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ABSTRACT

SCAFFOLD HOPPING FOR THE LEAD OPTIMIZATION OF THE ORALLY AC-
TIVE ANTILEISHMANIAL PYRROLO-QUINAZOLINE ALKALOID NATURAL

PRODUCT PEGANINE

SUNITHA JADA

2024

Leishmaniasis is a protozoan parasitic disease caused by the species Leishmania
that affects millions of people around the world. It is a serious public health concern in
the developing world with about 1 million cases and 70,000 fatalities occurring each year.
It has several forms with visceral, and cutaneous leishmaniasis being the most common
forms of the disease. Visceral leishmaniasis, caused by the Leishmania donovani occurs
mainly in Brazil, Eastern Africa, and India, and is fatal if left untreated. The current
treatments for leishmaniasis such as pentavalent antimonials, amphotericin B, miltefo-
sine, paromomycin, pentamidine, and some azoles suffer from serious drawbacks. Exam-
ples are parasitic resistance, toxicity, reduced efficacy, cost, longer duration, and except
for miltefosine, have routes of administration incompatible with the settings where the
disease is endemic. Therefore, new, safe, short, and orally acting drugs are urgently need-

ed to effectively treat leishmaniasis.

We have identified a pyrroloquinazoline alkaloid natural product lead peganine
from Peganum harmala that shows promising activity against visceral leishmaniasis. It
selectively inhibits the growth of the intracellular L. donovani parasites, amastigotes

without significant toxicity to the host macrophages. Preliminary studies have shown that



Xviii

peganine inhibits L. donovani topoisomerase 1 with a unique mechanism of action differ-
ent from the known DNA-topoisomerase 1 inhibitor, camptothecin. Most importantly, it
significantly reduces the parasitic burden in hamsters infected with visceral leishmaniasis
infection following oral administration. However, peganine shows in vivo efficacy at a
relatively high dose, therefore, structural modification of the lead molecule is necessary

to optimize its antileishmanial activity.

Our laboratory is focused on the design, synthesis, and evaluation of biological
activity of novel analogs of peganine to explore their structure-activity relationships
(SARs) and identify novel analogs with improved antileishmanial activity. We have used
scaffold hopping drug design strategy to design a novel scaffold of peganine for synthesis
and evaluation of its antileishmanial activity. We have replaced the core benzenoid ring of
peganine with a pyridine ring to enhance the hydrogen bonding interactions with the tar-
get enzyme and improve the antileishmanial activity of the new scaffold. The total syn-
thesis of the analog was accomplished up to the penultimate step in moderate to excellent
yields. The intermediaries were characterized by mass spectrometry and Nuclear Magnet-
ic Resonance (NMR). The synthesis of the final step is being carried out to obtain the tar-

get molecule.



CHAPTER 1

DRUG DISCOVERY FOR LEISHMANIASIS AND SCAFFOLD HOPPING FOR

PROTOZOAN PARASITIC DISEASES



1 Introduction:

1.1 Leishmaniasis:

Leishmaniasis is a neglected tropical disease caused by the protozoan parasite
Leishmania that primarily affects underprivileged communities in both developing and
underdeveloped nations worldwide [1]. This highlights the importance of targeted inter-
ventions and support in these vulnerable areas and the disproportionate burden of the
disease on populations facing economic challenges [1, 2]. The genus Leishmania was
named in honor of the British pathologist Sir William Boog Leishman, who first de-

scribed it in 1900 [2].

1.2 Statistics of Leishmaniasis:

Leishmaniasis stands prominently among the top 10 neglected tropical diseases on
the global scale, impacting over 12 million people [3, 4]. This parasitic disease has cast
its influence over 100 countries spanning Europe, Africa, Asia, and the Americas [4, 5].
Despite its widespread occurrence, the alarming fact is that more than 90% of new cases
emerge within a specific set of 13 nations facing a high burden of leishmaniasis [2, 4].
These countries, including Afghanistan, Algeria, Bangladesh, Bolivia, Brazil, Colombia,
Ethiopia, India, Iran, Peru, South Sudan, Sudan, and Syria, grapple with the significant

challenges posed by this disease [1, 4].

1.3 Leishmaniasis in the United States:

In general, Leishmaniasis is a zoonotic disease transmitted by vectors and is dis-

tinguished by a complex cycle of transmission involving a variety of parasite species,



reservoirs, and vectors [6, 7]. Protozoa from the genus Leishmania causes the disease,
which spreads to humans and animals through bites from Psychodidae family of insects
[3]. Leishmaniasis is a disease that affects more people in the United States than is gen-
erally recognized. It can result from both imported and locally acquired infections [6,

8].

A significant rise in cutaneous leishmaniasis (CL) cases has been linked to the sig-

nificant deployment of millions of military to Iraq and Afghanistan [7-9]. But the great-

er worry stems from the potential that a considerable proportion of people may be suf-
fering from undiagnosed asymptomatic visceral leishmaniasis (VL) [7, 9]. Due to its
lack of obvious symptoms, this form of the disease can be difficult to identify, which
emphasizes the importance of raising awareness and conducting surveillance among af-

fected populations [8].

1.4 Types of Leishmaniasis:

Leishmaniasis manifests in three forms, each distinguished by clinical signs and
symptoms: cutaneous leishmaniasis (CL), visceral leishmaniasis (VL), and mucocuta-

neous leishmaniasis (MCL) [1, 5, 10].

1.4.1 Cutaneous Leishmaniasis (CL):

Cutaneous Leishmaniasis, caused by Leishmania the most prevalent form, typical-
ly results in skin ulcers on exposed body parts such as the face, arms, and legs. In severe
cases, it can lead to a substantial number of lesions, causing significant disability and

permanent scarring described in Table 1.1 [5, 10, 11].



Table 1.1: Leishmania species correlated with human infections and their associated

leishmaniasis syndromes [12, 13].

Clinical Presentation Species Symptoms
Visceral Leishmaniasis | L.donovani Prolonged fever, spleno-
(VL) megaly, hepatomegaly,
L.infantum
pancytopenia, progressive
anemia, and weight loss
Cutaneous  Leishmaniasis | L. braziliensis, L. pana- | An erythematous papule
(CL) mensis, L. guyanensis, L. | eventually leaves severe

tropica, L. major and L.
aethiopica, L. amazonensis,
L. mexicana and L. peruvi-

ana

scarring at the site of the

sand fly bite.

Mucocutaneous Leishmani-

asis (MCL)

L. braziliensis, L. aethiopi-

ca, L. panamensis,

Damaging and deformative

lesions of the mucosal
membranes, along with the
Oro-nasopharyngeal muco-

sa's destruction

1.4.2 Mucocutaneous Leishmaniasis (MCL):

The most incapacitating type of leishmaniasis, mucocutaneous leishmaniasis

(MCL), is potentially fatal, especially in those with weakened immune systems. The

oronasal junction is the main site of ulceration in MCL [10, 11]. This type may eventual-




ly result in nasal collapse due to the destruction of the nasal septum and cartilage, de-
scribed in Table 1.1 [14]. The seriousness of MCL emphasizes how crucial early detec-
tion and intervention are, particularly in groups with weakened immune systems [1, 3,

14].

1.4.3 Visceral Leishmaniasis:

1.4.3.1 Epidemiology:

The Irish physician Charles Donovan first identified the causative organism of
visceral leishmaniasis in 1903 after finding the parasite in the spleen of a soldier who
died to the illness [2, 15]. Charles Donovan is credited with the modern-day discovery

that Leishmania parasites are the cause of leishmaniasis [15].

The parasites Leishmania donovani and Leishmania infantum are the main caus-
es of visceral leishmaniasis (VL) [16]. In South America, VL can be referred to as
Leishmania chagasi [17]. The role of female sandflies as vectors in the spread of Leish-
mania parasites is crucial [18]. More specifically, Leishmania donovani and Leishmania
infantum have different transmission dynamics [18]. About 13,000 cases of visceral
leishmaniasis were reported globally in 2020, making it a serious global health concern
even today [19]. Around 200 million people worldwide are at risk from VL, which is en-
demic in more than 70 countries [20]. Over 90% of cases are concentrated in countries

like: Brazil, India, and Eastern Africa [16].
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Figure 1.1: The total number of VL cases from the year 2016 to 2022[1]

Over the years, the trend of VL infection has varied (figure 1.1), it indicates that
the number of cases from 2016 to 2022, and the number fluctuating, which indicates the

severeness of the disease.

When it comes to endemic regions, between 2016 and 2017, the Indian subconti-
nent had a declining trend in VL cases, whereas Eastern Africa experienced an increase
in cases[21, 22]. In 2016 and 2017, Brazil's VL caseload remained steady. Though less
frequently, VL cases have also been reported in Europe and the Eastern Mediterrane-
an[21]. With evidence of sub-national outbreaks in Italy, Greece, Spain, and Romania,
concerns regarding the emergence of VL in nations like Armenia, Azerbaijan, France,

Greece, and Libya are growing[21].



1.4.3.2 Transmission:

Although 95% of VL infections also known as kala-azar are fatal if left untreated,
the majority are sub-clinical or asymptomatic [23]. Hepatomegaly, splenomegaly, fever,
weight loss, exhaustion, anorexia, anemia, and finally death is among the clinical symp-
toms [24]. Poor rural communities are primarily affected by VL, which is spread by fe-
male sandflies. Mass migrations to endemic areas or alterations to sandfly habitats, like
deforestation, can trigger outbreaks [25]. The number of people with HIV who are im-
munosuppressed is rising in some areas, which contributes to the increase in VL cases.
For the purpose of creating efficient preventative and control measures against this dis-
ease associated with poverty, it is essential to comprehend the immune response and the

dynamics of VL transmission [17].

Visceral leishmaniasis transmission depends on a number of important factors. The
main vectors for the spread of Leishmania parasites are female sandflies [26]. During
blood meals from infected hosts, these insects pick up the parasite. They then serve as
reservoirs, passing the parasite to other hosts during subsequent feedings. Various
Leishmania species have distinct reservoir hosts [24]. For instance, humans are the main
reservoirs in areas where L. donovani is endemic, whereas dogs and other wild mam-
mals are the main carriers of L. infantum in regions such as the Mediterranean and Latin
America. These reservoir hosts are essential to the parasite's survival in the environment

and help spread it to sandflies [7, 10, 27].



1.5 Leishmania:

The genus Leishmania, belonging to the family Trypanosomatidae (order Kineto-
plastida), encompasses two main groups: old world species found in Europe, Africa, and
Asia, and new world species prevalent in America [28]. Among the 53 described species
of Leishmania, 31 affect mammals, with 20 posing a pathogenic risk to humans [7]. The
transmission dynamics of Leishmania species vary, with some exhibiting zoonotic
transmission involving complex reservoir hosts and others relying on human-to-human
transmission facilitated by the vector [11]. Leishmania donovani, traditionally consid-
ered zoonotic, has been found in animals and humans in India and East Africa. Each
Leishmania species's global distribution dictates the type of disease prevalent in an area,
with L. donovani causing visceral leishmaniasis in South Asia and Africa, L. infantum in
the Mediterranean, Middle East, Latin America, and parts of Asia, and others like L. ma-

jor and L. tropica causing cutaneous leishmaniasis in various regions [7, 10, 11, 28].

