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“What you do makes a difference,

and you have to decide what kind of difference you want to make.”

Jane Goodall

“Nothing in life is to be feared;

it is only to be understood.”

Marie Curie
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ENGLISH SUMMARY

Leishmaniasis is a neglected tropical disease produced by Leishmania protozoan
parasites, transmitted by the bite of infected female sandflies. The disease infects
more than 12 million people worldwide and threatens additional hundreds of millions
of people, primarily in the tropics and subtropics. Leishmaniasis manifests in a variety
of clinical forms, ranging from self-healing cutaneous leishmaniasis to the fatal visceral
form if untreated. Despite decades of use, current chemotherapy is limited to a few
drugs such as pentavalent antimonials, amphotericin B, miltefosine, and
paromomycin. However, these drugs typically have serious drawbacks such as
relevant side effects, high costs, long treatment duration, and, most importantly, an
increasing prevalence of drug-resistant strains. Thus, the search for new, effective,

and safe therapeutic agents is an urgent need.

Among the many chemical scaffolds that have been screened for antiparasitic activity,
indole derivatives are worth noting for their rich spectrum of biological activities and
ability to bind to many biological targets. Over the last decade, several studies have
reported the promising activity of indole-based molecules against different Leishmania
species. Natural indole alkaloids, as well as synthetic derivatives such as bisindoles,
indole-imidazoles, and others, have demonstrated potent antileishmanial effects both
in vitro and in vivo. Therefore, the design and synthesis of new indole-derived
compounds is a rational and attractive option in the search for new antileishmanial

drugs.

In this context, the present thesis aims at identifying new antileishmanial compounds
by designing, synthesising, and biologically investigating three groups of indole-based

analogues: indole-imidazole hybrids, bisindoles, and indole-isoindolinones.

Different indole-imidazoles have been synthesised following a previously reported
procedure in the literature. However, this route presents limitations in the variability of
imidazole substituents. In order to improve this limitation, two other synthetic routes
were investigated. The first one, based on the Van Leusen reaction, resulted in a single

analogue due to insurmountable limitations of the methodology. A new optimised



procedure involving the alkylation of preformed imidazoles with 3-(2-iodoethyl)-1H-
indole allowed the synthesis of new derivatives, increasing the covered chemical

space.

Four different families of bisindoles have been synthesised to evaluate their biological
activity against leishmaniasis. These families are: amines, amides, esters, and
carboxylic acids. The introduction of glycosylated substituents has been performed in

order to improve pharmacokinetics and activity.

The chemistry of indole-isoindolinone derivatives has been studied, allowing
synthesising three different families of compounds: di-substituted, imines and di-

substituted alkoxy derivatives.

A graphical abstract of this thesis is presented below:
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RESUMEN EN ESPANOL

La leishmaniasis es una enfermedad tropical desatendida causada por el parasito
protozoario Leishmania, transmitida por la picadura de la hembras infectadas de
mosquitos flebotominos. Afecta a mas de 12 millones de personas en todo el mundo
y amenaza a cientos de millones mas, principalmente en las regiones tropicales y
subtropicales. La leishmaniasis se presenta con diversas formas clinicas, desde la
leishmaniasis cutanea autolimitada hasta la forma visceral, que resulta mortal si no se
trata. La quimioterapia actual se limita a unos pocos farmacos, como los antimoniales
pentavalentes, la anfotericina B, la miltefosina y la paromomicina. Sin embargo, estos
suelen tener efectos secundarios graves, un alto costo, una larga duracion del
tratamiento y, lo que es mas importante, su uso ha dado lugar a un progresivo
desarrollo de cepas resistentes. Por lo tanto, la busqueda de agentes terapéuticos

nuevos, eficaces y seguros es una necesidad urgente.

Entre las numerosas estructuras quimicas evaluadas por su actividad antiparasitaria,
los derivados del indol destacan por su amplio espectro de actividades bioldgicas y
su capacidad para unirse a multiples dianas biol6gicas. Durante la ultima década,
diversos estudios han reportado la prometedora actividad de moléculas basadas en
indol contra diferentes especies de Leishmania. Los alcaloides inddlicos naturales,
asi como derivados sintéticos como los bisindoles, los indolimidazoles y otros, han
demostrado potentes efectos antileishmania tanto in vitro como in vivo. Por lo tanto,
el disefio y la sintesis de nuevos compuestos derivados del indol constituyen una
opcién racional y atractiva en la busqueda de nuevos farmacos antileishmania. En
este contexto, la presente tesis tiene como objetivo identificar nuevos compuestos
antileishmania mediante el diseno, la sintesis y la investigacién biolégica de tres
grupos de anélogos basados en indol: hibridos de indol-imidazol, bisindoles e hibridos

indol-isoindolinonas.

Se han sintetizado diferentes indol-imidazoles siguiendo un procedimiento
previamente descrito en la literatura. Sin embargo, esta ruta presenta limitaciones en
la variabilidad de los sustituyentes del imidazol. Para superar esta limitacion, se

investigaron dos rutas sintéticas alternativas. La primera, basada en la reaccidén de



Van Leusen, dio como resultado un Unico analogo. Un nuevo procedimiento
optimizado, que involucra 3-(2-yodoetil)-1H-indol e imidazoles preformados, permitié

la sintesis de nuevos derivados, ampliando el espacio quimico.

Se sintetizaron cuatro familias diferentes de bisindoles para evaluar su actividad
biol6gica contra la leishmaniasis. Estas familias son: aminas, amidas, ésteresy acidos
carboxilicos. La introduccion de sustituyentes glicosilados se ha realizado para

mejorar la farmacocinética y la actividad.

Se ha estudiado la quimica de los derivados de indol-isoindolinona, lo que ha
permitido sintetizar tres familias diferentes de compuestos: derivados disustituidos,

iminas y alcoxi disustituidos.

A continuacién se presenta un resumen gréfico de esta tesis:
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RIASSUNTO IN ITALIANO

La leishmaniosi € una malattia tropicale trascurata causata da protozoi del genere
Leishmania, trasmessa attraverso la puntura di femmine infette di flebotomi. La
malattia colpisce oltre 12 milioni di persone nel mondo e ne minaccia centinaia di
milioni, soprattutto nelle regioni tropicali e subtropicali. Essa si manifesta con diverse
forme cliniche, che spaziano dalla leishmaniosi cutanea, generalmente autolimitante,
alla forma viscerale, letale se non trattata. L’attuale chemioterapia contro la
leishmaniosi si basa su un numero limitato di farmaci, tra cui gli antimoniali
pentavalenti, I'amfotericina B, la miltefosina e la paromomicina. Tuttavia, tali
trattamenti presentano numerosi svantaggi, tra cui gravi effetti collaterali, costi elevati,
lunga durata della terapia e, soprattutto, la crescente insorgenza di ceppi resistenti ai
farmaci. Pertanto, la ricerca di nuovi agenti terapeutici efficaci, sicuri e accessibili
rappresenta una priorita nella chimica farmaceutica e nella scoperta di nuovi farmaci
antileishmaniosi. Tra i numerosi scaffold chimici la cui attivita antiparassitaria & stata
analizzata, i derivati indolici sono degni di nota per il loro ricco spettro di attivita
biologiche e la capacita di legarsi a numerosi bersagli biologici. L'anello indolico &
un'impalcatura eterociclica privilegiata nella maggior parte dei prodotti naturali e delle

molecole biologicamente attive, ed € di particolare interesse in chimica farmaceutica.

Nell'ultimo decennio, diversi studi hanno riportato la promettente attivita di molecole a
base di indolo contro diverse specie di Leishmania. Gli alcaloidi indolici naturali, cosi
come i derivati sintetici come bisindoli, indolo-imidazoli e altri, hanno dimostrato
potenti effetti antileishmaniali sia in vitro che in vivo. Pertanto, la progettazione e la
sintesi di nuovi composti derivati dall'indolo rappresentano un'opzione razionale e
interessante nella ricerca di nuovi farmaci antileishmaniali. In questo contesto, la
presente tesi mira a identificare nuovi composti antileishmaniaci attraverso la
progettazione, la sintesi e lo studio biologico di tre gruppi di analoghi a base di indolo:

ibridi indolo-imidazolo, bisindoli e isoindolinoni indolici.

Diversi derivati indolo-imidazoli sono stati sintetizzati seguendo una procedura
precedentemente riportata in letteratura. Tuttavia, tale metodologia presenta alcune
limitazioni in termini di variabilita dei sostituenti sull’anello imidazolico. Per superare

questa restrizione, sono state esplorate due ulteriori vie sintetiche. La prima, basata



sulla reazione di Van Leusen, ha consentito purtroppo l'ottenimento di un solo
analogo. Una nuova procedura ottimizzata, che impiega il coupling tra il 3-(2-iodoetil)-
1H-indolo e imidazoli preformati, ha invece permesso la sintesi di nuovi derivati,

ampliando significativamente il loro spazio chimico.

Sono state inoltre sintetizzate quattro diverse famiglie di bisindoli al fine di valutarne
I'attivita biologica contro la Leishmania. Le classi di composti preparate comprendono
ammine, ammidi, esteri e acidi carbossilici. Sono stati inoltre sintetizzati alcuni
bisindoli  glicosilati per migliorare le loro proprieta farmacocinetiche e

farmacodinamiche.

Infine, & stata approfondita la chimica dei derivati indolo—isoindolinonici, come
bioisosteri degli indolo—imidazoli, che ha offerto la possibilita di ottenere tre diverse

famiglie di questi composti da testare: derivati disostituiti, alcossi-disostituiti e immine.

Di seguito e riportato un abstract grafico riassuntivo della presente tesi:
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1.1. LEISHMANIASIS

Leishmaniasis is a neglected parasitic disease, second only to malaria for mortality,
endemic in almost 100 countries. The most severe form of this disease, visceral
Leishmaniasis (VL), also known as kala-azar, infects 300.000 patients per year, out of
which 40.000 die worldwide. So far, no vaccine against human Leishmaniasis is on
the market. Current treatments' are very limited and are based on only a few drugs,
which often exhibit important side effects, high production costs and, except for oral
miltefosine and topical paromomycin, require parenteral administration and therefore
hospitalisation of the patient. Furthermore, drug resistance is frequent and threatens
the effectiveness of chemotherapy. The discovery of new anti-leishmanial drugs is,

thus, essential.
1.1.1. History of Leishmaniasis

Fossil evidence confirms the existence of Leishmania-like parasites in the prehistoric
Era. Various stages of Paleoleishmania proterus were found inside a 100-million-year-
old burmese amber containing an extinct sand fly. Paleoleishmania neotropicum in
Lutzomyia adiketis was found in a Dominican amber dated 20-30 million years ago
(MYA). This finding supports a digenetic life cycle involving vertebrates, suggesting
that Leishmania parasites evolved during the Mesozoic era, probably before the

breakup of Pangea.?

There are three main hypotheses about the geographical origin of Leishmania. The
Palearctic hypothesis proposes its origin in Eurasia during the Palaeocene with a
further spread to the Nearctic through the Bering land bridge.® The Neotropical
hypothesis suggests a South American origin, but fossil and evolutionary data do not
support this hypothesis.#® The supercontinent hypothesis advocates an evolution of
Leishmania in Godwana with further differentiation across Africa and South America
after continental separation.®

Leishmania has a long human history. Its presence has been described in ancient
Mesopotamian texts, and deoxyribonucleic acid (DNA) was found in the analysis of

ancient Egyptian mummies.” A description of a skin disease that could correspond to
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Leishmaniasis has also been found in the Eber papyrus, around 1550 BC, and in
America, there is evidence of Leishmaniasis in ceramic and skeletal remains in pre-

Columbian cultures.8?®

From the 16th century forward, diverse forms of Leishmaniasis were observed.
Reports from the Middle East described Cutaneous Leishmaniasis (CL) with detailed
clinical descriptions.? In the Americas, Spanish chroniclers described Mucocutaneous
Leishmaniasis (MCL)." Visceral Leishmaniasis (VL) was not described until the 19th

century in India, where kala-azar became a big epidemic.?

In 1900, pathologist William Boog Leishman found ovoid bodies in spleen samples of
a dead soldier but mistakenly identified them as trypanosomes.'® A few weeks later,
the Irish physician Charles Donovan published a paper about similar ovoid bodies
found in other spleen samples but from native Indian individuals.® In 1903, the medical
doctor Donald Ross concluded that the ovoid bodies found previously by Leishman
and Donovan were a novel protozoan organism that he proposed to call Leishmania

donovani.'*
1.1.2. Etiology

1.1.2.1  Etiologic agent

Leishmaniasis is a parasitic disease found in over 100 countries worldwide.'® It is
caused by different protozoan parasites belonging to the family Trypanosomatidae and
the genus Leishmania.'® To date, around 30 different species of Leishmania protozoa
have been identified, of which 20 are pathogenic to mammals, and 18 of those have

zoonotic potential.®
1.1.2.2 Responsible species

As mentioned, 18 species of Leishmania cause a clinical disease. Table 1.12 lists
these species, indicating their geographical distribution and the clinical forms that they

cause.
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Table 1.1. Overview of the clinical disease-causing Leishmania species, their
respective disease and distribution.?

SPECIES OLD/NEW CLINICAL DISTRIBUTION
SUBGENUS WORLD DISEASE
L. aethiopica ow LCL, DCL East Africa (Ethiopia,
Kenya)
L. amazonensis  NW LCL, DCL, South America (Brazil,
MCL Venezuela, Bolivia)
L. donovani ow VL, PKDL Central Africa, South
Asia, Middle East, India,
China
L. infantum (syn. OW, NW VL, CL Mediterranean countries
L. chagasi) (North Africa and Europe),
Southeast Europe, Middle
East, Central Asia, North,
] ] Central and South
Leishmania America (Mexico,
Venezuela, Brazil, Bolivia)
L. major ow CL North and Central Africa,
Middle East, Central Asia
L. mexicana (syn. NW LCL, DCL USA, Ecuador,
L. pifanoi) Venezuela, Peru
L. tropica ow LCL, VL North and Central Africa,
Middle East, Central Asia,
India
L. venezuelensis NW LCL Northern South America,
Venezuela
L. waltoni NW DCL Dominican Republic
L. braziliensis NW LCL, MCL Western Amazon Basin,
South America
(Guatemala, Venezuela,
Brazil, Bolivia, Peru)
L. guyanensis NW LCL, MCL Northern South America
(French Guinea,
Suriname, Brazil, Bolivia)
L. lainsoni NW LCL Brazil, Bolivia, Peru
Viannia L. lindenbergi NW LCL Brazil
L. naiffi NW LCL Brazil, French Guinea
L. panamensis NW LCL, MCL Central and South
America (Panama,
Columbia, Venezuela,
Brazil)
L. peruviana NW LCL, MCL Peru, Bolivia
L. shawi NW LCL Brazil
Mundinia L. martiniquensis NW, OW LCL, VL Martinique, Thailand
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1.1.2.3 Vector

The only vector responsible for transmitting Leishmaniasis is the female sand fly
(Figure 1.1).15.17

Figure 1.1. Sand fly that transmits Leishmaniasis.®

Only 98 of the more than 800 known sand fly species have been proven as vectors for
the disease. These vectors belong to the genera Phlebotomus (42) and Lutzomyia
(53). Sand flies undergo metamorphosis with four life stages (Figure 1.2): egg, larva,
pupa and adult.’™ The eggs hatch between 4 and 20 days after oviposition and give
bith to larvae that have 4 stages (instars | to IV). This larva stage usually lasts for 20-
30 days. After that, pupae take from 6 to 13 days to emerge.' They are usually active

during night-time, and they have limited ability to move.!”
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Figure 1.2. Lifecycle stages of sand fly.?°
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1.1.2.4  Parasite morphology

There are two forms of Leishmania parasites: amastigotes and promastigotes.
Promastigotes are extracellular, elongated, motile and are found in the gut of sand
flies, while amastigotes are intracellular, round-shaped, aflagelate, non-motile and

reside in macrophages of vertebrates.?!

The first differentiation step (Figure 1.3) occurs soon after the ingestion of
contaminated blood by the sand flies. Due to changes in some of the conditions,
amastigotes differentiate into procyclic promastigotes. After 48 hours, these procyclic
promastigotes slow their replication and differentiate into strong motile forms called
nectomonad promastigotes that later on differentiate into shorter parasite forms called
leptomonad promastigotes. At this moment, two things can happen: eventually
leptomonad can differentiate into a less studied form called haptomonad
promastigotes or into metacyclic promastigotes. Metacyclic promastigotes have a
small body and a long flagellum, which allows fast motility. At this point, the sand fly
will probably have a new intake of blood, which will give nutrients for metacyclic
promastigotes to differentiate into retroleptomonads, which are replicative. Then, they
re-differentiate into the metacyclic promastigote form, increasing the quantity and

quality of these promastigotes.®
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Figure 1.3. Linear life cycle of the different forms of the Leishmania parasites.
Circular arrows mark the replicative parasite forms.’

1.1.2.5 Biological cycle

Leishmania has a digenetic life cycle (Figure 1.4). One stage takes place as an
extracellular stage in the invertebrate host, as explained in the precedent section. The
other stage of Leishmania is intracellular in the vertebrate host. In this stage, when
Leishmania enters the human host, macrophages try to attack it by forming reactive

oxygen and nitrogen species,!” but the Leishmania parasite produces a protease that
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lowers the macrophage activity. Once these promastigotes are phagocytosed, they
differentiate into amastigote form, which proliferates, invading different parts of the

body such as the spleen, liver, lymph node and other tissues.6:22
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Figure 1.4. Digenetic life cycle of Leishmania.??

1.1.2.6 Reservoirs

Attending to the reservoir of Leishmania, infection can be zoonotic or anthroponotic.
Humans are the only source of parasite transmission for anthroponotic infection.!®
They are considered a prime parasite reservoir in East Africa and South East Asia.?*
The zoonotic infection occurs when animals are the reservoirs of the parasite. These
include rock hyraxes, dogs, cats, foxes, rodents, monkeys and other domestic

animals.1®
1.1.2.7 Transmission mechanisms

The main mode of transmission of Leishmania species is through the bite of blood-
feeding female Phlebotomine sand flies.?® This transmission depends on the moment
in the life cycle of the parasite. Transmission through non-sand fly vectors is unlikely

to happen except in specific canine maintenance environments.6
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1.1.3. Epidemiology

1.1.3.1  Clinical forms and their symptoms

Leishmaniasis can usually be categorised into three different forms: Cutaneous
Leishmaniasis (CL), Mucocutaneous Leishmaniasis (MCL) and Visceral

Leishmaniasis (VL).
a) Cutaneous Leishmaniasis:

Cutaneous Leishmaniasis is the mildest and most common form of Leishmaniasis. It
usually affects areas of the body exposed to insect bites.'6'” The infection can either
remain asymptomatic or have an incubating period of 1 to 12 weeks.?¢ CL is caused
by different Leishmania species, and two different groups of pathologies are found:
Localised Cutaneous Leishmaniasis (LCL) and Diffuse Cutaneous Leishmaniasis
(DCL).?”

In LCL, the number of lesions varies between 1 and 20.1817 |t usually begins with
localised swelling and itching where the bite has taken place. The lesion may evolve
to a papule, then a vesicle and finally a pustule.’® When this pustule breaks, it creates
a round ulcer with thick borders and a necrotic base. These ulcers range from 0.5 to
3 cm and are usually painless, but secondary infections may cause pain.?® CL can be
considered acute or chronic depending on the lesions. Acute CL lasts less than 30
days, and lesions are insect bite-like. Chronic CL lasts more than 30 days and includes
infection of the lesion. The progression of the ulcer depends on species, parasite load
and immunocompetency of the patient. Without the appropriate treatment, these

lesions tend to take months to heal.2”

DCL is characterised by anergy, which means a lack of cellular immune response to
parasite antigens.'® This lack of antigens allows the spread of the parasite through
tissue, lymph and blood, resulting in lesions in the majority of the skin. The formed
nodules may or may not ulcerate, beginning on the face and spreading to the

extremities. Lymphedema and lymphadenopathy can also be symptoms of DCL.16
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b) Mucocutaneous Leishmaniasis:

Mucocutaneous Leishmaniasis usually emerges after more than 5 years of evolution
of CL. This progression is only observed in 1-10 % of CL patients and is influenced by
genetic factors being prevalent in immunocompromised patients as dissemination
from the bite site to the mucosa typically occurs via the lymphatic system.?62° MCL is
characterised by progressive ulceration and destruction of the oral, nasal and
pharyngeal mucosa affecting in some cases the soft palate, larynx, and throat, and
causing facial deformations.®® MCL does not affect the bones, but if untreated, it can
cause diarrhoea, pneumonia and tuberculosis that can lead to death.®' Some of the
most common symptoms are nasal discharge, inflammation and stuffiness, respiratory

complications and mucosal bleeding. Unlike CL, MCL requires treatment.3?
c) Visceral Leishmaniasis:

Visceral Leishmaniasis (also known as kala-azar) is the most fatal form of
leishmaniasis, with a mortality rate of 95 % if untreated.®® The term “kala-azar’, also
known as “black sickness”, is mostly used in the South Asia region, deriving from the
grey discolouration of the skin that some patients develop, probably due to an increase
in the levels of adrenocorticotropic hormone.®* L. donovani, L. infantum, L. tropica and

L. martiniquensis cause visceral Leishmaniasis.®

The incubation phase usually lasts between 3 and 8 months, but it can be extended
up to 24 months.'® Symptoms of VL depend on the interaction between the infectious
features and the host immune response, and can go from mild to moderate to severe
clinical symptoms.3¢ Moreover, VL may also behave as asymptomatic or latent and

may not manifest until years later if an immunodeficiency develops.

Clinical manifestations include: fever, loss of appetite, weight loss, splenomegaly,
hepatomegaly, high liver enzymes, hypoalbuminemia, hypergammaglobulinemia,36-38
and pancytopenia, which is related to prolonged iliness.®® Fever is usually remittent
with two spikes per day, but can be intermittent. 45 % of children with VL have splenic
nodules.® If untreated, VL typically causes mortality, either from the disease or

through its side effects. These can include disseminated intravascular coagulation
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(DIC), hemophagocytic lymphohistiocytosis (HLH), post-kala-azar dermal

Leishmaniasis (PKDL) and hepatic failure.

DIC is a condition characterised by the simultaneous formation of small blood vessel
clots and widespread bleeding.#' HLH is a potentially fatal disorder caused by the
overactivation and proliferation of T lymphocytes and macrophages. It affects up to
28 % of VL patients.4>43 PKDL affects 5-10 % of kala-azar patients and may appear
months to years after VL infection. Its main symptoms are macular, papular or nodular

rashes in the face, upper arms, trunk or other areas.*44°
1.1.3.2  Geographic distribution

Leishmaniasis is endemic in 99 countries (Figure 1.5): in 90 countries for CL (Figure
1.6) and 80 countries for VL (Figure 1.7), while in 71 countries both clinical forms (CL
and VL) are endemic.4¢ These countries include many regions of Africa, the Americas,
the Middle East and central Asia, with cutaneous and visceral Leishmaniasis being the

most common forms.#”
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Figure 1.5. World distribution of VL, CL and MCL.%

Several countries in East Africa, namely Sudan, Ethiopia, Kenya, Uganda and Somalia
are severely affected by VL. Sudan had the biggest number of reported cases of VL
in 2023 (Figure 1.9).384° In West Africa, diverse forms of Leishmaniasis have been
reported. Cutaneous Leishmaniasis is endemic in Mauritania, Gambia, Nigeria,
Senegal, Cameroon and Ghana. In Senegal, only MCL has been reported and in Togo

and Burkina Faso, only VL.%0
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In the Middle East, Syria has historically been endemic for CL. During the last years,
there has been a significant increase in CL cases also in Afghanistan and Pakistan,
with these countries together accounting for more than 70 % of global CL cases
(Figure 1.8), and nearly 200.000 reported cases in 2023.49.50

The Indian subcontinent has a high incidence of VL, with cases in India, Bangladesh
and Nepal.’® In Europe, the number of cases of VL and CL remains low, with most

cases reported in Spain and ltaly.*°

While CL is endemic in the United States, VL is not considered endemic.>° Across the
rest of the American continent, a general reduction in the cases of CL and VL has
been observed over the last years. However, there is a notable rise in VL cases in
Argentina and Paraguay, while CL cases have increased in Argentina, Costa Rica,
Ecuador, Mexico and Suriname.4¢5" MCL remains a major public health challenge in
some South American countries with the highest number of reported cases since
2012, especially in Peru, Bolivia and Paraguay. Despite the overall decline in VL and
CL, VL remains a serious concern in Brazil, which has accumulated more than 90 %
of the VL cases in the Americas (Figure 1.9). Additionally, Brazil and Peru accumulate

more than 50 % of CL cases in the Americas (Figure 1.8).451

B endemic
Previously reported cases

No autochthonous cases reporte

Not applicable

Figure 1.6. Status of endemicity of Cutaneous Leishmaniasis in 2023.4°



CHAPTER 1: INTRODUCTION 23

. Endemic

. Previously reported cases

|| No autochthonous cases reported o

D Not applicable

Figure 1.7. Status of endemicity of Visceral Leishmaniasis in 2023.4°
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Figure 1.8. Number of cases of Cutaneous Leishmaniasis reported in 2023.4°
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Figure 1.9. Number of cases of Visceral Leishmaniasis reported in 2023.4°

1.1.3.3  High-risk population

Leishmaniasis mostly occurs in developing countries and is influenced by
demographic, environmental, and socioeconomic factors.!516.27.50 Adults are more
susceptible than children, mainly due to increased outdoor exposure. In particular,
young adult males are also more frequently affected because of biological and

immunological differences.?7:52-55

Specific occupations such as agriculture and farming are associated with higher
exposure, particularly in environments near rice fields or where animals are kept close
to humans. Farmers often wear clothing that leaves a high area exposed to sand fly

bites.%6.57

Infection risks are also increased by poor housing and inadequate sanitary
conditions.'®%0 In many rural areas, inadequate sanitation, including poor waste
management, sewage disposal, and drainage, creates environments favourable for
sand flies.?”:°9 Houses built with mud walls or grass roofing that can be found in poor
communities often serve as sand fly habitats. Also, overcrowded living spaces attract

sand flies as they offer a large biomass.?”

Socioeconomic data reflect the vulnerability as a large proportion of VL patients live

below the poverty line (with a daily income under 1 US$).58



CHAPTER 1: INTRODUCTION 25

Even though adults are more affected, children under 10 years of age are among those
at risk due to an underdeveloped immune system, lack of acquired immunity and

higher rates of malnutrition.3*

Co-infection of Leishmaniasis and human immunodeficiency virus (HIV) also poses a
serious clinical challenge. This co-infection has been reported in more than 45
countries in 2021, with high burdens in Brazil, Ethiopia and Bihar (India).®° Individuals
co-infected with HIV and Leishmaniasis face a significant risk of developing full-blown

disease along with higher mortality rates.4%:50

This situation is due to the immune suppression, which contributes to the reactivation
of latent infections and increases the vulnerability to new infections.?” Leishmaniasis
and HIV reinforce one another, creating a clinical challenge to the treatment as they
lead to higher drug toxicity, the need for specialised medical services, long-term follow-

up and limited treatment options.3851

In the Americas, the rate of VL-HIV co-infection has been increasing since 2018, with

a peak in 2023, accounting for 19 % of VL cases.%!
1.1.3.4  Environmental factors

Leishmaniasis is a climate-sensitive disease as vectors, pathogens and hosts are
influenced by environmental and ecological changes. Changes in temperature,
precipitation and humidity directly affect the transmission dynamics and disease

distribution.27:50.59

Fluctuations in temperature can either inhibit or enhance the development of
Leishmania promastigotes and may help in the spread of the disease in previously

non-endemic areas.27:%0

The seasonality of sand flies plays a crucial role in the transmission of the disease.
For example, Phlebotomus argentipes, a major vector in India, is most active from
June to September, when temperatures are around 27 and 31°C.5%61 Unfortunately,

some Leishmania species, such as L. braziliensis and L. infantum, may complete their
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life cycles across a broad range of temperatures as long as the sand fly survival is not

compromised.®?

In Colombia, Panama and Brazil, sand fly densities and CL incidences were related to
El Nifio Southern Oscillation (ENSO), showing a relation between Leishmaniasis and

interannual climate events.63.64

Ecological disturbances, such as urbanisation, deforestation or expansion of
agriculture into arid or semi-arid areas, have been directly related to an increase in
Leishmaniasis risk. In regions with dense vegetation, there is a higher risk of
transmission, probably due to the abundance of rodent reservoirs and sand fly

breeding sites.6566

Furthermore, long-term climate change has provoked the geographical expansion of
leishmaniasis. For example, in northern Italy, previously non-endemic areas have

become endemic because of the colonisation of the sand fly vectors.®”
1.1.3.5 Trends over time and outbreaks

Among the 99 countries considered endemic for Leishmaniasis, a number of high-
burden countries contribute disproportionately to the global sum, considering high-
burden countries those that report more than 2500 CL cases or 100 VL cases per year.
Pertaining to this classification, we can find 25 countries: 14 that focus on VL and 12

on CL, with Brazil included in both.68

The geographical distribution of Leishmaniasis shows “hotspots”. In 2023, there were
272.098 new CL cases reported (mainly autochthonous) and 11.922 new VL cases
(also mostly autochthonous). The Eastern Mediterranean Region (EMR) stands as the
epicentre of CL, accounting for 81 % of all global cases.®® For VL, EMR together with

the African Region (AFR) account for 79 % of cases globally.®°

Historical data show varying trends in Leishmaniasis incidence over the years. Over
the past 25 years, as shown in Figure 1.10, there has been an overall increasing trend

for CL cases, reaching a maximum of cases in 2019. The COVID-19 pandemic caused
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a temporary decrease in reported cases, but during the following years the number of

cases returned near to pre-pandemic values.*9:69

Figure 1.10 Number of CL cases reported worldwide from 1998 to 2023.4°

For VL, the global trend shows a reduction of 62 % of cases from 2014 (Figure 1.11).
This reduction is especially marked in the South-East Asia Region (SEAR), where
there has been a reduction of 90 % of cases since 2014 (Figure 1.12), thanks to the
elimination initiatives. On the contrary, the AFR has shown a recent light increase in
VL from 2020 (Figure 1.12).49.70

As mentioned before, the majority of reported cases were autochthonous; however,
there is a small but important fraction of imported cases. In 2023, these imported cases
represented 0.14 % of global CL cases and 1.3 % of global VL cases. The majority
(94 %) of the imported CL cases were reported from EMR (81 %) and the Region of
the Americas (AMR) (13 %).6°

Figure 1.11. Number of VL cases reported worldwide from 1998 to 2023.4°
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Outbreaks remain a concern. In 2006, an outbreak of more than 1000 VL cases was
reported in the Bakool region.”" In 2014, for the first time, AFR reported more VL cases
than SEAR (Figure 1.12) due to outbreaks in Kenya and South Sudan.®® In 2022, a
suspected outbreak among the nomadic population was reported from South Omo
(Ethiopia) with 239 cases, where 59.4 % of the infected people were under 15 years
of age. Also in 2022, an outbreak of CL was reported in Balochistan (Pakistan) with

more than 8000 cases in just a few days.”

Figure 1.12. Number of VL cases reported in the AFR (green) and the SEAR (yellow)
from 1998 to 2023.49

1.1.3.6  Mortality rate

A total of 4383 deaths were reported between 2014 and 2023, of which 374 were
reported in 2023 in all types of VL patients. These deaths came from 14 countries,
with Brazil (174), Sudan (94) and Ethiopia (37) being the most affected.®® In 12 of
these countries, the case fatality rate (CFR) was over 2 %, being the highest in Mexico
(33 % 1/3) and Paraguay (26 % 25/95).6°

In contrast, in 2022, 450 deaths due to VL were reported, with Brazil (165), Sudan
(92), Ethiopia (43) and India (43) being the countries with the highest number of
deaths. In 11 of the reporting countries, the CFR was higher than 2 % with the highest
found in Brazil (9.8 % 165/1684) and Bolivia (9.1 % 2/22).70

Regarding available detailed information from 5 countries of 353 deaths between 2015
and 2019, 80 % of these deaths were in males of a mean age of 35 years. All of these

countries reported deaths in children under 5 years, with an overall mortality rate of
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15 % in children under 15 years of age. In many cases, deaths were associated with
delays in treatments and concomitant illnesses such as anaemia, tuberculosis and
HIV.70

1.1.3.7  Control and prevention measures

Vector control through the use of second-generation pesticides in endemic areas has
shown a decrease in Leishmaniasis cases, but the development of resistance cannot
be dismissed, as it has already been documented for dichlorodiphenyltrichloroethane

(DDT) in some sand fly populations.'®72

Although no vaccine exists against Leishmaniasis, there are several prevention
methods to reduce the risk of infection. These include avoiding outdoor areas in
endemic zones during peak vector activity hours (night-time hours), using insect

repellents, sleeping above the ground level and under bed nets.!”

Given the zoonotic nature of VL and the critical role of dogs as reservoirs, control
efforts must target these animals.’® Recommended strategies include the use of
protective collars, using mosquito-proof meshes in dog kennels and conducting
serological surveillance, advising compassionate euthanasia in case of positive results

to prevent further spread of the parasite.”-?”

An effective vector control requires strategies that comprehend the vector’s
behaviour.?” Insecticides may be effective at reducing the sand fly density, and
insecticide-treated materials such as bed nets have also shown results, but long-term

success depends on consistent re-treatment and community compliance.7:27.73
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1.2. TREATMENTS FOR LEISHMANIASIS

1.2.1. Systemic pharmacological treatments

MCL and VL can be fatal if untreated; therefore, they require systemic treatment.
Adequate systemic treatment of CL may reduce the risk of suffering from MCL. In the
case of CL, choosing the use of systemic treatment may rely on different factors, such
as the skin condition or the patient’s characteristics.”* Current systemic treatments
have shown high toxicity and reduced efficacy.”> The most common pharmacological

treatments and their main characteristics are summarised in Table 1.2.
1.2.1.1  Pentavalent antimonials

In 1912, Dr Gaspar Viana successfully used the tartar emetic trivalent antimonial (Sb')
for the first time in the therapy of American Tegumentary Leishmaniasis (ATL),
marking the beginning of antimonial use for the treatment of Leishmaniasis.”® Between
1920 and 1930, pentavalent antimonials (SbY) were introduced for the treatment of

VL, reducing therapy duration from 3-4 months to some weeks.”®

In the 1940s, new formulations of pentavalent antimonials such as meglubine
antimoniate (MA) and sodium stibogluconate (SSG) appeared (Figure 1.13). These
remain in clinical use today.”®7” The precise mode of action of pentavalent antimonials
is not completely understood. It is believed that they produce their effects through
multiple mechanisms that include the inhibition of trypanothione reductase (TryR) and

topoisomerase 1.78-80

| 0,09 *_ _OH
HO) ‘., O~Sb,o~8b’\C)//:|/\/o
OH OH ‘ ' ' ,
o= = o] Ho N9 O “OH

Il z
<IN OHsb, , :
: O™""OH “OH 07 OH

OH OH
Meglumine Antimoniate 9 H,0

Sodium Stibogluconate

Figure 1.13. Chemical structure of pentavalent antimonials in clinical use today.
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Pentavalent antimonials are usually administered in 20 mg kg day! doses for 20-30

days when used as monotherapy.81.82

Despite advances in antileishmanial drugs, antimonials are still considered the first
option for therapy in many endemic regions.'”:”6 This is mainly due to their affordability
and the documented efficacy.8384 However, treatment with pentavalent antimonials is
often painful, requires intramuscular or intravenous injection, and may require
hospitalisation.?® Moreover, there is a high risk of adverse side effects such as

cardiotoxicity and toxic effects in the pancreas, liver and kidneys.82.85

Drug resistance is a significant concern as VL has been reported as resistant to SSG
in the Indian subcontinent, where, from the 1970s, dosage was increased, and
treatments were prolonged to overcome this resistance.88” Nevertheless, SSG is no

longer recommended in India as failure rates ahave risen up to 60 %.88:89
1.2.1.2 Amphotericin B

Amphotericin B (AmB, Figure 1.14) is an antifungal drug discovered in 1955, produced
by Streptomyces nodosus. Originally used for combating systemic fungal infections, it
was repurposed as an anti-leishmanial drug around 1960.7% AmB is the drug of
choice in cases of antimonial resistance.®! It works by binding to ergosterol, which is
the main component of the leishmanial membrane, developing pores and thus allowing
ions, water and glucose molecules through the membrane, ultimately leading to the
death of the cell.?294 Amphotericin B also showed effectiveness via auto-oxidation,

releasing Reactive Oxygen Species (ROS).”8

AmB has major side effects, including hypokalemia, myocarditis, nephrotoxicity and
infusion reactions. To overcome these problems, in the 1990s, the liposomal
formulation of amphotericin B (LAmB), known as AmBisome, was developed.88.90.95
This formulation has several advantages over the conventional AmB, such as reduced
toxicity, enhanced solubility and stability, the ability to target and accumulate in the
disease site, and an increase in bioavailability as the persistence in the body is

longer.°0-%6.87 Both AmB and LAmMB require intravenous administration.
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OH OH

Amphotericin B

Figure 1.14. Amphotericin B structure.

Unfortunately, the price of this drug is too high and requires a strict cold chain, making
it an unfeasible treatment for remote areas.89498 |In 2010, the effectiveness of a single
dose of LAmB against L. donovani in patients between 2 and 65 years of age, with a

comparable efficacy to the treatment with a 1-month duration, was demonstrated.8?
1.2.1.3 Miltefosine

Miltefosine (MF) (Figure 1.15) is an alkyl phosphocholine compound originally
developed as an antineoplastic drug for the treatment of breast cancer in the
1980s.7682 |t is the only oral medication approved against Leishmaniasis, and it is used
for the three forms of Leishmaniasis: VL, CL and MCL.%%100 Miltefosine is given as 50-
100 mg day' for 4 weeks.®® The exact leishmanicidal mode of action of MF is not
known, but it is believed to cause an apoptosis-like death of the parasite that could be
elicted by an interference with phosphatidylcholine synthesis, causing a
destabilisation of the mitochondrial membrane and the inhibition of cytochrome-C

OXIdase78,1 01,102

Miltefosine

Figure 1.15. Structure of miltefosine.

Miltefosine has a long half-life, which, together with inadequate use, has led to the

development of parasitic resistance.93.1%4 Moreover, MF can induce teratogenicity and
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has some additional uncomfortable gastrointestinal adverse effects, such as diarrhoea

and vomiting.88.98.105
1.2.1.4 Pentamidine

Pentamidine (PD) (Figure 1.16) is an aromatic diamidine with protozoal and antifungal
activity, synthesised for the first time in the late 1930s and first used to treat African
trypanosomiasis. PD was mostly used to treat antimonial-resistant VL during the
1980s and early 1990s and less frequently to treat CL.77°0 The administration consists

of injections every day or every other day for 4-7 days for CL and 15 days for VL. 106

NH NH

O T

Pentamidine

Figure 1.16. Pentamidine structure.

Even if its mechanism of action is not clear, it is believed to have multiple mechanisms.
PD disrupts the synthesis of ribonucleic acid (RNA) polymerase, reducing RNA
synthesis, and it alters the synthesis of nucleic acids, phospholipids, polyamines and
folate.®® Moreover, PD inhibits the active transport system and the mitochondrial

topoisomerase I, leading eventually to the parasitic death.%”

Pentamidine displays high levels of toxicity, low incidence of recovery and serious
cardiac and gastrointestinal toxicity issues; therefore, it is not considered a drug of

choice.108:109
1.2.1.5 Paromomycin

Paromomycin (PM) (Figure 1.17) is an aminoglycoside antibiotic isolated from
Streptomyces rimosus that was originally used for the treatment of intestinal
infections.”” The anti-leishmanial activity of PM was discovered in the 1960s.'° The
administration of paromomycin is intramuscular for the case of VL due to poor

absorption, which is a major drawback, and topical for the treatment of CL.
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Figure 1.17. Paromomycin structure.

Although its precise mechanism of action is unknown, PM inhibits protein synthesis by
binding to the 30S ribosomal subunit and alters the mitochondrial membrane, both

mechanisms causing the death of the cell.11.112

Paromomycin’s pharmacokinetic properties have huge limitations, as it is rapidly
eliminated from the body, prompting a need for frequent dosing, which in turn can lead
to accumulation in the organs, hepatotoxicity, nephrotoxicity and ototoxicity.!'3
However, in countries with fewer resources PM is used because of its low price and

medium toxicity.?’



Table 1.2. Summary of commercial anti-leishmanial drugs and their main characteristics.

Period of use Leishmaniasis Main adverse effects Form of Typical treatment
Commercial drug treated administration duration
Since 1912 (tartar
Pentavalent . . o
Antimonials emetic) Cardiotoxicity, liver, Intramuscular or
: ) SbY 1920-1930 VL, CL, MCL pancreas and kidney ) 20-30 days
(Sodium stibogluconate, . intravenous
) : : Actual MA and SSG toxicity
meglumine antimoniate)
1940s
Hvookalaemia AmB: 1 month
Amphotericin B (AmB | 1960 for AmB VL (come mch))carditis ’ Intravenous LAmB: from 1
and LAmB) 1990s for LAMB activity in CL) y - single dose to 1
nephrotoxicity
month
Teratogenicity and
Miltefosine 1980s \I\//IIE)LC = el gastrointestinal Oral 4 weeks
symptoms
- ) , Cardiac and Intravenous or  4-7 days (CL)
Pentamidine 1980s-1990s VL mainly, CL gastrointestinal toxicity intramuscular 15 days (VL)
Ototoxicity, hepatic ISy
Paromomycin 1960s VL, CL y, nepalc (VL) or topical 3-4 weeks
and nephritic toxicity (CL)
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1.2.1.6  Other drugs

Several compounds have been tested over the last years, with some of them showing
promising results.”® Repurposing strategies have also been useful, as the information
about pharmacokinetic and safety profiles is already available if the drug already
exists.’4115 Some of these compounds are: azoles, tamoxifen, protease inhibitors,
nitroimidazoles, pyrazolopyrimidines, imidazopyrimidines, triazolopyrimidines,

oxaboroles, oligonucleotides and aminopyrazoles.'1®
a) Azoles

Oral antifungal azoles such as ketoconazole, fluconazole and itraconazole (Figure
1.18) have been evaluated against Leishmaniasis. These drugs were found to inhibit
the multiplication of Leishmania promastigotes and amastigotes in murine

macrophage tumour cells.
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Figure 1.18. Azoles derivatives studied as potential anti-leishmanial agents.

