UNIVERSITA DEGLISTUDI DI PARMA

Department of Pharmacy
PhD course in "Drugs, Biomolecules and Health Products"

XXIX Cycle

Toward Innovative Therapeutics for the Eradication of

Mycobacterial Infections

Coordinator: Prof. Marco Mor
Supervisor: Prof. Gabriele Costantino

PhD student: Elisa Azzali






“Da chimico un giorno avevo il potere

di sposare gli elementi e di farli reagire,
ma gli uomini mai mi riusci di capire
perché si combinassero attraverso l'amore.
Affidando ad un gioco la gioia e il dolore.

Ma guardate I'idrogeno tacere nel mare
guardate l'ossigeno al suo fianco dormire:
soltanto una legge che io riesco a capire
ha potuto sposarli senza farli scoppiare.
Soltanto la legge che io riesco a capire.”

Fabrizio De Andre






AMK
CFz
Y
Cpz
DCE
DCS
DMF
DMSO
DOTS
EMB
EtBr
EP
EPI
ETO
FDA
FIC
GFX
HIV
HPLC
Hz
1Cs0
INH

KM
LFX

List of abbreviations

Amikacin

Clofazimine

Capreomycin

Chlorpromazine

Dichloroethane

Cycloserine

Dimethylformamide

Dimethyl sulfoxide

Direct Observed Treatment Short-course
Ethambutol

Ethidium bromide

Efflux pump

Efflux pump inhibitor

Ethionamide

Food and Drug Administration
Fractional inhibitory concentration
Gatifloxacin

Human immunodeficiency virus
High performance liquid chromatography
Hertz

Inhibitory concentration 50
Isoniazid

Coupling constant

Kanamycin

Levofloxacin



MABA
MDR-TB
MHz
MIC
MFX
Mtb
MTBC
NBS
NCS
NMI
NMP
OFX
uW
PAS
Ppm
PTO
PZA
RFF
RIF
SAR

S|
STM
B
TDR-TB
TDZ
TEA

Microplate Alamar Blue Assay
Multi drug-resistant tuberculosis
Mega hertz

Minimun inhibitory concentration
Moxifloxacin

Mycobacterium tuberculosis
Mycobacterium tuberculosis complex
N-bromosuccinimide
N-chlorosuccinimide
N-methylimidazole
N-methyl-2-pirrolidone

Ofloxacin

Microwave

p-aminosalicylic acid

Parts per million

Prothionamide

Pyrazinamide

Relative final fluorescence
Rifampicin

Structure-activity relationship
Selectivity index

Streptomycin

Tuberculosis

Totally drug-resistant tuberculosis
Thioridazine

Triethylamine



THF
TLC
WHO
XDR-TB
VER

Tetrahydrofuran

Thin layer chromatography

World health organization

Extensively drug-resistant tuberculosis

Verapamil






List of publications

Pieroni, M.; Annunziato, G.; Azzali, E.; Dessanti, P.; Mercurio, C.;
Meroni, G.; Trifiro, P.; Vianello, P.; Villa, M.; Beato, C.; Varasi, M.;
Costantino, G.; Further insights into the SAR of a-substituted
cyclopropylamine derivative as inhibitors of histone demethylase
KDM1A; European Journal of Medicinal Chemistry; 2015; 377-386.

Pieroni, M.; Machado, D.; Azzali, E.; Santos Costa, S.; Couto, |.;
Costantino, G.; Viveiros, M.; Rational Design and Synthesis of
Thioridazine Analogues as Enhancers of the Antituberculosis
Theraphy; Journal of Medicinal Chemistry; 2015; 5842-5853.

Vucicevic, J.; Srdic-Rajic, T.; Pieroni, M.; Laurila, J.M.M.; Perovic, V.;
Tassini, S.; Azzali, E.; Costantino, G.; Glisic, S.; Agbaba, D.; Scheinin,
M.; Nikolic, K.; Radi, M.; Veljkovic, N.; A combined ligand- and
structure-based approach for the identification of rilmenidine-derived
compounds which synergize the antitumor effects of doxorubicin;
Bioorganic & Medicinal Chemistry; 2016; 24; 3174-3183.

Santos Costa, S.; Lopes, E.; Azzali, E.; Machado, D.; Coelho, T.;
Eduardo Almeida da Silva, E.; Viveiros, M.; Pieroni, M.; Couto, |.; An
Experimental Model for the Rapid Screening of Compounds with
Potential Use Against Mycobacteria; Assay and Drug Development
Technologies; 2016; 14; 524-534.

Pieroni, M.; Azzali, E.; Basilico, N.; Parapini, S.; Zolkiewski, M; Beato,
C.; Annunziato, G.; Bruno, A.; Vacondio, F.; Costantino, G.; Accepting
the Invitation to Open Innovation in Malaria Drug Discovery:
Synthesis, Biological Evaluation and Investigation on the Structure—
Activity Relationships of Benzo[b]thiophene-2-carboxamides as
Antimalarial Agents; Journal of Medicinal Chemistry; Just Accepted
Manuscript.






Summary

1. Introduction 15
1.1 Tuberculosis 15
1.2 Epidemiology 16
1.3 Pathogenesis 19
1.4 Current drug therapy 22
1.5 Classification of anti-TB drugs 24

1.5.1 First-line anti-TB drugs 24
1.5.2 Second-line anti-TB drugs 28
1.6 Current anti-TB pipeline 31
1.6.1 Clinical candidates: an overview 32
1.6.2 Preclinical candidates: an overview 35
1.7 Resistance in Mtb 42
1.8 Outline of the project 47

2. Development of new chemical entities that inhibit the growth of

Mtb, active also against resistant strains 49
2.1 Introduction 49
2.2 Evolution of a series of 2-aminothiazoles 54

2.2.1 Rational design, results and discussion 54
2.2.2 Chemistry 65
2.2.3 Conclusion 69
2.3 Novel and efficient synthesis of 2-aminooxazoles 70
2.3.1 Rationale 70
2.3.2 Synthetic strategy 73

2.3.3 Antitubercular activity 83



2.3.4 Conclusion

3. Development of efflux pump inhibitors that will increase
concentration of antibacterial agents into the Mtb
3.1 Introduction
3.1.1 Efflux pumps inhibitors (EPIs)
3.2 Rational design and synthesis of Thioridazine analogues
enhancers of the antituberculosis therapy
3.2.1 Rational design
3.2.2 Chemistry
3.2.3 Results and discussion
3.2.4 Structure-Activity Relationships (SAR)
3.2.5 Conclusion

3.3 Development of new chemotypes as inhibitors of efflux

84

the
85
85
86
as
20
90
93
95
108
109
111

4. Microwave-assisted synthesis of nucleotide phosphoroamidates

4.1 Introduction

4.2 ProTide Approach
4.3 ProTide preparation
4.4 Aim of the work

4.5 Results

4.6 Conclusion

5. Experimental section
5.1 Chemistry
5.1.1 Evolution of a series of 2-aminothiazoles

5.1.2 Novel and efficient synthesis of 2-aminooxazoles

114
114
116
119
121
122
129

130
130
131
151



5.1.3 Rational design and synthesis of Thioridazine analogues as
enhancers of the antituberculosis therapy 163

5.1.4 Microwave-assisted synthesis of nucleotide phosphoroamidates

171

5.2 Biology 173
5.2.1 Evolution of a series of 2-aminothiazoles 173
5.2.2 Novel and efficient synthesis of 2-aminooxazoles 176

5.2.3 Rational design and synthesis of Thioridazine analogues as

enhancers of the antituberculosis therapy 178
6. Acknowledgements 186

7. References 187






1. Introduction

1.1 Tuberculosis

Tuberculosis (TB) is a highly contagious airborne disease and, according to a
number of epidemiological data, it is the second cause of death in the world
from an infectious disease after human immunodeficiency virus (HIV). It is
mostly caused by M. Tuberculosis (Mtb), an obligate’ pathogenic bacterial
species of the family Mycobacteriaceae, belonging to the genus
Mycobacteriumz, described by Robert Koch in 1882.

The term Mycobacteria® has a Greek fount (“myco” means “fungus”) and it
has been referred to the peculiar way these microorganisms grow in a
mold-like manner on the surface of cultures, as fungi do.

They can be classified into several major groups according to their
treatment and diagnosis; along with the above-mentioned Mtb, also M.
bovis, M. aficanum, M. bovis, M. caprae, M. canetti and M. microti belong
to the Mycobacterium tuberculosis complex (MTBC), and may cause TB
infections in humans and animals.

Mtb, like all Mycobacteria, has a coating mostly constituted by mycolic
acids, which makes the cell surface particularly waxy and therefore resistant
to Gram staining, disinfectants and various antibiotics. As such, this
protective envelope represents a mechanism of intrinsic resistance, that
makes Mtb particularly harsh to treat and may predisposes the emergence
of resistance.*

TB generally affects the lungs, but it can also affect other organs throughout
the body. Differently from other bacteria, TB infection might be active or
latent. In general, symptoms of active TB are represented by a chronic

cough with blood-containing sputum, fever, night sweats and weight loss. In
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addition, when the infection is active, the patient is highly contagious and
can infect other people by coughing, spitting, speaking, or sneezing. On the
other hand, latent TB does not present any evident symptom, and cannot
be transmitted to other people. However, latent infections might reactivate
and become active after particular events that may compromise the

immune system.”

Figure 1: Mtb culture revealing the organism foam-like growth.

1.2 Epidemiology

TB causes ill-health among millions of people each year and ranks alongside
the HIV as a leading cause of death worldwide. In 2015, there were an
estimated 10.4 millions new TB cases: 5.9 were men, 3.5 women and 1.0
children. Also, it has been estimated that over two billions of the world
population has been latently infected with TB.

The distribution of TB is not uniform across the globe, as in 2015 most of

the cases occurred in Asia (61%) and in the African Regions (26%); smaller
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figures are recorded in the Eastern Mediterranean Region (7%), the

European Region (3%) and in America (3%).°
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Figure 2: Estimated TB incidence rates in 2015.

In 2015, the six countries with highest number of cases were India,
Indonesia, China, Nigeria, Pakistan and South Africa. It is worthwhile to
notice that three of the above mentioned countries belong to the so called
BRICS (Brazil, Russia, India, China, South Africa): since these countries are
the most involved in the flow of goods and people with the EU, it is quite
obvious that TB has also a deep and not underestimate socio-economic
impact.

Of the 10.4 millions new TB cases in 2015, 1.2 million (12%) occurred in HIV
patients, with a considerably higher rate in the African Region, where TB-

HIV co-morbidity was reported in more than 50% of cases.’
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Figure 3: Estimated HIV prevalence in new and relapse TB cases in 2015.

The co-infection with HIV is not the only worrying feature related to TB
infection. Indeed, it is a widely accepted belief that resistant strains
represent the most challenging menace nowadays for the treatment of TB.
Resistant TB can be divided into three main categories: multi drug-resistant
TB (MDR-TB), extensively drug-resistant TB (XDR-TB) and totally drug-
resistant TB (TDR-TB).

By definition, MDR-TB is referred to a strain that is resistant to at least two
of the first-line drugs, i.e. isoniazid (INH) and rifampicin (RIF). While rates of
MDR-TB infections are relatively low in North America and Western Europe,
they are steadily increasing worldwide, particularly in Asia. According to
recent reports, in 2015, 480000 people worldwide developed MDR-TB.
Moreover, MDR-TB infection may be divided into primary or acquired.
Primary infection occurs when patients are exposed to MDR-TB strains,

contracting the disease; on the other hand, acquired infection occurs when
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TB patients are treated with a drug regimen that eventually is not effective
at eradicating the infection, leading to the selection of multi-drug resistant
strains.’

XDR-TB shows a similar behaviour as the MDR-TB, but it additionally fails to
respond to any fluoroquinolone and at least one of three injectable second
line drugs (i.e. amikacin, capreomycin or kanamycin).

Lately, the isolation of a pan-resistant Mtb strain (TDR-TB) threatens the
rise of a virtually incurable pathogen. Indeed, these strains cannot be cured
by any of the currently used anti-TB chemotherapeutics. However, due to
issues in the biological characterization of these strains, such as reliability
and reproducibility of testing, this kind of infection is not yet recognised by
the World Health Organization.®

These resistant phenotypes are spreading at a fast rate, are more difficult to
eradicate than the susceptible ones and need more toxic and poorly

tolerated drugs for their treatment.?’

1.3 Pathogenesis

TB is a multicomponent disease that primarily affects the lungs in discrete
consolidated foci known as granulomas. As mentioned before, TB patients
can have “active” or “latent” disease: from a merely diagnostic viewpoint,
the active form is characterized by the microscopic observation of viable
bacteria in the sputum, whereas the latent one is recognized by a delayed-
type hypersensitivity reaction when the patient is subcutaneously
challenged with purified protein derivative (PPD).

Infection with Mtb follows a well-defined sequence of events. The

infectious bacilli are inhaled as droplets from the air.
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Once in the lung, Mtb is phagocytised by alveolar macrophages (AV) and
this event induces a proinflammatory response that leads to recruitment of
mononuclear cells from the blood vessel.

These cells are the building block of the granuloma, or tubercle, that
defines the pathology. The granuloma has an internal core of infected
macrophages, surrounded by foamy giant
cells (giant and multinucleate macrophages
loaded with lipid) and other macrophages
with a mantle of lymphocyte, a type of
leukocyte with specific functions in specific
immunity. The main role of granuloma is to
contain the infectious particles, and indeed
during this phase there are not any symptoms
of the disease, neither patients are

contagious.” Radiographically, this infection

stage is usually characterized by the presence
of an apparently healed granulomatous

structure in the mid-region of the lung and

the draining hilar lymphnode. ar
Figure 4: The pathogenesis of TB.°

This primary infection site is the base from which bacteria diffuse to the
bloodstream through the draining lymphatic system, where reinfection of
the apical regions of the lungs occurs and secondary lesions are formed.™ In

these lesions, dormant bacilli are thought to reside, and their replication
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and dissemination is controlled by the host immune system, that prevent
the risk of TB reactivation.™

However, due to immunosuppression (as in the case of HIV infected
patients or after administration of immunosuppressive drugs), the
containments fail and approximately 5% of latently infected individuals will
subsequently develop active TB.'* The centre of the granuloma undergoes
caseation, a form of necrosis in which tissue is changed into a dry and
amorphous mass resembling cheese. Finally, infectious bacilli are released
into the airways and this stimulates the production of cough, that
accelerates aerosol spread of infectious bacilli and the diffusion of the
disease.™

Since the multifaceted aspects of TB infection, a specific combined drug
therapy is nowadays recognized as the gold standard for the treatment.
Also, the treatment must be prolonged up to a maximum of seven months,
multidrug therapy in TB patients leads to a relatively rapid sterilization of
bacteria in the sputum; typically, after eight weeks, viable bacteria are not
anymore present in the sputum. However, several events (such as
discontinuation of treatment before its completion and/or overexpression
of efflux pumps) are strongly associated with relapse to active disease. For
what concern the prolongation of therapy, it has been reported that 16
weeks are usually needed to eradicate the bacteria from other types of
lesions, like those located in the necrotic or caseous regions that are
remote from the cavity surface and where the availability of oxygen,
nutrients and drugs is likely to be most restricted.

During granuloma development, oxygen depletion represent the main

event leading to a change in the metabolic state of the bacteria and
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therefore to a state of dormancy. Indeed, an in vitro model for the
metabolic alterations that are associated with oxygen depletion has shown

that replication is dependent on the presence of oxygen.*>**

1.4 Current drug therapy
The current anti-TB chemotherapy, an unusual long-term treatment with a
combination of drugs, is administered as Direct Observed Treatment, Short-
course (DOTS)."
The DOTS is the major point in the WHO Global Plan to Stop TB and it can
be divided in two phases:

1) Intensive Phase

2) Continuation Phase
In the intensive phase patients are treated, generally for a period of two
months, with a combination of rifampicin (RIF), isoniazid (INH),
pyrazinamide (PZA), and ethambutol (EMB).'® This treatment is studied to
kill all of the actively replicating bacteria, so as to contain the infection and
the spread of the disease.
In the second phase, usually from a minimum of four up to seven months, a
combination of RIF and INH is used to treat the patients. As above-
mentioned, in this phase bacilli are in slow-growing persistent form, and
this is the reason why the treatment must be prolonged for such a long
time, somehow impairing the compliance of the patients.
Ideally, according to this short-course strategy, the actively replicating
strains are killed in the initial phase whereas the dormant bacilli in the
second one."’
The above-mentioned drugs represent the current standard of basic TB

treatment and, as such, INH, RIF, EMB, and PZA are considered first-line
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anti-TB drugs. With the exception of the US, also streptomycin (STM) is
considered a first-line drug, especially in those countries where the cost of
the treatment must be contained. The correct use of these molecules,
administered under the DOTS protocol, is useful in the treatment of
susceptible TB. However, this ideal situation seldom occurs, and most of the
times the standard therapy must be emended depending on the needs.

This long protocol (usually between six-nine months) may show several and
severe side effects, leading to unsatisfactory patient compliance. This
makes extremely difficult the proper administration of the therapy, and, on
turn, this leads to the raise of drug-resistant forms, that WHO has recently
declared a global threat. Treatment of resistant forms requires a set
molecules that are different from the first-line therapeutics, and that
belong to the so called second-line anti-TB drugs: they are normally less
efficacious than the first-line drugs on non-resistant strains, more toxic or
anyway less tolerated, expensive and requires a longer period of therapy
compared to the first-line anti-TB drugs.'® Moreover, since the unique
characteristics of each resistant strain, sometimes also second-line drugs
fail in eradicating the infections, leading to further selection of resistant
mutants.

As such, many efforts have been devoted to the search of novel therapeutic
approach, that can be made either shortening the length of the therapy or
using innovative drugs or drug delivery strategies with the aim of enhancing
the patience compliance and, consequently, reduce the emergence of

resistant strains.*®
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1.5 Classification of anti-TB drugs

As above-mentioned, anti-TB drugs can be subdivided in two classes:®

First-line anti-TB drugs: INH, RIF, PZA, EMB and STM.

Second-line anti-TB drugs: aminoglycosides (amikacin (AMK) and
kanamycin (KM)), polypeptides (capreomycin (CM) and viomycin),
flouroquinolones (moxifloxacin (MFX), levofloxacin (LFX) and ofloxacin
(OFX)), thioamides (ethionamide (ETO), prothionamide (PTO)),

cycloserine (DCS) and p-aminosalicylic acid (PAS).

Increasing

potency, reliability,
reproducibility of
susceptibility testing

Rifampin®
Isoniazid*
Pyrazinamide
Ethambutol

First-line drugs

Fluoroquinolones
(moxifloxacin, gatifloxacin,
levofloxacin)

Injectable agents:
Aminoglycosides (streptomycin,
amikacin, kanamycin)
Polypeptides (capreomycin)

Oral bacteriostatic agents:

(ethionamide, protionamide, cycloserine,

terizidone, p-aminosalicylic acid, thioacetazone) Decreasing
tolerability

‘ Second-line drugs

Agents with unclear efficacy (clofazimine,
amoxicillin plus clavulanate, clarithromycin, linezolid)

Figure 5: Classification of anti-TB drugs."

1.5.1 First-line anti-TB drugs

INH, also called isonicotinylhydrazide, is one of the most effective and
specific anti-TB drugs, which has been a key to treatment since its
introduction in 1952.%° It has a dual role against Mtb: it is a bactericidal

agent toward rapidly-dividing Mtb, but it is bacteriostatic if the
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mycobacteria are slow-growing. It is a pro-drug activated by a
peroxidase enzyme called KatG. Once activated, it inactivate the NADH-
dependent enoyl-acyl carrier protein reductase, preventing the
synthesis of mycolic acids, that are essential component in the cell

1.2 The introduction of INH is considered a milestone in the

wal
treatment of TB on a global scale, as it is available worldwide,

inexpensive, and generally well tolerated.
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Figure 6: Mechanism of activation and action of INH.*

* RIF, also known as rifampin in US, is an antibiotic used for different kind
of infections.”” It was introduced in 1972 as an anti-TB drug and has
excellent sterilizing activity.”’

The group of rifamycins, and RIF in particular, were discovered in 1959
in the Lepetit laboratories in Milan. The bacteria present in the soil were
analysed by the team of Italian researchers led by Hermes Pagani, Piero
Sensi and Maria Teresa Timbal. The researchers of the Lepetit used to
call each soil sample collected with the name of a movie, in this case
Rififi.

It acts by binding to the B-subunit of RNA polymerase®®, the enzyme
responsible for transcription and expression of mycobacterial genes,

resulting in inhibition of the bacterial transcription activity and thereby
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killing the organism. Like INH, RIF is active against actively growing and

slowly metabolizing bacilli.

PZA has remarkable sterilising activity, and when added to regimens
containing RMP, it is responsible for the killing of persisting bacilli
during the initial intensive phase of chemotherapy, allowing treatment
to be shortened from 9 months to 6 months. The notable point is that
the activity of PZA was discovered because its chemical synthesis was
followed immediately by vivo efficacy testing in mice, without the
practice of screening in vitro. The next equally remarkable aspect of the
development of PZA was that, without further investigation, it was
immediately tested in the treatment of TB infected patients and found
to be effective. Despite its in vivo activity, PZA is not active against Mtb
under usual culture conditions at close to neutral pH,” whereas it
inhibits those bacilli living in acidic environments (pH 5-6), that is the pH
usually recorded in the highly pro-inflammatory environment at the TB
infection site. From the structural point of view, it is an analogue of
nicotinamide and is a pro-drug that needs to be converted into its active
form, pyrazinoic acid, by the enzyme pyrazinamidase/nicotinamidase.”
Pyrazinoic acid was thought to inhibit the enzyme fatty acid synthase
(FAS), which is required by Mtb to synthesise fatty acids.’® According to
another hypothesis, it was also suggested that the accumulation of
pyrazinoic acid disrupts membrane potential and interferes with the
production of energy.”” However, the actual mechanism(s) of action has

not been completely elucidated.

26



EMB is a bacteriostatic agent that targets the cell wall synthesis in a
similar fashion as INH, but with a different mechanism of action. EMB
interferes with an essential mechanism for the cell wall production, the
biosynthesis of arabinogalactan by targeting arabinosyl transferase.
Disruption of the arabinogalactan synthesis inhibits the formation of
this complex and leads to increased permeability of the cell wall.

However, It caused different severe adverse reaction such as

hepatotoxicity, problem with vision, allergies.?

OH
~
0 ‘ z
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Figure 7: First-line drugs.

STM was the first aminoglycoside developed. It is a natural compound
derived from the actinobacterium Streptomyces griseus and has
bactericidal activity.”® It is used for the treatment of several diseases
like infective endocarditis, plague and TB. For the TB treatment, it is not

considered a first-line drug, because it lead several adverse effects,
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except in medically under-served populations where the cost of more
expensive treatments is prohibitive.*

It acts by inhibiting the protein synthesis. It binds to the small 16S rRNA
of the 30S subunit of the bacterial ribosome, interfering with the
binding of formyl-methionyl-tRNA to the 30S subunit.** This leads to
codon misreading, eventual inhibition of protein synthesis and
ultimately death of microbial cells through mechanisms that are still not
understood. Speculation on this mechanism indicates that the binding
of the molecule to the 30S subunit interferes with 50S subunit
association with the m-RNA strand. This results in an unstable
ribosomal-mRNA complex, leading to a mutations and defective protein
synthesis; leading to cell death. Humans have ribosomes which are
structurally different from those in bacteria, so the drug does not have

this effect in human cells.

1.5.2 Second-line anti-TB drugs
Among the anti-TB drugs, there are 3 reasons for which a drug may belong
to the second line class:
* |t may be less effective than the first line drugs in susceptible wild-
type strains (p-aminosalicylic acid)
* It may have toxic side effects (cycloserine)
* |t may be effective, but unavailable in many developing countries
(fluoroquinolones)
Although several clinical studies have assessed the efficacy of these
compounds, they are used only to treat infections that are resistant to the

first-line therapy, for example XDR-TB or MDR-TB.*
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According to WHO there are six classes of second line drugs that are used in

the treatment of TB:*

Aminoglycosides are molecules embodying an amino sugar moiety.
They inhibit protein synthesis and are conventionally used to treat
infections.>* Aminoglycoside antibiotics display bactericidal activity
against aerobes gram-negative and some anaerobic bacilli where
resistance has not yet arisen, but generally their use is not
recommended against Gram-positive and anaerobic Gram-negative

bacteria.>”

Polypeptides are peptide, non-ribosomal secondary metabolites usually
produced by microorganism like bacteria and fungi,*® exhibiting anti-TB
properties.  Viomycin and  capreomycin, belonging to the
tuberactinomycins family, are essential components in the drug cocktail
currently used to fight infections from resistant Mtb strains. Viomycin
was the first member of the polypeptides class to be isolated and
identified, and was used to treat TB until it was replaced by the less
toxic, structurally related, capreomycin. The tuberactinomycins act on
bacterial ribosomes, binding RNA and disrupting bacterial protein

biosynthesis.37

Fluoroquinolones are broad-spectrum antibiotics with a significant role
in the treatment of many bacterial infections, amongst which TB.
Fluoroquinolones have in vitro activity against Mtb and they have also

been shown to penetrate into macrophages and kill intracellular
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bacteria. In particular, the gatifloxacin and moxifloxacin showed to have
lower minimum inhibitory concentrations (MICs) than second-
generation fluoroquinolones. Moreover, they show bactericidal activity
against  RIF-tolerant persistent bacilli that survive despite

7 for this reason fluoroquinolones are currently

chemotherapy;®
approved as second-line agents for the treatment of MDR-TB by the

WHO.
0O O o 0 0O O
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Figure 8: Fluoroquinolones.

* Thioamides (Ethionamide and Prothionamide). Thioamides drugs
seem to inhibit mycolic acid biosynthesis, but their precise
mechanism of action has not been completely elucidated yet. They
are generally well tolerated, apart from gastric adverse effects and
they are frequently source of cross-resistance with other drugs.?

* Cycloserine is a bacteriostatic agent that competitively blocks the
enzymes incorporating alanine into the alanyl-alanine dipeptide, an
essential component of the mycobacterial cell wall. The advantages
of using cycloserine consist in its high gastric tolerance (compared
with the other drugs in this group) and the absence of cross-
resistance with other compounds. However, it also possesses
adverse side effects such as the short shelf-life (24 months)®and the

psychiatric adverse events (mainly psychotic reactions with suicidal
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tendencies), that makes necessary a psychiatric evaluation before
starting the treatment.

* p-aminosalicilic acid has a very low effectiveness, is poorly
tolerated, and is expensive, which make it the last resort drug
among the second-line group. Moreover it needs to be kept
refrigerated (at 4°C), therefore requiring a cold chain, which is not
always available in developing countries. However, despite its
drawbacks, p-aminosalicilic acid has a main role for the treatment of
MDR-TB and most patients with XDR-TB.2
PAS has been shown to be a pro-drug and it is incorporated into the
folate pathway by dihydropteroate synthase (DHPS) and
dihydrofolate synthase (DHFS) to generate a hydroxyl dihydrofolate
antimetabolite, which in turn inhibits dihydrofolate reductase

enzymatic activity.38

S« NH, S« NH, o o
OH
NG N HoN OH

Ethionamide Proethionamide D-cycloserine p-Aminosalicylic acid

Figure 9: Second-line drugs.

1.6 Current anti-TB pipeline

Information compiled by www.newtbdrugs.com has shown an encouraging
increase in the global TB drug pipeline. There are approximately 30 projects
and 18 compounds in the pipeline, among which 10 compounds are in
clinical development and 8 are in the preclinical stages. Moreover, since
polipharmacology represent the standard of treatment for TB, there are

also a number of drug combinations under evaluation.
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Figure 10: Global TB drug pipeline.

1.6.1 Clinical candidates: an overview
Several compounds, either alone or in combination, are spread through the
various phases of clinical development:
* (Q-203 (Phase I)
* Sutezolid, Linezolid, Bedaquiline in combination with Pretomanid,
high-dose Rifampicin and LFX (Phase Il)

* Delamanid, Moxifloxacin and Rifapentine (Phase Ill)

Q-203 is a new chemical entity developed for TB treatment. It has an
imidazopyridine core and it is the only one compound in phase I. Q-203 is
active against Mtb strain H37Rv at a MICsq of 2.7 nM in culture broth
medium and at a MICso of 0.28 nM inside macrophages.** The metabolic
stability of Q-203 in microsomes and cryopreserved hepatocytes from
human, monkey, rat and dog origin is high, suggesting that Q-203 may
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achieve good blood exposure in humans. All new anti-TB drugs are studied
to be administered in combination with other medications so the absence
of drug-drug interactions is a highly desirable property. Q203 does not
inhibit any of the cytochrome P450 (CYP450) isoenzymes tested. In
addition, it is not a substrate or an inhibitor for the P-glycoprotein,
indicating that it has low potential for drug-drug interaction. Moreover, the
pharmacokinetic profile of Q203 in mice is quite good; it has a
bioavailability of 90% and a terminal half-life of 23.4 h. The volume of
distribution was moderate (5.27 | per kg body weight), and the systemic
clearance is low (4.03 ml min-1 kg-1). The compound is also really effective
in an acute mouse model of TB, in fact it promote a reduction in bacterial
load of more than 90% at a dose of 10 mg per kg body weight, an effect
comparable to that of bedaquiline or IHN. Furthermore in a mouse model
of established TB, it showed, after 4 weeks of treatment, a reduction of
90%, 99% and 99.9% in Mtb H37Rv bacterial load in the groups treated with

Q203 at 0.4, 2 and 10 mg per kg body weight, respectively.*

Sutezolid or PNU-100480 is an oxazolidinone that was identified
contemporaneously with Linezolid, a compound widely used for severe

infections caused by Gram-positive, even resistant.***!