1.5.1 Life cycle of Leishmania Parasite:

Leishmania species exhibit a heteroxenous life cycle involving two main mor-
phological forms: amastigotes within the mammalian host's macrophages and pro-
mastigotes in the gut of sand fly vectors [29]. The cycle begins when an infected female
sand fly injects metacyclic promastigotes into the human body during a blood meal [30].
These promastigotes are phagocytosed by host macrophages, where they transform into
amastigotes, proliferate, and subsequently lyse the macrophages to infect other phago-

cytes [31].



The sand fly vector acquires Leishmania parasites from infected mammalian hosts
during blood meals, primarily targeting the skin where amastigotes are present [32]. The
parasites undergo further development within the sand fly, ultimately leading to the pro-
duction of metacyclic promastigotes that are deposited into the skin of a new mammali-
an host during subsequent blood meals, thereby perpetuating the transmission cycle of

the disease [33-35].
1.6 Current treatments for leishmaniasis:

Various pharmacological interventions are used in current leishmaniasis treatments,
depending on the kind and severity of the infection [36]. Historically, the cornerstone of
treatment has been antimony-containing substances like sodium stibogluconate (1) and
meglumine antimoniate (2); however, resistance to these medications has emerged in
some regions [37]. Other drugs such as amphotericin B (3), miltefosine (4), and paro-
momycin (5) are also good choices; in particular, miltefosine has been approved for oral

use under certain circumstances [38].

For cutaneous manifestations, topical treatments may be used; combination thera-
pies and supportive care measures improve patient management and treatment effective-
ness even more. In order to address new issues and enhance outcomes for afflicted indi-
viduals, leishmaniasis treatment: strategies are dynamic. This is highlighted by ongoing

research into novel drug candidates and immunotherapeutic approaches [39].

Currently available pharmacological agents for the treatment of visceral leishmani-
asis (VL) include pentavalent antimonials (Figure 1.2, 1 and 2), amphotericin B (Figure

1.2, 3) in different forms, miltefosine (Figure 1.2, 4), paromomycin (Figure 1.2, 5), and
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pentamidine (Figure 1.2, 6). Interestingly, some of these medications are also used to
treat mucocutaneous leishmaniasis (MCL), post-kala-azar dermal leishmaniasis (PKDL),
and cutaneous leishmaniasis (CL) because of their broad-spectrum activity. As a result,
they can be used to treat a variety of leishmaniasis syndromes in addition to VL. This
adaptability highlights how these drugs are multidimensional in their approach to treat-

ing various disease manifestations [24, 40-42].
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Figure 1.2: Current drugs used to treat leishmaniasis

1.6.1 Pentavalent Antimonials:

Pentavalent antimonials, (Table 1.2) including sodium stibogluconate (Figure
1.2, 1) and meglumine antimoniate (Figure 1.2, 2), have been the mainstay of leishmani-

asis treatment for several decades. These drugs have significant efficacy in treating cuta-
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neous and visceral leishmaniasis, but their toxicity and potential resistance have limited

their use in some regions [43-45].

Pentavalent antimonial work by inhibiting the enzymes involved in the metabo-
lism of glucose, which is essential for the survival of Leishmania parasites. The drugs
are generally administered intravenously or intramuscularly, and the treatment course

can last up to 28 days, depending on the severity of the disease [45, 46].

However, the use of pentavalent antimonial is associated with several side ef-
fects, including nausea, vomiting, diarrhea, pancreatitis, and cardiac toxicity [45]. The
toxicity of these drugs is dose-dependent, and this can lead to serious complications in
some patients. The most severe side effect of antimonial is cardiotoxicity, which can

lead to electrocardiogram abnormalities, arrhythmias, and heart failure [47].

Furthermore, the emergence of resistant strains of Leishmania has made antimo-
nial less effective in some regions. In some parts of the world, up to 60% of Leishmania
parasites have been reported to be resistant to antimonial. This has led to the develop-
ment of alternative treatments, such as amphotericin B, miltefosine, and paromomycin

[43, 45].

Despite their limitations, pentavalent antimonials remain an important treatment
option for leishmaniasis. They are widely available and relatively inexpensive compared
to other treatments. Furthermore, their efficacy in treating leishmaniasis is high, espe-

cially in regions where resistance to antimonials is low [44, 45].

Pentavalent antimonials are an important treatment for leishmaniasis, but their

use is limited due to their toxicity and parasitic resistance. The use of antimonials should
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be carefully monitored to avoid serious complications, and alternative treatments should

be considered in regions where resistance is high [48].

1.6.2 Amphotericin B:

Amphotericin B (Table 1.2) (Figure 1.2, 3) is a polyene macrolide antibiotic that
has been used for over 50 years to treat leishmaniasis. The drug is highly effective
against all forms of leishmaniasis, including cutaneous, visceral, and mucocutaneous
leishmaniasis. However, its toxicity limits its use and makes it a second-line treatment

option [49].

Amphotericin B works by binding it to ergosterol, which is a component of the
cell membrane of Leishmania parasites. This binding leads to the formation of pores in
the cell membrane, which causes the cell to leak and eventually die. The drug is usually
administered intravenously, and the treatment course can last up to 28 days, depending

on the severity of the disease [50, 51].

Unfortunately, the use of amphotericin B is associated with several side effects,
including fever, chills, nausea, vomiting, and renal toxicity. The most serious side effect
of the drug is nephrotoxicity, which can lead to acute kidney injury and electrolyte im-
balances. This toxicity is dose-dependent and can be reduced by the use of liposomal

formulations of the drug [50, 52].

The cost of amphotericin B is also a limiting factor, making it difficult to access
in resource-poor settings, where the disease burden is often the highest. In such settings,
alternative treatments such as pentavalent antimonials, paromomycin, and miltefosine

are often used [51, 53].
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Despite its limitations, amphotericin B remains an important treatment option for
leishmaniasis, especially in severe cases where other treatments have failed or where
resistance to other treatments is high. The drug has been used successfully in combina-
tion therapy with other drugs, such as azole antifungals and pentavalent antimonial, to

reduce the risk of toxicity and improve efficacy [54].

Amphotericin B is a highly effective treatment for leishmaniasis, but its toxicity
and cost limit its use [41]. The use of the drug should be carefully monitored and re-
served for severe cases where other treatments have failed, or where resistance to other
treatments is high [55]. Alternative treatments should be considered in resource-poor set-

tings, where the cost of the drug is a significant barrier to access [54, 55].

1.6.3: Miltefosine:

Miltefosine (Table 1.2) (Figure 1.2, 4) is an oral drug that is used to treat leish-
maniasis, a parasitic disease caused by the Leishmania species. Miltefosine is the first
oral drug approved for the treatment of leishmaniasis, and it is effective against all forms
of the disease, including cutaneous, mucocutaneous, and visceral leishmaniasis. Miltefo-
sine was originally developed as an anticancer drug, but it was later found to be effective

against leishmaniasis [56, 57].

Miltefosine works by inhibiting the synthesis of cell membrane phospholipids in
Leishmania parasites. Following oral administration, it is rapidly absorbed from the gas-
trointestinal tract. Miltefosine is distributed throughout the body, including the skin, liv-
er, spleen, and bone marrow. The drug is metabolized in the liver and excreted in the

feces and urine [58, 59].
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Miltefosine has several advantages over other drugs used to treat leishmaniasis.
First, it is an oral drug, which makes it more convenient for patients. Second, it is effec-
tive against all forms of leishmaniasis, including drug-resistant strains of the parasite.
Third, it has a low toxicity profile compared to other drugs used to treat leishmaniasis

[57, 60].

Miltefosine is associated with several side effects, including gastrointestinal
symptoms, such as nausea, vomiting, and diarrhea. These side effects are usually mild
and self-limiting and can be managed with supportive care [56]. Miltefosine can also
cause liver toxicity, and it is contraindicated in patients with liver disease. In addition,
miltefosine is teratogenic and is contraindicated in pregnant women [61]. Miltefosine is
currently approved for the treatment of leishmaniasis in several countries, including In-
dia, Brazil, and Germany. The drug is also being studied for the treatment of other para-

sitic diseases, such as Chagas disease and sleeping sickness [62].

Miltefosine is an effective and well-tolerated oral drug for the treatment of
leishmaniasis. The drug has several advantages over other drugs used to treat leishmani-
asis, including its oral administration, broad-spectrum activity, and low toxicity profile
[63]. However, miltefosine is associated with several side effects, and its use should be

carefully monitored in patients with liver disease or during pregnancy [64].

1.6.4 Paromomycin:

Paromomycin (Table 1.2) (Figure 1.2, 5) is an aminoglycoside antibiotic that is
used to treat leishmaniasis. Paromomycin works by binding to the ribosome of Leishma-

nia parasites, inhibiting protein synthesis, and ultimately leading to the death of the par-
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asites [65]. Paromomycin is effective against all forms of leishmaniasis, including cuta-

neous, mucocutaneous, and visceral leishmaniasis [66, 67].

Paromomycin is administered intravenously or intramuscularly, and the treat-
ment course can last up to 21 days. Paromomycin is generally well-tolerated, but it can
cause renal toxicity and ototoxicity [65]. Renal toxicity is the most common side effect
of paromomycin, and it can lead to electrolyte imbalances, such as hypokalemia and hy-
pomagnesemia. Ototoxicity is less common but can lead to tinnitus, hearing loss, and

vertigo [68].

Paromomycin is distributed throughout the body, including the liver, spleen, and
bone marrow. The drug is excreted unchanged in the urine, and it is not metabolized in
the body. Paromomycin has a low toxicity profile compared to other drugs used to treat

leishmaniasis, such as pentavalent antimonial and amphotericin B [69, 70].

Paromomycin is currently approved for the treatment of leishmaniasis in several
countries, including India, Ethiopia, and Sudan. The drug is also being studied for the

treatment of other parasitic diseases, such as cryptosporidiosis and giardiasis [71].

Paromomycin is an effective and well-tolerated drug for the treatment of leish-
maniasis. The drug has a low toxicity profile compared to other drugs used to treat
leishmaniasis, and it is effective against all forms of the disease [72]. However, paro-
momyecin is associated with renal toxicity and ototoxicity, and its use should be carefully

monitored in patients with renal or ear disorders [65].
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1.6.5 Pentamidine

Pentamidine (Table 1.2) (Figure 1.2, 6) is the aromatic diamidine compound
which has been repurposed to treat leishmaniasis, a parasitic disease spread by the bites
of infected sandflies and caused by Leishmania parasites. The original purpose of this
medication was to treat another parasitic illness called trypanosomiasis as an antiproto-
zoal agent. By interfering with the parasites' ability to synthesize DNA, pentamidine
prevents leishmaniasis by killing the disease-causing agent. Depending on the kind and
severity of the leishmaniasis infection, it can be given via a variety of methods, such as

aerosolized formulations, intravenous injections, or muscle injections [73].

Pentamidine is an effective medication, but side effects include nausea, vomit-
ing, abdominal pain, and injection site reactions are possible. But it still plays a crucial
role in the treatment arsenal against leishmaniasis, especially in areas where the disease
is endemic and there are few other options for treating it because of resource limitations
or drug resistance. Pentamidine formulation optimization and novel drug delivery strate-
gies are the subjects of ongoing research aimed at enhancing the drug's efficacy and

safety profile in the treatment of leishmaniasis [74].
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Table 1.2: Summary of current drugs for visceral leishmaniasis [13]

Drugs Efficacy Advantages Limitations
Pentavalent Antimonial — So- | 35-95% Low cost Drug resistance
dium stibogluconate and Me-
glumine antimoniate
Amphotericin B >95% Effective against | Nephrotoxicity,
antimonial re- | hypokalemia, and
sistance myocarditis
Miltefosine 94-97% Highly potent Teratogenicity, oc-
casional hepato- and
nephrotoxicity
Paromomycin 95% Low cost Reversible ototoxici-
ty
Pentamidine 70-80% Low dosage with | Hypoglycemia, hy-
combination of | potension, fever,
other drugs myocarditis, and re-
nal toxicity
Azoles — Ketoconazole, Flu- | 59-89% Consistently effi- | Limited studies

conazole,

Itraconazole

cacious, mild side

effects
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1.6.6 Azoles

Ketoconazole (Table 1.2) (Figure 1.2, 7), itraconazole (Figure 1.2, 8) and flucon-
azole (Figure 1.2, 9) are antifungal medications that have shown efficacy against Leish-

mania parasites, contributing to their potential as treatments for leishmaniasis.