The mechanism of azoles is believed to be related to the blocking of the biosynthesis
of ergosterol by inhibition of the sterol 14a-demethylase enzyme.”” However, azoles,

as well as other Leishmaniasis therapies, appear to be effective only in certain specific
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regions,''® and have shown some important side effects such as hepatotoxicity and

agranulocytosis.3¢
b) Tamoxifen

Tamoxifen (Figure 1.19) is an anticancer drug used for the treatment of breast cancer.
It is a multi-target drug believed to interfere with sphingolipid (SL) metabolism.!'” SLs
are an essential part of the Leishmania membrane, mediating cell processes such as
cell growth or apoptosis.’*® Diverse in vivo studies have shown activity of tamoxifen

against Leishmania, with non-significant side effects.'"®
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Figure 1.19. Tamoxifen structure.

c) Protease inhibitors

The efficacy of some protease inhibitors such as nelfinavir, ritonavir and saquinavir
(Figure 1.20) has been evaluated against different Leishmania species.'?® These
molecules were found to reduce the survival rate of the parasites in human leukemia
monocytic cell line THP-1 macrophages and human primary monocyte-derived
macrophages. Unfortunately, they did not show inhibition of the growth of L. infantum

promastigotes in culture.20.121
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Figure 1.20. Protease inhibitors studied as potential anti-leishmanial agents.

d) Nitroimidazoles

Nitroimidazoles, including nitroimidazo-oxazoles and nitroimidazo-oxazines, are a
class of molecules known for having activity against anaerobic bacterial and parasitic
infections.122123 For example, Fexinidazole (Figure 1.21), a DNA synthesis inhibitor,
showed good results in in vivo studies as its sulfoxide and sulfone metabolites were
efficacious against L. donovani.'** However, fexinidazole showed better results
against other neglected diseases such as human African Trypanosomiasis (HAT) and

Chagas’ disease.

Some compounds developed by the Drugs for Neglected Diseases Initiative (DNDi)
have shown promising results. Compound DNDIi-0690 (Figure 1.21) was identified
from a library of 70 imidazole compounds and showed excellent activity in in vitro
studies for both VL and CL. DNDi-0690 was nominated as a preclinical candidate in
September 2015 and entered Phase | studies in 2020, obtaining a safety profile in
single-dose administration. Unfortunately, biological abnormalities were found when

ascending the dose, and the clinical development was placed on hold.2®

Previously, compound DNDi-VL-2098 (Figure 1.21) was identified as a potent and safe

molecule that showed efficacy in acute and chronic VL animal models with oral dosing.
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Unfortunately, the candidate was not moved forward due to the finding of testicular

toxicity.126
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Figure 1.21. Nitroimidazole derivatives studied as potential anti-leishmanial
candidates.

The nitroimidazole derivative DNDi-8219 (Figure 1.21) was identified from a 900-
compound library screening showing excellent activity against L. infantum and with

good solubility, becoming a promising compound to enter clinical trials.127.128
e) GSK899

From a high-throughput in vitro screening and after a compound optimisation,
compound GSK899 (Figure 1.22) was developed, showing good values of ECso and
good selectivity against THP-1 host cells.84+27 Moreover, GSK899 has good

bioavailability while not having undesirable toxic effects.2?
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Figure 1.22. GSK899'’s structure.
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It is believed to act by targeting mainly the cycle-2-related kinase 12 (CRK12) receptor,
but has also shown interaction with other kinase receptors (CRK6 and CRKS3).
GSK988 entered Phase | clinical trials in 2019.114.130

f) GSK245

From the same high-throughput screening that led to the discovery of GSK899,
GSK245 (Figure 1.23) was also identified.''® This molecule had excellent activity in an
intramacrophage in vitro assay, and further studies indicated good physicochemical

properties, oral bioavailability and a good safety profile. 13
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Figure 1.23. GSK245's structure.

GSK245 entered phase | clinical trials in 2019 and successfully completed them in
2024. It was found to act through a selective inhibition of the Bs subunit of the

proteasome, and therefore was classified as a proteasome inhibitor.131.132
g) LXE-408

After the chemical validation of a Novartis team, establishing the parasite’s
proteasome as a promising target, LXE-408 (Figure 1.24) was obtained from a lead
optimisation of a family of triazolopyrimidines.'33 LXE-408 showed a selective
inhibition of the parasite proteasome when orally dosed in mouse disease models,

with a comparable efficacy to that of AmB.134

After completing phase | clinical trials successfully in 2021, LXE-408 started phase Il
clinical trials in 2022 in India and Ethiopia. The phase Il clinical trials are expected to

finish in 2025, and results will be available results in 2026.135136
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Figure 1.24. LXE-408’s structure.

h) Oxaboroles

Over the last years, there has been an evolution in the boron-based compounds as
potential therapeutic agents. The screening of Anacor’s oxaboron class led to the
discovery of many potential compounds for different diseases such as Chagas’
disease, Leishmaniasis and sleeping sickness.'3” These are promising compounds for
the inhibition of some hydrolytic enzymes because they can form covalent bonds with

nucleophiles and boron mimics carbon.138

Among these compounds, DNDi-6148 (Figure 1.25) has shown promising results for
the treatment of leishmaniasis.’’® DNDi-6148 completed the pharmacology and
toxicology studies and showed promising in vitro results. In 2020, the phase | single
ascending dose clinical trials began and were completed through 2022, when multiple
ascending dose studies started in India. Unfortunately, the trials were placed on hold

due to reproductive toxicity signals.37

DNDi-6148

Figure 1.25. DNDI-6148’s structure.

1.2.2. Local treatments

Local treatments are mainly indicated for uncomplicated cases of CL. These

treatments try to eradicate the parasite at the infection site. Local treatments include
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thermal treatments (thermotherapy and cryotherapy), surgical excision or

infiltrations.26:76
1.2.2.1  Thermotherapy

The species causing cutaneous Leishmaniasis are heat-sensitive and cannot survive
temperatures over 39°C. Therefore, thermotherapy is a potential treatment for CL.13°
For decades, local heat has been applied to lesions either by using caustic materials

(oil, hot brown sugar) or hot metal objects (knives, spoons).?”

However, thermotherapy has local adverse effects such as bacterial superinfection,
erythema and pain.'° Some of the thermotherapy methods include: applying local
heat with an infrared lamp in two sessions,’ using a device called Hand-Held
Exothermic Crystallisation Therapy for CL (HECT-CL) which delivers controlled
conduction heat allowing determined heat cycles, using a photosensitizer and
irradiating light with the adequate wavelength (which can be day light) generating
photodynamic therapy'#? or using radio-frequency-induced therapy (RFHT) by

applying electrodes locally in the lesion for 30-60s.140
1.2.2.2 Cryotherapy

Cryotherapy involves applying liquid nitrogen to a lesion. It works by inducing the
formation of ice crystals that alter the cell membrane, leading to the parasite’s death.43
Cryotherapy has shown promising results in some studies, and the side effects
observed were not considered important, as they were redness, itching and hypo or

hyperpigmentation. 144145
1.2.2.3 Intralesional Injections

Whenever the systemic treatment is not suitable, the Pan American Health
Organisation (PAHO) recommends the treatment of CL with intralesional
antimonials.'® These infiltrations allow local maximum concentration in the lesions,
but are not able to reach metastatic Leishmaniasis. Both sodium stibogluconate and
meglumine antimoniate can be administered intralesional and have shown a high

efficacy with minor side effects such as local pain and swelling.'*® In one study, the
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effect of intralesional pentamidine was evaluated, showing comparable cure rates to

intralesional antimonials.#”
1.2.2.4 Topical local treatments

Topical ointments containing paromomycin have been developed for the treatment of
CL. There are different formulations for these treatments. A combination of 15 %
paromomycin with 12 % methylbenzethonium chloride had good cure success, but
also local severe irritation and intolerance from the majority of patients.’¥® A
combination of paromomycin (15 %) and urea (10 %) seems to be more effective but
also causes some adverse reactions, such as more local inflammation.’® A cream
containing paromomycin sulphate (15 %) and gentamicin sulphate (0.5 %) had the

same results as the one containing only paromomycin.'48
1.2.2.5  Other treatments

Other local treatments have been used for the treatment of cutaneous Leishmaniasis,

such as laser (COz2, argon, pulsed dye) or topical nitric oxide.%°

CO:2 laser treatment is cost-effective and is a great option for the primary therapy of
CL."2 It works by performing thermolysis on damaged tissue and has shown

successful outcomes in diverse studies.!51.152

There are opposing results regarding studies involving nitric oxide (NO). Initial studies
showed promising results after using an ointment containing S-nitroso-N-acetyl
penicillamine (SNAP), a nitric oxide precursor, which could inhibit cell growth and
cause cell death of the parasites.’®® However, a study that applied transdermal
patches for the continuous delivery of NO found the treatment to be ineffective.5
Despite this, the low rate of adverse effects and the convenience of the administration

support the need for further research.
1.2.3. Combined therapies

Different drug-drug and drug-physical therapy combinations have been evaluated in

order to find more successful treatments.
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1.2.3.1  Drug-drug Combinations

Multidrug therapy seems a promising approach in many zones as it allows the
reduction of drug doses and duration of the therapy, consequently reducing costs,
adverse effects and the development of drug resistance.8 Many different

combinations have been studied:
a) Sodium stibogluconate & paromomycin:

Clinical trials showed that the combination of SSG and PM was effective and safe,
with the benefits of reducing the treatment from 30 days to 17 days. Moreover, this
combination of drugs seems to be less likely to cause resistance.®%156 This treatment
has been recommended by the World Health Organisation (WHOQO) in East Africa since

2010 and is still used nowadays.'%”
b) Paromomycin & miltefosine

Miltefosine and paromomycin combination therapy has good efficacy in South Asia
and has successfully overcome Phase Il clinical trials for its use in East Africa. It is
considered as effective as the SSG+PM treatment but with the need for fewer
injections, shorter duration and most importantly, with no life-threatening
cardiotoxicity. The WHO is reviewing the study results in East Africa in order to update

the treatment guidelines.158.159
c) Liposomal amphotericin B & miltefosine

The treatment of miltefosine combined with liposomal amphotericin B attained
complete cure of the patients, showing a dramatic decline of the parasite load at mid-
treatment and no reports of relapse in the 18 months following the treatment.
Moreover, only some vomiting was observed as an adverse effect. A control study with
miltefosine as monotherapy showed a gradual progression of parasite load that led to

residual parasite load after the treatment.160
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d) Pentavalent antimony & pentoxifylline

The combination of pentavalent antimony and pentoxifylline has been evaluated for
the treatment of mucocutaneous Leishmaniasis. A study published in 2007 showed
that the treatment of MCL with a combination of pentavalent antimonials and
pentoxifylline reduced the healing time significantly and prevented the need for further
courses of pentavalent antimonials.'®! As a second study in 2022 suggests, the effect
of pentoxifylline could be related to the inhibition of TNF, a cytokine produced in high
levels in MCL cases. This study showed that patients treated with the combination of

these two drugs healed significantly faster and had lower failure rates.62
1.2.3.2 Drug-Physical Therapy Combinations

Some drug and physical therapy combinations have also been studied to analyse the

efficacy compared to the solo treatment.
a) Miltefosine & thermotherapy

Miltefosine and thermotherapy treatment combination was evaluated, obtaining better
results in the combined therapy rather than only thermotherapy, with cure rates of 80.3

and 57.8 % respectively.'63
b) Cryotherapy & pentavalent antimonials

A study from 1990 evaluated the combination of Sodium stibogluconate and
cryotherapy, showing a 100 % cure rate.'®* Another study from 2004 evaluated the
combination of Meglumine antimoniate with cryotherapy, showing that the combined

treatment was more effective than either treatment alone.%°
1.2.4. Treatment approaches based on geographic variations

As Leishmaniasis is caused by different parasites that vary through the regions, the
treatment also varies to adapt to resistances, effectiveness and availability. Treatment

recommendations depending on regions are summarised in Table 1.3.
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Table 1.3. Treatment recommendations attending to geographic variations.

DRUG (in order of choice)
REGION

LAmB

SSG or MA

AmB deoxycholate
LAmB+MF

MF

PM

SSG or MA

AmB deoxycholate
LAmB

PM

MF

LAmB

MF+PM

AmB emulsion

MF

AmB deoxycholate
SSG+PM

East Africa Region SSG or MA

LAmB

LAmB

Latin American Region SSG or MA

AmB deoxycholate

Mediterranean region

Middle East and Central
Asia region

Indian Subcontinent and
South Asia region

1.2.4.1  Mediterranean region

In the Mediterranean region, Visceral Leishmaniasis is caused by L. infantum, and the
treatments recommended by WHO are LAmMB as first choice, pentavalent antimonials
as second choice and AmB deoxycholate as third choice.'®® However, the evidence of
the effect of pentavalent antimonials is not very strong and varies between countries.
On one side, Morocco, Tunisia, Turkey and Israel have antimonials as their first-line
treatment. On the other side, Portugal, Spain, and Greece have both antimonials and
AmB preparations as first-line treatments. Meanwhile, in France, Italy, and Cyprus,

LAmB is the first-line option.?”

There is little information about the effect of pentamidine and paromomycin in the
Mediterranean region. There is no experience with miltefosine’s effectiveness in this

region; however, its oraladministration mode makes it an attractive possibility.2”
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1.2.4.2 Middle East and Central Asia Region

Clinical trials specific to the Middle East and Central Asia have not been developed to
evaluate the efficacy of each treatment in this region. However, for more than 70 years,
antimonials have been the drug of choice in this region. Currently, due to drug

resistance and toxicity issues, LAmB, MF, and PM are also being used.?”
1.2.4.3 Indian Subcontinent and South Asia Region

Due to the high resistance to antimonials in the Indian Subcontinent and South Asia
Region, and the good results obtained with amphotericin B, it is established as one of
the drugs of choice for VL treatment in this region. Due to its efficacy and lower toxicity,
LAmB is preferred over AmB deoxycholate.®”.168 Pentamidine was considered an
efficient therapy until the 1990s, when the rate of response started to decrease.%?
Paromomycin has also been tested with high cure rates but toxicity.'”° Miltefosine was
proposed as a first-line treatment; however, some studies have revealed an increase
in the relapse rate in recent years.'%3171 Some drug-drug combined therapies have
obtained favourable results, such as the combination of miltefosine and

paromomycin.172.173

For the treatment of PKDL, miltefosine is the first drug of choice, followed by AmB

deoxycholate injection.”4
1.2.4.4 East Africa Region

In Africa, the first studies evaluating the effect of pentavalent antimonials were done
in 1983.17° Later, in the 1990s, studies showed higher cure rates when combined with
paromomycin, which is still the first-line treatment option nowadays.'76-178 Pentavalent
antimonials as monotherapy are still considered a good treatment option, as well as
LAmB. However, studies suggest that to reach better results, the treatment with LAmB

should be done in higher doses than in the Indian Subcontinent.79.180
1.2.4.5 Latin America Region

In the Latin American region, there is a large number of cases of mucocutaneous

Leishmaniasis. For its treatment, pentavalent antimonials as monotherapy or in
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combination with pentoxifylline are recommended. For VL, even if there is low
evidence, there is a strong recommendation to use LAmMB as the first treatment option.
The treatment with pentavalent antimonials or amphotericin B deoxycholate is also

suggested.18!
1.2.5. Special Treatment Considerations

Some considerations must be made regarding the election of the treatment depending

on the conditions of the patient and possible comorbidities.
1.2.5.1  HIV co-infection

Patients with coexisting HIV and Leishmaniasis are more likely to experience parasite
dissemination, clinical polymorphism and atypical or more severe forms of the
disease.'82 Whenever possible, immunosuppressive treatment should be paused until
complete healing of the skin lesions in case of MCL-HIV coinfection.'8 The

combination of MCL-HIV with VL has been reported in these groups of patients.

For the treatment of VL in immunosuppressed patients, LAmB is the preferred therapy.
Alternative therapies include amphotericin B deoxycholate, SSG or miltefosine. In the
case of CL or MCL, the preferred treatment is pentavalent antimonials or LAmB, as an
alternative, miltefosine, topical paromomycin, intralesional SSG, or local heat

therapy.'82
1.2.5.2 Pregnancy

There is scarce information about the treatment of VL during pregnancy. Not treating
pregnant patients can mean a risk for both mother and foetus, higher than the toxicity
risk of the treatment. VL can cause spontaneous abortion, small-for-birth date and

congenital Leishmaniasis. 184185

Among the different options for treatment during pregnancy, the best seems to be
amphotericin B or its liposomal form. AmB and LAmB have not shown congenital
transmission nor spontaneous abortion.'86.187  Pentavalent antimonials are
contraindicated for use among pregnant women as they may have teratogenic

effects.188.189  Miltefosine is teratogenic and therefore contraindicated during
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pregnancy.’® Paromomycin is an aminoglycoside able to cross the placental barrier

and is therefore not recommended during pregnancy.'®
1.2.5.3 Paediatric patients

Liposomal amphotericin B can be used in children of any age; some studies have
confirmed its safety from 3 months of age.’! It is widely used, especially in severe
cases of VL. Treatment with miltefosine is recommended for children above 12 years
old, even if it can be used in children over 2, adjusting the dose.'%? Pentavalent
antimonials are safe to use in children, but some studies have shown less
effectiveness in children under 5 years.'>” Paromomycin has not been extensively

studied in young patients, and it should be avoided because of possible toxicity.
1.2.6. Advances and New Perspectives

The increase of resistant strains to conventional drugs, together with the high toxicity,
co-infections, and limitation in therapeutic options, has led researchers to seek new
strategies. Here are some of the recent advances and new strategies for

Leishmaniasis therapy.
1.2.6.1  Immunomodulatory therapies

Leishmania parasites have developed different mechanisms to survive inside the host.
A promising approach to combat Leishmaniasis is the use of substances that promote
the restoration of the immune response against the parasite.’®3 Immunomodulators
play an important role in the treatment of some diseases. Some immunomodulators
have shown efficacy in the treatment of Leishmaniasis, including SSG, arabinosylated

lipoarabinomannan and glycyrrhizic acid (Figure 1.26).1%4
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Glycyrrhizic acid

Figure 1.26. Glycyrrhizic acid’s structure.

1.2.6.2 Targeted Drug Delivery Systems

Targeted drug delivery can be an interesting approach for the treatment of
Leishmaniasis as it can increase bioavailability, reduce toxicity and allow reaching

precise tissues or cells such as macrophages, where Leishmania parasites live.!”

Reaching and getting into these specific tissues can be challenging; therefore, diverse

nanotechnological carriers are used:
a) Liposomes

Liposomes are nano-sized spherical vesicles that are made of bilayer phospholipids
that allow the support for the adhesion of both hydrophilic and lipophilic medicines.
Liposomes allow sustained drug release, which can reduce the administration
frequency.'®® An example is liposomal amphotericin B, a formulation of amphotericin
B that has reduced the adverse effects of AmB.'% Some other liposomes, such as
mannose functionalized or 4-sulfated acetyl galactosamine, have shown inhibitory

effects against Leishmania parasites.®”
b) Lipid nano-capsules

Lipid nano-capsules (LNs) are nanocarriers that imitate lipoproteins and measure
between 20 and 100 nm.'¥ LNs are structures created from a combination of
liposomes and polymeric Nano-capsules. They allow greater bioavailability and

stability and allow a dose reduction.%°
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c) Metallic nanoparticles

Diverse metallic nanoparticles have been assayed for anti-leishmanial activity,
showing low toxicity and high efficacy.?°®© Amphotericin B was encapsulated in an iron
oxide (FesO4) nanoparticle measuring 10-15 nm, lowering the parasite load in treated
spleen.?®’ Some zinc oxide nanoparticles have also been developed, showing a
cytotoxic effect on amastigote cells; therefore, reducing the proliferation and inhibiting
the parasite’s activity.?%2 Another study analysed silver nanoparticles, demonstrating

a toxic effect against promastigotes and amastigotes.2%3
d) Polymeric nanoparticles

Polymeric nanoparticles (PNs) are made of biocompatible and biodegradable colloidal
particles. Their size ranges from 1 to 1000 nm.2%* They are known to improve
bioavailability, cellular dynamics, biodegradability and controlled drug delivery.2%> PNs

containing AmB have been tested in mice with VL, obtaining promising results.2%6
e) Nanotubes

Nanotubes are cylindrical hollow structures made of inorganic and metallic materials
that have been studied for their potential as nanocarriers.'*® Diverse nanotube

structures have been explored as carriers of AmB, showing better results than AmB.207
1.2.6.3 In Silico Approaches to Improved Drug Discovery

Traditional drug discovery processes are lengthy and costly. There has been a
development of new methods accelerating the process of drug discovery while

reducing the cost and effort.208

Other powerful approaches include computer-aided drug discovery (CADD),
overcoming time and cost limitations of the traditional methods. CADD works by
identifying drug targets, performing virtual screening of chemical libraries and doing in

silico assessment of potential toxicity.2%°
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1.2.6.4  High-throughput screening

High-throughput screening (HTS) has advanced drug discovery thanks to the rapid
evaluation of large libraries of compounds. Other automation techniques, such as
microplate readers or imaging software and hardware, have helped enhance HTS’

efficiency.210
1.2.6.5 Vaccines

Since a strong immunity against reinfection has been observed after recovery from CL
or VL, vaccines seem to be a promising development.?¢ “Leishmanization” or the use
of live parasites to cause localised lesions to prevent sickness, was used during the
1980s.2"" Although this technique showed good results, it is no longer used because
of the risk of spread. Even if many vaccines have arrived at the preclinical stage, there

have not been successful candidates yet.?'?
a) First-generation vaccines

These include vaccines developed using whole-killed or live-attenuated parasites to
induce broad immunity.?'3 The first-generation vaccines studied for Leishmaniasis

were mainly whole-killed parasites, as they are cheaper and easier to develop.
i.  Whole-killed parasites:

Three different vaccines of this type were further evaluated, reaching Phase | and Il of
clinical trials. However, some showed to induce immunity for a short period of time,

and others needed to increase their efficacy.24-216
ii.  Live-attenuated parasites:

There are two different classifications based on the attenuation procedure: genetically
defined or undefined parasites. Undefined attenuation can result in a reduced capacity
to induce protective immunity, while genetically defined modification allows for the
selection of parasites that are lacking essential genes associated with virulence or

long-term survival.?'” The gene modified in Leishmania is usually centrin 1 (Cen1).
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This gene does not seem to impact promastigotes but inhibits the growth of

amastigotes.?'®
b) Second-generation vaccines

These refer to vaccines based on recombinant Leishmania antigens; peptides or
polypeptides produced by the use of genetically engineered viruses and bacteria.?'®
These types of vaccines are cost-effective and have excellent reproducibility. Many
have been designed for canine Leishmaniasis to control one of the vectors of the
disease.??® Many second generations have been developed for humans; however,

results found in animal models were not consistently reproduced in humans.?21-223
c) Third-generation vaccines

These vaccines have formulations containing nucleic acids based either on DNA or
RNA. Only DNA vaccines have been developed for leishmaniasis, having, however,
different outcomes probably due to differences in formulations.??* These vaccines are
inexpensive, stable and seem to be effective, but still need further investigations about

safety.225
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In the general context of the synthesis of pharmacologically relevant indole-derived
heterocycles with potential antileishmanial activity, we have pursued the following

objectives:

I.  Synthesis of a family of rigid indole-imidazole compounds from the coupling of
tryptamine derivatives with diazadialkenes, followed by a palladium-catalysed

cross-dehydrogenative Coupling.

NH,
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II.  Development and optimisation of alternative methodologies for extending the

scope of the rigid indole-imidazole derivatives.

NH,
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lll.  Design and synthesis of bisindole compounds with particular emphasis on the

study of the effect of the ethylenic chain on the activity.
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IV. Development of methodologies for the synthesis of indole-isoindolinone

derivatives as potential antileishmanial agents, including the understanding of

the reaction mechanisms involved.

V. Antileishmanial biological evaluation of the synthesised compounds and study

of the results for the development of structure-activity relationships (SAR).
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A graphic overview of the objectives of this thesis is provided below.
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CHAPTER 3. DESIGN, SYNTHESIS AND
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3.1. INTRODUCTION

3.1.1. Indoles

Indole is one of the most important heterocyclic systems that are indole moieties are
highly prevalent in natural products. Indole derivatives have gained growing
importance in drug discovery as privileged scaffolds eliciting a wide variety of

biological activities.
3.1.1.1  Natural products

Diverse natural products containing the indole moiety have been discovered and
studied for their diverse biological activities (Figure 3.1). 7-Hydroxyspeciociliatine was
isolated from the fruits of Mitragyna speciosa Korth and showed opioid-agonistic
activity, with a weak stimulatory effect on p-opioid receptors.! Brassinin and
cyclobrassinin were found in plants of the family Brassicaceae.? Brassinin inhibits the
proliferation in different human cancer cell lines,>> and together with cyclobrassicin,
they both have chemopreventive activity.® Caulilexins A-C were extracted from florets
of cauliflower (Brassica oleracea var. botrytis) and all showed antifungal properties.”
From Malassezia furfur yeast, pityriazepin, a natural indoloazepine, was isolated and
found to be a potent AhR ligand.®2 The natural alkaloid macrolepiotin extracted from
Macrolepiota neomastoidea was found to be active against multiple human cancer cell
lines.® From the myxobacterium Labilithrix luteola, two secondary metabolites were
found, labindole A and B. These compounds were found to have antimicrobial and
antiviral activity.’®© Legonimide was isolated from the extracts of Streptomyces sp.
CT37 and showed moderate antimicrobial activity.' From the akuamma tree
(Picralima nitida), akuammine was isolated and tested, showing micromolar activity at

the mu opioid receptor.'?
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Figure 3.1. Examples of natural products containing the indole moiety (in grey) with
biological activity.

3.1.1.2 Biological activities

The indole ring is known as a privileged scaffold in drug discovery as it is present in
compounds with antibacterial, anticancer, antifungal, anti-tubercular, antiviral,
antimalarial and anti-leishmanial activities among others. Only a selection of
compounds is shown for each biological activity as the total number of molecules is

too large to display.
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a) Antibacterial activity

Abo-Ashour and co-workers' synthesised a family of indole-thiazolidinone
conjugates, finding compound 1 (Figure 3.2) as the one with the highest broad-
spectrum antibacterial activity against the tested Gram-positive and Gram-negative
bacteria. The structure-activity relationship (SAR) suggested the importance of the
methyl and Cl substituents for the activity. Mane et al.’* synthesised and evaluated
different 5-substituted indole-2-carboxamide derivatives (2), finding that the para-
fluoro and meta-chloro substituents were important for the activity, as well as the free
nitrogen in the indole. In 2016, Yadav et al.'® synthesised a series of 1,2,3,5-
substituted indoles, finding compound 3 as the one with the best antimicrobial activity,
suggesting the importance of N-substituted carbamate in the 2 position of the indole
ring. Shaikh and Debebe synthesised novel N-substituted indoles, finding compound
4 as the one with the best antimicrobial activity, suggesting the importance of the butyl
substituent. Gani et al. synthesised diverse 1-cyclopropyl-3-ethoxycarbonyl-2-
methylindole-5-(1-methylethoxyaceticacidhydrazide) derivatives (5a-c) showing that
these compounds were the ones with highest antimicrobial activity due to the effect of
electron-withdrawing groups such as NO:2 and electron-donating groups such as OH

and the thiazole moiety. These molecules are represented in Figure 3.2.
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5c¢: R = tiophene

Figure 3.2. Indole derivatives with antimicrobial activity. Relevant substituents for the
structure-activity relationship are marked in red.
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b) Anticancer activity

Diverse indole derivatives have been designed as anticancer agents over the last
years. They act through diverse targets such as histone deacetylases (HDACs),
sirtuins, DNA topoisomerase, etc.'® Corigliano et al. synthesised a family of
2,4-thiazolidinedione conjugates, obtaining two derivatives (6a,b) with significant
antiproliferative effect in two different human neoplastic cell lines. The SAR concluded
that the methoxy group in the position 5 of the indole ring was the most favourable for
the activity.!” In 2018, Parkash et al. synthesised substituted heteroannulated indole
derivatives that were evaluated for their cervical anticancer activity. It was observed
that the substitution in position 5 of the indole ring was enhancing the activity,
preferring electron-withdrawing groups (7a > 7b > 7¢ > 7d). Also, the free amine was
important, as derivatives with a sulphur in this position were found less active.'®
Bakherad and coworkers synthesised thiosemicarbazone indole-based derivatives.
The SAR study concluded that methyl and hydroxy phenyl substituent enhanced the

activity (8a-c).'® These molecules are represented in Figure 3.3.
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8c: R1 = 4'MeCGH5, R2 =OH

Figure 3.3. Indole derivatives with anticancer activity. Relevant substituents for the
structure-activity relationship are marked in red.

c) Antifungal activity

Zhang et al.?° synthesised streptochlorin derivatives, these derivatives substituted the
indole ring with other heterocycles, finding low to no activity, demonstrating the
importance of the indole ring for the activity of streptochlorin. Xu et al.?! synthesised
indole-triazole molecules and observed through the SAR that the distance between

the triazole and the benzyl group is not important, the ortho-substituent of the phenyl
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ring is usually beneficial to the activity, while the activity is reduced when R? is an
electron-withdrawing group or R3 is substituted. In 2021, Song et al. synthesised
pimprinine derivatives bearing a 1,3,4-oxadiazole-5-thioether moiety. Compound 10
was found to be the most active, and the structure-activity relationship showed that
adding a methylene bridge between indole and thioether did not enhance the activity.

These molecules are represented in Figure 3.4.

1
/=N N S\)ko

~

A Cl R! N\fo
N\ QRZ
H \\@N R3
Streptochlorin 9 10

Figure 3.4. Indole derivatives with antifungal activity. Relevant substituents for the
structure-activity relationship are marked in red.

d) Anti-tubercular activity

In 2013, Tehrani et al.??> synthesised diverse thiocarbohydrazone and thiadiazole
derivatives (11), observing through the activity results that the thiadiazole moiety plays
a vital role in antimycobacterial activity. Khan et al.>® synthesised indeno-fluorene
derivatives (12) and analysed their anti-tubercular activity, finding that the substitution

in the para position of the phenyl ring with a nitro group enhanced the activity.

N-N R >< R Cl
HN/</SJ
—N N

N
NC

NO,

12a: R =Cl
12b: R=H 13

Figure 3.5. Indole derivatives with anti-tubercular activity. Relevant substituents for
the structure-activity relationship are marked in red.
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Dogamanti and co-workers?* synthesised a family of indole-fused spirochromenes
from which compound 13 was found to be the most potent. These molecules are

shown in Figure 3.5.
e) Antiviral activity

In 2017, Scuotto et al.?® synthesised arbidol derivatives and evaluated their antiviral
activity. SAR indicated that changing the methoxy for the hydroxy group in the 5
position of indole enhanced the activity (14). Moreover, the substituent on the phenyl
ring also affected the activity. Musella and co-workers?® studied the effect of tryptamine
derivatives (15) against the varicella Zoster virus (VZV). The SAR study showed that
the presence of a biphenyl ethyl moiety and the acetylation at the amino group of
tryptamines are essential for anti-VZV activity. Sanna et al.?” synthesised novel indole-
thiourea hybrids (16), which were evaluated against HIV-1. The SAR results
highlighted the importance of the 4-bromophenyl moiety. The previous molecules are

reported in Figure 3.6.

o )L R\N/éo N HNOBr
HO_ 7/0 ﬂ /—/ S

A\
S \
o
FaC
14 3

Figure 3.6. Indole derivatives with antiviral activity. Relevant substituents for the
structure-activity relationship are marked in red.

15 16

f) Antimalarial activity

Santos and co-workers® synthesised 3-piperidin-4-yl-1H-indole compounds as
potential antimalarials. They found the active compound 17, and the SAR shows that
3-piperidin-4-yl-1 H-indole does not tolerate most N-piperidinyl modifications. In 2014,
Schuck et al. synthesised melatonin derivatives (18) against malaria. Bulky side chains
at the C-3 position decrease the coordination ability of the new indole, and the methoxy
group at position 5’ is important for the activity of melatonin on its receptor. These

molecules are shown in Figure 3.7.
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£
0 HN R
=N
17 18a: R = Et
18b: R = n-Pent
18c: R=Ph

Figure 3.7. Indole derivatives with antimalarial activity. Relevant substituents for the
structure-activity relationship are marked in red.

g) Anti-leishmanial activity
The antileishmanial activity of indole derivatives will be described in section 3.1.1.3.
3.1.1.3 Indoles as antileishmanial agents

Porwal and co-workers?® synthesised and evaluated gem-dithioacetylated derivatives
against Leishmaniasis. Their most potent compound was 19. Removing this gem-
dithioacetyl group resulted in loss of the activity. In the same way, changing the
p-cianophenoxy moiety or changing the linker decreased the activity of the
compounds. Félix et al30 synthesised tiopheneindole hybrids, finding 20a-c as
promising molecules. The SAR showed the importance of the cyano substituent in
position 5 of the indole ring as well as the fact that bigger rings were more favourable
for the activity. In 2014, Sharma’s group3! studied different triazino indole-quinoline
hybrids against leishmaniasis. In this case, the activity of 21a-b and other derivatives
was strongly influenced by the length of the linker between the two pharmacophores
(with 2 carbon atoms being the best length for the chain). Methylation of the indole
nitrogen also increased the activity of the derivatives. Tiwari et al.3? synthesised up to
twenty-seven N-substituted derivatives, including chalcones and hydrazide-
hydrazones. For the hydrazide-hidrazone derivatives, alkoxy coumarin connected
through the 7 position was more active than the ones in the 4 position. The length of
the chain did not affect the activity, but the substitution of the phenyl ring is important;
para-substitution was preferred to meta. The indole-based molecules with

antileishmanial activity are shown in Figure 3.8.
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Figure 3.8. Indole derivatives with antileishmanial activity. Relevant substituents for
the structure-activity relationship are marked in red.

3.1.2. Imidazoles
3.1.2.1  Natural products

Imidazole alkaloids constitute a diverse group of natural secondary metabolites
containing imidazole as their structural core. These compounds are primarily found in
marine sponges, marine invertebrates, microorganisms and plants. Imidazole
alkaloids exhibit diverse biological activities, including cytotoxic, antimicrobial, anti-
inflammatory, antiparasitic and neurotoxic. Their complexity, unique biosynthetic
pathways and biological activities generate significant interest in both synthesis and

drug development.33-35

Marine sponges are a natural source of structurally diverse alkaloids. Bromopyrrole-
imidazole alkaloids (Figure 3.9) derive from a common metabolite, oroidine.®® These
alkaloids have been isolated from different sponges and exert many biological

activities such as antiparasitic, antimicrobial and cytotoxic activity.37—40
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Figure 3.9. Structures of Bromopyrrole-imidazolealakloids extracted from marine
sponges.
Aminoimidazole alkaloids are a group of secondary metabolites mainly extracted from
the genus Leucetta. These molecules contain one or two imidazole/imidazolone units
(Figure 3.10) and exhibit diverse biological activities such as cytotoxicity and

microtubule stabilisation.#1-44
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Figure 3.10. Structures of aminoimidazole alkaloids extracted from marine sponges.

Other imidazole derivatives extracted from marine sponges include spongolactams A
and B, asteropterin and cribrostatin 6, among others. These derivatives exhibit diverse
biological activities, including cancer-related enzyme inhibition and antimicrobial

activity.4-47

0]
@)
0]
/ =
Spongolactam A Spongolactam B Cribrostatin 6

Q |
N_ N
él\ =z
O~ N N
H
Asteropterin

Figure 3.11. Imidazole alkaloid derivatives extracted from marine sponges.
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From other marine invertebrates, such as corals, ascidians, or anemones, some
imidazole derivatives have been extracted with biological activities, including kinase

inhibition, antimalarial activity, or cytotoxicity.*® (Figure 3.12)

/

H H
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— N \ |
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Granulatimide Isogranulatimide Zoanthoxanthin 1: R!
Zoanthoxanthin 4: R’

R2 = Me
H, R2 = Me

Figure 3.12. Imidazole alkaloid derivatives extracted from marine invertebrates.
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Figure 3.13. Imidazole alkaloids extracted from microorganisms.
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Microorganisms, both marine and terrestrial, are a source of imidazole alkaloids
(Figure 3.13); some of them show inhibition of resistant bacteria, cytotoxicity, and

inhibition of lipids and kinases.*%-51

From higher plants, bioactive cyclic peptides and imidazole alkaloids have been
extracted, with representative examples shown in Figure 3.14. These compounds
show biological activities, including anti-inflammatory effects, tubulin inhibition and use

in the treatment of glaucoma.%253

Cyclomontanin C Celogentin A

Figure 3.14. Bioactive cyclic peptides from higher plants containing imidazole.

3.1.2.2 Biological activity

Diverse approved pharmaceuticals, in multiple therapeutic areas, contain the
imidazole nucleus. These compounds have shown diverse biological activities,
including anticancer, antifungal, antimicrobial, antiviral, antitubercular, antiprotozoal,
anti-inflammatory, antihistaminic, antihypertensive, antineuropathic, antiobesity, and

antiparasitic properties.
a) Anticancer activity

Recent research has demonstrated the potential of imidazole derivatives as anticancer
agents. Some of them have been used widely in this field, including dacarbazine,

zoledronic acid, azathioprine, tipifarnib and nilotinib (Figure 3.15).54
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Figure 3.15. Commercial anticancer drugs containing an imidazole core.

Current efforts are focused on the discovery of new anticancer imidazole-based
agents that target specifically enzymes or receptors such as topoisomerases,
microtubules, cytochromes P450, kinases RAF, TGF-B, farnesyl transferase, and
DNA.55

Some camptothecin derivatives have been evaluated as topoisomerase inhibitors.
Compound 23 introduced ethyl and imidazolyl groups, obtaining a better solubility and
inhibition of Topoisomerase 1.5 Compounds 24a-b contain the imidazole group in
position 20, increasing the lactone stability and reducing toxicity.5” Toposisomerase Il
inhibitors include molecules such as 25, an amsacrine derivative, which binds to DNA

and blocks the cell cycle.%® (See Figure 3.16)

Imidazole derivatives such as 26a-b have shown to be potent inhibitors of microtubule
polymerisation. Some azole CYP450 inhibitors, such as letrozole, are
pharmaceutically interesting. Substitution of the triazole ring for an imidazole ring

yielded compound 27, with a better inhibitory activity.>°
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24a: R=H

\_/  26a: X =CH

25 26b: X =N
Amsacrine O O
NC CN

Letrozole: X =N
27: X =CH

Figure 3.16. Anticancer imidazole derivatives. Relevant substituents for the
structure-activity relationship are marked in red.

b) Antifungal activity

Imidazoles and triazoles are the most used class of synthetic antifungal agents.6%.61
Some commercial drugs include clotrimazole, ketoconazole and oxiconazole, among

others (Figure 3.17).

.ﬁ, /Q Qb@m

\\/N \‘(
O
Clotrimazole Miconazole Ketoconazole

Figure 3.17. Commercial antifungal drugs.

Diverse structural modifications have been made to optimise the antifungal activity.

Miconazole derivatives have been synthesised, and their biological results show that
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the introduction of a chlorine substituent is favourable for the electronic effects of
benzyl, enhancing the antifungal activity. Miconazole esters are promising candidates
(Figure 3.18).62.63

| ;
o

28a:n=2,R=H
28b:n=2, R =Cl
28c:n=1,R=F
28d:n=1,R=Ph

Figure 3.18. Miconazole derivatives with antifungal activity. Relevant substituents for
the structure-activity relationship are marked in red.

Some new imidazole-based compounds have also been developed as antifungals. N-
alkylimidazoles (29a-c) (Figure 3.19) with electron-withdrawing groups such as nitro,
Br or phenyl showed an antifungal activity comparable to the one of ketoconazole
against Candida albicans, Aspergillus niger and Penicillium chrysogenum. This activity
was attributed to the possibility of these groups to form hydrogen bonds with key
residues of CYP51.%4 Imidazole-chalcone hybrids (30a,b) (Figure 3.19) showed
antifungal activity against A. fumicatus, suggesting that the presence of halogens in

the molecule enhanced the antifungal activity and the radical scavenging effects.5®

2
0 R
oo
R R1 (0]
29a: R =Br \
29b: R = NO,
29c: R=Ph

30a: R' =H, R>=Cl
30b: R'=CI,R2=H

Figure 3.19. New imidazole-based antifungal compounds. Relevant substituents for
the structure-activity relationship are marked in red.
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c) Antimicrobial activity

Diverse commercial antibacterial drugs contain the imidazole moiety, such as
metronidazole, ornidazole, secnidazole, nimorazole or tinidazole (Figure 3.20).
Metronidazole was introduced in 1960 as a potent compound against Gram-negative

anaerobic bacteria.®®

Metronidazole: R = CH,OH

/CH3 CHLCI Nimorazole: R = /\N‘\
R Ornidazole: R = —< \—O
1 ~ OH 5
NO, CH, Tinidazole: R = /\s\ o
Secnidazole: R = _< o Cehs
OH

Figure 3.20. Imidazole-based commercial drugs.

During the last years, efforts in discovering new antibacterial imidazole agents have
been made.” Introduction of an alkyl chain could be favourable for some
physicochemical properties, such as water solubility or binding affinity. Compounds
31a-c showed antibacterial activity comparable to other commercially available
antibacterial drugs. The replacement of imidazole by other heterocycles reduced the

antibacterial activity.58

9 3 5
® 0 F

N HOOC N |

) 31a: (CH,), Z = N

- H

33

R 31b: (CH2)6
) 31c: p-Ph

32a: X =N
32b: X =CH

Figure 3.21. Imidazole-based antibacterial compounds. Relevant substituents for the
structure-activity relationship are marked in red.

