 % (v/v) glycerol, 10%
OADC (Oleic Albumin Dextrose Catalayand 0.025% Tween 80 up to @D (optical density)
of 1. The culture was then diluted 1:100 in 7H9 media and 2 pL spotted onto each well of the
SPOTi plate. Cultures were incubated af@7or five weeks before MI§ was recorded for

each compound.
The Resazurin Microtiter Assay (REMA) Method®’

MIC testing against mutant Mtb strains was performed by our collabobatoklistair

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 finglouadh
concentration range of 0.062% pg/mL. A suspension of the teStycobacteriumwas
cultured in Middlebrook 7H9 broth supplemented with 10% OADC and 0.2% glycerol, 0.2%
casamino acids, 24 pg/mL pantothenate, 1 pg/mL penicillin G, 10 pg/mL cyclohexamid
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0.05% Tween 80 for one week at 37 °C in an atmosphere of 5% T@© concentration was
adjusted at McFarland 0.5 and diluted to 1 x 106 CFU/mL and diluted in growth media 1:25.
A 100 pL of the inoculum was added to each well of av@8 microplate together with 100

pL of the compounds. The plate was incubated atC3ih ‘an atmosphere of 5% GG\fter 5

days, 10 pL 0.2% (w/v) resazurin (solubilized in sterile water) was addedoMHES defined

as the lowest concentration resulting in 99% inhibition ofwgincof Mycobacteriunresulting

in no colour change. Samples were set up in quadruplet and tested in two independent assay;|.

CYP121Alspectral binding assayfor K p determination

Protein binding studies were performed by our collaboratordmit Kumar andProf.

Fernando Estrada, University at Buffalo, New York

Recombinant CYP121A1 protein that was used in spectral binding assays was
expressed and purifiems described. Compoundsvere first screened for binding on a dual
beam Shimdazu 2700 spectrophotometer, in which ligeeedspectra of 1 uM CYP121A1 (50
mM TrisHCI, 300 mM NacCl, pH 7.4) were compared with spectra in the presence of 250 uM
of each compound following a 15 min ifwation period in a 1 cm quartz cuvette. The shape
and intensity of preliminary difference spectra indicated peak maxima betweet8820n
and minima between 38015 nm and were consistent with a tipkgand response.

Full titrations were performed in triplicate at ambient temperature using an Agilent BioTek
Cytation 5 monochromatdrased multimode plate reader. Protein samples at 1 uM
concentration and in 200 pL volume were prepared in Corning@ébblack flat botton
polystyrene 96 well plates. Individual wells were used to acquire 12 intermediate concentration
points spanning 0 to 150 uM of compounda \alues were calculated by plotting the inhibitor
concentrationsagainst the blushifted typell response. Data tling was performedas
described* 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

spectropotometer.
Protein expression, purification, and sample preparation fof°F NMR

% NMR assaywas performed by our collaborators: DAmit Kumar andProf.
Fernando Estrada, University at Buffalo, New York
The mutant version of CYP121A1 protein contain®iy 1C was expressed, purified,

and labelled for NMR detectioas describéd. Following purification, the protein wasF
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labelled using ®romaol,1,Xtrifluoroacetone (BTFA). Briefly, the protein was diluted to 2

eM in 50 mM Tris HCI, pH 7.4, and 300 mM a
mM Dithiothreitol OTT) andincubated 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 1899 Dsing a 10 kDa molecular
weightcuto f f f i |l t er . Protein was aliquoted intjp
volume. Compounds were added from a DMSO ¢toc
allowed to incubate for 15 min prior to transferNMR sample tubes. Spectra were acquired

at 25 °C oma Bruker AVANCE Ill 600 MHz spectrometer for 10000 scans per experiment.