Ketoconazole (Figure 1.2, 7) is a broad-spectrum antifungal agent that inhibits
the synthesis of ergosterol, an essential component of fungal cell membranes. Studies
have indicated its potential in treating various forms of leishmaniasis, although its use

may be limited due to concerns about side effects and drug interactions [75, 76].

Similar to ketoconazole, itraconazole (Figure 1.2, 8) is an azole antifungal agent
that disrupts the integrity of fungal cell membranes by inhibiting the synthesis of ergos-
terol. It has shown efficacy against Leishmania parasites in addition to its antifungal
characteristics. Clinical trials on itraconazole have shown encouraging results in treating
various forms of leishmaniasis; however, there is a chance that it will cause side effects

or interact with other medications [77].

Another azole antifungal drug that interferes with ergosterol synthesis is flucona-
zole (Figure 1.2, 9) which works by blocking the enzyme lanosterol 14a-demethylase
(CYP 51), which is dependent on fungal cytochrome P450. Fluconazole is mainly used
to treat systemic candidiasis and superficial fungal infections, but it has also been inves-
tigated as a possible treatment for leishmaniasis. Its effectiveness against Leishmania
parasites, however, might be less than that of ketoconazole and itraconazole [75, 77]. All
three azoles have similar mechanism of action; they inhibit the 14a-demethylase or CYP

51.
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More antifungal drugs show promise as treatments for leishmaniasis; however,
more studies are required to maximize their application, establish suitable dosages, and

evaluate their efficacy and safety in clinical settings.

1.7 Drug discovery for leishmaniasis:

1.7.1 Natural products:

Natural products isolated from plants and animals have been at the forefront of dis-
covering novel antileishmanial agents. This is mainly attributed to their unique and di-
verse chemical architecture and pharmacophores and often possessing drug-like proper-
ties. The majority of new small molecules derived from or inspired by natural products
have been discovered for the treatment of infectious diseases since mid-1980s [78]. Alt-
hough natural products possess good lead properties for a drug discovery program, their
structural complexity poses synthetic challenges which prevents further optimization of
their biological activity and pharmacokinetic properties. Natural products also have
great potential in the identification of novel targets leading to a targeted drug discovery
approach. Natural products derived from plants and marine organisms that possess an-

tileishmanial activity has been extensively reviewed [79, 80].

Various natural products have been derived from plants and fungi and have proven
to be valuable lead molecules for anti-infective drug discovery programs. Specifically,
diverse natural products (Figure 1.3) have shown promising activity in various in vitro

and in vivo models of leishmaniasis [81].
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Figure 1.3: Natural products and their semisynthetic derivaives showing acticity against leishmanaisis

3(S)-16,17 didehydrofalcarinol (Figure 1.3, 10) was discovered from the plants
Sarcococca hookeriana and Tridax procumbens for cutaneous leishmaniasis by the
axenic bioassay-guided fractionation of the plant [82]. Parthenolide exhibited antileish-
manial activity in an axenic L. amazonensis parasite assay [83]. Two potent sesquiter-

pene lactones (+)-8,13-diacetyl-piptocarphol (Figure 1.3, 11) and (+)-8-acetyl-13-O-
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ethyl-piptocarphol (Figure 1.3, 12), were isolated from the extract of the Pseudelephan-
topus spicatus [84]. A potent coumarin natural product (—)-mammea A/BB (Figure 1.3,
13) was isolated from Calophyllum brasiliens [85], showing an ECso of 0.88 pg/mL
against L. amazonensis axenic amastigotes and showed significant reduction of lesion
size with no toxicity following intramuscular administration for 30 days. The most
abundant flavanol of green tea (—)-epigallocatechin 3-O-gallate (Figure 1.3, 14), showed
substantial reduction in lesion size against L. amazonensis following oral administration
to mice at the dose of 30 mg/kg/d, 5 d/wk. over 52 days [86]. The y-fagarine (Figure 1.3,
15) isolated from Helietta apiculata showed 97% reduction in parasite burden following
oral administration to mice infected with L. amazonensis at the dose of 10 mg/kg for 14
days. 14-hydroxyunularin (Figure 1.3, 16) isolated from a bryophyte exhibited 93% re-
duction in lesion parasite burden following subcutaneous administration to mice infected
with L. amazonensis at a dose of 10 mg/kg for 15 days [87]. A pyrrolloquinazoline alka-
loid, peganine (Figure 1.3, 17) was isolated from Peganum harmala and exhibited prom-
ising activity (Peganine hydrochloride dihydrate an orally active antileishmanial agent
against Leishmania donovani, the causative species for the more lethal visceral leish-
maniasis. Peganine showed significant (80%) reduction in parasite burden following oral
administration to hamsters infected with visceral leishmaniasis without any toxicity to
the host macrophages. Thus, peganine has emerged as a promising lead compound for

further development against leishmaniasis [88].

Several natural products extracted from various plants like Septoria pistaciarum
[89], Abrus schimperi, Prosopis glandulosa var. glandulosa [90], Clerodendrum

eriophyllum, and Uvaria grandiflora [91] have also shown antileishmanial activity in
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vitro against L. donovani The protoberberine palmatine exhibited activity against L. in-
fantum [92], and the quinonemethides maytenin (Figure 1.3, 18) and pristimerin (Figure

1.3, 19) showed activity against L. chagasi [93].

Preussomerin EG1 (Figure 1.3, 20) has shown potent antileishmanial activity in the
axenic amastigotes-based assay [94]. The taxoid 10-deacetylbaccatin III (Figure 1.3, 21),
isolated from 7axus baccata showed potent antileishmanial activity in vitro against the
intracellular amastigote of L. donovani with an ECso value of 0.07 pM and an SI value

of > 10, compared to Taxol, which is cytotoxic at nanomolar concentrations [95].

Many marine invertebrates or associated bacteria have also contributed to the
drug discovery pipeline for leishmaniasis (Figure 1.3). Cristaxenicin A (Figure 1.3, 22)
showed promising activity in vitro against L. amazonensis promastigotes, (ECso = 0.09
uM) [96]. The crude extract of the sponge Plakortis angulospiculatus yielded plakortide
P, which showed activity in vitro against L. The venom of the scorpion Tityus dis-
crepans [97] and the crude venom from the snake Bungarus caeruleus have also been

reported to be active against L. mexicana promastigotes [98].

1.7.2. Structure-activity relationships (SARs) of natural product leads:

Compounds were also obtained through optimization of antileishmanial activity
of the natural product leads isolated from plant and animal sources. Systematic explora-
tion of their structure-activity relationships either via semi-synthesis or total synthesis
has led to more potent and new molecules for further development. However, this pro-
cess is often hampered by the lack of a sufficient number of natural products obtained

and their structural complexity. The natural product coumarin (—)-mammea A/BB (#)



24

(ECso = 3.0 pg/mL) isolated from C. Brasiliense upon reduction of the terminal isobu-
tene moiety afforded a more potent semisynthetic derivative 23 (Figure 1.3), with an
ECsoo0f 0.37 pg/mL against L. amazonensis promastigotes [99]. The active phenolic ma-
rine natural product isoaaptamine (ECso = 0.7 pg/mL), from the sponge Aaptos sp., upon
esterification resulted in two analogs (Figure 1.3, 24) that showed more potent activity
(ECso values (0.4 pg/mL and 0.1 pg/mL) compared to the parent against L. donovani
[100/. Although 8,8-dialkyldihydroberberine derivatives (Figure 1.3, 25) showed potent
activity in vitro against the intracellular L. donovani amastigotes, no in vivo efficacy was
observed following intraperitoneal (i.p.) administration to mice for 5 days presumably

due to poor pharmacokinetic properties [101].

1.8. Quinazoline Alkaloids:

Many marketed drugs are based on quinazoline and quinazolinone scaffolds,
which are important nitrogen heterocyclic compounds with a variety of biological activi-
ties [102]. Quinazoline, also called 1,3-diazanaphthalene, is a light yellow crystalline sol-
id made up of one pyrimidine and one benzene ring [103]. These substances are used in
many different therapeutic applications and show a wide range of biological activities
[104]. Quinazoline is a crucial compound in medicinal chemistry. It has a benzo fused
ring system with nitrogen atoms at the first and third positions [105]. Paal and Bush pro-

posed the quinazoline ring structure numbering scheme two years later, in 1889 [106].

Quinazolinone, a quinazoline ketonic form with a carbonyl group at position
four, is typically synthesized by chemical reactions or derived from natural sources

[107].
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Figure 1.4: Quinazoline and Quinazolinone structure and numbering following
IUPAC nomenclature.

1.8.1 History of Development:

Quinazolines are the fundamental constituents of more than 200 naturally occur-
ring alkaloids that are present in microbes, plants, and animals [108]. As a "privileged
structure" in pharmaceutical research and development, the quinazoline moiety is ubiq-
uitous in various clinically used drugs including anti-infective agents [109]. After identi-
fying its isomeric relationship to substances such as cinnoline and quinoxaline, Widdege
suggested the term "quinazoline" in 1887 [109]. Other names for this heterocyclic system
include benzo-1,3-diazine, benzylene amidine, phenmiazine, 5,6-benzopyrimidine, and
1,3-diazanaphthalene [110].The first quinazoline alkaloid (figure 1.5) to be isolated from
Adhatoda vasica was vasicine () (peganine), which was known for its strong broncho-
dilator properties and was discovered in 1888 [107, 111]. In 1895, August Bischler and
Lang reported its synthesis by decarboxylating the 2-carboxy derivative. Other tech-
niques include the Niementowski synthesis, which yields 4-ox0-3,4-dihydroquinazolines
by reacting amide and anthranilic acid [112]. Among its isomers are phthalizine, cin-

noline, and quinoaxoline [112]. Similar in activity to quinazoline, quinazolinone is fur-
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ther divided into 2-quinazolinone and 4-quinazolinone according to patterns of substitu-

tion [106].

O
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Figure 1.5: 4-quinazolinone(a) and 2-quinazolinone(b).

Quinazoline is an important compound in pharmaceutical chemistry that is used
in many medications, clinical candidates, and bioactive compounds [109]. With their di-
verse array of privileged structures, quinazolines offer effective targeting of various re-
ceptors [113]. In medicinal applications, quinazoline exhibits a plethora of activities
spanning antimalarial, antimicrobial, antitubercular, anticonvulsant, anticancer, antihy-
pertensive, antidiabetic, anti-inflammatory, anti-cholinesterase, cellular phosphorylation
inhibition, dihydrofolate reductase inhibition, kinase inhibition, tubulin polymerization
inhibition, diuretic, antipsychotic, dopamine agonist, and anti-HIV properties [105, 108]

as shown in figurel.5.