The carbonyl-linked molecules 32a-b showed excellent antibacterial activity that was
drastically reduced when the carbonyl group was removed.®® The combination of
imidazole with other heterocycles facilitates the binding of these molecules with
receptors and enzymes.”® Compound 33 gave anti-E. coli activity comparable to the

one of ciprofloxacin. Changing the imidazole ring by piperidine, piperazine, morpholine
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or pyrrolidine all harmed the biological activity, demonstrating the importance of the

imidazole ring.”"
d) Antitubercular activity

The imidazoderivative known as nitroimidazopyran PA-824 (Figure 3.22), which is in
advanced stages of clinical trials has inspired the synthesis of other molecules
containing imidazole moiety for the treatment of tuberculosis.”? Pyrazinamide (PZA) is
an antitubercular compound, and this prompted the synthesis of some imidazole-PZA
derivatives, which have been evaluated for their antitubercular activity. Compound 34
showed promising activity and, despite being a PZA derivative, it was found to act
through a mechanism of action different to the one proposed for PZA.”® Compound 35
displayed good antitubercular activity, and the p-methoxy benzyl moiety proved to be

important for the activity, probably due to increased lipid solubility.

o)

i: N Cr )

|
N
F,CO “NO, =

Nitroimidazopyran PA-824

Figure 3.22. Imidazole-based antituberculotic compounds. Relevant substituents for
the structure-activity relationship are marked in red.

e) Antihistaminic activity

The imidazole moiety is not a common core in the inhibitors of two histamine receptors
(HR), HiR and HzR (except for cimetidine, an H2R antagonist designed by structural
manipulation of histamine itself). However, some molecules containing imidazole have
been developed as current and potential HsR and H4R antagonists. Imetit,
thioperamide, and clobenpropit (Figure 3.23) are all HsR ligands with significant affinity
also for H4R.”4#75> Compound 36a exhibited a good affinity for HsR, with a selectivity
index of 20 over H4R. Whenever changing the alkyl chain (36b-c), the resulting

molecules were selective and had very high affinity for HsR.76.77
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Figure 3.23. Imidazole-based antihistaminic compounds. Relevant substituents for
the structure-activity relationship are marked in red.

f) Central Nervous System activity

Many Central Nervous System (CNS) active imidazole-based compounds are used,
such as dexmedetomidine, and their development has been active during the last
years. Numerous compounds of this family have shown good biological activities
against diverse CNS disorders such as Alzheimer’s disease (AD), Parkinson’s,
schizophrenia, epilepsy, dementia, anxiety and depression.’87® Nafimidone is a
substituted imidazole used for the treatment of epilepsy,®® some analogues (37 and
38) showed good anticonvulsant and anti-maximal electroshock seizure activity. In

compound 38 the meta-chloro substitution was vital for the activity (Figure 3.24).81.82

Regarding AD, compound 39a showed the ability to suppress y-secretase secretion
and inhibit the production of toxic AR-peptides and the modification of this compound

led to 39b, which is currently under clinical trials.83.84

Fipamezole has demonstrated positive results in phase Il clinical trials, reducing
L-dopa-induced dyskinesias in patients with Parkinson’s disease. Compounds 40a-b
were found to be excellent nociceptin (ORL1) receptor antagonists, potentially useful

for the treatment of Parkinson’s disease.85
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Figure 3.24. Imidazole-based CNS-active compounds. Relevant substituents for the

structure-activity relationship are marked in red.

g) Antihypertensive activity

Losartan, eprosartan and olmesartan are three examples of angiotensin Il receptor

agonists, employed for the treatment of hypertension, that contain imidazole moieties

(Figure 3.25).8687 | osartan analogues 41 and 42a-b have substituents that increase

the affinity for AT1 receptors, and compound 41 is highly selective due to the butyl and

hydroxymethyl groups in the imidazole ring. Substitution with methyl in 42b reduced

the activity with respect to 42a.88:89
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Figure 3.25. Imidazole-based antihypertension compounds. Relevant substituents for
the structure-activity relationship are marked in red.

h) Anti-inflammatory activity

Some imidazoles, in particular triphenyl imidazoles, have been developed as potential
anti-inflammatory compounds. Triphenyl compounds 43a-b displayed both anti-
inflammatory and antifungal activities, with the possibility of being developed as a
bifunctional compound.®® Insertion of a sulfuryl group led to compounds 44a-b, which

showed that both imidazole and sulfuryl were important for good activity.®!

et
43a: R' = 4-NO,, R =H 44a:R=H

43b: R' = 2-NO,, R2 = Cl 44b: R = CHs

Figure 3.26. Imidazole-based anti-inflammatory compounds. Relevant substituents
for the structure-activity relationship are marked in red.
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i) Antiobesity activity

The CB1 receptor is considered a potential target for the treatment of obesity. The
substitution of the hydrazide moiety of the commercial drug rimonabant led to
compound 45, with high selectivity for the receptor.9> Bombesin receptor subtype-3
(BRS-3) might also be a potential target in obesity, compounds 46a-b target this

receptor, with high potency and good pharmacokinetics profile (Figure 3.27).93.94

I@R
/>< HOOC

46a: R =
\ /

Figure 3.27. Imidazole-based antiobesity compounds.

j) Antiviral activity

Some imidazole-based compounds have shown antiviral activity.®>° The replacement
of the triazole ring of a potent anti-HIV compound by imidazole (48a-b, Figure 3.28)
showed remarkable anti-HIV-1 activity with higher selectivity. Molecular modelling

studies suggested the importance of the naphthalene unit for the affinity.

@)

~{

47a: R =Cl
47b: R = NO,

Figure 3.28. Imidazole-based antiviral compounds. Relevant substituents for the
structure-activity relationship are marked in red.
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k) Antiparasitic activity

Megazol, benznidazole and metronidazole are traditional protozoal agents bearing the
imidazole moiety (Figure 3.29). Benznidazole analogue 48 showed higher activity than
the parent molecule toward Trichomonas vaginalis, with no cytotoxicity.®” Phenyl
nitroimidazoles 49a-b had anti-frypanosomal activity comparable to that observed for
megazol; moreover, 49b showed good results in oral dosing, becoming a promising
lead compound for the treatment of human African trypanosomiasis.®® Whenever an
imidazole ring was added to the flexible chain of the benzophthalazine skeleton,
resulting compounds, such as compound 50 showed enhanced anti- T. cruzi activity.%
Other imidazole-based antiprotozoal compounds against leishmaniasis will be

described in section 3.1.2.3.

on / Ny ﬁ /NOZ
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\)J\ /N02 "NH
N N
H3Cé H /\©\ ®/ N=
F R N
48
49a: R = 3,4-2Cl 50 Cl

49b: R = 4-CF30

Figure 3.29. Imidazole-based antiparasitic compounds.

3.1.2.3 Imidazoles as antileishmanial agents

Drug repurposing has emerged as a promising strategy for the treatment of
leishmaniasis. Diverse azole derivatives such as clotrimazole, econazole and
bifonazole have been evaluated for their antileishmanial activity. Econazole has shown
the best results, with activity comparable to miltefosine, a finding that suggests the
repurposing of econazole for the treatment of leishmaniasis.'® Compounds 51-53
showed the best antileishmanial activity values from a large number of derivatives

studied. All reduced the infection rate significantly. Enzymatic studies confirmed that
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their mode of action, at least in part, consisted of inhibiting the parasitic Fe-superoxide
dismutase (Fe-SOD).101

Through modifications of miconazole, furyl compound 54 and diphenyl imidazole 55
were found to have both good in vitro and in vivo activity.192103 Tetralin imidazole
derivative 56 displayed remarkable antileishmanial activity. A comparative research
showed the importance of the benzyloxy group for the selectivity.’® Cyclohexyl-
bridged bis-imidazole 57 showed stronger antileishmanial activity than sodium
stibogluconate and pentamidine, with high selectivity. Structure-activity relationship

highlighted the importance of the methylene imidazole group.1%®

¢y
@w% & d
©3

58b: R=H

Econazole

Figure 3.30. Imidazole-based antileishmanial compounds. Relevant substituents for
the structure-activity relationship are marked in red.

From a study of diverse aryl-substituted imidazoles, compounds 58a-b were found to
be the ones with a better balance in activity, toxicity and selectivity. The substitution in
position 2 of the imidazole ring was found to be important for the activity. A study
published in 2023 proposed compound 59 as a potent antileishmanial compound and

demonstrated the importance of different modifications for the activity and other
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important parameters: methoxy substitution in the 6-position for the selectivity, adding
new heteroatoms did not improve the selectivity index, small, lipophilic groups or
anilines with polar atoms in position 3 showed moderate activity but increased size or
lipophilicity reduced solubility and metabolic stability, methylation of the exocyclic
nitrogen improved aqueous solubility, although it reduced selectivity.'%® The
mentioned imidazole-based compounds with antileishmanial activity are represented
in Figure 3.30.

3.1.3. Indole-imidazoles

The combination of two or more pharmacophore moieties in a single molecular
structure has become an innovative method for creating novel bioactive substances.
By using this technique, researchers in the pharmaceutical and medicinal chemistry
fields can obtain a variety of diverse small molecules that are essential for discovering

new drugs.10”
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Figure 3.31. Indole-imidazole compounds with diverse activities. Relevant
substituents for the structure-activity relationship are marked in red.

Indole-imidazole hybrids have been studied for their wide range of activities (Figure
3.31). Jasiewicz et al.'%® evaluated the series of indole-imidazole compounds 60a-e
for their antioxidant and antibacterial activities. Compounds with electron-donating

groups 60b-e showed higher biocompatibility, with high antioxidant activity and iron
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chelation capacity. Compound 60a was the most active against M. luteus and P.

fluorescens.

Gao et al.’% developed streptochlorin analogues (61a-d) with antifungal activity. All
four compounds showed good antifungal activity, with compounds 61a-b being
especially against the Alternaria leaf spot pathogen and 61c-d especially against
Rhizoctonia solani. The introduction of a halogen in position 4 of the imidazole group

(61c-d) increased the antifungal activity.

Li et al.'? designed and synthesised a family of indole-nitroimidazole compounds from
which compounds 62a-e showed good activity against methicillin-resistant
Staphylococcus aureus (MRSA) and other Gram-positive and Gram-negative bacteria.
Compound 62a showed a higher activity than the reference antibiotics clinafloxacin
and norfloxacin. Compounds 62b-e showed good antibacterial activity, with 62¢ being
the most potent against MRSA due to its interaction with DNA, causing its

denaturation.

Some indole-imidazole hybrids with antileishmanial activity have also been developed
(Figure 3.32). Compound 63 showed antileishmanial activity both in vivo and in vitro.
This compound was especially active against L. mexicana and demonstrated high
systemic efficacy in experiments carried out in mice, with a big decrease in parasite
numbers in both spleen and liver, indicating a strong effect against visceral infection.!"
A series of indole imidazole compounds (64a-f) was evaluated for their antileishmanial
activity. Even if they were not the most active of the ones studied in this study, all
compounds were found to be active in the four L. infantum promastigote strains, and
in particular, 64e and 64f, which have N-methylated indoles, were found to be very

potent.'12
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3
R* OOC /R

Cl 64a: R'=R2=H, R®=R*=Me

64b: R! = 5-Me, R2 = H, R =R*=Me
\ Cl W 64c: R' =5-Me, R2=H, R® = Et, R* = Me

64d: R' =6-Br, R2=H, R® = R* = Me

64e:R'=H,R2=R3=R*=Me

64f: R = 5-NO,, R = R® = Me, R* = Et

Figure 3.32. Indole-imidazole compounds with antileishmanial activity.
3.2. OBJECTIVES

The aim of this thesis chapter is the synthesis of a library of rigid indole-imidazole
derivatives with potential antileishmanial activity. These derivatives will contain
variations in four different substituents. We will evaluate the limitations of the

previously reported synthesis and develop alternatives to achieve our objectives.

3.3. RESULTS AND DISCUSSION

Through a high-throughput screening (HTS) of molecules from the University of
Urbino, molecule 65e was found as a potential antileishmanial compound; therefore,
it was decided to obtain a small library of compounds 65 in order to analyse their

antileishmanial activity.

: O
R? : O/ L. infantum
R! N : N
N N \ R3 i N N \ ICs0 = 0,33 £ 0,07 uM
NN | NN
R2 ; \ 50 < CCsp < 100uM

' 65e

Figure 3.33. General structure of compounds 65 and the four variable substituents.
Compound 65e found to be active against leishmaniasis in the HTS.

3.3.1. Design and synthesis

The synthesis of derivatives of the 6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-
blindole framework, corresponding to structure 65, was previously reported in the

literature and involved the synthesis of the advanced intermediate 66 from different
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tryptamine derivatives 67 and diaza-dialkenes 68. This intermediate was then closed
using an intramolecular Pd-catalysed Cross-Dehydrogenative Coupling (CDC),

leading to the corresponding compounds 65.

NH,
R1
R4 R4
R1 N \ R1 NX\ \
N 3 —/— N4 3 — N NBoc
N N R N N R R2 1
L L 67 N
R R RSJ\/ R4
65 66
68

Scheme 3.1. Retrosynthetic route for the synthesis of 65 and its derivatives.

For the synthesis of the tryptamine derivatives, two different synthetic pathways were
envisaged, depending on the availability of precursors. For non-commercially
available tryptamines or those with high prices, their synthesis was developed starting
from the corresponding indole. The methylation of these indoles gave intermediates
69 in moderate to high yields. Then, a TFA-promoted condensation of compounds
69a-d with dimethylaminonitroethylene led to the intermediates 70a-d. Reduction of
compounds 70a-d with LiAlH4 led to the desired tryptamine derivatives 67a-d.
(Scheme 3.2)

NO, NH,
R! R! R! R!
T =" -~ CEC - CEC
N N N N
H \ \ \

69a: R' = F (97%) 70a: R' = F (80%) 67a: R' = F (74%)

69b: R' = Cl (91%) 70b: R' = CI (87%) 67b: R' = Cl (61%)
69c: R' = Me (50%) 70c: R' = Me (41%) 67c: R' = Me (76%)
69d: R' = Ph (82%) 70d: R' = Ph (72%) 67d: R = Ph (71%)

Reagents and conditions: (a) NaH (60%), Mel, DMF, r.t., o.n. (b) dimethylaminonitroethylene, TFA,
Ar atmosphere, r.t., 30 minutes (c) LiAIH, THF, reflux, o.n.

Scheme 3.2. Synthesis of tryptamine derivatives 67a-d from the corresponding
indoles. Yields of each step are reported in brackets for each derivative.
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Regarding 5-Br tryptamine, whenever the reduction with LiAlH4 was performed,
hydrogenolysis of the bromine atom was also observed. A hydrogenation in the
H-CUBE using Pd/C was attempted as an alternative, but unfortunately, with the same
result. Finally, a double NaBH4 reduction was also attempted, unfortunately, with the
same results; therefore, the preparation of this particular this derivative was

abandoned.

For commercially available tryptamines, different N-alkylation (67e,f,i) and N-arylation
(67g,h) reactions were performed on the indole nitrogen, using modifications of

methods reported in the literature. (Scheme 3.3)

For the case of N-phenyl substituted tryptamine (67h), we first attempted a procedure
reported for the N-arylation of indoles using catalysts derived from Cul and trans-N,N*-
dimethyl-1,2-cyclohexanediamine.''3 Unfortunately, this method did not work. Our
second approach consisted of an N-arylation of nitrogen-containing heterocycles with
aryl iodides, catalysed by Cu(OAc)2-H20.11# In this case, the reaction was reported for
indoles, but we were pleased to find that the reaction also worked with tryptamines,
without the need to protect the free amine. This N-substitution is essential for the

completion of the final synthetic step

NH, NH;

a,borc R

R! - 5
A\

N

\

R2

Iz

67e: R' = H, R? = Me (57%)
67f: R' = H, R? = n-Pr (42%)
679: R' = H, R = Bn (65%)
67h: R = H, R? = Ph (70%)
67i: R' = OMe, R? = Me (42%)

(a) for 67e, 67f and 67i: RI (methyl or propyl), NaH (60%), DMF, r.t.,, 1-2 h
(b) for 67g: BnBr, NaH (60%), N, atmosphere, DMF, r.t., 1-2 h
(c) for 67h: IPh, Cu(OAc),-H,0, Cs,CO5, DMF, 110 °C, 24 h

Scheme 3.3. Synthesis of tryptamine derivatives 67e-i from the corresponding non-
substituted tryptamines. Yields are reported in brackets for each derivative.
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Next, the coupling between tryptamines 67 and 1,2-diaza-1,3-dienes (DDs) (68a-b)
was performed to construct indolyl-ethyl imidazoles (66) (Scheme 3.4). The starting

DDs were provided by Prof. Favi’s group.

NH, A
of
NBoc CH.O ) N
R! N © 2 R [ Drs
\ + J\)k \ \N R
N ACN
3 N
N R OMe  reflux, 2-4 h L
R2 R
67a: R'=F, R2= Me 68a: R3 = n-Pr 66a: R' = F, R2 = Me, R® = n-Pr (45%)
67b: R' = Cl, R2 = Me 68b: R® = n-Bu 66b: R! = CI, R2 = Me, R® = n-Pr (45%)
67c: R' = Me, R2 = Me 66¢c: R' = Me, R2 = Me, R® = n-Pr (56%)
67d: R' = Ph, R2 = Me 66d: R' = Ph, R2 = Me, R® = n-Pr (52%)
67e: R' =H, R2 = Me 66e: R' = H, R2 = Me, R® = n-Pr (77%)
67f: R' =H, R2 = n-Pr 66f: R' = H, R2 = n-Pr, R® = n-Pr (30%)
67g:R'=H, R2=Bn 66g: R' = H, R2 = Bn, R3 = n-Pr (41%)
67h: R' =H, R =Ph 66h: R' = H, R2 = Ph, R3 = n-Pr (32%)
67i: R' = OMe, R? = Me 66i: R' = OMe, R? = Me, R® = n-Pr (25%)

66j: R' = H, R2 = Me, R = n-Bu (42%)

Scheme 3.4. Synthesis of indole-containing imidazoles 66a-i from diazadialkenes
68a-b. Yields are reported in brackets for each derivative.

As mentioned previously, the last step consisted of a previously reported palladium-
catalysed Cross-Dehydrogenative Coupling (CDC) that led to the desired final
products 65a-j (Scheme 3.5). In this reaction, the formation of side-products
corresponding to the fully aromatic, dehydrogenated derivatives of compounds 65 was

observed.
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o 7/
© Pd (OAc),
R N AgOAc, Kgco3 R!
N K RS
N N DMA
\ 120 °C, 50 min
R2
66a: R = F, R2 = Me, R3 = n-Pr 65a: R' = F, R? = Me, R® = n-Pr (540/0)
66b: R' = Cl, R? = Me, R® = n-Pr 65b: R' = Cl, R2 = Me, R3 = n-Pr (54%)
66¢: R' = Me, R2 = Me, R® = n-Pr 65c: R = Me, R? = Me, R® = n-Pr (33%)
66d: R' = Ph, R2 = Me, R® = n-Pr 65d: R' = Ph, R2 = Me, R® = n-Pr (50%)
66e: R' = H, R2 = Me, R® = n-Pr 65e: R' = H, R2 = Me, R® = n-Pr (67%)
66f: R' = H, R? = n-Pr, R® = n-Pr 65f: R' = H, R? = n-Pr, R® = n-Pr (30%)
66g: R' = H, R2 = Bn, R® = n-Pr 65g: R' = H, R? = Bn, R3 = n-Pr (82%)
66h: R' =H, R>=Ph, R® = n-Pr 65h: R' =H, R? = Ph, R® = n-Pr (17%)
66i: R' = OMe, R2 = Me, R3 = n-Pr 65i: R' = OMe, R? = Me, R3 = n-Pr (23%)
66j: R = H, R2 = Me, R3 = n-Bu 65j: R' = H, R2 = Me, RS = n-Bu (64%)
65b, 54%
65a, 54% 65¢c, 33%
65d, 50% 65e, 67%
N
651, 30% \p 659, 82% Ph 65h, 17%
(0] / (@)
O o/
N MeO N—
\ N \ S
N N
N N
\
65j, 64% 65i, 23%

Scheme 3.5. Synthesis of the desired final compounds 65a-j from the corresponding
open intermediates 66a-j. Yields are reported in brackets for each derivative.
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3.3.2. Biological evaluation

Compounds from the first synthetic pathway were screened for their efficacy against
L. infantum MHOM/TN/80/IPT1 promastigotes at a single dose of 20 yM for 72 h.
Some of the intermediates 66 were also tested, as is usually performed in medicinal

chemistry, but neither of them showed antileishmanial activity.

Table 3.1. Summary of compounds 65 derivatives activity on L. infantum
promastigotes and THP-1 cells. ICso values are reported as mean (95 % CI
(confidence interval)) from at least two experiments. Each experimental condition was
conducted at least in duplicate and miltefosine (MILT) was used as a positive control.

Inhibition of L. infantum TH':E):) 1““2,' da Selectivity
Compound L. infantum  MHOM/TN/80/IPT1 CCso (uM) Index
at 20 uM (%) 1Cso (M) (95 % CI) (95% Cl) (CCs/ICs0)
MILT 96.7 % 3.6 (3.3-4.0) 36.7 10.2
65a 5.7 % n.a. - -
65b -39.5 % n.a. - -
65¢c -1.0 % n.a. - -
65d n.a. n.a. - -
65e 85.9 % 2.0 (1.9-2.1) - -
65f n.a. n.a. - -
659 -4.4 % n.a. - -
65h -5.7 % n.a. - -
65i -16.4 % n.a. - -
65j 85.3 % 2.2 (2.1-2.3) >252 >11

aDue to solubility problems, CC50 was not determined at 50 and 100 uM

Most of the studied compounds showed low or no activity against Leishmania
parasites (Table 3.1, Figure 3.34). Only lead compound (65e) and its derivative 65j
showed interesting biological activities (Figure 3.34), with ICso values better than those
of the positive control. Interestingly, compound 65j is the only member of the series

that features a different substituent on position 4 of the imidazole ring. This observation
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suggests that modification of the imidazole substituents can significantly influence
antiparasitic activity. Therefore, the newly discovered synthetic pathway can

potentially provide a valuable platform for the design and synthesis of more potent

derivatives.
Inhibition of L. infantum at 20 uM (%)

65j

80
70 100
60 80— “
® 50 E 60—
40 £ 40
30 : 20
20 1 1 1
10 -0.5 20~ 0.5 1.0 1.5
Log10 Concentration (M)

MILT  65a 65b 65c  65d 65e 65f 65g  65h 65i

% inhibition

‘K

Figure 3.34. Left: Inhibition of Leishmania infantum promastigotes at 20 M. Right:
Dose-response curve for the inhibition of L. infantum parasites by 65j.

The biological assay for evaluation of toxicity (CCso) could not be performed in the
case of compound 65j, due to its low solubility at 50 and 100 yM; therefore, the future
structural modifications should aim to improve solubility, for instance, by introducing

more polar or hydrophilic substituents.
3.3.2.1 In silico study

Physicochemical, pharmacokinetic and drug-likeness properties of the synthesised
derivatives 65a-j were calculated using the SwissADME web tool."'> As shown in
Table 3.2, none of the synthesised molecules violated either Lipinsky’s or Veber’s rule,

suggesting good oral bioavailability.

Rotatable bond number (RTB) is a useful parameter that influences not only oral
bioavailability but also the binding affinity of a molecule. All the molecules synthesised

in this series possess six or fewer rotatable bonds, well within the permissible limit

(<10).
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Table 3.2. Physicochemical, pharmacokinetic and drug-likeness properties of indole-
imidazole derivatives 65a-j

Cmpd (g|>nn\1ncl>l) logp HBD HBA RTB T(IZ«?)A Abscfi“:)tion Perzzztion
Desred w500 <5 <5 <10 <10 <140
65a 341.38 3.46 0 4 4 49.05 High yes
65b 357.83 3.67 0 3 4 49.05 High yes
65c 337.42 3.48 0 3 4 49.05 High yes
65d 399.48 4.45 0 3 5 49.05 High yes
65e 323.39 3.13 0 3 4 49.05 High yes
65f 351.44 3.80 0 3 6 49.05 High yes
659 399.48 4.36 0 3 6 49.05 High yes
65h 385.46 4.28 0 3 5 49.05 High yes
65i 353.41 3.13 0 4 5 58.28 High yes
65j 33742 347 0 3 5  49.05 High yes

The topological polar surface area (TPSA) is also an estimation of the tendency of a
compound to traverse biological membranes. Those compounds having a TPSA value
below 140 A2 can normally experience passive membrane diffusion. All of our
diindolylmethane derivatives possess TPSA values below 60 A2, which indicates a

very good membrane permeability.

Pharmacokinetic properties of gastrointestinal (Gl) absorption and brain-blood barrier
(BBB) permeability are the most significant determinants for bioavailability and
distribution. Good Gl absorption allows entry into systemic circulation, and sufficient
lipophilicity allows potential BBB penetration. Interestingly, all the synthesised
compounds exhibited good predicted Gl absorption, and most were also predicted to
cross the BBB. This is a desirable feature, since it would potentially allow the treatment

of cerebral leishamiasis, which, although rare, leads to severe complications.16
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Table 3.3. Water solubility of derivatives 65 calculated in SwissADME. LogS in the
table is the average value of logS calculated using three different methods

Compound logS Solubility
Desired Value 0>log S>-2

65a -4.51 Soluble
65b -4.94 Soluble
65¢c -4.68 Soluble
65d -6.21 Poorly soluble
65e -4.33 Soluble
65f -5.06 Moderately soluble
659 -6.18 Poorly soluble
65h -6.08 Poorly soluble
65i -4.44 Soluble
65j -4.77 Soluble

Although not highly soluble, some compounds, including 65j, are predicted to be water

soluble, however, their solubility requirements for biological test (DMSQO) were not met

(Table 3.3).
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3.3.3. Synthetic alternatives

Because of the limited diversity of the R3 and R* substituents in diazadiene chemistry,
a different retrosynthetic approach was designed to increase the chemical space of

the imidazole substituents.

The alternative pathway envisioned at this point was the Van Leusen imidazole
synthesis, developed in 1972 by the Dutch professor Albert Van Leusen (Scheme
3.6)." This reaction provides a straightforward method to synthesise imidazole-based
compounds through a 1,3-dipolar cycloaddition of tosylmethyl isocyanide (TosMIC),
also known as Van Leusen’s reagent, and aldimidines that can be generated from the

reaction between aldehydes and amines.'"”

NH,
R‘I
, A\
R4 R N O
N ‘ A
R! N’g\ R! ’& R2
N R3
NZ h2 Q\)\ 72
R SN
66 /©/\O ~C
65
71

Scheme 3.6. Proposed Van Leusen reaction for the synthesis of the advanced
intermediates 66.

Unfortunately, all the attempts to react TosMIC derivative 71a (Scheme 3.7) with the
preformed aldimine 73 from methyltryptamine and benzaldehyde, using many different

conditions (Table 3.4, Scheme 3.8), proved to be unsuccessful.

1 This work was done in collaboration with Regina Kurti as part of her Degree Thesis (Universidad
Complutense de Madrid and Universita di Urbino, 2024).



122 CHAPTER 3: INDOLE-IMIDAZOLES

B 5\
o] o,
\\S/\Nt\ _ BuyNBr, NaOH \S\ N%
Q/\\O h /©/\O °
DCM
rt.,2h
71a, 85%

Scheme 3.7. Synthesis of TosMIC derivative 71a.

Table 3.4. Screened conditions for the Van Leusen reaction represented in Scheme
3.8.

Entry Base (1.5 equiv.) Temp (°C) Solvent Time (h)
1 K2COs r.t. MeOH 48
2 K2COs reflux MeOH 48
3 K2COs 90 (MW) MeOH 1
4 NaH r.t. MeOH 24
5 NaH 0 Toluene 48
6 LHMDS - 40 THF 48

73, 100% H

74

Scheme 3.8. Attempted Van Leusen synthesis of the indole-imidazole derivatives 65.

All the experimental conditions assayed consistently resulted in the formation of
compound 74, arising from the loss of the N-methylindolylethyl fragment, as the only

identifiable product, albeit in low yield (Scheme 3.8). A potential explanation involves
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a base-promoted elimination reaction, favoured by the steric compression of the three
adjacent imidazole substituents and the good stability of the imidazole anion as a
leaving group. The only derivative that could be synthesised using this methodology

was compound 650, which used non-substituted TosMIC (Scheme 3.9).

\

TosMIC Pd (OAc),

K,CO4 O\/C AgOAC K2003 &
A\
N dry MeOH DMA

\ Ar, r.t., 48h 120 °C, 50 min

73 660, 55% 650, 70%

Scheme 3.9. Synthesis of derivative 650 using the Van Leusen reaction.

At this point, the synthetic strategy was reoriented toward the reaction between

halogenated ethyl-indole derivatives and preformed imidazoles (Scheme 3.10).

X

R R*
N R!
R! Ni R! ,S\ 4
N N N HN
N N \
i:;z

\
R? R2 QN R3
75

65 66 76

Scheme 3.10. Proposed retrosynthetic analysis for the synthesis of derivatives 65
from ethyl-indole derivatives and preformed imidazoles.

This synthetic approach started from the synthesis of derivatives 75 by N-alkylation of
the commercially available iodine or bromine derivatives. However, whenever the
methylation of the bromine derivative was attempted, the obtained product was a
mixture of three different halogenated compounds 75a-c (Scheme 3.11). This mixture
of products likely arises from halogen-exchange processes in the reaction, where
bromine comes from the original starting material, iodine from the methyl iodide
reagent used for the methylation, and chlorine comes from NH4Cl sat. solution used

during the reaction work-up.
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Br Br
Mel, NaH (60%)
DMF, r.t., 1-2h
N N\
N
H \ N\
75a
Br Cl [
N N N
\ \ \
75a 75b 75¢

Scheme 3.11. Formation of a mixture of halogenated products 75a-c via halogen
exchange.

Based on the previous results, we chose to perform the reaction starting from the
iodine derivative and perform a different work-up procedure so that we would avoid
the possibility of halogen exchange. However, whenever this reaction was performed,
the obtained product was not the expected one, but the product of the cyclopropane

ring formation in position 3 of the indole (77) (Scheme 3.12).

Mel, NaH (60%)
DMF, r.t., 1-2h

75¢c
/
N

77

Scheme 3.12. Formation of the cyclopropane-derived spiro compound 77.

In view of the difficulties associated with the synthesis of compounds 75, our efforts
were redirected toward the optimisation of the coupling reaction between the
halogenated compounds and the preformed imidazoles. This meant the introduction

of a further methylation step once the advanced intermediate 78 was formed (Scheme

3.13).
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4 4
R* . R"  ADDED N R
R N/& R ’g\ STEP R ’&
N N N
Re R2

H
65 66 78
X
R1
A\ R*
N HN N
H 3
Q\N R
79

76

Scheme 3.13. Proposed retrosynthetic route with alkylation step after the formation
of 78.

lodide derivative 79 was available commercially; however, due to pricing and
availability, we decided to synthesise it from tryptophol using a previously reported

Appel reaction (Scheme 3.14).

OH

H
<N
\] PPh, |
N 3, 2

N \
N
DCM N
H rt., o.n. H
79, 98%

Scheme 3.14. Synthesis of iodine ethyl-indole 79 from tryptophol.

To explore and optimise the coupling between 79 and the different preformed
imidazoles, different methodologies were employed, including traditional solution-

phase synthesis, mechanochemistry and microwave-assisted synthesis.

According to International Union of Pure and Applied Chemistry (IUPAC),
mechanochemical reactions are those that are directly induced by the absorption of
mechanical energy from friction or grinding processes.'® This mechanical energy

produces changes in the crystalline structure, breaking bonds and thus allowing the
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formation of new structures.’®20 One of the most relevant characteristics of
mechanochemistry is the fact that it is carried out in the absence of solvents, or using
only very small quantities. This has led to mechanochemistry being classified within
the field of green chemistry, which seeks to optimise the resources used, including

reagents, solvents, energy, etc.?0

Microwave-assisted synthesis involves reactions where heating is produced by
microwave irradiation, producing efficient internal heating. This methodology allows

the reduction of reaction times and can improve reaction yields.'?!

A systematic evaluation of different parameters was conducted in the three evaluated

methodologies.

A series of experiments represented in Table 3.5 was conducted to optimise the
coupling of halogenated indole derivatives with preformed imidazole under different
bases, solvents, and concentrations. The initial reaction performed employing NaH
(60 %) base at 80 °C in dimethylformamide (DMF) (c = 0.33 M) yielded the product of
interest 78a with 33 % yield (entry 1). Lowering the temperature to 70 °C and diluting
the concentration to 0.15 M led to a slight increase in yield (36 %, entry 2), revealing
that dilution is advantageous for the reaction efficiency. The use of 'BuOK also gave
low conversions, with both brominated (23 %, entry 3) and iodinated (27 %, entry 4)
substrates, due presumably to partial degradation of the initial compound under

strongly basic conditions.

Replacement of these bases with Cs2COs under the same conditions significantly
increased the yield up to 58 % (entry 5), indicating that milder basic conditions are
more suitable for this transformation. The combination of Cs2COs as base with the
iodinated derivative was the most suitable balance between reactivity and stability,
and thus represents the most favourable conditions, which gave the best result and

provided the desired product in 62 % yield (entry 6).
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Table 3.5. Optimisation of reaction conditions for the synthesis of 78 using traditional
chemistry. All reactions were performed with 1 equivalent of imidazole that was added
in the presence of base and stirred for 30 minutes at r.t. before adding the indole
derivative. All yields are isolated.

Entry Ethylindole Base Temp Solvent Time (h) Yield
derivative (equiv.) (°C) (conc.) (%)
(equiv.)
1 Br (1.2) NaH (1.0) 80 DMF (0.33 M) 16 33
2 Br (1.2) NaH (1.0) 70 DMF (0.15 M) 16 36
3 Br(1.2) 'BuOK(1.0) 70  DMF (0.15 M) 16 23
4 1 (1.2) ‘BUOK (1.0) 70  DMF (0.15 M) 16 27
5 Br (1.2) Cs2C0O3(1.0) 70 DMF (0.15 M) 16 58
6 1 (1.2) Cs2C0O3(1.0) 70  DMF (0.15 M) 16 62

A series of mechanochemical experiments shown in Table 3.6 was conducted to
enhance the coupling of halogenated indole derivatives with preformed imidazoles
under grinding auxiliaries like Celite or NaCl, varying the weight of grinding balls, base,

and substrate equivalents.

In general, the mechanochemical reaction was challenging, with only low to moderate
conversions obtained within the set of parameters assayed. Initial experiments with
the bromide derivative and K=COs as base (entries 1-3) resulted in poor yields (21-
23 %), which indicated that there is limited reactivity under solvent-free milling.
Variation in the milling time (30 to 60 min) or halide stoichiometry (1.0-1.5 equiv.) did
not have a measurable impact on the outcome, suggesting that the reaction is

regulated either by solid—solid diffusion or by non-activation of the substrates.

Changing to 'BuOK (entry 4) or increasing the loading of K2COs to 1.5 equivalents
(entry 5) did not cause improvement, with yields remaining below 25 %. Similarly,
using more Celite (0.6 g compared to 0.4g) as grinding auxiliary caused a
comparatively insignificant effect, with yields increasing to merely 28 % (entry 7).
These results show that while improved mixing and impact efficiency provide some

assistance, the overall conversion of the reaction remains limited.
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Switching to the more reactive iodide as electrophile did not lead to a dramatic yield
increase under otherwise similar conditions (entries 10—15). Yields in most examples
were again in the range of 13-24 %, indicating that the inherent higher reactivity of the
C-1 bond is not entirely available under mechanochemical conditions, perhaps
because molecular mobility is limited or too little heat is released during milling. Using
fewer milling balls (2 x 4.0 g) instead of 30 x 0.5 g consistently resulted in lower yields

due to reduced impact frequency and less efficient mixing.

Using NaCl instead of Celite as grinding auxiliary (entry 16) produced only traces of
product, confirming that Celite provides a superior grinding medium, likely due to its
higher surface area and porous nature, favouring dispersion of the substrate.
Replacement of K2COs by Cs2COs (entries 17-19) did not improve the outcome either,
with yields remaining in the 13—-21 % range. Pre-mixing imidazole with the base for 30
minutes before the addition of the iodide derivative (entries 18-19) did not provide a

significant advantage under these circumstances.

The inclusion of 18-crown-6 as a phase-transfer catalyst (entry 15) gave a comparable
yield (24 %), suggesting minimal increase in ionic mobility or base activation within the

solid phase and adding difficulty during the purification stage.

Overall, although minor variations in milling time, auxiliary type, and ball shape
contributed to the outcome, no parameter combination gave any meaningful
improvement, and mechanochemical yields were always below 30 %. The data
indicate that, in this specific transformation, mechanochemical activation is not
efficient enough, perhaps because dry milling permits limited diffusion and partial

activation of these solid reagents.
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Table 3.6. Mechanochemical optimisation of reaction conditions for the synthesis of
78. All reactions were conducted in a planetary ball mill at 600rpm using 15 mL
stainless steel jars. All reactions were performed with 1 equivalent of imidazole. All
yields are isolated.

Entry  Auxiliar Balls Ethylindole Base Time Yield
(9) (9) derivative (equiv.) (h)2 (%)
(equiv.)
1 Celite (0.4) 30 (0.5) Br (1.5) K2COs (1.0)  30'(2) 23
2  Celite (0.4) 30 (0.5) Br (1.5) KoCOs (1.0)  60'(2" 21
3 Celite (0.4) 30 (0.5) Br (1.0) KoCOs (1.0)  60'(2" 21
4  Celite (0.4) 30 (0.5) Br (1.5) '‘BUOK (1.0)  60'(2) 21
5  Celite (0.4) 30 (0.5) Br (1.5) KoCOs (1.5)  60'(2" 19
6 Celite (0.6) 30 (0.5) Br (1.5) K2COs (1.0) 60' 24
7  Celite (0.6) 30 (0.5) Br (1.5) K2COs (1.0) 60" 28
8 Celite (0.6) 30 (0.5) Br (1.5) K2COs (1.0) 30' 5
9 Celite (0.6) 30 (0.5) Br (1.5) K2COs (1.0) 30' 12
10  Celite (0.6) 30 (0.5) 1 (1.5) KoCOs (1.0)  30'(2) 24
11 Celite (0.6) 2 (4.0) 1 (1.0) K=COs (1.0)  30'(2) 13
12  Celite (0.6) 30 (0.5) | (1.0) K2COs (1.0)  30'(2) 5
13  Celite (0.6) 2 (4.0) 1 (1.5) K=COs (1.0)  60'(2" 20
14  Celite (0.6) 30 (0.5) | (1.5) 'BUOK (1.0)  60'(2) 22
15>  Celite (0.6) 2 (4.0) | (1.5) K2COs (1.0) 60' 24
16 NaCl (1.5) 2 (4.0) I (1.5) K2CO3 (1.0) 60' traces
17  Celite (0.6) 2 (4.0) | (1.5) Cs2C03 (1.0) 60’ 21
18¢  Celite (0.6) 30 (0.5) | (1.5) Cs2C0s3 (1.0) 30+60' 13
19¢  Celite (0.6) 2 (4.0) | (1.5) Cs2C0s3 (1.0) 30+60' 14

aTime in brackets indicates the time between rotation changes
b18-crown-6 was used as an additive in this reaction
clmidazole and base were mixed for 30 minutes before adding the iodine starting material
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Diverse conditions were screened for the microwave-assisted synthesis (Table 3.7).
Reactions with the bromide electrophile and NaH (entries 1-2) gave poor conversions
with only 23-25 % isolated yields, despite the long reaction times. These findings
demonstrate that NaH is not an efficient base for promoting this transformation, and

that variation in concentration (0.05-0.2 M) has little impact on reactivity.

An improvement was observed when the iodide was used as the electrophile along
with Cs2COs (entries 3-7). Irradiation for 3 hours, at 80 °C provided a reasonable yield
of 42 % of the desired product (entry 3). However, in this reaction, the formation of the
cyclopropane side-product (77) could also be observed. Pre-activation of imidazole by
base and extending the reaction duration to 3-4 h achieved a yield of 64-68 % (entries
4-5). This result, therefore, clearly indicates that the preformation of the deprotonated
imidazole intermediate plays a key role in enhancing the overall efficiency of the

coupling.

Reaction temperature screening revealed that 70 °C is optimum, giving the highest
yield (80 %) (entry 7). Higher (90 °C) and lower (60 °C) temperatures yielded lower
amounts (59 % and 70 %, respectively; entries 6 and 11), showing a narrow optimal

temperature window under microwave activation.

Replacement of Cs2COs with a stronger base, such as ‘BuOK, resulted in significantly
decreased yields (25-37 %; entries 8, 10, 14), probably due to competitive elimination

side reactions or partial substrate decomposition.

A comparison of halide leaving groups confirmed that the iodine derivative outperforms
the bromine derivative under the same conditions (entries 12-13 vs. 16-17), as

expected by the greater reactivity of the C—I bond towards substitution.

Experiments involving changes in the stoichiometry of the electrophile (entries 9, 15,
17) showed that 1.0 equivalent of the ethylindole derivative is capable of delivering
comparable yields with 1.2 equivalents. In particular, entry 17 (iodide derivative, 1.0
equiv.) afforded 79 % yield, which is slightly below the optimum condition (81 %, entry

16) but with less reagent excess. Accordingly, entry 17 conditions were selected as
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optimal, as they offer a better and cost-efficient compromise of yield and reagent

consumption.

Table 3.7. Microwave optimisation of reaction conditions for the synthesis of 78. All
reactions were performed with 1 equivalent of imidazole that was added in the
presence of base and stirred for 30 minutes at r.t. before the microwave reaction. All

yields are isolated.