The data were processed and asedyin 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 treonsiderably promising skeletons in terms of antitubercular
activity®® %, Studies of the benzoxazole scaffold in combination with other heterocyclic
moieties have shown promising antimycobacterial activity (Figure 8.40udy conducted by
ErtanBolelli et al® on various benzoxazole compounds agaith H37Rv showed good
activity with MIC ranging from2 56 t o 8 e g/ mL. l nhA was t hi
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® explores newly synthesizedsibstituted 5di-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 ne
moiety for inhibition of CYP121Al. The dnzoxazole pharmacophoveas designed and
investigated by MOE and Mo predictthe effectiveness of this structure with respect to
CYP121A1 bindingandtherefore potentiadntimycobacterial activityA pyridine ring was
joined to the benzoxazole via a methylene bridge &sem binding grougFigure 3.2).
Substitutionin the benzoxazole arymoiety by different R groupswas included to probe
additional binding interactiongnd to determine effect on the biological activifor
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.

LD °

/ (@) — NH

H,N N P \ /N O O N/>_ 2
MI C 8 8 g/ N \

MIC 6.2% ¢ 4

Figure 3.1: Benzoxazole compounds with MIC agaifvib H37Rv
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Benzoxazoles
(general structure)

4 3 XN
5 2 N |
(13a-m): R— | \2 _N
6 X\ o AN
7 1 T Pyridine ring
Methylene bridge
R= aR=H e R=5-C¢H; i R=5,7-diCl
b R=5-CI f R=5-NO, j R=15,7-diCl; 6-CH;
¢ R=5-OCH; g R=5-CH,4 k R= 5-F
d R=5-C(CHj3); h R= 6-NO, I R=5-CF;
m R= 6-CN

Figure 3.2 Benzoxazole general structure design

An extended benzoxazole series with a4sikd structure was also desigredchieve
selectivity over other CYPs by optimally filg the CYP121A1 active site. The structuvas
modified to design ¥shape compounds mimicking the natural substrate cYY, which
provided good fitin the active siteMoreover, extending the structure was made to enhance
the lipophilicity, which can facilitate the uptake across the lipophilic bacterial cell Wad.
modificationswereas follows Figure3.3):

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 dockstigdies.L-amino acid was used for
tetrazole synthesis for the purpose of enantioselectivity.

3- Repladéng pyridine at position 2 witta para- substitued phenylby different R groups to
optimise filling of the active site arid explore additional binding interactioasd structure

activity relationship (SAR).
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Mid-sized benzoxazoles
(general structure)

(18a-e): N - letrazole ring

O: >_<—<:> ~—— para-substituted
phenyl ring

Ethylene bridge

R=

a:R;=H, Ry=H d: Ry=Cl, R,= 5-CFs
b: R4=Cl, Ry=5-Cl e: Ry=F, Ro=5-CH,
C: R1=F, R2= 5-F f: R1=F, R2= 6-N02

Figure 3.3: Mid-sizebenzoxazole general structure design
3.2 Results and discussion

3.2.1 Computational studies

The CYP121A1 proteiwtigand complexes were designed and generated by molecular
docking of derivatived3 and18 with the crystal structure of Mtb CYP121A1-coystallised
with the natural substrate cYY (pdb 3G3Husing MOE“. The best poses based on binding
interactions and energy value were then subject28@msMD simulation using the Desmond

programme of Schrodinger softwéte

Table3.1 illustratesthe designed benzoxazoles all serie3; {8 and24) with the
purpose of the design that predicted to improve binding in the CYP121A1 active dite and
further enhance the antimycobacterial activity agdwtbt
Table 3.1 List of the designed compoundis3(18 and24) with the purpose of the design

DS
\
a

Exemplar R Purpose of the design
compound
Generally - 1- Pyridine N to interact with the haem Fe or to form H

bonding with GIn385 or Arg386

2- Benzoxazole O to form #donding with Asn85 (or:
Asn74, Arg72, Asn84)

3- Benzeneringtdb or m hydf opgmdleira
Phel68 and/or Trp182
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13b
13i

13j

13k
13d
13g
13c
13e

5-Cl

5,7-diCl
5,7-diCl; 6-CHs
5-F

5-C(CHs)3
5-CHs3

5-OCHs

Halide substitution was added for metabolic stability anc
prob halogen interaction (e.g., Thr77, Val78, Val82, Val¢