Quinazoline derivatives show a broad spectrum of potential biological activities,
supporting the development of antitumor, antimicrobial, antimalarial, antiviral, and anti-
diabetic therapies, among other treatments for different conditions [114]. As a result,

quinazoline compounds are important tools for scientists working on the development,
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synthesis, and improvement of medications that will one day be used to treat a variety of
illnesses [111]. Their diverse pharmacological characteristics render them auspicious
contenders for the creation of innovative treatments aimed at addressing numerous

health issues in various medical domains [111].

The polarization of the 3,4-double bond appears in quinazoline reactions, and the
two nitrogen atoms in the pyrimidine ring are non-equivalent [115]. The nature and loca-
tion of the substituents, whether they are on the pyrimidine or benzene ring, as well as
the degree of conjugation on the pyrimidine ring, are the main determinants of the prop-

erties of substituted quinazolines [102].

Numerous alkaloids exhibit a wide range of biological activities, such as fumi
quinazolines, rutaecarpine, vasicine, and luotonin A [107]. Peganum harmala seeds pro-
vide vasicine, which has cardiac depressant, uterine stimulant, and mucolytic effects
[103]. Deoxyvasicine, on the other hand, has potential as an Alzheimer's disease treat-
ment [107]. Traditional Chinese medicine's tryptanthrin exhibits insecticidal properties
and promotes neuronal differentiation [116]. Evodia rutaecarpa yields rutaecarpine,
which has antitumor, anti-inflammatory, and cardioprotective properties [114]. Isolated
from Aspergillus fumigatus, fumiquinazolines exhibit strong topo-II inhibition and cyto-
toxic activity [114]. Plant families contain both pyrrole-quinazolinones and indole-
quinazolinones, which have different biological effects [104]. Luotonin A functions as a
human topoisomerase-I poison and is derived from Peganum nigellastrum [104]. Fur-
thermore, quinazolinones that have been isolated from microbes have additional thera-
peutic potential [111]. All things considered; these alkaloids are a wealth of bioactive

substances with potential medical uses [107].
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Figure 1.6: Structures of fumi quinazolines, rutaecarpine, vasicine, and luotonin
1.8.2 Antiprotozoal activity of quinazoline alkaloids:
1.8.2.1 Antimalarial activity:

Malaria continues to be a major global health concern, accounting for millions of
cases and hundreds of thousands of deaths each year [117]. Significant risks are associat-
ed with Plasmodium falciparum and Plasmodium vivax, particularly for children and ex-
pectant mothers [22]. Parasite resistance has spurred a search for new treatments, con-
centrating on natural sources like medicinal plants, despite the effectiveness of medica-
tions like quinine and artemisinin derivatives [118]. Research on alkaloids derived from

medicinal plants must go on to combat malaria and overcome drug resistance [119].

Febrifugine (Figure 1.7, 26) an alkaloid from Dichroa febrifuga, has a history of

use against malaria in China. However, its clinical use has been limited due to associated
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adverse effects [22]. Studies have explored modifications and synthetic derivatives to
enhance safety and efficacy [104]. Febrifugine, along with Isofebrifugine (Figure 1.7,
27) showed significant antimalarial effects, with Febrifugine demonstrating superior po-

tency against Plasmodium falciparum compared to Chloroquine (Figure 1.7, 28) [104].
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Figure 1.7: Quinazoline Alkaloids showing Anti-malarial activity

Further studies on quinazoline derivatives, such as tryptanthrin (Figure 1.7, 29) re-
vealed promising antimalarial activity [104, 116]. Additionally, efforts to design 2,3-
substituted quinazolin-4(3H)-one derivatives inspired by febrifugine aimed at develop-
ing simpler and cost-effective antimalarial drugs [120]. Despite the challenges associated
with febrifugine, ongoing research strives to leverage its structural features while ad-
dressing safety concerns, offering potential for more effective and safer antimalarial

treatments [121].
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1.8.2.2 Anti-trypanosomal activity of quinazoline alkaloids:

Quinazoline alkaloids (figure 1.8) also exhibit a wide range of biological activi-
ties, including anti-trypanosomal activity [104]. These alkaloids are found in a variety of
plant species, including Peganum harmala, Peganum nigellastrum, and Zanthoxylum
chiloperone. The quinazoline alkaloids that have been identified as anti-trypanosomal

agents include peganine, harmaline, harmine, and vasicinone [104, 122].

Peganine (Figure 1.8, 31) is a quinazoline alkaloid that is found in the seeds of
Peganum harmala. Peganine has been shown to exhibit potent anti-trypanosomal activi-
ty against Trypanosoma brucei, the causative agent of African sleeping sickness. Pega-
nine works by inhibiting the activity of the trypanosomal enzyme, trypanothione reduc-

tase, which is essential for the survival of the parasite [123, 124].

Harmine (Figure 1.8, 30) and Harmaline (Figure 1.8, 32) are also quinazoline al-
kaloids that are found in the seeds of Peganum harmala. These alkaloids have been
shown to exhibit anti-trypanosomal activity against Trypanosoma cruzi, the causative
agent of Chagas disease. Harmaline and Harmine work by inhibiting the activity of the
trypanosomal enzyme, cruzain, which is essential for the survival of the parasite [124,

125].

Vasicinone (Figure 1.8, 33) is a quinazoline alkaloid that is found in the leaves of
Adhatoda vasica. Vasicinone has been shown to exhibit potent anti-trypanosomal activi-
ty against Trypanosoma brucei. Vasicinone works by inhibiting the activity of the trypa-

nosomal enzyme, trypanothione reductase [125, 126].
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The anti-trypanosomal activity of quinazoline alkaloids makes them potential
candidates for the development of new drugs for the treatment of trypanosomiasis.
However, the use of these alkaloids as drugs is limited by their low solubility and poor
bioavailability. Efforts are being made to improve the solubility and bioavailability of

these alkaloids through the development of new formulations and delivery systems [104,
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Figure 1.8: Quinazoline alkaloids showing anti-trypanosomal

and anti-leishmanial activity

1.8.2.3 Antileishmanial activity of quinazoline alkaloids:

Harmine (figure 1.8, 30), a quinazoline alkaloid found in Peganum harmala, ex-
hibited potent activity against Leishmania donovani, the parasite responsible for visceral
leishmaniasis. The harmine inhibited the growth of L. donovani parasites in vitro and in

vivo and was also effective against drug-resistant strains of the parasite [128].

Peganine (figure 1.8, 31), another quinazoline alkaloid found in Peganum har-

mala, exhibited potent activity against Leishmania parasites. Peganine inhibited the
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growth of multiple Leishmania species, including L. donovani, L. major, and L. infan-
tum, with 1Cso values in the low micromolar range. Peganine was also effective against

drug-resistant strains of Leishmania [123].

The mechanism of action of quinazoline alkaloids against Leishmania parasites
is not fully understood, but several studies have suggested that they may target multiple
pathways involved in parasite growth and survival. Harmine inhibited the activity of the
enzyme topoisomerase, which is involved in DNA replication and repair in Leishmania
parasites. Harmine inhibited the activity of the enzyme farnesyl pyrophosphate synthase,
which is involved in protein prenylation and membrane synthesis in Leishmania para-

sites [129].

In addition to their potent anti-leishmanial activity, quinazoline alkaloids have
several other advantages as potential drug candidates. They are natural compounds that
are readily available from plant sources, and they have relatively low toxicity compared

to many synthetic drugs [130].

1.9: Scaffold hopping in drug design:

Scaffold hopping, also known as lead hopping, is a widely used drug design ap-
proach to identify novel chemical structures from known biologically active lead com-
pounds with a goal to retain and/or improve the activity as well as optimize pharmacoki-
netic properties [131]. Validation of topomer similarity as a superior predictor of similar
biological activities [132]. The term, “scaffold hopping” was coined by Schneider and
colleagues in 1999 as a technique to identify molecular structures with the same biologi-

cal activity, but significantly different molecular backbones [133]. This approach in-
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volves the modification of the core structure or the scaffold of the parent molecule to
generate a novel skeleton and maintain and/or optimize the activity and improve the
pharmacokinetic properties. Scaffold hopping is classified into four major categories

[134]:

1.9.1 Heterocycle replacements
1.9.2 Ring opening or closure
1.9.3 Peptidomimetics

1.9.4 Topology-based hopping

1.9.1 Heterocycle replacements:

The minor modifications such as replacing or swapping carbon and heteroatoms
in the core structure, are classified as heterocycle replacements. Replacing the C with
heteroatoms N, O, and S can result in novel scaffolds with improved binding affinity if
the heterocycle is directly involved in interactions with the target protein. For example,
three diaryl heterocyclic cyclooxygenase 2 (COX-2) selective inhibitors Du697 (Figure
1.9, 34), celecoxib (Figure 1.9, 35) and rofecoxib ((Figure 1.9, 36) differ from each oth-
er mainly in the backbone heterocyclic rings, their potency against COX-2 is compara-

ble, but show varied pharmacology [135].
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Figure 1.9. Heterocyclic replacements and ring opening/closing stratgies

1.9.2 Ring opening or closure:

Most drug-like molecules contain at least one ring, ring opening and ring closure
are two viable strategies to create novel scaffolds. Molecular flexibility greatly enhances
the entropy of the binding free energy as well as membrane permeability and absorption
[136], hence ring opening, and closure are useful strategies for improving the drug-like

properties of molecules. Ring opening and closure alters the flexibility of a molecule by
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regulating the total number of free rotatable bonds. For example, the indole containing
prostaglandin EP1 receptor antagonists (37,38) (Figure 1.9) synthesized by Glaxo
SmithKline successfully locked the molecules into a bioactive conformation via ring
closure [137]. Conversion of an alkyl chain to cyclohexane, piperazine or piperidine
[138], 2-hydroxybenzoyl moiety to quinazoline ring system [139], and arylamine or ar-
ylamide to a fused ring system are widely used ring closure approaches [140]. On the
contrary, too many rings, especially aromatic rings, in a molecule may reduce the drug
likeness of the molecule due to decreased pharmacokinetic properties [141]. To circum-
vent this, introducing saturated rings in a molecule can decrease its structural flexibility
and maintain drug likeness, but may pose some challenges to synthesize the resulting
chiral molecules such as spiropiperidine-based stearoyl-CoA desaturase-1 inhibitors:
Identification of 1'-{6-[5-(pyridin-3-ylmethyl)-1,3,4-oxadiazol-2-yl]pyridazin-3-yl}[80,

142, 143] -5-(trifluoromethyl)-3,4- dihydrospiro[chromene-2,4'-piperidine].

The structural modification of potent opioid analgesic morphine ((Figure 1.9, 39)
to less potent, but less toxic tramadol ((Figure 1.9, 40) by ring opening is one of the ear-
liest examples of scaffold hopping [144]. 3D structures of both the opioids, as deter-
mined by the Flexible Alignment program in the Molecular Operating Environment
(MOE) software [145], conserves the key pharmacophore features, the positively
charged tertiary amine, the aromatic ring, and the hydroxyl group attached to phenyl
ring. Tramadol undergoes O-demethylation by CYP2D6 to form the corresponding hy-
droxy derivative. Although tramadol is only one-tenth of the potency of morphine, it is
almost completely absorbed after oral administration, and the duration of action is en-

hanced (6 hours).
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Concurrent ring opening and ring closure on the same molecule may lead to ring
migration [146]. For example, opening of the pyrimidinone ring in the lead MAP (mito-
gen-activated protein) kinase-activated protein kinase 2 (MK2) inhibitor, pyrrolopyrim-
idone ((Figure 1.9) , 41) along with the retention of the amide group, and swapping of 5-
and 6-member rings [147]resulted in a compound that was 4-fold less potent than the
lead compound. However, appending the amide group back to the phenyl ring reduced
the flexibility of the amide which in turn increased the affinity by 25-fold. These modi-
fications led to the highly potent (84 nM) MK2 inhibitor dihydroisoquinolinone ((Figure

1.9, 42) [147].