Entry Ethylindole Base Temp Solvent Time Yield
derivative (equiv.) (°C) (conc.) (%)
(equiv.)
1 Br (1.2) NaH (1.0) 80 DMF (0.2M) 30+4h 25
2 Br (1.2) NaH (1.0) 80 DMF (0.05 M) 30'+4 h 23
32 1 (1.2) Cs2C03(1.0) 80 DMF (0.15 M) 3 42
4 1 (1.2) Cs2C03(1.0) 80 DMF (0.15M) 30'+3 h 64
5 1 (1.2) Cs2C0s3(1.0) 80 DMF (0.15M) 30'+4 h 68
6 1 (1.2) Cs2C03(1.0) 90 DMF (0.15M) 30'+4 h 59
7 1 (1.2) Cs2C03(1.0) 70 DMF (0.15M) 30'+4 h 80
8 1 (1.2) BuOK (1.0) 80 DMF (0.15M) 30'+4h 25
9 1 (1.0) Cs2C0s3(1.0) 80 DMF (0.15M) 30'+4 h 77
10 1 (1.2) BuOK (1.0) 80 DMF (0.15M) 30+4h 37
11 1 (1.2) Cs2C03(1.0) 60 DMF (0.15M) 30+4h 70
12 Br (1.2) Cs2C03(1.0) 70 DMF (0.15M) 30'+4 h 63
13 Br (1.2) Cs2C0s3(1.0) 80 DMF (0.15M) 30'+4 h 38
14 Br (1.2) ‘BuOK (1.0) 70 DMF (0.15M) 30'+4h 23
15 Br (1.0) Cs2C0s(1.0) 70 DMF (0.15M) 30'+4h 72
16 1 (1.2) Cs2C03(1.0) 70 DMF (0.15M) 30+4h 81
17 1 (1.0) Cs2C0s(1.0) 70 DMF (0.15M) 30+4h 79

aConducted without the previous mixture of imidazole with base

To summarise, from the three optimisation methods evaluated, the one considered

more efficient in terms of yield, reaction times, and green chemistry is the microwave-
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assisted synthesis using 1 equiv. of iodoethylindole 79, Cs2COs (1.0 equiv) as base in

DMF at 70 °C for 4 hours after the pre-activation of the imidazole.

With the optimised conditions in hand, we decided to explore the general applicability
of the method by studying various imidazole derivatives as substrates. It should be
noted that if the substitution pattern of the imidazole ring is non-symmetric (R3 = R?),
the reaction could give two regioisomeric products, corresponding to the incorporation

of the substituents at either of the two positions available on the imidazole.

The regiochemistry of most products was determined using two-dimensional nuclear
magnetic resonance (2D NMR) techniques like HMBC (Heteronuclear Multiple-Bond
Correlation) and HMQC (Heteronuclear Multiple-Quantum Coherence). The HMBC
experiments allowed the correlation of proton signals with the carbon atoms two or
three bonds away, and this proved instrumental in substituent position assignments at
the heterocyclic ring. One-bond couplings were employed to directly correlate proton
and carbon signals using HMQC experiments to set up the connectivity in the

molecule.

In a few cases where 2D NMR by itself was insufficient to distinguish the regioisomers
unequivocally, selective nuclear Overhauser effect (NOE) experiments were
conducted. By irradiating certain proton signals and observing the enhancement of
spacially adjacent protons, the experiments provided useful insight into substituents'
proximity in space, which made the absolute assignment of product configuration

feasible.

As each reaction gave two products in most of the cases, the yield corresponding to

the reaction is the sum of the yields of both regioisomers represented in brackets.

Looking into the obtained results (Scheme 3.15), we can see a great difference in the
formation of regioisomers in three cases, 780, 78r’ and 78s. While the nitrogen atoms
of imidazole are electronically equivalent by resonance when deprotonated,
substituents in the ring can have a strong influence on the ratio of tautomers. In the
case of 4(5)-nitroimidazole, the tautomer ratio is highly skewed, much favouring 4-

nitroimidazole by a rough ratio of 400:1.122 This is due to the electron-withdrawing nitro
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group stabilising this tautomer by delocalisation of electron density and affecting the
relative acidity of the nitrogen atoms, imposing a significant bias towards one of the
tautomers in practice. This could explain the formation of 78s’ in a much bigger
proportion, as it is the regioisomer that contains the nitro group in position 4 of the
imidazole ring. This can probably also explain the case of the major formation of
regioisomer 78r’. The electron-donating character of the methyl substituent, together
with the electron-withdrawing character of the aldehyde, may favour the formation
mainly of 78r’. In the case of 780’°, probably this regioisomer is the only product
observed due to the possibility to stabilise the negative charge through delocalisation

in the phenyl ring when in position 4 of the imidazole ring.

H i
4
N_ R Cs,CO N’&
2 3
N+« I N L\N\ 53
N~ “Rs DMF, MW N
30'+4h, 70°C H
78

79
Two molecules if R3 = R*

78k: R3 = H, R* = H (79%)

781: R® = H, R* = COOMe (26%) 781’: R = COOMe, R* = H (29%)
78m: R3 = Br, R* = Me (28%) 78m’: R® = Me, R* = Br (24%)
78n: R3 = H, R* = CHO (36%) 78n’: R® = CHO, R* = H (35%)
780: R3 = H, R* = Ph (not observed) 780’: R® = Ph, R* = H (43%)

78p: Benzimidazole (67%)

78q: R® = H, R* = COOEt (27%) 78q’: R3 = COOEt, R* = H (36%)
78r: R3 = CHO, R* = Me (23%) 78r’: R® = Me, R* = CHO (not observed)
78s: R% = H, R* = NO, (8%) 78s’: R® = NO,, R* = H (51%)
78t: R = Me, R* = NO, (mix 59%)  78t’: R3 = NO,, R* = Me (mix 59%)
78u: 6-NO,-Benzimidazole (33%)  78u’: 5-NO,-Benzimidazole (40%)

Scheme 3.15. Scope of molecules synthesised using optimised conditions.

As mentioned previously, the determination of the configuration of the regioisomer was
possible thanks to 2D NMR experiments. In Figure 3.35 and Figure 3.36 are shown

two representative examples of regioisomers elucidation.
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Figure 3.35. 2D NMR HMBC of compound 78q.
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Figure 3.36. 2D NMR HMBC of compound 78q’.



CHAPTER 3: INDOLE-IMIDAZOLES 135

In Figure 3.35 we can observe that the proton in the CHz2 from the ethylenic chain
(represented in green) is correlated with the carbon corresponding to the CH in
position 2 of imidazole (represented in red) and a quaternary carbon, which
corresponds to position 5 of the imidazole ring (represented in purple). The
regiochemistry seems to be clear with this experiment, as the proton in the ethylenic
chain does not correlate with the carbon in position 4 of the imidazole (represented in
blue); however, HMBC of the corresponding regioisomer was also performed to
confirm the analysis (Figure 3.36). In Figure 3.36 the proton of the CHz from the
ethylenic chain (represented in green) does not correlate with the quaternary carbon
where the ester is linked (represented in blue), indicating that the ester is situated in

position 4 (represented in blue) of the imidazole ring.

Due to a lack of time, methylation of compounds 78 to obtain the advanced open
derivatives 66 was only performed in some examples, as shown in Scheme 3.16. The
yields were lower than expected in many cases, but allowed us, however, to obtain

sufficient amounts of the desired products.

R* R*
N NaH (60%) N’&
\ Q\’\S\R’o‘ + Mel N KO
N N DMF, N N
H 4h, r.t. \
78 66

66k: R% = H, R* = H (92%)

661: R = H, R* = COOMe (39%) 661’: R® = COOMe, R* = H (30%)

66m: R% = Br, R* = Me (50%) 66m’: R® = Me, R* = Br (49%)

66n: R® = H, R*=CHO (56%) 66n’: R® = CHO, R* = H (54%)
660’: R3 = Ph, R* = H (31%)

66p: Benzimidazole (3%)

Scheme 3.16. Methylation of compounds 78 to produce the advanced intermediates
66.

As in the previous case, whenever positions 4 and 5 of the imidazole were substituted,
the elucidation was done using a selective NOE experiment, as represented in Figure
3.37.

When the imidazole methyl substituent was irradiated selectively, both CH2 of the

ethylenic chain could be observed, suggesting that the methyl substituent was in
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position 5 of the imidazole ring. Avogadro predictions (Figure 3.38) showed that
whenever the methyl substituent was in position 5 (66m), the distance to the protons
in the ethylenic chain would be 2.612 A for the closest CH: of the ethylenic chain and
4.830 A for the furthest. In contrast, if the methyl substituent is in position 4 of the
imidazole ring (66m’), the distance to the protons in the ethylenic chain would be
5.367 A for the closest CHz of the ethylenic chain and 6.518 A for the furthest, not

observable through NOE experiments.

N'\i

\
66m

i

1 (ppm,

Figure 3.37. Selective NOE 1D experiment of compound 66m.
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Figure 3.38. Avogadro auto optimised compounds 66m and 66m’ using UFF as
force field with 4 steps per update and steepest descent algorithm.

To complete the synthetic pathway, the cyclisation of molecules 66k-p was considered
by analogy with the synthesis of compounds 65a-j. Due to time constraints,
unfortunately, just compound 651 (Scheme 3.17) from this second pathway was
prepared. Nevertheless, this result proves the feasibility of the cyclisation reaction for

the new derivatives.

Pd (OAc),
AgOAC KQCO3
DMA

120 °C, 50 min

66l 651, 28%

Scheme 3.17. Synthesis of compound 651 from 66l.
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3.4. EXPERIMENTAL SECTION

3.4.1. General experimental information

For experimental procedures developed in the Universita di Urbino, all reagents and
solvents were of commercial quality and were used as received. Column
chromatography purifications were performed under “flash” conditions using Merck
230—400 mesh silica gel. Thin-layer chromatography (TLC) was carried out on Merck
silica gel 60 F254 plates, which were visualised by exposure to ultraviolet light.
'THNMR and C NMR were recorded on a Bruker Avance 400 spectrometer
('H: 400 MHz, '3C: 101 MHz), or on a Bruker Avance Neo 600 spectrometer
('H: 600 MHz, 3C: 151 MHz) using MeOD, DMSO-ds or CDCls as solvent. Chemical
shifts are reported in the & scale relative to residual MeOH (s, 4.87 ppm), CHCIs (s,
7.26 ppm) or DMSO (p, 2.50 ppm) for '"H NMR and to the central line of MeOH (49.5
ppm), CDClIs (77.16 ppm) or DMSO-ds (39.52 ppm) for 3C NMR. 3C NMR were
recorded with 'H broadband decoupling. The following abbreviations were used to
report the multiplicities: br = broad, s = singlet, d = doublet, t = triplet, q = quartet, hept
= heptet, dd = doublet of doublets, ddd = doublet of doublets of doublets, m = multiplet.
Coupling constants (J) are reported in Hertz (Hz). ESI-MS spectra were recorded on
Waters Micromass ZQ 4000, using electrospray ionisation techniques, with samples
dissolved in MeOH. HRMS spectra were performed by slow direct infusion (5 uL/min)

of = 0.1 ug/mL solution (methanol), using Orbitrap Exploris 240 mass spectrometer.

For experimental procedures developed in the Universidad Complutense de Madrid,
all reagents (Aldrich, Fischer, Alpha Aesar) and solvents (Scharlau, Fischer) were of
commercial quality and were used as received. Reactions were monitored by TLC on
aluminium plates coated with silica gel and fluorescent indicator (Macherey-Nagel Xtra
SIL G/UV254). Mechanochemical reactions were carried out in a planetary ball mill
Retsch PM 100, using grinding jars and balls of stainless steel with different volumes
and diameters. Microwave-assisted reactions were performed on an Anton Paar
(Microwave 400) focused microwave reactor. Separations by flash chromatography
were performed using a Combiflash Teledyne automated flash chromatograph or on
conventional silica gel columns (Scharlau 40—60 um, 230-400 mesh ASTM). NMR
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spectroscopic data were recorded using a Bruker Avance 250 spectrometer operating
at 250 MHz for '"H NMR and 63 MHz for 3C NMR, Bruker AVIII HD 300 MHz BACS-60
operating at 300 MHz for '"H NMR and 76 MHz for '3C NMR or Bruker NEO 300MHz
SampleXpress Lite operating at 300 MHz for 'TH NMR and 76 MHz for 3C NMR
(Unidad de Resonancia Magnética Nuclear, Universidad Complutense); Topspin or
Mestrenova software packages were used throughout for data processing; chemical
shifts are given in ppm and coupling constants in Hertz. Elemental analyses were
determined by the Unidad de Microanalisis Elemental, Universidad Complutense,
using a Leco 932 combustion microanalyzer. Exact mass data were recorded with a
high-resolution mass spectrometer FTMS Bruker APEX Q IV coupled to 2DLC-NS-
ESI-MALDI (Mass range: 200-10.000 uma) and a time-of-flight mass spectrometer
MALDI-TOF/TOF Bruker ULTRAFLEX coupled to MALDI (Mass range: 300-150000
uma), operated by the Unidad de Espectrometria de Masas, Universidad

Complutense.
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- PART 1 -

3.4.2. Synthesis of N-methyl-1H-indoles (69)

R1 NaH R!
N DMF N

H rt,o.n. \
69a:R'=F
69b: R' = ClI
69c: R' = Me
69d: R!' = Ph

General procedure for the synthesis of 1-methyl-1H-indoles (69a-d) GP1

According to the reported synthesis in the literature,’ the indole derivative
(1.0 equiv.) was dissolved in dry DMF (c = 0.25 M). At 0 °C, NaH (1.6 equiv, 60 %
dispersion in mineral oil) was added portion-wise. When the addition was finished, the
ice bath was removed, and the reaction mixture was stirred at room temperature. After
30 minutes methyl iodide (1.2 equiv.) was added dropwise at 0 °C. Afterwards the
reaction mixture was warmed to room temperature and stirred overnight. Water was
added and the aqueous phase was extracted with dichloromethane (DCM)
(3x20 mL). The combined organic layers were washed with brine, dried using
Na2SOs4, and after filtration, the solvent was removed in vacuo. If needed, further

purification was performed by flash chromatography on silica gel.
5-Fluoro-1-methyl-1H-indole (69a):

F N According to GP1 5-fluoro-1H-indole (1 g, 7.4 mmol, 1.0 equiv.), NaH
\©\/,\> (474 mg, 11.84 mmol, 1.6 equiv.) and iodomethane (0.55mL,

8.88 mmol, 1.2equiv.) in DMF (29.6 mL) provided, after
cyclohexane/ethyl acetate (95:5) column chromatography, the desired compound 69a
(1.07 g, yield 97 %) as a white solid.

The physicochemical data are consistent with those reported in the literature.?3
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'H NMR (400 MHz, CDCls, 25 °C): & = 7.27 (dd, 1H, Ji = 2.5 Hz, J = 9.0 Hz), 7.23
(ddt, 1H, J1 = 1.0 Hz J2 = 4.5 Hz, Js = 9.0 Hz), 7.09 (d, 1H, Ji = 3.0 Hz), 6.97 (dd, 1H,
Ji=2.5Hz, Jo=Jo=9.0 Hz), 6.44 (dd, 1H, 1 = 1.0 Hz, J» = 3.0 Hz), 3.79 (s, 3H).

5-Chloro-1-methyl-1H-indole (69b):

Cl N According to GP1 5-chloro-1H-indole (1 g, 6.6 mmol, 1.0 equiv.), NaH
\©\/|\> (422 mg, 10.55mmol, 1.6 equiv.) and iodomethane (0.5 mL,

7.92mmol, 1.2equiv.) in DMF (24.6mL) provided, after
cyclohexane/ethyl acetate (95:5) column chromatography, the desired compound 69b

(998 mg, yield 91 %) as a yellow oil.
The physicochemical data are consistent with those reported in the literature.2

H NMR (400 MHz, CDCls, 25 °C): & = 7.59 (dd, 1H, Ji = 1.0 Hz, J» = 2.0 Hz), 7.23 (d,
1H, J=8.5Hz), 7.17 (dd, 1H, J1 = 2.0 Hz, J» = 8.5 Hz), 7.07 (d, 1H, J1 = 3.0 Hz), 6.43
(dd, 1H, J1 = 1.0 Hz, J» = 3.0 Hz), 3.78 (s, 3H).

1,5-Dimethyl-1H-indole (69c):

Me N According to GP1 5-methyl-1H-indole (600 mg, 4.57 mmol,
\©\/|\> 1.0 equiv.), NaH (293 mg, 7.32 mmol, 1.6 equiv.) and iodomethane

(345 mL, 5.49 mmol, 1.2 equiv.) in DMF (18.3 mL) provided, after
cyclohexane/ethyl acetate (95:5) column chromatography, the desired compound 69¢

(333 mg, yield 50 %) as yellow oil.
The physicochemical data are consistent with those reported in the literature 123,

'H NMR (400 MHz, CDCls, 25 °C): & = 7.21 (d, 1H, J = 9.0 Hz), 7.10 (d, 1H, J= 2.5
Hz), 7.02 (d, 1H, J = 3.0 Hz), 6.89 (dd, 1H, Ji = 2.5 Hz, J»> = 9.0 Hz), 6.40 (dd, 1H, J =
3.0 Hz), 3.86 (s, 3H), 3.77 (s, 3H).

1-Methyl-5-phenyl-1H-indole (69d):

Ph N According to a modification of GP1 5-phenyl-1H-indole (130 mg,
\©\/,\> 0.67 mmol, 1.0 equiv.), NaH (40 mg, 1.1 mmol, 1.5equiv.) and

iodomethane (53 mL, 0.82mmol, 1.3 equiv.) in THF (2.2 mL)
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provided, after cyclohexane/ethyl acetate (95:5) column chromatography, the desired

compound 69d (114 mg, yield 82 %) as a white solid.
The physicochemical data are consistent with those reported in the literature.125

'H NMR (400 MHz, CDCls, 25 °C): & = 7.85 (dd, 1H, Ji = 1.0 Hz, J2 = 2.0 Hz), 7.67
(dd, 2H, Ji = 1.0 Hz, J2 = 8.5 Hz), 7.50 (dd, 1H, Ji = 2.0 Hz, Jo = 8.5 Hz), 7.47 — 7.42
(m, 2H), 7.39 (dt, 1H, J1 = 1.0 Hz, J2 = 8.5 Hz), 7.34 — 7.29 (m, 1H), 7.09 (d, 1H, J =
3.0 Hz), 6.55 (dd, 1H, Ji = 1.0 Hz, J» = 3.0 Hz), 3.83 (s, 3H).

3.4.3. Synthesis of 1-methyl-3-(2-nitrovinyl)-1H-indoles (70)

R1 \N/\/Noz — NO2
N TFA, Ar D
\ rt., 30' N
\

69a: R' = F 70a:R'=F
69b: R' = Cl 70b: R = Cl
69c: R' = Me 70c: R' = Me
69d: R' = Ph 70d: R' = Ph

General procedure for the synthesis of 1-methyl-3-(2-nitrovinyl)-1H-indoles
(70a-d) GP2

According to the method reported in the literature,'?® under an argon atmosphere, TFA
was added to a mixture of substituted indole (1 equiv.) and dimethylaminonitroethylene
(1 equiv.) at room temperature. After 30 mins of stirring, the reaction was quenched
by adding dropwise a solution of saturated aqueous NaHCOQOs, and the resultant slurry
mixture was extracted with EtOAc (3 x 20 mL). The combined organic layers were then
washed with water, dried using Na2SOs4, and after filtration, the solvent was removed
in vacuo to give the target indolyl nitroalkene as a solid. The pure product was obtained

by crystallisation (MeOH).
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5-Fluoro-1-methyl-3-(2-nitrovinyl)-1 H-indole (70a):

NO, According to GP2, TFA (0.55 mL) added to 5-fluoro-1-methyl-1H-

E indole (145mg, 0.97 mmol, 1.0eq) and dimethylamino
) nitroethylene (113 mg, 0.97 mmol, 1.0 eq) provided, after
\ recrystallization from MeOH the desired compound 70a (170 mg,

yield 80 %) as a yellow solid.

Compound is known, but physicochemical data have not been reported in the

literature.

1H NMR (400 MHz, DMSO-ds, 25 °C): & = 8.35 (d, 1H, J=13.5 Hz), 8.27 (s, 1H), 8.04
(d, 1H, J = 13.5 Hz), 7.89 (dd, 1H, J1 = 2.5 Hz, J» = 9.5 Hz), 7.63 (dd, 1H, Ji = 4.5 Hz,
Jo = 9.5 Hz), 7.20 (ddd, 1H, Ji = 2.5 Hz, Jo =Js = 9.5 Hz), 3.88 (s, 3H).

13C NMR (101 MHz, DMSO-ds, 25 °C): = 158.8 (d, J = 236.0 Hz), 140.3, 134.8,
133.6, 131.5, 125.7 (d, J = 10.5 Hz), 112.6 (d, J = 10.0 Hz), 111.3 (d, J = 26.0 Hz),
107.1 (d, J = 4.5 Hz), 106.2 (d, J = 25 Hz), 33.6.

5-Chloro-1-methyl-3-(2-nitrovinyl)-1H-indole (70b):

NO, According to GP2, TFA (0.47 mL) added to 5-chloro-1-methyl-

cl 1H-indole (135 mg, 0.82mmol, 1.0eq) and dimethylamino
b nitroethylene (95 mg, 0.82 mmol, 1.0eq) provided, after
\ recrystallization from MeOH the desired compound 70b (169 mg,

yield 87 %) as a yellow solid.

Compound is known, but physicochemical data have not been reported in the

literature.

'H NMR (400 MHz, DMSO-ds, 25 °C): 5 = 8.35 (d, 1H, J = 13.5 Hz), 8.27 (s, 1H), 8.13
(d, 1H, J = 2.0 Hz), 8.09 (d, 1H, J = 13.5 Hz), 7.63 (d, 1H, J = 9.0 Hz), 7.35 (dd, 1H,
Ji = 2.0 Hz, J2 = 9.0 Hz), 3.87 (s, 3H).

13C NMR (101 MHz, DMSO-ds, 25 °C): & = 139.9, 136.7, 133.3, 131.9, 127.1, 126.2,
123.3, 119.9, 112.9, 106.7, 33.5.
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1,5-Dimethyl-3-(2-nitrovinyl)-1 H-indole (70c):

NO, According to GP2, TFA (3.94 mL) added to 5,1-dimethyl-1H-

—

Me indole (1 g, 6.9 mmol, 1.0 eq) and dimethylamino nitroethylene
r\} (800 mg, 6.9 mmol, 1.0 eq) provided, after recrystallization from
\ MeOH the desired compound 70c (609 mg, yield 41 %) as a
brown solid.

1H NMR (400 MHz, DMSO-ds, 25 °C): & = 8.34 (d, 1H, J=13.5 Hz), 8.16 (s, 1H), 8.01
(d, 1H, J = 13.5 Hz), 7.81 (br s, 1H), 7.48 (d, 1H, Ji = 8.5 Hz), 7.17 (dd, 1H, J1 = 1.0
Hz, Jo = 8.5 Hz), 3.84 (s, 3H), 2.46 (s, 3H).

3C NMR (101 MHz, DMSO-ds, 25 °C): 139.6, 136.7, 134.4, 131.6, 130.7, 125.2,
124.9, 120.5, 110.9, 106.9, 33.3, 21.0.

5-Phenyl-1-methyl-3-(2-nitrovinyl)- 1H-indole (70d)

NO, According to GP2, TFA (0.65 mL) added to 5-phenyl-1-methyl-

—

Ph 1H-indole (200 mg, 0.97 mmol, 1.0 eq) and dimethylamino
'\T nitroethylene (113 mg, 0.97 mmol, 1.0 eq) provided, after
\ recrystallization from MeOH the desired compound 70d (195 mg,

yield 72 %) as a yellow solid.

'H NMR (400 MHz, DMSO-ds, 25 °C): & = 8.42 (d, 1H, J=13.5 Hz), 8.26 (s, 1H), 8.20
(dd, 1H, J1 = 1.0 Hz, J» = 2.0 Hz), 8.16 (d, 1H, J = 13.5 Hz), 7.84 — 7.79 (m, 2H), 7.69
(dd, 1H, 1t = 1.0 Hz, J2 = 8.5 Hz), 7.65 (dd, 1H, 1 = 1.5 Hz, J2 = 8.5 Hz), 7.51 — 7.45
(m, 2H), 7.38 — 7.33 (m, 1H), 3.91 (s, 3H).

13C NMR (101 MHz, DMSO-ds, 25 °C): & = 140.8, 139.6, 137.7, 134.8, 133.9, 131.5,
128.7,127.3, 126.9, 125.8, 122.7, 118.5, 111.7, 107.6, 33.5.
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3.4.4. Synthesis of 2-(1-methyl-1H-indol-3-yl)ethan-1-amine

(67)
N02 NH2
R LiAIH, R

D THF N

N reflux, o.n. N\
70a:R'=F 67a:R'=F
70b: R' = Cl 67b: R' = Cl
70c: R' = Me 67c: R' = Me
70d: R' = Ph 67d: R' = Ph

General procedure for the synthesis of 2-(1-methyl-1H-indol-3-yl)ethan-1-amine
from nitrovinyl derivatives (67a-d) GP3

According to the method reported in the literature,’®” to a solution of the appropriate
nitroolefin (1 equiv.) in freshly distilled tetrahydrofuran (THF) (c = 0.125 M) with ice-
bath cooling, lithium aluminium hydride powder (8 equiv.) was added cautiously.
Stirring was continued at 0 °C for 30 minutes, then the reaction was heated under
reflux overnight. When the nitroolefin was completely consumed (TLC check), the
reaction was cooled to 0 °C and carefully quenched by adding potassium sodium
tartrate (Rochelle’s salt). After stirring for 30 min, the solution was extracted with DCM
(3 x 20 mL), dried over Na=SO, filtered and concentrated in vacuo. The crude material

was purified by flash chromatography.
2-(5-Fluoro-1-methyl-1 H-indol-3-yl)ethan-1-amine (67a):

NHz According to GP3, 5-fluoro-1-methyl-3-(2-nitrovinyl)-1H-indole

E (950 mg, 4.3 mmol, 1.0eq) in THF (34.5mL) with lithium
,\T aluminium hydride (1.308 g, 34.5 mmol, 8.0 eq) provided, after

\ DCM/MeOH (95:5) with 1% of ammonia column chromatography,

the desired compound 67a (608 mg, yield 74 %) as a light yellow oil.

The physicochemical data are consistent with those reported in the literature.?’
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1H NMR (400 MHz, CDCls, 25 °C): & = 7.22 (dd, 1H, Ji = 2.5 Hz, J» = 9.0 Hz), 7.18
(dd, 1H, 1 = 4.5 Hz, J2 = 9.0 Hz), 6.95 (ddd, 1H, Ji = 2.5 Hz, J» ~Js = 9.0 Hz), 6.94 (br
s, 1H), 3.74 (s, 3H), 3.01 (t, 2H, J = 6.5 Hz), 2.88 (t, 2H, J = 6.5 Hz).

2-(5-Chloro-1-methyl-1H-indol-3-yl)ethan-1-amine (67b):

NHy According to GP3, 5-chloro-1-methyl-3-(2-nitrovinyl)-1H-indole

cl (900 mg, 3.8 mmol, 1.0eq) in THF (30mL) with lithium
I: aluminium hydride (1.15 g, 30.4 mmol, 8.0 eq) provided, after

\ DCM/MeOH/ammonia (94:5:1) column chromatography, the

desired compound 67b (480 mg, yield 61 %) as a light yellow oil.

Compound is known, but physicochemical data have not been reported in the

literature.

"H NMR (400 MHz, CDCls, 25 °C): 6 =7.55 (d, 1H, J=2.0 Hz), 7.20 (d, 1H, J=8.5
Hz), 7.16 (dd, 1H, J1 = 2.0 Hz, J- = 8.5 Hz), 6.91 (s, 1H), 3.73 (s, 3H), 3.00 (t, 2H, J=
6.5 Hz), 2.85 (t, 2H, J= 6.5 Hz).

2-(1,5-Dimethyl-1H-indol-3-yl)ethan-1-amine (67c):

NHz  According to GP3, 1,5-dimethyl-3-(2-nitrovinyl)-1H-indole

Me (150 mg, 0.7 mmol, 1.0eq) in THF (5.6 mL) with lithium
,\? aluminium hydride (210 mg, 5.6 mmol, 8.0 eq) provided, after

\ DCM/MeOH (9:1) with 1 % of ammonia column chromatography,

the desired compound 67¢ (100 mg, yield 76 %) as a yellow oil.

Compound is known, but physicochemical data have not been reported in the

literature.

'H NMR (400 MHz, CDCls, 25 °C): & = 7.37 (d, 1H, J = 1.5 Hz), 7.18 (d, 1H, J= 8.5
Hz), 7.05 (dd, 1H, Ji = 1.5 Hz, J2 = 8.5 Hz), 6.85 (s, 1H), 3.72 (s, 3H), 3.01 (t, 2H, J =
6.5 Hz), 2.87 (t, 2H, J = 6.5 Hz), 2.46 (s, 3H).
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2-(5-Phenyl-1-methyl-1H-indol-3-yl)ethan-1-amine (67d):

NHz  According to GP3, 5-phenyl-1-methyl-3-(2-nitrovinyl)-1H-indole
Ph (180 mg, 0.65 mmol, 1.0eq) in THF (34.5mL) with lithium
A\

N
\ DCM/MeOH (95:5) with 1% of ammonia column

aluminium hydride (196 mg, 5.17 mmol, 8.0 eq) provided, after

chromatography, the desired compound 67d (115 mg, yield 71 %) as a light yellow oil.

Compound is known, but physicochemical data have not been reported in the

literature.

'H NMR (400 MHz, CDCls, 25 °C): & = 7.80 (dd, 1H, Ji = 0.5 Hz, Jo = 2.0 Hz), 7.69 —
7.65 (m, 2H), 7.49 (dd, 1H, Ji = 2.0 Hz, J» = 8.5 Hz), 7.48 — 7.42 (m, 2H), 7.35 (dd,
1H, J1 = 1.0 Hz, J» = 8.5 Hz), 7.34 — 7.29 (m, 1H), 6.93 (s, 1H), 3.77 (s, 3H), 3.06 (t,
2H, J = 6.5 Hz), 2.95 (1, 2H, J = 6.5 Hz), 2.00 (s, 2H).

3C NMR (101 MHz, CDCls, 25 °C): & = 142.8, 136.8, 132.6, 128.8, 128.5, 127.8,
127.5,126.4, 121.6, 117.7, 112.6, 109.6, 42.5, 32.8, 29.1.

NH,

NH,
1 R2-X
R N\ NaH R! N
N DMF N
H rt.,1-2 h \
RZ

67e:R'=H, R2=Me
67f: R' =H, R? = n-Pr
67g: R' =H, R2 = Bn
67h: R' =H, R>=Ph
67i: R' = OMe, R? = Me

General procedure for the methylation of preformed tryptamines for the for the
synthesis of 2-(1-methyl-1H-indol-3-yl)ethan-1-amines (67e-i) GP4

According to a method reported in the literature for indole derivatives lacking the
aminoethyl chain,'?® the appropriate tryptamine derivative (1.0 equiv.) was dissolved
in DMF (c=0.17 M) and cooled to 0°C. NaH 60 % suspension in mineral oll

(1.2 equiv.) was then added portion-wise and the mixture was stirred for 30 min. The
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suitable alkyl halide RX (1.1 equiv.) was added dropwise to the mixture. Then the
mixture was left stirring at room temperature for 1-2 h. The reaction was then
quenched with a saturated aqueous solution of NH4Cl and extracted with EtOAc
(3 x 20 mL). The combined organic layers were dried over anhydrous Na=SOy, filtered,
and concentrated under reduced pressure. The crude product was purified using

column chromatography.
2-(1-Methyl-1H-indol-3-yl)ethan-1-amine (67e):

NH, This molecule was synthesised with a modification of GP4.
According to the reported method,’?® a solution of tryptamine

'\T (270 mg, 1.69 mmol, 1.0 equiv.) in anhydrous DMF (3 mL, ¢ =0.5 M)
\ was added dropwise to a 60 % suspension of sodium hydride in
mineral oil (74 mg, 1.85 mmol, 1.1 eq) in anhydrous DMF (5 mL, ¢ = 0.33 M) at room
temperature. The mixture was stirred at r.t. for 30 min, cooled to 0 °C, and Mel
(115 pL, 1.85 mmol, 1.1 eq) was added dropwise. The resulting mixture was stirred at
r.t. overnight. Then, water was added, and the resulting solution was extracted with
EtOAc (6 x 20 mL). The combined organic phases were dried over Na2S0Oa, filtered,
and dried under reduced pressure to afford a crude compound, which was purified by
flash chromatography DCM/MeOH/ammonia (94:5:1) to provide the desired

compound 67e (169 mg, yield 57 %) as a yellow oil.
The physicochemical data are consistent with those reported in the literature.12®

'H NMR (400 MHz, CDCls, 25 °C): & = 7.60 (ddd, 2H, J1 = Jo = 1.0 Hz, Js = 8.0 Hz),
7.30 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.23 (ddd, 1H, J1 = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.10 (ddd, 1H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.90 (s, 1H), 3.75
(s, 3H), 3.02 (t, 2H, J = 6.5 Hz), 2.91 (t, 2H, J = 6.5 Hz).
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2-(1-propyl-1H-indol-3-yl)ethan-1-amine (67f):

NH;  According to GP4, tryptamine (400 mg, 2.5 mmol, 1.0 equiv.) in DMF

(14 mL) after addition NaH (120 mg, 3 mmol, 1.2 equiv.) and 1-
A\

N
\\\ DCM/MeOH/ammonia (94:5:1) column chromatography, the desired

compound 67f (210 mg, yield 42 %) as a light yellow oil.

iodopropane (268 pL, 2.7 mmol, 1.1 equiv.) provided, after

Compound is known, but physicochemical data have not been reported in the

literature.

'H NMR (400 MHz, CDCls, 25 °C): & = 7.60 (ddd, 1H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.32 (ddd, 1H, Ji = J2 = 1.0 Hz, Js = 8.5 Hz), 7.20 (ddd, 1H, Ji = 1.0 Hz, J» = 7.0 Hz,
Js = 8.5 Hz), 7.09 (ddd, 1H, Ji = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.95 (s, 1H), 4.04 (,
2H, J=7.5 Hz), 3.03 (t, 2H, J = 6.5 Hz), 2.93 (t, 2H, J = 6.5 Hz), 2.00 (br s, 2H), 1.85
(h, 2H, J=7.5 Hz), 0.93 (t, 3H, J = 7.5 Hz).

2-(1-benzyl-1 H-indol-3-yl)ethan-1-amine (679):

NH; This molecule was synthesised with a modification of GP4. According
to the reported method,'3° to a solution of NaH (180 mg, 4.49 mmol,
1.2 equiv.) in DMF (9mL, ¢ = 0.4 M) was added a solution of
\_p,  tryptamine (600 mg, 3.74 mmol, 1.0 equiv.) in DMF (9 mL, ¢ = 0.4 M)

A\

at 0 °C under N2 atmosphere. The mixture was stirred at room temperature for 30 min.
To this mixture, benzyl bromide was added (405 uL, 4.11 mmol, 1.1 eq) at 0 °C, and
the mixture was stirred at room temperature for 2 h. The reaction was quenched by
addition of water, then the residue was extracted with ethyl acetate (3 x 30 mL). The
combined organic extracts were dried over anhydrous Na2SOs, filtered, and
concentrated in vacuo. The crude was purified by flash chromatography
DCM/MeOH/ammonia (94:5:1) to provide the desired compound 67g (609 mg, yield

65 %) as a white solid.

The physicochemical data are consistent with those reported in the literature.3°
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1H NMR (400 MHz, CDCls, 25 °C): & = 7.63 (ddd, 1H, Ji = J» = 1.0 Hz, Js = 8.0 Hz),
7.32 - 7.26 (m, 4H), 7.18 (ddd, 1H, J1 = 1.0 Hz, J» = 7.0 Hz, Js = 8.5 Hz), 7.14 — 7.08
(m, 3H), 6.97 (s, 1H), 5.28 (s, 2H), 3.04 (t, 2H, J = 6.5 Hz), 2.93 (t, 2H, J = 6.5 Hz).

2-(1-phenyl-1H-indol-3-yl)ethan-1-amine (67h):

NH, This molecule was synthesised with a modification of GP4. According

to the reported method, % under an N2 atmosphere, Cu(OAc)2-H20

; (4 mg, 1mol %) in DMF (4mL, ¢ =0.5M) was added to a solid
Ph mixture of tryptamine (320 mg, 2 mmol, 1.0 equiv.) and Cs2COs

(1.303 g, 4 mmol, 2.0 equiv.). Then Arl (267 uL, 2.4 mmol, 1.2 equiv.) was also added
to the resulting mixture, which was stirred at 110 °C for 24 h. When the reaction
finished (TLC check), water was added, and the residue was extracted with EtOAc
(3x20 mL). The combined organic phases were dried over anhydrous Na2SOas,
fillkered, and concentrated in vacuo. The crude mixture was purified by flash
chromatography DCM/MeOH/ammonia (94:5:1) to provide the desired compound 67h

(330 mg, yield 70 %) as a light yellow oil.
The physicochemical data are consistent with those reported in the literature.3

"H NMR (400 MHz, CDCls, 25 °C): 6 = 7.67 (ddd, 2H, J1 = J2 = 1.0 Hz, J3 = 8.0 Hz),
7.58 (ddd, 1H, Ji1 = J2=1.0 Hz, J5 = 8.0 Hz), 7.53 — 7.48 (m, 4H), 7.37-7.31 (m, 1H),
7.25—7.20 (m, 2H), 7.18 (ddd, 1H, J = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 3.09 (t, 2H,
Ji1 =6.5Hz), 2.97 (t, 2H, J1 = 6.5 Hz).

2-(5-methoxy-1-methyl-1H-indol-3-yl)ethan-1-amine (67i):

NH>  According to GP4, 5-Methoxytryptamine (300 mg, 1.6 mmol,

MeO 1.0 equiv) in DMF (9.1 mL) after addition NaH (76 mg,
r\} 1.9 mmol, 1.2equiv) and 1-iodomethane (0.108 mL,
\ 1.73 mmol, 1.1 equiv) provided, after DCM/MeOH/ammonia

(94:5:1) column chromatography, the desired compound 67i (210 mg, yield 42 %) as

a light yellow oil.

The physicochemical data are consistent with those reported in the literature.32
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'H NMR (400 MHz, CDCls, 25 °C): & = 7.18 (d, 1H, J = 9.0 Hz), 7.03 (d, 1H, J= 2.5
Hz), 6.88 (dd, 1H, Ji = 2.5 Hz, J» = 9.0 Hz) 6.88 (br s, 1H), 3.86 (s, 3H), 3.71 (s, 3H),
3.02 (t, 2H, J = 6.5 Hz), 2.89 (t, 2H, J = 6.5 Hz).

3.4.5. Synthesis of indole-containing imidazoles (part 1) (66)

NH, 0 J
NBoc N
R1 ll\ll o CHzo R1 \ A \
~ 3
\ reflux, 2-4h \
R2 R2
67a: R'=F, R2 = Me 68a: R® = n-Pr 66a: R'=F, R2 = Me, R3 = n-Pr
67b: R' = Cl, R2 = Me 68b: R® = n-Bu 66b: R' = Cl, R2 = Me, R® = n-Pr
67c: R' = Me, R%2 = Me 66¢c: R!' = Me, R2 = Me, R3 = n-Pr
67d: R' = Ph, R2 = Me 66d: R! = Ph, R2 = Me, R3 = n-Pr
67e: R' =H, R2 = Me 66e: R' = H, R2 = Me, R® = n-Pr
67f: R'=H, R2 = n-Pr 66f: R' = H, R2 = n-Pr, R3 = n-Pr
679: R = H, R2 = Bn 669: R! = H, R2 = Bn, R3 = n-Pr
67h: R' =H, R2=Ph 66h: R' = H, R2 = Ph, R3 = n-Pr
67i: R' = OMe, R2 = Me 66i: R' = OMe, R2 = Me, R3 = n-Pr

66j: R' = H, R? = Me, R® = n-Bu

General procedure for the synthesis of indole-containing imidazoles from
diazadialkenes (66a-j) GP5

According to the reported synthesis in the literature,’3 to a stirred solution of the
tryptamine derivative 67 (1 equiv.) in acetonitrile (c = 0.2 M) DD derivative 68 (1 equiv.)
was added at room temperature. After the disappearance of the reagents,
paraformaldehyde (2 equiv.) was added, and then the resulting mixture was refluxed
for 2—4 h (TLC check). The solvent was evaporated under reduced pressure and the

crude residue was purified by column chromatography.

Methyl 1-(2-(5-fluoro-1-methyl-1 H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-
carboxylate (66a):

o v According to GP5, tryptamine derivative 67a (200 mg,

@)
e N&/\ 1.04 mmol, 1 equiv.) DD derivative 68a (266.7 mg,
N & i
N

N 1.04 mmol, 1 equiv.) and paraformaldehyde (63 mg,
\ 2.08 mmol, 2 equiv.) in acetonitrile (5.2 mL, ¢ =0.2 M)
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provided, after dichloromethane/methanol (95:5) column chromatography, the desired

compound 66a (159 mg, yield 45 %) as a dark orange oil.
Rt =0.15 (1:1 cyclohexane/ethyl acetate)

"H NMR (400 MHz, CDCls, 25 °C): 8 = 7.24 — 7.12 (m, 3H), 6.96 (ddd, 1H, J1 = 2.5
Hz, J» = J3 = 9.0 Hz), 6.68 (s, 1H), 4.46 (t, 2H, J= 7.0 Hz), 3.88 (s, 3H), 3.69 (s, 3H),
3.11 (t, 2H, J = 7.0 Hz), 2.85 (t, 2H, J = 7.5 Hz), 1.70 (h, 2H, J = 7.5 Hz), 0.96 (t, 3H,
J=7.5Hz).

13C NMR (101 MHz, CDCls, 25 °C): & = 161.6, 157.9 (d, J = 235.5 Hz), 152.6, 140.7,
133.8,129.0, 127.8 (d, J=9.5 Hz), 117.9, 110.3 (d, J= 17.0 Hz), 110.2-110.1 (m, 2C),
103.5 (d, J = 23.5 Hz), 51.5, 48.4, 33.0, 31.4, 27.3, 22.8, 14.1.

Methyl 1-(2-(5-chloro-1-methyl-1H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-
carboxylate (66b):

O O/ According to GP5, tryptamine derivative 67b (46 mg,

cl N&/\ 0.18 mmol, 1 equiv.) DD derivative 68a (38 mg,
\©\/§§N 0.18 mmol, 1 equiv.) and paraformaldehyde (11 mg,

\ 0.36 mmol, 2 equiv.) in acetonitrile (0.9 mL, ¢ = 0.2 M)

provided, after cyclohexane/ethyl acetate (7:3) column chromatography, the desired

compound 66b (29 mg, yield 45 %) as a brown oil.
Rt = 0.2 (1:1 cyclohexane/ethyl acetate)

1H NMR (400 MHz, CDCls, 25 °C): & = 7.51 (s, 1H), 7.22 — 7.13 (m, 3H), 6.65 (s, 1H),
4.46 (t, 2H, J=7.0 Hz), 3.88 (s, 3H), 3.69 (s, 3H), 3.12 (1, 2H, J= 7.0 Hz), 2.85 (t, 2H,
J=7.5Hz),1.70 (h, 2H, J = 7.5 Hz), 0.96 (t, 3H, J = 7.5 Hz).