However, compared
to Linezolid, Sutezolid has better antimycobacterial activity both in vitro and
in vivo, has an improved safety profile and shows better time dependent
killing in an ex vivo whole blood culture test.*? In addition, it has activity

against both drug-susceptible and drug-resistant TB.*?
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Pretomanid (formerly PA-824) and Delamanid or OPC-67683 belong to the
class of nitroimidazoles. Pretomanid has many attractive characteristics,
especially its novel mechanism of action, its activity in vitro against drug-
resistant clinical isolates, and its potent bactericidal and sterilizing
properties in vivo. In addition, the compound shows no evidence of
mutagenicity, no significant cytochrome P450 interactions, and no
significant activity against a broad range of Gram-positive and Gram-
negative bacteria. It is currently in phase Il and phase Il in combination
with other anti-TB drugs.** Delamanid was approved in 2014 in several
countries, including Japan and EU, to be used as part of a specific
combination regimen in patients with MDR-TB, when an effective
treatment regimen cannot otherwise be composed due to resistance or
tolerability. It is not associated with clinically relevant drug-drug
interactions, including those with antiretroviral drugs. Moreover, it is
generally well tolerated in patients, although the incidence of QT interval
prolongation is higher with delamanid-based therapy but, fortunately, it is

not associated with clinical symptoms such as syncope and arrhythmia.*’

Bedaquiline (formerly TMC-207, marketed as Sirturo® ), is an ATP synthase
inhibitor discovered from a whole-cell high-throughput screening against
Mpycobacterium smegmatis (M. smegmatis). It resulted highly potent
against drug-susceptible and drug-resistant strains of Mtb (MIC <0.063
ug/mL). After its approval by FDA on the 28™ December 2012, it was the
first new drug specifically developed for TB treatment in more than forty
years. Bedaquiline should not be co-administered with other drugs that are

strong inducers or inhibitors of CYP3A4, such as rifampin, as it results in a

34



52% decrease in the AUC of the drug. This reduces the exposure of the drug
to the body and might generate resistant strains. Along with being
marketed for the purpose of treating resistant infections, bedaquiline is also
in phase Il in combination with pretomanid and in phase Ill in combination
with pretomanid and linezolid or only linezolid for the treatment of MDR-

TB.%®
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Figure 11: Clinical candidates.

1.6.2 Preclinical candidates: an overview

A promising anti-TB candidate is selected to advance into preclinical
development to determine if the agent is likely to be safe and effective for
use in human.”’

At this stage, candidates must be tested for:*’
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* Animal model of efficacy

* GLP and non GLP animal pharmacology

* Safety

* Pharmacokinetics and pharmacodynamics
* Toxicity studies in two animal species

* Long term and short term exposition

* Process development chemistry

* Stability assays

TBI-166 is a synthetic analogue of Clofazimine (CFM). CFM, an
antimycobacterial agent introduced in 1962 for the treatment of leprosy,
has demonstrated excellent activity against various drug-resistant Mtb
strains and is currently used as a component of new regimens for the
treatment of MDR-TB. Unfortunately there is a rapid development of drug
resistance for CFM and it is highly lipophilic and it accumulates extensively
in fat and skin tissues, leading to an extremely long half-life (over 70 days in
humans) and undesirable side effects such as skin discoloration. The
undesirable properties of CFM preclude its widespread use in the treatment
of TB.*®

A structure—activity study of more than 500 CFM analogues for anti-TB
activity was conducted and TBI-166 emerged as one of the finest synthetic
analogues of CFM. It demonstrated enhanced in vitro potency compared to
CFM against actively replicating Mtb, it exhibited greater activity compared
to CFM against intracellular Mtb and, in addition, it was active against non-
replicating strains. TBI-166 is less lipophilic and has a shorter plasma half-

life than CFM in vivo, suggesting its lesser tendency to accumulate. Most
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importantly, the new compound demonstrated inhibition of bacterial
growth in the lungs that is superior to the activity of an equivalent dose of
CFM in efficacy testing in vivo. The efficacy of this compound, along with its
decreased potential for accumulation and tissue discoloration, make TBI-

166 a promising candidate for the treatment of TB.*

CPZEN-45 Caprazene (CPZEN), a core structure of the caprazamycins, is
known to be a good precursor of anti-TB antibiotics.* Structure—activity
relationships studies on different CPZEN derivatives against Mtb showed
excellent activity. CPZEN-45 is the most promising because of its activity
against Mtb strains in vitro in fact its MIC is 1.56 pug/ml for Mtb (H37Rv) and
6.25 pg/ml for MDR-TB. It may be a good candidate for treatment of MDR-
TB and XDR-TB since it has never been used in therapy but it shows a
solubility of approximately 10 mg/ml in water and has a very low oral
bioavailability as a result of poor absorption from the gastrointestinal (Gl)
tract. Despite its attractive features, development of an oral formulation for
CPZEN-45 may not be possible. Parenteral formulation of this compound
may be possible but the daily injections for TB treatment are unattractive
and would decrease the compliance by patients.”® Therefore, alternative
drug delivery strategies should be studied for this new drug. Since the lungs
are the primary sites of TB infection, formulation of CPZEN-45 as powder
for inhalation can potentially enhance the efficacy of TB treatment with this

new agent and this is the crucial point to overcame the preclinical phase.”

SQ-609 An interesting class of new anti-TB compounds was identified by

Sequella Incorporated, that has already licensed SQ-109. This class derived

37



from a screening of compounds library based on commercially available
amino acids and containing a dipiperidine pharmacophore. $SQ-609 is the
most promising compound of this class.> It has good in vitro activity against
a broad range of clinical isolates of Mtb, including toward MDR strains, and
it shows additive or synergistic activity with all of the first line TB drugs. In a
mouse model of TB infection, SQ-609, prevented Mtb induced weight loss
and, at the same time, improved survival if compared to mice treated with

other anti-TB drugs (moxifloxacin or ethambutol).>
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Figure 12: SQ-609 activity.

In addition, the compound has good aqueous solubility and is orally
available. It has encouraging in vitro safety pharmacology and ADME
profile, including: high metabolic stability in human liver microsomes, low
inhibitory activity on cytochrome 450 enzymes, low potency of binding to
the common of receptor and transporters and low activity on HERG

channel.>®

Spectinamide 1599 is a spectinomycin derivative developed through a

structure-based drug design approach. Spectinomycin has been used
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previously as a second-line drug to treat gonorrhoeal infections. Although
spectinomycin is chemically similar to aminoglycosides, it binds to a
different site within the 16S bacterial ribosomal subunit and blocks
ribosome translocation.>® Unlike aminoglycosides, spectinomycin has a high
safety margin, with only minimal side effects (injection site soreness, chills
and nausea) and no nephrotoxicity or ototoxicity when administered for a
short term at high therapeutic doses. Lee and co-workers developed a new
anti-TB spectinamide series generated by chemical modification of
spectinomycin. 1599 was the lead compound of this series, it demonstrated
potent anti-TB activity in vivo in different TB infection mouse models and
excellent anti-TB activity was observed in both acute and chronic TB
models. Moreover, intrapulmonary administration of 1599 also provided
excellent protection, reducing the bacterial load throughout the 4-week
treatment period, suggesting sterilizing activity, whereas other drugs
apparently did not show further killing beyond the first 2 weeks of
treatment.>

In vitro studies demonstrated a lack of cross-resistance with existing anti-TB
drugs and an excellent pharmacological profile. Moreover, it is active
against MDR and XDR strains. Key to its potent anti-TB properties is the
structural modification to evade the Rv1258c efflux pump, which is
upregulated in MDR strains and is implicated in macrophage-induced drug
tolerance. The anti-TB efficacy of spectinamides demonstrates that
synthetic modifications to classical antibiotics can overcome the challenge
of intrinsic efflux pump-mediated resistance.”

In conclusion this lead is an excellent preclinical drug candidate for TB with

potent in vivo efficacy as well as a safe in vitro pharmacological profile.
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BTZ-043 and PBTZ-169 A new class of anti-TB compounds having 3-
benzothiazin-4-ones core (BTZs) has been recently disclosed.”® Among all
the derivatives, BTZ-043 is the most promising, as it proved to kill Mtb in
vitro, ex vivo, and in a mouse models of TB infection. The MIC of BTZ043
was found to be 1 ng/mL against Mtb, which is considerably low compare to
existing drugs such as INH and EMB. Moreover, the lead compound is active
against all tested Mtb strains including clinical isolated from MDR and XDR
patients. Its mechanism of action is highly selective for mycobacterial
species and it is related with the inhibition of the Mtb cell wall synthesis by
blocking the decaprenyl-phosphoribose-2’-epimerase (DprE1), necessary for
the synthesis of D-Arabinofuranose, a component of arabinogalactan and
arabinomannan.”” More recently, additional SAR studies led to the
development of PBTZs derivatives. PBTZ169 has several advantages
compared to BTZ043, amongst which the more feasible chemical synthesis,
the cost of goods and the better pharmacodynamics.®® It also shows
additive effects with many TB therapeutic agents, both marketed and in
development, and has synergic effects with bedaquiline in preclinical

models.>®

NITD-304 and NITD-349 Indolcarboxamides are a valuable series of
compounds having relatively low molecular weight and easily synthesized,
disclosed for the first time by the group of Prof Kozikowski at the UIC*® and
developed simultaneously by Novartis. The 4,6-dichloro-N-(4,4-
dimethylcyclohexyl)-1H-indole-2-carboxamide NITD-304 and the 4,6-

difluoro analogue NITD-349 are promising compounds with high activity
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against Mtb (15 and 23 nM respectively) and are superior to many existing
TB drugs.” Indeed, these compounds are at least 10 times more potent
than isoniazid (MICso, 0.33 uM) and also PA-824 (MICso, 0.4 uM)°}, but are
comparable to TMC-207 (MICsg, 50 nM).?

The lead candidates showed potent activity against both drug-sensitive and
MDR clinical Mtb isolates, the MIC required to inhibit 99% growth of the
diverse drug-resistant clinical isolates by NITD-304 and NITD-349 was in a
similar range to that of wild-type Mtb H37Rv indicating a new mode of
action for this series of compounds. Moreover, they were efficacious in
mouse models of both acute and chronic infection and despite their low
aqueous solubility and high lipophilicity, both compounds displayed
favourable PK properties after oral administration in mouse, rat, and dog.

In addition, neither compound showed a risk for hERG-mediated
cardiotoxicity and in vitro and in vivo safety assessment of both candidate
compounds including two weeks of exploratory toxicology studies in rat
demonstrated that the lead compounds are potential preclinical candidate.
Finally, both the molecules did not inhibit the major CYP450 isoenzyme 3A4
and also did not induce hPXR (human pregnane X receptor) activation,

suggesting a low potential for drug- drug interactions. 60
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Figure 13: Main preclinical candidates.

1.7 Resistance in Mtb
Resistance to antituberculars may raise due to various mechanisms and can

be grouped into three main categories: primary resistance, acquired

resistance and mixed resistance.

Primary resistance is described as the infection of a patient with an Mtb
strain that has already developed resistance. Acquired resistance develops
in patients who originally were infected with a susceptible strain of TB,
which eventually turns resistant. The cause of this infection resides for the
most part in the inappropriate treatment protocols, non-compliance or
incorrect dosing schedule. The third category of resistance, called mixed

resistance, develops in individuals for which the clinical history cannot be
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confirmed, therefore medication misuse is added to the uncertainty of the
strain responsible for the infection.®
For what concerns the mechanisms of resistance, at least three have been
reported to belong to Mtb:

* Target alterations

* Degradation/modification of the drug

e Efflux pumps

Effiux purp

Plasmid

Antibiotic

Figure 14: Mechanism of resistance in Mtb.

Target alterations are structural modifications of the target that interfere
with the binding of the antimicrobial agents, reducing the susceptibility to
different antibiotics. It is the most common mechanism of resistance
throughout bacteria and it involves the acquisition of new genes that result
in enzymatic modification of the native target.**

In the case of RIF, numerous single amino acid substitutions may provide
large decreases in the affinity of the target for the antibiotic, leading to
clinically significant levels of resistance. It has been proposed that
resistance due to target alterations should occur less frequently for those
antibiotics (penicillin, for example) that inactivate multiple targets
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irreversibly by acting as close analogues of the natural substrate. Resistance
to penicillin because of target changes has emerged only in a limited
number of species. However, as reported below, inactivating enzymes
commonly provide resistance to antibiotics that, like penicillin, are derived

from natural products.®*

Antibiotic
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Target

Mutation
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Bacteria Bacteria
killed resist

Figure 15: Target alteration.

Degradation or modification of the drugs are chemical strategies that lead
to antibiotic inactivation; these include hydrolysis, group transfer, and
redox mechanisms. While hydrolysis is especially important clinically,
particularly as applied to B lactam antibiotics, the group transfer
approaches are the most diverse and include the modification by
acyltransfer, phosphorylation, glycosylation, nucleotidylation, ribosylation,
and thiol transfer.®

Many antibiotics have hydrolytically susceptible chemical bonds (e.g., esters
and amides), whose integrity is central to exert the biological activity. Not
surprisingly then, there are several examples of enzymes that have evolved
to target and cleave these vulnerable bonds and, as a result, provide a
means of destroying antibiotic activity. For instance, a class of amidases

cleave the B-lactam ring of the penicillin and cephalosporin, and their
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inhibition may be a fruitful strategy to prolong the activity of these drugs.
Moreover, degradation enzymes have targeted also the macrolide
antibiotics such as erythromycin. Macrolides are cyclized via an ester bond
that results from the final ring forming step catalysed by the thioeserase
module of the polyketide synthase responsible for the ring closure step that
generates 6-deoxyerythronolide B (for the 15-member erythromycin)
macrocyle.®® It is, therefore, not surprising that this key bond has been
targeted by erythromycin esterase operating now in the reverse ring-
opening mode.® It must be noticed, that such enzymes have not been

found for synthetic antibacterial.
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Figure 16: Degradation or modification of the drugs.

Efflux pumps (EP) are membrane-spanning proteins involved in the
outward transport of a wide variety of substrates to the exterior of the cell
in an energy-dependent manner. Moreover, they are part of the innate
mechanism of antibiotic resistance of many microbes: in a not specifically
fashion, they extrudes out of the cell toxins and every substance deemed
dangerous for the microorganism.®’

EP can be organized in several families according to their energy source.
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Figure 17: Efflux pumps families.®®

Usually they confer low-to medium level of resistance, but the sustained
pressure of subinhibitory concentrations of antibiotic triggered by the
overexpression of efflux pumps, may result in the selection of spontaneous
mutants. As such, efflux pumps have a prominent role in the raise of

resistances.®

Figure 18: Efflux pumps.
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1.8 Outline of the project

The high diffusion of TB throughout the world and the steadily growing
number of resistant mutants to various anti-TB drugs highlight the fact that
the development of new anti-TB agents remains a key priority. After many
years without delivering any new anti-TB drug, the discovery of bedaquiline
for the treatment of MDR-TB, and a nourished pipeline of compounds
already in clinical trials, have renewed hope for the treatment of TB and
especially MDR-TB. The discovery of bedaquiline and pretomanid has
showed that the whole cell phenotypic assay of large libraries of
compounds, and the wise medicinal chemistry efforts toward the
improvement of these molecules, are reliable methodological approaches
to drive the research towards novel anti-TB agents. While this approach has
proved to be correct, it is nevertheless incomplete. It does not consider
that, besides mutations, other mechanisms such as efflux play an important
role in the development of resistance in Mtb. Indeed, although many recent
anti-TB agents are active against resistant strains, targeting novel key proteins,
the contribution of efflux systems to the selection of persistent strains is often
unwisely neglected.

A different idea is needed to face the disease at 360 degrees. Taking into
account the main causes of drug-resistance from Mtb (i.e. mutation of the
target, increase of efflux, and drug-tolerance induced by intracellular Mtb) |
herein propose in this PhD work a double-headed approach expressly
planned to fight the resistant strains and shorten the therapy. This project

presents a combination of two different, but converging, approaches:
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a) Development of new chemical entities that inhibit the growth of Mtb,
active also against resistant strains
1. Evolution of a series of 2-aminothiazoles
2. Novel and efficient synthesis of 2-aminooxazoles
b) Development of efflux pump inhibitors that will increase the
concentration of antibacterial agents into the Mtb
1. Rational design and synthesis of Thioridazine analogues as
enhancers of the antituberculosis therapy

2. Development of new chemotypes as inhibitors of efflux

The latter approach might bring new life to old drugs, preserve the new ones,
and strike the intracellular strains, shortening the cure. As such, the anti-TB
arsenal will be enriched of novel agents that aim at treating TB from a different

standpoint, in particular limiting the raise and the spread of resistance.
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2. Development of new chemical entities that inhibit

the growth of Mtb, active also against resistant strains

2.1 Introduction

A considerable number of novel anti-TB agents are fueling the TB drug
pipeline, however bedaquiline (Sirturo), former TMC207% is the only new
chemical entity developed specifically for the treatment of tuberculosis that
has reached the market since the introduction of RIF (1967).”° With regard
to anti-TB agents, and to antibacterials more in general, the whole cell
phenotypic assay has demonstrated to be a profitable method to produce
lead candidates for further development, especially if compared to the
target-based approaches. Indeed, both the above-mentioned Bedaquiline
and Pretomanid’* were discovered following a cell phenotypic approach.

In the research group where | have conducted this PhD research, a
phenotypic screening of an in-house chemical library was carried out in
order to obtain novel anti-TB chemotypes. Despite the small amount of
compounds tested, a number of hits bearing the 2-aminothiazole scaffold
showed an encouraging activity, and derivative 2 (Figure 1) was taken under

consideration for further investigation.
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Figure 1: 2-aminothiazole derivatives preliminary tested as anti-TB agents.

In particular, the synthetic accessibility allowed for the possibility to expand
the series and elucidate the anti-TB potential of these aminothiazole-based
compounds. Keeping intact the aminothiazole core, which is suggested to
act as the pharmacophore, it was investigated whether the appropriate
substitutions at the aromatic rings of the hit compound 2 could lead to an
improvement in the anti-TB activity and, also, in a reduction of the

cytotoxicity (Figure 2).”?

Figure 2: Sites for modifications of 2-aminothiazole derivatives.”?
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Among the compounds reported, some derivatives were found to be active
not only toward the actively replicating mycobacterial strain, but also
toward the non-replicating persistent phenotype in low oxygen conditions
(LORA Assay). Moreover, when tested against a panel of single-drug
resistant Mtb strains, these derivatives maintained the same activity as for
the wild type, indicating a mechanism of action different from those of the
currently used drugs. In particular, it could be noticed that, at the 4-phenyl
ring, lipophilic substituents of various size as well as more polar group, such
as the methoxy moiety, are important in order to confer certain anti-TB
activity, however the methoxy group couples the good killing activity with
an ameliorated cytotoxic profile.”” Although the inhibitory activity toward
Mtb of some aminothiazoles and benzothiazoles was already reported,”
the detailed SAR disclosed for this new series has set the background for
the studies reported in this thesis.

Therefore, compounds 5 and 6 (Figure 3) were chosen as starting points to
set the design of improved analogues.

As reported, the SAR explored gave a number of valuable hints for the
design of ameliorated analogues. In particular, at the amino group of the 2-
aminothiazole scaffold, an aromatic ring, preferably adorned with bulky and
lipophilic functional groups such as chlorine, is well tolerated; on the other
side of the molecule, the phenyl ring attached at the C-4 position of the 2-
aminothiazole, might be adorned either with lipophilic substituents of
various sizes or with a more polar group (such as the methoxy moiety);
however, this latter seems to be more suitable in order to combine the anti-

TB activity and low cytotoxicity. This suggest that further modification at
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the C-4 position of the 2-aminothiazole ring with more polar group could be

worthy of further investigation.””
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Figure 3: Hit compounds.

In addition, it can be speculated that the activity might be granted by the
presence of two aromatic rings, suitably substituted, connected through a
5-term heterocycle. This allowed to obtain a preliminary illustration of the

pharmacophore of these molecules, as reported in Figure 4.

Al 2 e Lipophilic
Polar character
character

Figure 4: Predicted pharmacophore of 2-aminothiazole derivatives.
To prove this idea, an in house library of diarylimidazoles, that maintains

7475 \were tested in a whole-cell

the above reported structural pattern,
phenotypic assay against Mtb. The encouraging preliminary results inspired
a wiser selection of further compounds to be tested, along with the
synthesis of structurally related analogues. This iterative work led to the
discovery of compound 7 (Figure 5), able to inhibit the growth of actively
replicating Mtb at low pM concentration. This suggests that other

heterocycles might be used in place of 2-aminothiazoles to modulate the

activity of these compounds.
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Figure 5: Compound 7.

Inspired by these considerations, in this PhD work | have focused my
attention toward rational modifications of the 2-aminothiazole ring.
In particular, the following actions were taken:

2.2 Evolution of a series of 2-aminothiazoles

2.3 Novel and efficient synthesis of 2-aminooxazoles
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2.2 Evolution of a series of 2-aminothiazoles

2.2.1 Rational design, results and discussion

Since the promising activity of compounds 5 and 6 above described, and
taking advantage from the SAR hints reported, we have designed and
synthesized novel series of anti-TB based on the 2-aminothiazole scaffold.
At the position 2 of the aminothiazole ring, the p-tolyl and the 3,5-
dichlorobenzene were kept since their contribution to the activity (see
compounds 5 and 6). With regard to the substituent at the C-4 position of
the 2-aminothiazole, since the beneficial effect on the activity of a polar
group such as the methoxy, we planned to increase the polarity at this part
of the molecule through the introduction of different heterocycles.

Based on the structure of hit compounds 5 and 6, several heterocycles, with
different size, lipophilicity, hydrophilicity, and physico-chemical properties,
and based on the synthetic accessibility, were selected and installed at the
C-4 of the 2-aminothiazole core: pyridine, triazole, isoxazole, pyrazole and
thiazole.

Pyridine was prepared as it is a bioisostere’® of the benzene ring and it is
the first 6-membered aromatic ring containing a heteroatom. In this case,
the nitrogen is located at the 4-position, in order to have a more polar
character at the same site as for compounds 5 and 6.

The isoxazole moiety was chosen as it has already demonstrated to be a
valuable scaffold for the anti-TB activity when properly substituted.””’879:8°
In particular, employing an efficient 1,3-dipolar cycloaddition protocol, it
was possible to prepare the ethyl isoxazole-3-carboxylate,® that could be
further functionalized.

We took advantage from the facile synthesis of isoxazole-3-carboxylate and
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using the same protocol, but with different starting building blocks, other
heterocycles such as the parasol and the triazole could be easily prepared.
Finally, since the good activity of the 2-aminothiazole moiety, we prepared

several bithiazole-2,2'-diamine derivatives.
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Figure 6: Rational design of 2-aminothiazole derivatives.
We planned to divide the study in 2 parts:
1) synthesis of heterocyclic compounds

2) further expansion of the most promising hits

1) synthesis of heterocyclic compounds

4-(pyridin-4-yl)thiazoles. The substitution of the 4-methoxyphenyl group at
the position C-4 of the 2-amithiazole with a pyridine-4-yl group led to loss
of activity, regardless the functional group introduced at the 2-
aminomoiety. Compounds 8, 9 and 37 (Table 1) were synthesized and
underwent to biological assays, resulting not active up to 64 pg/mL.
triazol-5-ylthiazol-2-amine. A triazole derivative was prepared (compound
10), taking advantage from the readily available click reaction with the
common alkyne intermediate. Also in this case, the modification led to loss

of activity (36 MIC = >64 pg/mL).
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4-(isoxazol-5-yl)thiazol-2-amine. Keeping intact the p-tolyl and the
dichlorobenzene at the 2-amino position, a series of 4-(isoxazol-5-yl)thiazol-
2-amine derivatives, bearing a 3-carboxylate ethyl ester moiety, were
prepared. From one side, isoxazole-3-carboxylates have been already
reported as anti-TB chemotype; then, the carboxylic appendage allowed for
a further expansion of the series. The ethyl ester derivatives (11 MIC: 0.5-1
ug/mL; 12 MIC: 4-8 pug/mL) showed reasonable activity, suitable for further
investigation. However, it must be highlighted that, while this work was
being prepared, GSK reported a series of anti-TB chemotypes suitable for
further investigation and a derivative similar to those reported here was
reported to show encouraging activity. Since the promising activity, further
information on this series will be reported in a dedicated paragraph below.
4-(pyrazol-5-yl)thiazol-2-amine. Following the approach studied for the 4-
(isoxazol-5-yl)thiazol-2-amine class, a series of 4-(pyrazol-5-yl)thiazol-2-
amine derivatives were prepared. As above-mentioned, it was synthesized
the ethyl pyrazole-3-carboxylate and the ethyl ester derivatives (31 MIC: 16-
32 pg/mL; 32 MIC: >64 pg/mL) presented somehow contrasting results.
Nevertheless the SAR of these derivatives was further explored and further
information on this series will be reported in a dedicated paragraph below.
bithiazole-2,2"-diamine. Since the good activity showed by the thiazole, we
decided to introduce another thiazolyl moiety in the molecule, preparing a
series of bithiazole-2,2'-diamine derivatives. It must be noticed that this
scaffold is already known to exert various biological activities and we
wanted to investigate whether this could apply also to the anti-TB.?*®
Although the biological results are not as encouraging as for the 4-(isoxazol-

5-yl)thiazol-2-amine derivatives, bithiazole-2,2'-diamine showed interesting
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activity, deserving further rounds of chemical manipulation in order to
refine the SAR. In this preliminary study, we tested four compounds. 27 and
28 are symmetric compounds and we were very surprised to notice that,
whereas the first one showed a good activity (27 MIC: 4-8 ug/mL), the close
analogue was found to be completely inactive (28 MIC: > 64 pg/mL). Since
this encouraging activity, we also evaluated 27 for its metabolic stability (ty:
23.0 £ 0.6 min Cl’iy: 27.2 ml/min/kg). Also compounds 29 and 30, in which
the symmetry of the molecule is lost due to abolition of one aromatic
portion, were synthesized and tested. Although being less active that the
parent 27, these compounds established bithiazole-2,2'-diamine scaffold as

promising starting points for further investigation.

2) Further expansion of the most promising hits

In the first set of compounds synthesized three promising anti-TB
chemotypes were identified: 4-(isoxazol-5-yl)thiazol-2-amine, pyrazol-5-
yl)thiazol-2-amine and bithiazole-2,2'-diamine.

Of these series, the 4-(isoxazol-5-yl)thiazol-2-amine and the pyrazol-5-
yl)thiazol-2-amine were selected for further expansion of the SAR. As
reported before, the ethyl ester derivatives (11 MIC: 0.5-1 pg/mL; 12 MIC:
4-8 pg/mL) showed reasonable activity. Despite the feasibility of the
synthesis, the ester functionality is known to be quite labile in the biological
systems, as it is easily hydrolysed, thus compounds 11 and 12 were
promptly evaluated for their metabolic stability in HLM. We found that the
ethyl ester moiety is really unstable (11 t »: < 1 min CL’iy:: > 400 ml/min/kg ;
12 t 4: 3.3 = 0.3 min CL'j: 188.8 ml/min/kg) and triple quadrupole analysis

revealed that the parent acid is rapidly produced. Therefore, in order to
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make these novel anti-TB chemotypes worthy of further investigation, we
deemed that improving the stability of the compounds was the priority of
this early project.

First, we prepared the corresponding acids in order to check whether the
parent compounds could be used as pro-drugs. Unfortunately, the two
acids were found to be devoid of any anti-TB activity (13, 14 MIC: >64
ug/mL), likely due to permeability issues. However, as expected, a clear
improvement under the point of view of the metabolic stability was
reached (13 t 5: 14.3 = 1.1 min CL’j: 43.7 ml/min/kg). Taking these findings
under consideration, we reasoned that good activity coupled to reasonable
stability could be obtained by preparing isosters of the ester moiety, but
with a predicted enhanced stability to hydrolysis. The first round of
modification was obviously the synthesis of various carboxyamides. Since
the stability of amides depends on the substituents at the nitrogen atom,
we decided to prepare carboxyamides that were different for hindrance
and chemical properties. Mono-substituted Carboxyamides with small
aliphatic group, aromatic and heteroaromatic rings or di-substituted with
small aliphatic and bulky cycloaliphatic groups were synthesized and tested.
A primary amide led a completely loss of the activity (22 MIC: > 64 pg/mL)
as in the case of the acid. The same unpleasant result was found in the case
of the methyl amide derivative (19 MIC: > 64 pg/mL), that is a close
analogue of the ester 11 previously described. Diethyl substitution at the
nitrogen atom led to compound 21 that showed some hint of activity (21
MIC: 16-32 pg/mL), although still considerably lower than that of the ethyl
ester compounds. Therefore, we can conclude that small aliphatic groups

are not suitable to give the desired activity. Also bulkier aliphatic groups,
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such as the l-adamantyl 15 and the 1-piperidinyl 20 compounds were
found to be inactive up to a concentration of 64 pug/mL. Therefore, it can be
concluded that aliphatic groups, either small-sized or bulkier, are not
suitable to confer the desired anti-TB activity. Compound bearing a
carboxyamide moiety substituted with an aromatic or heteroaromatic ring,
such as the phenyl or the pyridine, were found to have an exceptionally
strong activity toward Mtb strains, in the order of the submicromolar range
(17 MIC: 0.125-0.250 pg/mL; 18 MIC: 0.06-0.125 pg/mL). Since the
remarkable activity, we confirmed these leads by testing them for the
metabolic stability in HLM. We were pleased to notice a remarkable
improvement in the stability of these derivatives, (17 t;: 35.1 = 1.4 min
Cl'ine: 17.8 ml/min/kg; 18 t : 16.1 = 0.2 min CL’j:: 38.8 ml/min/kg) being
the half/life improved more than 10-fold compare to the ester. To further
refine the biological profile of these leads, compounds 17 and 18 were also
evaluated in human monocyte derived macrophage (HMDM) for their ex-
vivo cytotoxicity in eukaryotic cells. Also in this case, compounds confirmed
their goodness (17 ICsp: 184.7 uM; 18 ICsq: 139.1 uM) showing a therapeutic
index higher than 100 (17 Tl: 560; 18 Tl: 926), and resulting apparently not
toxic to human cells. Finally, compounds were also evaluated for their
capability to inhibit efflux of EtBr from M. smegmatis mc®155 cells and
against the pan-susceptible reference strain H37Rv, by real-time
fluorometry, using TDZ and VER as controls (Table 2). We carried out this
assay in order to investigate if our hit compounds can be substrates for
efflux pumps, as we have already reported above that this is an important
mechanism that bacteria use to generate resistance in Mtb. Both 17 and 18

did not present any efflux inhibitory activity compared to the reference
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compounds verapamil and thioridazine, therefore it can be speculated that
these derivatives are not substrate of efflux pumps and as such they likely
will not be affected by efflux.