The generation of a macrocyclic structure (ring-based molecule having nine or
more atoms) from a linear molecule is a special ring closure strategy that is used to in-

troduce conformational constrains in a molecule [148].

1.9.3 Peptidomimetics:

The replacement of peptide backbones with non-peptidic moieties (pep-
tidomimetics) is another strategy to create a novel scaffold and improve activity and
most importantly the pharmacokinetic properties of the parent peptides. For example,
replacement of an amide bond in the second mitochondrial activator of apoptosis, AVPI
(ALA-VAL-PRO-ILE) (Figure 1.10) 43 with an oxazole ring 44 (Figure 1.10) resulted
in a peptidomimetic with reduced binding affinity with Baculovirus inhibitor of apoptot-
ic protein Repeat 3 (BIR3) domain of XIAP [149]. This is mainly attributed to the loss of

key backbone hydrogen bonding interactions with the protein.
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Figure 1.10. Peptidomimetic and topology-based scaffold hopping

1.9.4 Topology-based hopping:

The complete overhauling of the parent core structure to a new structural back-
bone with the goal of maintaining and/or improving biological activity as well as en-
hancing the physicochemical and pharmacokinetic properties is referred as topology-
based scaffold hopping. Although this approach affords novel structures significantly
distinct from the parent molecule, attenuation or complete loss of biological activity and

pharmacokinetic properties may reduce the application of topology-based scaffold hop-

ping.

For example, a new series of BCL-xI inhibitors were identified through similarity

search using the known inhibitor ABT-737 (45) (Figure 1.10) which resulted in a new
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series of novel inhibitors, with ((Figure 1.10, 46) reported to be the most potent, but

equi-potent to ABT-737 [150].

1.10 Scaffold hopping in antiparasitic drug discovery:

Various groups have successfully employed scaffold hopping in designing new
anti-parasite agents for malaria and the neglected tropical diseases trypanosomiasis

(sleeping sickness, and chagas disease), and leishmaniasis.

1.10.1 Scaffold hopping in antimalarial drug discovery:

Scaffold hopping has been used in the development of several anti-malarial
drugs, including Artemisinin-Based Combination Therapies (ACTs) and a novel class of
antimalarial compounds known as spiro-indolones. Artemisinin (Figure 1.11, 47), a nat-
ural product derived from the plant Artemisia annua, is the basis for most ACTs, which
are currently the frontline treatment for malaria. Scaffold hopping has been used to mod-
ify the artemisinin scaffold to generate new compounds with improved activity against
artemisinin-resistant strains [151, 152]. Spiro-indolones, for example cipargamin ((Figure
1.11, 48) are a new class of anti-malarial compounds that were discovered using scaffold
hopping. The compounds were identified through a phenotypic screening campaign of a
diverse chemical library. The screening identified a series of compounds with a spiro-
indolone scaffold that exhibited potent activity against P. falciparum both in vitro and in

vivo [153].

Scaffold hopping has also been used in the development of compounds
that target the PACDPK1 is a validated drug target that plays a critical role in the survival

of P. falciparum. The use of scaffold hopping has resulted in the identification of several
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potent and selective PfCDPK1 inhibitors [154]. Another compound called GNF179
((Figure 1.11, 49), has potent antimalarial activity, but showed poor drug-like properties.
By modifying the core structure of GNF179, to develop a series of compounds with im-
proved drug-like properties and similar or improved antimalarial activity [155]. Another
compound called SJ733 ((Figure 1.11, 50), has potent antimalarial activity, but poor
pharmacokinetic properties. By modifying the core structure of SJ733, to develop a se-
ries of compounds with improved pharmacokinetic properties and similar or improved

antimalarial activity [156].

GNF179 49

SJ733 50

Figure 1.11: Scaffold hopping in anti-malarial drug design
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1.10.2 Scaffold hopping in anti-trypanosomal drug design:

Many anti-trypanosomal drugs have been developed using scaffold hop-
ping design approaches. Melarsoprol (Figure 1.12, 51) is an arsenic-based compound
derived from atoxyl that is used to treat late-stage African trypanosomiasis caused by the
protozoan parasite Trypanosoma brucei rhodesiense [157]. Eflornithine (Figure 1.12,
52), also known as DFMO (a-difluoromethylornithine), a compound derived from orni-
thine, inhibits 7rypanosoma brucei gambiense by blocking ornithine decarboxylase
[158]. Treatment for Chagas disease caused by Trypanosoma cruzi consists of Nifur-
timox (Figure 1.12, 53) and Benznidazole (Figure 1.12, 54), which belong to the nitrofu-
ran and nitroimidazole classes, respectively, and were generated by scaffold hopping.
The parasites eventually die because of the production of toxic reactive oxygen species
and metabolites by these drugs [158, 159]. Scaffold hopping was used to create Fexini-
dazole (Figure 1.12, 55), another nitroimidazole compound used to treat African trypa-
nosomiasis. It works by inducing metabolic activation, which generates harmful metabo-

lites leasing to death of the parasite [160].
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Figure: 1.12: Scaffold hopping in anti-trypanosomal drug design

1.10.3 Scaffold hopping in antileishmanial drug discovery:

The development of antileishmanial drugs has benefited greatly from the applica-
tion of scaffold hopping design approaches, which have produced new compounds with
enhanced efficacy and safety profiles. One notable application of this strategy is the syn-

thesis of liposomal Amphotericin B (Figure 1.13, 56), or L-AmB.
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Figure:1.13: Structure of Amphotericin B

Despite having potent antileishmanial activity, amphotericin B's clinical use is
restricted due to significant nephrotoxicity. Using the structure of Amphotericin B as a
scaffold, scientists created L-AmB, a medication that encapsulates the drug in liposomes
to reduce toxicity while maintaining its effectiveness against Leishmania parasite. This
breakthrough has significantly increased leishmaniasis treatment options, particularly in

cases where traditional treatments are toxic and may not be safe [161, 162].

Recently target-based scaffold hopping, and parasitic hopping reported from a
previously active antitrypanosomal agent Lapatinib (58) (Figurel.14) and related ana-
logs against Trypanosoma brucei along with a new series of compounds to develop
NEU-1953 (Figure 1.14, 59) and related analogs against multiple protozoan parasitic
species Trypanosoma cruzi, Leishmania major, Leishmania donovani, and Plasmodium
falciparum. This work has resulted in the identification of promising lead molecules
having submicromolar activity and improved physicochemical properties against these

kinetoplastid diseases and malaria [163].
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Figure 1.14. Lead optimization of lapatinib (58) to more potent analog NEU-1953 (59)

Extensive scaffold hopping on 2-phenylimidazo[1,2-a]pyrimidine derivatives has
led to the development of an orally efficacious preclinical candidate
GSK3494245/DDD01305143 (Figure 1.15, 60), a proteosome inhibitor [164]. Scaffold
hopping on the initial oxazole hit (Figure 1.15, compound 61) led to a 2-
phenylimidazo[1,2-a] pyrimidine core and further optimization of the 6-position to a 6-
morpholino substituent increased the potency and metabolic stability. Additionally, the
fluorine substitution of the phenyl ring ortho- to the bicyclic core increased potency and
replacement of the furanyl amide moiety with a pyrrolidinyl urea group improved solu-

bility. This optimization efforts led to an orally efficacious early lead (Figure 1.15, 62),
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in a mouse model of VL. This also involved a further set of scaffold hops from 2-

phenylimidazo[ 1,2-a] pyrimidine.

DDD01305143/GSK3494245 (60)

0, O/\ F
i MO0 O
NH \N/KN N
O=__ HN—(
Initial hit 61 o/ Early lead 62 o)

Figure 1.15. Structures of DDD01305143/GSK3494245 (60), initial hit (61), and early lead (62).
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CHAPTER- 2

DESIGN AND SYNTHESIS OF A NOVEL SCAFFOLD OF PEGANINE
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2.1 Introduction:

Leishmaniasis is a major public health concern affecting millions of people in the
developing world [165]. The current marketed drugs to treat leishmaniasis are inade-
quate as they suffer from increasing parasitic resistance, severe nephrotoxicity, high
cost, and decreased efficacy of current medications in endemic areas where these as-
pects are relevant. One of the major drawbacks of the current drugs except miltefosine
is their parenteral routes of administration which makes compliance difficult in the en-
demic area setting of the disease. Miltefosine is the only orally effective drug, howev-
er, it has a relatively longer duration of action (4-week treatment) and is also terato-
genic. In view of the above limitations of the current drug arsenal for leishmaniasis,
newer, safer, cost-effective, and oral drugs with relatively short duration of action are
urgently needed to effectively treat this debilitating disease.

We have previously identified a tetra hydro pyrroloquinazoline alkaloid
natural product peganine (Figure 2.1, 1) from Peganum harmala that significantly re-
duces (80%) the parasite burden following oral administration to hamsters infected
with visceral leishmaniasis compared to the marketed drug miltefosine [166]. (Figure
2.1) It selectively inhibits the growth of clinically relevant intracellular amastigotes of
Leishmania donovani, the causative species of the more lethal form visceral leishman-
iasis and showed no toxicity to the host macrophages. However, peganine (100mg/kg
for 5days) shows efficacy in hamsters at a relatively high dose, therefore, structural

modification of the lead molecule is necessary to optimize its antileishmanial activity.
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Figure 2.1 Structure of the lead peganine and it’s in vivo antileishmanial activity.

Peganine showed an ICso 41+ 1.53pg/mL with a selectivity of 5 (CCso,
200ug/mL) in intracellular amastigots. The antileishmanial activity of peganine happens
to be mediated by a programmed cell death and by inhibition of the topoisomearse 1 of
Leishmania donovani [88]. Preliminary studies have revealed that peganine has a unique
mechanism of action by inhibiting the enzyme alone without the DNA topoisomearse |
complex, which is different from the known DNA topoisomerase 1 inhibitor, camptoth-

ecin. Additional studies are needed to validate the antileishmanial target of peganine.

2.2 Results and discussion:
2.2.1 Design of novel analogs of peganine:

Our laboratory is performing the structural modification of peganine to explore
its structure-activity relationships to identify more potent analogs for further develop-
ment. Preliminary results have shown that peganine inhibits topoisomerase I of L. do-
novani with unique mechanism of action different from the known topoisomerase I in-
hibitor camptothecin [167]. We are using the classical rational medicinal chemistry drug
design (Topliss Operational Scheme) as well as the structure-based drug design ap-
proaches to design novel analogs of peganine for evaluation of their antileishmanial ac-

tivity. Scaffold hopping is a widely used drug design approach to generate novel struc-
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tures by modification of the core structure of a lead and maintain and/or improve biolog-
ical activity and pharmacokinetic properties. The goal of this project is to employ scaf-
fold hopping to design novel analogs of peganine by altering its core scaffold by a het-
erocyclic replacement of the benzenoid ring and other strategies to optimize the an-
tileishmanial activity of the lead molecule.