Simple and branched alkyl substitution added to better

filling of the active site and to enhance lipophilicity

To form Hbonding with (Thr77 or Thr229)

Phenyl ring substitution added to extend shecture and

allow for -hydnophabtcon w

Trpl82

1- Tetrazole N to interact with the haem Fe or to form H
bonding with GIn385 or Arg386

2- Benzoxazole O to form #8onding with Asn85

3-Benzene ring to fonmehsgc
Phel68 and/or Trpl182

4- Rq: chlorine or fluorine added for metabolic stability, f
better filling of the active site and to probe halogen
interactions (Thr77)

5- Rz different substitution to prob additional interaction
with active site residues (H, Cl, F, GHCR, NO)

1- Imidazole N to interact with the haem Fe or to form H
bonding with GIn385 or Arg386

2- Methylene bridge added to allow for more flexibility
which could enhance haem binding

3- Benzoxazole O to form #onding with Asn85

4- Benzene ring to fonmehgc
Phel68 and/or Trpl182

5- Ru: chlorine or fluorine added fanetabolic stability, for
better filling of the active site and to probe halogen
interactions (Thr77)

6- Ro: different substitution to prob additional interaction
with active site residues (Cl, F, OgHCRs,)
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The short benzoxazoles3am) are small molecules which mefreely inthe CYP121A1
active site. The docking studies of the short benzoxazoles showed fitting of most of the ligands
in the cYY pocket bupositionedaway from the haem iron. These short molecule inhibitors
are predicted to suppress CYP121A1 activity by interfering with the most functionally involved
interactionsThe pyridine predominantly bound to the key amino acid Argdgter directly
or indirectly via water moleculed.8b, Figure 3.4B), which is assumedhiwck access to the
active site.The N of the benzoxazole moiety also formed interactions with Arg386 in ligand
13 (Figure 3.5) and with water molecules in ligal®b (Figure 3.4, A and C). Hyrophobic
interactions were also detected in ligar@b betweenthe benzoxazole moiety and Val83 side
chain (Figure 3.4CHy d r o p haatlon) imtergction of the haem group and oxazole moiety

was noted in ligand3 (Figure 3.5A).
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PHE
230
ASN

H20
H20

/\Eys345

Figure 3.4 (A) 2D image of binding interactions of compouib8b in CYP121A1 active site

(B) 2D imageof detailed ligand.3b interactions with the protein residugst occur more than

30% of the simulation tim&00 ns) (C) 3D image of binding interactions of derivati¥db

in CYP121A1 active site highlighting the key residues involved in bindHagm(greer), 13b

(cyan),amino acid residuggrey) and water molecules (red spheres).
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ay Cl
2 PHE
168

7\ Cys345
!

Figure 3.5 (A) 2D image of binding interactions of compoub8j in CYP121A1 active site
(B) 2D imageof detailed ligand 3] interactions with the protein residudst occur more than
30% of the simulation timg&00 ns) (C) 3D image of binding interactions of derivatii/gj in
CYP121A1 active site highlightinigteraction of benzoxazole N with Arg388aem(greer),

13j (cyan),amino acid residuggrey) and water molecules (red spheres).

Ligand13eis substituted with a phenyl ring at position 5 of the benzoxazole moiety, which
allowed for extra binding with the active site residudse pyridine boundlirectly to Arg386
which is assumed to block the access chafiie hydrophobic interactions in ligat8e were
observedetweenthe 5aryl substitution and Leu73 side chain, the benzoxazole aryl moiety
and GIn385, and between the pyridine ring and AlaE3pu¢e3.6).
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ILE
236

SER
237

Ser237

Figure 3.6 (A) 2D image of binding interactions of compoub8 in CYP121A1 active site
(B) 2D imageof detailed ligand. 3einteractions with the protein residutagt occur more than
30% of the simulation timg00 ns) (C) 3D image of binding interactions of derivatii@ein
CYP121A1 active site highlightingnteraction of pyridine N with Arg386 andmultiple
hydrophobic interactiondHaem (greer), 13e (cyan),amino acid residuegrey) and water

molecules (red spheres).