3C NMR (101 MHz, CDCls) 6 161.7, 152.9, 140.9, 137.2, 127.6, 127.3, 121.9, 119.2,
118.6, 117.9, 110.3, 109.5, 51.3, 48.4, 32.7, 31.5, 27.4, 22.9, 14.1.
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Methyl  1-(2-(1,5-dimethyl-1H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-carboxylate
(66¢):

0 O/ According to GP5, tryptamine derivative 67¢ (150 mg,

Me N’\{\:/\ 0.8 mmol, 1 equiv.) DD derivative 68a (204 mg,
\©\/§A\N 0.8 mmol, 1 equiv.) and paraformaldehyde (48 mg,

\ 1.6 mmol, 2 equiv.) in acetonitrile (4 mL, ¢ = 0.2 M)

provided, after cyclohexane/ethyl acetate (7:3) column chromatography, the desired

compound 66c¢ (152 mg, yield 56 %) as a light yellow oil.
Rt = 0.22 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.33 (br s, 1H), 7.18 (d, 1H, J = 8.5 Hz), 7.15
(s, 1H), 7.06 (d, 1H, J = 8.5 Hz), 6.58 (s, 1H), 4.47 (t, 2H, J = 7.0 Hz), 3.88 (s, 3H),
3.67 (s, 3H), 3.13 (t, 2H, J= 7.0 Hz), 2.85 (t, 2H, J = 7.5 Hz), 2.47 (s, 3H), 1.70 (h, 2H,
J=7.5Hz), 0.97 (t, 3H, J= 7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 161.7, 153.1, 141.0, 135.7, 128.4, 127.8,
127.4,123.5,118.3, 117.8, 109.7, 109.2, 51.3, 48.4, 32.8, 31.6, 27.4, 22.9, 21.6, 14.1.

Methyl 1-(2-(1-methyl-5-phenyl-1H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-
carboxylate (66d):

o /v According to GP5, tryptamine derivative 67d (105 mg,

oh \CECN,\?\OF 0.42 mmol, 1equiv.) DD derivative 68a (108 mg,
D A\N 0.42 mmol, 1 equiv.) and paraformaldehyde (25 mg,

N\ 0.84 mmol, 2 equiv.) in acetonitrile (2.1 mL, c = 0.2 M)

provided, after dichloromethane/ ethyl acetate (9:1) column chromatography, the

desired compound 66d (88 mg, yield 52 %) as a white solid.
Rt = 0.18 (7:3 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.79 (dd, 1H, Ji = 0.5 Hz, J» = 2.0 Hz), 7.71 —
7.66 (m, 2H), 7.50 (dd, 1H, Ji = 2.0 Hz, J» = 8.5 Hz), 7.45 (ddd, 2H, J1 = 1.0 Hz, Jo =
7.0 Hz, Js = 8.0 Hz), 7.37 — 7.34 (m, 1H), 7.32 (ddd, 1H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js
8.0 Hz), 7.20 (s, 1H), 6.67 (s, 1H), 4.52 (t, 2H, J = 7.0 Hz), 3.87 (s, 3H), 3.73 (s, 3H),
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3.21 (t, 2H, J=7.0 Hz), 2.88 — 2.81 (m, 2H), 1.68 (h, 2H, J= 7.5 Hz), 0.95 (t, 3H, J=
7.5 Hz).

3C NMR (101 MHz, CDCls) 6 161.7, 152.8, 142.6, 140.9, 136.7, 132.8, 128.8, 128.1,
128.0, 127.5, 126.5, 121.8, 117.9, 117.3, 110.7, 109.8, 51.4, 48.4, 32.9, 31.5, 27.4,
22.8,14.1.

Methyl 1-(2-(1-methyl-1H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-carboxylate (66e):

o / According to GP5, tryptamine derivative 67e (74 mag,

N’io/\ 0.29 mmol, 1 equiv.) DD derivative 68a (50 mg, 0.29 mmol,
©\/\CA\N\ 1 equiv.) and paraformaldehyde (17 mg, 0.57 mmol,
N\ 2 equiv.) in acetonitrile (1.45 mL, ¢ = 0.2 M) provided, after
cyclohexane/ethyl acetate (7:3) column chromatography, the desired compound 66e

(72 mgq, yield 77 %) as a violet oil.
Rt =0.17 (1:1 cyclohexane/ethyl acetate)
The physicochemical data are consistent with those reported in the literature.33

'H NMR (400 MHz, CDCls, 25 °C): & = 7.58 (ddd, 1H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.29 (ddd, 1H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.23 (ddd, 1H, J1 = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.15 (s, 1H), 7.13 (ddd, 1H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.64
(s, 1H), 4.48 (t, 2H, J= 7.0 Hz), 3.88 (s, 3H), 3.70 (s, 3H), 3.17 (t, 2H, J= 7.0 Hz), 2.85
(t, 2H, J = 7.5 Hz), 1.71 (h, 2H, J = 7.5 Hz), 0.97 (t, 3H, J = 7.5 Hz).

Methyl 4-propyl-1-(2-(1-propyl-1H-indol-3-yl)ethyl)-1 H-imidazole-5-carboxylate (66f):

o / According to GP5, tryptamine derivative 67f (188 mag,

N‘{\;O/\ 0.93 mmol, 1equiv.) DD derivative 68a (239 mg,
@f\éﬂ%\ 0.93 mmol, 1 equiv.) and paraformaldehyde (56 mg,
N\\\ 1.86 mmol, 2 equiv.) in acetonitrile (4.7 mL, ¢ = 0.2 M)
provided, after cyclohexane/ethyl acetate (7:3) column

chromatography, the desired compound 66f (97 mg, yield 30 %) as a violet oil.

Rt = 0.34 (1:1 cyclohexane/ethyl acetate)
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H NMR (400 MHz, CDCls, 25 °C): & = 7.56 (ddd, 2H, J1 = J- = 1.0 Hz, J3 = 8.0 Hz),
7.34 —7.29 (m, 2H), 7.21 (ddd, 1H, J1 = 1.0 Hz, J2 = 7.0 Hz, J3 = 8.0 Hz), 7.11 (ddd,
1H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.67 (s, 1H), 4.53 (t, 2H, J = 7.0 Hz), 3.99
(t, 2H, J= 7.5 Hz), 3.88 (s, 3H), 3.18 (t, 2H, J= 7.0 Hz), 2.88 (t, 2H, J = 7.5 Hz), 1.80
(h, 2H, J=7.5 Hz), 1.70 (h, 2H, J = 7.5 Hz), 0.96 (t, 3H, J= 7.5 Hz), 0.89 (t, 3H, J =
7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 161.6, 152.8, 140.8, 136.6, 127.6, 126.4,
121.7,119.1,118.7,117.9, 110.0, 109.8, 51.4, 48.5, 48.0, 31.4, 27.4, 23.7, 22.9, 14 1,
11.7.

Methyl 1-(2-(1-benzyl-1 H-indol-3-yl)ethyl)-4-propyl-1H-imidazole-5-carboxylate (669):

o v According to GP5, tryptamine derivative 67g (200 mg,

N{L\Oﬁ 0.8 mmol, 1 equiv.) DD derivative 68a (205 mg, 0.8 mmol,
©\/\CA\N\ 1 equiv.) and paraformaldehyde (48 mg, 1.6 mmol,
N\\Ph 2 equiv.) in acetonitrile (4 mL, ¢ = 0.2 M) provided, after
cyclohexane/ethyl acetate (7:3) column chromatography, the desired compound 66g

(130 mg, yield 41 %) as a violet oil.
Rt = 0.37 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.59 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.33 = 7.22 (m, 5H), 7.18 (ddd, 1H, i = 1.0 Hz, J2 = 7.0 Hz, Js = 8.0 Hz), 7.13 (ddd,
1H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 7.09 — 7.05 (m, 2H), 6.73 (s, 1H), 5.23 (s,
2H), 4.54 (t, 2H, J = 7.0 Hz), 3.87 (s, 3H), 3.20 (t, 2H, J= 7.0 Hz), 2.86 (t, 2H, J= 7.5
Hz), 1.70 (h, 2H, J = 7.5 Hz), 0.95 (t, 3H, J = 7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 161.4, 151.7, 140.3, 137.5, 136.9, 128.9,
127.79, 127.76, 126.9, 126.7, 122.2, 119.6, 118.7, 118.0, 110.7, 110.1, 51.5, 50.1,
48.6, 31.0, 27.4, 22.8, 14.1.
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Methyl 1-(2-(1-phenyl-1H-indol-3-yl)ethyl)-4-propyl-1H-imidazole-5-carboxylate (66h)

o v According to GP5, tryptamine derivative 67h (225 mg,

N’io/\ 0.95 mmol, 1equiv.) DD derivative 68a (244 mg,
©\/\C\L\N\ 0.95 mmol, 1 equiv.) and paraformaldehyde (57 mg,
N‘ph 1.9 mmol, 2 equiv.) in acetonitrile (4.8 mL, ¢ = 0.2 M)
provided, after cyclohexane/ethyl acetate (8:2) column chromatography, the desired

compound 66h (118 mg, yield 32 %) as a yellow oil.
Rt = 0.37 (1:1 cyclohexane/ethyl acetate)

"H NMR (400 MHz, CDCls, 25 °C): 6 = 7.64 (ddd, 1H, J1 = J2 = 1.0 Hz, J3 = 8.0 Hz),
7.55 (ddd, 1H, J1= J2=1.0 Hz, J3 =8.0 Hz), 7.52 — 7.46 (m, 2H), 7.45 - 7.41 (m, 2H),
7.33 (dddd, 1H, J1 = J2 = 1.0 Hz, J3 = Js= 8.0 Hz), 7.30 (s, 1H), 7.24 (ddd, 1H, J1 =1.0
Hz, Jo=7.0 Hz, J3 =8.0 Hz), 7.20 (ddd, 1H, J1i =1.0 Hz, J2=7.0 Hz, J5 = 8.0 Hz), 6.92
(s, 1H), 4.57 (1, 2H, J=7.0 Hz), 3.87 (s, 3H), 3.25 (1, 2H, J=7.0 Hz), 2.87 (, 2H, J=
7.5 Hz), 1.70 (h, 2H, J = 7.5 Hz), 0.95 (t, 3H, J = 7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 161.6, 152.6, 140.7, 139.6, 136.3, 129.7,
128.5, 126.5, 126.4, 124.4, 122.8, 120.4, 118.9, 118.0, 112.7, 110.9, 51.5, 48.3, 31.3,
27.3,22.9, 14.1.

Methyl 1-(2-(5-methoxy-1-methyl-1H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-
carboxylate (66i)

o v According to GP5, tryptamine derivative 67i (200 mg,
O
M N’i/\ 0.98 mmol, 1 equiv.) DD derivative 68a (251 mg,
eO A N\

D SN 0.98 mmol, 1 equiv.) and paraformaldehyde (58.8 mg,

N
\ 1.6 mmol, 2 equiv.) in acetonitrile (4.9 mL, ¢ = 0.2 M)
provided, after cyclohexane/ethyl acetate (7:3) column chromatography, the desired

compound 66i (87 mg, yield 25 %) as a dark yellow oil.
Rt =0.15 (1:1 cyclohexane/ethyl acetate)

"H NMR (400 MHz, CDCls, 25 °C): & = 7.25 (s, 1H), 7.17 (d, 1H, J = 9.0 Hz), 7.07 (d,
1H, J = 2.5 Hz), 6.89 (dd, 1H, Ji = 2.5 Hz, J2 = 9.0 Hz), 6.62 (s, 1H), 4.48 (t, 2H, J =
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7.0 Hz), 3.88 (s, 3H), 3.87 (s, 3H), 3.67 (s, 3H), 3.13 (t, 2H, J= 7.0 Hz), 2.85 (t, 2H, J
= 7.5 Hz), 1.70 (h, 2H, J = 7.5 Hz), 0.96 (t, 3H, J = 7.5 Hz).

13C NMR (101 MHz, CDCls, 25 °C): & = 161.6, 154.1, 152.5, 140.7, 132.6, 127.9 (2C),
117.9, 112.0, 110.3, 109.7, 100.7, 56.1, 51.4, 48.3, 32.9, 31.4, 27.5, 22.8, 14.1.

Methyl 4-butyl-1-(2-(1-methyl-1H-indol-3-yl)ethyl)-1 H-imidazole-5-carboxylate (66j):

o v According to GP5, tryptamine derivative 66e (95 mg,

N{\:O/\/ 0.55 mmol, 1 equiv.) DD derivative 68b (155 mg,
@E\CL\N\ 0.55 mmol, 1 equiv.) and paraformaldehyde (33 mg,
N\ 1.1 mmol, 2 equiv.) in acetonitrile (2.7 mL, ¢ = 0.2 M)
provided, after cyclohexane/ethyl acetate (8:2) column chromatography, the desired

compound 66j (82 mg, yield 42 %) as a yellow oil.
Rt = 0.2 (1:1 cyclohexane/ethyl acetate)

H NMR (400 MHz, CDCls, 25 °C): & = 7.56 (ddd, 2H, J1 = J> = 1.0 Hz, Js = 8.0 Hz),
7.30 (ddd, 2H, J1 = J2 = 1.0 Hz, J5 = 8.0 Hz), 7.27 (s, 1H), 7.23 (ddd, 1H, J1 = 1.0 Hz,
J2=7.0Hz, Js=8.0Hz), 7.12 (ddd, 1H, J1 =1.0 Hz, J> = 7.0 Hz, J3 = 8.0 Hz), 6.65 (s,
1H), 4.51 (t, 2H, J = 7.0 Hz), 3.88 (s, 3H), 3.71 (s, 3H), 3.18 (, 2H, J = 7.0 Hz), 2.89
(t, 2H, J= 7.5 Hz), 1.72 = 1.61 (m, 2H), 1.38 (h, 2H, Ji = 7.5 Hz), 0.95 (t, 3H, J= 7.5
Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 161.5, 152.4, 140.4, 137.2, 127.5, 127.4,
121.9, 119.3,118.6, 117.9, 110.1, 109.6, 51.5, 48.6, 32.8, 31.8, 28.9, 27.3, 22.6, 14.1.
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3.4.6. Synthesis of final indole-imidazole compounds (65)

o 7
0 Pd (OAc),
R N AgOAc, K2003 R!
AR
\N R
N 120 °C, 50 min
R2

66a: R! = F, R2 = Me, R3 = n-Pr 65a: R' = F, R2= Me, RS = n-Pr
66b: R = o} R2 = Me, R3 = n-Pr 65b: R = Cl, R2 = Me, R3 = n-Pr
66c: R' = Me, R2 = Me, R® = n-Pr 65c: R' = Me, R? = Me, R® = n-Pr
66d: R' = Ph, R2 = Me, R® = n-Pr 65d: R' = Ph, R? = Me, R® = n-Pr
66e: R! = H, R2 = Me, R3 = n-Pr 65e: R! = H, R2 Me, R3 = n-Pr
66f R! = H, R2 = n- Pr, R3 = n-Pr 65f: R! = H, R2 = n- Pr, R3 = n-Pr
66g: R' = H, R2 = Bn, R3 = n-Pr 65g: R' = H, R =Bn, R® = n-Pr
66h: R = H, R2 = Ph, R3 = n-Pr 65h: R = H, R2 = Ph, R® = n-Pr
66i: R! = OMe, R2 = Me, R3 = n-Pr 65i: R' = OMe, R? = Me, RS = n-Pr
66j: R' = H, R2 = Me, R® = n-Bu 65j: R' = H, R® = Me, R® = n-Bu

General procedure for the synthesis of final indole-imidazole closed compounds
(65a-j): GP6

According to the reported synthesis in the literature, 33 the indole-imidazole derivative
(1 equiv.), Pd(OAc)2 (10 mol %), AgOAc (3 equiv.) and K2COs (1 equiv.), were
weighed and transferred into a vial equipped with a magnetic stirrer bar. DMA
(c =0.1 M) was then added, and the mixture was stirred at 130 °C for 50 min. The
remaining solvent was evaporated, and the crude mixture was then purified by column

chromatography on silica gel.

Methyl 8-fluoro-11-methyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-
blindole-3-carboxylate (65a):

o v According to GP6, the indole-imidazole derivative 66a
F\Q\/CE’\{\:O/\ (122 mg, 0.36 mmol, 1equiv.), Pd(OAc)2 (8 mg,
N SN 0.036 mmol, 10 mol %), AgOAc (179 mg, 1.07 mmol,

N\ 3 equiv.) and K2COs (49 mg, 0.36 mmol, 1 equiv.) in

DMA (3.6 mL, c=0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column
chromatography, the desired compound 65a (66 mg, yield 54 %) as a white powder.

Rt = 0.3 (9:1 cyclohexane/ethyl acetate)
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'H NMR (400 MHz, CDCls, 25 °C): & = 7.26 (dd, 1H, Ji = 4.5 Hz, J2 = 9.0 Hz), 7.18
(dd, 1H, Ji = 2.5 Hz, J» = 9.0 H), 7.01 (ddd, 1H, J1 = 2.5 Hz, J» = Js = 9.0 Hz), 4.65 (,
2H, J=7.0 Hz), 4.21 (s, 3H), 3.90 (s, 3H), 3.15 (t, 2H, J= 7.0 Hz), 2.92 (, 2H, J= 7.5
Hz), 1.76 (h, 2H, J= 7.5 Hz), 1.02 (t, 3H, J = 7.5 Hz).

13C NMR (101 MHz, CDCls, 25 °C): & = 161.9, 158.3 (d, J = 236.5 Hz), 152.7, 142.6,
135.5, 127.6, 125.5 (d, J = 10.0 Hz), 118.1, 111.7 (d, J = 26.5 Hz), 110.8-110.5 (m,
2C), 103.9 (d, J = 23.5 Hz), 51.4, 44.2,31.9, 31.5, 23.0, 20.8, 14.2.

HRMS (ESI-Orbitrap, m/z): calcd for C19H20FN3O2 [M + H]* 342.1612; found 342.1608

Methyl 8-chloro-11-methyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-
blindole-3-carboxylate (65b):

o According to GP6, the indole-imidazole derivative 66b
C'\QTQ’\{\;O/\ (118 mg, 0.33 mmol, 1 equiv.), Pd(OAc)2 (7 mg,
N5y 0.033 mmol, 10 mol %), AgOAc (164 mg, 0.98 mmol,

N\ 3 equiv.) and K2COs (45 mg, 0.33 mmol, 1 equiv.) in

DMA (3.3 mL, c=0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column
chromatography, the desired compound 65b (64 mg, yield 54 %) as a white powder.

Rt = 0.3 (9:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.52 (d, 1H, J = 2.0 Hz), 7.27 (d, 1H, J = 9.0
Hz), 7.21 (dd, 1H, Ji = 2.0 Hz, Jo = 9.0 Hz), 4.65 (t, 2H, J = 7.5 Hz), 4.21 (s, 3H), 3.90
(s, 3H), 3.16 (t, 2H, J= 7.5 Hz), 2.91 (t, 2H, J= 7.5 Hz), 1.76 (h, 2H, J = 7.5 Hz), 1.01
(t, 3H, J = 7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 162.0, 152.9, 142.7, 137.2, 127.5, 126.4,
125.9, 123.4, 118.6, 118.2, 111.0, 110.2, 51.4, 44.2, 31.8, 31.6, 23.0, 20.8, 14.2.

HRMS (ESI-Orbitrap, m/z): calcd for C19H20CIN3O2 [M + H]* 358.1317; found 358.1312
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Methyl 8,11-dimethyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-blindole-
3-carboxylate (65¢):

o According to GP6, the indole-imidazole derivative 66¢
Me\@f@;\{io/\ (100 mg, 0.29 mmol, 1 equiv.), Pd(OAc)2 (7 mg,
b SN 0.029 mmol, 10 mol %), AgOAc (148 mg, 0.88 mmol,

N\ 3 equiv.) and K2COs (41 mg, 0.29 mmol, 1 equiv.) in

DMA (2.9 mL, c=0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column
chromatography, the desired compound 65¢ (32 mg, yield 33 %) as a white powder.

Rt = 0.2 (9:1 cyclohexane/ethyl acetate)

"H NMR (400 MHz, CDCls, 25 °C): 6 =7.34 (d, 1H, J=1.5 Hz), 7.25 (d, 1H, J=8.5
Hz), 7.11 (dd, 1H, J1 =1.5 Hz, J» = 8.5 Hz), 4.63 (t, 2H, J=7.5 Hz), 4.19 (s, 3H), 3.90
(s, 38H), 3.17 (t, 2H, J=7.5 Hz), 2.91 (1, 2H, J=7.5 Hz), 2.47 (s, 3H), 1.76 (h, 2H, J =
7.5 Hz), 1.02 (t, 3H, J=7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 162.1, 152.9, 143.3, 137.4, 129.4, 126.4,
125.6, 125.0, 118.8, 117.9, 110.5, 109.7, 51.3, 44.3, 31.70, 31.68, 23.0, 21.6, 20.9,
14.3.

Methyl 11-methyl-8-phenyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-
blindole-3-carboxylate (65d):

o v According to GP6, the indole-imidazole derivative 66d
Ph\@\/gz’\{\io/\ (74mg, 0.18 mmol, 1equiv), Pd(OAc)2 (4 mg,
Dy 0.018 mmol, 10 mol %), AgOAc (92 mg, 0.55 mmol,

N\ 3 equiv) and K2COs (26 mg, 0.18 mmol, 1 equiv) in

DMA (1.8 mL, ¢ = 0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column
chromatography, the desired compound 65d (37 mg, yield 50 %) as a white powder.

'H NMR (400 MHz, CDCls, 25 °C): & = 7.76 (dd, J = 1.8, 0.7 Hz, 1H), 7.69 — 7.64 (m,
2H), 7.54 (dd, J= 8.6, 1.7 Hz, 1H), 7.48 — 7.41 (m, 3H), 7.36 — 7.30 (m, 1H), 4.68 (t, J
= 7.5 Hz, 2H), 4.25 (s, 3H), 3.91 (s, 3H), 3.24 (t, J = 7.5 Hz, 2H), 2.97 — 2.88 (m, 2H),
1.84 — 1.72 (m, 2H), 1.03 (t, J = 7.3 Hz, 3H).
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3C NMR (101 MHz, CDCls, 25 °C): & = 162.0, 152.8, 143.0, 142.3, 138.5, 133.8,
128.9, 127.5, 126.9, 126.7, 125.9, 123.2, 118.1, 117.7, 111.4, 110.3, 51.4, 44.3, 31.9,
31.6, 23.0, 20.9, 14.3.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH2sN3O2 [M + H]* 400.2020; found 400.2018

Methyl  11-methyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-blindole-3-
carboxylate (65e):

o / According to GP6, the indole-imidazole derivative 66e
@\/Q,\gio/\ (60mg, 0.18 mmol, 1equiv.), Pd(OAc)2 (4 mg,
Ny 0.018 mmol, 10 mol %), AgOAc (93 mg, 0.55 mmol,

N\ 3 equiv.) and K2COs (26 mg, 0.18 mmol, 1 equiv.) in DMA

(1.8 mL, c=0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column

chromatography, the desired compound 65e (36 mg, yield 67 %) as a white powder.
Rt = 0.38 (9:1 cyclohexane/ethyl acetate)
The physicochemical data are consistent with those reported in the literature 133,

'H NMR (400 MHz, CDCls, 25 °C): & = 7.57 (ddd, 1H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.37 (ddd, 1H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.28 (ddd, 1H, J1 = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.15 (ddd, 1H, Ji = 1.0 Hz, Jo =7.0 Hz, Js = 8.0 Hz), 4.65 (t, 2H, J=7.5
Hz), 4.23 (s, 3H), 3.90 (s, 3H), 3.21 (1, 2H, J= 7.5 Hz), 2.91 (1, 2H, J = 7.5 Hz), 1.76
(h, 2H, J= 7.5 Hz), 1.02 (t, 3H, J = 7.5 Hz).

Methyl 2,11-dipropyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-b]indole-3-
carboxylate (65f):

o v According to GP6, the indole-imidazole derivative 66f
@\/Q’\{\:O/\ (85 mg, 0.24 mmol, 1 equiv), Pd(OAc)2 (5 mg, 0.024 mmol,
N SN 10 mol %), AgOAc (120 mg, 0.72 mmol, 3 equiv) and

N\\\ K2CO3z (33 mg, 0.24 mmol, 1equiv) in DMA (2.4 mL,

c = 0.1 M) provided, after cyclohexane/ethyl acetate (95:5)

column chromatography, the desired compound 65f (26 mg, yield 30 %) as a white

powder.
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Rt = 0.4 (9:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.57 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.40 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.28 (ddd, 1H, Ji = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.14 (ddd, 1H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 4.74 (br t, 2H, J =
7.0 Hz), 4.68 (t, 2H, J= 7.5 Hz), 3.91 (s, 3H), 3.22 (t, 2H, J = 7.5 Hz), 2.97 (br t, 2H, J
= 7.0 Hz), 1.91 — 1.82 (m, 2H), 1.82 — 1.74 (m, 2H), 1.02 (t, 3H, J = 7.5 Hz), 0.90 (,
3H, J= 7.5 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 161.8, 153.4, 152.1, 151.0, 138.1, 125.3,
123.1, 119.87, 119.86, 119.2, 117.8, 110.3, 51.3, 46.2, 44.1, 29.7, 23.6, 22.5, 20.8,
14.0, 11.3.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH2sN3O2 [M + H]* 400.2020; found 400.2012

Methyl  11-benzyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-blindole-3-
carboxylate (659):

0 O/ According to GP6, the indole-imidazole derivative 66g

N4\§:/\ (100 mg, 0.25mmol, 1equiv), Pd(OAc)2 (6 mg,
CE'\Q\N 0.025 mmol, 10 mol %), AgOAc (125 mg, 0.75 mmol,
\ph 3 equiv) and K2COs (138 mg, 0.25 mmol, 1 equiv) in DMA
(2.5mL, ¢ = 0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column

chromatography, the desired compound 65g (82 mg, yield 82 %) as a white powder.
Rf = 0.41 (9:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.58 (ddd, 1H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.36 (d, 1H, J= 8.5 Hz), 7.24 — 7.14 (m, 6H), 7.15 (ddd, 1H, Ji = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 6.06 (s, 2H), 4.68 (t, 2H, J = 7.5 Hz), 3.90 (s, 3H), 3.24 (, 2H, J= 7.5
Hz), 2.91 (brt, 2H, J= 7.5 Hz), 1.73 (h, 2H, J = 7.5 Hz), 0.97 (t, 3H, J = 7.5 Hz).

HRMS (ESI-Orbitrap, m/z): calcd for C21H2sN3O2 [M + H]* 352.2020; found 352.2010
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Methyl  11-phenyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-blindole-3-
carboxylate (65h):

o / According to GP6, the indole-imidazole derivative 66h
CEQ‘\?;O/\ (72 mg, 0.19 mmol, 1 equiv), Pd(OAc)2 (4 mg, 0.019 mmol,
D SN 10 mol %), AgOAc (93 mg, 0.56 mmol, 3 equiv) and K2CO3

N‘Ph (26 mg, 0.19 mmol, 1 equiv) in DMA (1.9 mL, ¢ = 0.1 M)

provided, after cyclohexane/ethyl acetate (9:1) column chromatography, the desired

compound 65h (12 mg, yield 17 %) as a white powder.
Rf = 0.2 (9:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.63 (ddd, 1H, i = Jo = 1.0 Hz, Js = 8.0 Hz),
7.53 — 7.43 (m, 4H), 7.52 (ddd, 1H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 7.33 (ddd,
1H, s = J2 = 1.0 Hz, Js = 8.0 Hz), 7.25 — 7.18 (m, 2H), 4.73 (1, 2H, J = 7.5 Hz), 3.88
(s, 3H), 3.28 (t, 2H, J = 7.5 Hz), 2.77 (br t, 2H, J = 7.5 Hz), 1.55 (h, 2H, J = 7.5 Hz),
0.87 (t, 3H, J = 7.5 Hz).

HRMS (ESI-Orbitrap, m/z): calcd for C24H23N302 [M + H]* 386.1863; found 386.1857

Methyl  8-methoxy-11-methyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-
blindole-3-carboxylate (65i):

o/ According to GP6, the indole-imidazole derivative 66i
MeO\@\/Q,\giO/\ (75mg, 0.21 mmol, 1equiv), Pd(OAc)2 (5 mg,
N5y 0.021 mmol, 10 mol %), AgOAc (106 mg, 0.63 mmol,

N\ 3 equiv) and K2COs (29 mg, 0.21 mmol, 1 equiv) in

DMA (1 mL, ¢ = 0.1 M) provided, after cyclohexane/ethyl acetate (9:1) column
chromatography, the desired compound 65i (17 mg, yield 23 %) as a white powder.

Rt = 0.15 (9:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.26 (dd, 1H, Ji = 1.0 Hz, J = 9.0 Hz), 6.97
(dd, 1H, Ji = 1.0 Hz, Jo = 2.5 Hz), 6.95 (dd, 1H, J1 = 2.5 Hz, J» = 9.0 Hz), 4.65 (t, 2H,
J =75 Hz), 4.19 (s, 3H), 3.90 (s, 3H), 3.87 (s, 3H), 3.17 (t, 2H, J = 7.5 Hz), 2.96 —
2.88 (m, 2H), 1.76 (h, 2H, J=7.5 Hz), 1.02 (t, 3H, J = 7.5 Hz).
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3C NMR (101 MHz, CDCls, 25 °C): & = 162.1, 154.6, 152.9, 143.2, 134.3, 126.8,
125.6,117.9,113.9, 110.8, 110.4, 100.5, 56.0, 51.4, 44.3, 31.8, 31.7, 23.0, 21.0, 14.3.

HRMS (ESI-Orbitrap, m/z): calcd for C20H23N303 [M + H]* 354.1812; found 354.1807

Methyl 2-butyl-11-methyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-blindole-3-
carboxylate (65j):

o According to GP6, the indole-imidazole derivative 66j
@Q&O/\/ (67 mg, 0.19mmol, 1equiv), Pd(OAc)2 (4 mg,
D SN 0.019 mmol, 10 mol %), AgOAc (96 mg, 0.57 mmol,

N\ 3 equiv) and K2COs (26 mg, 0.19 mmol, 1 equiv) in DMA

(1.9mL, ¢ = 0.1 M) provided, after cyclohexane/ethyl acetate (85:15) column

chromatography, the desired compound 65j (33 mg, yield 64 %) as a white powder.
Rt = 0.32 (9:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.57 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.37 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.29 (ddd, 1H, J1 = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.16 (ddd, 1H, Ji = 1.0 Hz, Jo =7.0 Hz, Js = 8.0 Hz), 4.66 (t, 2H, J=7.5
Hz), 4.23 (s, 3H), 3.91 (s, 3H), 3.21 (t, 2H, J= 7.5 Hz), 2.96 (br t, 2H, J= 7.5 Hz), 1.73
(p, 2H, J= 7.5 Hz), 1.45 (h, 2H, J = 7.5 Hz), 0.98 (t, 3H, J = 7.5 Hz).

3C NMR (101 MHz, CDCls) 6 162.1, 153.1, 143.2, 138.9, 126.3, 125.4, 123.2, 120.1,
119.2,117.9, 111.0, 110.0, 51.4, 44.3, 31.9, 31.7, 29.4, 22.8, 21.0, 14.1.

HRMS (ESI-Orbitrap, m/z): calcd for C20Hz2sNsO2 [M + HJ+ 338.1863; found 338.1859
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- PART 2 -

1-((1-1socyanobutyl)sulfonyl)-4-methylbenzene (71a):

o /\/BI‘ o 5\
e N BuyNBr, NaOH D +
S N\\ S N\\ -

o ° g
DCM
rt,2h
71a

TosMIC (6 mmol), BusNBr (1.2 mmol) and bromopropane (12 mmol) were dissolved
in 3.6 mL of DCM and 4 mL of freshly prepared NaOH 30 % solution. The reaction
mixture was stirred at 0 °C and controlled by TLC with hexane:EtOAc (8:2) as eluent.
After 2 hours, the reaction was quenched with H20 (30 mL), and the resulting mixture
was extracted with DCM (3 x 30 mL) and then washed with H20 (2 x 20 mL). The
organic layer was dried over anhydrous sodium sulphate, filtered and then evaporated

under reduced pressure, to obtain 71a in an 85 % yield (1.1 g) as a brown oil.
The physicochemical data are consistent with those reported in the literature.’3*

1H NMR (500 MHz, CDCI3) & 7.82 (m, 2H), 7.39 (m, 2H), 4.47 (dd, J = 10.9, 3.4 Hz,
1H), 2.52 — 2.42 (m, 3H), 1.90 — 1.64 (m, 2H), 1.59 — 1.23 (m, 2H), 1.06 — 0.93 (m,
3H).

(2)-N-(2-(1-methyl-1H-indol-3-yl)ethyl)-1-phenylmethanimine (73):

NH, ©O
2 A\ N
H
A\
N DCM N
rt.,1.5h \
67e 73

To a solution of N-methyltryptamine (2.2 mmol) in 10 mL of DCM, benzaldehyde

(2 mmol) and anhydrous Na=SOs (5 g) were added. The reaction mixture was stirred
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at room temperature and checked by 'H NMR. After 1.5 h, the mixture was filtered,
and the solvent was evaporated under reduced pressure, furnishing 73 as a yellow oll

in a quantitative yield.

"H NMR (250 MHz, CDCls) 6: 8.22 (s, 1H), 7.76 — 7.56 (m, 3H), 7.45 — 7.42 (m, 2H),
7.34 —7.21 (m, 3H), 7.17 = 7.10 (m, 1H), 6.90 (s, 1H), 3.95 (td, J = 7.4, 1.3 Hz, 2H),
3.73 (s, 3H), 3.18 (t, d = 7.0 Hz, 2H) ppm.

13C NMR (63 MHz, CDCls) 6: 161.45, 137.04, 136.36, 130.62, 128.67, 128.15, 128.02,
126.99, 121.55, 119.16, 118.74, 112.63, 109.25, 62.48, 32.67, 26.99 ppm.

1-Methyl-3-(2-(5-phenyl-1 H-imidazol-1-yl)ethyl)-1 H-indole (660):

N
TosMIC N
K>COs4
N dry MeOH N
\ Ar, r.t., 48h \
73 660

To a solution of 73 (1 mmol) in dry MeOH (1.5 mL) under an Ar atmosphere, TosMIC
(1.5 mmol) and K2CO3 (1.5 mmol) were added, and the reaction mixture was stirred
for 48 h while monitored by TLC. Once the reaction was completed, 20 mL of water
was added, and the mixture was extracted with DCM (3 x 40 mL). The organic phase
was dried over anhydrous sodium sulphate and then evaporated under reduced
pressure. The crude mixture was purified by silica gel column chromatography eluting
with a gradient from DCM to 8.5:1.5 DCM:MeOH, yielding 660 (166 mg, 55 %) of a

yellow oil.

'H NMR (250 MHz, CDCl3) &: 7.45 — 7.36 (m, 4H), 7.33 — 7.28 (m, 2H), 7.27 — 7.17
(m, 3H), 7.09 — 7.02 (m, 2H), 6.61 (s, 1H), 4.24 (t, J = 7.3 Hz, 2H), 3.69 (s, 3H), 3.00
(t, d =7.3 Hz, 2H) ppm.
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13C NMR (63 MHz, CDCls) &: 138.4, 137.0, 133.0, 130.2, 129.0, 128.8, 128.2, 128.1,
127.4,127.1,121.9, 119.1, 118.4, 109.9, 109.5, 46.1, 32.7, 27.3 ppm.

HRMS (ESI-Orbitrap, m/z): calcd for C20H19Ns [M + H]* 302.1579; found 302.1651

11-Methyl-3-phenyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-blindole (650):

Pd (OAc),
AgOAC K2CO3
DMA

120 °C, 50 min

660 650

According to GP6, the indole-imidazole derivative 660 (60 mg, 0.2 mmol, 1 equiv),
Pd(OAc)2 (5 mg, 0.02 mmol, 10 mol %), AgOAc (100 mg, 0.6 mmol, 3 equiv) and
K2COs (28 mg, 0.2 mmol, 1 equiv) in DMA (2.0 mL, ¢ = 0.1 M) provided, after
cyclohexane/ethyl acetate (85:15) column chromatography, the desired compound 65j
(63 mg, yield 70 %) as a white solid

H NMR (250 MHz, CDCls) 6: 7.56 (dt, J =7.9, 1.0 Hz, 1H), 7.51 — 7.36 (m, 6H), 7.35
—7.24 (m, 1H), 7.23 (s, 1H), 7.20 - 7.12 (m, 1H), 4.34 — 4.23 (m, 5H), 3.21 (, J=7.2
Hz, 2H) ppm.

13C NMR (63 MHz, CDCls) &: 138.6, 133.2, 129.9, 129.4, 129.0, 128.7, 128.2, 127.4,
127.3, 125.6, 122.8, 120.0, 118.9, 109.9, 109.4, 43.5, 31.7, 21.2 ppm.

HRMS (ESI-Orbitrap, m/z): calcd for C20H17N3 [M + H]* 300.1422; found 300.1488

3-(2-lodoethyl)-1H-indole (75c).

OH H [
N
S P i
N N\
N
DCM N
H rt., o.n. H

75c
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According to reported synthesis in the literature'3®, to a solution of imidazole (184 mg,
2.7 mmol, 1.35 equiv) in DCM (2.5 mL), |2 (682 mg, 2.6 mmol, 1.3 equiv) was added
and stirred for 5 minutes. While at 0°C, tryptophol (322 mg, 2 mmol, 1 equiv) in DCM
(2 mL) was added, and the mixture was allowed to stir at room temperature overnight.
After the reaction was completed, methanol (0.6 mL) was added, and the reaction was
stirred for a further 30 minutes. The solution was extracted with H20 (5 mL), the
organic phase was vigorously shaken and extracted with 5 mL of a sodium hydrogen
sulfite (NaHSO3) solution acidified with HCI. The organic phase was then dried over
Na2S04 and under reduced pressure. The final compound 75¢ was obtained after
column chromatography (9:1 Hex:EtOAc) as a white powder (529 mg, 1.95 mmol,
97.6 %).

The physicochemical data are consistent with those reported in the literature.36

1H NMR (300 MHz, CDCls) & 8.01 (br s, 1H), 7.59 (ddt, J = 7.7, 1.6, 0.8 Hz, 1H), 7.38
(dt, J=8.1, 1.1 Hz, 1H), 7.22 (ddd, J = 8.2, 7.0, 1.4 Hz, 1H), 7.14 (ddd, J = 8.1, 7.0,
1.2 Hz, 1H), 7.09 (d, J = 2.2 Hz, 1H), 3.48 — 3.42 (m, 2H), 3.40 — 3.33 (m, 2H).

3.4.7. Synthesis of indole containing imidazoles (part 2)

(78,66)
|
4
N_R* Cs,CO N "
S

b L == ord B

N N"Sgs DMF, MW N N

H 30'+4h, 70°C H

78
79 76 Two molecules if R® R*

76k: RP=H,R*=H 78k: R®=H,R*=H
761: R® = H, R* = COOMe 781: R® = H, R* = COOMe 78I’: R® = COOMe, R* =H
76m: R3 = Br, R* = Me 78m: R3 = Br, R* = Me 78m’: R® = Me, R* = H
76n: R3 = H, R4 = CHO 78n: R3=H,R*=CHO  78n’: R®=CHO, R*=
760: R3 =H, R* = Ph 780: R® =H, R*=Ph 780’: R3=Ph, R* = H
76p: Benzimidazole 78p: Benzimidazole
76q: R®=H, R* = COOEt 78g: R®=H, R* = COOEt 78¢’: R® = COOEt, R* = H
76r: R® = CHO, R* = 78r: R® = CHO, R* = 78r’: R® = Me, R* = CHO
76s: R3=H, R* = NO2 78s:R3=H, R* = N02 78s’: RS = NO,, R*=H
76t: R3 = Me, R* = NO, 78t: R3 = Me, R* = NO, 78t": RS = NO,, R4 = Me

76u: NO,-Benzimidazole 78u: 6-NO,-Benzimidazole 78u’: 5-NO,-Benzimidazole
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General procedure for the synthesis of indole-containing imidazoles from

preformed imidazoles GP7

According to the optimisation of this reaction, the corresponding imidazole derivative
76 (1 equiv.) and Cs2COs (1 equiv.) were stirred for 30 minutes at room temperature
in dry DMF (c = 0.15 M). Then, 3-(2-iodoethyl)-1H-indole (75¢) (1 equiv.) was added,
and the reaction was put in the microwave at 70 °C for 4 hours. After the time had
elapsed, the solvent was evaporated under reduced pressure and the crude was

purified by column chromatography to afford the desired product.
3-(2-(1H-Imidazol-1-yl)ethyl)-1H-indole (78k):

N According to GP7, imidazole (21 mg, 0.3 mmol, 1 equiv), Cs2COs3

\
N L\} (98 mg, 0.3 mmol, 1equiv) and 3-(2-iodoethyl)-1H-indole
(81.3 mg, 0.3 mmol, 1 equiv) in dry DMF (2 mL) provided, after
column chromatography 95:5 DCM:MeOH, the desired product 78k (50 mg, 79 %

Iz

yield) as a light yellow powder.

H NMR (300 MHz, DMSO-a6) 6 10.84 (s, 1H), 7.57 — 7.52 (m, 2H), 7.33 (dt, J = 8.1,
1.0 Hz, 1H), 7.19 (t, J = 1.2 Hz, 1H), 7.10 — 7.03 (m, 2H), 6.98 (ddd, J = 8.0, 7.0, 1.1
Hz, 1H), 6.85 (t, J= 1.1 Hz, 1H), 4.23 (t, J = 7.4 Hz, 2H), 3.13 (ddd, J=7.9, 6.9, 0.8
Hz, 2H).

3C NMR (75 MHz, CDCls) 8 137.2, 136.1, 128.2, 127.0, 123.0, 121.0, 119.3, 118.3,
118.3, 111.4, 110.5, 46.6, 26.9.