Co-crystal structure of camptothecin (Figure 2.2A) bound to human topoisomer-
ase 1 [168] reveals important binding interaction of the inhibitor with the enzyme. This
involves an important hydrogen bond between the pyridyl nitrogen of camptothecin and
the side chain of arginine (N-H distance = 2.2 A) of the protein. However, the corre-
sponding co-crystal structure of Leishmania topoisomerase is not available with an in-
hibitor. Topoisomerase 1 of the human and parasite show a high degree of sequence and
structural similarity (66-75 % similar, 50 % identical) [169]. Therefore, we used homol-
ogy modeling to overlay the structure of the parasitic enzyme-DNA-inhibitor complex
with co-crystal structures of available human enzyme-DNA-inhibitor complexes (Figure
2.2A). Preliminary modelling studies using the Molecular Operating Environment
(MOE) software [170] have shown that the quinazoline nitrogen of peganine similar to
the pyridyl nitrogen of camptothecin interacts with the side chain arginine residue of
topoisomerase 1 with a strong hydrogen bond (distance = 2.5 A) as shown in Figure

2.2B.

To further enhance the hydrogen bonding interactions of peganine, we envi-
sioned that an additional hydrogen bond acceptor in the form of a heteroatom (N, O, S)
on the adjacent benzenoid ring of the core quinazoline core could lead to more potent

interactions with the enzyme and hence more potent antileishmanial activity of the de-
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signed analog. Based on this hypothesis, we used the simplest scaffold hopping strategy
the heterocyclic replacement initiated where a single ring carbon atom was swapped
with a hydrogen bond accepting nitrogen atom (Figure 2.2B). We expect to identify a

more potent analog due to its enhanced binding interactions with the arginine residue

and hence improved antileishmanial activity.
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Figure 2.2 (A) Structures of peganine and camptothecin and their superimposition;
(B) Heterocylic replacment of peganine to generate a novel scaffold

2.2.2 Retrosynthesis:

The synthesis of peganine is carried out in our laboratory using an estab-
lished procedure called retrosynthetic analysis [171]. We employed the same synthetic
methodology (scheme 2.2) to synthesize this novel scaffold of peganine (figure 2.3).

The retrosynthesis analysis of the scaffold was carried out as follows:
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Scheme: 2.2: Retrosynthesis of Peganine Scaffold
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Figure 2.3. Retrosynthesis analysis of the new peganine scaffold

The new scaffold, (S)-5,7,8,9-tetrahydropyrido[2,3-d]pyrrolo[1,2-a]pyrimidin9-
ol can be obtained from its quinazoline derivative, which in turn can be obtained from-

nthe dihydroxy quinazoline derivative.

2.2.3 Synthesis:

The total synthesis of the novel peganine scaffold (1) was carried out by the

method of Mhaske and co-workers [172], reported for the synthesis of (-)-vasicinone.
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2.2.3.1: Synthesis of (5)-2,5-dioxotetrahydrofuran-3yl-acetate (3):

@]
0 0
40°C
OH o
HO™ H3C)J\CI -
OH O 2h OAc
(@)
S- Malic acid Acetyl Chloride S- Acetoxy Succinic Anhydride- (3)

Figure 2.4 Synthesis of (5)-2,5-dioxotetrahydrofuran-3yl-acetate (3)

The commercially available S- malic acid was treated with freshly distilled acetyl
chloride to obtain one of the starting materials, (S)-2,5-dioxotetrahydrofuran-3yl-
acetate [172] (3) as represented in figure 2.4. The resulting pure compound was ob-
tained in quantitative yield, characterized by NMR and was used as such for the first

reaction with the primary starting material, 2-aminonicotinamide (figure 2.4, 2).

2.2.3.2: Synthesis of (5)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)-4-

oxobutanoic acid (4):

The reaction of the commercially available primary starting material, 2-amino
nicotinamide (2), proceeded in a 100% regioselective fashion with (S5)-2,5-
dioxotetrahydrofuran-3yl-acetate (3) with a nucleophilic attack of the amino group at
the more reactive electron-deficient carbonyl; 2-position of 2-aminonicotinmaide such a
regioselectivity with [172] carbon, nitrogen, and oxygen nucleophiles is known. This

led to the formation of the ring-opened acid product (4) in quantitative yield.

In figure 2.5, the reported reaction was not successful due to insolubility of 2 in
1,4- dioxane, so by replacing 1,4- dioxane with DMF; however, upon optimization of

the reactions conditions and the reaction was successful with full conversion of the
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starting material (2) to yield the acid product (4) in quantitative yield as shown in the
following scheme (Figure 2.6). The reported method indicated use of dioxane as one of
the three solvents for the reaction, however, due to insolubility of the reaction mixture,
we used DMF in place of 1,4-dioxane after various solvents were attempted for the re-
action. This not only resolved the solubility, but also led to the full conversion of the

starting material to the product.

0
Q Et,0O/Toluene/1,4- Dioxane N CONH,
[ NH: o (2:2:1) (\/{ Q
“ + > NT N
N~ NH, :
g O RT, 2 -24hrs H  Sac 0
2 3 4

Figure 2.5 Synthesis of (5)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)
-4-oxobutanoic acid 4 (literature report)

In the following scheme (Figure 2.6), changing the solvent from 1,4-dioxane to

DMEF, yielded the product in quantitative yield.

Q o) CONH,
N Et,O/Toluene/DMF XX e}
| NH, + O N |
(2:2:1) P J\/\H/OH
7 . = N N :
N NH, g oA H

RT, 2 h OAc O
2 3 4

Figure 2.6 Synthesis of (5)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)
-4-oxobutanoic acid 4 (optimized conditions)
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2.2.3.3 Synthesis of methyl ($)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl) amino)-4-

oxo butanoate 5:

The reaction of  (S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)-4-
oxobutanoic acid (4) with EDC, HOBT in DMF at room temperature furnished the cor-
responding ester intermediate (5) in quantitative yield as shown in the following

scheme (Figure 2.7).

«CONH; CONH,
(\/[ o EDC,HOBT,DMF 7 0
— OH - — OCH
N7 N7 > NT N7 3
OAc O RT,3-6 hrs H Sac 0
4 5

Figure 2.7 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine
-2yl) amino)-4-oxo butanoate (5)

Several procedures were unsuccessfully employed to obtain the ester intermedi-
ate (5). The reaction of compound (4) with thionyl chloride, methanol and methylene
chloride as solvent was not successful as shown in the following scheme (Figure 2.8).
Changing reaction conditions such as extending the reaction did not yield the desired

product which was confirmed by the absence of the aromatic peaks of the pyridine ring

in the NMR.

N CONH, CONH,
(\/[ 0 SOCl,, MeOH, DCM @ 0
- )K/\WOH - J\/\WOCHg

N™ N” > N™ N7
OAc O Reflux,16 hrs H  Bac 0
4 5

Figure 2.8 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate(5)
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Another procedure employing dimethyl maleate (DMM) in presence of potassi-
um bromide (KBr) using DMF as solvent also did not yield the desired product (Figure

2.9). This was also confirmed by the absence of the aromatic peaks of the pyridine ring

in the NMR.
AN COgH2 CONH,
| )LV/NW(OH DMM, KBr, DMF [[A\t[~ 0
> _ y
NN 130°C,12 hrs N N/M\g/A\H/OC 3
OAc O Shc O
4 5

Figure 2.9 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate (5)

The reaction of the acid intermediate (4) with dimethyl carbonate (DMC) in
presence of potassium bicarbonate when refluxed in DMSO for 12 hours also did pro-
ceed successfully (Figure 2.10). The absence of the aromatic peaks of the pyridine ring

in the NMR indicated the absence of the ester.

CONH,

CONH
[QTI; 0 DMC,DMSO,KHCOB,IIA\iK~ 0 2
bz OH
~ OCH
N ﬁ/ﬂ\f/A\ﬂ/ 90°C,12 hrs N ”/M\g/A\H/ 3
OAc O (_)AC 0
4 5

Figure 2.10 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate (5)

The treatment of the acid (4) with DMC in K2CO3 using chloro tetra bu-
tylamine under reflux for 12 hours (Figure 2.11) was also unsuccessful as the formation
of the ester product (5) was confirmed by NMR which showed the absence of the aro-

matic peaks of the pyridine ring.
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N CONH, CONH,
(\/[ 0 DMC, K;COs, [BuNICI | XY o
— OH - = )WOCHS

N N : N N

z 0 -

Figure 2.11 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate (5)

The use of dicyclohexylcarbodimide (DCC) in dimethylaminopyridine (DMAP)
and DCM led to the desired product (Figure 2.12) as shown by the TLC. However, the
product could not be isolated due to the formation of dicyclohexyl urea (DHU) as the

by-product which was not easy to remove from the product.

CONH
AN O 2 CONH2
| DCC,DMAP,DCM | X O
N/ N)WOH > _ OCHS
H : MeOH,RT,4Hrs N N -
OAc O H 6Ac 0
4 5

Figure 2.12 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate (5)

The reaction in the following scheme (Figure 2.13) in which DCC was replaced
by more reactive EDC did not proceed even after 24 hours. This was confirmed by thin
layer chromatography in 5% MeOH in DCM solvent system, compared to the starting

material.
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[ntil Q EDC,DMAP [Qi[~ o)
H z MeOH,DCM N N -
OAc O RT,4-24Hrs (:)Ac o)
4 5

Figure 2.13 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate (5)

Methylation of carboxylic acid and phenols proceeds successfully with methyl
1odide (Mel) in potassium carbonate or DBU. However, reaction of the acid (4) with

Mel in either K2CO3 (Figure 2.14) or DBU (Figure 2.15) did not yield the desired prod-

uct (5).
CONH,
@ o Mel, K,CO3, DMF X" ORM2
H o= RT,24Hrs N7 N7 3
OAc O dAc O
4 5
Figure 2.14 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-
pyridine-2yl)amino)-4-oxo butanoate (5)
CONH,
Eiiji 9 oy Mel. DBU, DMF Eifji o)
N N/u\f/\T( RT,4-12Hrs NT N7 SN OCHs
OAc O H (_)AC o}
4 5

Figure 2.15 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-
pyridine-2yl)amino)-4-oxo butanoate (5)
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The use of EDC, and HOBT coupling reagents successfully yielded the desired

product in a quantitative yield (Figure 2.14) which was confirmed by mass spectrometry,

proton NMR, and carbon NMR.

X COgH2 CONH,
| EDC, HOBT XY 0
N N)WOH - OCH
H = DMF,DIEA,MeOH N” N7 3
OAc O RT,3Hrs H  3ac O

4 5

Figure 2.16 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-
pyridine-2yl)amino)-4-oxo butanoate (5)

2.2.3.4 Synthesis of (S)-2-(1,3-dihydroxypropyl)pyrido|2,3-d]pyrimidin-4(3H)-one:

The ester (5) was subjected to a chemo-selective reduction with lithium alumi-
num hydride (LAH) to obtain the reduced intermediate 6, which undergoes in situ LiOH
catalyzed 172! dehydrative ring closure to yield the corresponding quinazolinone inter-
mediate (7). Several conditions as shown in the following schemes (Figure 2.17) were
employed, but none of the reactions proceeded successfully. This was mainly due to the

insolubility of the ester reactant in the commonly used ether solvents for LAH-mediated

reduction conditions.