Despite that, ligand 3d 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 A between the protein and ligand at 200 ns (Figure 3.7), suggesting thatl&ghnd

diffused away from the binding position.
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Protein-Ligand RMSD

Protein RMSD (A)

75 o 125
Time (nsec)

Co mml ig fit Prot

Final

(20(? ns) (

Figure 3.7: (A) RMSD plot of CYP121A113d proteinligand complexin 200 nssimulation
Protein RMSD in the leff-axis and ligand RMSD in the righitaxis;protein (blue) and ligand
(red); (B) 3D imageshowingbindingstages and movemeoit 13d away fromthe CYP121A1
active siteHaem(greern), 13d at 10 ns(yellow), at 120ns(magenta) and the final stage at 200

ns(cyan).

Docking of the miesized benzoxazade(18) showed better fillingf the enzyme active
site compared to the short benzoxaz@13. Derivativel8awasused as an exemplar for the
docking studies of the misized benzoxazoles. Unlike the small benzoxazole inhibitors which
were positionecway fromthe haem iron, in the misized benzoxazoles, the tetrazole ring
approached the haemmowever, no haem binding was observed. Tetrazole N formeblcanét

interaction with Ser237 (Figure 3.8A), moreover, during the simulation cycle, the tetrazole
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moi ety f or med )hysdtracpkhionbg cwatibnhinteRdtienlvish@he pofard
Arg386 residue (Figure 3.8B).

A B
A:
%) e S N—N
\ . I\
) VAL P':l.E > N
& 168 N/
ASN N
as \
(0]
THR
229
C

A|a167\|

B
/\\ Cys345

Figure 3.8 (A) 2D image of binding interactions of compouiain CYP121A1 active site
(B) 2D imageof detailed ligand8ainteractions with the protein residutst occur more than
30% of the simulation timg00 ns) (C) 3D image of binding interactions of derivatii@ain
CYP121A1 active site highlighting the key residues involved in bindi#@gm(greer), 18a

(magenta)amino acid residuggrey) and water molecules (red spheres).

Simulationstudies with MD provided insight of the protdigand complex stability over
a fixed period expressed in nanoseconds f®).both designed benzoxazoles, the short and
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the midsized (3 and18), the molecular dynamic analysis was performed in explicit solvent

to evaluate solvent effect.

Derivative 13e is used as aexample for the shoibenzoxazoles. The protein RMSD
variation during the simulation process was within the accepted range, starting with 1.46 A and
ends with 2.11 A, indicating stable protein conformation. The ligledvas simultaneously
aligned with the protein after 60 ns with acceptable RMSD variation at the end of the simulation
bet ween the protein &p(@able3Reindlcatinga stable proteinl . 2 p
ligand complex (Figure 3.9).

Table 3.2 RMSD values ofi3eduring200 ns MDsimulation

Compound Time (ns) Protein RMSD (A)  Ligand RMSD (A)
13e 1 1.46 3.75
Stabilised at 60 ns 2.09 3.19
200 2.11 3.36

Protein-Ligand RMSD

(A)

Protein RMSD

S(v) asiy puebi:

Time (nsec)

Figure 3.9: RMSD plot of CYP121A113e proteinligandcomplexin 200 ns. Protein RMSD
in the leftY-axis and ligand RMSD in the righttaxis; protein (blue) and ligand (red).