The investigation went ahead with the synthesis of the alcohol 23
derivative, that showed some hint of activity (23 MIC: 16-32 pg/mL),
whereas compound 26, bearing a 2-thiazolyl moiety attached at the
nitrogen atom, that is considered a bioisostere of the ester moiety, was
prepared and tested, resulting unfortunately inactive. Compounds 24 and
25 were prepared because the 4-methoxyphenyl had proved to be a
favourable moiety in the series that has inspired this work (see compounds
5 and 6). The introduction of a 4-methoxyphenyl at position 3 of the
isoxazole moiety led to divergent results, (24 MIC: 4-8 ug/mL; 25 MIC: >64
ug/mL), and this data need further evaluation before being considered for
SAR purpose.

A similar approach was followed also for the 4-(pyrazol-5-yl)thiazol-2-amine
derivatives. The ethyl ester derivatives led to somehow contrasting results,
(31 MIC: 16-32 pg/mL; 32 MIC: > 64 pg/mL). However, since also in this case
the ethyl ester functionality would have been prone for hydrolysis in the
biological systems, some of the amides already reported were prepared
also in this scaffold.

The synthesis and biological evaluation of the 2 corresponding acids (33, 34
MIC: >64 pg/mL) confirmed the loss of any anti-TB activity, likely due to
some permeability issues. The modification of the ester with a small size
tertiary amide led a completely loss of the activity (35, 36 MIC: >64 ug/mL).
Although the small set of compounds synthesized, it seems apparent that

the pyrazol-5-yl)thiazol-2-amine are, in general, less interesting than the
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(isoxazol-5-yl)thiazol-2-amine as anti-TB chemotypes, and therefore we

deemed worthless to further expand the series.
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Table 1: Structure, anti-TB activity against Mtb Hs;Rv, metabolic stability in
HLM and cytotoxicity of compounds 8-37. °Minimun Inhibitory
Concentration (pug/mL) ®Half time (min) © Intrinsic clearance was calculated
as:  (0.693/in vitro ti;)*(ml incubation/mg microsomes)*(45 mg
microsomes/g liver)*(20 g liver/kg Body Weight) (mL/min/Kg) ¢ toxicity
against human monocyte derived macrophage (uM). ND: not determined

RFF
M.smegmatis M.tuberculosis
Comp 5
mc 155 H37rv
17 -0.01 -0.39
18 -0.05 -0.35
TDZ 1.35 0.75
VER 2.48 1.5

Table 2: Relative final fluorescence (RFF) based on accumulation of EtBr at
0.25 pg/ml by M. smegmatis mc?155 and M. tuberculosis H37Rv in the
absence of glucose and the compounds at half MIC.
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2.2.2 Chemistry

All the target compounds have a 2-aminothiazole ring, that was synthesized
following the established Hantzsch protocol, refluxing the appropriate a-
bromoketone with the different thiourea in absolute ethanol. Thioureas,
when not commercially available, were prepared refluxing the
corresponding anilines and ammonium thiocyanate in 1 N HCI.

The synthesis of the different a-bromoketone intermediates depends on
the type of heterocycle. The isoxazole ring (Scheme 1) was prepared
through a 1,3-dipolar cycloaddition between a nitrile oxide generated in

818587 \When not

situ by the proper chloro-oxime and 3-butyn-2-one.
commercially available, the chloro-oximes were prepared by condensation
of different aldehyde and hydroxylamine hydrochloride, followed by the
treatment of the resulting aldoxime with N—chlorosuccinimide,88 to give
intermediates 24-26 (Scheme 2). Bromination of the ketones was carried
out with bromine and glacial acetic acid in chloroform at 50 °C, affording
the a-bromoketones in good vyields, although sometimes with traces of a-
dibromoketones as collateral product.

The synthesis of the pyrazole ring was performed according to the
procedure of Oh et al., still following a 1,3-dipolar cycloaddition reaction
between a nitrile imine dipole, generated by base-promoted
dehydrohalogenation of hydrazonoil halide, and 3-butyn-2-one.*’
Hydrazonoyl halide was prepared by condensation of methylhydrazine and
ethyl glyoxylate, followed by the bromination of the resulting hydrazine
(Scheme 3). Then, the ketone was brominated at the a position as reported

earlier.
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Scheme 1: General approach for the (isoxazol-5-yl)thiazol-2-amine and 4-
(pyrazol-5-yl)thiazol-2-amine derivatives. Reagents and conditions: a)
Triethylamine, benzene, 60°C, 1h; b) Br,, chloroform, AcOH, 50°C, 1h; c)
EtOH, reflux, 2h; d) NH4OH, overnight; e) NaBH,4, MeOH, rt, 30 min.; f) LiOH,
THF/MeOH/H,0, rt, 2h; g) TBTU, EDC-HCI, TEA, DMF, rt, 2h.
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Scheme 2: Oxime synthesis. Reagents and conditions: a) NH,OH* HCI, NaOH
10%, EtOH, H,0, r.t.; 30 min.; b) NCS, DMF, r.t., 1 hr; c) NCS, pyridine, DCM,
40°C, 3 hrs.
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Scheme 3: Hydrazone synthesis. Reagents and conditions: a) MeNH-NH,,

40°C to 50°C, 1h; b) NBS, DCM, 0°C to rt

For the synthesis of 2-aminothiazole ring we refluxed 3-chloropentane-2,4-

dione and the opportune thiourea in absolute ethanol.”

The reaction
afforded the ketones 57-59 in high yield, that were brominated according
to a procedure slightly different from that already reported, using bromine

and HBr solution in 1,4-dioxane at 50 °C.

o o R Re=NH
M NH; “NH NH2 NH S)%N
cl Y - \( — NS, Ri
| )—NH
N
56 57-59 60-62 27-30

Scheme 4: Synthesis of bithiazole-2,2'-diamine derivatives. Reagents and
conditions: a) EtOH, reflux; b) Br,, HBr solution, 1,4-dioxane, 50°C, 1h

The triazole ring was formed by click reaction stirring 3-butyn-2-one and
sodium azide in DMF at 60 °C. Then, with the same conditions employed for

thiazole ring, the ketone 64 was brominated to give intermediate 65.

iQ S

N/S
/U\4> - 4> =
N 2

63 64 65 10

Scheme 5: Synthesis of compound 10. Reagents and conditions: a) NaNs,
DMF; b) Br,, chloroform, AcOH, 50°C, 1h; c) EtOH, reflux, 2h.
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For the synthesis of compounds 8, 9 and 37, commercially available 4-acetyl
pyridine was brominated with Br, in a mixture of 1,4-dioxane and diethyl

ether at room temperature.

R
HN

o o Br JSJ\ '\?I_/S
H,N” “NH-R
5 Ta E\% b 8%
N N/ N/
66 67 8-9-37

Scheme 6: Synthesis of compounds 8, 9 and 37. Reagents and conditions: a)
Br,. 1,4-dioxane/diethyl ether, rt, 1h; b) EtOH, reflux, 2h.

Generally, the ethyl ester moiety was hydrolysed to carboxylic acid with
LiOH in THF/MeOH/H,O at room temperature.91 For the synthesis of
amides, the carboxylic acid was firstly activated with TBTU and EDC
hydrochloride, and then coupled with the appropriate amide and Et3N, to
yield the corresponding amide.”® Amide 22 was obtained in good yield
stirring the ethyl ester and NH4OH overnight at room temperature.’
Compound 23 was obtained from ethyl ester 11 after reduction with

sodium borohydride.”
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2.2.3 Conclusion

A total of 29 compounds were synthesized in this work and underwent to
biologic assays in order to identify novel chemotypes for anti-TB therapy.
Most of the compounds had MICs in the low pg/mL range, and, more
importantly, two derivatives, namely 17 and 18, showed remarkable activity
in the sub pg/mL range. Further biological evaluations of these derivatives
were made. First, their apparent cytotoxicity was measured ex-vivo against
human monocyte derived macrophage, and the compounds resulted not
toxic. Compounds 17 and 18 were investigated for their metabolic profile
and both are higher stable than the corresponding ethyl ester 11. Finally
they were evaluated for their tendency to be substrate of efflux systems,
resulting also in this case valuable candidates. In addition to all of these
experimental data, also in silico drug-likeness evaluation (ClogP, TPSA,
natoms, nON, nOHNH, nviolations and nrotb) confirmed that these
compounds comply with the Lipinski rules of five and therefore they are
mature hits ready for in vivo experiments. Along with the above reported
hits, in this work another novel anti-TB chemotypes worth of further
investigation, that is the bisthiazoles, was disclosed. Efforts to further
expand the series and to identify the mechanism of action are currently on

going in our laboratories.
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2.3 Novel and efficient synthesis of 2-aminooxazoles

2.3.1 Rationale

As above reported, the substitution of the central 2-aminothiazole with
another heterocycle core might be well tolerated. Therefore, we decided to
investigate the effect on the anti-TB activity of another heterocycle in place
of the 2-aminothiazole. A sound choice seemed to substitute the sulfur
atom of the thiazole with the isoster oxygen, producing a series of 2-
aminooxazoles. Hinsberg applied the concept of isosterism not only to the
single atoms, but also to heterocycles, according to the “ring equivalents”
theory: specific groups can be exchanged for one another in aromatic ring
systems without drastic changes in physico-chemical properties relative to
the parent structure.

From the moment that, according this theory, benzene, thiophene, pyridine
and furan are ring equivalents, we deemed of interest to substitute the 2-
aminothiazole with a 2-aminooxazole, so as to investigate the effect of this

substitution in terms of activity, cytotoxicity, and metabolic profile.

R4

s_N o_R
1 e I AN < he l N
N /—R2 N /—Rz
\/
R1
Figure 7: Substitution of the sulphur atom with oxygen.

For the synthesis of these new derivatives, we planned to exploit the same
protocol as for the 2-aminothiazole, that is the Hantzsch reaction, with a

condensation between the opportune a-bromoketone and a substituted
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urea in order to obtain, in one step, the final compound. Unfortunately, this
reaction did not allow to isolate the desired 2-aminooxazoles and even
more surprising was the fact that procedures to construct the 2-
aminooxazole core were scarcely reported in the literature. Especially when
the aromatic rings at position C-4 and attached to the nitrogen atom of the
2-aminooxazole present a pattern of substitution like that reported in our
compounds (Figure 7), straightforward syntheses are seldom reported and
difficult to reproduce.

A summary list of these procedures is reported below:

1. Synthesis of 2-aminooxazoles in absolute ethanol

This is the procedure that we have used to synthesized the above-
mentioned 2-aminothiazoles. We tried this procedure in which the starting
materials (bromoketone and urea) were solubilized in ethanol and heated
to reflux for different hours. Unfortunately with this approach we obtained
only the complete decomposition of both the starting material without any
traces of the target compound.*

2. Catalyst-free synthesis of 2-aminooxazoles in PEG-400

In a paper published, it was reported a Hantzsch-like procedure in which
the a-bromoketone and the substituted urea were reacted in PEG-400 at
room temperature for different hours. The authors after 5 hours were able
to obtain the final compounds in high yields. This approach appeared to be
very versatile and different type of substituted ketones were employed.”
Unfortunately, following this approach, we could not obtain the desired

compounds after several attempts.
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3. Catalyst-free synthesis of 2-aminooxazoles in glycerine

In another procedure, it was reported the same reaction at room
temperature in glycerine.96 Following this procedure, we could not obtain
the target compounds because the reactions with these conditions did not
worked.

4. Synthesis of 2-aminooxazoles in DMF

In a patent, it was reported the same reaction but with the use of DMF as
the solvent, and the reaction mixture was heated at 90° C for 24 hours.”’

Also this approach did not lead the desired compound.

o o GRZ o =
BN Br M )= | )—NH
Ry H,N" N — N
N H Solvent \ =
RS

Scheme 7: General synthesis of 2-aminooxazoles following a Hantzsch-like
approach.

Since these findings, we reasoned that, besides the scope of the SAR
investigation, developing a new and versatile synthetic strategy to
efficiently obtain substituted 2-aminooxazoles (Figure 7) could have been of

interest for the chemistry community.

72



2.3.2 Synthetic strategy
The new designed approach consists of 2 steps, each optimized to give the
most rewarding result:

1. Condensation with unsubstituted urea

2. Buchwald-Hartwig cross coupling with the proper aryl halide.

2 R
e} o IO>\ o 4 = 2
1 2—NH 2 =
2 B L - /\([N 2 — | >—NH
R P HoN™ ~NH, R~ 7 N
RrT
=

"

Scheme 8: New synthetic approach.

1. The first step is a condensation between a general a-bromoketone and
urea. This reaction lead to intermediates characterize by the 2-

aminooxazole ring substituted at C-4.

2. In the second step, a Buchwald-Hartwig reaction is used to obtain new
C-N bond starting from amine and aryl halide. We performed this
reaction between the 4-aryl-aminooxazole and aryl halide to obtain the

final compound substituted at position N-2.

This work can be divided in three iterative phases of optimization.
a) Optimization of the condensation reaction (first step)
b) Optimization of the Buchwald-Hartwig coupling (second step)

c) Validation of the versatility of the methods
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a) Optimization of the condensation reaction
o
Br ﬁ\ | )—NH,
HN"ONH, = (7S N
68 69 Z 70

Scheme 9: Condensation reaction.

Although the many issues encountered in the Hantzsch reaction between a
a-bromoketone and a substituted urea, however, the reaction with
unsubstituted urea is reported with many a-bromoketones. In this initial
phase, we used 2-bromo-1-(p-tolyl)ethanone 68 as reference compound.
The parameters that we wanted to check initially were:

* Solvent

* Stoichiometry

* Traditional heating vs uW irradiation
We performed the reaction with some of the solvents already reported in
literature for this reaction: CH3CN, EtOH and PEG-400. Unfortunately, none
of these solvents allowed to obtain the desired product. Successively, we
tried the condensation with non-reported solvents such as DMF, NMP,
DMSO and DME.
We were able to obtain the target compound 70 only with DMF and NMP.
Yields and conditions are reported in table 3.
Subsequently, in order to improve the yields, we modified reaction time
and temperature. We found that high amount of urea and high
temperatures are necessary to obtain the product in acceptable yield (37%-
45%). Moreover we further optimized the reaction in DMF with the
microwave irradiation, heating the starting material for 3 or 15 minutes,

obtaining compound 70 in 53% and 56% vyields, respectively. A similar result
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was obtained when NMP is used as the solvent, although DMF still performs

better.

Solvents Eq of reagents Time Temperature Yield
DMF 1/2 8 hrs 80 °C 18%
DMF 1/10 2 hrs 80 °C 37%
DMF 1/10 30 min 120 °C 45%
DMF 1/10 15 min 80 °C pW 56%
DMF 1/10 3 min 120 °C pW 53%
NMP 1/10 15 min 80°C pWw 50%
NMP 1/10 3 min 120 °C pW 45%
DME 1/10 o.n. 80°C 0%

DMSO 1/10 3 hrs 80 °C 0%
EtOH 1/2 o.n. 80 °C 0%
EtOH 1/10 o.n 80 °C 0%
CH3CN 1/2 o.n. 80°C 0%
CH3CN 1/10 o.n. 80°C 0%
PEG 400 1/2 o.n. 20°C 0%

Table 3: Optimization of condensation reaction. o.n.: overnight

b) Optimization of the Buchwald-Hartwig coupling

[ 2 o
NH, Br
N, | )—NH
Toluene pW X N
tert-butanol |
& 7

70

Scheme 10: Buchwald-Hartwig reaction.

The Buchwald-Hartwig reaction is a cross-coupling reaction of an aryl halide
with an amine using palladium as the catalyst and a strong base. The

reaction mechanism is reported below:
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Figure 8: Buchwald-Hartwig reaction mechanism.

The reaction begins by oxidative addition of the aryl halide to the
palladium, which is followed by coordination of the amine to the palladium.
The strong base then abstracts a proton from the amine, forming an amide,
which in turn attacks the palladium and kicks out the halide as a leaving
group. Reductive elimination

then produces the final aryl amine product and regenerates the
catalyst.?®?°

Contrary to the condensation optimization, for this kind of structures we
were not able to find any reported procedure on the scientific databases,
with the exception of one paper that reported this reaction on similar
scaffold such as 2-aminothiazoles and benzooxazoles, using an extremely
expensive catalyst.'®

We performed the reaction with 3 different type of catalyst/ligand: X-Phos
Pd G2, S-Phos Pd G2 and DavePhos/Pd(OAc),; two of them belong to the

second-generation Buchwald catalysts, and they have Pd and ligand already
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linked together. For each catalyst we tried 4 different bases: NaOtBu,

C52C03, K2C03 and K3P04 (Table 4)

Ligand Catalyst Base Conditions Yield
X-Phos Pd G2 NaOtBu 130 °C 10 min (pLW) 50%
X-Phos Pd G2 Cs,CO;3 130 °C 10 min (pW)  42%
X-Phos Pd G2 K,CO3 130 °C 10 min (uW) 0%
X-Phos Pd G2 K3PO, 130 °C 10 min (uW)  37%
S-Phos Pd G2 NaOtBu 130 °C 10 min (uW) 49%
S-Phos Pd G2 Cs,CO;3 130 °C 10 min (uW)  20%
S-Phos Pd G2 K,CO3 130 °C 10 min (uW) 0%
S-Phos Pd G2 K3PO, 130 °C 10 min (pW)  28%

Dave- Phos Pd(OAc), NaOtBu 130 °C 10 min (pW) 8%
Dave- Phos Pd(OAc), Cs,CO3 130 °C 10 min (W) 8%
Dave- Phos Pd(OAc), K,CO3 130 °C 10 min (uW) 11%
Dave- Phos Pd(OAc), KsPO,4 130 °C 10 min (W) 11%

Table 4: Optimization Buchwald-Hartwig cross coupling.

All the reaction were performed with the use of toluene as solvent and
under microwave irradiation for 10 minutes at 130°C, because similar
conditions were reported for this kind of reactions when performed under
conventional heating.

In table 4 are summarized all the reaction performed and the procedure
that gives the most encouraging data relied on the use of X-Phos Pd G2 as
the catalyst and NaOtBu as the base, leading to the target compound with
the 50% vyield.
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c) Validation of the versatility of the methods

In the last part of this work, we applied the procedures that gave the best
results in steps a and b to a-bromoketones and aryl halide variously
substituted. In particular, different electron-withdrawing or electron-donor
substituents, at various position of the aromatic ring, were used as starting
materials. To further corroborate the versatility of our synthetic approach,
we synthesized also the corresponding 2-aminooxazoles of some of our
most active 2-aminotiazoles, that are compounds 93-95 (Figure 9).

First, we investigated the effect on the reactivity of the substituents at the

aryl halide, that was reacted with intermediate 70.

73R
o

3 Re
0 2 L o
Br bs | )—NH, Br b
N »—NH
HoN NH, T 4b> N
69 70

68 72-77

Scheme 11: Proof of the new protocol versatility R, modification.
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Comp Structure Yield

:
72 QI?HQ 53%
N

O—

73 Q/[?HQ 48%
N

’O/>\NH
74 /@J:N @o/ 59%
o S

75 W 71%

L

o}
|~
76 Q/[NF%S 59%
n o
()
‘

Table 5: Compounds 72-77.

Successively, once individuated the substituent better tolerated in the

Buchwald-Hartwig reaction (that is 0-OCH; or o-F), we proved the versatility

of step one.
R.
L e i
HNTONH, = YN e N
a
Ry R/ & |//
1 R1
78-82 69 83-87 88-92

Scheme 12: Proof of the new protocol versatility R; modification.
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Comp Structure Yield a Yield b

88 %t E%NQ 52% 40%

89 @/[NOMQ) 41% 70%
F =
=

o =
90 Q/[NH“ » 52% 37%

o €
3t
91 @/EN 57% 35%
Br
o €
92 ©5[NHH : 40% 15%
Br

Table 6: Compounds 88-92.

After the optimization of this novel and efficient synthesis of 2-
aminooxazoles, we used this approach to synthesize the 2-aminooxazoles
93-95, bearing those substituents that grant the best activity in the case of

the 2-aminothiazole series.”?

O._NH O, _NH
\ W/ E \ ?\l/ \ ,{17/
o
N )
O\ CF3 o X0
93 94 95

Figure 9: Compounds 93-95.
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For the synthesis of the a-bromoketones 98, 101 and 46, we followed a
protocol already reported or described before. On these intermediates, the
previously explained procedure was performed, leading to the preparation
of the desired 2-aminooxazoles. It must be noticed that, to our knowledge,
this is the only effective method for the synthesis of these substituted

scaffolds.

o} 0 Q
0 Br | P—NH, 0 Qg
O SO O e
N
a 0 b (e} [ fo) d
HO [ \ \ L
96

97 98 99 ! 93

Scheme 13: Compound 93. Reagents and conditions: a) CHsl, K;COsg,
acetone, 60°C, on; b) Br,, CH3COOH, CHCls, 50°C, 2 h; c) urea, DMF, 120°C, 3
min.; d) 4-bromotoluene, NaOtBu, X-Phos Pd G2, t-BuOH, toluene; 130°C,
15 min.

e @w

Scheme 14: Compound 94. Reagents and conditions: a) Br,, CH;COOH,
CHCls, 50°C, 2 h; b) urea, DMF, 120°C, 3 min.; c) 4-bromotoluene, NaOtBu,
X-Phos Pd G2, t-BuOH, toluene; 130°C, 15 min.
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Scheme 15: Compound 95. Reagents and conditions: a) Triethylamine,
benzene, 60°C, 1h; b) Br,, CH3COOH, CHCls, 50°C, 2 h; c) urea, DMF, 120°C, 3
min.; d) 4-bromotoluene, NaOtBu, X-Phos Pd G2, t-BuOH, toluene; 130°C,

15 min.
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2.3.3 Antitubercular activity

Although the synthesis of the majority of these compounds was made for
the sake of chemical investigation, we were also interested in their
biological evaluation. A total of 10 compounds were synthesized, among
which 7 were synthesized during the protocol optimization and 3 were
synthesized to evaluate the influence of the central heterocyclic ring on the
anti-TB activity. All of the derivatives were evaluated for their anti-TB

activity in MABA assay and cytotoxicity in Vero cells.

Comp MIC (ug/mL)®  1C50 (ug/mL)®  LORA MIC (ug/mL)

72 > 100 47.85 ND
73 > 100 72.29 ND
74 > 100 59.01 ND
75 > 100 62.44 ND
76 > 100 >100 ND
89 > 100 39.54 ND
92 > 100 62.62 ND
93 > 100 96.47 ND
94 12.29 53.51 ND
95 2.3 66.12 23.31

Table 7: MABA MIC, cytotoxicity and LORA MIC of 2-amonooxazole
derivatives. * MIC values determined by MABA assaystytotoxicity to Vero
cells.

Unfortunately, all the derivatives synthesized during the protocol
optimization are completely inactive. However, this was somehow
expected, since the premises described. Compound 93, parent of 2-
aminothiazole 5 (Figure 3), lost the anti-TB activity. However, compounds

94 and 95 maintained the same inhibitory activities as the corresponding 2-
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aminothiazoles derivatives (94 MICoxazole: 12.29 pg/mL vs MICihiazole: 15.6
HM; 95 MICQxazc)]e: 2.3 I..I.g/ml_ VS MICth|azo|e: 0.5_1 I.J.g/ml_).
Further studies aimed at investigating the different pharmacological

properties of these 2-aminooxazoles are on-going in our laboratory

2.3.4 Conclusion

In this part of the thesis, it is reported a method that we have developed for
the synthesis of 2-aminooxazoles variously substituted.

The project was subdivided in 3 steps:

a) Optimization of the condensation reaction

b) Optimization of the Buchwald-Hartwig coupling

c) Proof of the new protocol versatility

In points a and b we work on the optimization of the reactions allowing to
obtain good yields, in the final part we demonstrated the versatility of the
protocol, performing the reactions on a number of different substrates.
Since the low information obtained in literature about the 2-aminooxazole
scaffold, we believe the scope of this investigation can go beyond the SAR
investigation for novel anti-TB chemotypes.

All the synthesized compounds were evaluated for their anti-TB activity and
two derivatives (94 and 95) lead to interesting results despite the slight
improvement of the cytotoxicity if compared to the corresponding
aminothiazole. Efforts to further expand the series are currently on going in

our laboratories.
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3. Development of efflux pump inhibitors that will
increase the concentration of antibacterial agents into

the Mtb

3.1 Introduction

Efflux pumps (EP) contribute to the intrinsic resistance to antibacterial
agents and to the development of the acquired one in many pathogens.
Usually they confer low-to-intermediate levels of resistance, however, the
constant pressure of subinhibitory concentrations of the antibiotic

promotes the selection of spontaneous mutants.

Therefore:

a) EP are effectors of the innate drug-resistance mechanism

b) they are crucial in conferring a low-level of drug resistance

c) they contribute to lower the concentration of the drug inside the

mycobacterial cell, allowing the emergence of a high-level of
resistance
d) it has been demonstrated that efflux pump inhibitors (EPIs) are able
to improve the activity of old drugs towards which the bacteria had
become resistant.'®*
In spite of this knowledge, the extent to which an antimicrobial compound
is a substrate of efflux is seldom evaluated, and this is not considered an
important parameter in the optimization of novel anti-TB drugs. The recent
discovery by Lee and colleagues of spectinamides as anti-TB candidates,>
also by virtue of their scarce tendency to be extruded by EP, confirms the
importance of taking into account efflux when the design of new drugs is

planned.”® In addition to these findings, although the mechanism of
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adaptation of Mtb to the hostile environment is still a matter of discussion,

Adams and colleagues have recently reported that bacterial efflux pumps

mediate multi-drug tolerance and the bacterial survival in macrophages,

leading to a long-lasting therapy.'%>'*

It is therefore possible to claim that inhibition of efflux would lead to a

number of beneficial effects:

a) increasing the activity of the anti-TB drugs subject to efflux

b) keeping the concentration of the drug at the therapeutic dose,
minimizing the possibility to select mutants

c) drastically shorten the duration of treatment by reducing multi-drug
tolerance.

This could be priceless in order to repurpose old drugs and preserve the

efficacy of those novel compounds, such as bedaquiline, that are either

next to be introduced in the anti-TB arena or that already are.

3.1.1 Efflux pumps inhibitors (EPIs)
Thioridazine (TDZ) is an neuroleptic agent found to possess efflux inhibitory

104

properties,” that has recently attracted the attention of many researchers

since it hits drug resistant strains, likely by virtue of the EP inhibitory

properties. 105

In a clinical trial in Argentina, TDZ was used for the treatment
of patients with XDR-TB in combination with known anti-TB drugs, showing
good results.’® Moreover it has been demonstrated that TDZ works not
only as inhibitor of Mtb bacterial efflux pumps, but it may also induce the
acidification of the phagosome inside infected macrophages, potentiating
the effect of the immune system and avoiding intracellular Mtb growth

105,107,108,109

(Figure 1).
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Figure 1: Theoretical model proposed for the enhancement of the
macrophage-killing activity by EPIs. A) Infected macrophage B)Infected
macrophage treated with EPIs.®’

When the macrophage is infected by Mtb (Figure 1-A) a series of
metabolically events take place, and the bacterium is first recognized
(Figure 1-A1) then internalized into the phagosome (Figure 1-A2,3). The
pumps present in the plasma membrane of the macrophage normally
transport potassium (K*) into the macrophage, but since the invagination of
the bacterial material, these pumps extrude K from the macrophage lumen

to the cytoplasm. When the phagosome fuses with the lysosome, to form
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the phagolysosome, these pumps are responsible for the depletion of K
and other cations, impairing the process of phagolysosome acidification
that, on turn, lead to hydrolases malfunction and therefore bacterial
survive. (Figure 1-A4,6)

On the other hand, when the infected macrophage is treated with EPIs, the
cascade of events is similar to that described before, (Figure 1-B1,5) but in
this case the potassium pumps of the phagolysosome are inhibited, so the
concentration of K is increased inside the phagolysosome, and proton-
ATPases are activated to compensate the hypertonicity of the organelle,
pumping protons into the lumen. Therefore the pH level is suitable for the

activation of hydrolases and killing of intramacrophageal Mtb. (Figure 1-

B6,7)°’
X S X S
~ | = | D N=
S N AN
KL HN y
~ \—<: E}—O
\N N/ (6]
| -0 o—
TDZ cPz VER

Figure 2: Efflux pumps inhibitors (EPIs).

Although one of the most studied, TDZ is not the only efflux inhibitor used
as adjuvant for the treatment of TB. Also Chlorpromazine (CPZ), another
neuroleptic with efflux inhibitory properties, was tested along with its
metabolites against M. smegmatis, a non-pathogenic specie similar to Mtb,
and exhibited synergistic activity when administered in combination with

known anti-TB drugs.'*%'!*
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The antiarrhythmic Verapamil (VER) is another efflux pump inhibitor that
has shown an antimicrobial-potentiating effect in the treatment of Mtb

121t has been demonstrated that inhibition of

both in vitro and in vivo.
mycobacterial efflux pumps by VER reduces the bacterial drug tolerance
induced in the intracellular compartment inside the macrophages and in

zebrafish granuloma-like lesions.'*?

Despite these encouraging premises,
the use of TDZ and/or VER, at concentrations at which they would be
effective in the treatment of TB, are limited by the numerous side effects
and general toxicity.