Methyl 1-(2-(1 H-indol-3-yl)ethyl)-1 H-imidazole-5-carboxylate (78l):

COOMe According to GP7, methyl 1H-imidazole-5-carboxylate

N
©\/§A\§ (101 mg, 0.8 mmol, 1 equiv), Cs2COs (261 mg, 0.8 mmol,
|’}‘| 1 equiv) and 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol,
1 equiv) in dry DMF (5.3 mL) provided, after column chromatography 95:5

DCM:MeOH, the desired product 78l (55.3 mg, 25.7 % yield) as a white solid.
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1H NMR (250 MHz, CDCls) 8 8.43 (br s, 1H), 7.75 (s, 1H), 7.62 (ddd, J=7.3, 1.5, 0.7
Hz, 1H), 7.36 — 7.32 (m, 1H), 7.25 — 7.18 (m, 1H), 7.18 = 7.11 (m, 2H), 6.72 (d, J= 2.4
Hz, 1H), 4.56 (t, J = 6.8 Hz, 2H), 3.88 (s, 3H), 3.21 (td, J = 6.8, 0.7 Hz, 2H).

13C NMR (63 MHz, CDClIs) 8 160.9, 142.5, 138.0, 136.5, 127.0, 122.8, 122.3, 119.7,
118.9, 118.4, 111.5, 111.3, 51.7, 47.7, 27 .3.

Methyl 1-(2-(1 H-indol-3-yl)ethyl)-1H-imidazole-4-carboxylate (78I°):

N According to GP7, methyl 1H-imidazole-5-carboxylate
A\ L\}\COOMe (101 mg, 0.8 mmol, 1 equiv), Cs2CO3 (261 mg, 0.8 mmol,
N 1equiv) and  3-(2-iodoethyl)-1H-indole (217 mg,

0.8 mmol, 1 equiv) in dry DMF (5.3 mL) provided, after column chromatography 95:5
DCM:MeOH, the desired product 78I’ (61.4 mg, 28.5 % yield) as a white powder.

1H NMR (250 MHz, CDCls) & 8.28 (s, 1H), 7.71 — 7.50 (m, 2H), 7.44 — 7.33 (m, 1H),
7.25—7.02 (m, 3H), 6.72 (d, J = 2.4 Hz, 1H), 4.26 (t, J = 6.7 Hz, 2H), 3.91 — 3.85 (m,
3H), 3.22 (1, J = 6.7 Hz, 2H).

3C NMR (63 MHz, CDCls) 8 163.5, 138.2, 136.5, 133.7, 126.6, 125.2, 122.9, 122.6,
119.9, 118.1, 111.7, 110.7, 51.8, 48.2, 27.6.

3-(2-(4-Bromo-5-methyl-1 H-imidazol-1-yl)ethyl)-1H-indole (78m):

N’<\ According to GP7, methyl 4-bromo-5-methyl-1H-imidazole
©\/\CL\N\ Br (161 mg, 1 mmol, 1 equiv), Cs2CO3 (326 mg, 1 mmol, 1 equiv)
,’f{ and 3-(2-iodoethyl)-1H-indole (271 mg, 1 mmol, 1 equiv) in dry

DMF (6.7 mL) provided, after column chromatography 95:5 DCM:MeOH, the desired
product 78m (84.2 mg, 27.8 % yield) as a light orange powder.

1H NMR (250 MHz, CDCls) & 8.24 (s, 1H), 7.60 — 7.51 (m, 1H), 7.46 — 7.37 (m, 1H),
7.27 —7.21 (m, 1H), 7.21 = 7.15 (m, 1H), 7.14 (s, 1H), 6.80 (d, J = 2.4 Hz, 1H), 4.15
(t, J= 6.9 Hz, 2H), 3.16 (id, J = 6.9, 0.8 Hz, 2H), 2.12 (d, J = 1.2 Hz, 3H).

13C NMR (63 MHz, CDCls) 8 136.5, 135.8, 126.9, 124.8, 122.8, 122.5, 119.9, 118.1,
114.0, 111.7, 111.0, 46.5, 27.2, 9.0.
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3-(2-(5-Bromo-4-methyl-1 H-imidazol-1-yl)ethyl)-1H-indole (78m’):

Br  According to GP7, methyl 4-bromo-5-methyl-1H-imidazole
N
@j\CL\’\g\ (161 mg, 1 mmol, 1 equiv), Cs2C0Os (326 mg, 1 mmol, 1 equiv)
N
N and 3-(2-iodoethyl)-1H-indole (271 mg, 1 mmol, 1 equiv) in dry

DMF (6.7 mL) provided, after column chromatography 95:5 DCM:MeOH, the desired
product 78m’ (73.4 mg, 24.1 % yield) as a red solid.

'H NMR (250 MHz, CDCls) & 8.51 (s, 1H), 7.65 — 7.55 (m, 1H), 7.36 (dt, J = 8.2, 0.8
Hz, 1H), 7.25 —7.19 (m, 1H), 7.18 = 7.17 (m, 1H), 7.13 (dd, J= 7.1, 1.3 Hz, 1H), 6.80
(d, J=2.4 Hz, 1H), 4.16 (t, J= 7.1 Hz, 2H), 3.17 (t, J= 7.1 Hz, 2H), 2.21 (s, 3H).

3C NMR (63 MHz, CDCls) 5 136.9, 136.8, 136.5, 127.0, 122.8, 122.3, 119.7, 118.3,
111.6, 111.1, 100.2, 47.1, 26.8, 13.2.

1-(2-(1 H-Indol-3-yl)ethyl)-1 H-imidazole-5-carbaldehyde (78n):
CHO According to GP7, 1H-imidazole-5-carbaldehyde (77 mg,
N
©\/\CL\N\ 0.8 mmol, 1 equiv), Cs2C0Os (261 mg, 0.8 mmol, 1 equiv) and
H 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv) in dry
DMF (5.3 mL) provided, after column chromatography 95:5 DCM:MeOH, the desired

product 78n (67.9 mg, 35.5 % yield) as a red solid.

1H NMR (250 MHz, CDCls) 8 9.85 (s, 1H), 8.27 (s, 1H), 7.85 (d, J = 2.4 Hz, 1H), 7.67
(dd, J=7.5, 2.6 Hz, 1H), 7.48 — 7.35 (m, 1H), 7.30 — 7.13 (m, 3H), 6.80 (t, J = 2.7 Hz,
1H), 4.61 (td, J= 6.9, 2.5 Hz, 2H), 3.25 (id, J = 6.8, 2.5 Hz, 2H).

13C NMR (63 MHz, CDCls) 8 179.3, 144.1, 143.9, 136.5, 130.9, 127.0, 122.7, 122.5,
119.9, 118.5, 111.6, 111.2, 48.0, 27.0.

1-(2-(1 H-Indol-3-yl)ethyl)-1 H-imidazole-4-carbaldehyde (78n’):

N According to GP7, 1H-imidazole-5-carbaldehyde (77 mg,
A\ Q\;\>\CHO 0.8 mmol, 1 equiv), Cs2C0O3 (261 mg, 0.8 mmol, 1 equiv)
N

and 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv)
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in dry DMF (5.3 mL) provided, after column chromatography 95:5 DCM:MeOH, the
desired product 78n’ (66.2 mg, 34.6 % yield) as a white powder.

'H NMR (250 MHz, DMSO-ds) 3 10.87 (br s, 1H), 9.67 (s, 1H), 8.08 (d, J = 1.3 Hz,
1H), 7.80 (s, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.13 — 6.93 (m,
3H), 4.33 (1, J = 7.2 Hz, 2H), 3.19 (t, J = 7.2 Hz, 2H).

13C NMR (63 MHz, DMSO) & 185.2, 141.3, 139.8, 136.1, 127.6, 126.9, 123.2, 121.1,
118.4,118.3, 111.4, 110.0, 47.2, 26.5.

3-(2-(4-Phenyl-1H-imidazol-1-yl)ethyl)-1H-indole (780’):

N \ According to GP7, 4-phenyl-1H-imidazole (115 mg, 0.8 mmol,
Q\}Ph 1 equiv), Cs2C0s (261 mg, 0.8 mmol, 1equiv) and 3-(2-

iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv) in dry DMF

Iz _

(5.3 mL

~—"

provided, after column chromatography 95:5 DCM:MeOH, the desired
product 780’ (98.8 mg, 43.0 % yield) as a brown foam.

1H NMR (250 MHz, CDCls) & 8.78 (s, 1H), 7.78 (dd, J = 7.1, 1.9 Hz, 2H), 7.59 (d, J =
7.5 Hz, 1H), 7.43 — 7.26 (m, 5H), 7.25 — 7.14 (m, 3H), 6.72 (d, J = 2.3 Hz, 1H), 4.24
(td, J= 6.8, 1.9 Hz, 2H), 3.24 (id, J = 6.7, 1.9 Hz, 2H).

3C NMR (63 MHz, CDCls) & 142.0, 137.5, 136.4, 134.2, 128.7 (2C), 126.9, 126.8,
124.8 (2C), 122.9, 122.2, 119.6, 118.2, 114.9, 111.7, 111.1, 47.9, 27 .6.

1-(2-(1 H-Indol-3-yl)ethyl)-1 H-benzo[dlimidazole (78p):
N@ According to GP7, 1H-benzo[d]imidazole (209 mg, 0.8 mmol,
CE\CL\N 1 equiv), Cs2COs (261 mg, 0.8 mmol, 1 equiv) and 3-(2-
N iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv) in dry DMF

(5.3 mL) provided, after column chromatography 95:5 DCM:MeOH, the desired
product 78p (139.3 mg, 66.6 % yield) as a light pink solid.

1H NMR (250 MHz, DMSO-ds) & 10.85 (s, 1H), 8.09 (d, J = 1.4 Hz, 1H), 7.68 — 7.59
(m, 2H), 7.55 (d, J = 7.8 Hz, 1H), 7.36 — 7.30 (m, 1H), 7.21 (pd, J = 7.2, 1.5 Hz, 2H),
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7.11 =7.03 (m, 2H), 6.97 (ddd, J= 7.9, 7.0, 1.2 Hz, 1H), 4.53 (t, J = 7.4 Hz, 2H), 3.23
(t, J= 7.3 Hz, 2H).

13C NMR (63 MHz, DMSO) & 144.0, 143.4, 136.1, 133.7, 126.9, 123.2, 122.1, 121.3,
121.0,119.4, 118.4, 118.2, 111.4,110.4, 110.3, 44.8, 25.5.

Ethyl 1-(2-(1H-indol-3-yl)ethyl)-1H-imidazole-5-carboxylate (78q):

COOEt  According to GP7, ethyl 1H-imidazole-5-carboxylate (84 mg,
CE\CE\;\g 0.6 mmol, 1 equiv), Cs2COs (195 mg, 0.6 mmol, 1 equiv) and
H 3-(2-iodoethyl)-1H-indole (163 mg, 0.6 mmol, 1 equiv) in dry

DMF (2 mL) provided, after column chromatography 95:5 DCM:MeOH, the desired

product 78q (46.6 mg, 27.4 % yield) as a light yellow powder.

H NMR (250 MHz, CDCls) & 8.61 (br s, 1H), 7.76 (s, 1H), 7.65 — 7.58 (m, 1H), 7.37 —
7.30 (m, 1H), 7.25 — 7.18 (m, 1H), 7.18 = 7.16 (m, 1H), 7.16 — 7.11 (m, 1H), 6.71 (d, J
= 2.4 Hz, 1H), 4.56 (t, J = 6.8 Hz, 2H), 4.36 (q, J = 7.1 Hz, 2H), 3.21 (t, J = 6.8 Hz,
2H), 1.40 (t, J = 7.1 Hz, 3H).

3C NMR (63 MHz, CDCls) 8 160.5, 142.4, 137.8, 136.5, 127.0, 122.8, 122.3, 122.2,
119.6, 118.4, 111.5, 111.2, 60.6, 47.7, 27.3, 14.4.

Ethyl 1-(2-(1 H-indol-3-yl)ethyl)-1H-imidazole-4-carboxylate (78q’):

N According to GP7, ethyl 1H-imidazole-5-carboxylate

\
\ k\}oooa (84 mg, 0.6 mmol, 1 equiv), Cs2COs (195 mg, 0.6 mmol,
” 1 equiv) and 3-(2-iodoethyl)-1H-indole (163 mg, 0.6 mmol,

1 equiv) in dry DMF (4 mL) provided, after column chromatography 95:5 DCM:MeOH,
the desired product 78q’ (61.1 mg, 35.9 % yield) as a white powder

'H NMR (250 MHz, DMSO-ds) & 10.85 (br s, 1H), 7.92 (d, J = 1.3 Hz, 1H), 7.67 (d, J
=1.3 Hz, 1H), 7.58 (d, J= 7.7 Hz, 1H), 7.33 (dt, J= 8.2, 1.0 Hz, 1H), 7.08 (dd, J= 7.0,
1.3 Hz, 1H), 7.04 (d, J = 1.9 Hz, 1H), 6.97 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H), 4.28 (t, J =
7.3 Hz, 2H), 4.18 (q, J = 7.1 Hz, 2H), 3.19 — 3.12 (m, 2H), 1.24 (s, 3H).
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3C NMR (63 MHz, DMSO) & 162.3, 138.7, 136.1, 132.1, 126.9, 126.3, 123.1, 121.0,
118.4,118.3, 111.4, 110.1, 59.3, 47.0, 26.6, 14.3.

1-(2-(1 H-Indol-3-yl)ethyl)-5-methyl-1 H-imidazole-4-carbaldehyde (78r):

N'Q According to GP7, 4-methyl-1H-imidazole-5-carbaldehyde
©\/\CQ\N\ CHO (88 mg, 0.8 mmol, 1 equiv), Cs2COs (261 mg, 0.8 mmol,
N 1 equiv) and 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol,

1 equiv) in dry DMF (5.3 mL) provided, after column chromatography 95:5
DCM:MeOH, the desired product 78r (47.4 mg, 23.4 % vyield) as a yellow powder.

1H NMR (250 MHz, DMSO-¢k) & 10.87 (s, 1H), 9.73 (s, 1H), 7.68 (s, 1H), 7.52 (d, J =
7.8 Hz, 1H), 7.34 (dt, J=8.1, 1.0 Hz, 1H), 7.12 — 7.03 (m, 2H), 6.97 (ddd, J = 8.0, 7.0,
1.2 Hz, 1H), 4.22 (t, J= 7.2 Hz, 2H), 3.11 (t, J = 7.2 Hz, 2H), 2.32 (s, 3H).

13C NMR (63 MHz, DMSO) & 186.5, 139.0, 137.1, 136.9, 136.5, 127.3, 123.8, 121.5,
118.8, 118.5, 111.8, 110.4, 45.0, 26.5, 9.0.

3-(2-(5-Nitro-1H-imidazol-1-yl)ethyl)-1H-indole  and  3-(2-(4-nitro-1H-imidazol-1-
yl)ethyl)-1H-indole (78s & 78s’):

NOz According to GP7, 5-nitro-1H-
©\/Ck’>\N02 imidazole (90 mg, 0.8 mmol,

1 equiv), Cs2C0Os3 (261 mg, 0.8 mmol,

1 equiv) and 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv) in dry DMF

Ir= />>\

(5.3 mL) provided, after column chromatography 95:5 DCM:MeOH a mix of products
78s and 78s’ (121.1 mg, 59.1 % yield) as a yellow powder.

Ratio of 0.15:1 5-nitro(*):4-nitro(“) demonstrated by previously reported spectra in the

literature.137

'H NMR (300 MHz, DMSO-ds) & 10.89 (br s, 0.15H*), 10.87 (br s, 1H?), 8.41 (d, J =
1.5 Hz, 1H”), 8.07 (d, J= 1.1 Hz, 0.15H*), 7.80 (d, J= 1.1 Hz, 0.15H%), 7.76 (d, J=1.5
Hz, 1H”), 7.60 — 7.54 (m, 1H”), 7.54 (d, J = 6.1 Hz, 0.15H*), 7.34 (dt, J = 8.1, 1.0 Hz,
0.15H*), 7.34 (dt, J=8.1, 1.0 Hz, 1H"), 7.12 = 7.04 (m, 2H"), 7.11 — 7.04 (m, 0.15H*),
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7.02 — 6.95 (m, 0.15H*), 7.01 — 6.94 (m, 1H”), 4.60 (t, J = 7.4 Hz, 0.3H*), 4.35 (t, J =
7.2 Hz, 2H"), 3.22 (t, J = 7.2 Hz, 2H"), 3.16 (t, J = 7.3 Hz, 0.3H").

13C NMR (75 MHz, DMSO) & 146.8”, 143.0%, 137.4”, 136.2*, 136.1”, 133.6*, 126.9%,
126.87, 123.5%, 123.3", 121.6*, 121.1*,6”, 121.1*, 121.1", 118.5%, 118.4", 118.2”,
118.0%, 111.4*, 111.4”, 109.8”, 109.5%, 48.0”, 47.9%, 26.3”, 26.2".

3-(2-(4-Methyl-5-nitro-1 H-imidazol-1-yl)ethyl)-1H-indole and 3-(2-(5-methyl-4-nitro-
1 H-imidazol-1-yl)ethyl)-1H-indole (78t & 78t’):

’i According to GP7, 4-methyl-5-nitro-
©\/\C\L \ @\/CL NO, 1H-imidazole (102mg, 0.8 mmol,

H 1 equiv), Cs2C0s3 (261 mg, 0.8 mmol,
1 equiv) and 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv) in dry DMF

(5.3 mL) provided, after column chromatography 95:5 DCM:MeOH a mix of products
78t and 78t’: (128.5 mg, 59.1 % yield) as a yellow powder.

H NMR (250 MHz, DMSO-d6) & 10.90 (s, 1H*), 10.90 (s, 0.3H”), 7.72 (s, 0.3H"), 7.66
(s, 1H*), 7.55 (d, J = 7.8 Hz, 0.3H”), 7.49 (d, J = 7.8 Hz, 1H*), 7.37 — 7.30 (m, 1H*),
7.37 - 7.30 (m, 1H), 7.11 — 6.92 (m, 3H*), 7.11 — 6.92 (m, 1H”), 4.55 (t, J = 7.4 Hz,
0.7H*), 4.28 (t, J = 7.4 Hz, 2H*), 3.13 (t, J = 7.1 Hz, 2H*), 3.13 (t, J = 7.1 Hz, 0.7H"),
2.46 (s, 1H”), 2.37 (s, 3H).

13C NMR (63 MHz, DMSO) & 144.8, 143.7,136.2, 136.1, 135.8, 135.7, 131.64, 131.64,
126.9, 126.8, 123.5, 123.4, 121.12, 121.09, 118.46, 118.46, 118.03, 117.99, 111.49,
111.46, 109.6, 109.5, 45.79, 45.79, 25.8, 16.2, 9.92, 9.92.

1-(2-(1 H-Indol-3-yl)ethyl)-6-nitro-1 H-benzo[d]imidazole and 1-(2-(1 H-indol-3-yl)ethyl)-
5-nitro-1H-benzo[d]imidazole (78u & 78u’):

NO, According to GP7, 6-nitro-1H-
N@ @CZQN% benzo[d]imidazole (102 mg,
’\T k\N H N 0.8 mmol, 1 equiv), Cs2C0s3
H

(261 mg, 0.8 mmol, 1 equiv)
and 3-(2-iodoethyl)-1H-indole (217 mg, 0.8 mmol, 1 equiv) in dry DMF (5.3 mL)
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provided, after column chromatography 95:5 DCM:MeOH a mix of products 78u and
78u’ (178.4 mg, 72.8 % yield) as a light yellow powder.

Ratio of 0.8:1 6-nitro(*):5-nitro(“) demonstrated by previously reported spectra in the

literature.138

'H NMR (250 MHz, DMSO-ds) & 10.82 (br s, 0.8H*), 10.82 (br s, 1H”), 8.51 (d, J = 2.1
Hz, 1H"), 8.50 (d, J = 2.4 Hz, 0.8H*), 8.42 (s, 1H”), 8.40 (s, 0.8H*), 8.12 (dd, J = 9.0,
2.2 Hz, 1H’), 8.06 (dd, J = 8.9, 2.3 Hz, 0.8H*), 7.80 (d, J = 2.6 Hz, 1H”), 7.76 (d, J =
2.6 Hz, 0.8H*), 7.51 (d, J= 7.2 Hz, 1H"), 7.49 (d, J = 6.7 Hz, 0.8H*), 7.33 (dt, J = 3.6,
1.0 Hz, 1H”), 7.29 (dt, J = 3.6, 1.0 Hz, 0.8H*), 7.10 — 7.00 (m, 1.6H*), 7.10 — 7.00 (m,
2H”), 6.95 (ddd, J= 8.0, 7.0, 1.1 Hz, 1H"), 6.94 (ddd, J = 8.0, 7.0, 1.1 Hz, 0.8H*), 4.79
—4.52 (m, 2H"), 4.62 (1, J = 7.3 Hz, 1.6H*), 3.26 (t, J = 7.0 Hz, 1.6H*), 3.26 (t, J= 7.0
Hz, 2H").

13C NMR (63 MHz, DMSO) & 149.1%, 148.17, 147.7*, 142.7*, 142.6”, 142.4”, 138.3",
136.17, 136.1*, 133.2*, 126.8%, 126.8”, 123.3”, 123.3%, 121.0”, 121.0%, 119.6%, 118.4",
118.47, 118.17, 118.0*, 117.7”, 116.9%, 115.6”, 111.4”, 111.3*, 111.0”, 110.2*, 110.0”,
107.7*, 45.4”, 45.3*, 25.6%, 25.4”.

R4
’g\ NaH (60%) N«\g\
Q ps *+ Mel Ny & O—Re
DMF, N
"

4h, r.t.

78 66

66k: R®=H, R*=H

661: R3 = H, R* = COOMe 66I’: R3 = COOMe, R* = H

66m: R®=Br,R*=Me  66m’: R3=Me, R*= Br

66n:R®=H,R*=CHO  66n’: R®=CHO, R* =
660’ RS = Ph, R* = H

66p: Benzimidazole

General procedure for the synthesis of methylation of indole containing

imidazoles GP8

According to a modification of a synthesis previously described in the literature,33 to
a suspension of NaH (1.2 mmol, 60 % dispersion in mineral oil) at 0°C in dry DMF

(c = 0.2 M), a solution of appropriate NH indole bi-heterocycle derivative 78 was added
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dropwise. After stirring for 30 minutes, methyl iodide (1.2 mmol) was added at 0 °C;
afterwards, the reaction mixture was stirred for an additional period of 4 hours (TLC
check). When finished, NH4Cl (aq., sat.) was added, and the remaining solution was
extracted. The reaction mixture was then extracted with AcOEt (3 x 10 mL). The
combined organic layers were dried over Na=S0Ou, filtered, and concentrated to give

the crude N-methyl indole derivative, which was purified by column chromatography.

3-(2-(1 H-Imidazol-1-yl)ethyl)-1-methyl-1H-indole (66k):

N,\> According to GP8, 3-(2-(1H-imidazol-1-yl)ethyl)-1H-indole (85 mg,
Ny & 0.4 mmol, 1 equiv), NaH (60 %) (19 mg, 0.48 mmol, 1.2 equiv) and
\ N
\ Mel (30 pyL, 0.48 mmol, 1.2 equiv) in dry DMF (2 mL) provided,

after column chromatography 95:5 DCM:MeOH, the desired product 66k (83 mg, 92 %
yield) as a light gold solid.

H NMR (300 MHz, CDCls) & 7.52 (dt, J = 7.9, 1.0 Hz, 2H), 7.31 (ddd, J=8.3, 1.3, 0.8
Hz, 1H), 7.25 (ddd, J = 8.0, 6.8, 1.3 Hz, 1H), 7.13 (ddd, J = 8.0, 6.8, 1.3 Hz, 1H), 7.07
(t, J=1.2 Hz, 1H), 6.87 (t, J= 1.3 Hz, 1H), 6.65 (d, J= 0.8 Hz, 1H), 4.26 (t, J= 6.9 Hz,
2H), 3.72 (s, 3H), 3.21 (id, J= 6.9, 0.8 Hz, 2H).

3C NMR (75 MHz, CDCls) 8 137.2, 136.9, 128.1, 127.4, 127.3, 122.0, 119.3, 119.2,
118.4, 109.8, 109.7, 48.1, 32.8, 27.5.

Methyl 1-(2-(1-methyl-1 H-indol-3-yl)ethyl)-1 H-imidazole-5-carboxylate (66l):

COOMe According to GP8, methyl 1-(2-(1H-indol-3-yl)ethyl)-1H-

CE\C\ E\N\ imidazole-5-carboxylate (75 mg, 0.28 mmol, 1 equiv), NaH
N\ (60 %) (183 mg, 0.383 mmol, 1.2 equiv) and Mel (21 uL,

0.33 mmol, 1.2 equiv) in dry DMF (1.5 mL) provided, after

column chromatography 95:5 DCM:MeOH, the desired product 661 (31 mg, 39.4 %

yield) as a yellow oil.

1H NMR (250 MHz, CDCls) & 7.75 (s, 1H), 7.61 (dt, J= 7.7, 1.0 Hz, 1H), 7.31 (ddd, J
= 8.2, 1.5, 0.8 Hz, 1H), 7.27 (d, J = 1.3 Hz, 1H), 7.23 (dd, J = 8.2, 1.3 Hz, 1H), 7.14
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(ddd, J=8.0, 6.7, 1.5 Hz, 1H), 6.65 (s, 1H), 4.55 (t, J = 6.9 Hz, 2H), 3.89 (s, 3H), 3.71
(s, 3H), 3.24 — 3.16 (m, 2H).

3C NMR (75 MHz, CDCls) & 160.6, 142.0, 137.1, 127.3, 122.1, 122.05, 122.0, 121.9,
119.2, 118.5, 109.7, 109.5, 51.6, 47.9, 32.7, 27.2.

Methyl 1-(2-(1-methyl-1 H-indol-3-yl)ethyl)-1 H-imidazole-4-carboxylate (661’):

N According to GP8, methyl 1-(2-(1H-indol-3-yl)ethyl)-1H-
@E\QAQ\}COOMe imidazole-4-carboxylate (80 mg, 0.3 mmol, 1 equiv), NaH
N\ (60 %) (14 mg, 0.36 mmol, 1.2 equiv) and Mel (22 L,

0.36 mmol, 1.2 equiv) in dry DMF (1.5 mL) provided, after column chromatography

95:5 DCM:MeOH, the desired product 661’ (26.1 mg, 30.2 % yield) as a light brown

solid.

1H NMR (250 MHz, CDCls) 5 7.57 — 7.48 (m, 2H), 7.34 — 7.22 (m, 3H), 7.14 (ddd, J =
8.0, 6.6, 1.4 Hz, 1H), 6.61 (s, 1H), 4.24 (t, J = 6.8 Hz, 2H), 3.88 (s, 3H), 3.70 (s, 3H),
3.20 (1, J= 6.7 Hz, 2H).

13C NMR (63 MHz, CDCls) 5 163.4, 138.2, 137.2, 133.7, 127.4, 127.1, 125.2, 122.1,
119.4, 118.2, 109.7, 109.2, 51.8, 48.3, 32.8, 27.5.

3-(2-(4-Bromo-5-methyl-1 H-imidazol-1-yl)ethyl)-1-methyl-1 H-indole (66m):

N’i According to GP8, 3-(2-(4-bromo-5-methyl-1H-imidazol-1-
@C L\N\ Br yl)ethyl)-1H-indole (76 mg, 0.25 mmol, 1 equiv), NaH (60 %)
N\ (12 mg, 0.3 mmol, 1.2 equiv) and Mel (19 uL, 0.3 mmol,

1.2 equiv) in dry DMF (1.3 mL) provided, after column chromatography 95:5
DCM:MeOH, the desired product 66m (39.6 mg, 49.8 % yield) as a yellow oil.

H NMR (250 MHz, CDCls) & 7.50 (dt, J = 7.8, 1.1 Hz, 1H), 7.32 (ddd, J=8.2, 1.4, 0.8
Hz, 1H), 7.26 (ddd, J = 8.0, 6.7, 1.4 Hz, 1H), 7.16 (s, 1H), 7.14 (ddd, J = 8.0, 6.7, 1.4
Hz, 1H), 6.67 (s, 1H), 4.11 (t, J = 7.0 Hz, 2H), 3.73 (s, 3H), 3.12 (td, J = 7.0, 0.7 Hz,
2H), 2.10 (s, 3H).
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3C NMR (63 MHz, CDCls) & 137.5, 136.1, 127.7, 127.6, 125.1, 122.4, 119.7, 118.6,
114.2, 110.0, 109.8, 47.0, 33.1, 27.4, 9.3.

3-(2-(5-Bromo-4-methyl-1 H-imidazol-1-yl)ethyl)-1-methyl-1 H-indole (66m’):

Br  According to GP8, 3-(2-(5-bromo-4-methyl-1H-imidazol-1-
@CE\;\L yl)ethyl)-1H-indole (61 mg, 0.2 mmol, 1 equiv), NaH (60 %)
N\ (10 mg, 0.24 mmol, 1.2 equiv) and Mel (15 L, 0.24 mmol,

1.2 equiv) in dry DMF (1 mL) provided, after column

chromatography 95:5 DCM:MeOH, the desired product 66m’ (31.1 mg, 48.9 % vyield)

as a brown oil.

1H NMR (250 MHz, CDCls) & 7.56 (dt, J = 7.8, 1.0 Hz, 1H), 7.45 (s, 1H), 7.35 — 7.29
(m, 1H), 7.25 (ddd, J = 8.0, 6.7, 1.4 Hz, 1H), 7.14 (ddd, J= 8.0, 6.7, 1.4 Hz, 1H), 6.74
(s, 1H), 4.18 (t, J= 7.2 Hz, 2H), 3.73 (s, 3H), 3.17 (t, J = 7.3 Hz, 2H), 2.23 (s, 3H).

13C NMR (63 MHz, CDCls) 6 137.2, 136.5, 136.0, 127.4, 122.04, 122.00, 119.3, 118.4,
109.7, 109.5, 100.7, 47.6, 32.8, 26.7, 12.8.

1-(2-(1-Methyl-1 H-indol-3-yl)ethyl)-1 H-imidazole-5-carbaldehyde (66n):

CHO  According to GP8, 3 1-(2-(1 H-indol-3-yl)ethyl)-1 H-imidazole-5-
@ECZN\ carbaldehyde (61 mg, 0.26 mmol, 1equiv), NaH (60 %)
N (12 mg, 0.31 mmol, 1.2 equiv) and Mel (19uL, 0.31 mmol,

1.2 equiv) in dry DMF (1.3 mL) provided, after column

chromatography 95:5 DCM:MeOH, the desired product 66n (36.7 mg, 56 % yield) as

a beige solid.

1H NMR (250 MHz, CDCls) & 9.81 (s, 1H), 7.84 — 7.78 (m, 1H), 7.61 (dt, J= 7.7, 1.0
Hz, 1H), 7.33 — 7.28 (m, 2H), 7.25 (ddd, J = 8.0, 6.6, 1.5 Hz, 1H), 7.14 (ddd, J = 8.0,
6.6, 1.5 Hz, 1H), 4.55 (t, J = 6.9 Hz, 2H), 3.71 (s, 3H), 3.19 (td, J = 6.9, 0.7 Hz, 2H).

13C NMR (63 MHz, CDCls) 6 179.6, 144.3, 144.2, 137.5, 127.8, 127.7, 127.1, 122.3,
119.6, 118.9, 110.0, 109.9, 48.4, 33.1, 27.3.
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1-(2-(1-Methyl-1 H-indol-3-yl)ethyl)-1 H-imidazole-4-carbaldehyde 66n’:

N According to GP8, 3-(2-(1H-imidazol-1-yl)ethyl)-1H-indole
\
N A\}CHO (56 mg, 0.24mmol, 1equiv)) NaH (60%) (11 mg,
N
\ 0.28 mmol, 1.2 equiv) and Mel (18 pL, 0.28 mmol, 1.2 equiv)

in dry DMF (1.2 mL) provided, after column chromatography 95:5 DCM:MeOH, the
desired product 66n’ (33 mg, 54 % vyield) as a light brown solid.

1H NMR (250 MHz, CDCls)  9.83 (s, 1H), 7.58 — 7.45 (m, 2H), 7.41 — 7.30 (m, 2H),
7.27 —7.22 (m, 1H), 7.14 (ddd, J = 8.0, 6.7, 1.4 Hz, 1H), 6.62 (d, J = 3.6 Hz, 1H), 4.27
(dt, J= 8.5, 6.7 Hz, 2H), 3.71 (d, J = 1.6 Hz, 3H), 3.28 — 3.16 (m, 2H).

3C NMR (63 MHz, CDCls) 6 186.30, 142.90, 142.36, 138.93, 127.47, 122.25, 119.51,
119.44, 118.25, 118.21, 109.83, 109.17, 48.46, 32.84, 27.56.

1-Methyl-3-(2-(4-phenyl-1H-imidazol-1-yl)ethyl)-1H-indole (660°):
N \ According to GP8, 3-(2-(4-phenyl-1H-imidazol-1-yl)ethyl)-1H-
A\ Q\}Ph indole (157 mg, 0.55 mmol, 1 equiv), NaH (60 %) (26 mg,
N
\ 0.65 mmol, 1.2 equiv) and Mel (41 pL, 0.65 mmol, 1.2 equiv)

in dry DMF (2.75 mL) provided, after column chromatography 95:5 DCM:MeOH, the
desired product 660’ (52 mg, 31 % yield) as an orange oil.

1H NMR (400 MHz, CDCls) & 7.79 — 7.72 (m, 2H), 7.59 — 7.54 (m, 1H), 7.40 — 7.30 (m,
4H), 7.27 (d, J = 8.8 Hz, 1H), 7.25 — 7.20 (m, 1H), 7.19 — 7.11 (m, 2H), 6.66 (s, 1H),
4.23 (t, J= 7.0 Hz, 2H), 3.71 (s, 3H), 3.24 (t, J = 6.9 Hz, 2H).

3C NMR (101 MHz, CDCls) 6 142.2, 137.5, 137.2, 134.5, 128.7, 127.4, 127.3, 126.8,
124.8, 122.0, 119.3, 118.4, 114.8, 110.0, 109.6, 48.0, 32.8, 27.6.

1-(2-(1-Methyl-1 H-indol-3-yl)ethyl)-1 H-benzo[d]limidazole (66p):

N@ According to GP8, 1-(2-(1-methyl-1H-indol-3-yl)ethyl)-1H-
©\/\C\L\N benzo[d]imidazole (144 mg, 0.55 mmol, 1 equiv), NaH (60 %)
N

\ (26 mg, 0.66 mmol, 1.2 equiv) and Mel (41 pL, 0.66 mmol,
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1.2 equiv) in dry DMF (2.75mL) provided, after column chromatography 95:5
DCM:MeOH, the desired product 66p (5 mg, 3 % yield) as a beige solid.

1H NMR (400 MHz, CDCls) & 7.84 — 7.78 (m, 1H), 7.61 (s, 1H), 7.57 (dt, J=7.9, 1.0
Hz, 1H), 7.44 — 7.37 (m, 1H), 7.34 — 7.28 (m, 3H), 7.27 (d, J = 2.5 Hz, 1H), 7.15 (ddd,
J=8.0, 6.8, 1.2 Hz, 1H), 6.54 (s, 1H), 4.46 (t, J= 6.9 Hz, 2H), 3.67 (s, 3H), 3.32 — 3.26
(m, 2H).

3C NMR (101 MHz, CDCls) 6 144.0, 143.4, 137.3, 133.8, 127.5, 127.3, 122.9, 122.2,
122.1,120.5, 119.3, 118.4, 110.1, 109.73, 109.70, 45.9, 32.8, 26.1.

3.4.8. Synthesis of final indole-imidazole compounds (part 2)

(65)
Pd (OAc),
AgOAC KgCOs
DMA
120 °C, 50 min
66l 651, 28%

According to GP6, the indole-imidazole derivative 661 (45 mg, 0.16 mmol, 1 equiv),
Pd(OAc)2 (4 mg, 0.016 mmol, 10 mol %), AgOAc (80 mg, 0.5 mmol, 3 equiv) and
K2COs (22 mg, 0.16 mmol, 1 equiv) in DMA (1.6 mL, ¢ = 0.1 M) provided, after
cyclohexane/ethyl acetate (95:5) column chromatography, the desired compound 65l

(13 mg, yield 28 %) as a white powder.
Rt = 0.4 (9:1 cyclohexane/ethyl acetate)

1H NMR (600 MHz, CDCls) & 7.82 (s, 1H), 7.58 (dt, J = 8.0, 1.0 Hz, 1H), 7.37 (dt, J =
8.0, 0.9 Hz, 1H), 7.32 — 7.28 (m, 1H), 7.17 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.70 (t, J =
7.5 Hz, 2H), 4.21 (s, 3H), 3.89 (s, 3H), 3.24 (t, J = 7.5 Hz, 2H).

3C NMR (151 MHz, CDCls) 6 161.2, 144.8, 138.8, 137.6, 126.1, 125.3, 123.5, 122.2,
120.2,119.3, 111.2, 110.0, 51.7, 43.8, 31.6, 20.8.
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HRMS (ESI-Orbitrap, m/z): calcd for C1s6H1sN3O2 [M + H]* 282.1237; found 282.1240
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4.1. INTRODUCTION

As mentioned in the previous chapter, indole is a privileged scaffold relevant in
medicinal chemistry. Indoles are present in a large number of commercial drugs and
natural products. Moreover, the chemistry known for indoles is very explored which

allows a significant amount of modifications.

4.1.1. Bisindoles

Bisindole alkaloids represent a class of secondary metabolites biosynthesised by
diverse marine and terrestrial organisms. These include nortopsentins, rhopaladins,
dragmacidins, vibrindole, arsindolines and topsentins, obtained from marine sponges,
tunicates, actinomycetes and green algae.! Non-marine natural bisindoles are
relatively rare, but there are some examples, such as Streptindole, isolated from

human intestinal bacteria Streptococcus faecium.? (Figure 4.1)

Bisindolic compounds have shown a wide range of biological activities such as
anticancer,® antibacterial,* antileishmanial,® anti-inflammatory, analgesic,® and

antihyperlipidemic activity.”
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Figure 4.1. Structures of bisindoles isolated from natural sources.

4.1.1.1  Diindolylmethane and its derivatives

Diindolylmethane (DIM) is a bioactive compound derived from the metabolization of

indole-3-carbinol (I3C) (Figure 4.2), present in diverse types of cruciferous vegetables

such as Brussels sprouts, radish, cabbage, cauliflower, broccoli, etc.? After the

ingestion of these cruciferous vegetables, the acidic environment of the stomach
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promotes acidic condensation reactions that form a mixture of biologically active

compounds, including DIM.®
OH
A\
N
H

13C

|

Acidic
environment

| e
N . I 1 ’ ) 7 NH

LTr1

N

Figure 4.2. Major acid condensation products of I3C in acidic environment:
Indolo(3,2-b)carbazole (ICZ), DIM and 3,3’-Diindolylmethane-derived Linear Trimer
(LTr1)

DIM has been reported to have different protective effects in multiple physiological
systems. In the metabolic context, DIM improves glucose regulation,'® reduces lipid

accumulation' and regulates adipocyte differentiation.1213

In the liver, diindolylmethane exhibits hepatoprotective properties by reducing toxin-
induced damage, decreasing oxidative stress, and attenuating inflammation, thereby

promoting better hepatic function.'415

In the nervous system, DIM has shown neuroprotective potential. It improves recovery
in cerebral haemorrhage models, reduces neuroinflammation and promotes neuronal
survival under hypoxic conditions.'®'” Moreover, animal studies have shown analgesic

and antidepressant properties.'8
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In addition, DIM has also been shown to be antinociceptive,!® cardioprotectant,?°
antiplatelet, antithrombotic,? antiprotozoal,?? antibacterial,?3 antiviral,?*

radioprotectant®® and anti-inflammatory.2®

Diindolylmethane derivatives also have a wide range of biological activities, such as
antioxidant, anticancer, antimicrobial, antiinflammation, antidiabetic, antileishmanial

and antihyperlipidemic, among others:
a) Antioxidant

Diindolylmethane derivatives may alleviate oxidative stress while stimulating the
expression of the genes that drive the antioxidant response and protect against DNA
damage through their antioxidant properties.?” Some biological studies indicate that
these compounds can reduce oxidative stress, and therefore function as

antioxidants.28

Substituents in the positions 4-7 of the indole ring affect the antioxidant activity of the
molecule, suggesting a better activity for electron-donating groups rather than non-

substituted and no substitution rather than electron-accepting groups.’
b) Anticancer

Anticancer is a well-established pharmacological property of diindolylmethane and its
derivatives.?®30 These compounds act by modulating cancer cell cycle regulation and
survival, and diindolylmethanes have been shown to inhibit cancer cell invasion and
tumour neoangiogenesis.?®® In breast cancer cells, diindolylmethanes induced
apoptosis, while in cultured human umbilical vein endothelial cells, they exhibited a
concentration-dependent reduction in migration, proliferation, invasion and capillary

tube formation.31

Bisindolylmethanes bearing a bromine substituent in position 5 of the indole ring were

shown to be more active than non-substituted derivatives.32
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c) Antimicrobial

The growing problem of antimicrobial resistance demands efforts to identify effective
antimicrobial agents against resistant pathogenic microorganisms. Diindolylmethane
derivatives containing a pyrazole moiety showed potent activity against three
pathogenic microbial strains.®® Some other derivatives were found to be potent against
a broader set of bacterial microbial strains (six Gram-positive and four Gram-negative

strains).34

Overall, the substitution of these diindolylmethane molecules in the indole ring showed
that it reduced the antibacterial activity, while the modification of the methylene carbon,
by adding functional groups such as furan, pyridine or sugar, enhanced the

antibacterial activity of these molecules.3*
d) Anti-inflammation

Several diindolylmethanes testedfor anti-inflammatory activity showed significant
activity without having ulcerogenic liability.3>3¢ Other p-phenyl substituted

diindolylmethanes were studied for their ability to prevent neuroinflammation.3”

The results suggested that nitro substitution in ortho and meta position produced anti-

inflammatory activity.
e) Antidiabetic

The effect of diindolylmethanes to suppress diabetes has been widely studied. Some
derivatives were studied for their capability to inhibit S-glucuronidase, which is
believed to be involved in the pathogenesis of atherosclerosis.®® Other derivatives

were able to alter the carbohydrate breakdown in high-fat diet (HFD)-induced mice.3®
f) Antileishmanial

Diindolylmethane was reported by Roy and colleagues as a potent Leishmania
donovani topoisomerase | inhibitor. This molecule binds strongly to this enzyme.??
Further antileishmanial activity of diindolylmethane derivatives will be commented on

in the next section.
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g) Antihyperlipidemic

Diindolylmethane derivatives bearing a coumarin moiety were found to be potent
against hyperlipidemic activity, through reduction of cholesterol and triglycerides and

an increase of the high-density lipoprotein cholesterol/triglyceride ratio.”