Derivativel8ais used as a model féne MD simulation othemid-sized benzoxazade
At the starting point, protein RMSD was 1.38 A and immediately stabilised throughout the
simulation with RMSD of 2.40 A at 200 ns, which indicates a stable protein conformation. The
RMSD for the ligandl8achanged from 2.80 A at 0 ns to 4.66 A after 50 ns, then it remained
aligned with the protein in equilibrium and ended with RMSD of 4.39 A at 2@Uaise 33,
Figure3.10.
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Table 3.3: RMSD values ofLl8aduring200 ns MDsimulation

Compound Time (ns) Protein RMSD (A)  Ligand RMSD (A)
18a 1 1.38 2.80
Stabilised at 50 ns 1.83 4.66
200 2.40 4.39

Protein-Ligand RMSD

Protein RMSD (A)
S (V) Sy puebry 2

©

Time (nsec)

Figure 3.10:RMSD plot of protein and ligand of CYP121A18a complexin 200 nsProtein
RMSD in the leftY-axis and ligand RMSD in the rightaxis; protein (blue) and ligand (red).

From the MD results of the short and rsided 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 bindiketpehich
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 benzoxazols synthesis

The designed short benzoxazole compounds structures are illustrated in Figure 3.11.
Synthess of the short benzoxazole series followed a singlerstgp according to a published
method* (Scheme 3.1).
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Figure 3.11Chemical structures of the designed short benzoxaztdgs (

. o
1 .
5 N OH N Q) .
R~ _ + Sg o+ | _ _I
4 3 2 NH2 N
(11a-m) (12) (13a-m)
[ Where 11: g R=4-CH,4 ) [ Where 13: g R=5-CH,4 )
aR=H h R=5-NO, aR=H h R= 6-NO,
b R=4-Cl i R=4,6-diCl b R=5-Cl i R=5,7-diCl
¢ R=4-OCH; j R=4,6-diCl; 5-CH; ¢ R=5-OCHj; j R=5,7-diCl; 6-CH,4
d R=4-C(CH3); KkR=4-F d R=5-C(CH3); Kk R=5-F
e R=4-C¢H; 1 R=4-CF, e R=5-C¢H; 1 R=5-CF,
fR=4-NO, m R=5-CN fR=35-NO, m R= 6-CN

Scheme3.1 Synthesis ofhort series benzoxazatempoundsReagents and conditions:
(i) N-methylpiperidingSs, 80 °C 16 h, N atm, sealed tube.
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Synthesis ofshort seriessubstituted benzoxazole§13a-m):

According to the reaction shown in scheme 3.1, an oxidative coupling between
substitutedb-aminophend (L1am) and3-acetylpyridine(12) was achieved usinglemental
sulfur as a catalysand N-methylpiperidineas a sulfur activator undernitrogen atmosphere
in a closed tube at 8 for 16 ¥*. Synthesis of derivativé3awas used only for optimising
the reaction conditions. Purification with gradient column chromatography afforded the desired
compounds. All synthesised compounds were analyset lmnd**C NMR. The methylene
signal appeared around 4.4 ppmHNMR and at 32 ppm ii’C NMR. The formed quaternary
C of the oxazole appeared around 165.7 ppHGrNMR (Figure3.12).

The octasulfur (§ became highly reactive by ring opening which is promoted by
certain reaction conditions, and is found to be reactive ainhigh reaction temperatures in
combination with a nitrogen ba¥eThe reaction mechanism proposed by Thanh and Pascal
(2017Y was based on the Willgerodt reacti@ihe classical Willgerodt rearrangement reaction
involves formation of amides by heating ketones with secondary amine and elementak sulfur
high temperatures (2e€220°C)’. 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 reactiofd$°* A proposed mechanism could be as follows:

1- The reaction started with a condensation of the aminoph&iichiid 3acetylpyridine 12)
resulting inan equilibrated iminé 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 sidproducs formed in this reaction ard-methyl piperidiniumsalt and
hydrogen sulfide.
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Figure 3.12: 3C NMR for compound-fluoro-2-(pyridin-3-yimethyl)benzoflloxazole(13Kk)

Synthesis of some derivatives was challenging. CompoL&fjd3h and 13m gave
multiple spots on TLC. Preparative TLC was performed to separate the desired conif@unds
and 13h and gradient column chromatography was used to try and [@8ify however,
isolation of pure compounds was unsuccessful. Derivati®es 3d and13g 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 puti§cfd3d and
13g of 89%, 85% and 81%, respectively. From the 13 daesigcompounds, 7 were

successfully obtained with good purity for biological evaluation (Taldle 3.
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Table 3.4: Yield and purityof the preparetienzoxazoldinal compoundg£13)