O
2 EqLAH A N OH
>
THF, aq work up — —
N N Y

90mins

Ol

H
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(0]
3 EqLAH X NH o
OCH;
THF, aq work up = Z
N N :

90mins =

OH
s 7
0
4 Eq LAH "
q X NH
OCH; >

THF, aq work up > FZ

90mins N N :
OH

s 7
(6]
6 Eq NaBH, N NH "
OCHj3
MeOH,0°C- RT, = /
24Hrs N N :
OH
s 7
(0]
CONH,
AN 2 EqLAH X NH >
OCH
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N \ _ DMF, aq work up = G
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0]
X
3 Eq LAH AN \H OH
— OCHs y
N DMF, aq work up — —
90mins N N Y
OH
5 7
0]
X
4 Eq LAH AN \H OH
G »
N DMF, aq work up = —
90mins N N Y
OH
7

Figure 2.17 Synthesis of 2-(1,3-dihydroxypropyl) pyrido[2,3-d] pyrimidin-4(3H)-one (7)

However, use of 2 equivalents of LAH in DME yielded the desired product (7) as
shown in the following scheme (Figure 2.18). The structural characterization 7 has been

performed, but further additional analysis is under progress.

CONH, 0
X
2 Eq LAH,DME AN " OH
= OCHj,4
N 0°C-RT-60°C, P
Reflux, 8hrs N N :
OH

Figure 2.18 Synthesis of 2-(1,3-dihydroxypropyl) pyrido[2,3-d] pyrimidin-
-4(3H)-one (7)
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2.2.3.5 Synthesis of (5)-9-hydroxy-8,9-dihydropyrido[2,3-d]pyrrolo[1,2-a] pyrim-

idin-5(7H)one:

The compound 7 on treatment with diisopropylazodicarboxylate (DIAD) and tri-
phenylphosphine (PPhs) in DCM for 3-9 hours afforded the desired (S)-9-hydroxy-8,9-
dihydropyrido[2,3-d]pyrrolo[1,2-a] pyrimidin-5(7H)one 8 as shown in the following
scheme (Figure 2.19) by a selective intramolecular Mitsunobu ring-closing reaction with

the primary alcohol (C-1) of compound 7.

Initially tried to proceed the reaction in THF solvent but the reaction was unsuc-
cessful and then tried in DMF solvent which was slightly successful but there is no pro-

gress, then changed the solvent to DCM which was successful with moderate yield.



DIAD,PPh;,
?

o
OH
X NH
N/ N/ THF, 3-12Hrs

Olln

H
7
0
OH
X NH DIAD,PPh,
)
A DMEF, 3-12Hrs
N N -
OH
7
0
OH
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o)
CLD
Z Z
N N -

BH
8
o
X N
= =
N N A
OH
8
o
N N
= =
N N S
OH
8

Figure 2.19 Synthesis of (S)-9-hydroxy-8,9-dihydropyrido[2,3-d]pyrrolo[1,2-a]

pyrimidin-5(7H)one. (8)

2.2.3.6 Synthesis of (5)-5,7,8,9-tetrahydropyrido[2,3-d]pyrrolo[1,2-a]pyrimidin9-ol:

A solution of BH3-THF complex (1.0 M) was added in a dropwise manner to

(5)-9-hydroxy-8,9-dihydropyrido[2,3-d]pyrrolo[1,2-a] pyrimidin-5(7H)one (8) under
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inert atmosphere. The green reaction mixture was heated at reflux for 1 hr. A solution of

borate complex and excess reagent.

(0] (0]
X N BH, -THF X N
>
N/ N/ , 1Hr,0°-60°C T~
> N N >
H

H

6 N HCI (0.5 mL) was added in a dropwise manner at 0 °C (ice-bath) to hydrolyze the

ow"

8

ow

1
Figure 2.20 Synthesis of (5)-5,7,8,9-tetrahydropyrido[2,3-d]pyrrolo

[1,2-a]pyrimidin9-ol (1)

The compound 8 was treated with TMSCI (1.2 mol equiv) in DCM in an ice-bath

for 15 minutes and to the resultant reaction mixture was added a reducing agent, LAH

zation is required to confirm the product.

i o)
= N LAH,TMSCI X N
>
N/ N/ DCM,3Hr,0°-5°C N/ N/ /
H

H

(1.4 mol equiv). The reaction was completed in 3hours. Further analysis and characteri-

oW

oW

Figure 2.21 Synthesis of (S)-5,7,8,9-tetrahydropyrido[2,3-d]pyrrolo
[1,2-a]pyrimidin9-ol (1)
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2.2.4 Discussion

The current treatments against the protozoan parasitic disease leishmaniasis suf-
fer from parasitic resistance, drug toxicity, teratogenicity, high cost, reduced efficacy in
some endemic regions, and routes of administration incompatible to the settings where
the disease is prevalent. Moreover, the efforts to treat leishmaniasis are further hindered
by the lack of financial resources in the disease prevalent regions and the lack of support
from the pharmaceutical partners. Therefore, it is incumbent upon the academic institu-
tions to undertake the drug discovery process to address the growing public health con-
cern in the underdeveloped regions of the world. Newer, safer, orally active, and cost-
effective drugs are urgently needed to alleviate the poorer populations affected by this

debilitating disease.

Drug discovery efforts against leishmaniasis are growing with several com-
pounds in late preclinical or early clinical stages of development as indicated by the
Drugs for Neglected Diseases Initiative (DNDI) [173]. New drug leads have been identi-
fied for leishmaniasis through phenotypic screening, repurposing of known drugs such
as anticancer, antidepressant, anti-HIV agents and kinase inhibitors [165]. The derivati-
zation of known anti-infective scaffolds has been carried out to rationally design leish-
manicidal agents through structural modification of already known compounds exhibit-
ing anti-infective activity. Natural products derived from plants, bacteria, fungi, and ma-
rine organisms have become a valuable source to contribute to the drug arsenal pipeline
for leishmaniasis. Several natural products with diverse structural complexity have
shown potent activity against the two most prevalent forms of the disease such as viscer-

al, and cutaneous leishmaniasis in various in vitro and in vivo models.



64

Derivatization of the natural product leads through systematic structure-activity
relationships (SARs) have also provided potent compounds against leishmaniasis.
Quinazoline alkaloids either as natural products or derivatives have also shown potent
antiparasitic activity against three major protozoan parasitic diseases malaria, trypano-

somiasis, and leishmaniasis.

Our laboratory is focused on the design and synthesis of novel antiparasitic
agents for the protozoan parasitic diseases leishmaniasis and trypanosomiasis. We have
previously reported the antileishmanial activity of a pyrroloquinazoline alkaloid pega-
nine isolated from a medicinal plant, Peganum harmala [167]. Peganine reduced the par-
asitic burden significantly following oral administration to hamsters infected with acute
visceral leishmaniasis at a relative high dose compared to the marketed oral drug
miltefosine. Because the lead molecule kills the Leishmania parasite at clinically irrele-
vant dose, structural modification is imperative to optimize its activity and facilitate its
further development. We are exploring the structure-activity relationships (SARs) of
peganine using the classical and rational drug design approach Topliss Operational
Scheme as well as the structure-based drug design methods to identify novel analogs
with improved activity. Preliminary studies have also shown that peganine inhibits the
parasite topoisomerase | without binding to DNA with a unique mechanism of action
different from known topoisomerase I inhibitor, camptothecin [172]. Molecular model-
ling also revealed that peganine can be superimposed with camptothecin and the im-
portant interactions with the enzyme are conserved. The pyridyl nitrogen of camptothe-
cin and the quinazoline nitrogen of peganine occupy the same position while interacting

with the enzyme and form strong hydrogen bond interactions with the arginine residue
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of the enzyme. Based on the molecular modeling studies, we employed scaffold hopping
design strategy to modify the core structure of peganine by introducing a heterocyclic
replacement (N) into the benzenoid ring. This generated a new core structure of pega-
nine called pyrrolopyrimidinol. We expect the new scaffold to increase the hydrogen
bonding interactions by hydrogen bond accepting property of nitrogen atom with the
same arginine residue and retain and/or have an improved activity and possess favorable

pharmacokinetic properties.

We carried out the total synthesis of the pyrrolopyrimidinol scaffold by following
a procedure similar to the one [171] used for the synthesis of our lead molecule. The syn-
thesis of this new scaffold was accomplished up to the penultimate intermediate, a pyr-
rolopyrimidinone derivative which will be subjected to the lactam reduction to furnish
the target molecule. All the intermediates were purified by flash chromatography and
obtained in excellent yields. The compounds were characterized by mass spectroscopy
and nuclear magnetic resonance. We expect to obtain the target molecule and evaluate its
antileishmanial activity and based on the results, design and synthesize additional ana-

logs to explore its structure-activity relationships for further development.

2.3: Conclusion:

We have designed a novel analog of promising antileishmanial lead, peganine us-
ing scaffold hopping drug design approach. The simplest scaffold hopping strategy,
which is heterocyclic replacement in which the core benzenoid ring of pganine was re-
placed by a pyridine ring was employed to generate a novel scaffold to improve the an-
tileishmanial activity and pharmacokinetic properties of peganine. The total synthesis of

the designed analog was accomplished upto the penultimate step in moderate to excel-
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lent yields, we expect to complete the final reaction to afford the target and evaluate its
antileishmanial activity. In future studies, based on the initial results, additional analogs
of the molecule will be designed to synthesize for evaluation of the antileishmanial ac-

tivity to develop SARs facilitate the further development.
2.4 Experimental Materials and Methods:
2.4.1 General:

All reactions were carried out with anhydrous solvents in oven-dried and argon-
charged glassware. All anhydrous solvents were further dried over molecular sieves. All
solvents used in workup, extraction procedures and chromatography were used as re-
ceived from commercial suppliers without prior purification. The starting materials 2-
aminonicotinamide and L(-)-malic acid were obtained from Fisher Scientific (Pittsburgh,
PA), and all other reagents were purchased from Sigma Aldrich (St. Louis, MO) and are

used without further purification.
2.4.2 Chromatography:

Analytical thin layer chromatography (TLC) was performed on precoated Alu-
minum backed plates (with Silica Gel 60 W F254 with 200pum thickness metric) were
purchased from Sigma Aldrich. The components were visualized by ultraviolet light
(254 nm) and their Rf determined. Flash column chromatography was conducted on a
Teledyne ISCO CombiFlash NextGen 300" chromatography system with Redisef gold

and silver columns (Teledyne ISCO, Lincoln NE) with mesh size 60-120 pm.


https://www.fishersci.com/shop/products/l-malic-acid-99-thermo-scientific-2/AC150590250#?keyword=
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2.4.3 Nuclear Magnetic Resonance (NMR):

"H NMR spectra were recorded at ambient temperature using a Bruker Avance
600 MHz solutions NMR spectrometer in the solvent indicated. '*C NMR spectra were
recorded using Bruker Advance 600 MHz solutions NMR spectrometer (at 100 MHz, or
150 MHz). All the '"H NMR spectra were reported in chemical shift (8) units as parts per
million (ppm) downfield of Tetramethylsilane and were measured relative to the signals
for deuterated methanol (3.31 ppm), dimethyl sulfoxide (2.5 ppm), or acetone (2.05
ppm). All 3C NMR spectra were reported in ppm relative to the signals for deuterated
methanol (49.1 ppm), deuterated dimethylsulfoxide (39.5 ppm) or deuterated acetone
(29.9, 206.7 ppm) with '"H decoupled resonance. Data for 'H NMR are reported as fol-
lows: chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quar-
tet, p = pentet, m = multiplet), coupling constant (Hz) and integration whereas '*C NMR
were reported as chemical shift values. All the NMR data were analyzed using Mes-

tReNova (Mnova Suite Chemist) Software (version 15.0.1).
2.4.4 Mass spectrometry (MS):