Recently, were reported a series of novel structural EPIs designed via fusion
of the VER substructure with various tricyclic as well as non-tricyclic
chemosensitizer core substructure motifs (required for a molecule to
sensitize a resistant strain to a drug) or their structural motifs derived from
phenothiazines, dibenzazapine, cyproheptadiene, thioxanthene,
dibenzosuberyl, and diphenylmethane. These new approach demonstrate
that developing EPIs is a viable strategy and may have added advantage for
the anti-TB therapy.'*?

As mentioned before, in this chapter two different approaches act to inhibit
the efflux are reported:

3.2 Rational design and synthesis of Thioridazine analogues as enhancers
of the antituberculosis therapy

3.3 Development of new chemotypes as inhibitors of efflux
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3.2 Rational design and synthesis of Thioridazine analogues as

enhancers of the antituberculosis therapy

3.2.1 Rational design

Inspired by these considerations, in this PhD work | report the design and
synthesis of a number of TDZ derivatives, and their biological evaluation as
efflux inhibitors and synergistic effect with known anti-TB drugs both in
vitro and on infected human monocyte-derived macrophages.*>

Since the lack of detailed information about the structure of the efflux
systems, the new compounds were prepared following a Ligand-Based Drug
Design approach. TDZ was used as template, given its well-known and
deeply investigated anti-TB properties when administered in combination
with first-line drugs. The aim of this work was therefore to chemically
modify TDZ in order to obtain a compound with improved adjuvant
properties while limiting the onset of side effects, especially at the CNS
level.

First, we thought it was necessary to escape from the phenothiazine core
because, according to the very well known SAR of antipsychotic drugs,*** it
is crucial in conferring the desired neuroleptic activity. Moreover, although
with a few exceptions,'”> a series of TDZ analogues in which the
phenothiazine core was kept intact has already been reported as inhibitors

of efflux in other bacteria, but with scarce results."*>"*°

In addition to this,
efflux systems are known to be affine to charged quaternary ammonium
salt such ethidium bromide (EtBr) and berberine, and to molecules bearing
basic amino groups (TDZ, VER, reserpine), that likely occur to be protonated
at the acidic pH of the sites infected by Mtb. Given these premises,

chemical manipulation was carried out keeping intact the N-
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methylpiperidine moiety, whereas modifying the nature of the heterocyclic
attached to it and the length of the spacer.

Several heterocycles, embodying a variable number of rings, were attached
by the nitrogen atom to an N-methyl-2-piperidinyl appendage through an

ethylene linker (compounds 104-112, chart 1).

Compound R Compound R

(0]
109

|
*

Y
/o N Nk
90
105 /oj::j:E;N 110 [::LN/[::
~o !
neve
O 111 H,CO N

104

106

A

107 &/[:j:? 112 [;F
N\
108 [::[N>

Chart 1: Structure of compound 104-112.

The carbazole (106) and the acridone (109), that are tricyclic flat structures,
were chosen for their close resemblance with the phenothiazine core. The
indole (107), and the benzimidazole (108) are among the most privileged

scaffolds used in medicinal chemistry, and could afford extended chemical
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manipulation of the series. The diphenylamines (110 and 111) were
synthesized to check whether the planar structure of the phenothiazine
could be disrupted without loss of the inhibitory activity. The pyrrolidine
(112) was prepared to check whether a small ring could still be a suitable
substrate of efflux.

Once the preliminary assays had corroborated the design of compound 106,
other appendages were attached to the carbazole core in place of the N-
methyl-2-piperidinyl one, order to understand the importance of the
appendage. To start, a less polar and flatter substrate such as the 2-
ethylpyridine (113) was attached to the carbazole nitrogen; then, the
distance between the nitrogen of carbazole and that of the appendage was

shortened by one methylene unit in compound 114.

> 7

Figure 3: Structure of compounds 113 and 114.

Finally, since the recent interest in the use of VER and its derivatives in the

117118 \we have tried to merge the two structures of TDZ

treatment of TB,
and VER in one hybrid molecule (Figure 4), and therefore compounds 104

and 105 (chart 1) were synthesized and tested.



verapamil
thioridazine

Figure 4: Structure of thioridazine and verapamil. In red is shown the
backbone that the two molecules share.

3.2.2 Chemistry

The synthesis of derivatives 104-114 was achieved through reaction of the
suitable heterocyclic precursor and 2-(2-chloroethyl)-N-methylpiperidine
hydrochloride, in dry DMF using NaH in excess, either at room temperature
or heating for several hours, when necessary (Scheme 1). When not
commercially available, the synthesis of the heterocyclic precursors was
achieved in good vyields according to a well-established procedure.

Compound 117'*

was prepared reacting 3,4-dimethoxyaniline with
triethylamine and 2-iodopropane in refluxing methanol, differently from
what already reported. For the synthesis of compound 105, 3,4-
dimethoxyphenyl acetonitrile was first treated with sodium hydride and 2-

bromopropane to give intermediate 118;'*

several attempts to couple this
derivative with 2-(2-chloroethyl)-N-methylpiperidine hydrochloride with the
use of various bases, performed according to different literature
protocols,'® failed to yield the desired product. The synthesis was finally
accomplished by heating the two reagents in DMF in a microwave oven,
using an excess of sodium amide as the base. Interestingly, the same
synthetic conditions did not give any product with conventional heating
also after many days at 120 °C. Compound 105 was tested preliminarily as a

racemic mixture.
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Scheme 1: Preparation of the thioridazine analogues. Reagents and
conditions: a) Isopropyl iodide, triethylamine, MeOH, reflux, 18h, 50%; b)
Isopropyl bromide, NaH, DMF, rt, 18h, 47%; c) NaH, DMF, reflux, 18-72h, 9-
70%; d) NaNH2, Toluene, uW, 110 °C, 30 min, 50%.

For the synthesis of compound 113, first 2-(hydroxymethyl)-pyridine was
treated with  p-toluensulfonyl chloride and triethylamine in
dichloromethane to give the tosyl derivative 128, and then the ameliorated
leaving group is displaced by carbazole according to the conditions reported
by Cheng (Scheme 2)."*! In the case of compound 114, carbazole was first
treated with dichloroethane to give N-(chloroethyl)carbazole 130, that was
reacted with piperidine in DMF at room temperature using K,COs3 as the

base to give 114 (Scheme 2).'%?
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Scheme 2: Preparation of the carbazole derivatives. Reagents and
conditions: a) Dichloroethane, KOH, K,COs, TBAF, 60 °C, 18h, 40%; b) p-
Toluensulfonyl chloride, triethylamine, DCM, rt; c) NaH, DMF, rt, 24h, 4%,; d)
piperidine, K;CO3, DMF, 60°C, 24h, 44%; 18h, 75%;

3.2.3 Results and discussion
A total of 13 compounds were synthesized in this study (104-114), that
underwent biological assays. The main biological assays that we have
performed are:

1. Efflux inhibitory activity

2. Evaluation of the synergistic effect of the selected TDZ analogues in

combination with first- and second-line anti-TB drugs
3. Evaluation of the intracellular anti-TB activity of the selected TDZ

analogues
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1. Efflux inhibitory activity

In order to set up a faster and cheaper model for screening the activity of
the compounds, they were first evaluated for their antimycobacterial and
efflux inhibitory activity against M. smegmatis mc*155 reference strain. For
those compounds showing inhibitory activity higher than TDZ, cytotoxicity
on human-monocyte derived macrophages was assessed. Compounds
showing less cytotoxicity and higher efflux inhibitory activity than that of
TDZ, were further evaluated on Mtb H37rv, as described herein. The

procedures and the results obtained are reported below.

a) Antimycobacterial and efflux inhibitory activity against M. smegmatis
mc’155
The compounds were first tested for their capability to inhibit the growth of
M. smegmatis strain mc®155 in a microdiluition assay (Table 1). The
compounds demonstrated extremely poor or absent antimycobacterial
activity against M. smegmatis, especially if compared with TDZ, which was
used as positive control. This was considered a good result, as high
bactericidal/bacteriostatic activity could affect the following experiments of
synergy with first- and second-line anti-TB agents. Due to the reduced
solubility and the low antimycobacterial activity, it was not possible to
determine the exact MIC values for some compounds (104, 105, 108, 110,
112, 113, 114). As such, when bacterial growth is still noticed at the
maximum concentration tested, the MIC was indicated by “>MIC”. For
instance, >256 pug/mL means that the MIC of this compound is higher than
256 pg/mL, as it was technically impossible to determine it. After

determining their MICs, the compounds were tested for their capability to
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inhibit efflux of EtBr from M. smegmatis mc®155 cells by real-time
fluorometry, using TDZ and VER as controls (Table 1). Relative final
fluorescence (RFF) is based on accumulation of EtBr at 0.25 pug/mL and the
results are presented as the average of three independent assays plus
standard deviation (+ SD). According to a widely used protocol for this kind

* in order not to compromise the cellular viability, all of the

of assay,™
compounds were tested at 7 of their MIC. For those compounds for which
the exact MIC could not be determined (above reported), the last
concentration value that could be technically determined was considered %

of the MIC.
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M. smegmatis mc’155

Comp ICso ug/mL(uM)
MIC (pg/mL) RFF + SD
104 >256 1.17 + 0.46* 84.8 (264.7)
105 >256 0.72 +0.19* ND
106 256 0.95 + 0.15* 8.8 (30)
107 64 0.81 +0.27* 10.5 (32.51)
108 >256 15.34 £ 0.82***  170.8 (701.8)
109 64 0.94 + 0.079** 0.762
110 >64 0.61+0.16* ND
111 256 0.76 + 0.04** ND
112 >256 0.39 +0.16* ND
113 >64 -0.17 £ 0.16 ND
114 >256 0.08 +0.18 ND
TDZ 30 0.82 +0.1* 5.6 (13.78)
VER 800 2.21 +0.14%* 50.5 (116.6)

Table 1: Screening of the antimycobacterial and efflux inhibitory activity of
the compounds against M. smegmatis mc®> 155 and their toxicity towards
human monocyte derived macrophages. ND: not determined. The results
were considered significant when *P<0.05 and highly significant when
**P<0.01 and ***P<0.001.

b) Cytotoxicity evaluation of compounds 104, 106, 107, 108 and 109

Compounds 104, 106, 107, 108 and 109, that resulted more active than TDZ
in inhibiting the efflux of EtBr out of M. smegmatis cells, were evaluated
against human-monocyte derived macrophages to assess their in vitro
cytotoxicity (Table 1). We were pleased to notice that, with the exception of
compound 109 (ICso = 0.762 pg/mL) all of the tested compounds were

found to be less cytotoxic than TDZ in this assay. Compounds 106 and 107,
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(ICso = 8.8 pug/mL and 10.5 pg/mL, respectively) are two-fold less cytotoxic
than TDZ (ICso = 5.6 pug/mL), whereas compounds 104 and 108 (ICso = 84.8
ug/mL and 170.8 pg/mL) were found to be safe towards human
macrophages. Overall, these preliminary data clearly suggest that the
replacement of the phenothiazine core with other ring systems allows
maintaining the efflux inhibitory activity with the possibility to decrease the

cytotoxicity.

c) Evaluation of compounds 104, 106, 107 and 108 antimycobacterial and
efflux inhibitory activity against Mtb H37Rv
Compounds 104, 106, 107 and 108 were tested against the pan-susceptible
reference strain H37Rv, following the same rationale used for M.
smegmatis, i.e. the determination of antimycobacterial activity and the
evaluation of their effect on EtBr efflux (Table 2). As observed for M.
smegmatis, the selected derivatives showed no antimycobacterial activity
against Mtb, therefore excluding the possibility of bias during the following
assays. With regard to their activity as inhibitors of EtBr efflux, the
compounds were tested with the same procedure used as in the case of M.
smegmatis, the RFF is based on accumulation of EtBr at 0.5 pg/mL and the
results are presented as the average of three independent assays plus
standard deviation (= SD). Compound 106 showed similar activity to that of
TDZ, whereas compounds 104, 107 and 108 were found to be 2-4 fold more
potent than TDZ, although less active than VER (Table 2). Although quite
active, the benzimidazole derivative 108 failed to reproduce the
extraordinary efflux inhibitory effect observed against M. smegmatis. This is

not surprising and can be somehow explained on the basis of the faster
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metabolism of M. smegmatis compared to that of Mtb, that accounts for
the higher susceptibility to the efflux inhibitory effect. Our own experience
shows that RFF values are always scaled down Mtb in comparison to those
observed for the same compounds in M. smegmatis, although maintaining

124,125 Regardless, we can claim that, in the conditions

the inhibitory relation.
reported, all of the tested compounds have maintained their superior

capability of inhibiting efflux compare to TDZ against Mtb.

M. tuberculosis H37Rv

Comp
MIC (pg/mL) RFF + SD
104 >256 0.84 +0.02*
106 128 0.33+0.11
107 >256 1.22 + 0.09*
108 >256 1.00 £ 0.19
TDZ 15 0.27 = 0.02
VER 512 1.94 + 0.005**

Table 2: Evaluation of the antimycobacterial and efflux inhibitory activity of
the selected compounds against Mtb H37Rv. The results were considered
significant when *P<0.05 and highly significant when **P<0.01.

2. Evaluation of synergistic effect of the selected TDZ analogues in
combination with first- and second-line anti-TB drugs and determination
of the fractional inhibitory concentration (FIC).

Once that the inhibition of efflux was confirmed, the study went ahead
evaluating compounds 104, 106, 107 and 108 for their effect in
combination with the current first-line (INH and RIF) and second-line (AMK

and OFX) drugs used for the treatment of TB. Their effect was also tested in
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combination with EtBr, to correlate its efflux with the efflux of the anti-TB
drugs.126 The MICs of INH, RIF, AMK and OFX were calculated in the absence
and in the presence of scalar sub-inhibitory concentrations of each
compound against Mtb H37Rv, that is known to have intrinsic and readable

124127 (Table 3). For some compounds

efflux activity of these anti-TB drugs
was also determined the modulation factor (MF), it reflects a reduction of
the MIC values of a given antibiotic in the presence of an inhibitor and was

considered significant when MF 24 (>four-fold reduction). MF was

. . MIC antiobioti
calculated with the following formula: MF = ———2ntobiotic.

MICcombination
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I = S S Y

<0.0156
(>4, 128)

<0.0156

(>4, 128)

>0.0156

(>4, 128)
1

1
1
1

<0.015(>
1,128)

N T

1
<0.015

OFX

N N NN NDNPEPDN

<0.015(>
1,128)

I = W S SE Y

<0.0156(
>, 128)

<0.0156(

>0, 128)

<0.0156(

>, 128)
1

1
1
1

<0.015(>
1,128)

N

<0.015(>

EtBr
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5

<0.195
(> 64)

1.56
(\4)
6.25
12.5
12.5
12.5
12.5

<0.195
(> 64)

<0.195

(> 64)
1.56
(\8)
6.25
12.5
12.5
12.5

<0.195
(> 64)

12.5
12.5
12.5
12.5
12.5
12.5
<0.195
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8 (>4 128)  1128) (>164)

(L >128)
3.125
3.75  0.05 1 1 1
(\-4)
1.88 0.1 1 1 1 6.25
0.94 0.1 1 1 1 6.25
0.47 0.1 1 1 1 6.25
0.23 0.1 1 1 1 6.25
0.12 0.1 1 1 1 6.25
<0.0007
<0.015  <0.015(> <0.195
128 8 <0.015(>,64) 64128)  U128)  (>464)
(L >128)
3.125
64 0.05 0.25 (L. 4) 1 1 0a)
VER
32 0.1 0.5 1 1 6.25
16 0.1 0.5 1 1 6.25
8 0.1 0.5 1 1 12.5
4 0.1 1 1 1 12.5
2 0.1 1 1 1 12.5

Table 3: Evaluation of the synergistic effect and determination of the
modulation factor of the selected compounds with first- and second- line
drugs against M. tuberculosis H37Rv. “Concentration at which the
compound was tested (in ug/mL).IO modulation factor.

Initially, compounds 104, 106, 107 and 108 were tested at % of their MIC,
and then, according to the protocol widely used for this sort of
investigations,'*> they were tested by two-dimensional broth microdilution
checkerboard assay, to evaluate the extent of the synergism. Also in this
case, as already explained in the case of the efflux inhibition assays, for
those compounds for which the exact MIC could not be determined, % of
the MIC was considered the concentration that was equal to the highest
concentration where it was obtained growth. When tested at these

concentrations, all of the newly synthesized compounds and the controls
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demonstrated very high synergistic effect with both the antibiotics and
EtBr. In this case, the MIC values of INH, RIF, AMK, OFX and EtBr could be
reduced more than 64-fold (Table 3). Compound 107, for which the
inhibitory effect on efflux was already assessed, had in general a very high
synergistic effect with the tested drugs and, in particular, with RIF. In fact,
compound 107 was able to improve the activity of RIF by 4-fold at
concentrations as low as 8 pg/mL (approx. 1/64 of its MIC), demonstrating a
potent synergistic effect. Moreover, at a concentration of 64 pg/mL
(approx. 1/8 of its MIC), compound 107 was also able to improve the
activity of AMK and OFX by more than 128-fold, and EtBr by 8-fold (Table 3).
Importantly, we have noticed that the synergistic activity demonstrated by
the compounds in combination with EtBr correlates well with the results
obtained with the inhibition of EtBr efflux by RFF.

One may argue that TDZ, considering the absolute concentrations at which
the synergistic activity is measured, is slightly more active than compound
107. However, seen under a more widespread perspective, compound 107
is less toxic, more active with regard the inhibition of efflux, and unlikely to
possess CNS-related properties. This can be considered a good
achievement, in particular considering that the aim of this paper was the
selection of compounds devoid of antimycobacterial activity, with reduced
toxicity to the human macrophage and with higher efflux inhibitory
capability, so as to promote the antimycobacterial activity of the anti-TB
drugs and be considered as a future adjuvant in the fighting against TB.
Surprisingly, despite the high activity in inhibiting the efflux, compound 108
was found to be not active in the combination assay. Compounds 104 and

106 were found to be slightly less active than 107 in the combination assay;

104



however, in the case of compound 104, it must be noticed that it is able to
improve the activity of RIF by 4-fold also at very low concentrations. It is
intriguing to notice that compounds 104 and 106, as compound 107,
demonstrated to have a significant synergistic effect in particular with RIF.
The reason of this preferred synergism is worth of further investigation but,
at this moment, it can only be speculated that 107, as well as the other
derivatives belonging to this series, although to a lesser extent, have high
affinity for interfering with efflux systems that extrude RIF. However, it
cannot be ruled out that the two derivatives interfere with other
mechanism of resistance used by the cell in the presence of RIF. Finally, it is
worth of consideration the fact that compounds 104, 106 and 107 were
more active in the combination assay than VER, another drug often
investigated for its potential role as adjuvant in the TB treatment.

The synergistic activity between the compounds was also represented as
the fractional inhibitory concentration (FIC), that is a value expressing the
synergistic activity of the compounds in combination with the antibiotics
and EtBr (Figure 5). FIC was determined for each anti-TB drug by dividing
the MIC of each drug when used in combination, by the MIC of each drug
used alone. Since a drug cannot interact with itself, the effect of a self-drug
combination will always be additive, with an FIC index of 1. As such, when
the FIC value is lower than 0.25, a synergistic effect is noticed between the
modulator and the antimicrobial. When above 2, there is antagonism
between the compounds tested, whereas within these two FIC values,

indifference is noticed.
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Figure 5: Fractional inhibitory concentration (FIC) determination for each
combination against Mtb H37Rv. Blue (no EPIs), orange (104), green (106),
red (107), grey (108), pink (TDZ) and purple (VER).

Isobolograms were constructed, by plotting changes in the MIC of
antibiotics as a function of the tested compounds concentration (104, 107
and 108, 128 pug/mL; 106, 32 pug/mL; VER, 64 pug/mL, and TDZ, 3.75 pg/mL).
As it can be seen, for the majority of the combinations of compound 107
with the antibiotics synergy was observed, with FIC values ranging from 1 to
not possible to determine (ND) due to the very high synergistic effect,

depending on the antibiotic combination.

3. Evaluation of the intracellular anti-TB activity of the selected TDZ
analogues.

Finally, we evaluated the intracellular antimycobacterial activity of

compounds 104, 106, 107 and 108 alone and in combination with INH or RIF

against Mtb human monocyte-derived macrophages (Figure 6). This assay is

a fair reproduction of what actual happens during the TB infection, and
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therefore it can help in obtaining a clearer idea of the potential of our
compounds. INH and RIF were used at % of its MIC (0.05 and 0.5 pg/mL,
respectively), therefore having no direct inhibitory effect on the bacteria at
these concentrations. The compounds 104, 106, 107 and 108 were tested at
nontoxic concentrations (16 pg/mL, 0.078 pg/mL; 1.25 pg/mL, and 40
ug/mL, respectively) determined against human-monocyte derived
macrophages. Above these concentrations, macrophage viability is reduced
below 90%, nullifying the assay. At these concentrations, the compounds
tested showed to be devoid of any antimycobacterial activity against
intracellular Mtb. Consistent with the findings above reported, we were
pleased to notice that the co-administration of the compounds with INH or
RIF (at a non-antibiotic inhibitory concentration) led to a strong
enhancement of the killing activity of the human macrophages against the
H37Rv strain. This is comparable with the results previously obtained with
TDZ and other efflux inhibitors that has been shown to have a dual

bacterial-host boosting effect against Mtb.*’
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Figure 6: Determination of the intracellular activity of compounds 104, 106,
107 and 108 against M. tuberculosis-infected human macrophages.

3.2.4 Structure-Activity Relationships (SAR)

Despite the small set of compounds prepared for this study, a few SAR
considerations can be made. In general, the majority of the compounds
bearing the N-methyl-2-piperidinyl appendage had inhibitory effect on the
efflux of EtBr. We were pleased to notice that compound 104, designed as a
hybrid molecule resembling both VER and TDZ, had a very good inhibitory
activity of EtBr efflux. However, the same does not apply to the other
hybrid compound 105. It might be then speculated that the N-methyl-2-
piperidinyl appendage must be attached, through an ethylene linker, to
another nitrogen atom of the heterocyclic, yielding a more polar structure.
When the N-methyl-2-piperidinyl appendage is attached through an

ethylene linker either to tricyclic (compounds 106, 109), bicyclic
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(compounds 107, 108) or more flexible ring structures (compounds 110,
111), a good inhibitory activity, sometimes higher than that of the parent
compound TDZ, is noticed. However, small rings (compound 112), has a
detrimental impact on the efflux inhibitory properties. Surprisingly, the
benzimidazole derivative 108 showed an exceptionally high activity,
resulting by far more potent than VER. The distance between the nitrogen
of the appendage and that of the heterocyclic seems to have
pharmacological significance, since the activity of compound 113 is
considerably low. Finally, the presence of a tertiary aliphatic amino moiety
seems to be determinant, being compound 112 the least active of the

series.

3.2.5 Conclusion

The contribution of efflux systems to Mtb drug resistance and tolerance has
been increasingly recognized, although only a few medicinal chemistry
efforts have been made towards the synthesis of Mtb efflux inhibitors.
Despite the amount of literature establishing TDZ as a valuable agent
against TB, the numerous toxicity issues have always hampered its safe
administration as an adjuvant of TB therapy. To our knowledge, this is the
first medicinal chemistry campaign aimed at modifying TDZ with regard to
its potential as adjuvant of TB therapy, with specific assays such as the
determination of the efflux inhibition and the synergistic activity in
combination with known anti-TB drugs both in vitro and ex vivo. Compared
to TDZ, the representative derivatives tested were found to be less toxic
toward human macrophages, ranging from two-fold (compound 106 and
107) to more than 50-fold (compound 108). Compound 104, intended as a
hybrid of TDZ and VER, showed a higher inhibitory activity than that of TDZ
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itself and much less toxicity, therefore confirming the rationale of the
design. More importantly, we have escaped from the phenothiazine
scaffold, thus assuming a reduction of the onset of side effects at the CNS
level. The newly synthesized compounds showed high synergistic activity
when tested in combination with some of the most important first-line
(INH, RIF) and second-line (AMK, OFX) drugs used for the treatment of TB.
In particular compound 107 was able to improve the activity of RIF at
concentration as low as approximately 1/64 of its MIC. Additionally, these
compounds were able to improve the activity of INH and RIF against
intracellular Mtb. Considering the data on inhibition of EtBr efflux, coupled
to the low antimycobacterial activity, it might be claimed that the
synergetic activity is due to their ability to hamper the intrinsic
mycobacterial drug efflux.

Finally, we confirmed M. smegmatis mc®155 as a suitable surrogate of Mtb
for the preliminary assessment the efflux inhibitory activity, at a lower cost
and time consuming rate. Altogether, these findings provide a solid base to
further investigate compound 107 as a booster of the antimycobacterial
chemotherapy when associated with first- and second-line drugs, by virtue
of its capability to block the intrinsic efflux activity of mycobacteria. This
might represent a lateral approach toward the cure of TB.

Studies expanding this versatile series and its mechanism of action and
activity toward Mtb drug resistant strains, especially resistant to isoniazid

and rifampicin (MDR-TB), are currently underway in our research groups.

110



3.3 Development of new chemotypes as inhibitors of efflux

As reported, the inhibition of efflux is a valuable and “lateral” approach to
treat mycobacterial infections, so we were also interested in finding new
EPIs ex novo. Therefore, we also screened selected compounds previously
synthesized, that were avoid of anti-TB activity, and showing chemical
features suitable for efflux inhibition.

Among the compounds tested, compound 16 was found to be particularly

interesting.128

o

Figure 7: Structure of compound 16.

16

After a preliminary evaluation as inhibitor of the efflux of ethidium
bromide, compound 16 was used as a template for a wider scope study on
the rapid screening of compounds with potential use against Mycobacteria.

In this work, recently published,?®

using M. smegmatis as a model
organism, a methodological strategy to identify compounds with
antimycobacterial activity or with potential adjuvant properties, by either
inhibition of efflux or other unrelated mechanisms, was developed. Such an
approach may increase the rate of identification of promising molecules, to
be further explored in pathogenic models for their potential use either as

antimicrobials or as adjuvants, in combination with available therapeutic

regimens for the treatment of mycobacterial infections.
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The methodological flowchart presented proposes an approach in which
the different biological effects of a given compound are evaluated in
successive but nonexclusive steps, yielding maximum functional
information for that molecule and its potential use. This approach allows
optimizing several resources associated with the evaluation of a new
molecule, such as time, laboratorial costs, and amount of the compound
available for biological testing.

The design of this flowchart was based on establishing cut-off values for
classifying compounds in different categories: antimycobacterial agents,
adjuvants by inhibition of efflux activity, adjuvants by an unrelated

mechanism, and compounds with no biological interest.

CANDIDATE COMPOUND

} stepn

g =3

MIC, <20 M MG, 220 pM
Poteatial antibacterial

of

din relevant species
(e.8., M. tuberculosis)

Figure 8: Algorithm designed for the rapid screening of new compounds
with  potential applications with potential applications against
mycobacteria.
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The methodologies applied are simple, time-effective, and cost-effective,
when compared with the direct evaluation of compounds on pathogenic
species such as Mtb, which have higher requirements in terms of biosafety,

quantity of compounds, and time consumption.**®
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4. Microwave-assisted synthesis of nucleotide

phosphoroamidates

As part of my PhD program, | spent 3 months at the Cardiff University
working on a project that is outside of the context of this thesis. The
following chapter is about the optimization of a microwave-assisted

synthesis of nucleotide phosphoroamidates.

4.1 Introduction

Nucleoside analogues (NAs) are a central class of molecules accounting for
many of the antiviral and anticancer drugs currently on the market, indeed
they play an essential role in the antiviral and anticancer treatment. NAs
are similar to the natural nucleosides bearing modifications at the base
and/or at the sugar moieties, which, in most of the cases, confer selectivity

versus the targets.'*°

O
(0]
NH
| N NH
N/go < ] J
NT>N
HO o
N3
Azidothimidine Didanosina

Figure 1: Nucleoside analogs (NAs).
NAs are prodrugs and need to be converted into their active species, which

131

usually consists of the 5’- triphosphate form.”" Their bioactivation pathway

often involves three sequential phosphorylation steps, starting from the

114



parent nucleoside, which is converted to its mono-, di- and finally
triphosphate form.

AZT AZT-MP AZT-DP AZT-TP
(o} o o} o
NH \f\ NH [\ NH
N /ko N /gO N ,k (o] N /K
o o] B0 o] ®B0 _o | BBO®O _,
N3 _} N3 —) N3 _> N3
dThd kinase dTMP kinase NDP kinase
ot "

p

Reverse

’f; " transcriptase
\
R

Figure 2: Mechanism of action of Azidothimidine (AZT).'*?

Some NAs, such as Abacavir or Famciclovir, require also additional
bioactivation steps in order to display their biological activity."***** The first
step of phosphorylation is usually considered to be the rate-limiting step in
the bioactivation of NAs, with few exceptions such as Zidovudine, for which
the second phosphorylation may be the rate limiting step.”>> The nucleoside
kinases activity, after a long-term treatment with NAs, may be decreased
eventually leading to the advance of drug resistance. Moreover, many NAs
are not phosphorylated effectively in vivo, being poor substrates for
kinases, and thus their therapeutic potential is quite limited.**®

In their triphosphate form, these molecules can act as competitive

inhibitors of viral and cellular DNA or RNA polymerases or alternatively can
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be incorporated into growing DNA or RNA strands, causing chain
termination and thus affecting the proliferation of cancer cells or inhibiting
the replication of the viral genome.**

Moreover, to overcome the first phosphorylation step, nucleotides with a
phosphate moiety already attached to the nucleoside have been studied.
However, due to the high polarity of the phosphate group, monophosphate
nucleosides poorly penetrate through cell membranes and are also
subjected to extracellular phosphatases, which rapidly convert the
nucleotide back to its nucleoside.™®

Several mono-phosphate prodrug strategies are currently under

investigations to overcome these issues.”’