Compound

13a
13b

13c
13d
13e
13g
13i

13]
13k

13|

R
H

5-Cl

5-OCHs
5-C(CHs)s

5-C5H5
5-CHs

5,7-diCl

5,7-diCl;
6-CHs

5-F

5-Ck

52
63

26
26
23
53
40

49

49

56

g
6
f L
5 N —
3

Yield (%)

Purity
HPLC': 97%

Anal. Calcd: C 63.82%, H 3.71%, N 11.44%.
Found: C 63.78%, H 3.63%, N 11.39%
HPLC: 93%

HPLC: 85%
HPLC: 100%
HPLC: 92%

Anal. Calcd: C 55.94%, H 2.89%, N 10.03%.
Found: C 56.13%, H 2.82%, N 9.79%
Anal. Calcd: C 3.36%, H3.44%0, N9.553%.
Found: C 5.48%, H3.2%6, N9.3%0
Anal. Calcd: C68.426, H3.9%0, N12.2P%.
Found: C68.6%%6, H4.10%, N11.98%.

HPLC: 95%

*Gradientmethod 5:95 v/v water: methanol with 0.1% formic acid as additive

b- Middle sized benzoxazoles synthesis

The synthesis of this serigs/olvedfour reaction steps (Scheme&)3

1- Tetrazole cyclisation

2- Chlorination reaction using thionyl chloride

3- Amide formation

4- Benzoxazole cyclisation by Mitsunobu reaction
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Where 14-17:
aR'=H
(14a-c) (1 5a-c) (16a-c) bR=Cl

cR=F

Al
= @) R 0
A N N-N .

o-aminophenol

v\
<\N -N N, (11)
(18a-e) (17a-e) N—N
Where 18-19: Where 11:
aR'=H,R>=H d R'= Cl, R*= 5-CF; aR=H kR*= 4-F
bR!=CL R*=5-Cl eR!'=F, R’=35-CH, b R*=4-Cl 1 R*= 4-CF4
¢R!=F,R*>=5-F fR!=F, R>= 6-NO, gR?>=4-CH;  hR* 5-NO,

Scheme3.2 Synthesis ofnid-sized benzoxazoleompoundsReagents and conditiong)
AcOH, TEOF, NaNg, 80 °C, 4 h; (i) SOCb, CH2Cl>, DMF, 40 °C 4 h; (iii) Pyriding 100°C,
overnight; (iv)PPhin THF (10 min) DIAD dropwise (1 h)overnight room temperature.

Synthesis of §)-3-(4-substituted-phenyl)-2-(1H-tetrazol-1-yl)propanoic acid (15):

Tetrazole compounds were synthesiseddacting substituted-phenylalanine amino
acids (4) with sodium azide and triethyl orthoformate (TEOF), and acetic acid used as catalyst
and solvent, and heated at 80 °C for®2 Bue 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 filted to remove sodium acetate salts which formed from the reaction
between acetic acid and sodium azidlke resulig filtrate was evaporated, atthO added
andthenthe pHwasadjusted to 9.0 with 5Maqg.NaOH solutionFor purification purposes,
activated carbon was refluxed with the alkaline solution of tetrazole comgéu@dgemoval
of activated carbon, the solution was acidified with 2M aq. HCI to pH 2 to protonate the
carboxylic acid, and the desired compoub8) pegan to precipitate due to the lowzpkalue
of tetrazole (pk 4.97°. The product was analysed By 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 mechanisminitiated by activation of one oxygen of TEOF, which makes
it more electrophilic followed by nucleophilic attack of thghenyl alanine N and formation
of a new GCN bond (intermediate 1). 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 elmdination of ethanol and

sodium acetate as {products (Figurg.13).

Figure 3.13: Reaction mechanism of tetrazole cyclisation.
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