Low resolution mass spectra were recorded using an Agilent mass spectrometer
in the electrospray ionization (ESI) method as the protonated ions both in the positive

and negative ion modes.
2..4.5 General Procedure for the synthesis of intermediates:

2.4.5.1 Synthesis of (S)- 2,5-dioxotetrahydrofuran-3yl-acetate (3):
A mixture of (S)-malic acid (10.0 g, 74.8 mmol) and freshly distilled acetyl chlo-

ride (75 mL) was stirred at 40 °C in an oil bath for 2 hr. The excess of acetyl chloride
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and acetic acid or acetic anhydride formed were distilled off in vacuo. The obtained sol-
id residue was used for the next step without any further purification. The analytically

pure sample was obtained by recrystallization from toluene. 11.62 g (98.5% yield);

2.4.5.2 Synthesis of (5)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)-4-
oxobutanoic acid (4):

To a solution of the (S)-2,5-dioxotetrahydrofuran-3yl-acetate 3 (3.46 g, 21.87
mmol) in ether (21.89 mL) was added a solution of 2-amino nicotinamide 2, (3.00 g,
21.87 mmol) in toluene-dimethylformamide (DMF) mixture (33.08 mL, 2:1) in a drop-
wise fashion with constant stirring at room temperature. The reaction mixture was fur-
ther stirred for 2 hr, and the formed precipitate was filtered under vacuum and washed
with ethyl acetate (22 mL). The obtained compound 4 was used for the next step with-
out any further purification. Analytically pure 4 was obtained by recrystallization from
ethyl acetate. Yield: 6.46g (96.5%);

"H NMR (DMSO-d6, 600 MHz) & 7.85 (s, 1H), 7.73 — 7.70 (m, 2H), 7.08 (s, 1H), 6.96
(s, 2H), 6.39 — 6.34 (m, 1H), 4.97 (d, J = 8.0 Hz, 1H), 2.94 (s, 1H), 2.66 (s, 1H), 2.62

(s, 1H), 2.28 (s, 1H), 1.82 (s, 3H).

BC NMR (DMSO, 151 MHz) § 175.97, 174.81, 174.40, 173.51, 166.17, 162.69,

154.25,141.58, 132.71, 131.99, 129.10, 115.11, 113.24, 72.54, 43.45, 34.44, 24.60,
24.02.

MS (ESI) m/z [M-H] 294.1
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2.4.5.3 Synthesis of methyl(S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl) amino)-4-
oxo butanoate 5:

To a solution of the acid 4 (1.00g, 3.39 mmol) in DMF (5 mL) was added DIEA
(4.25 ml, 9.7 mmol). The mixture was cooled to 0°C and treated with EDC-HCI (1.2 g,
3.39 mmol), HOBt (879 mg, 3.39 mmol), followed by the addition of and methanol (0.5
mL, 13.56 mmol). The reaction was stirred at RT for 3 hours. After completion, the
mixture was diluted with H2O (50 mL) and extracted with Ethylacetate (50 mL). The
organic layer was dried over sodium sulphate (Na2SO4) and concentrated in vacuo. The
resulting material was purified by silica gel column chromatography to provide the

product as a semi white crystalline solid. 5: 0.995g(95.02% yield);

'"H NMR (600 MHz, DMSO-d6) § 8.05 (dd, ] = 4.8, 1.8 Hz, 1H), 7.99 — 7.91 (m, 2H),
7.30 (s, 1H), 7.17 (s, 2H), 6.54 (dd, J = 7.6, 4.7 Hz, 1H), 3.40 (s, 3H), 2.55 (s, 1H), 2.50
(s, 3H).

BC NMR (151 MHz, DMSO-d6) & 170.68, 170.20, 159.48, 151.84, 151.75, 148.90,
137.45, 111.45, 109.00, 88.24, 60.08, 21.00, 14.40.

MS (ESI) m/z [M-H]~ 308.1.

2.4.5.4 Synthesis of (S)-2-(1,3-dihydroxypropyl)pyrido[2,3-d]pyrimidin-4(3H)-one
(7):

To the solution of ester 5 (0.80 g, 2.59 mmol) in DME (10 mL) was added solu-
tion of LAH (2.152, 5.18 mmol) in THF a in a dropwise fashion at 0°C over a period of
15 minutes with continuous stirring. The reaction mixture was further stirred at room
temperature and then refluxed for 8 hours at 60°C. The reaction was slowly quenched

with water (6.8 mL) and further stirred for 1 h at room temperature. Saturated ammoni-
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um chloride (NH4Cl) solution (2.6 mL) was added to the reaction mixture, and then it
was completely concentrated under vacuum and dried under the rotavapor. The residue
was stirred with THF (20 mL) for 1 h, and the organic layer was filtered through Celite,
dried over sodium sulphate Na2SOas, and concentrated in vacuo. The obtained crude
product was purified by silica gel column chromatography using hexane and Ethyl ace-

tate (1:9) to furnish compound 7: 0.53 g (93.0% yield).

'H NMR (600 MHz, Acetone) § 8.50 (dd, J=4.7, 1.7 Hz, 1H), 8.06 (dd, J=4.7, 1.8 Hz,
1H), 7.76 — 7.67 (m, 2H), 5.80 (s, 0H), 5.22 (t, J = 4.9 Hz, 1H), 4.16 (s, 1H), 3.95 (s,
1H), 3.71 (q, J = 7.4 Hz, 2H), 3.62 (s, 1H), 3.63 — 3.57 (m, 1H), 3.18 (d, /= 9.4 Hz, 1H),

2.81 (s, 2H).

BC NMR (151 MHz, DMSO) § 178.42,175.02, 162.92, 153.62, 125.49, 124.07, 107.53,

67.15,67.00, 61.22, 30.01, 23.76.

2.4.5.5 Synthesis of (S)-9-hydroxy-8,9-dihydropyrido[2,3-d]pyrrolo[1,2-a] pyrim-

idin-5(7H)one:

To the solution of 7 (0.55 g, 2.50 mmol) and TPP (0.85 g, 3.25 mmol) in THF (7
mL) was added a solution of DIAD (0.48 ml, 2.75 mmol) in DCM (5 mL) in a dropwise
fashion with continuous stirring at room temperature, and the reaction mixture was fur-
ther stirred for 12 h. The reaction mixture was concentrated in vacuo, and the residue
was chromatographed on silica gel using hexane and isopropanol (60:40) to obtain the

pure compound 8: 0.31 g (61% yield).
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'H NMR (600 MHz, Acetone) 8 7.84 (dd, J = 12.1, 7.4 Hz, 2H), 7.61 — 7.46 (m, 1H),
4.05 - 4.00 (m, 1H), 3.67 (d, J= 6.2 Hz, 1H), 3.56 (dd, J = 11.8, 5.7 Hz, 2H), 3.52 (d, J

=54 Hz, 1H), 1.84 — 1.77 (m, 1H), 1.56 (d, J = 2.6 Hz, 1H).

BC NMR (151 MHz, Acetone) & 173.33, 171.78, 164.40, 132.83, 132.22,129.40, 71.93,

62.34, 61.75, 54.91, 29.45, 23.72.

2.2.2.6 Synthesis of (S)-5,7,8,9-tetrahydropyrido[2,3-d]pyrrolo[1,2-a]pyrimidin9-

ol:

The compound 8 was treated with TMSCI (1.2 mol equiv) in DCM in an ice bath
for 15 min and to the resultant reaction mixture was added a reducing agent, LAH (1.4
mol equiv). The reaction was completed in 3hours. The reaction mixture was quenched
with KOH 2M solution and extracted with water and DCM and the DCM extract was
concentrated and purified using 5% MeOH and DCM solvent system and the desired

product was obtained and further need to be confirmed by proton NMR.
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APPENDIX

"H NMR of (S)-2,5-dioxotetrahydrofuran-3yl-acetate 3 :
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The residual peaks of acetic acid were shown at 1.90 in 'H NMR and

21.11, 172.11 in the *C NMR

3C NMR of (S)-2,5-dioxotetrahydrofuran-3yl-acetate 3:
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"H NMR of (S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)-4-

oxobutanoic acid 4:

5H-1A-APR24.2.fid
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The residual DMF peaks were seen at 7.85, 2.94, 2.66 ppm.
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13C NMR of (S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)-4-

oxobutanoic acid 4:

SH-1A-CNMR-DMSO, 1.Ad ™
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Mass spectrometry of (§)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)-amino)-4-

oxobutanoic acid 4:
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"H NMR of methyl (S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate 5:

SH-1B-EDC-DEC28.1.fid
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3C NMR of methyl (S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)
amino)-4-oxo butanoate 5:
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Mass spectrometry of methyl (S)-3-acetoxy-4-((3-carbamoyl-pyridine-2yl)

amino)-4-oxo butanoate 5:
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Purification of compound 5 using CombiFlash CombiFlash NextGen 300"

chromatography system:

Sample: 240403 19-43-1 ComhbiFlash NEXTGEN : 223 E000% Khalig Lab  Wednesday 03 April 2024 07:43FM
Colwmn: AIZ03 pH=7 &g Peak Tube Volume: Max.

Flow Rate: 13 ml'min Non-FPeak Tube Volume: Max.

Equilibration Vebamse: 336 ml Loading Tyvpe: Salid

Initial Waste: 000 ml Wavelength 1 (red): 254mm

Adr Purge: 1.0 min Pesk Width: 30 see

Threshodd: 0.H AL
Wavelength 2 (purple): 280nm
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"H NMR of (S)-2-(1,3-dihydroxypropyl)pyrido[2,3-d]
pyrimidin-4(3H)-one:

SH-1C-ACETONE-APR24, 1.fid
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Residual THF solvent peaks were seen at 3.62 in proton NMR and 29.44, 66.70 ppm in

carbon NMR.
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3C NMR of (S)-2-(1,3-dihydroxypropyl)pyrido[2,3-d]

pyrimidin-4(3H)-one:
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Purification of compound 7 using CombiFlash CombiFlash NextGen 300"

chromatography system:

Sample: 240310 18-23-1 CombiFlash NEXTGEN : $223E0000% Khalig Lab Sanday 10 March 2024 06 23FM
Colwmn: Silica 4 Peak Tube Volume: Max.
Flow Rate: 13 ml'min Maon-Peak Tube Volwme: Max.
Equilibration Velamse: 430 ml Loadimg Tvpe: Solid (Pamse)
Initial Waste: 000 ml Wavelength 1 (red): 254mm
Adr Purge: 1.0 min Pesk Width: 30 see
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"H NMR of (S)-9-hydroxy-8,9-dihydropyrido[2,3-d]pyrrolo
[1,2-a] pyrimidin-5(7H)one:

SH-1D-1-ACETONE-MAR20.1.fid
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Residual THF peaks were seen at 3.53 ppm in proton NMR and 62.34 ppm in carbon

NMR.
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13C NMR of (S)-9-hydroxy-8,9-dihydropyrido[2,3-d]pyrrolo

[1,2-a]pyrimidin-5(7H)one:
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Purification of compound 8 using CombiFlash CombiFlash NextGen 300"

chromatography system:

Sample: 240305 H0-17-1
Colwmn: Silica 4

Flow Rate: 13 ml'min

Equilibration Velamse: 430 ml

Iniitial Waste: 000 ml

Adr Purge: 1.0 min
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Peak Tube Volume: Max.
Non-FPeak Tube Volume: Max.
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