4.2 ProTide Approach

Nowadays, one of the most applied phosphate prodrug approaches is the
ProTide technology. The development of this technology started by masking
the 5’-O-monophosphate groups of therapeutic nucleosides with simple
dialkyl, first, and haloalkyl, later, groups. However, these attempts did not
lead to improved biological activity, most likely due to the inability of these
masking groups to be hydrolysed invivo to release the nucleoside
monophosphate, which can be subsequently further phosphorylated to the

138

active species.” Next, McGuigan and co-workers synthesized alkyloxy and

haloalkyl phosphoramidate prodrugs, and these showed better activities

139 This was the first breakthrough in the

than their parent nucleosides.
development of ProTides and provided evidences that the masking of
phosphate groups with biocleavable motifs may yield an effective prodrug
system for the delivery of therapeutic nucleoside monophosphates.**°

The ProTide approach consists of a nucleoside phosphate masked with a
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phosphoroamidate prodrug, generally represented by an amino acid ester

moiety linked with a P-N bond to a nucleoside aryl phosphate.**®

<\ /2 Q
POy

Figure 3: ProTides general structure.
The mode of action of these aryloxyphosphoroamidates, leading to the
intracellular delivery of active nucleoside monophosphates, has been

141,142

studied in detail over the years. After crossing the cell membrane, the

monophosphate deprotection is initiated by an esterase or cathepsin A,

producing carboxylate A.**?

A spontaneous intramolecular cyclization to a
five-membered ring occurs, releasing a molecule of phenol. Cyclic
intermediate B undergoes chemical opening in the presence of water
leading to phosphoroamidate diester C. Finally, cleavage of C by
intracellular phosphoroamidase or histidine triad nucleotide-binding

protein 1 (HINT-1) frees the nucleoside monophosphate.** (Figure 4)
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Figure 4: Mode of action of ProTides.**

Proof of concept for ProTide has now been clinically validated in the human
immunodeficiency virus (HIV), hepatitis B (HBV), and hepatitis C virus (HCV),
leading to several potent and selective prodrugs such as the FDA-approved

144

sofosbuvir™" (Figure 5).

O
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@“ ore

Figure 5: Sofosbuvir.
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4.3 ProTide preparation

Aryloxyphosphoroamidate nucleoside prodrugs are generally prepared by
coupling of nucleosides with phosphorochloridate by either 5
deprotonation of the nucleoside with t-BuMgCl or by activation of the

imidazolium intermediate with NMI**

and subsequent substitution with
chlorophosphoroamidate or aryloxyphosphoroamidate. These two
approaches are substrate dependent, and it is very difficult to predict which
one to use for the best outcome.

It should be noted that these synthetic approaches lead to around 1:1
mixtures of diastereoisomers at the phosphorus center, often inseparable
by flash chromatography. These isomers have often different in vitro
biological properties and this stimulated the researchers to developed a
diasteroselective approach using enantiomerically pure
aryloxyphosphoramidate reagents.***
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Figure 6: Mechanism to generate phosphoroamidates nucleoside prodrugs.

During the past years, substitution of the phosphorochloridate has been
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explored by modifying the nature of the aryloxy portion, the amino acid,
and the amino acid ester.

The phosphochloridate reagents are generally prepared by reaction of
phenyl dichlophosphate with the appropriate amino acid ester in the
presence of triethylamine and, for the synthesis of the compound with p-
nitrophenol as the leaving group, the mixture was also reacted with p-
nitrophenol. Phosphoroamidates are generally obtained as a mixture of
diasteroisomers, they are often used crude but higher yields are observed
when purified.'**

However, the methodologies reported before (Figure 6) present some

limitations:

* Longreaction time
* Low reaction yield
A small part of my PhD investigation has been focused on the improvement

of the ProTide synthetic strategy.
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4.4 Aim of the work

Inspired by these considerations, the project in which | have been involved
regards the optimization of a microwave-assisted synthesis of nucleotide
phosphoromidates. The idea was to validate whether it was possible to
develop a new microwave-assisted approach reducing the reaction time
and improving the reaction yields.

During my period at the Cardiff University | have focused my attention on 3

nucleosides: guanosine, thymidine and adenosine.

HO N:J HO OH o)

o-P 0/\/0\/8 NH,
NH NH .
| /& 3: [ NH
N0 — o T |
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HO  OH
HO
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Figure 7: Aim of the work.
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4.5 Results
Starting with procedures retrieved in the literature™®'*®*"1% the
parameters that we have set were:

* NMI vs t-BuMgCl methodologies

* Solvent

e Stoichiometry

* Traditional heating vs uW irradiation
Each reaction was performed either with conventional heating and under
microwave irradiation, to compare the different methodologies.
After the isolation of the ProTide and the eventual by-products, the
percentage presence of each product (starting material, ProTide, and by-

products) were calculated through the use of HPLC/UV (see table 1-4).

The first nucleoside that was investigated was thymidine:

NO,

HO
133

131 ° 134

o N
HO/\<_j \\E) 132 R:Cl; o]

Scheme 1: Thymidine optimization.

For the thymidine optimization we started with the reported conditions of
the t-BuMgCl methodology. Unfortunately, with this approach, the
formation of the secondary product was predominant compare to the

desired product (Figure 8).
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¥

Figure 8: Thymidine by-product.

After the isolation of the di-substituted adduct, we modified the
stoichiometry of the reactions (Table 1), but also in this case the ProTide
yields resulted very low.

Successively, the focus was shifted on the selection of the solvent, and the
reactions were performed in 1,4-dioxane and DMF but, unfortunately, we
were not able to obtain the desired product in good yield.

Finally, the reactions were performed with the NMI methodology. With this
procedure, we obtained the ProTide in high yields only under pW

irradiation.
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Starting . By- Reactio Reactio
Reagents Solvent Eq . Protide .
material product n type n time
t-BuMgCl W
R Ng THF/NMP 3/2 6.2% 25.2% 68.5% :5°C 20 min
- p-NO;
t-BuMgClI Conv
R: 5-NO THF/NMP 3/2 8.6% 40.5% 51.0% 55 °C 1h
*p-NO;
t-BuMgCl 0.5 * W
R: 0-NO THF/NMP 4 51.1 17.7-24.0% 2.6% 65°C 1h
- p-NO;
t-BuMgClI 0.5 Conv
R: 5-NO THF/NMP x4 15.8% 17.9-26.9 % 39.4% 55 °C 1.50 h
*p-NO;
t-BuMgCl Conv
R: p-NO THF/NMP 1*3 5.5% 1.5%-3.2% 89.9% 55°C 1.25h
O 2
t-BuMgCl 1.5/1. uw .
R: 5-NO THF/NMP 5 26.0% 15.7-20.7% 37.6% 65°C 40 min
*p-NO;
t-BuMgCl Conv
R: 0-NO THF/NMP 4/4 15.2% 4.6-10.1% 70.1% 55°C 4.30 h
- p-NO;
t-BuMgClI 1,4- pw .
R: 5-NO di 2/2 79.8% 8.5% 11.7% 65°C 30 min
:p-NO, ioxane
t-BuMgCl 1,4- Conv
R: p-NO dioxane 2/2 23.4% 38.5% 38.1% 55°C 2.40 h
O 2
t-BuMgClI Conv .
R: b-NO DMF 2/2 5.1% 15.4- 13.4% 66.1% s5oC 40 min
*p-NO;
t-BuMgCl A .
DMF 2/2 29.8% 45.1% 25.1% 20 min
R: p-NO, 65°C
NMI W
THF 6.3/3 1.4% 70.0% 28.8% " 5 min
R: Cl 65°C
NMI Conv
THF 6.3/3 50.9% 28.7% 20.5% 4h
R: Cl 55°C

Table 1: Thymidine optimization.
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The second nucleoside that was investigated was guanosine:

HO OH 132 R.Cl; Q
NO,
135 133 © 136

Scheme 2: Guanosine optimization.

For the guanosine optimization, we started with the standard conditions
reported for the NMI methodology and, after the first reaction, we
understood that for this nucleoside a long reaction time is needed. In order
to reduce the reaction time, the temperature was increased up to 75°C and
85°C, although with no appreciable result. Finally, we performed the
Grignard methodologies with phosphorochloridate, but also in this case the

reaction did not lead to the desired compound.
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Starting . Reaction Reaction
Reagents  Solvent Eq . ProTide .
material type time
NMI . Conv
THF/Pyridine 6.3/3 51.4% 48.6% 24 h
R: Cl 55C
NMI L uwW .
THF/Pyridine 6.3/3 87.2% 12.8% 35 min
R: Cl 65°C
NMI » UW )
THF/Pyridine 6.3/3 100% 10 min
R: Cl 75° C
NMI L uwW .
THF/Pyridine 6.3/3 90.9% 9.1% 15 min
R: Cl 85°C
tBuMgCl Conv
THF 3/2 100% 4h
R: Cl 55C
tBuMgCl W
& THF 3/2 100% " 30 min
R: Cl 65C

Table 2: Guanosine optimization (1).

Successively, the focus was shifted on the solvent. Reactions were

performed in DMF and THF/NMP, to improve the solubility, but we did not

obtain good results. Then, extending the reaction time, and raising the

temperature up to 75°C and 85°C we could isolate the bis-adduct, although

in very low yields.

Finally we modified the reaction stoichiometry, and we are very pleased to

notice that, augmenting the amount of both the reagents (4/4), it was

possible to obtain the desired product in 78.6% yield.
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Figure 9: Guanosine by-product.
Starting . Reaction Reaction
Reagents Solvent Eq . ProTide By-product .
material type time
tBuMgCl Conv
DMF 3/2  32.5% 67.6% 0% R 7.30h
R: p-NO, 55°C
tBuMgCl pw .
DMF 3/2 75.4% 24.6% 0% 35 min
R: p-NO, 65° C
tBuMgCl A
DMF 3/2  34.6% 29.1 % 36.3% 1h
R: p-NO, 65° C
tBuMgCl pw .
DMF 3/2 63.9% 36.1% 0% 40 min
R: p-NO, 75°C
tBuMgCl A .
DMF 3/2  76.4% 24.9% 0% 5 min
R: p-NO, 85°C
tBuMgCl pw .
THF/NMP 3/2 83.0% 17.0% 0% 20 min
R: p-NO, 65 C
tBuMgCl A .
THF/NMP 4/2  100% 0% 0% 30 min
R: p-NO, 65C
tBuMgCl Conv
DMF 4/4 0 12.4 2.9% 4h
R: p-NO, 55
tBuMgCl rW .
DMF 4/4 18.4% 78.6% 3.0% 30 min
R: p-NOz 65

Table 3: Guanosine optimization (2).
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Adenosine was the last nucleoside taken under consideration. We
performed the reactions following the standard conditions, but we were
not able to obtain the target compound in good yields. The optimization for

this nucleoside is still on going.

NH
/N ?
o} o) <Z/<
” 1

HO OH
137 133 © 138

Scheme 3: Adenosine optimization.

Starting . Reaction Reaction
Reagents Solvent Eq . ProTide .
material type time
NMI L pW .
THF/Pyridine 6.3/3 74.8% 25.2% 35 min
R=Cl 65 C
NMI o Conv
THF/Pyridine 6.3/3 44.7% 55.3% 3h
R=Cl 55C
t-BuMgCl A .
THF/NMP 3/2 81.7% 18.3% . 25 min
R=p-NO, 65°C
t-BuMgClI Conv
THF/NMP 3/2 73.0% 27.0% 2.30h
R=p-NO, 55°C

Table 4: Adenosine optimization.
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4.6 Conclusion

Antiviral and chemotherapeutic agents, based largely on nucleoside
analogues, continue to make a major contribution to the current treatment
of viral infections and different types of cancer.

In the 1990s, in the group of Prof McGuigan, several aryloxy 5’-
phosphoroamidate nucleoside prodrugs (ProTide) were shown to bypass
the first problematic kinase-promoted phosphorylation step, and eventually
furnish the active triphosphorilated species. After that the ProTide
technology was successfully and extensively applied to a high number of
nucleoside phosphates.

During my PhD, | have given my contribution to the wider scope of Protide
preparation by developing a new microwave assisted methodology for the
ProTide construction. In particular, | have focused my attention on the
optimization of the previously described procedure for thymidine,
guanosine and adenosine. For what concerns the synthesis of thymidine (1)
and guanosine (2) ProTides some of the reaction conditions were

optimized:

1. NMl/phosphorochloridate; 6.3/3 eq; uW; 65°C; 5minutes
2. t-BuMgCl/p-nitrophosphoramidate; 4/4 eq; uW; 65°C; 30 minutes

However, optimization of the adenosine is still on going.
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5. Experimental section

5.1 Chemistry

General Information. All the reagents were purchased from Sigma-Aldrich,
Alfa-Aesar, and Enamine at reagent purity and, unless otherwise noted,
were used without any further purification. Dry solvents used in the
reactions were obtained by distillation of technical grade materials over
appropriate dehydrating agents. MCRs were performed using CEM
microwave synthesizer Discover model. Reactions were monitored by thin
layer chromatography on silica gel coated aluminum foils (silica gel on Al
foils, SUPELCO Analytical, Sigma-Aldrich) at both 254 and 365 nm
wavelengths. When indicated, intermediates and final products were
purified through silica gel flash chromatography (silica gel, 0.040! 0.063
mm), using appropriate solvent mixtures. 'H-NMR and “*C-NMR spectra
were recorded on a BRUKER AVANCE spectrometer at 300, 400, and 100
MHz, respectively, with TMS as internal standard. 'H-NMR spectra are
reported in this order: multiplicity and number of protons. Standard
abbreviation indicating the multiplicity was used as follows: s = singlet, d =
doublet, dd = doublet of doublets, t = triplet, g = quadruplet, m = multiplet
and br = broad signal. HPLC/MS experiments were performed with HPLC
instrumentation (Agilent 1100 series, equipped with a Waters Symmetry
C18, 3.5 um, 4.6 mm x 75 mm column) and MS instrumentation (Applied
Biosystem/MDS SCIEX, with APl 150EX ion source). HRMS experiments were
performed with LTQ ORBITRAP XL THERMO.

All compounds were tested as 95% purity samples or higher (by HPLC/MS).
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5.1.1 Evolution of a series of 2-aminothiazoles

General procedure for the oxime synthesis
To a solution of hydroxylamine hydrochloride (1.2 eq) in water (0.7
mL/mmol) was added NaOH 10% (0.5 mL/mmol). Then a solution of the
aldehyde (1 eq) in ethanol (3 mL/mmol) was added dropwise. Reaction
mixture was stirred at room temperature for 30 minutes. Then the solvents
were evaporated under pressure. The residue was solved in water and it
was extracted with ethyl acetate. The organic layers were washed with
brine and dried over Na,SQ,. After filtration, the solvent was removed in
vacuo and the crude material was used for the next step without further
purification. Yields and analytical data are reported below:
(E)-4-methoxybenzaldehyde oxime (51)

y-OH  99% yield "H-NMR (400 MHz-CDCls): & = 3.86 (s, 3H); 6.92

|
/©/LH (d, J=8 Hz, 2H) 7.53 (d, J=8 Hz, 2H); 8.11 (s, 1H).
~
O

(E)-thiazole-4-carbaldehyde oxime (53)
nOH  91% yield. *H-NMR (400 MHz-DMSO-dg): & = 7.95 (s, 1H); 8.23
|
(NfH (s, 1H); 9.15 (s, 1H); 11.3 (s, 1H).
S

Synthesis of (Z)-N-hydroxy-4-methoxybenzimidoyl chloride (40)
el To a stirred solution of compound 51 (100 mg; 0.64 mmol) in
/@Am DMF (2 mL) was added N-Chlorosuccinimide (103 mg; 0.77
"o mmol). Reaction mixture was stirred at room temperature for
1 hour. After the complete consumption of the starting material water (5

mL) was added to reaction mixture and it was extracted with ethyl acetate
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(3*10 mL). The combined organic layers were washed with brine, dried over
Na,SO4, and evaporated under pressure. The crude material was used for
the next step without further purification. Quantitative yield.

Synthesis of (Z)-N-hydroxythiazole-4-carbimidoyl chloride (41)

oy To asuspension of N-chlorosuccinimide (110 mg; 0.82 mmol) in
N

(NJ)LCI a mixture of pyridine (6 uL; 0.078 mmol) and dichloromethane
S (1.5 mL) was added 53 (100 mg; 0.78 mmol). Reaction mixture
was stirred at 40 °C for 3 hours. After the complete consumption of the
starting material NH4Cl (5 mL) was added to the mixture and it was
extracted ethyl acetate (3*10 mL). The organic layers were washed with
brine and dried over Na,SQ,. After filtration, the solvent was removed in
vacuo and the crude material was used for the next step without further
purification. Quantitative yield.

General procedure for the isoxazole synthesis

To a cooled to 0 °C solution of ethyl 2-chloro-2(hydroxyimino)acetate or 40
or 41 (1 eq) and 3-butyn-2-one (2 eq) in benzene (1.8 mL/mmol) was added
triethylamine (1 eq) dropwise. Reaction mixture was stirred at 60 °C for 1
hour. After this time, HCl 1N was added to the mixture and it was extracted
with ethyl acetate. The organic layers were washed with water, brine and
dried over Na,SO,. After filtration, the solvent was removed in vacuo and
the crude material was purified by silica gel flash chromatography column.
Column eluent, yields and analytical data are reported below.

ethyl 5-acetylisoxazole-3-carboxylate (42)

OMO Column eluent: petroleum ether/ethyl acetate 9/1. 55%
yield. "H-NMR (300 MHz-CDCl3): & = 1.34 (t, J=6 Hz, 3H);

O
r 2.65 (s, 3H); 4.43 (q, J=6 Hz, 2H); 7.26 (s, 1H).
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1-(3-(4-methoxyphenyl)isoxazol-5-yl)ethanone (44)
r\IrS 0 Column eluent: petroleum ether/ethyl acetate 9/1.
\OQ/W 68% yield. 'H-NMR (400 MHz-CDCl3): & = 2.68 (s, 3H);
3.89 (s, 3H), 7.01 (d, J=9 Hz, 2H); 7.18 (s, 1H); 7.78 (d,
J=9 Hz, 2H).
1-(3-(thiazol-4-yl)isoxazol-5-yl)ethanone (45)

N I\Ir? 0 Column eluent: petroleum ether/ethyl acetate 9/1. 67%
</S J yield. "H-NMR (400 MHz-CDCls): & = 2.68 (s, 3H); 7.41 (s,
1H); 8.07 (s, 1H); 8.95 (s; 1H).

(E)-ethyl 2-(2-methylhydrazono)acetate (55)

A solution of methylhydrazine (228 uL; 4.34 mmol) in

|
n'NH methanol (0.33 mL/mmol) was heated to 40 °C, then ethyl
|

\/OW/KH glyoxilate 50% solution in toluene (400 uL; 4.03 mmol) and
other methanol (0.013 mL/mmol) were added while maintaining the
temperature below 50 °C. The mixture was heated to 50 °C for 3 hours and
the TLC (coulored with KMnQ,) after this time showed the complete
consumption of the starting material. Solvents and methylhydrazine were
distilled off and the crude material was purified by silica gel flash
chromatography with eluent petroleum ether/ethyl acetate from 75/25 to
50/50. 50% vyield.
'H-NMR (400 MHz-DMSO-dg): & = 1.18 (t, J=8 Hz, 3H); 2.80 (s, 3H); 4.08 (q,
J=8 Hz; 2H); 6.53 (s, 1H); 8.81 (s, 1H).
Synthesis of (Z)-ethyl 2-bromo-2-(2-methylhydrazono)acetate (39)

| A slurry of N-bromosuccinimide (68 mg; 0.38 mmol) in ethyl

-NH

N .
\/OWHL acetate (3 ml/mmol) was cooled to 0 °C and then a solution
Br

0 of 55 (50 mg; 0.38 mmol) in dichloromethane (3 ml/mmol).

133



Reaction mixture was stirred for 1 hour at 5 °C. Then the solvents were
evaporated under pressure and the crude material was used for the next
step without further purification.

Synthesis of ethyl 1-methyl-5-propionyl-1H-pyrazole-3-carboxylate (43)

y To a solution of 66 (70 mg; 0.33 mmol) and 3-butyn-2-one

N-

OMO (52 pL; 0.66 mmol) in benzene (1.8 mL/mmol) was added
ro triethylamine (93 uL; 0.66 mmol) dropwise. Reaction mixture

was stirred at room temperature for 30 minutes. After this
time, brine was added to the mixture (15 mL) and it was extracted with
ethyl acetate (3* 10 mL). The organic layers were washed with water (3*10
mL), brine and dried over Na,SO,. After filtration, the solvent was removed
in vacuo and the crude material was purified by silica gel chromatography
column with eluent petroleum ether/ethyl acetate 8/2. 66% yield. "H-NMR
(300 MHz-DMSO-dg): 0 = 1.28 (t, J=9 Hz; 3H); 2.54 (s, 3H); 4.10 (s, 3H); 4.26
(g, J=9 Hz; 2H); 7.60 (s, 1H).
General synthesis for 2-aminothiazole ring
A solution of 3-chloropentane-2,4-dione (1 eq) and the opportune thiourea
(1 eq) in ethanol (5 ml/mmol) was refluxed for different time. Then ice
water was added to reaction mixture and a precipitate was formed. The
white solid was collected in vacuo and it was used for the next step without
further purification. Yields and analytical data are reported below:
1-(4-methyl-2-(p-tolylamino)thiazol-5-yl)ethanone (57)

70% yield "H-NMR (300 MHz-DMSO-de): & = 2.26 (s, 3H);

%j‘\ @ 2.47 (s, 3H); 2.53 (s, 3H); 7.15 (d, J=9 Hz, 2H); 7.44 (d,
° N J=9 Hz, 2H); 10.64 (bs; 1H). HRMS (ESI) calculated for
Ci13H14N,0S [M + H]+ 247.0827 found 247.08958.
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1-(2-((3,5-dichlorophenyl)amino)-4-methylthiazol-5-yl)ethanone (58)
o 73% vield. *H-NMR (300 MHz-DMSO-dg): & = 2.45 (s,
MﬁN\ Q 3H); 2.58 (s, 3H); 7.21 (d, J= 3 Hz, 1H); 7.71 (s, 2H);
o N c 11.02 (bs; 1H) HRMS (ESI) calculated for C1,H10Cl;N,0S
[M + H]+ 300.9891 found 300.99637.
1-(2-amino-4-methylthiazol-5-yl)ethanone (59)
40% yield 'H-NMR (400 MHz-CDCls): & = 2.45 (s, 3H); 2.56 (s,

},’%\N 3H); 9.63 (bs, 2H).
YL, 3963 (s, 2H)

Synthesis of 1-(1H-1,2,3-triazol-5-yl)ethanone (64)
o A suspension of sodium azide (143 mg; 2.20 mmol) in DMF (1

— mL/mmol) was heated to 60 °C and then a solution of 3-butyn-2-
N\\N'NH one (114 uL; 1.46 mmol) in DMF (0.4 mL/mmol) was added over a
period of 30 minutes. Reaction mixture was stirred at the same
temperature for 1 hour. After this time water (10 mL) was added and it was
extracted with dichloromethane (3*10 mL). Then the aqueous layer was
acidified with HCI 3N and extracted with ethyl acetate (3*10 mL). The crude
material was purified by silica gel flash chromatography eluting petroleum
ether/ethyl acetate from 9/1 to 7/3. 30% yield. '"H-NMR (400 MHz-DMSO-
de): 8 =2.56 (s, 3H); 8.53 (s, 1H); 14.9 (bs, 1H).
General procedure for the bromination of isoxazole and pyrazole ring
To a solution of the opportune ketone (1 eq) in chloroform (1.5 mL/mmol)
was added acetic acid (0.1 mL/mmol) and reaction mixture was heated to
50 °C. Then a solution of bromine (1.05 eq) in chloroform (0.4 mL/mmol)

was added dropwise. The mixture was stirred at the same temperature for

1 hour. After the complete consumption of the starting material, a
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saturated aqueous solution of NaHCO3; was added and the aqueous layer
was extracted with chloroform. The crude material was purified by silica gel
flash chromatography. Column eluent, yields and analytical data are

reported below.

ethyl 5-(2-bromoacetyl)isoxazole-3-carboxylate (46)
N o 70% vyield. Column eluent: petroleum ether/ethyl acetate

OY@‘/S

S . 8/2. "H-NMR (300 MHz-CDCls): § = 1.43 (t, J=6 Hz, 3H); 4.45
r (s, 2H); 4.47 (q, J=6 Hz, 2H); 7.42 (s, 1H).

ethyl 5-(2-bromoacetyl)-1-methyl-1H-pyrazole-3-carboxylate (47)

N/ 56% vyield. Column eluent: petroleum ether/ethyl acetate
OY,\'IK/)\/SO 8/2. 'H-NMR (400 MHz-DMSO-ds): & = 1.29 (t, J=8 Hz, 3H);
ro B 413 (s, 3H); 4.30 (q, J=8 Hz, 2H); 4.86 (s, 2H); 7.76 (s, 1H).
2-bromo-1-(3-(4-methoxyphenyl)isoxazol-5-yl)ethanone (48)

91% vyield. The crude material was used for the next
/(j/LS)\/S step without further purification. 'H-NMR (400 MHz-
~o L Br DMSO-ds): 6 = 3.42 (s, 3H); 4.86 (s, 2H); 7.11 (d, J=8 Hz,
2H); 7.89 (d, J=8 Hz, 2H); 8.05 (s, 1H).
2-bromo-1-(3-(thiazol-4-yl)isoxazol-5-yl)ethanone (49)
N-O o 35% yield. Column eluent: petroleum ether/ethyl acetate
</s ] o 9/1. *H-NMR (300 MHz-DMSO-de): & = 4.91 (s, 2H); 7.95 (s,
1H); 8.51 (s, 1H); 9.34 (s, 1H).
General procedure for the bromination of 2-aminothiazole and triazole
ring
The appropriate ketone (1 eq) was solved in HBr solution 48% (4 mL/mmol),
the solution was heated to 50 °C and then a solution of bromine (0.8 eq) in
1,4-dioxane (4 mL/mmol) was added dropwise. After the complete

136



consumption of the starting material, a saturated solution of aqueous
NaHCO; was added to reaction mixture and it was extracted with ethyl
acetate. The crude material was used for the next step without further
purification.
Yields and analytical data are reported below.
2-bromo-1-(4-methyl-2-(p-tolylamino)thiazol-5-yl)ethanone (60)

N =

LGN | 2.62 (s, 3H); 4.15 (s, 2H); 7.26 (s; 4H).

Br 50% yield. "H-NMR (300 MHz-CDCl3): & = 2.40 (s, 3H);
<o
S N
H

2-bromo-1-(2-((3,5-dichlorophenyl)amino)-4-methylthiazol-5-yl)ethanone
. cl (61)
%&NQ 30% yield. "H-NMR (300 MHz-CDCls): & = 2.62 (s, 3H);
H 4.15 (s, 2H); 7.11-7-15 (m, 2H); 7.26 (s; 1H).

1-(2-amino-4-methylthiazol-5-yl)-2-bromoethanone (62)
SB,}N 70% yield. *H-NMR (300 MHz-DMSO-dg): & = 2.52 (s, 3H); 4.45
T (s, 2H); 8.03 (5, 2H).
2-bromo-1-(1H-1,2,3-triazol-5-yl)ethanone (65)

o 15% vield. *H-NMR (300 MHz-DMSO-dj): & = 4.30 (s, 2H); 8.53 (s,

—( Br 1H); 14.9 (bs, 1H).
Ny N

Synthesis of 2-bromo-1-(pyridin-4-yl)ethanone (67)

o N To a solution of 4-acetylpyridine (456 uL; 4.10 mmol) in 1,4-
gg dioxane/diethyl ether 1/1 (4.8 mL) cooled to 0° C was added a
| N7 solution of bromine (294 pL; 5.76 mmol) in diethyl ether (2.8 mL)

dropwise over 30 minutes. Reaction mixture was stirred overnight, then

saturated solution of aqueous NaHCO; (20 mL) was added and it was
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extracted with ethyl acetate (3*10 mL). The organic layers were washed
with water (3*10 mL), brine and dried over Na,SO,. After filtration, the
solvent was removed in vacuo and the crude material was purified by silica
gel chromatography column with eluent petroleum ether/ethyl acetate 7/3.
50% yield. "H-NMR (300 MHz-CDCls): & = 3.10 (s, 2H); 8.53 (d, J=6 Hz, 2H);
8.62 (d, J=6 Hz, 2H).
General procedure for Hantzsch synthesis
The properly substituted bromoacetophenone (1 equiv) and thioureas (1
equiv) were solubilized in dry ethanol (20 mL/mmol) and reacted at 70° C
until consumption of the starting materials as indicated by TLC. After
cooling, the solvent was evaporated and the crude material was purified by
silica gel flash column chromatography or by precipitation.
Yields, purification methods and other analytical data are reported below.
4-(pyridin-4-yl)-N-(p-tolyl)thiazol-2-amine (8)

/@/ 65% vyield. Column eluent: ethyl acetate/methanol
NQ/['\;\H from 95/5 to 85/15. *H-NMR (400 MHz-DMSO-de): § =

2.27 (s, 3H); 7.16 (d, J=8 Hz, 2H); 7.59 (d, J=8 Hz, 2H),

7.69 (s, 1H); 7.84 (dd, J;= 1.56 Hz J,= 4.52 Hz, 2H); 8.61 (dd, J;= 1.56 Hz
J,=4.59 Hz, 2H); 10.86 (s, 1H). *C-NMR (100.6 MHz- DMSO-dg): & = 20.87;
107.75; 117.60; 120.38; 129.87; 130.75; 139.11; 141.58; 149.07; 150.63;
164.15. MS (ESI) calculated for CisH13NsS [M + H]+ 268.08, found 268.4.
HRMS (ESI) calculated for CisH13N3S [M + H]+ 268.0830 found 268.08984.
N-(3,5-dichlorophenyl)-4-(pyridin-4-yl)thiazol-2-amine (9)

cl 63% vyield. Column eluent: ethyl acetate/methanol
/ i\ o from 95/5 to 85/15. *H-NMR (300 MHz-DMSO-dg): &

7N “~N
N_ N H = 7.17 (t, J=3 Hz, 1H); 7.82-7.84 (m, 4H), 7.86 (s,
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1H); 7.84 (dd, J;= 1.56 Hz J,= 4.52 Hz, 2H); 8.64 (dd, J;= 1.56 Hz J,=4.52 Hz,
2H); 10.27 (s, 1H). *C-NMR (100.6 MHz- DMSO-dg): & = 109.58; 115.39;
120.25; 120.68; 134.73; 141.26; 143.48; 148.05; 150.76; 163.06. MS (ESI)
calculated for Cy4HoCIN3S [M + H]+ 321.21, found 321.3. HRMS (ESI)
calculated for C14HoCI>N3S [M + H]+ 321.9894, found 321.99649.
N-(p-tolyl)-4-(1H-1,2,3-triazol-5-yl)thiazol-2-amine (10)

24% vyield. Column eluent: dichloromethane/methanol

N iNQ/ 98/2.