The substitution of the benzopyrone ring seems to play an important role in the

activity.”

4.1.2. Bisindoles for leishmaniasis

Roy et al. studied the antileishmanial activity of DIM, suggesting that this activity could
come from the fact that DIM is a class | non-competitive inhibitor of L. donovani
topoisomerase 1.2 In 2011, they synthesised some DIM derivatives (Figure 4.3),

showing antileishmanial activity in DIM-resistant parasites.*°

P PN
| [
Ph Ph
DIM DPDIM
MeO OMe
\ /
PN
PN
\ /
DMDIM DMODIM

Figure 4.3. DIM and derivatives synthesised by Roy et al.4

In 2013, Vishwakarma et al.#’ synthesised and evaluated different 5-iodo, 5-methoxy
(81-83), and non-substituted diindolylmethanes with aromatic or heteroaromatic rings
(Figure 4.4) attached directly to the methylene carbon against leishmaniasis. They
found that diindolylmethanes substituted with nitro-substituted aromatic or

heteroaromatic moieties were the most active.*!

In 2019, Selvaraj et al.*? synthesised 27 different bisindolic molecules (84) (Figure 4.4)

and tested them against leishmaniasis, obtaining 15 molecules with excellent inhibitory
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potential. From these results, they could establish a structure-activity relationship for

these molecules.

| 83

______________________________________________________________________________________
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Figure 4.4. Representative examples of bisindoles studied against leishmaniasis.>*-
45

In 2021, our group found,** through phenotypical evaluation of a small library of azole-
bisindole derivatives, 9 molecules with good activity on L. infantum MHOM/TN/80/IPT1

promastigotes. From those, URB1483 (Figure 4.4) was chosen as the best compound,
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showing no cytotoxicity in mammalian cells and with an effect comparable to that of

the commercial drug pentamidine.

Raposo et al. reported in 2023,43 three diindolylmethane molecules (Figure 4.4), from
which one (87) showed the highest activity of the series against both T. brucei and L.
major, with an 1Cso of 3.21 uM and 3.30 pM, respectively, and a selectivity index of
around 10 for both.

In further studies developed by our group,® four classes of diindolylmethane
derivatives more hydrophilic than URB1483 were evaluated. Compound 85b (Figure
4.4) possessed the most active effect against L. infantum promastigotes with an ICso
of 2.7 uM. It was, however, slightly cytotoxic against human macrophage-like THP-1
cells (CCso = 11.7 uM), indicating low selectivity index (Sl = 4). Another noteworthy
member of the series is the amide 85a, which was good in antileishmanial activity
(ICs0 < 10 uM) but was also toxic (CCso = 22 uM). Another bisindole marine alkaloid,
compound 85c was active against L. infantum as well, yet also revealed cytotoxicity
(CCso < 20 uM). finding that 24 of the 26 molecules analysed were active (85) (Figure
4.4).

In 2025, our group developed a late-stage Suzuki-Miyaura functionalization reaction
that allowed to synthesise 18 NHz-diindolylmethane derivatives substituted in the
indole ring (Figure 4.4). Most of these molecules (86) showed promising activity and

selectivity index values.*®

4.2. OBJECTIVES

The main aim of this part of the work was to design and synthesise new bisindole
derivatives as prospective antileishmanial agents. As part of our previous work in the
group, we aimed to explore different bisindole families. Particularly, we tried to assess
the impact of the ethylene linker between the two indole units since their substitution
pattern and length would most likely significantly influence the antiparasitic activity of

the related compounds.
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4.3. RESULTS AND DISCUSSION

Following previous work developed in the field of bisindoles against leishmaniasis,
especially in our group, we could observe that diindolylmethane derivatives bearing a
bromine in the indole ring showed higher toxicity. Moreover, we hypothesised that the
methyl alkylation in the indole ring would increase the activity of the derivatives.
Therefore, we decided to synthesise diindolylmethane derivatives without substituents
in the indole ring, focusing mainly in the methylation of the indole nitrogen. We also
decided to analyse the effect of the variation of the ethylenic chain on the activity of

the molecules by synthesising different families of bisindoles.

4.3.1. Design and synthesis

We synthesised diverse families of bisindoles, including amines, amides, esters and

carboxylic acids. (Scheme 4.1)
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Scheme 4.1. Families of diindolylmethanes synthesised in this chapter.

Multiple synthetic methodologies have been developed for the synthesis of 88, such
as reduction from the nitro derivative with azide,*® hypophosphites associated with
Pd/C,*” or Zn dust,*® or heating hydroxytryptamine in a xylene/EtOH (4:1) solution at
130°C for 3 days.*® However, we decided to use a method previously developed by
our group,® which involves the formation of a labile amide that undergoes rapid
hydrolysis (Scheme 4.2). This method has the advantage of shorter reaction times and
requires only one reaction step, as the intermediate of the reaction does not need to

be isolated.
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Scheme 4.2. Synthesis of free amines 88.

For the synthesis of the amide derivatives 89, a traditional amide coupling has been

performed between the amines 88 and different carboxylic acids. All the amides were

obtained with an excellent yield (Table 4.1), and all, except for 89bb, were unknown

in the literature.

Table 4.1. Synthesis of amide derivatives 89.

N N rt., 12 h N N
R R R R
88a R = Me 96a R' =i-Pr 89aa R = Me R = i-Pr
88b R =H 96b R = Ph 89ab R = Me R' = Ph
96¢ R'! = 4F-Ph 89ac R = Me R! = 4F-Ph
96d R' = 4CI-Ph 89ad R = Me R'! = 4CI-Ph
96e R' = 4NO,-Ph 89ae R = Me R' = 4NO,-Ph
96f R' = 4MeO-Ph 89af R = Me R'! = 4MeO-Ph
96g R' = Furane 89ag R = Me R' = Furane
96h R' = Tiophene 89ah R = Me R' = Tiophene
89ba R=HR' =i-Pr
89bb R=HR' =Ph
Entry Molecule R R? Yield (%)
1 89aa Me i-Pr 84
2 89ab Me Ph 97
3 89ac Me 4F-Ph 99
4 89ad Me 4CI-Ph 84
5 89ae Me 4NO2-Ph 91
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6 89af Me 4MeO-Ph Q
7 89ag Me Furane 99
8 89ah Me Tiophene Q
9 89ba H i-Pr 71
10 89bb H Ph 96

Q: quantitative yield

The only substituted amine synthesised was obtained by reductive amination between
the free amine 88a and p-chlorobenzaldehyde (Scheme 4.3). Only one amine was
synthesised as this project was elaborated in collaboration with prof. Paula Kiuru from
the University of Helsinki, and they were in charge of the synthesis of the substituted

amine derivatives.

NH, NH
QD - Ay e Q0
" H
| \ MeOH | \
N N Cl rt., 4 h N N
/ \ / \
88a 90, 53%

Scheme 4.3. Synthesis of substituted amine derivative 90.

Many synthetic procedures have been developed for the synthesis of esters 91.
However, we decided to use a methodology in the realm of green chemistry, as the
reaction required double Michael addition was performed in the presence of sodium

dodecyl sulphate (SDS) as a catalyst and water as solvent (Table 4.2).%°
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Table 4.2. Synthesis of esters and carboxylic acid derivatives 91 and 92.

N O-R

COOH

o SDS NaOH ~
o °
¥ /k R
N o H,O MeOH/H,0
T 70°C. 48 h (1:1) N
~ reflux, 2 h
97a R = Me
97b R = Et
91a R =Me 92
91b R = Et
Entry Molecule R Yield (%)
1 91a Me 51
2 91b Et 54
3 92 H 872
aFrom 91b

The carboxylic acid 92 could be obtained from the hydrolysis of any ester 91.

The disubstituted derivatives 93, were previously reported in the literature (Table 4.3).
The carboxylic acid 93a could have been obtained from the hydrolysis of compound
93b; however, since the starting material required for the direct introduction of the

carboxylic acid group was available to us, we decided to follow that synthetic route.

Table 4.3. Synthesis of the disubstituted derivatives 93.

\ OJ\NH p-TSA
@ N )\fo
N MW

\ 0. 110°C, 1 h 45 min
98aR=H 93aR=H
98b R = Me 93b R = Me
Entry Molecule R Yield (%)
1 93a H 24

2 93b Me 85
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Scheme 4.4. Reported proposed mechanism for the synthesis of derivatives 93.5'

The reported proposed mechanism®' (Scheme 4.4) considers the formation of an
alkylideneindoleninium cation (lll) after the tautomerization of the intermediate I (step
A) through a Friedel-Crafts reaction (step B) and loss of the amide leaving group (step
C). As it can be observed, the yield of our carboxylic acid derivative 93a was
significantly lower than that of the ester derivative 93b, probably due to the formation
of a subproduct resulting from the decarboxylation of the intermediate Il instead of the

loss of the amide leaving group in step C.

The last molecule of this family of diindolylmethanes synthesised was the previously
reported molecule 94, obtained through an N-bromosuccinimide (NBS) catalysed
reaction under solvent-free conditions (Scheme 4.5).52 The role of NBS is not clear in

this reaction, but prior literature proposes that NBS could act as a source of Br+ and
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activate the carbonyl group or, alternatively, it could generate small quantities of Brz

or HBr that would be the reaction catalyst.>3

o}
N T r.t., 30 min
\

94, 92%

Scheme 4.5. NBS catalysed reaction for the synthesis of 94.

4.3.2. Biological evaluation

Nineteen compounds were screened for their efficacy against L. infantum
MHOM/TN/80/IPT1 promastigotes at a single dose of 20 yuM for 72 h. All the amines,
both free (88) and substituted (90), showed good inhibition values (Figure 4.5). As
hypothesised, the ICso values of N-methylated amines were better than
non-substituted bisindoles, suggesting that N-methylation increases the activity

against L. infantum promastigotes.

The amidic bisindoles (89) showed, unfortunately, moderate-to-low inhibition, except
89ab and 89ac, which showed ICso values comparable to those of miltefosine.
Moreover, toxicity values were >50 and > 100 uM, respectively (Table 4.4), both
better than miltefosine’s. These results of activity and toxicity mean that these

compounds have a selectivity index double and triple, respectively, that of miltefosine.
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Table 4.4. Summary of bisindole derivatives activity on L. infantum promastigotes

and THP-1 cells and its corresponding SI. ICso and CCso values are reported as

mean (95% ClI) from at least two experiments. Each experimental condition was
conducted at least in duplicate and Miltefosine (MILT) was used as a positive control.

Inhibition of L. L. infantum TH':E):) 1““2,' da Selectivity
Compound infantumat20 MHOM/TN/80/IPT1 CCso (uM) (95% Index
UM (%) ICs0 (M) (95% CI) cl) (CCs/ICs0)

MILT 96.7 % 3.6 (3.3-4.0) 36.7 10.2

88a 98.0 % 4.1 (3.7-4.5) 41.6 10.1

88b 82.3 % 12.9 (11.6-14.6) n.a

89aa 16.5 % n.a.

89ab 62.8 % 2.4 (1.9-2.9) > 50 >20.8

89ac 76.2 % 3.4 (3.1-3.8) > 100 >29.4

89ad 471 % n.a.

89ae 50.9 % n.a.

89af 41.2 % n.a.

89ag 47.6 % n.a.

89ah 50.7 % n.a.

89ba -34.2 % n.a.

89bb 27.6 % n.a.

90 98.8 % 1.7 (1.6-1.8) 18.7 11
91a 82.4 % 9.0 (7.3-11.3) n.a.
91b 76.7 % n.a.
92 14.6 % n.a.
93a 52.5 % n.a.
93b 69.0 % 17.2 (15.0-20.4) n.a.

94 63.3 % n.a.
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An examination of the values of the amides 89ba and 89bb helped us to confirm that
substitution of the indolic nitrogen increases the activity of the molecules as these two
derivatives are not substituted and have lower inhibition (16.5 % and 62.8 %,

respectively) compared to their N-methylated analogues 89aa and 89ab (-34.2 % and

27.6 % respectively) (Table 4.4).
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Figure 4.5. Inhibition of Leishmania infantum promastigotes at 20 f/M.
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Examining the esters and carboxylic acids (91a-b, 92 and 93a-b) we can determine
that esters are better antileishmanial derivatives than carboxylic acids. The ester
derivatives showed high inhibition of L. infantum promastigotes, while carboxylic acids

had moderate to poor inhibition values.
4.3.2.1 In silico study

Physicochemical, pharmacokinetic and drug-likeness properties of the synthesised
diindolylmethanes were calculated using the SwissADME web tool.>* As shown in
Table 4.5, none of the synthesised molecules (except 90) violated either Lipinsky’s or

Veber’s rule, suggesting good oral bioavailability.
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Table 4.5. Physicochemical, pharmacokinetic and drug-likeness properties of
bisindole derivatives (88-94).

Cmpd (g|>nn\1nclal) logp HBD HBA RTB T(IZ«?)A Abscfi“:)tion Perzzgtion
Desred w500 <5 <5 <10 <10 <140

88a 303.40 3.09 1 1 3 35.88 High yes
88b 275.35 3.03 3 1 3 57.60 High yes
89aa 373.49 3.93 1 1 6 38.96 High yes
89ab  407.51 443 1 1 6 3896 High yes
89ac 42550  4.71 1 2 6 3896 High yes
89ad 441.95  4.91 1 1 6 3896 High yes
89ae 452.50 3.70 1 3 7 84.78 High no
89af 43753 439 1 2 7 48.19 High yes
89ag 397.47 383 1 2 6 5210 High yes
89ah 413.53 4.54 1 1 6 67.20 High no
89ba 34544 389 3 1 6  60.68 High yes
89bb 379.45 437 3 1 6  60.68 High yes
90  427.97 5.21 1 1 6 21.89 High no
91a 34642 369 O 2 5  36.16 High yes
91b 360.45 3.98 0 2 6 36.16 High yes
92 33240 329 1 2 4 4716  High yes
93a 33240 327 1 2 3 4716  High yes
93b 346.42 3.68 0 2 4 36.16 High yes
94 350.46 4.91 0 0 3 9.86 Low no

The number of rotatable bonds (RTB) should be lower than 10, since this number not
only affects the oral bioavailability but also the binding potency. Most of our

synthesised compounds have 6 or fewer RTB.
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The topological polar surface area (TPSA) is a measure of the ability of a drug to pass
through cell membranes. A value of TPSA under 140 Az indicates the possibility of
passive transport of the molecule through membranes. All of our diindolylmethane

derivatives (except 89ae) have values under 61 A2.

The pharmacokinetic properties of a molecule depend on several factors, including Gl
(Gastrointestinal) absorption and BBB (Blood-Brain Barrier) permeation. These are
particularly relevant because the more a dose reaches the bloodstream (mainly
through Gl absorption), the more it can cross the BBB. All of our compounds, except
94, had a predicted high Gl absorption, and all (except 89ab, 90 and 94) could cross
the BBB. The substituted amine derivative 90 can be absorbed from the
gastrointestinal tract but cannot cross the BBB, likely due to its poor water solubility

and high lipophilicity.

One of the challenges of drug discovery is the synthesis of water-soluble molecules.
This observation also applies to our case, especially because the promising molecule

URB1483 had as its biggest problem the low water solubility.

Table 4.6. Water solubility of derivatives 88-94 calculated in SwissADME. LogS in
the table is the average value of logS calculated using three different methods.

Compound logS Solubility
Desired Value 0>log S>-2

88a -4,35 Soluble

88b -4,81 Soluble
89aa -5,52 Moderately soluble
89ab -6,52 Poorly soluble
89ac -6,70 Poorly soluble
89ad -7,12 Poorly soluble
89ae -6,57 Poorly soluble
89af -6,63 Poorly soluble

89ag -5,99 Moderately soluble
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89ah -6,49 Poorly soluble
89ba -5,98 Moderately soluble
89bb -6,98 Poorly soluble
90 -7,20 Poorly soluble
91a -4,94 Soluble
91b -5,27 Moderately soluble
92 -4,60 Soluble
93a -4,79 Soluble
93b -5,13 Moderately soluble
94 -6,55 Poorly soluble
URB1483 -6,47 Poorly soluble

Unfortunately, most of the synthesised molecules were predicted to be poorly soluble
(Table 4.6); however, most of them had better log S values than URB1483. Both free
amines 89a and 89b have good solubility and biological results, suggesting that they

can be good candidates as antileishmanial drugs.

4.3.3. Design and synthesis of glycosylated derivatives

Glycosylated bisindoles emerged in recent years as a very versatile class of bioactive
compounds with broad pharmacological potential.32%% Glycosylation of the bisindole
skeleton should entail increases in solubility and selectivity. Alteration of the electronic
environment of the indole rings and the net polarity of the molecule by addition of sugar
residues onto bisindolic nitrogen atoms through B-N,N’ linkages has been shown to

influence their interaction with pathogenic process-involving enzymes and receptors.

In this structural family, the bisindole glycoconjugates have exhibited biological activity
in a range of disease contexts. In cancer models, these derivatives initiate cell-cycle
arrest and apoptosis via protein expression pathway modulation involving cellular
stress responses. The glycosylic substituents confer improved hydrogen-bonding

capacity and the capability to orient the indole moieties in an optimal manner within
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protein binding sites, generating higher docking scores and superior binding stability
compared to their non-glycosylated counterparts. In parallel, inclusion of carbohydrate
fragments decreases mammalian cell unspecific cytotoxicity, suggesting that

glycosylation is used for selective recognition and fewer off-target effects.3?

The same concept of molecules can be used for parasitic systems as well. Bisindoles
have been reported to inhibit essential enzymes in Leishmania, such as
topoisomerase 1B, which is crucial for DNA replication and the survival of parasites.
Novel analogues of bromo-substituted glycosylated DIMs have demonstrated lower
toxicity and higher solubility than non-glycosylated bisindoles, while maintaining their
activity (Figure 4.6). Glycosylation is biased towards water solubility and
biocompatibility, which is relevant for oral intake and in vivo stability, being key

limitations of traditional leishmanicidal compounds.5®

Non-glycoside Glycoside
IC59 =34.81 +1.59 uM ICsp = 27.91 +1.37 uM

Figure 4.6. Comparison between glycosylated and non-glycosylated bisindoles

Further diversification is also required since, even in the case of a successful N-linked
conjugation, functionalization of other indole ring positions could yield derivatives with
different characteristics and differing modes of enzyme interaction. Differences in
sugar variety could similarly influence recognition processes at the parasite-host
interface. The positive correlation between glycosylation and reduced cytotoxicity,
already observed in similar systems, also suggests that such modifications can

produce more potent and less toxic antileishmanial leads.

Therefore, the synthesis of different glycosylated bisindole derivatives was planned
(Scheme 4.6).
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Derivatives obtained from the direct coupling between free amine bisindoles 88 and
sugars were intended; however, although the formation of the product was observed,

their purification was not possible, probably due to their instability.

X EE N\ !
: NH, ¥ O-R
E e | 5
| : : ¥ N i
: R R 3 :
! 88 ¥ 91 !
i O« SUGAR !! / |
: NH ¥ Q  suGAR!
: )\)Lo :
. \ :
| " e ¥ I 100 |

Scheme 4.6. Glycosylated bisindoles synthesised

o OH
OH
H2N O O
Q O HO OO~ EpciLHOBL OH Q
l \ ¥ DMF N
,N N HO OH rt., o.n. H N N\R

R R OH O N

N

88a R = Me 101a-b R

R=H
88b 99aa R = Me from 99a (64%)

99ab R = Me from 99b (52%)
99ba R = H from 99a (51%)
99bb R = H from 99b (40%)

Scheme 4.7. Synthesis of amide glycosylated bisindoles 99.

For the synthesis of amidic glycosylated bisindoles, first the methylated oxidised

glucose and galactose 101a-b were synthesised and then coupled with the free
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bisindolic amines 88a-b (Scheme 4.7). This led to the obtention of compounds 99 with

moderate yields.

COOH
N EDCI, DMAP
. Ho “ReC DCM
O A\ O 50°C, o.n.
N

92 102a: Protected lactose
102b: Protected glucose 103a: from 102a (30%)
103b: from 102b (20%)

Scheme 4.8. Synthesis of ester glycosylated-protected bisindoles 102.

For the synthesis of the ester glycosylated bisindoles, first, the protection of sugars
was made in order to avoid undesired reactions with other hydroxylic groups of the
molecule. Protected glucose was commercially available, and protected lactose was
synthesised following reported procedures.®¢ Then, coupling with carboxylic acid 92
was made in order to obtain intermediates 103a-b (Scheme 4.8) that underwent an

acidic deprotection, leading to the desired final compounds 100a-b (Scheme 4.9).
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[HBF,-(Et,0))/H,O/ACN(dry) 1:5:500

DCM
30°C, 3 h

100a: from 103a (36%)
100b: from 103b (23%)

Scheme 4.9. Deprotection of ester glycosylated bisindoles to obtain final compounds
100a-b.

Unfortunately, yields are not high due to the difficulties found in the purification of these

molecules.

4.3.4. Biological evaluation of glycosylated derivatives

The six glycosylated bisindoles (99aa-99bb, 100a-b) and the two protected derivatives
(103a-b) were screened for their efficacy against L. infantum MHOM/TN/80/IPT1
promastigotes at a single dose of 20 uM for 72 h (Table 4.7).
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Table 4.7. Summary of glycosylated bisindole derivatives activity on L. infantum
promastigotes and THP-1 cells and its corresponding Sl. ICso values are reported as
mean (95% CI) from at least two experiments. Each experimental condition was
conducted at least in duplicate and miltefosine (MILT) was used as a positive control

Inhibition of L. L. infantum
Compound infantum at 20 MHOM/TN/80/IPT1
UM (%) ICs0 (MM) (95% CI)
MILT 96.7 % 3.6 (3.3-4.0)
99aa 15.6 % n.a.
99ab 13.6 % n.a.
99ba 6.5 % n.a.
99bb 3.1 % n.a.
100a 9.5 % n.a.
100b 9.4 % n.a.
103a 96.2 % 6.6 (6.2-7.0)
103b 61.2 % 21.0 (18.9-24.5)

At 20 uM screening concentration, amide-type glycosides (99) were weakly inhibitory,
with a parasite growth inhibition of not more than 15 %. None of them reached the 1Cso
determination threshold, indicating a weak antiparasitic activity in this subgroup. The
activity of this group was lower than the non-glycosilated analogues 89. Ester
glycosylated bisindoles (100a—b) also exhibited weak inhibition, again much lower

than the non-glycosilated ester analogues 91 (Figure 4.7).

On the other hand, the protected ester derivatives (103) showed considerably
enhanced leishmanicidal potency. Compound 103a showed 96.2 % inhibition at
20 uM and an ICso of 6.6 uM, which was near the potency of the standard drug
miltefosine. Compound 103b, although less potent, still showed good inhibition
(61.2 %) and a moderate ICso value. Toxicity should be studied in order to evaluate

the selectivity index of these molecules.
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Inhibition of L. infantum at 20 uM
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Figure 4.7. Inhibition of Leishmania infantum promastigotes at 20 f/M.

The increased activity could be a result of increased lipophilicity and membrane
permeability imparted by the acetyl protecting groups that could increase parasite

uptake or intracellular target interaction.

These results suggest that the glycosylation of the ethylene chain in the bisindole core

is not as beneficial as the reported substitution in the nitrogen of the imidazole ring.
4.3.4.1  In silico studies

Physicochemical, pharmacokinetic and drug-likeness properties of the synthesised
diindolylmethanes were calculated using the SwissADME web tool.>* As we can see
in Table 4.8, most of the synthesised molecules violated either Lipinsky’s or Veber’s

rule, suggesting that glycosylation may impair absorption.

The number of rotatable bonds (RTBs) ought to be below 10, since too much molecular
flexibility goes against a good binding affinity and bioavailability. All of the 99 and 100
compounds possess an RTB value of 7 to 10, but compound 103a is slightly worse
(RTB = 14), suggesting compromised conformational stability and possibly reduced

permeability through membranes.

The amide glycosylated bisindoles (99) have favourable TPSA values ranging

between 118 and 140 A2 in accord with favourable predicted permeability. Compounds
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100a (205 A?) and 103a (148.7 A?), by contrast, have TPSA values outside this

threshold, in accord with their predicted poor gastrointestinal (Gl) absorption.

In agreement with these structural expectations, Gl absorption was expected to be
high for all compounds except for 100a and 103a, which were predicted to be low in
absorption due to their higher polarity and bulkiness. These compounds are not
expected to cross the blood—brain barrier (BBB) according to their polar and bulky

glycosylated character.

Table 4.8. Physicochemical, pharmacokinetic and drug-likeness properties of
bisindole derivatives (99,100,103).

Cmpd (g|>nn\1ncl>l) logP HBD HBA RTB T(Izg)A Abscfi“:)tion Perzzztion
[\’,ZT::: <500 <5 <5 <10 <10 <140
99aa 493.55 1.46 4 6 7 118.11 High no
99ab  493.55 1.38 4 6 7 118.11 High no
99ba 465.50 1.32 6 6 7 139.83 High no
99bb  465.50 1.26 6 6 7 139.83 High no
100a 656.68 -0.20 7 12 10 205.46 Low no
100b 49454 1.20 4 7 7 126.31 High no
103a 82294 3.90 1 13 14 148.69 Low no
103b 534.60 3.02 2 7 8 104.31 High no

Overall, the amide glycosylated bisindoles (99) best fulfill the classical drug-likeness
criteria, with moderate lipophilicity, limited molecular flexibility, and optimal TPSA
values favouring high Gl absorption. By contrast, the ester glycosylated bisindoles
(100) and their protected analogues (103), with improved antileishmanial activity, have
suboptimal pharmacokinetic properties, emphasising the need for balance between

biological activity and physicochemical characteristics in future optimisation.

As shown in Table 4.9, most of the glycosylated bisindoles have good predicted

solubility, except the acetylated analogues (103).
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Table 4.9. Water solubility of derivatives 99,100 and 103 calculated in SwissADME.
LogS in the table is the average value of logS calculated using three different

methods.
Compound logS Solubility

Desired Value 0>log S>-2
99aa -3,94 Soluble
99ab -3,94 Soluble
99ba -4,40 Soluble
99bb -4,40 Soluble
100a -2,48 Soluble
100b -3,48 Soluble
103a -6,68 Poorly soluble
103b -5,09 Moderately soluble

Unfortunately, the compound that was found most active in the biological activity tests

(103a) was the least soluble of the series.
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4.4. EXPERIMENTAL SECTION

4.4.1. Synthesis of trifluoroacetamide-bisindoles (95a-b)

OYCFs

O NH
O . oKy _2F
+ - N~ CF
N WAH CFs ACN O O
R O 80°C, 24 h | \
N N

R =Me, H = R

95a R = Me
95bR=H

General procedure for the synthesis of trifluoroacetamide-bisindoles (95a-b)
GP9

According to the literature procedure,%” diphenyl phosphate (0.1 equiv.) was added to
a solution of the appropriate indole derivative (2 equiv.) and (trifluoroacetylamino)-
acetaldehyde dimethyl acetal (1 equiv., 1 M) in anhydrous acetonitrile, and the
resulting mixture was stirred at 80 °C for 12-48 h in a sealed tube, monitoring the
progress of the reaction by TLC. After cooling to room temperature, saturated aqueous
NaHCOs and DCM were added, and the two phases were separated. The aqueous
solution was extracted with DCM (3 x 20 mL). After drying over Na2SQa4, the combined
organic phases were concentrated in vacuo. The resulting crude product 95 was

purified, when needed, by using column flash chromatography on silica gel.
N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-2,2,2-trifluoroacetamide (95a):
OYCFS According to GP9 1-methyl-1H-indole (492 mg, 3.75 mmol,
NH 2 equiv.), N-(2,2-dimethoxyethyl)-2,2,2-trifluoroacetamide
(377 mg, 1.86 mmol, 1 equiv.), diphenyl phosphate (47 mg,
NI \N 0.199 mmol, 0.1 equiv.) in ACN (3.8 mL) provided, after
/ \
cyclohexane/ethyl acetate (85:15) column chromatography,

the desired compound 95a (612 mg, yield 88 %) as a white powder.

The physicochemical data are consistent with those reported in the literature. 57
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'H NMR (400 MHz, CDCls, 25 °C): & = 7.61 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.33 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.5 Hz), 7.25 (ddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz,
Js = 8.5 Hz), 7.09 (ddd, 2H, 1 = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.89 (br s, 2H), 6.40
(br's, TH), 4.79 (dd, 1H, 1 = J2 = 7.0 Hz), 4.12 (dd, 2H, J1 = J2 = 7.0 Hz), 3.75 (s, 6H).

N-(2,2-di(1H-indol-3-yl)ethyl)-2,2,2-trifluoroacetamide (95b):

OYCF3 According to GP9 1H-indole (400 mg, 4.26 mmol, 2 equiv.), N-

NH (2,2-dimethoxyethyl)-2,2,2-trifluoroacetamide (428 mg,

2.13 mmol, 1 equiv.), diphenyl phosphate (53 mg, 0.21 mmol,
HN I | NH 0.1 equiv.) in ACN (2.1 mL) provided, after cyclohexane/ethyl
acetate (85:15) column chromatography, the desired compound 95b (609 mg, yield

77 %) as a white powder.
The physicochemical data are consistent with those reported in the literature.57-58

'H NMR (400 MHz, CDCls, 25 °C): & = 8.05 (br s, 2H), 7.59 (dddd, 2H, Ji = J» = Js=
1.0 Hz, Js= 8.0 Hz), 7.38 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.21 (ddd, 2H, Ji =
1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 7.09 (ddd, 2H, Ji = 1.0 Hz, Jo = 7.0 Hz, J5 = 8.0 Hz),
7.02 (dd, 2H, Ji = 1.0 Hz, Jo = 2.5 Hz), 6.40 (br s, 1H), 4.81 (tt, J= 7.0, 0.9 Hz, 1H),
4.15 (dd, 2H, Ji = J» = 7.0 Hz).

4.4.1.1  Synthesis of free amines-bisindoles (88a-b)

OYCF:;

NH NH,
LD mmen OG0
| \ MeOH/H,0 (14:1) | \

N N reflux, 2 h /N N\
R R R R
95a R = Me 88a R = Me
95bR=H 88b R=H

General procedure for the synthesis of free amine-bisindoles (5a-b) GP10

According to the literature procedure,’” trifluoroacetamide derivative 95 (1 equiv.,
0.1 M) and potassium carbonate (5 equiv.) in MeOH/H20 (14:1) were stirred while

refluxed for 2-3 h. Methanol was removed under reduced pressure after completion of
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the reaction and water was added. The aqueous solution was extracted with DCM
(3 x20 mL), the combined organic phases were dried over Na2SOs, filtered, and
concentrated in vacuo. When needed, the crude material was purified by flash

chromatography on silica gel.

2,2-bis(1-methyl-1H-indoxI-3-yl)ethan-1-amine (88a):

NH, According to GP10, N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-
O O 2,2,2-trifluoroacetamide 95a (569 mg, 1.42 mmol, 1 equiv.),
/N I \ N\ K2COs (984 mg, 7.12 mmol, 5 equiv.) in MeOH (13 mL) and

H20 (0.9 mL) provided, after DCM/MeOH (95:5) with 1 % of
ammonia column chromatography, the desired compound 88a (420 mg, yield 97 %)

as a white foam.
The physicochemical data are consistent with those reported in the literature.>8

'H NMR (400 MHz, CDCls, 25 °C): & = 7.65 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.28 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.5 Hz), 7.21 (ddd, 2H, J1 = 1.0 Hz, J» = 7.0 Hz,
Js = 8.5 Hz), 7.07 (ddd, 2H, J1 = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.90 (br s, 2H), 4.56
(dd, 1H, 1 = J» = 7.0 Hz), 3.68 (s, 6H), 3.44 (d, 2H, J1 = 7.0 Hz).

2,2-di(1H-indol-3-yl)ethan-1-amine (88b):

NH, According to GP10, N-(2,2-di(1H-indol-3-yl)ethyl)-2,2,2-
trifluoroacetamide 95b (390 mg, 1.05 mmol, 1 equiv.), K2CO3
HN | \ NH (726 mg, 5.25 mmol, 5 equiv.) in MeOH (9.6 mL) and H20

(0.7 mL) provided, after DCM/MeOH (9:1) with 1% of ammonia column
chromatography, the desired compound 88b (269.8 mg, yield 93.3 %) as a white foam.

The physicochemical data are consistent with those reported in the literature.>8

H NMR (400 MHz, DMSO-ds, 25 °C): & = 10.80 (br s, 2H), 7.49 (d, 2H, J1 = 8.0 Hz),
7.30 (d, 2H, J1 = 8.0 Hz), 7.22 (d, 2H, J = 2.5 Hz), 7.00 (dd, 2H, J = J» = 8.0 Hz), 6.87
(dd, 2H, J1i = Jo = 8.0 Hz), 4.41 (dd,1H, Ji = Jo = 7.0 Hz), 3.31 (br s, 2H), 3.28 (d, 2H,
J1 =7.0 Hz).
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4.4.2. Synthesis of amidic-bisindoles (89aa-ah, 89ba-bb)

O R’
Y

NH, NH
ot
N N rt, 12h N N

R R R R
88a R = Me 96a R' = i-Pr 89aa R = Me R' = i-Pr
- 96b R' = Ph 89ab R = Me R' = Ph

96c R' = 4F-Ph 89ac R = Me R' = 4F-Ph
96d R' = 4CI-Ph 89ad R = Me R' = 4CI-Ph
96e R' = 4NO,-Ph 89ae R = Me R' = 4NO,-Ph
96f R' = 4MeO-Ph 89af R = Me R' = 4MeO-Ph
96g R' = Furane 89ag R = Me R' = Furane
96h R' = Tiophene 89ah R = Me R' = Tiophene

89ba R =HR' =i-Pr

89bb R=HR'=Ph
General procedure for the synthesis of amide-bisindoles (89aa-ah, 89ba-bb)
GP11

According to the literature procedure,®® to a solution of the corresponding 2,2-bis(indol-
3-yl)ethan-1-amine 88 (1 equiv., 0.075 M) and the corresponding acid 96 (1.05 equiv.)
in DCM, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (1.5 equiv.) was
added at 0°C. The reaction was then stirred at room temperature. After 12 h, the
solution was quenched with sat. NH4Cl aqg. The resulting mixture was extracted with
DCM (3 x 20 mL). The combined organic layers were dried over anhydrous Na2S0a4,
filtered, and concentrated in vacuo. The crude residue was purified by column

chromatography on silica gel.
N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)isobutyramide (89aa):

I According to GP11, bisindole 88a (80 mg, 0.26 mmol, 1 equiv.),

[ isobutyric acid (25.8 uL, 0.28 mmol, 1.05equiv.) and EDCI
(75.8 mg, 0.40 mmol, 1.5 equiv.) in DCM (3.5 mL) provided, after
purification by column chromatography using cyclohexane/ethyl
acetate (7:3), the desired compound 89aa (82.4 mg, yield 84 %)

as a white solid.
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Rt = 0.41 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.65 (ddd, 2H, J = Jo = 1.0 Hz, Js = 8.0 Hz),
7.30 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.22 (ddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.07 (ddd, 2H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.87 (s, 2H), 5.54
(brt, 1H), 4.73 (dd, 1H, 1 = Jo = 7.0 Hz), 4.01 (dd, 2H, J1 = 6.0 Hz, J» = 7.0 Hz), 3.73
(s, 6H), 2.18 (hept, 1H, J = 7.0 Hz), 1.05 (d, 6H, J = 7.0 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 177.1, 137.5, 127.5, 127.0, 121.8, 119.9,
119.1, 115.8, 109.4, 44.0, 35.8, 34.5, 32.9, 19.7.

HRMS (ESI-Orbitrap, m/z): calcd for C24H27N30 [M + Na]* 396.2052; found 396.2047.
N-(2,2-bis(1-methyl-1 H-indol-3-yl)ethyl)benzamide (89ab):

According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
benzoic acid (21 mg, 0.17 mmol, 1.05 equiv.) and EDCI (47.4 mg,
0.25 mmol, 1.5equiv.) in DCM (2.1 mL) provided, after
purification by column chromatography using cyclohexane/ethyl

acetate (6:4), the desired compound 89ab (65 mg, yield 97 %) as

a white foam.
Rt = 0.62 (1:1 cyclohexane/ethyl acetate)

1H NMR (400 MHz, CDCls, 25 °C): & = 7.68 (ddd, 2H, Ji1 = J» = 1.0 Hz, Js = 8.0 Hz),
7.58 (ddd, 2H, Ji1 = Jo = 1.5 Hz, J3 = 7.5 Hz), 7.43 (dddd, 1H, Ji = Jo = 1.5 Hz, Js = J
= 7.5 Hz), 7.36 — 7.30 (m, 4H), 7.23 (ddd, 2H, J1 = 1.0 Hz, J2 = 7.0 Hz, Js = 8.0 Hz),
7.08 (ddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.93 (s, 2H), 6.26 (brt, 1H, J =
5.5 Hz), 4.86 (dd, 1H, Ji = J2 = 7.0 Hz), 4.23 (dd, 2H, Ji = 5.5 Hz, J» = 7.0 Hz), 3.74
(s, 6H).

3C NMR (101 MHz, CDCls, 25 °C): & = 167.6, 137.5, 134.9, 131.4, 128.6, 127.5,
127.04, 126.99, 121.9, 119.9, 119.1, 115.7, 109.5, 44.7, 34.4, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C27H2sN30 [M + Na]* 430.1895; found 430.1873.
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N-(2,2-bis(1-methyl-1 H-indol-3-yl)ethyl)-4-fluorobenzamide (89ac):

F According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
4-fluorobenzoic acid (24 mg, 0.17 mmol, 1.05 equiv.) and EDCI
(47.4 mg, 0.25 mmol, 1.5 equiv.) in DCM (2.1 mL) provided, after
purification by column chromatography using cyclohexane/ethyl
acetate (8:2), the desired compound 89ac (69.1 mg, yield 99 %)

as a white foam.

Rt =0.71 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.68 (dd, Ji = 1.5 Hz, J» = 8.0 Hz), 7.62-7.56
(m, 2H), 7.33 (d, 2H, J = 8.0 Hz, 2H), 7.28-7.22 (m, 2H), 7.09 (ddd, 2H, J = 1.0 Hz, J
= 7.0 Hz, Js = 8.0 Hz), 7.04 — 6.98 (m, 2H), 6.94 (s, 2H), 6.32-6.21 (m, 1H), 4.91-4.83
(m, 1H), 4.25-4.19 (m, 2H), 3.74 (s, 6H).

13C NMR (101 MHz, CDCls, 25 °C): & = 166.5, 164.7 (d, 1C, Joa-r = 252 Hz, C4), 137.5,
131.0 (d, 1C, Je1.F = 3.5 Hz, C1), 129.3 (d, 1C, Jco-F = 9.0 Hz, C2), 127.4, 126.9, 121.9,
119.8, 119.1, 115.6, 115.5 (d, 1C, Jca-r = 24.5 Hz, C3), 109.5, 44.9, 34.3, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C27H24FNsO [M + Na]* 448.1801; found
448.1792.

N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-4-chlorobenzamide (89ad):

Cl According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
4-chlorobenzoic acid (27.1 mg, 0.17 mmol, 1.05 equiv.) and EDCI
(47.4 mg, 0.25 mmol, 1.5 equiv.) in DCM (2.1 mL) provided, after
purification by column chromatography using cyclohexane/ethyl
acetate (8:2), the desired compound 89ad (61.4 mg, yield 84 %)

as needle crystals.

Rt = 0.68 (1:1 cyclohexane/ethyl acetate)

1H NMR (400 MHz, CDCls, 25 °C): & = 7.67 (ddd, 2H, Ji = J» = 1.0 Hz, Js = 8.0 Hz),
7.53 — 7.48 (m, 2H), 7.33 — 7.29 (m, 4H), 7.24 (ddd, 2H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js =
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8.0 Hz), 7.08 (ddd, 2H, Ji = 1.0 Hz, J2 = 7.0 Hz, Js = 8.0 Hz), 6.92 (br s, 2H), 6.21 (br
t, 1H, J = 5.5 Hz), 4.85 (dd, 1H, Ji = Jo = 7.0 Hz), 4.21 (dd, 2H, Ji = 5.5 Hz, Jo = 7.0
Hz), 3.74 (s, 6H).

3C NMR (101 MHz, CDCls, 25 °C): & = 166.5, 137.6, 137.5, 133.2, 128.8, 128.5,
127.4,126.9, 122.0, 119.8, 119.2, 115.6, 109.5, 44.9, 34.3, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C27H24CIN3O [M + Na]* 464.1506; found
464.1499.

N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-4-nitrobenzamide (89ae):

NO, According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
4-nitrobenzoic acid (28.9 mg, 0.17 mmol, 1.05 equiv.) and EDCI
(47.4 mg, 0.25 mmol, 1.5 equiv.) in DCM (2.1 mL) provided, after
purification by column chromatography using cyclohexane/ethyl
acetate (7:3), the desired compound 89ae (68 mg, yield 91 %) as

a yellow foam.

Rt = 0.62 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 8.20 — 8.14 (m, 2H), 7.73 — 7.68 (m, 2H), 7.66
(ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz), 7.33 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.25 (ddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 7.09 (ddd, 2H, Ji = 1.0 Hz, Je =
7.0 Hz, Js = 8.0 Hz), 6.94 (br s, 2H), 6.33 (brt, 1H, J = 6.0 Hz), 4.88 (dd, 1H, J1 = Jo =
7.5 Hz), 4.23 (dd, 2H, J1 = 6.0 Hz, J» = 7.5 Hz), 3.75 (s, 6H).

3C NMR (101 MHz, CDCls, 25 °C): & = 165.5, 149.6, 140.4, 137.5, 128.2, 127.4,
126.9, 123.8, 122.1, 119.7, 119.3, 115.4, 109.6, 45.2, 34.2, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C27H24N4Os [M + Na]* 475.1746; found 475.1738.
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N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-4-methoxybenzamide (89af):

~o According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
4-methoxybenzoic acid (26.3 mg, 0.17 mmol, 1.05 equiv.) and
EDCI (47.4 mg, 0.25 mmol, 1.5 equiv.) in DCM (2.1 mL) provided,
after  purification by column  chromatography  using
cyclohexane/ethyl acetate (6:4), the desired compound 89af

(72 mgq, yield > 99 %) as a white solid.