N-NH 'H-NMR (300 MHz-DMSO-dq): & = 2.34 (s; 3H); 7.33 (d,
J =6 Hz, 2H); 7.40 (d, ) = 6 Hz, 2H); 7.48 (s, 1H); 10.2 (bs, 1H); 15.5 (bs, 1H).
BC-NMR (100.6 MHz- DMSO-dg): 6 =21.3; 104.8; 120.3; 129.8; 130.4; 130.7;
137.5; 142.8; 159.1.

HRMS (ESI) calculated for C12H11NsS [M + H]+ 258.0735 found 258.08079.
ethyl 5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxylate (11)

r\,l'O /s 70% vyield. Column eluent petroleum
\/OM*HU ether/ethyl acetate from 9/1 to 7/3. 'H-NMR
(400 MHz-DMSO-dg): & = 1.34 (t, J=8 Hz, 3H); 2.27 (s, 3H); 4.38 (q, J=8 Hz,
2H); 7.13 (s, 1H); 7.16 (d, J=8 Hz, 2H); 7.56 (d, J=8 Hz, 2H); 7.69 (s, 1H); 10.38
(s, 1H). >C-NMR (100.6 MHz- DMSO-dg): & = 14.43; 20.86; 62.41; 101.27;
110.39; 117.87; 129.96; 131.22; 138.14; 138.74; 157.03; 159.75; 165.00;
167.40. HRMS (ESI) calculated for CiH1sN303S [M + H]+ 330.0834 found
330.09030.
ethyl 5-(2-((3,5-dichlorophenyl)amino)thiazol-4-yl)isoxazole-3-carboxylate
(12)

¢l 40% vyield. Column eluent petroleum

0
~.© / N’/kN ether/ethyl acetate from 9/1 to 8/2. *H-NMR
0 H Cl
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(400 MHz-DMSO-dg): & = 1.34 (t, J=8 Hz, 3H); 4.38 (q, J=8 Hz, 2H); 7.12 (s,
1H); 7.20 (s, 1H); 7.76 (s, 1H); 7.77 (s, 1H); 7.88 (s, 1H); 10.90 (s, 1H). Be-
NMR (100.6 MHz- DMSO-dg): 0 = 14.41; 62.45; 101.39; 112.27; 115.60;
121.11; 134.81; 138.05; 143.12; 157.04; 159.68; 163.88; 166.98. HRMS (ESI)
calculated for C;5H11Cl,N3O3S [M + H]+ 383.9898 found 383.99709.
4-(3-(4-methoxyphenyl)isoxazol-5-yl)-N-(p-tolyl)thiazol-2-amine (24)
r\/l‘? /,j 99% vyield. During the reaction a precipitate
\OM HQ/ was formed which was collected in vacuo.
'H-NMR (300 MHz-DMSO-dg): 0 = 2.28 (s,
3H); 3.83 (s, 3H); 7.07 (d, J=9 Hz, 2H); 7.15 (d, J=9 Hz, 2H); 7.26 (s, 1H); 7.52
(s, 1H); 7.58 (d, J=9 Hz, 2H); 7.89 (d, J=9 Hz, 2H); 10.33 (s, 1H). BC-NMR
(100.6 MHz- DMSO-dq): 6 = 19.02; 55.80; 99.80; 108.89; 114.95; 117.87,
121.31; 121.31; 128.72; 129.93; 131.08; 138.88; 139.08; 161.26; 162.38;
164.80; 165.95. HRMS (ESI) calculated for CyoH17N30,S [M + H]+ 364.1041
found 364.11142.
N-(3,5-dichlorophenyl)-4-(3-(4-methoxyphenyl)isoxazol-5-yl)thiazol-2-
amine (25)
,\I,—o s cl 43% vyield. During the reaction a precipitate
MANQ was formed which was collected in vacuo.
~o7 N H o,
H-NMR (300 MHz-DMSO-dg): & = 3.83 (s,
3H); 7.07-7.10 (m, 2H); 7.16 (t, J=6 Hz, 1H); 7.23 (s, 1H); 7.70 (s, 1H); 7.76 (d,
J=3 Hz, 2H); 7.87-7.90 (m, 2H); 10.84 (s, 1H). BC-NMR (100.6 MHz- DMSO-
de): & = 55.78; 99.26; 110.89; 114.99; 115.57; 121.05; 121.20; 128.70;
134.85; 139.09; 143.25; 161.29; 162.42; 163.74; 165.54. HRMS (ESI)
calculated for C1gH13CI,N30,S [M + H]+ 418.2964 found 418.01783.
4-(3-(thiazol-4-yl)isoxazol-5-yl)-N-(p-tolyl)thiazol-2-amine (26)
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o 84% yield. Column eluent: petroleum
N '7“/ =L /U ether/ethyl acetate from 8/2. 'H-NMR (300
H MHz-DMSO-dg): & = 2.27 (s, 3H); 7.16 (s, 1H);
7.19 (d, J=5 Hz, 2H); 7.57 (s, 1H); 7.59 (d, J=5 Hz, 2H); 8.45 (d, J=2 Hz; 1H);
9.31 (d, J=2 Hz, 1H); 10.35 (s, 1H).**C-NMR (100.6 MHz- DMSO-dg): & =
20.87; 100.11; 109.35; 117.87; 120.65; 129.95; 131.17; 138.80; 138.84;
145.18; 156.23;158.81; 164.90; 166.10. HRMS (ESI) calculated for
C16H12N40S; [M + H]+ 341.0453 found 341.05253.
N*,N?-bis(3,5-dichlorophenyl)-4'-methyl-[4,5"-bithiazole]-2,2'-diamine (27)

y cl 54% vyield. During the reaction a

C|\©/N\§S{___</)8\N . precipitate was formed which was

L " collected in vacuo. *H-NMR (300 MHz-
DMSO-dg): & = 2.51 (s, 3H); 6.99 (s, 1H); 7.11-7-15 (m, 2H); 7.72-7.76 (m,
4H); 10.72 (s, 1H); 10.75 (s, 1H). NMR (100.6 MHz- DMSO-d): & = 12.2;
104.8; 114.8; 117.3; 119.2; 129.2; 142.4; 145.2; 147.9; 159.5. MS (ESI)
calculated for Ci9H12Cl4N4S, [M + H]+ 500.92, found 500.2. HRMS (ESI)
calculated for C1gH1>Cl4sN4S; [M + H]+ 500.9257 found 500.93303.
4'-methyl-N*, N’ -di-p-tolyl-[4,5"-bithiazole]-2,2'-diamine (28)

H\(s /s /@/ 70% yield. During the reaction a precipitate
/©/ "\'{—[N/)\H was formed which was collected in vacuo.
'H-NMR (300 MHz-DMSO-dg): 0 = 2.26 (s, 3H); 2.30 (s, 3H); 2.47 (s, 3H); 6.88
(s, 1H); 7.11 (d, J=8 Hz, 2H); 7.45 (d, J=9 Hz, 2H) 7.49 (d, J=9 Hz, 2H); 10.26
(s, 1H); 10.75 (s, 1H). NMR (100.6 MHz- DMSO-ds): & = 16.58; 20.82; 20.92;
102.25; 114.56; 115.67; 116.78; 117.55; 119.43; 129.85; 130.17; 130.77;
130.91; 139.01; 142.40; 163.48; 167.04. MS (ESI) calculated for Cy1H,0N4S;
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[M + H]+ 393.54, found 393.4. HRMS (ESI) calculated for Cy1HoN4S; [M +
H]+ 393.1129, found 393.11942
N%-(3,5-dichlorophenyl)-4'-methyl-[4,5'-bithiazole]-2,2'-diamine (29)
N H . s\(NHZ 33% vyield. Reaction mixture was cooled to 0 °C
\©/ fm\N and a precipitate was formed which was
cl collected in vacuo. *H-NMR (300 MHz-DMSO-ds):
0 =2.34 (s, 3H); 6.71 (s, 1H); 7.02 (s, 2H); 7.12 (s, 1H); 7.77 (s, 2H); 10.72 (s,
1H). ®C-NMR (100.6 MHz- DMSO-de): & = 17.49; 101.66; 114.25; 115.24;
120.36; 134.65; 143.60; 143.97; 145.06; 161.80; 166.26. HRMS (ESI)
calculated for C13H1gCIoN4S, [M + H]+ 356.9724, found 356.97922.
4'-methyl-N?-(p-tolyl)-[4,5'"-bithiazole]-2,2'-diamine (30)
Ho s NH, 20% yield. Column eluent: ethyl acetate/methanol
YN\N from 95/5 to 85/15. ‘*H-NMR (300 MHz-DMSO-de):
0 =2.24 (s, 3H); 2.31 (s, 3H); 6.54 (s, 1H); 6.93 (s,
2H); 7.09 (d, J=7 Hz, 2H); 7.50 (d, J=7 Hz, 2H); 10.12 (s, 1H). *C-NMR (100.6
MHz- DMSO-dg): 8 =17.46; 20.81; 99.91; 114.78; 117.39; 129.77; 130.56;
139.23; 143.98; 144.58; 162.96; 166.19. HRMS (ESI) calculated for
C14H14N4S; [M + H]+ 303.0660, found 303.07248.
ethyl 1-methyl-5-(2-(p-tolylamino)thiazol-4-yl)-1H-pyrazole-3-carboxylate
(31)
/K /©/ 81% yield. During the reaction a precipitate

was formed which was collected in vacuo. ‘H-

\Z\

N-
\/O :

NMR (300 MHz-DMSO-dg): & = 1.28 (t, J=6 Hz, 3H); 2.25 (s, 3H); 4.18 (s, 3H);
4.24 (q, J=6 Hz, 2H); 7.09 (s, 1H); 7.13 (d, J=8 Hz, 2H); 7.37 (s, 1H); 7.51 (d,

J=8 Hz, 2H); 10.28 (s, 1H). *C-NMR (100.6 MHz- DMSO-dg): & = 14.7; 20.81;
60.65; 107.65; 108.43; 117.71; 129.91; 130.97; 138.91; 139.41; 139.94;
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141.67; 161.01; 164.29. HRMS (ESI) calculated for Ci7H1sN40>S [M + H]+
343.1150, found 343.12170.

ethyl 5-(2-((3,5-dichlorophenyl)amino)thiazol-4-yl)-1-methyl-1H-pyrazole-
3-carboxylate (32)

al 95% vyield. During the reaction a precipitate

S
/N//k @\ was formed which was collected in vacuo. *H-
N
H “ NMR (300 MHz-DMSO-de): & = 1.27 (t, J=6 Hz,

N-
|

X Z~

\/O

3H); 4.20 (s, 3H); 4.25 (g, J=6 Hz, 2H); 7.13-7.16 (m, 2H); 7.55 (s, 1H); 7.73
(d, J=3 Hz, 2H); 10.82 (s, 1H). *C-NMR (100.6 MHz- DMSO-dg): & = 14.6;
60.7; 108.62; 109.35; 115.51; 120.80; 134.78; 139.05; 140.04; 141.76;
143.27; 161.94; 163.11. HRMS (ESI) calculated for C16H14ClIN4O5S [M + H]+
397.0215, found 397.02363.
N,4-di(pyridin-4-yl)thiazol-2-amine (37)

s 70% vyield. Column eluent: petroleum ether/ethyl
©/[N/ % acetate from 9/1 to 7/3. *H-NMR (400 MHz-DMSO-de): &

=N = 7.87-7-90 (m, 2H); 7.92 (dd, J;= 1.48 Hz J,= 4.56 Hz,

2H); 8.00 (s, 1H); 8.51 (d, J=8 Hz, 2H); 8.65 (dd, J;= 1.48 Hz J,=4.56 Hz, 2H);
11.5 (bs, 1H). **C-NMR (100.6 MHz- DMSO-de): & = 111.37; 112.15; 120.52;
141.09; 146.66; 148.48; 150.16; 150.70; 162.17. MS (ESI) calculated for
Ci3H1oN4sS [M + H]+ 255.06, found 255.2; HRMS (ESI) calculated for
C13H10N4S [M + H]+ 255.0626, found 255.06989.
General procedure for the hydrolysis
The appropriate ester (1 eq) and LiOH H,0 (4 eq) were dissolved in solution
of THF/MeOH/H,0 (3/1/1, 1 mL/mmol) and stirred at room temperature for
different time. The reaction mixture is then evaporated in vacuo, and the

crude is washed with H,0, acidified with HCl 2 N and extracted with ethyl
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acetate. After evaporation of the solvent, the product is used for the next
reaction step without further purification.

5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxylic acid (13)

0 96% yield.'H-NMR (400 MHz-CDCls): & = 2.27 (s,
HO
m Q/ 3H); 7.05 (s, 1H); 7.16 (d, J=6 Hz, 2H); 7.55 (d,
N
H

J=6 Hz, 2H); 7.65 (s, 1H); 10.37 (s, 1H); 14.09 (bs,
1H). ®C-NMR (100.6 MHz- DMSO-de): & = 20.86; 101.40; 110.04; 117.88;
129.95; 131.21; 138.29; 138.76; 157.92; 161.19; 164.98; 167.18. HRMS (ESI)
calculated for C14H11N303S [M + H]+ 302.0521, found 302.05902.

5-(2-((3,5-dichlorophenyl)amino)thiazol-4-yl)isoxazole-3-carboxylic  acid

o o (14)
HO I8 Q 77% yield. *H-NMR (400 MHz-DMSO-dg): & =
0 NNy
H € 7.03 (s, 1H); 7.20 (s, 1H); 7.76 (s, 1H); 7.77 (s,

1H); 7.84 (s, 1H); 10.89 (s, 1H); 14.10 (bs, 1H). *C-NMR (100.6 MHz- DMSO-

de): & = 101.50; 111.95; 115.61; 121.10; 134.82; 138.21; 143.15; 158.07;

161.13; 163.86; 166.78. HRMS (ESI) calculated for C33H;CI;N303S [M + H]+

355.9585 found 355.96579.

1-methyl-5-(2-(p-tolylamino)thiazol-4-yl)-1H-pyrazole-3-carboxylic acid
0 (33)

HO™ N\ /i @ 78% vyield. "H-NMR (300 MHz- DMSO-d): & =
N-N N N

-

2.27 (s, 3H); 4.15 (s, 3H); 6.98 (s, 1H); 7.13 (d,
J=8 Hz, 2H); 7.31 (s, 1H); 7.51 (d, J=8 Hz, 2H); 10.29 (s, 1H); 14.09 (bs, 1H).
BC-NMR (100.6 MHz- DMSO-d): & = 20.82; 65.39; 107.32; 108.44; 117.64;
129.92; 130.91; 138.94; 139.27; 139.67; 140.26; 140.38; 164.19. HRMS (ESI)
calculated for C15sH14N40,S [M + H]+ 315.0837, found 315.09073.
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5-(2-((3,5-dichlorophenyl)amino)thiazol-4-yl)-1-methyl-1H-pyrazole-3-

o cl carboxylic acid (34)
HOMi Q 98% yield. "H-NMR (300 MHz-DMSO-d): & =
~N N Cl
H 4.18 (s, 3H); 7.05 (s, 1H); 7.14 (t, J=2 Hz, 1H);

-

7.50 (s, 1H); 7.80 (d, J=2 Hz, 2H); 11.23 (s, 1H); 13.10 (bs, 1H). *C-NMR
(100.6 MHz- DMSO-dg): & = 45.22; 108.52; 109.19; 115.45; 120.51; 134.65;
139.00; 140.01; 143.12; 143.55; 163.10; 163.53. HRMS (ESI) calculated for
C14H10CI2N405S [M + H]+ 368.6902 found 368.99743.
General procedure for secondary and tertiary amide formation
To a solution of the appropriate carboxylic acid (1 eq) in dry DMF (4
mL/mmol) were added O-(Benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
tetrafluoroborate (TBTU) (1 eq) and N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC HCI) (1 eq). Reaction mixture was
stirred at room temperature under N, for 15 minutes, then triethylamine
(1.5 eq) and the opportune amine (1 eq). The mixture was stirred at the
same temperature until the complete consumption of the starting material.
H,O was added and it was extacted with ethyl acetate. The organic layers
were washed with brine and dried over Na,SO,. After filtration, the solvent
was removed in vacuo and the crude material was purified by silica gel
chromatography column. Column eluent, yields and analytical data are
reported below.
N-((3s,5s,7s)-adamantan-1-yl)-5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-
carboxamide (15)

O»_(\')I}_NH 25% vyield. Column eluent: pe:roleum

\\,o ether/ethyl acetate from 9/1 to 8/2. "H-NMR

@NH " (400 MHz-DMSO-dg): & = 1.67 (s, 6H); 2.08 (s,
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9H); 2.28 (s, 3H); 7.01 (s, 1H); 7.16 (d, J= 8 Hz, 2H); 7.55 (d, J=8 Hz, 2H); 7.61
(s, 1H); 7.91 (s, 1H); 11.37 (s, 1H). 6 = 20.82; 36.37; 36.58; 38.76; 39.67;
40.67; 41.18; 41.58; 52.58; 100.99; 112.55; 115.70; 121.10; 134.93; 139.37;
143.18; 159.05; 160.55; 167.05. HRMS (ESI) calculated for Cy4H26N40,S [M +
H]+ 435.1776 found 435.18451.
N-((3s,5s,7s)-adamantan-1-yl)-5-(2-((3,5-dichlorophenyl)amino)thiazol-4-

yl)isoxazole-3-carboxamide (16)

45% vyield. Column eluent: petroleum

0
S
HN)N/)\ 1
@/ N~g N~ NH ether/ethyl acetate from 9/1 to 8/2. "H-
2,

NMR (400 MHz-DMSO-dg): 0 = 1.67 (s, 6H);
° 2.08 (s, 9H); 6.98 (s, 1H); 7.76 (d, J=4 Hz,
2H); 7.79 (s, 1H); 7.94 (s, 1H); 10.89 (s, 1H). *C-NMR (100.6 MHz- DMSO-
de): 0 = 36.38; 36.53; 38.71; 39.37; 40.62; 41.11; 41.48; 52.54; 100.55;
111.65; 115.60; 121.10; 134.83; 138.37; 143.18; 158.05; 160.45; 166.05.
HRMS (ESI) calculated for Cy3H»,Cl,N4O,S [M + H]+ 489.0841 found
489.07029.
N-phenyl-5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxamide (17)
HW,? 85% vyield. Column eluent: petroleum
@( T N~ HU ether/ethyl acetate 7/3. "H-NMR (300 MHz-
DMSO-dg): 6 = 2.27 (s, 3H); 7.16-7.19 (m,
4H); 7.37-7.41 (m, 2H); 7.56 (d, J=9 Hz, 2H); 7.79 (d, J=9 Hz, 2H); 7.67 (s, 1H);
10.39 (s, 1H); 10.74 (s, 1H). *C-NMR (100.6 MHz- DMSO-dg): & = 20.87;
100.75; 110.06; 117.92; 121.09; 124.93; 129.22; 129.97; 131.27; 138.34;
138.50; 138.77; 157.88; 160.07; 165.03; 166.89. HRMS (ESI) calculated for
Co0H16N40,S [M + H]+ 377.0994 found 377.10677.
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N-(pyridin-2-yl)-5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxamide
(18)

N HWj /@/ 85% yield. Column eluent: petroleum
O I N N ether/ethyl acetate 8/2. *H-NMR (300 MHz-

DMSO-dg): & = 2.27 (s, 3H); 7.16-7.31 (m,

4H); 7.57 (d, J=9 Hz, 2H); 7.66 (s, 1H); 7.89-7.92 (m, 1H); 8.12 (d, J=9 Hz, 2H);
8.42 (s,1H); 10.39 (s, 1H); 10.82 (s, 1H). *C-NMR (100.6 MHz- DMSO-dg): & =
20.87; 100.68; 110.07; 115.34; 117.87; 121.12; 129.96; 131.22; 138.34;
138.79; 138.94; 148.74; 151.33; 158.09; 159.57; 164.97; 166.98. HRMS (ESI)
calculated for C;9H15N50,S [M + H]+ 378.0946 found 378.08651.
N-methyl-5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxamide (19)

40% yield. Column eluent:

N-O S
<L T, 1
~ N N dichloromethane/methanol 95/5. "H-NMR (300

(0]
MHz-DMSO-de): 8 = 2.26 (s, 3H); 2.78(d, J=5 Hz,

3H); 7.03 (s, 1H); 7.15 (d, J=6 Hz, 2H); 7.55 (d, J=6 Hz, 2H); 7.62 (s, 1H); 8.76
(d, J=5 Hz, 1H); 10.38 (s, 1H). BC-NMR (100.6 MHz- DMSO-dg): 6 = 20.86;
53.34; 101.30; 110.42; 117.89; 129.96; 131.23; 138.12; 138.74; 156.84;
160.22; 165.02; 167.44. HRMS (ESI) calculated for CisH1sN4O,S [M + H]+
315.0837 found 315.09102.
piperidin-1-yl(5-(2-(p-tolylamino)thiazol-4-yl)isoxazol-3-yl)methanone (20)
G\IW/? /@/ 31% vyield. Column eluent: petroleum
! N N ether/ethyl acetate 7/3. 'H-NMR (300 MHz-
DMSO-de): & = 1.55-1.64 (m, 6H); 2.27 (s, 3H); 3.51 (s, 2H); 3.63 (s, 2H); 6.95
(s, 1H); 7.14 (d, J=9 Hz, 2H); 7.55 (d, J=9 Hz, 2H); 7.60 (s, 1H); 10.36 (s,
1H).13C—NMR (100.6 MHz- DMSO-dg): 06 = 20.84; 24.33; 25.69; 26.66; 43.00;
47.95; 101.15; 109.79; 117.86; 129.93; 131.19; 138.41; 138.79; 159.25;

147



159.46; 164.91; 165.85. HRMS (ESI) calculated for CioH»oN40,S [M + H]+
369.1307 found 369.13697.
N,N-diethyl-5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxamide (21)
\\ -0 36% vyield. Column eluent: petroleum
- * ether/ethyl acetate 7/3. 'H-NMR (400 MHz-
DMSO-de): & = 1.14-1.19 (m, 6H); 2.27 (s, 3H);
3.41-3.51 (m, 4H); 6.99 (s, 1H); 7.15 (d, J=8 Hz, 2H); 7.57 (d, J=8 Hz, 2H);
7.62 (s, 1H); 10.38 (s, 1H).>*C-NMR (100.6 MHz- DMSO-dg): & = 13.13; 14.98;
20.86; 38.90; 43.30; 101.20; 109.82; 117.86; 129.93; 131.16; 138.40;
138.80; 159.76; 160.32; 164.90; 165.75. HRMS (ESI) calculated for
C18H20N40,S [M + H]+ 357.1307 found 357.13742.
N,N-diethyl-1-methyl-5-(2-(p-tolylamino)thiazol-4-yl)-1H-pyrazole-3-
/ carboxamide (35)
\\ 'j * /©/ 66% yield. Column eluent:
dichloromethane/methanol  98/2. 'H-NMR
(400 MHz-DMSO-dg): & = 1.13-1.23 (m, 6H); 2.26 (s, 3H); 3.41-3.43 (m, 2H);
3.68-3.68 (m, 2H); 4.14 (s, 3H); 6.86 (s, 1H); 7.14 (d, J=8 Hz, 2H); 7.29 (s, 1H);
7.53 (d, J=8 Hz, 2H); 10.80 (s, 1H). BC-NMR (100.6 MHz- DMSO-dg): 0 =
13.29; 15.09; 20.82; 42.93; 107.13; 107.89; 117.66; 129.91; 130.90; 138.42;
138.99; 140.44; 146.29; 162.90; 164.20. HRMS (ESI) calculated for
C19H23NsOS [M + H]+ 370.1623 found 370.16904.
5-(2-((3,5-dichlorophenyl)amino)thiazol-4-yl)-N,N-diethyl-1-methyl-1H-

/ Cl pyrazole-3-carboxamide (36)
N s |
N ZERNEN 71% yield. Column eluent:
i N cl .
0 dichloromethane/methanol 95/5. "H-NMR

(400 MHz-DMSO-dg): & = 1.14-1.19 (m, 6H); 3.41-3.43 (m, 2H); 3.67-3.69 (m,
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2H); 4.16 (s, 3H); 6.91 (s, 1H); 7.15 (s, 1H); 7.48 (s, 1H); 7.76 (s, 2H); 10.80 (s,
1H). ®C-NMR (100.6 MHz- DMSO-dg): & = 13.28; 15.08; 42.96; 108.03;
108.90; 115.50; 120.76; 134.79; 138.04; 140.41; 143.34; 146.34; 162.80;
163.04. HRMS (ESI) calculated for C14H10CI;N4O5S [M + H]+ 424.0687 found
424.07583.
Synthesis of 5-(2-(p-tolylamino)thiazol-4-yl)isoxazole-3-carboxamide (22)
N-Q /~s A suspension of compound 37 (50 mg; 0.15
HZNM,Q /©/ ) ) .

X N mmol) in NH4OH (2 ml) was stirred overnight at
room temperature. Then water (8 mL) was added to the mixture and it was
extracted with ethyl acetate (3*10 mL). The organic layers were washed
with brine and dried over Na,SO,. After filtration, the solvent was removed
in vacuo and the crude material was purified by silica gel flash
chromatography column eluting with petroleum ether/ethyl acetate 7/3
and then ethyl acetate. 82% Yield. *H-NMR (400 MHz-DMSO-dq): & = 2.27 (s,
3H); 7.02 (s, 1H); 7.16 (d, J=8 Hz, 2H); 7.55 (d, J=8 Hz, 2H); 7.62 (s, 1H); 7.90
(s, 1H); 8.20 (s, 1H); 10.30 (s, 1H). *C-NMR (100.6 MHz- DMSO-de): & =
20.86; 100.49; 109.72; 117.88; 129.95; 131.22; 138.43; 138.78; 159.83;
160.49; 164.95; 166.73. HRMS (ESI) calculated for Ci4H1,N40,S [M + H]+
301.0681 found 301.07501.

Synthesis of (5-(2-(p-tolylamino)thiazol-4-yl)isoxazol-3-yl)methanol (23)
To a cooled to 0 °C solution of compound (ethyl
MiN/Q/ ester) (20 mg; 0.06 mmol) in dry methanol (1 mL)
OH " was added Sodium borohydride (14 mg; 0.36 mmol).
Reaction mixture was stirred at room temperature for 30 minutes. After the
complete consumption of the starting material, the mixture was cooled to 0

°C and an aqueous saturated solution of ammonium chloride (5 mL) was
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added. The aqueous layer was extracted with ethyl acetate (3*8 mL). The
organic layers were washed with brine and dried over Na,SO,. After
filtration, the solvent was removed in vacuo. The crude material was
purified by silica gel flash chromatography column eluting with
dichloromethane/methanol from 98/2 to 95/5. 93% Yield. *H-NMR (400
MHz-CDCl3): 8 = 2.38 (s, 3H); 4.84 (s, 2H); 6.66 (s, 1H); 7.14 (s, 1H); 7.23-7.27
(m, 2H); 7.29-7.31(m, 2H). C-NMR (100.6 MHz- DMSO-dg): & = 20.86;
55.45; 100.49; 108.58; 117.78; 129.92; 131.12; 138.87; 139.10; 164.78;
165.30; 165.49. HRMS (ESI) calculated for C14H13N30,S [M + H]+ 288,0728
found 288.07965.
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5.1.2 Novel and efficient synthesis of 2-aminooxazoles

1-(4-methoxyphenyl)ethanone (97)
o To a solution of 1-(4-hydroxyphenyl)ethanone (2000 mg;
14.7 mmol) in acetone (6 mL) was added potassium
° carbonate (6000 mg; 44.0 mmol) and iodomethane (1800 pL;
29.0 mmol). Reaction mixture was heated to 60°C overnight and checked by
TLC with eluent petroleum ether/ethyl acetate 8/2. The mixture was
qguenched with H,0, was extracted with ethyl acetate and was purified by
flash chromatography column petroleum ether/ethyl acetate from 9/1 to
8/2. 98% yield. "H-NMR (300 MHz-CDCl3): & = 2.48 (s, 3H); 3.83 (s, 3H); 7.10
(d, J=6 Hz, 1H); 7.83 (d, J= 6 Hz, 1H).
ethyl 5-acetylisoxazole-3-carboxylate (43)
Ow\{o To a cooled to 0 °C solution of ethyl 2-chloro-
5 2(hydroxyimino)acetate (1627 mg; 10.7 mmol) and 3-butyn-
r 2-one (1680 uL; 21.47 mmol) in benzene (19 mL) was added
triethylamine (1498 uL; 10.7 mmol) dropwise. Reaction mixture was stirred
at 60 °C for 1 hour. After this time, HClI 1N was added to the mixture and it
was extracted with ethyl acetate. The organic layers were washed with
water, brine and dried over Na,SO,. After filtration, the solvent was
removed in vacuo and the crude material was purified by silica gel
chromatography column with eluent petroleum ether/ethyl acetate 9/1.
55% yield. "H-NMR (300 MHz-CDCl3): & = 1.34 (t, J=6 Hz, 3H); 2.65 (s, 3H);
4.43 (q, J=6 Hz, 2H); 7.26 (s, 1H).
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General procedure for the bromination

To a solution of the opportune ketone (1 eq) in chloroform (1.5 mL/mmol)
was added acetic acid (0.1 mL/mmol) and reaction mixture was heated to
50 °C. Then a solution of bromine (1.05 eq) in chloroform (0.4 mL/mmol)
was added dropwise. The mixture was stirred at the same temperature for
2 hours. After the complete consumption of the starting material, a
saturated aqueous solution of NaHCO3; was added and the aqueous layer
was extracted with chloroform. The crude material was purified by silica gel
flash chromatography. The analytical data obtained matched those
reported in literature. Column eluent and yields are reported below.
2-bromo-1-(p-tolyl)ethanone (68)

o Column eluent: petroleum ether/ethyl acetate 95/5.
Q)@Br 88% yield

2-bromo-1-(o-tolyl)ethanone (78)

o Column eluent: petroluem ether/ethyl acetate 95/5
B
& " 68 % yield

2-bromo-1-(4-fluorophenyl)ethanone (79)

o Column eluent: petroleum ether/ethyl acetate 97/3
Br
M 77 % yield
EONF

2-bromo-1-(m-tolyl)ethanone (80)

Column eluent: petroleum ether/ethyl acetate 98/2

(0]
Br
86% vyield
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2-bromo-1-(3-bromophenyl)ethanone (81)
o Column eluent: petroleum ether/ethyl acetate 98/2

95% yield.

-

Br

2-bromo-1-(2-bromophenyl)ethanone (82)

0 column eluent: petroleum ether/ethyl acetate 95/5
Br

2

60% yield
Br
2-bromo-1-(4-methoxyphenyl)ethanone (98)
o} Column eluent: petroleum ether/ethyl acetate 9/1.

Br
85% yield.

:

ethyl 5-(2-bromoacetyl)isoxazole-3-carboxylate (46)

N- The intermediate was used for the next step without further
0 Y

&

N By purification. Quantitative yield.

f

2-bromo-1-(2-fluoro-5-(trifluoromethyl)phenyl)ethanone (101)

F O Column eluent: petroleum ether/ethyl acetate 97/3.
Br

97% yield.

%

CF3
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General procedure for the condensation reaction

* Conventional heating

To a solution of a-bromoketones (1 eq) in dry DMF (3 mL/mmol) was added
urea (10 eq). Reaction mixture was heated to 120°C and was stirred at the
same temperature until the complete consumption of the starting material.
The reaction was quenched with H,0, extracted with ethyl acetate and

purified by flash column chromatography.

* Microwave irradiation

To a solution of a-bromoketones (1 eq) in dry DMF (3 mL/mmol) was added
urea (10 eq).

Reaction mixture was irradiated in a microwave:

Temperature: 120°C

Time: 3 minutes

Pressure: 250 psi

Power: 300 W

Power max: off

The reaction was monitored by TLC. After the complete consumption of the
starting material, the mixture was quenched with H,0, extracted with ethyl

acetate and purified by flash column chromatography.

Column eluent, yield and analytical data are reported below.
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4-(p-tolyl)oxazol-2-amine (70)
o Column eluent: petroleum ether/ethyl acetate 8/2
| >—NH,

/©/[N 66% vield

'H-NMR (300 MHz; DMSO-dg): & = 2.29 ppm (s; 3H); 6.67
ppm (s; 2H); 7.15 ppm (d; J = 6 Hz; 2H); 7.54 ppm (d; J = 6 Hz; 2H); 7.80 ppm
(s; 1H).
4-(o-tolyl)oxazol-2-amine (83)

I (2>\NH2 Column eluent: petroleum ether/ethyl acetate 8/2
@([ N 52% yield
'H-NMR (300 MHz; DMSO-dg): & =

4-(4-fluorophenyl)oxazol-2-amine (84)

0 Column eluent: petroleum ether/ethyl acetate 7/3
/ N/>\NH2
53% yield
F

'H-NMR (400 MHz; DMSO-dg): & = 6.75 ppm (s, 2H); 7.20
ppm (d; J = 8 Hz; 2H); 7.66 ppm (d; J = 8 Hz); 7.86 ppm (s; 1H).
4-(m-tolyl)oxazol-2-amine (85)
column eluent: petroleum ether/ethyl acetate 8/2
52% yield
'H-NMR (300 MHz; DMSO-d¢): & =

0

4-(3-bromophenyl)oxazol-2-amine (86)

column eluent: petroleum ether/ethyl acetate 8/2
57% vield

Br 'H-NMR (300 MHz; DMSO-d¢): & =

0
[ )—NH,
N

4-(2-bromophenyl)oxazol-2-amine (87)

I 0>\ Column eluent: petroleum ether/ethyl acetate 8/2
7 NH2
@E N 40% yield

Br
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'H-NMR (300 MHz; DMSO-dg): & = 6.81 ppm (s; 2H); 7.24 ppm (td; J1= 1.77
Hz, J, = 7.62 Hz; 1H); 7.46-7.40 ppm (m, 1H); 7.69 ppm (dd; ; J;= 1.77 Hz, J,
=7.62 Hz; 1H); 7.93 ppm (dd; J; = 3 Hz, J, = 8 Hz; 1H); 8.04 ppm (s, 1H).
4-(4-methoxyphenyl)oxazol-2-amine (99)

Column eluent: petroleum ether/ethyl acetate 7/3

@/E PN 380t vield

'H-NMR (300 MHz; DMSO-dg): 6 = 2.26 ppm (s, 3H);
6.97 ppm (s, 2H); 7.58 ppm (d, J = 8 Hz, 2H); 7.70 ppm (d, J = 8 Hz, 2H); 8.00
ppm (s, 1H).
4-(2-fluoro-5-(trifluoromethyl)phenyl)oxazol-2-amine (102)

E 0 Column eluent: petroleum ether/ethyl acetate 7/3
| )—NH,
N 25% yield
CF, 'H-NMR (300 MHz; DMSO-dg): & = 6.97 ppm (s, 2H); 7.56

ppm (t, J = 10 Hz, 1H); 7.71 ppm (d, J = 3 Hz, 1H); 7.86 (d, J = 3 Hz, 1H); 8.00
ppm (s, 1H).

ethyl 5-(2-aminooxazol-4-yl)isoxazole-3-carboxylate (103)

i o) Column eluent: petroleum ether/ethyl acetate 5/5
0 2~NH
NCJTTN T 49% vield
_\O

5 'H-NMR (400 MHz; DMSO-dg): & = 1.35 ppm (t, J = 8
Hz, 3H); 4.41 ppm (g, J = 8 Hz, 2H); 6.90 ppm (s, 1H); 7.07 ppm (s, 2H); 8.16

ppm (s, 1H).
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General procedure for the Buchwald-Hartwig cross coupling

* Conventional heating

A solution of 2-aminooxazole (1 eq), aryl halide (0.5 eq), NaOtBu (1 eq) in t-
Butanol (0.5 mL/mmol) and dry toluene (2.5 mL/mmol) was stirred under
argon flux for 15 minutes. After this time, X-Phos Pd G2 (0.1 eq) was added
and the reaction mixture was heated and stirred at 130 °C for 1 hour. After
the complete consumption of the starting material, the mixture was
qguenched with H,0, was extracted with ethyl acetate and purified by flash

column chromatography.

* Microwave irradiation

In a 10 mL test tube for microwave, a solution of 2-aminooxazole (1 eq),
aryl halide (0.5 eq), NaOtBu (1 eq) in t-Butanol (0.5 mL/mmol) and dry
toluene (2.5 mL/mmol) was stirred under argon flux for 15 minutes. After
this time, X-Phos Pd G2 (0.1 eq) was added and the reaction mixture was
irradiated in a microwave:

Temperature: 130°C

Time: 15 minutes

Pressure: 250 psi

Power: 300 W

Power max: off

The reaction was monitored by TLC. After the complete consumption of the
starting material, the mixture was quenched with H,0, extracted with ethyl

acetate and purified by flash column chromatography.

Column eluent, yield and analytical data are reported below.
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N-phenyl-4-(p-tolyl)oxazol-2-amine (71)
Column eluent: petroleum ether/ethyl acetate 96/4
0 @ 51% yield
| >—NH 1
/©/EN H-NMR (300 MHz; DMSO-dg): 6 = 2.33 ppm (s, 3H);
6.95 ppm (m, 1H); 7.25 ppm (d, J = 6 Hz, 2H); 7.33 ppm
(t, J = 6 Hz, 2H); 7.72-7.66 (m, 4H); 8.10 ppm (s, 1H); 10.16 ppm (bs, 1H).
N-(4-fluorophenyl)-4-(p-tolyl)oxazol-2-amine (72)
r Column eluent: petroleum ether/ethyl acetate 96/4
o Q 53% yield
/©/EN/ NH 'H-NMR (400 MHz; DMSO-dg): & = 2.33 ppm (s, 3H);
7.17-7.25 ppm (m, 4H); 7.67 ppm (d, J = 8 Hz, 2H);
7.72-7.74 (m, 2H); 8.10 ppm (s, 1H); 10.2 ppm (bs, 1H).
BC-NMR (100.6 Mhz; DMSO-dg): 6 = 21.34; 115.82; 116.04; 118.30; 118.37;
125.31; 127.89; 129.65; 136.47; 137.32; 139.34; 157.17.
N-(4-methoxyphenyl)-4-(p-tolyl)oxazol-2-amine (73)

\ Column eluent: petroleum ether/ethyl acetate 97/3
o)

34% yield
9 N:Q 'H-NMR (400 MHz; DMSO-dg): & = 2.33 ppm (s, 3H);
/©/EN 3.73 ppm (s, 3H); 6.92 ppm (d, J = 8 Hz; 2H); 7.24 (d, )
= 8 Hz, 2H); 7.64 ppm (m; 4H); 8.05 ppm (s, 1H); 9.93 ppm (bs, 1H).
BC-NMR (100.6 Mhz; DMSO-d¢): 6 = 21.34; 55.67; 114.67; 118.38; 125.38;
127.59; 129.26; 129.63; 133.41; 137.21; 139.37; 154.36; 157.18.
N-(3-methoxyphenyl)-4-(p-tolyl)oxazol-2-amine (74)

y; Column eluent: petroleum ether/ethyl acetate

0 QO
I N/>\NH 97/3
59% yield
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'H-NMR (400 MHz; DMSO-dg): & = 2.33 ppm (s, 3H); 3.77 ppm (s, 3H); 6.54-
6.56 ppm (m, 1H); 7.21-7.25 (m, 4H); 7.45 ppm (s, 1H); 7.65 ppm (d, J = 8
Hz, 2H); 8.10 ppm (s, 1H); 10.17 ppm (bs, 1H).
C-NMR (100.6 Mhz; DMSO-ds): & = 21.34; 55.36; 103.00; 106.19; 109.55;
125.28; 127.89; 129.12; 129.69; 130.19; 137.31; 139.40; 141.14; 157.03;
160.34.
N-(2-methoxyphenyl)-4-(p-tolyl)oxazol-2-amine (75)

Q Column eluent: petroleum ether/ethyl acetate 97/3

0
| % vi
/©/EN>\NH 0 71% yield
'H-NMR (400 MHz; DMSO-dg): & = 2.33 ppm (s, 3H);

3.85 ppm (s, 3H); 6.97-7.05 ppm (m, 3H); 7.24 (d, J = 8 Hz, 2H); 7.64 ppm (d,
J =8 Hz; 2H); 8.10 ppm (s, 1H); 8.26-8.27 ppm (m, 1H); 9.08 ppm (bs, 1H).
BC-NMR (100.6 Mhz; DMSO-dg): 6 = 6 = 21.34; 55.36; 103.00; 106.19;
109.55; 125.28; 127.89; 129.12; 129.69; 130.19; 137.31; 139.40; 141.14;
157.03; 160.34.
N-(2-fluorophenyl)-4-(p-tolyl)oxazol-2-amine (76)
Q Column eluent: petroleum ether/ethyl acetate 97/3
HL o 59% yield

(0]
)@I/ N
N
'H-NMR (400 MHz; DMSO-dg): & = 2.33 ppm (s, 3H);

7.01-7.06 ppm (m, 1H); 7.23-7.28 (m, 4H); 7.66 ppm (d, J = 8 Hz, 2H); 8.13
ppm (s, 1H); 8.32-8.44 (t, ) = 8 Hz, 1H); 9.94 ppm (bs, 1H).

BC-NMR (100.6 Mhz; DMSO-dg): 6 = 21.34; 115.65; 115.85; 120.31; 122.94;
123.01; 125.33; 127.80; 128.46; 129.01; 129.67; 137.37; 139.42; 157.18.
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N-(3-fluorophenyl)-4-(p-tolyl)oxazol-2-amine (77)
QF Column eluent: petroleum ether/ethyl acetate 97/3
; ?>\NH\ 37% yield
/©/EN 'H-NMR (300 MHz; DMSO-dg): & = 2.33 ppm (s, 3H);
6.75-6.80 ppm (m, 1H); 7.24-7.26 (d, J = 6 Hz, 2H); 7.35-7.42 ppm (m, 2H);
7.65-7.71 (m, 3H); 8.14 ppm (s, 1H); 10.45 ppm (bs, 1H). **C-NMR (100.6
Mhz; DMSO-dg): 6 = 22.34; 114.35; 115.65; 121.31; 121.94; 123.01; 126.42;
127.50; 128.33; 129.09; 129.55; 137.77; 139.24; 157.19.
N-(2-fluorophenyl)-4-(o-tolyl)oxazol-2-amine (88)
Column eluent: petroleum ether/ethyl acetate 97/3
@i[}\NQ 40% yield. 'H-NMR (300 MHz; DMSO-dg): & = 2.53 ppm
(s, 3H); 6.75-6.84 ppm (m, 4H); 7.29-7.33 (m, 3H); 7.35-
7.38 ppm (m, 1H); 8.06 ppm (s, 1H); 10.43 ppm (bs, 1H). *C-NMR (100.6
Mhz; DMSO-dg): 6 = 21.32; 115.33; 115.65; 120.31; 121.55; 122.99; 123.15;
124.35; 125.33; 127.88; 128.99; 129.11; 129.67; 137.88; 139.42; 157.18.
4-(4-fluorophenyl)-N-(2-methoxyphenyl)oxazol-2-amine (89)
Q Column eluent: petroleum ether/ethyl acetate 98/2

0
| % vi
/@/[N%NH 0 70% yield
. 'H-NMR (400 MHz; DMSO-dg): & = 3.89 ppm (s, 3H);

6.58-7.02 ppm (m, 3H); 7.27 (t, J = 4 Hz, 2H); 7.82-7.85 ppm (m, 2H); 8.15
ppm(s, 1H); 8.28 ppm (t, J = 4 Hz, 1H); 9.17 ppm (bs, 1H). *C-NMR (100.6
Mhz; DMSO-dg): 8 = 56.21; 111.51; 115.93; 116.14; 118.24; 121.08; 122.67;
125.95; 127.30; 128.39; 138.53; 148.65; 157.63; 163.22.
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N-(2-methoxyphenyl)-4-(m-tolyl)oxazol-2-amine (90)
Column eluent: petroleum ether/ethyl acetate 98/2.
, }\N:Ql 37% yield. "H-NMR (400 MHz; DMSO-dg): & = 2.33 ppm
(s, 3H); 3.85 ppm (s, 3H); 6.97-7.05 ppm (m, 4H); 7.45-
7.50 (m, 3H); 7.78 ppm (s; 1H); 8.13 ppm (s, 1H); 8.26-
8.27 ppm (m, 1H); 9.08 ppm (bs, 1H). *C-NMR (100.6 Mhz; DMSO-dg): & =
21.34; 55.36; 103.00; 106.19; 109.55; 125.28; 127.89; 129.12; 129.69;
130.19; 137.31; 139.40; 141.14; 157.03; 160.34.
4-(3-bromophenyl)-N-(2-fluorophenyl)oxazol-2-amine (91)
Q Column eluent: petroleum ether/ethyl acetate 97/3
“ / '?>\NH ¢ 35% vyield. '"H-NMR (400 MHz; DMSO-dg): & =6.61-6.63
'/ (m, 2H); 6.97-6.69 (m, 2H); 7.40-7.46 (m, 2H); 7.56-7.60
o (m, 2H); 8.02 (s, 1H); 11.20 (bs, 1H). *C-NMR (100.6
Mhz; DMSO-dg): 6 =116.30; 122.33; 123.40; 123.88; 125.33; 126.10; 126.58;
128.10; 128.40; 131.02; 135.05; 139.40; 140.44; 154.30; 160.69.
4-(2-bromophenyl)-N-(2-fluorophenyl)oxazol-2-amine (92)
Q Column eluent: petroleum ether/ethyl acetate 9/1

Br I'\?)\NH . 15%yield
IH-NMR (400 MHz; DMSO-dg): & = 5.76 ppm (s, 1H);

7.12-7.18 (m, 2H); 7.35-7.38 ppm (m, 2H); 7.46 ppm (d, J = 8 Hz, 2H); 8.12
ppm (d, J = 8 Hz, 2H); 11.24 ppm (bs, 1H). *C-NMR (100.6 Mhz; DMSO-dg): &
= 111.51; 115.93; 116.14; 118.24; 121.08; 122.67; 125.95; 127.30; 127.38;
128.39; 128.72; 138.53; 148.65; 157.63; 163.22.
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4-(4-methoxyphenyl)-N-(p-tolyl)oxazol-2-amine (93)
@ Column eluent: dichloromethane/methanol 91/1
I §>\NH 110% yield
| H-NMR (400 MHz; DMSO-dg): 6 = 3.26 ppm (s, 3H);
0 3.79 ppm (s, 3H); 6.98 ppm (d, J = 8 Hz, 2H); 7.12-
7.18 ppm (m, 1H); 7.58 ppm (d, J = 8 Hz, 2H); 7.70 ppm (d, J = 8 Hz, 2H);
8.00 ppm (s, 1H); 9.98 ppm (bs, 1H). *C-NMR (100.6 Mhz; DMSO-dg): & =
111.51; 115.93; 116.14; 118.24; 121.08; 122.67; 125.95; 127.30; 127.38;
128.39; 128.72; 138.53; 148.65; 157.63; 163.22.
4-(2-fluoro-5-(trifluoromethyl)phenyl)-N-(p-tolyl)oxazol-2-amine (94)
Q Column eluent: petroleum ether/ethyl acetate 98/2
0

. 31% yield

[ >—NH
N 'H-NMR (300 MHz; DMSO-dg): 6 = 2.26 ppm (s, 3H); 7.18

&F, ppm (d, J = 9 Hz, 2H); 7.53-7.62 ppm (m, 3H); 7.76-7.79
ppm (m, 1H); 8.11 ppm (d, J = 4 Hz, 1H); 8.22 ppm (d, J = 4 Hz, 1H); 10.24
ppm (bs, 1H).
ethyl 5-(2-(p-tolylamino)oxazol-4-yl)isoxazole-3-carboxylate (95)

Column eluent: petroleum ether/ethyl acetate
[3-
NN

o 9/1
N\ / 0 .
=, 16% vyield
0 'H-NMR (400 MHz; DMSO-dg): & = 1.35 ppm (t, J =

8 Hz, 3H); 2.27ppm (s, 3H); 4.41 ppm (g, J = 8 Hz, 2H); 7.10 ppm (s, 1H);
7.15-7.17 ppm (d, J = 2Hz, 2H); 7.53-7.55 (d, J = 8 Hz, 2H); 8.42 ppm (s, 1H),
10.33 (bs, 1H).13C—NMR (100.6 MHz; DMSO-dg): & = 14.42; 20.82; 62.45;
101.52; 117.39; 129.86; 131.05; 132.72; 136.99; 156.56; 136.99; 156.56;
158.31; 159.31; 159.35; 165.12.
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5.1.3 Rational design and synthesis of Thioridazine analogues as

enhancers of the antituberculosis therapy

N-Isopropyl-3,4-dimethoxy-N-(2-(1-methylpiperidin-2-yl)-ethyl)aniline
(104)
e To a solution of 117 (60 mg; 0.38 mmol) in dry toluene (2
\OJQ\NJ\ mL) was added sodium amide (120 mg; 3.07 mmol) and
2- (2-chloroethyl)piperidine hydrochloride (244 mg; 1.23
mmol). The reaction mixture was stirred and heated in a
microwave oven at 140 °C for 30 min. After quenching with brine (25 mL),
the mixture was extracted with ethyl acetate (3 x 10 mL), and the combined
organic layers were dried over anhydrous Na2SO4 and evaporated under
reduced pressure. The crude material was then purified through flash
chromatography, eluting with dichloromethane/methanol 9/1. Yield: 16%.
'H-NMR (400 MHz-CDCls): & 1.10-1.15 (m, 6 H); 1.20-1.87 (m, 8H), 2.30-2.35
(bs, 5H); 2.95-3.10 (m, 2H), 3.15-3.25 (m, 1H); 3.65-3.75 (m, 1H); 3.84 (s,
3H); 3.87, (s, 3H); 6.41 (d, J = 9 Hz, 1H); 6.49 (s, 1H); 6.79 (d, J = 9 Hz, 1H).
3C NMR (100.6 MHz- CDCls): 8 19.4, 20.2, 23.3, 28.3, 41.3, 53.8, 55.9, 56.3,
105.6, 111.9, 142.6, 143.7, 149.5. HRMS (ESI) calculated for C19H3,N,0, [M +
H]+ 321.2464, found 321.25365.
2-(3,4-Dimethoxyphenyl)-2-isopropyl-4-(1-methylpiperidin-2-
yl)butanenitrile (105)
0 To a solution of 118 (70 mg; 0.31 mmol) in dry Toluene (2
~o NG mL) were added sodium amide (124 mg; 3.19 mmol) and

2-(2-chloroethyl)piperidine hydrochloride (252 mg; 1.25

P4

mmol). The reaction mixture was stirred and heated in a
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microwave oven at 140 °C for 30 min. After quenching with brine (25 mL),
the mixture was extracted with ethyl acetate (3 x 10 mL), and the combined
organic layers were dried over anhydrous Na2S0O4. The crude material was
then purified through flash column chromatography, eluting with
dichloromethane/methanol 9/1. Yield: 50%. *H-NMR (300 MHz- CDCl5):
0.8 (dd, J1 =4 Hz, J, =7 Hz, 3 H); 1.23-1.80 (m; 11H), 1.85-2.40 (m; 8H); 2.80-
2.95 (m; 1H), 3.88 (s, 3H); 3.90 (s, 3H); 6.80-7.00 (m, 3H). >*C-NMR (100.6
MHz-CDCl;): © 18.7, 19.0, 24.0, 28.2, 29.9, 32.1, 32.5, 37.9, 53.4, 55.9, 56.0,
63.0, 109.1, 109.4, 111.0, 118.8, 121.1, 130.5, 148.3, 149.0. HRMS (ESI)
calculated for C,1H3,N,0, [M + H]+ 345.2464, found 345.25365.

General Procedure for the Synthesis of Compounds 106-112

To a suspension of sodium hydride (60% suspension in mineral oil, 3 equiv)
in DMF (5 mL/mmol) was added the suitable heterocyclic compound (1
equiv) at 0 °C. Reaction mixture was stirred for 15 min at the same
temperature, and then 2-(2-chloroethyl)- piperidine hydrochloride (1.3
equiv) was added portionwise. The mixture was allowed to react at room
temperature until consumption of the starting material. In some cases (5, 6,
13) reflux heating was necessary. After quenching with water, the mixture
was extracted with ethyl acetate (3 x 10 mL), and the organic layers were
washed with water and brine, dried over anhydrous Na2S04, and
concentrated under reduced pressure. The crude material was purified
through flash chromatography. Reaction times and conditions, yields,

purification methods, and other analytical data are reported below:
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9-(2-(1-Methylpiperidin-2-yl)ethyl)-9H-carbazole (106)
Reaction mixture was stirred at room temperature for 48
N hours.  Purified by flash  column chromatography

(dichloromethane/methanol 9/1). Yield 53%. White powder.

-~

N
P 'H-NMR (400 MHz-CDCl3): & 1.36-1.40 (m, 1H); 1.65-1.68 (m,

3H); 1.82-1.85 (m, 2H); 2.07-2.30 (m, 4H); 2.37 (s, 3H); 2.92-2.97 (m, 1H);
4.36-4.48 (m, 2H); 7.24-7.52 (m, 6H); 8.12 (d, J = 8 Hz, 2H). *C-NMR (100.6
MHz-CDCl;): © 24.2, 25.3, 30.5, 31.4, 39.2, 42.7, 56.9, 61.7, 108.5, 118.8,
120.4, 123.0, 125.7, 140.2. HRMS (ESI) calculated for CyH24N, [M + H]+
293.1939, found 293.20123.
6-Bromo-1-(2-(1-methylpiperidin-2-yl)ethyl)-1H-indole (107)
@ Reaction mixture was stirred at room temperature for
Br \ 48 hours. Purified by flash column chromatography
};/ (dichloromethane/methanol 95/5). Yield 61%. Yellow
semisolid. *"H-NMR (300 MHz-CDCls): & 1.26- 2.19 (m,
10H); 2.31 (s, 3H); 2.88-2.96 (m, 1H); 4.09- 4.27 (m, 2H); 6.44 (d, J = 3Hz,
1H); 7.12 (d, J = 3Hz, 1H), 7.20-7.32 (m, 2H); 7.76 (d, J = 3Hz, 1H). *C-NMR
(100.6 MHz-CDCl3): © 24.2, 25.3, 30.4, 33.2, 25.4, 30.4, 33.2, 41.7, 42.6,
56.8, 61.4, 100.8, 110.7, 123.4, 128.7, 130.3. HRMS (ESI) calculated for
Ci16H21BrN; [M + H]+ 321.0888, found 321.09595.
1 -(2-(1-Methylpiperidin-2-yl)ethyl)-1H-benzo[d]imidazole (108)
(IN\> Reaction mixture was stirred at room temperature for 48
NN hours. Purified by flash column chromatography
N (petroleum ether/ethyl acetate 9/1). Yield 72%. Yellow

oil. *H-NMR (300 MHz-CDCl3): d 1.27-1.77 (m, 6H); 2.02-
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2.20 (m, 4H); 2.30 (s, 3H); 2.86-2.94 (m, 1H); 4.15- 4.36 (m, 2H); 7.20-7.34
(m, 2H); 7.39-7.44 (m, 1H); 7.80- 7.85 (m, 1H), 7.93 (s, 1H). *C-NMR(100.6
MHz-CDCl;): © 24.2, 25.1, 30.2, 32.9, 41.3, 42.5, 56.7, 61.1, 64.4, 88.8,
109.6, 120.4, 122.1, 122.9, 142.8. HRMS (ESI) calculated for C3sH2:N; [M +
H]+ 244,1735, found 244.18082.
10-(2-(1-Methylpiperidin-2-yl)ethyl)acridin-9-(10H)-one (109)

Reaction mixture was stirred at room temperature for 48

hours.  Purified by flash column chromatography

(dichloromethane/methanol 95/5). Yield 48%. Yellow
N~ powder. *H-NMR (300 MHz-ds-DMSO): & 1.20-2.15 (m, 10H);
2.29 (s, 3H); 4.08-4.12 (m, 1H); 4.44-4.60 (m, 2H); 7.36 (t, ) =
9.0 Hz, 2H); 7.76- 7.91 (m, 4H); 8.37 (dd, J1 = 3 Hz, J, = 9 Hz, 2H). *C-NMR
(100.6 MHz-CDCl3): © 24.2, 25.1, 29.8, 30.2, 42.7, 42.9, 56.7, 61.7, 114.3,
121.2, 122.6, 128.1, 133.9, 141.7, 177.9. HRMS (ESI) calculated for
C21H24N,0 [M + H]+ 321,1889, found 321.19614.
N-(2-(1-Methylpiperidin-2-yl)ethyl)-N-phenylaniline (110)
@\ O Reaction mixture was stirred at reflux temperature for 48
hours.  Purified by flash column chromatography
N (dichloromethane/methanol 97/3). Yield 29%. Brown oil. 1H-
NMR(400 MHz-CDCls): & 1.32-1.34 (m, 1H); 1.50-1.55 (m,
1H); 1.60-1.95 (m, 5H); 2.04-2.06 (m, 1H); 2.23-2.30 (m, 5H); 2.95 (d, J =
12.0 Hz, 1H); 3.73-3.89 (m, 2H); 6.95-7.00 (m, 6H); 7.25-7.30 (m, 4H). **
NMR (100.6 MHz-CDCls): 0 23.6, 24.7, 29.5, 29.9, 63.1 42.1, 48.5, 56.6, 62.2,
120.9, 121.3, 129.3, 147.8. HRMS (ESI) calculated for CyHagN; [M + H]+

295,2096, found 295.21688.
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3,4-Dimethoxy-N-(2-(1-methylpiperidin-2-yl)ethyl)-N-phenylaniline (111)
_0 Reaction mixture was stirred at reflux temperature for 48
\O@NO hours. Purified by flash column chromatography

(dichloromethane/methanol 98/2). Yield 28%. Brown

N
powder. *H-NMR (300 MHz-CDCl3): & 1.50- 2.40 (m, 7 H);

2.61 (s, 3H); 3.48-3.66 (m, 2H); 3.66-3.68 (m, 1H); 3.83 (s, 3H); 3.91 (s, 3H);
4.12- 4.15 (m, 1H); 4.90-5.10 (m, 2H); 6.67-6.89 (m, 3H); 7.20-7.28 (m, 5H).
BC-NMR (100.6 MHz- CDCl3): & 16.3, 18.9, 20.9, 23.8, 29.7, 48.5, 50.2, 56.0,
56.1, 58.1, 109.6, 111.9, 116.40, 117.5, 119.1, 129.2, 140.4, 146.3, 148.5,
149.9. HRMS (ESI) calculated for Cy;H3gN,O, [M + H]+ 355,2307, found
355.23800.

1-Methyl-2-(2-(pyrrolidin-1-yl)ethyl)piperidine (112)

O Reaction mixture was stirred at room temperature for 48 hours.

N

Purified by flash column chromatography

- (dichloromethane/methanol 95/5). Yield 33%. Yellow oil. '"H-NMR

(300 MHz-CDCl5): © 1.22-1.54 (m, 3H); 1.68-2.30 (m, 8H); 2.30-

2.49 (m, 3H); 2.60-2.90 (m, 5H); 3.00-3.10 (m, 1H); 3.40-3.80 (m, 4H). *C-

NMR (100.6 MHz- CDCl;3): 0 14.2, 16.3, 18.8, 20.8, 23.8, 29.9, 36.8, 40.4,

42.4, 49.3, 50.6, 55.3. HRMS (ESI) calculated for CioHaN; [M + H]+

197,1939, found 197.18702.

9-(2-(Pyridin-3-yl)ethyl)-9H-carbazole (113)

O O Compound 10 was prepared with a similar procedure, but

.:’ using compound 128 in place of 2(2-chloroethyl)piperidine

hydrochloride. Reaction mixture was stirred at room

i ) temperature for 18 hours. Purified by flash column

chromatography (petroleum ether/ethyl acetate 60/40). Yield 18%. Light
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brown powder. "H-NMR (400 MHz-CDCls): & 3.33 (t, J = 7.2 Hz, 2H); 4.77 (t, J
= 7.2 Hz, 2H); 6.84 (d, J = 8 Hz, 1H); 7.11-7.46 (m, 8H); 8.11 (d, J = 7 Hz, 2H);
8.65 (d, J = 2.4 Hz, 1 H). ®C-NMR (100.6 MHz-CDCls): & 37.2, 42.9, 108.6,
118.8, 120.20, 121.7, 122.8, 123.7, 125.6, 136.5, 140.2, 149.4, 158.6. HRMS
(ESI) calculated for C19H16N; [M + H]+ 273,1313, found 273.13863.
9-(2-(Piperidin-1-yl)ethyl)-9H-carbazole (114)
To a solution of piperidine (33 uL; 0.33 mmol) in DMF (15
mL/mmol) was added potassium carbonate (138 mg, 1 mmol).
This mixture was stirred at room temperature for 20 min, and
Q then the intermediate 130 (10 mg, 0.43 mmol) was added.
Reaction mixture was stirred to 60 °C overnight. After cooling, brine (25 mL)
was added and the mixture was extracted with ethyl acetate (3 x 10 mL).
The combined organic layers were washed with water and brine, dried over
anhydrous Na,SO,, and concentrated under reduced pressure. The crude
material was purified through flash chromatography, eluting with
petroleum ether/ethyl acetate 95/5, yielding the title compound as a white
solid. Yield: 19%. "H-NMR (400 MHz, CDCls): & 1.24-1.60 (m, 6H); 3.07 (bs,
2H); 3.39 (bs, 2H); 4.49 (t, ) = 8 Hz, 2H); 4.62 (t, J = 8 Hz, 2H); 7.23-7.28 (m,
2H); 7.46-7.79 (m, 4H), 8.12 (d, J = 8 Hz, 2H). >C-NMR (100.6 MHz-CDCl3): &
24.2,25.4,42.1,44.7, 62.8, 108.7, 119.1, 120.3, 123.0, 125.7, 140.5, 155.0.
HRMS (ESI) calculated for C1gH»,N, [M + H]+ 279.1783, found 279.39258.
N-isopropyl-3,4-dimethoxyaniline (117)
o A solution of 3,4-dimethoxyaniline (500 mg; 3.26 mmol),
\OQNJ\ isopropyl iodide (325 pl; 3.26 mmol) and triethylamine (453
" ul; 3.26 mmol) in methanol (5 ml) was stirred at reflux

overnight. After quenching with water (25 mL), the mixture was extracted
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with ethyl acetate (3 x 10 mL), the combined organic layers were dried on
anhydrous Na2S0O4 and evaporated under reduced pressure. The crude
material was purified through flash chromatography eluting with petroleum
ether/ethyl acetate 7/3. Yield 50%. Analytical data were consistent with
those already published.
2-(3,4-Dimethoxyphenyl)-3-methylbutanenitrile (118)
e To a suspension of sodium hydride 60% (225 mg; 5.60
\Om mmol) in dry DMF (5 ml) was added 3,4-dimethoxyphenyl
acetonitrile (500 mg; 2.80 mmol). After 5 h, 2-
bromopropane (210 ul; 2.25 mmol) was added to reaction mixture that was
stirred overnight. After quenching with HCl 1N (25 mL), the mixture was
extracted with diethyl ether (3 x 10 mL), the combined organic layers were
dried on anhydrous Na,SO,4 and evaporated under reduced pressure. The
crude material was purified through flash chromatography eluting with
petroleum ether/ethyl acetate 8/2. Yield: 47%. *H-NMR (300 MHz-CDCls): &
0.89 (d, J =9 Hz, 6H); 1.90-2.03 (m; 1H); 3.48 (d, J = 6 Hz, 1H); 3.74-3.81 (m,
6H); 6.69-6.80 (m, 3H).
2-(Pyridin-3-yl)ethyl 4-methylbenzenesulfonate (128)
7 A solution of 2-(2hydroethyl)pyridine (457 ul; 4.06 mmol),

N ot triethylamine (848 pl; 6.09 mmol) and p-toluenesulfonyl

chloride (851 mg; 4.46 mmol) in dichloromethane (5 ml/mmol) was stirred
at room temperature, until consumption of the starting material according
to TLC (20 h). Dichloromethane (25 ml) was added to reaction mixture and
it was washed with water (3 x 10 ml). The crude material was purified
through flash column chromatography eluting with petroleum ether/ethyl

acetate 7/3, yielding the title compound as yellow oil. Yield: 75%.
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'"H-NMR(300 MHz-CDCls): & 2.32-2.44 (m, 3H); 3.02-3.16 (m, 2H); 4.37-4.7
(m, 2H); 7.05-7.31 (m, 4H); 7.48-7.71 (m, 3H); 8.33-8.45 (m, 1H).
9-(2-Chloroethyl)-9H-carbazole (130)

A suspension of carbazole (500 mg, 2.99 mmol), potassium
hydroxide (1.68 g, 29.9 mmol), potassium carbonate (4.132 g,

29.9 mmol) and tetrabutylammonium fluoride (94 mg, 0.29
mmol) in 1,2-dichloroethane (0.15 ml/mmol) was stirred at 60 °C overnight.
After cooling, water (25 ml) was added to reaction mixture and the mixture
was extracted with ethyl acetate (3 x 10 ml). The combined organic layers
were washed with water and brine, dried over anhydrous Na,SO, and
concentrated under reduced pressure. The crude material was purified
through flash column chromatography eluting with petroleum ether/ethyl
acetate 95/5, yielding the title compound as a white solid. Yield: 40%.
'H-NMR(300 MHz- CDCls): & 3.87 (t, J = 9 Hz, 2H); 4.62 (t, J = 9 Hz, 2H); 7.36-
8.2 (m, 8H).
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5.1.4 Microwave-assisted synthesis of nucleotide phosphoroamidates

(2S)-benzyl 2-(((4-nitrophenoxy)(phenoxy)phosphoryl)amino)propanoate

Nno, the procedure and the analytical data are already

Q o @ reported elsewhere.™®

(2S)-benzyl 2-((chloro(phenoxy)phosphoryl)amino)propanoate
<\_/\> The procedure and the analytical data are already reported

n 136
0-P-ClI elsewhere.

'/,:ENH

o "0

O

General procedure for Grignard methodology

A solution of nucleoside (1 eq) in THF (5.71 mL/mmol) and NMP (1.96
mL/mmol) was stirred for 10 minutes at room temperature then t-BuMgCl
1M in THF (2 eq) was added and the mixture was stirred at the same
temperature for 10 minutes.

In a different round bottomed flask was prepared a solution of the
chlorophosphoroamidate or aryloxyphosphoroamidate (2 eq) in THF (1.78

mL/mmol) and it was slowly added to the reaction mixture.
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The mixture was heated at conventional heating or under microwave
irradiation for different time and temperature as described in the chapter 4.
After quenching with H,0O (2 mL) a saturated solution of NH4Cl (10 mL) was
added and the aqueous layer was extracted with CH,Cl, (3*10 mL).

The HPLC sample was prepared with 15uL of the mixture (after quenching
with H,0 before the addition of NH4Cl) diluted in 2.5 mL of H,O and 2.5 mL
of MeOH.

The crude material was then purified by flash column chromatography with

the opportune eluent.

General procedure for the NMI methodology

A solution of nucleoside (1 eq) in THF (7.14 mL/mmol) was stirred for 10
minutes at room temperature then N-methylimidazole (6.3 eq) was added
and the mixture was stirred at the same temperature for 30 minutes.

In a different round bottomed flask was prepared a solution of the
chlorophosphoroamidate (3 eq) in THF (1.19 mL/mmol) and it was slowly
added to the reaction mixture.

The mixture was heated at conventional heating or under microwave
irradiation for different time and temperature as described in the chapter 4.
After quenching with H,O (2 mL) a saturated solution of NH4Cl (10 mL) was
added and the aqueous layer was extracted with CH,Cl, (3*10 mL).

The HPLC sample was prepared with 15uL of the mixture (after quenching
with H,0 before the addition of NH4Cl) diluted in 2.5 mL of H,O and 2.5 mL
of MeOH.

The crude material was then purified by flash column chromatography with

the opportune eluent.
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5.2 Biology

Thioridazine (TDZ), verapamil (VER), isoniazid (INH), rifampicin (RIF),
amikacin (AMK), ofloxacin (OFX), EtBr, phosphate buffered saline (PBS), and
glucose were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
solutions were prepared in deionized water except rifampicin and the TDZ
analogues which were prepared in DMSO. All solutions were prepared on
the day of the experiment. Middlebrook 7H9 (MB7H9) and the OADC
supplement (oleic acid/albumin/dextrose/catalase) were purchased from
Difco (Madrid, Spain) and Becton and Dickinson (Sparks, MD, USA)
respectively. The mycobacterial reference strains M. smegmatis mc2155
ATCC700084 and M. tuberculosis H37Rv ATCC27294T were used to evaluate

the biologic activity of TDZ analogues.

5.2.1 Evolution of a series of 2-aminothiazoles

The experimental work was carried out by Prof Gyanu Lamichhane, Dr Amit
Kaushik (John Hopkins University, Baltimore, Maryland), Prof Miguel
Viveiros, Dr Diana Machado, Dr Sofia Santos Costa, Dr Isabel Couto,
(Instituto de Higiene e Medicina Tropical, Universidade Nova de Lisboa,

Lisbon) and Prof Federica Vacondio (University of Parma, Parma)

Determination of the Minimum Inhibitory Concentration (MIC)

Minimum inhibitory concentration (MICgy) for Mtb was determined using
standard broth macrodilution in 15-ml sterile conical tubes containing 2.5
ml of 7H9 broth. Standard broth microdilution method (using 96-well
plates) was used for other organisms as per Clinical and Laboratory
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Standard Institute (CLSI) recommendations**. Middlebrook 7H9 broth was
used for Mtb growth as per CLSI guidelines**°. In summary, 10° bacilli grown
to exponential phase in liquid medium were inoculated into each well
containing drug at two fold dilutions ranging from 64 pg/ml to 0.03 pug/ml.
Growth medium alone and without drug but inoculated with 10 bacilli
were included as negative and positive controls, respectively. Appropriate
drugs (INF and RIF) were included as positive control for growth inhibition.
Growth was evaluated by visual inspection for presence of bacterial pellet
following incubation for fourteen days at 37 °C. The first well in which
bacterial pellet is absent and therefore growth is not observable is
considered the MICqg as per the standard CLSI guidelines. MICqyyis expressed
as a range spanning two concentrations: the higher concentration
represents the lowest concentration at which bacterial growth could not be

observed.

Cytotoxicity evaluation of selected compounds

In vitro cytotoxicity assays were evaluated against human monocyte-
derived macrophages. Blood was collected from healthy volunteers and
peripheral blood mononuclear cells isolated by Ficoll-Paque Plus (GE
Healthcare, Freiburg, Germany) density gradient centrifugation. Monocytes
were differentiated into macrophages during seven days in macrophage
medium containing RPMI-1640 medium with 10% fetal calf serum (FCS), 1%
GlutaMAXTM, 1 mM sodium pyruvate, 10 mM HEPES at pH 7.4, 100 IU/ml
penicillin and 100 pg/ml streptomycin (Gibco, Life Technologies), and 20
ng/ml M-CSF (Immunotools, Friesoythe, Germany) and incubated at 370C in
5% CO2 atmosphere. Fresh medium was added at day 4 post isolation. The
effect of the TDZ analogues was evaluated by using the vital dye
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AlamarBlue (Molecular Probes, Life Technologies) following the
manufacturer’s indications. Briefly, 5x104 cells were seeded in 96-well
microplates, treated with the compounds and then incubated at 370C in a
5% CO2 atmosphere. After 3 days of treatment, cell viability was assessed.
Briefly, 10% AlamarBlue was added to each well and incubated during 4
hours at 370C and 5% CO2. Fluorescence was measured with a 540/35
excitation filter and a 590/20 emission filter in a Synergy HT multi-mode
microplate reader (BioTek® Instruments, Inc, Vermont, USA). The ICsgvalues
correspond to the highest concentration of compound at which 50% of the
cells are viable to the control®’.

Stability studies in HLM for selected compounds

Stability of selected compounds in the presence of HLM was assessed by
incubation of a 1 UM concentration for 60 min in the presence of HLM (1
mg protein mL-1), at 37 °C, in the presence of a NADPH-regenerating
system (2 mM NADP+, 10 mM glucose-6-phosphate, 0.4 U mL-1 glucose-6-
phosphate dehydrogenase, 5 mM MgCl2) in 100 mM PBS buffer solution pH
7.4. The reaction mixtures were preheated (37 °C) for 5 min before adding
the parent compound. At fixed time points (t = 0; 15; 30; 60; min), aliquots
of samples were withdrawn, deproteinized with two volumes of
acetonitrile, centrifuged (9,000 g, 4 °C, 10 min) and the supernatant
analysed by injection in HPLC-MS/MS system. The chromatographic
separation was performed employing a gradient elution starting from 70%
water+0.1% formic acid (solvent A):30% methanol (solvent B) to
90%B:10%A in 10 min; 90%B:10%A was kept for further 5 min; then back to
70%A:30%B and further 5-min of reconditioning time. HPLC-MS analysis
employed a Thermo Quantum Access Max TSQ triple quadrupole mass
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spectrometer (Thermo, USA) equipped with a H-ESI (Heated-ElectroSpray
lonization) interface and coupled to an Accela UHPLC system (Thermo, USA)
constituted of a quaternary pump, a degasser and a thermostated
autosampler. Compounds were analysed in positive ion mode using both
total ion monitoring mode, over a mass range from 50 to 500 amu, and
single ion monitoring mode. Data were acquired and analysed employing

Thermo Excalibur 1.4 software (Thermo, USA).

5.2.2 Novel and efficient synthesis of 2-aminooxazoles
The experimental work was carried out by Prof. Scott G. Franzblau and Dr

Rui Ma (Institute for Tuberculosis Research, Chicago, lllinois)

Microplate Alamar Blue assay (MABA assay)

Briefly, the test compound MICs against Mtb Hs;;,RV (ATCC# 27294) were
assessed by the MABA using rifampin, isoniazid and moxifloxacin as positive
controls. Compound stock solutions were prepared in DMSO at a
concentration of 12.8 mM, and the final test concentrations ranged from
128 uM to 0.5 uM. Two fold dilutions of compounds were prepared in
Middlebrook 7H12 medium (7H9 broth containing 0.1% w/v casitone, 5.6
ug/mL palmitic acid, 5 mg/mL bovine serum albumin, 4 mg/mL catalase,
filter-sterilized) in a volume of 100 uL in 96-well microplates (BD Optilux™,
96-well Microplates , black/clear flat bottom). TB cultures (100 uL inoculum
of 2 x105 cfu/mL) was added, yielding a final testing volume of 200 uL. The
plates were incubated at 37 °C. On the seventh day of incubation 12.5 ul of
20% Tween 80, and 20 uL of Alamar Blue (Invitrogen BioSource™) were
added to the wells of test plate. After incubation at 37 °C for 16-24 h,
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fluorescence of the wells was measured (ex 530, em 590 nm). The MICs
ware defined as the lowest concentration effecting a reduction in
fluorescence of = 90% relative to the mean of replicate bacteria-only

controls.

Low-oxygen recovery assay (LORA assay)

Briefly, a low-oxygen adapted culture of recombinant Hz;Rv (pFCA-luxAB),
expressing a Vibrio harveyii luciferase gene with an acetamidase promoter,
was grown in a BiostatQ fermentor. Cells were collected on ice, washed in
PBS, and stored at —80 °C. Circa 10° cfu/mL of thawed NRP cells were
exposed to 2-fold serial dilutions of test compound in 7H9 broth in black 96-
well plates, which were incubated 10 days anaerobically at 37 °C.
Luminescence readings were obtained following a 28 h recovery in an
aerobic environment (5% CO,). The data were analysed graphically, and the
lowest concentration of test compound preventing metabolic recovery
(90% reduction relative to untreated cultures) was determined as described

previously.

Cytotoxicity assay

Cytotoxicity was determined by exposing different concentrations of
samples to Vero cells. Samples were dissolved at 12.8 uM in DMSO.
Geometric three-fold dilutions were performed in growth medium MEM
(Gibco, Grand Island, NY), containing 10% fetal bovine serum (HyClone,
Logan, UT), 25 mM N-(2-hydroxyethyl)-piperazine-N’-2-ethanesulfonic acid
(HEPES, Gibco), 0.2% NaHCOs3; (Gibco), and 2 mM glutamine (lrvine

Scientific, Santa Ana, CA). Final DMSO concentrations did not exceed 1%
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v/v. Drug dilutions were distributed in duplicate in 96-well tissue culture
plates (Becton Dickinson Labware, Lincoln Park, NJ) at a volume of 50 uL per
well. An equal volume containing either 5 x 10° log phase Vero cells (CCL-
81; American Type Culture Collection, Rockville, MD) was added to each
well and the cultures were incubated at 37 °C in an atmosphere containing
5% of CO,. After 72 h, cell viability was measured using the CellTiter 96
aqueous non-radioactive cell proliferation assay (Promega Corp., Madison,
WI) according to the manufacturer’s instructions. Absorbance at 490 nm
was read in a Victor’ multilabel reader (PerkinElmer). The ICsos were

determined using a curve-fitting program.

5.2.3 Rational design and synthesis of Thioridazine analogues as
enhancers of the antituberculosis therapy

The experimental work was carried out by Prof Miguel Viveiros, Dr Diana
Machado, Dr Sofia Santos Costa and Dr Isabel Couto (Instituto de Higiene e

Medicina Tropical, Universidade Nova de Lisboa, Lisbon)

Determination of the Minimum Inhibitory Concentration (MIC)

For M. smegmatis the determination of the MICs of TDZ analogues 104-114,
the efflux inhibitors TDZ and VER, and the efflux substrate EtBr were
conducted by the 96-well broth microdilution method. Briefly, M.
smegmatis was grown in MB7H9 supplemented with 10% OADC at 370C
with shaking until an OD600 of 0.8. The inoculum was prepared by adjusting
the culture to a density corresponding to 0.5 McFarland standard diluted to

1:100. Aliquots of 0.1 mL were transferred to each well of the 96-well plate
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containing 0.1 mL of each compound at concentrations prepared from two-
fold serial dilutions in MB7H9. The inoculated plates were sealed in plastic
bags, incubated at 37°C and the results registered after three days of
incubation. Growth controls with no drug and a sterility control were
included in each assay. Two hundred microliters of sterile deionized water
was added to all outer-perimeter wells of the 96-well plates to reduce
evaporation of the medium during the incubation. The MIC was defined as
the lowest concentration of compound that inhibited visible mycobacterial
growth. Mtb was grown in MB7H9 plus 10% OADC supplement at 370C until
an OD600 of 0.8, without stirring. The inoculum was prepared by diluting
the bacterial cultures in MB7H9/OADC to a final density of approximately
105 cells/ml (Eliopoulos and Moellering, 1996). The MICs of TDZ analogues
104, 106, 107 and 108, TDZ, VER, and EtBr, were determined by a
tetrazolium microplate-based assay (Caviedes et al., 2002) with slight
modifications. Briefly, aliquots of 0.1 ml of inoculum were transferred to
each well of the plate that contained 0.1 ml of each compound at
concentrations prepared from two-fold serial dilutions in MB7H9/OADC
medium. Growth controls and a sterility control were included in each
assay. The outer perimeter wells of the plates were filled with two hundred
microliters of sterile deionized water to reduce evaporation of the medium
during the incubation. The inoculated plates were sealed in plastic bags and
incubated at 37°C during seven days. After the seven days of incubation,
MTT was added to each well to a final concentration of 2.5% and the plates
incubated overnight. The bacterial viability was registered for each well

based on the MTT colour change and the MIC was defined as the lowest
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concentration of compound that totally inhibited bacterial growth (no

colour change)™’. The assays were performed in triplicate.

Evaluation of the synergistic effect of TDZ analogues 104, 106, 107 and
108 with selected antibiotics and ethidium bromide by broth
microdilution checkerboard assay

The synergistic effect of TDZ analogues 104, 106, 107 and 108 and that of
the efflux inhibitors TDZ and VER in combination with INH, OFX, AMK, RIF
and EtBr was evaluated by two dimensional checkerboard assays'**. M.
Tuberculosis was grown in MB7H9 medium supplemented with 10% OADC
at 37°C, , until an OD600 of 0.8. Briefly, the 96-well microdilution plates
were inoculated with a suspension of the strain diluted to yield a density of
105 CFU/ml. Ethidium bromide or the antibiotics were two-fold serial
diluted in MB7H9 supplemented with OADC from column 3 to column 11 of
each plate assay. Twofold dilutions of compounds 104, 106, 107, 108, TDZ
or VER were then added to rows 2 to 6 of each plate. Column 1 and 2
contains the negative and positive control, respectively. Two hundred
microliters of sterile deionized water was added to the outer-perimeter
wells of the plates to decrease evaporation of the medium during
incubation. The plates were sealed and incubated at 37°C for seven days.
After this period, MTT was added, the plates were re-incubated overnight,
and the results interpreted as described above. The synergistic effect of TDZ
analogues and efflux inhibitors on each antibiotic and ethidium bromide
was evaluated through the determination of fractional inhibitory
concentrations (FIC), according to the formula: FICcompound =
MICcompound in the presence the antibiotic/EtBr divided by MIC
compound alone. The FIC were interpreted adapting the criteria established
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by Pillai et al. (2005) to one variable as follows: FIC < 0.25, synergism; FIC >

191 The FIC values were

0.25 < 2, indifference and FIC 22, antagonism.
classified as ND (non-determinable) when the MICs of the compounds alone
were greater than the highest, less than, or equal to the lowest
concentration tested (Moody, 1992). Isobolograms were constructed, by
plotting changes in the MIC of antibiotics as a function of the concentration
of the compounds, using GraphPad Prism V5.01 software (La Jolla, USA).

Synergy is illustrated by a concave isobol and antagonism, by a convex

isobol. All assays were carried out in triplicate.

Evaluation of efflux inhibitory activity of compounds byreal-time
fluorometry

The EtBr accumulation and efflux by the mycobacterial strains was assessed
on a real-time basis using a fluorometric method, as previously

d.”?"' M. smegmatis and M. tuberculosis were grown as

describe
described above, with the addition of 0.05% Tween 80 to the growth
medium.

(i) Accumulation assays. After reaching an OD600 of 0.8, the cells were
collected by centrifugation at 2940 x g for three minutes, the pellet washed
in PBS, and the OD600 of the suspension adjusted to 0.8 with PBS. To
determine the concentration of EtBr at which there is an equilibrium
between the influx and efflux of EtBr the assays where performed in the
presence of increasing concentrations of EtBr. The assays were prepared to
a final volume of 0.1 mL containing 0.05 mL of the cellular suspension (final

OD600 of 0.4) plus 0.05 mL of EtBr solutions to final concentrations of

0.125, 0.25, 0.5, 1, 2, and 3 mg/L. To assess the effect of TDZ analogues
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104-114 and that of the efflux inhibitors TDZ and VER on EtBr accumulation,
the assays were performed in a final volume of 0.1 mL containing 0.05 mL
of the cellular suspension (final OD600 of 0.4) and 0.05 mL of a solution
containing the EtBr concentration previously selected (0.25 mg/L for M.
smegmatis and 0.5 mg/L for M. tuberculosis) and the compound to be
tested to a final concentration of 1/2 their MIC, in order to not compromise
the cellular viability. In all assays, was included a control containing solely
EtBr at the equilibrium concentration selected previously. The assays were
conducted in a Rotor-Gene 3000TM (Corbett Research, Sydney, Australia) at
37°C, and the fluorescence acquired at 530/585 nm at the end of every 60
seconds, during 60 minutes52. The activity of the TDZ analogues, TDZ, and
VER on the accumulation of EtBr was evaluated by the relative final
fluorescence (RFF) index according to the formula: RFF= (RFtreated -
RFuntreated)/ RFuntreated, were RFtreated corresponds to the
fluorescence at the last time point of the EtBr accumulation curve (minute
60) in the presence of a compound; and the RFuntreated corresponds to
the fluorescence at the last time point of the EtBr accumulation curve of the
control tube containing only EtBr.

(i) Efflux assays. After reaching an OD600 of 0.8, the cells were collected by
centrifugation at 2940 x g for three minutes, the pellet washed in PBS, and
the OD600 of the suspension adjusted to 0.4 with PBS. Cell suspensions
were then exposed to conditions that promote maximum EtBr
accumulation, i.e. EtBr at the equilibrium concentration; presence of the
efflux inhibitor that caused maximum accumulation (VER for both strains) at
1/2 of the MIC; and incubation at 25°C during one hour. Following, EtBr

loaded cells were centrifuged at 4860 x g during five minutes and
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resuspended in PBS to a final OD600 of 0.8. Efflux assays were prepared to
a final volume of 0.1 mL containing 0.05 mL of the cellular suspension (final
OD600 of 0.4) plus 0.05 mL of selected TDZ analogues, TDZ, and VER at 1/2
of their MIC with and without glucose at a final concentration of 0.4%, to
energize the cells. In all assays, control conditions containing only cellular
suspension and cellular suspension plus glucose (condition of maximum
efflux) were included. Fluorescence was measured in the Rotor- GeneTM
3000 at 37°C, at the end of every 30 seconds during 30 minutes. Efflux
activity was quantified by comparing the fluorescence data obtained under
conditions that promote efflux (presence of glucose and absence of efflux
inhibitor) with the data from the control in which the mycobacteria are
under conditions of no efflux (presence of an inhibitor and no energy
source). Thus, the relative fluorescence corresponds to the ratio of
fluorescence that remains per unit of time, relatively to the EtBr-loaded

123 statistical analysis of the data was carried out using

cells (cells plus VER).
Student’s t- test. A P value <0.05 was considered statistically significant

(two-tailed tested).

Cytotoxicity evaluation of compounds 104, 106, 107, 108 and 109

In vitro cytotoxicity assays were evaluated against human monocyte-
derived macrophages. Blood was collected from healthy volunteers and
peripheral blood mononuclear cells isolated by Ficoll-Paque Plus (GE
Healthcare, Freiburg, Germany) density gradient centrifugation. Monocytes
were differentiated into macrophages during seven days in macrophage
medium containing RPMI-1640 medium with 10% fetal calf serum (FCS), 1%

GlutaMAXTM, 1 mM sodium pyruvate, 10 mM HEPES at pH 7.4, 100 IU/ml
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penicillin and 100 pg/ml streptomycin (Gibco, Life Technologies), and 20
ng/ml M-CSF (Immunotools, Friesoythe, Germany) and incubated at 370C in
5% CO2 atmosphere. Fresh medium was added at day 4 post isolation. The
effect of the TDZ analogues was evaluated by using the vital dye
AlamarBlue (Molecular Probes, Life Technologies) following the
manufacturer’s indications. Briefly, 5x104 cells were seeded in 96-well
microplates, treated with the compounds and then incubated at 370C in a
5% CO2 atmosphere. After 3 days of treatment, cell viability was assessed.
Briefly, 10% AlamarBlue was added to each well and incubated during 4
hours at 370C and 5% CO2. Fluorescence was measured with a 540/35
excitation filter and a 590/20 emission filter in a Synergy HT multi-mode
microplate reader (BioTek® Instruments, Inc, Vermont, USA). The ICsg values
correspond to the highest concentration of compound at which 50% of the

cells are viable to the control.

Intracellular synergy assays

Human monocyte-derived macrophages were infected with M. tuberculosis
H37Rv at a multiplicity of infection (MOI) 1:1 and were allowed to uptake
the bacteria for three hours. After, the cells were washed three times with
PBS to remove all non-internalized bacteria. Afterwards, the compounds
were added to the infected macrophages at the desired concentrations in
combination with INH or RIF. At day three post-infection, cells were lysed
with 0.05% Igepal (Sigma-Aldrich). Serial dilutions of the lysate were placed
on MB7H11/10% OADC medium. Colony forming units were counted upon
three weeks of incubation at 37°C. Compounds were used at concentrations
that were shown to be non-toxic for the macrophages: compound 104, 16
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ug/ml, 106, 0.078 pg/ml; 107, 1.25 pg/ml, and 108, 40 pg/ml. INH and RIF
were used at 1/2 of its MIC (0.05 and 0.5 ug/ml, respectively).
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