Rt = 0.42 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.68 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.58 —7.52 (m, 2H), 7.32 (ddd, 2H, Ji = J» = 1.0 Hz, Js = 8.0 Hz), 7.24 (ddd, 2H, Ji =
1.0 Hz, J2 = 7.0 Hz, J5 = 8.0 Hz), 7.08 (ddd, 2H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz),
6.93 (br s, 2H), 6.85 - 6.81 (m, 2H), 6.20 (br t, 1H, J = 6.0 Hz), 4.85 (dd, 1H, J1 = Jo =
7.0 Hz), 4.21 (dd, 2H, Ji = 6.0 Hz, J2 = 7.0 Hz), 3.81 (s, 3H), 3.73 (s, 6H).

3C NMR (101 MHz, CDCls, 25 °C): & = 167.1, 162.1, 137.5, 128.8, 127.5, 127.1,
127.0,121.9, 119.9, 119.1, 115.8, 113.7, 109.4, 55.5, 44.7, 34.4, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH27N3O2 [M + Na]* 460.2001; found 460.1979.
N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)furan-2-carboxamide (89ag):

According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
furan-2-carboxylic acid (19.4 mg, 0.17 mmol, 1.05 equiv.) and
EDCI (47.4 mg, 0.25 mmol, 1.5 equiv.) in DCM (2.1 mL) provided,
after  purification by column  chromatography  using
cyclohexane/ethyl acetate (6:4), the desired compound 89ag
(65.1 mg, yield 99 %) as a white solid.

Rt = 0.46 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.68 (ddd, 2H, Ji = J» = 1.0 Hz, J = 8.0 Hz),
7.33 — 7.29 (m, 3H), 7.23 (ddd, 2H, Ji = 1.0 Hz, J2 = 7.0 Hz, Js = 8.0 Hz), 7.09 — 7.07
(m, 1H), 7.07 (ddd, 2H, Jt = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.92 (br s, 2H), 6.52 (br
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t, 1H, J = 6.0 Hz), 6.44 (dd, 1H, Ji = 2.0 Hz, J» = 3.5 Hz), 4.83 (dd, 1H, Ji = J» = 7.0
Hz), 4.19 (dd, 2H, Ji = 6.0 Hz, Jo = 7.0 Hz), 3.74 (s, 6H).

3C NMR (101 MHz, CDCls, 25 °C): & = 158.6, 148.3, 143.8, 137.5, 127.4, 127.0,
121.8,119.9, 119.1, 115.6, 114.1, 112.1, 109.4, 43.7, 34.6, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH2sN302 [M + Na]* 420.1688; found 420.1683.
N-(2,2-bis(1-methyl-1 H-indol-3-yl)ethyl)thiophene-2-carboxamide (89ah):

According to GP11, bisindole 88a (50 mg, 0.16 mmol, 1 equiv.),
thiophene-2-carboxylic acid (22.2 mg, 0.17 mmol, 1.05 equiv.)
and EDCI (47.4 mg, 0.25 mmol, 1.5 equiv.) in DCM (2.1 mL)
provided, after purification by column chromatography using
cyclohexane/ethyl acetate (7:3), the desired compound 89ah
(67.8 mg, yield 99.5 %) as a white solid.

Rt =0.71 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): = 7.67 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.41 (dd, 1H, Ji1 = 1.0 Hz, J» = 5.0 Hz), 7.32 (ddd, 2H, Ji = J» = 1.0 Hz, Js = 8.0 Hz),
7.24 (ddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 7.21 (dd, 1H, J1 = 1.0 Hz, J2 =
3.5 Hz), 7.08 (ddd, 2H, Ji = 1.0 Hz, J2 = 7.0 Hz, Js = 8.0 Hz), 6.98 (dd, 1H, Ji = 3.5
Hz, J» = 5.0 Hz), 6.93 (br s, 1H), 6.13 (br t, 1H, J= 6.0 Hz), 4.84 (dd, 1H, J1 = J2 = 7.0
Hz), 4.19 (dd, 2H, Ji = 6.0 Hz, J» = 7.0 Hz), 3.74 (s, 6H).

3C NMR (101 MHz, CDCls, 25 °C): & = 162.0, 139.4, 137.5, 129.8, 127.9, 127.6,
127.4,127.0, 121.9, 119.9, 119.1, 115.6, 109.5, 44.7, 34.5, 32.9.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH2sNsOS [M + Na]* 448.1801; found
448.1792.
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N-(2,2-di(1 H-indol-3-yl)ethyl)isobutyramide (89ba):

I According to GP11, bisindole 88b (80 mg, 0.29 mmol, 1 equiv.),
0~ "NH i NH isobutyric acid (28.4 pL, 0.31 mmol, 1.05equiv.) and EDCI
(83.5 mg, 0.44 mmol, 1.5 equiv.) in DCM (3.9 mL) provided, after

X purification by column chromatography using cyclohexane/ethyl

Q NH acetate (25:75), the desired compound 89ba (71.6 mg, yield

71.4 %) as a light orange powder.
Rt = 0.34 (1:1 cyclohexane/ethyl acetate)

'H NMR (400 MHz, CDCls, 25 °C): & = 8.08 (br s, 2H), 7.63 (dddd, 2H, Ji = Jo = Js=
1.0 Hz, Ja= 8.0 Hz), 7.37 (ddd, 2H, Ji = J» = 1.0 Hz, Js = 8.0 Hz), 7.18 (ddd, 2H, Ji =
1.0 Hz, J2 = 7.0 Hz, J5 = 8.0 Hz), 7.06 (ddd, 2H, J1 = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz),
7.01 (dd, 2H, 1 = 0.5 Hz, J» = 2.5 Hz), 5.56 (br t, 1H, Ji = 6.0 Hz), 4.75 (dd, 1H, Ji ~
Jo = 7.0 Hz), 4.05 (dd, 2H, i = 6.0 Hz, J» = 7.0 Hz), 2.19 (hept, 1H , J = 7.0 Hz), 1.05
(d, 6H, J = 7.0 Hz).

13C NMR (101 MHz, CDCls, 25 °C): 8 =177.2, 136.8, 127.0, 122.3 (2C), 119.8, 119.6,
117.1,111.3, 43.6, 35.8, 34.6, 19.7.

HRMS (ESI-Orbitrap, m/z): calcd for C22H2sN30 [M + Na]* 368.1739; found 368.1725.
N-(2,2-di(1 H-indol-3-yl)ethyl)benzamide (89bb):

According to GP11, bisindole 88b (50 mg, 0.18 mmol, 1 equiv.),

benzoic acid (23 mg, 0.19 mmol, 1.05 equiv.) and EDCI (52.2 mg,

O™ NH NH 0.27 mmol, 1.5equiv.) in DCM (2.4mL) provided, after
/ O purification by column chromatography using cyclohexane/ethyl

N acetate (3:7), the desired compound 89bb (65.9 mg, yield 96 %)
O NH as a white foam.

Rt = 0.49 (1:1 cyclohexane/ethyl acetate)

The physicochemical data are consistent with those reported in the literature.°
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"H NMR (400 MHz, DMSO-ds, 25 °C): & = 10.78 (br d, 2H, J= 2.5 Hz), 8.53 (t, 1H, J
=5.5Hz),7.78 -7.71 (m, 2H), 7.53 (d, 2H, J= 8.0 Hz), 7.47 (dddd, 1H, Ji= =15
Hz, Js = Js = 7.5 Hz), 7.43 — 7.36 (m, 2H), 7.30 (d, 2H, J = 8.0 Hz), 7.22 (br d, 2H, J;
=2.5Hz), 7.01 (ddd, 2H, J1 =1.0 Hz, J-=7.0 Hz, Js = 8.0 Hz), 6.87 (ddd, 2H, J1 =1.0
Hz, J2=7.0 Hz, J3=8.0 Hz), 4.88 (dd, 1H, Ji = J» = 7.5 Hz), 3.99 (dd, 2H, Ji = 5.5 Hz,
Jo=7.5 Hz).

13C NMR (101 MHz, DMSO-ds, 25 °C): & = 166.8, 136.9, 135.2, 131.4, 128.6, 127.6,
127.4,122.8, 121.2, 119.4, 118.5, 116.9, 111.8, 44.9, 34.0.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH21NsO [M + Na]* 402.1582; found 402.1564.

4.4.3. Synthesis of substituted amine-bisindole (90)

NH, NH
LD h = QD
+
I \ H)K©\ MeOH | \
N N Cl rt., 4 h N N
/ \ / \
88a 90

N-(4-chlorobenzyl)-2,2-bis(1-methyl-1 H-indol-3-yl)ethan-1-amine (90):

Cl According to a modification of a synthesis reported in the

K©/ literature,®! the amine 88a (60 mg, 0.2 mmol, 1 equiv.) and

NH 4-chlorobenzaldehyde (28 mg, 0.2 mmol, 1 equiv.) were

stirred in 0.3 mL of MeOH for 2 h. After this time, the mixture
N I \ N was cooled to 0°C and NaBH4 (11 mg, 0.3 mmol, 1.5 equiv.)

/ ' was added portion-wise. The mixture was then stirred at
room temperature until the disappearance of the starting material (TLC check). The
reaction was stopped, AcOH (0.1 mL) was added and the crude was evaporated under
reduced pressure. The resulting slurry was dissolved in H20 and extracted with DCM

(6 x2mL). The combined organic phases were dried over anhydrous sodium

sulphate, and the solvent was removed under reduced pressure to leave the crude
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product, which was purified by chromatography over silica gel to obtain the desired
product 90 (46 mg, 53 % yield).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.59 (ddd, 2H, J = Jo = 1.0 Hz, Js = 8.0 Hz),
7.28 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz), 7.24 — 7.18 (m, 4H), 7.17 — 7.12 (m, 2H),
7.05 (ddd, 2H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.85 (br s, 2H), 4.82 (dd, 1H, J1
~ Jo = 7.0 Hz), 3.80 (s, 2H), 3.70 (s, 6H), 3.36 (d, 2H, J = 7.0 Hz).

3C NMR (101 MHz, CDCls, 25 °C): & = 139.1, 137.4, 132.5, 129.6, 128.5, 127.5,
126.9, 121.7, 119.8, 118.8, 116.6, 109.3, 53.8, 53.2, 34.5, 32.8.

4.4.4. Synthesis of ester and carboxylic acid bisindoles

(91a-b,92)
©\/\> 0 SDS
+ R
N % 0’ H,0
70°C, 48 h
97a R = Me
97b R = Et
91a R =Me
91b R = Et

General procedure for the synthesis of 3,3-bis(-indol-3-yl)propanoates (91a-b)
GP12

According to a modification of a synthesis reported in the literature,®® sodium
dodecylsulfate (0.1 equiv.), 1-methyl-1H-indole (1 equiv.), and water (c =0.04 M)
were stirred vigorously for 10 minutes, then the corresponding propiolate (1.2 equiv.)
was added dropwise. The mixture was stirred at 70°C for 48 hours. After this time, a
small amount of sodium chloride was introduced, and the reaction mixture was
extracted with ethyl acetate. The combined organic phases were dried over anhydrous
sodium sulphate, and the solvent was removed under reduced pressure to leave the

crude product, which was purified by chromatography over silica gel.
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Methyl 2,2-bis(1-methyl-1H-indol-3-yl)acetate (91a):

According to GP12, sodium dodecylsulphate (58 mg, 0.2 mmol,
COOMe ¢ 4 equiv.), 1-methyl-1H-indole (262 pL, 2 mmol, 1 equiv) and
methyl propiolate (214 uL, 2.4 mmol, 1.2 equiv) in water

(50 mL) provided, after purification by column chromatography
using cyclohexane/ethyl acetate (9:1), the desired compound 91a (176 mg, yield

51 %) as a light beige powder.
The physicochemical data are consistent with those reported in the literature.5?

H NMR (400 MHz, CDCls) & 7.61 (dt, J = 8.0, 1.0 Hz, 2H), 7.29 (t dt, J = 8.0, 1.0 Hz,
2H), 7.21 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 7.06 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 6.87 (s,
2H), 5.12 (tt, J= 7.5, 1.0 Hz, 1H), 3.72 (s, 6H), 3.59 (s, 3H), 3.19 (d, J = 7.5 Hz, 2H).

Ethyl 2,2-bis(1-methyl-1H-indol-3-yl)acetate (91b):

According to GP12, sodium dodecylsulphate (116 mg,

COOE 0.4 mmol, 0.1 equiv.), 1-methyl-1H-indole (524 uL, 4 mmol,

1 equiv) and methyl propiolate (588 L, 4.8 mmol, 1.2 equiv) in

water (100 mL) provided, after purification by column
chromatography using cyclohexane/ethyl acetate (95:5), the desired compound 91b

(388 mg, yield 54 %) as a white powder.
The physicochemical data are consistent with those reported in the literature.5?

"H NMR (400 MHz, CDCls, 25 °C): & =7.62 (dt, J = 8.0, 1.0 Hz, 2H), 7.28 (dt, J = 8.0,
1.0 Hz, 2H), 7.23 — 7.17 (m, 2H), 7.05 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 6.88 (s, 2H),
5.12 (it, J= 7.5, 1.0 Hz, 1H), 4.04 (q, J = 7.0 Hz, 2H), 3.71 (s, 6H), 3.17 (d, J= 7.5 Hz,
2H), 1.11 (t, J = 7.0 Hz, 3H).
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COOEt NaOH

MeOH/H,0 (1:1)
N reflux, 2 h

91b 94
3,3-bis(1-methyl-1H-indol-3-yl)propanoic acid (92):

According to a procedure reported in the literature,® ethyl 2,2-
COOH  his(1-methyl-1H-indol-3-yl)acetate 91b (830 mg, 2.3 mmol,
1 equiv.) was dissolved in a 1:1 mix of MeOH/H20
A (c =0.0625 M). Then NaOH (461 mg, 11.5 mmol, 5 equiv.) was

added and the mixture was stirred under reflux for 2 h. After the time had elapsed, the

reaction was cooled to room temperature, quenched with 45 mL of water and acidified
to pH 3 with 2M aqueous HCI. The mixture was then extracted with EtOAc
(3x40mL). The combined organic phases were dried over anhydrous sodium
sulphate, and the solvent was removed under reduced pressure to leave the crude
product, which was purified by column chromatography DCM/MeOH (95:5) with 1 %
of acetic acid to give the desired product 92 (605 mg, yield 83 %) as a white solid.

The physicochemical data are consistent with those reported in the literature.3

1H NMR (400 MHz, DMSO-ds, 25 °C): & = 7.49 (dt, J = 8.0, 1.1 Hz, 2H), 7.33 (dt, J =
8.0, 1.0 Hz, 2H), 7.21 (s, 2H), 7.07 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 6.92 (ddd, J = 8.0,
7.0, 1.0 Hz, 2H), 4.88 (tt, J = 7.5, 1.0 Hz, 1H), 3.07 (d, J = 7.5 Hz, 2H).

4.4.5. Synthesis of mono and di-substituted bisindoles
(93a-b,94)

\ OJ\ NH p-TSA
©\/N> s
MW

\ 0. 110°C, 1 h 45 min

98aR=H 93aR=H
98b R = Me 93b R =Me
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Methyl 2-acetamidoacrylate (98b):

J\ According to a described procedure,®* to a solution of 2-acetamidoacrylic
0~ NH o acid (258 mg, 2 mmol, 1 equiv.) in MeOH (4.76 mL, 0.42 M), Cs2COs

(326 mg, 1 mmol, 0.5 equiv.) was added and the mixture was stirred at

room temperature for one hour. The solution was then evaporated under
reduced pressure until dry. The crude was dissolved in DMF (7.14 mL, 0.28 M), and
iodomethane (0.311 mL, 5 mmol, 2.5 equiv.) was added dropwise. After 2 hours, the
reaction was stopped, and the mixture was concentrated to dryness. The desired
product was obtained after cyclohexane/ethyl acetate (7:3) column chromatography

(196 mg, 69 %) as white needles.
The physicochemical data are consistent with those reported in the literature. 64

1H NMR (400 MHz, CDCls, 25 °C): & = 7.71 (br s, 1H), 6.60 (s, 1H), 5.88 (d, 1H, J =
1.5 Hz), 3.85 (s, 3H), 2.13 (s, 3H).

2,2-bis(1-methyl-1H-indol-3-yl)propanoic acid (93a):

According to a described procedure,>' a solution of 1-methyl-1H-
indole (261 uL, 2 mmol, 2 equiv.), 2-acetamidoacrylic acid (12 mg,

1 mmol, 1 equiv.) and p-toluenesulfonic acid (9 mg, 0.05 mmol,
AN

0.05 equiv.) in acetonitrile (5 mL, 0.2 M) was charged in a Pyrex
microwave vial and the resulting mixture was stirred in a microwave reactor at 110°C
(300 W) for 1.75 h. After cooling to room temperature, water (15 mL) was added, and
the aqueous phase was extracted with ethyl acetate (5x 20 mL). The combined
organic phases were dried over anhydrous sodium sulphate and the solvent was
removed under reduced pressure. The desired product 93a was obtained after
cyclohexane/ethyl acetate (8:2) column chromatography (81 mg, 24 %) as a light

brown powder.
The physicochemical data are consistent with those reported in the literature. 6°

1H NMR (400 MHz, CDCls, 25 °C): & = 7.52 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz),
7.31 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.20 (ddd, 2H, J = 1.0 Hz, J2 = 7.0 Hz,
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Js = 8.0 Hz), 7.01 (ddd, 2H, 1 = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.91 (s, 2H), 3.73
(s, H), 2.15 (s, 3H).

Methyl 2,2-bis(1-methyl-1H-indol-3-yl)propanoate(93b):

According to a described procedure,' a solution of 1-methyl-1H-
indole (153 pL, 1.2 mmol, 2 equiv.), methyl 2-acetamidoacrylate

(85 mg, 0.6 mmol, 1 equiv.) and p-toluenesulfonic acid (5 mg,

0.03 mmol, 0.05 equiv.) in acetonitrile (3 mL, 0.2 M) was charged
in a Pyrex microwave vial and the resulting mixture was stirred in a microwave reactor
at 110 °C (300 W) for 1.75 h. After cooling to room temperature, water (9 mL) was
added, and the aqueous phase was extracted with ethyl acetate (3 x 15 mL). The
combined organic phases were dried over anhydrous sodium sulphate and the solvent
was removed under reduced pressure. The desired product 93b was obtained after
cyclohexane/ethyl acetate (9:1) column chromatography (175 mg, 85 %) as a white

foam.
The physicochemical data are consistent with those reported in the literature. 5°

'H NMR (400 MHz, CDCls, 25 °C): & = 7.52 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.31 (ddd, 2H, Ji = J2 = 1.0 Hz, Js = 8.0 Hz), 7.20 (ddd, 2H, J+ = 1.0 Hz, J» = 7.0 Hz,
Js = 8.0 Hz), 7.02 (ddd, 2H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.84 (s, 2H), 3.72
(s, 6H), 3.67 (s, 3H), 2.12 (s, 3H).

(@]
@ | NBS
N Tt r.t., 30 min
\
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3,3'-(Phenylmethylene)bis(1-methyl-1 H-indole) (94):

According to the reported synthesis in the literature,> a mixture of
benzaldehyde (51 pL, 0.5 mmol, 1 equiv.) and 1-methyl-1H-indole
(129 uL, 1 mmol, 2 equiv.) was stirred with NBS (9 mg, 0.05 mmol,

0.1 equiv.) in the absence of solvent at room temperature in a
capped vial. After completion of the reaction (30 min, TLC check),
a saturated aqueous solution of NaHCO3 was added and was extracted with DCM
(5 x5 mL). The combined organic phases were dried over Na=S0O, filtered and the
solvent evaporated under reduced pressure. The desired product was obtained after

cyclohexane/ethyl acetate (95:5) column chromatography. (161 mg, 92 %).
The physicochemical data are consistent with those reported in the literature.®

'H NMR (400 MHz, CDCls, 25 °C): & = 7.38 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz),
7.34 (ddd, 2H, Ji = Jo = 1.0 Hz, Js = 8.0 Hz), 7.31 — 7.26 (m, 4H), 7.23 — 7.17 (m, 3H),
6.99 (ddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 6.53 (d, 2H, J = 1.0 Hz), 5.88 (s,
1H), 3.68 (s, 6H).

4.4.6. Synthesis of amide glycosylated bisindoles (99)

o)
0. O
Hon ~ TEMPO, DIB HO OO~
HO OH ACN/H,O
1 h0°C then 20 h r.t. HO OH
OH OH

101a from methyl-glucose
101b from methyl-galactose

General procedure for the synthesis of methyl-glucoronic acid derivatives GP13

According to a previously reported synthesis in the literature,®” the corresponding
glucose pyranoside derivative (2.5 mmol) was dissolved in MeCN (11.6 mL) and water
(1.9 mL) and solid 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) (98 mg, 0.625 mmol,
0.25 equiv.) was added. The mixture was cooled with an ice-bath and
(diacetoxyiodo)benzene (DIB) (2.013 g, 6.25 mmol, 2.5 equiv.) was added portion-

wise. The mixture was stirred for 1 h at 0 °C and then for 20 h at room temperature.
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The reaction was quenched with MeOH and the solvent was removed under reduced
pressure. Then, H2O was added, and the aqueous phase was washed 3 times with
EtOAc. The aqueous phase was then evaporated to obtain our final products 101a-b

without further purification.

HoN O
HO OO~  EbCI, HOB
/ +
N \N HO OH DMF
R R OH

r.t., o.n.

101a-b

88a R =Me
88bR=H

99aa R = Me from 101a
99ab R = Me from 101b
99ba R =H from 101a
99bb R = H from 101b

General procedure for the synthesis of glycosylated amides-bisindoles GP14

According to a modification of a synthesis previously reported in literature,®® a mixture
of the corresponding methyl oxidised sugar 101 (0.25 mmol) and HOBt (0.3 mmol) in
anhydrous DMF (7.9 mL) was stirred at room temperature for 0.5 h. Then, the
bisindolyl compound 88a-b (0.3 mmol) and EDCI (0.5 mmol) were added to the
solution and the mixture was stirred at room temperature overnight. Then, 30 mL of
H20O were added, and extracted with EtOAc (3 x 20 mL). The organic layers were
combined, washed with brine, dried over anhydrous Na2SOs, and concentrated in
vacuo. The resulting crude product was purified, if needed, by using column flash

chromatography on silica gel.
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(35,4 S5,5R)-N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-3,4,5-trihydroxy-6-
methoxytetrahydro-2 H-pyran-2-carboxamide (99aa):

According to GP14, (35,4S5,5R)-3,4,5-trinydroxy-6-
methoxytetrahydro-2H-pyran-2-carboxylic acid 101a (52 mg,
0.25 mmol, 0.84 equiv.), HOBt (41 mg, 0.3 mmol, 1 equiv.)
2,2-bis(1-methyl-1H-indol-3-yl)ethan-1-amine 88a (91 mg.
0.3 mmol, 1 equiv.) and EDCI (97 mg, 0.5 mmol, 1.68 equiv.)
in DMF (7.9 mL, 0.038 M) provided, after DCM/MeOH/NH3

(96:4:1) column chromatography, the desired compound 99aa

(80 mg, yield 64 %) as a light brown foam.
Rt =0.57 (9:1 DCM/MeOQOH)

'H NMR (400 MHz, MeOD, 25 °C): & = 7.54 (dq, 2H, Ji = 1.0 Hz, Jo = 8.0 Hz), 7.29
(dd, 2H, Ji = 1.0 Hz, J» = 8.0 Hz), 7.11 (ddd, 2H, J1 = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz),
7.00 (t, 2H, J = 1.0 Hz), 6.95 (ddd, 2H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 4.81 (,
1H, J = 7.5 Hz), 4.60 (d, 1H, J = 3.5 Hz), 4.03 — 3.89 (m, 2H), 3.80 (d, 1H, J = 10.0
Hz), 3.70 (d, 6H, J = 1.0 Hz), 3.57 (t, 1H, J = 9.0 Hz), 3.34 (dd, 1H, Ji = 3.5 Hz, J» =
6.0 Hz), 3.21 (s, 3H).

13C NMR (101 MHz, MeOD, 25 °C): & = 172.6, 138.80, 138.78, 129.0, 128.9, 127.9,
127.8, 122.4, 120.4, 120.3, 119.6, 117.0, 116.9, 110.19, 110.17, 101.4, 74.5, 73.8,
72.8,71.7,56.0, 45.4, 34.8, 32.7 (2C).

HRMS (ESI-Orbitrap, m/z): calcd for C27H31N3Oe [M + Na]* 516.2105; found 516.2101



248 CHAPTER 4: BISINDOLES

(3R,45,5R)-N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-3,4,5-trihydroxy-6-
methoxytetrahydro-2 H-pyran-2-carboxamide (99ab):

_o 9H According to  GP14, (8R,4S,5R)-3,4,5-trinydroxy-6-
methoxytetrahydro-2 H-pyran-2-carboxylic acid 101b (52 mg,
0.25 mmol, 0.84 equiv.), HOBt (41 mg, 0.3 mmol, 1 equiv.)
2,2-bis(1-methyl-1H-indol-3-yl)ethan-1-amine 88a (91 mg.
0.3 mmol, 1 equiv.) and EDCI (97 mg, 0.5 mmol, 1.68 equiv.)
in DMF (7.9 mL, 0.038 M) provided, after DCM/MeOH/NH3

(96:4:1) column chromatography, the desired compound 99ab

(63 mq, yield 51 %) as a light brown foam.
Rt =0.49 (9:1 DCM/MeOQOH)

'H NMR (400 MHz, MeOD, 25 °C): & = 7.53 (ddt, 2H, J1 = 1.0 Hz, J» = 2.0 Hz, Js = 8.0
Hz), 7.30 (ddt, 2H, Ji = 1.0 Hz, J2 = 2.0 Hz, Js = 8.0 Hz), 7.12 (dddd, 2H, Ji = 1.0 Hz,
J =25 Hz, Js = 7.0 Hz, Js = 8.0 Hz), 7.03 (dd, 2H, Ji = 1.0 Hz, J» = 11.0 Hz), 6.95
(dtd, 2H, J1 = 1.0 Hz, J» = 7.0 Hz, Js = 8.0 Hz), 4.81 (t, 1H, J = 7.5 Hz), 4.62 — 4.60 (m,
1H), 4.21 (g, 1H, J= 1.5 Hz), 4.14 (dd, 1H, J1 = 7.0 Hz, J2 = 13.0 Hz), 4.07 (d, 1H, J =
1.5 Hz), 3.83 (dd, 1H, Ji = 8.0 Hz, J» = 13.0 Hz), 3.72 (d, 6H, J = 1.5 Hz), 3.71 (dd,
2H, Ji = 1.0 Hz, J» = 2.0 Hz), 3.10 (s, 3H).

13C NMR (101 MHz, MeOD, 25 °C): & = 171.3, 138.82, 138.78, 129.0, 128.8, 127.9,
127.8,122.5, 122.4, 120.4, 120.2, 119.7, 119.6, 116.94, 116.90, 110.2, 110.1, 101.6,
72.5,71.3,71.1,69.6, 56.0, 45.4, 34.7, 32.74, 32.72.

HRMS (ESI-Orbitrap, m/z): calcd for C27H31N3Os [M + Na]* 516.2105; found 516.2106
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(3S5,4S5,5R)-N-(2,2-di(1 H-indol-3-yl)ethyl)-3,4,5-trihydroxy-6-methoxytetrahydro-2 H-
pyran-2-carboxamide (99ba):

According to GP14, (3S,45,5R)-3,4,5-trihydroxy-6-
methoxytetrahydro-2H-pyran-2-carboxylic acid 101a (52 mg,
0.25 mmol, 0.84 equiv.), HOBt (41 mg, 0.3 mmol, 1 equiv.) 2,2-
di(1H-indol-3-yl)ethan-1-amine  88b  (83mg. 0.3 mmol,
1 equiv.) and EDCI (97 mg, 0.5 mmol, 1.68 equiv.) in DMF
(7.9 mL, 0.038 M) provided, after DCM/MeOH/NHs (95:5:1)

column chromatography, the desired compound 99ba (72 mg,

yield 52 %) as a light brown foam.
Rt = 0.35 (9:1 DCM/MeOQOH)

'H NMR (400 MHz, MeOD, 25 °C): & = 7.54 (ddt, 2H, J1 = 1.0 Hz, J» = 2.0 Hz, Js = 8.0
Hz), 7.32 (dq, 2H, Ji = 1.0 Hz, J» = 8.0 Hz), 7.10 (t, 2H, J = 1.1 Hz), 7.05 (ddd, 2H, J;
=1.0 Hz, Jo = 7.0 Hz, Js = 8.0 Hz), 6.92 (ddd, 2H, Ji = 1.0 Hz, Jo = 7.0 Hz, Js = 8.0
Hz), 4.82 (it, 1H, Ji = 1.0 Hz, J2 = 7.5 Hz), 4.60 (d, 1H, J = 3.5 Hz), 4.00 (g, 1H, J =
13.0), 3.99 (g, 1H, J = 13.0) 3.80 (d, 1H, J = 9.9 Hz), 3.57 (dd, 1H, J = 9.7, 8.8 Hz),
3.36 — 3.32 (m, 2H), 3.21 (s, 3H).

3C NMR (101 MHz, MeOD, 25 °C): 6 = 172.6, 138.4, 138.3, 128.5, 128.4, 123.4,
123.3, 122.3, 120.2, 120.1, 119.5, 117.6, 117.5, 112.23, 112.22, 101.4, 74.5, 73.8,
72.8,71.6, 56.0, 45.3, 35.1.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH27N3Os [M + Na]* 488.1792; found 488.1781
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(3R,45,5R)-N-(2,2-di(1 H-indol-3-yl)ethyl)-3,4,5-trihydroxy-6-methoxytetrahydro-2 H-
pyran-2-carboxamide (99bb):

o OH According to GP14, (3R,4S,5R)-3,4,5-trihydroxy-6-
| OH methoxytetrahydro-2H-pyran-2-carboxylic acid 101b (52 mg,
OH Q 0.25 mmol, 0.84 equiv.), HOBt (41 mg, 0.3 mmol, 1 equiv.) 2,2-
N di(1H-indol-3-yl)ethan-1-amine  88b  (83mg. 0.3 mmol,
O N 1 equiv.) and EDCI (97 mg, 0.5 mmol, 1.68 equiv.) in DMF
H (7.9 mL, 0.038 M) provided, after DCM/MeOH/NHs (95:5:1)
column chromatography, the desired compound 99bb (55 mg,

yield 40 %) as a light brown foam.
Rt =0.24 (9:1 DCM/MeOH)

H NMR (400 MHz, MeQOD, 25 °C): 6 = 7.53 (ddt, 2H, J1 =1.0 Hz, /2=3.5 Hz, J3=8.0
Hz), 7.32 (ddt, 2H, J1 =1.0 Hz, J>=2.0 Hz, J3 =8.0 Hz), 7.11 (dd, 2H, J1 = 1.0 Hz, J>
= 7.0 Hz), 7.05 (dddd, 2H, Ji = 1.0 Hz, J» = 2.5 Hz, J5 = 7.0 Hz, Js = 8.0 Hz), 6.92
(dddd, 2H, J1 = 1.0 Hz, J2 = 5.5 Hz, Js = 7.0 Hz, Ja = 8.0 Hz), 4.85 — 4.79 (m, 1H), 4.61
(t, 1H, J = 1.5 Hz), 4.21 (dd, 1H, Ji = 8.0 Hz, J» = 13.0 Hz), 4.20 (s, 1H), 4.08 (d, 1H,
J=1.5Hz), 3.84 (dd, 1H, Ji =8.0 Hz, J- = 13.0 Hz), 3.70 (dd, 2H, J1 = 1.0 Hz, J> =
2.0 Hz), 3.11 (s, 3H).

3C NMR (101 MHz, MeOD, 25 °C): & = 171.3, 138.4, 138.3, 128.5, 128.3, 123.4,
123.3, 122.32, 122.30, 120.2, 120.0, 119.6, 119.5, 117.52, 117.45, 112.3, 112.2,
101.6, 72.5, 71.2, 71.1, 69.6, 56.0, 45.2, 35.0.

HRMS (ESI-Orbitrap, m/z): calcd for C2sH27N30e [M + Na]* 488.1792; found 488.1790

4.4.7. Synthesis of ester glycosylated bisindoles (100)

p-TSA
MeO_ OMe

DMF
85°C, 4 h
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(3aS,4R,6S,7R,7aR)-6-((1R)-((4S,5R)-5-(dimethoxymethyl)-2,2-dimethyl-1,3-
dioxolan-4-yl)(2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)-4-(hydroxymethyl)-2,2-
dimethyltetrahydro-4 H-[1,3]dioxolo[4,5-c]pyran-7-ol (LTA) (102a):

X According to a modification of a procedure described in
the literature,% lactose monohydrate (2.162 g, 6 mmol,

HO o/
\ 1 equiv.) p-toluenesulfonic acid (p-TSA) (17.1 mg,

Fo

21.5 equiv.) were heated at 85°C for 4 hours. After this, the solution was cooled to

/ 0 0.09 mmol, 0.015 equiv.) and 2,2-dimethoxypropane in
o/

OH /O dimethylformamide = (DMF)  (15.8 mL, 129 mmol,
room temperature. Amberlyst sodium salt was added and the suspension was stirred
for 10 minutes. The solvent was then dried under reduced pressure. Column
chromatography using cyclohexane/ethyl acetate (6:4), provided the desired

compound 102a (1.988 g, yield 65 %) as a white foam.
The physicochemical data are consistent with those reported in the literature.>¢

'H NMR (400 MHz, CDCls, 25 °C): & = 4.59 (dd, J = 8.0, 6.5 Hz, 1H), 4.42 (d, J=8.0
Hz, 1H), 4.36 (d, J = 6.5 Hz, 1H), 4.33 (td, J = 5.0, 2.5 Hz, 1H), 4.20 (dd, J = 9.0, 5.0
Hz, 1H), 4.07 — 3.96 (m, 4H), 3.94 — 3.88 (m, 2H), 3.81 (dt, J = 9.0, 2.0 Hz, 1H), 3.65
(dd, J = 12.0, 2.5 Hz, 1H), 3.53 (dd, J = 8.5, 6.5 Hz, 1H), 3.49 (s, 3H), 3.48 (s, 3H),
1.49 (s, 6H), 1.38 (s, 6H), 1.31 (s, 3H), 1.31 (s, 3H).



252 CHAPTER 4: BISINDOLES

COOH
jN EDC-HCI, DMAP
DCM
+ HO/\RPG
O A\ 50°C, o.n.
N
\
92 102a-b

103a: from 102a
103b: from 102b

General procedure for the synthesis of ester protected glycosylated-bisindoles
GP15

According to a modification of the described procedure,® under anhydrous conditions,
3,3-bis(1-methyl-1H-indol-3-yl)propanoic acid 92 (1 equiv.) was dissolved in DCM
(0.06 M). EDCI (2 equiv.) and 4-(dimethylamino)pyridine (DMAP) (0.67 equiv.) were
rapidly added and stirred. The protected sugar 102 (2 equiv.) was dissolved in DCM,
and this solution was added to the bisindolic solution dropwise under stirring. The
mixture was maintained at 50 °C and allowed to stir for 24 h. Then the reaction was
cooled to room temperature, water was added, and extractions were performed 3

times with EtOAc. The organic phases were dried over Na2SOs, filtered and then the
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solvent was removed under reduced pressure. The crude mixture was purified using

column chromatography and/or crystallisation.

((3aS,4R,65,7R,7aR)-6-((1R)-((4 S,5R)-5-(dimethoxymethyl)-2,2-dimethyl-1,3-
dioxolan-4-yl)(2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)-7-hydroxy-2,2-
dimethyltetrahydro-4 H-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl 3,3-bis(1-methyl-1H-indol-
3-yl)propanoate (103a):

According to GP15, LTA 102a (305 mg,
0.6 mmol, 2 equiv.), 3,3-bis(1-methyl-1H-
indol-3-yl)propanoic acid 92 (91 mg,
0.3 mmol, 1 equiv.), DCM (5mL, 0.06 M)
EDCI (115mg, 0.6 mmol, 2 equiv.) and
DMAP (23 mg, 0.2 mmol, 0.67 equiv.) gave

after purification by column chromatography
7:3 cychlohexane/ethyl acetate, the desired product 103a (73 mg, 30 %) as a white

foam.

Rt = 0.3 (1:1 cyclohexane/ethyl acetate)

H NMR (400 MHz, CDCls, 25 °C): & = 7.64 (dt, 1H, J1 = 1.0 Hz, J» = 8.0 Hz), 7.54 (d,
1H, 1 = 1.0 Hz, J2 = 8.0 Hz), 7.28 (d, 2H, J = 8.0 Hz), 7.20 (dddd, 2H, Ji = 1.0 Hz, J»
= 6.0 Hz, Js = 7.0 Hz, Js = 8.0 Hz), 7.05 (dddd, 2H, Ji = 1.0 Hz, J» = 7.0 Hz, Js = 8.0
Hz, J: = 14.0 Hz), 6.88 (dd, 2H, Ji = 1.0 Hz, 2 = 16.0 Hz), 5.14 — 5.06 (m, 1H), 4.42
(dd, 1H, J1 = 6.0 Hz, J» = 7.5 Hz), 4.36 (d, 1H, J = 6.0 Hz), 4.33 — 4.26 (m, 2H), 4.22
(d, 1H, J = 8.0 Hz), 4.18 — 4.07 (m, 2H), 4.03 — 3.97 (m, 2H), 3.91 (dd, 1H, Ji = 1.5
Hz, Jo = 7.5 Hz), 3.71 (d, 7H, J = 11.5 Hz), 3.52 — 3.31 (m, 9H), 3.24 (ddd, 1H, Ji =
2.0 Hz, J» = 6.0 Hz, Js = 7.0 Hz), 3.20 (d, 2H, J = 8.0 Hz), 1.54 (s, 3H), 1.45 (s, 3H),
1.38 — 1.34 (m, 9H), 1.20 (s, 3H).

13C NMR (101 MHz, CDCls, 25 °C): & = 172.3, 137.4, 137.3, 127.14, 127.12, 126.7,
126.3, 121.82, 121.80, 119.8, 119.7, 119.0, 118.9, 117.5, 117.4, 110.4, 110.1, 109.4,
109.3, 108.4, 105.1, 103.7, 78.9, 78.1, 77.9, 76.4, 75.1, 74.2, 72.8, 70.8, 64.7, 62.3,
56.1, 53.3, 41.7, 32.8 (2C), 31.1, 28.2, 27.4, 26.5, 26.3, 25.8, 24.4.
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HRMS (ESI-Orbitrap, m/z): calcd for CasHssN20O13[M + NaJ*845.3831; found
845.3824

(2R)-2-hydroxy-2-((3aR,6S,6aR)-6-hydroxy-2,2-dimethyltetrahydrofuro[2,3-
d|[1,3]dioxol-5-yl)ethyl 3,3-bis(1-methyl-1H-indol-3-yl)propanoate (103b):

According to GP15, protected glucose 103b

HO, O\/L (264 mg, 0.6 mmol, 2 equiv.), 3,3-bis(1-methyl-
OK/EO& ° 1 H-indol-3-yl)propanoic acid 92 (183 mg,
OH 0.3 mmol, 1equiv.), DCM (10 mL, 0.06 M)
EDC-HCI (230 mg, 0.6 mmol, 2 equiv.) and

DMAP (45mg, 0.2mmol, 0.67 equiv.) gave, after purification by column
chromatography 6:4 cychlohexane/ethyl acetate and further crystallization in MeOH,

the desired product 103b (63 mg, 20 %) as a white powder.

Rt =0.16 (1:1 cyclohexane/ethyl acetate)

"H NMR (400 MHz, CDCls, 25 °C): & = 7.62 (ddt, J = 10.5, 8.0, 1.0 Hz, 2H), 7.28 (dq,
J=8.5,1.0 Hz, 2H), 7.21 (ddt, J = 8.5, 7.0, 1.5 Hz, 2H), 7.07 (dddd, J = 8.0, 7.0, 3.5,
1.0 Hz, 2H), 6.89 (s, 2H), 5.89 (d, J = 3.5 Hz, 1H), 5.14 — 5.05 (m, 1H), 4.42 (d, J =
3.5 Hz, 1H), 4.32 (dd, J=12.0, 2.5 Hz, 1H), 4.05 — 3.99 (m, 2H), 3.85 (dd, J= 7.0, 3.0
Hz, 1H), 3.75 (id, J = 6.5, 2.5 Hz, 1H), 3.71 (d, J = 2.0 Hz, 6H), 3.27 (d, J = 8.0 Hz,
2H), 1.46 (s, 3H), 1.30 (s, 3H).

13C NMR (101 MHz, CDCls, 25 °C): & = 172.9, 137.44, 137.40, 137.38, 127.0, 126.8,
126.6, 121.9,121.8, 119.7, 119.6, 119.1,117.1,117.0, 111.9, 109.5, 105.1, 85.2, 79.3,
75.7,69.3, 66.1, 41.6, 32.9, 31.2, 27.1, 27.0, 26.3.

HRMS (ESI-Orbitrap, m/z): calcd for C29H3sN207 [M + Na]* 535.2439; found 535.2440
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[HBF4-(Et,0))/H,O/ACN(dry) 1:5:500

DCM
30°C,3h

103a-b 100a: from 103a
100b: from 103b

General procedure for the deprotection of ester protected-glycosylated-
bisindoles GP16

According to a procedure described in the literature, compounds 103a-b (1 equiv.)
were dissolved in [HBF4(Et)20]/H20/dry CH3sCN (c = 0.12 M, 1:5:500) and the mixture
was stirred at 30 °C for 3 h. If the formation of a solid was observed, it was filtered and
washed with ACN to give the desired product. If the formation of a solid was not
observed, the solvent was evaporated, and the crude was purified by column

chromatography.
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((2R,3R,45,5R,65)-3,4,5-trihydroxy-6-(((2R,3S,4R,5R)-4,5,6-trihydroxy-2-
(hydroxymethyl)tetrahydro-2 H-pyran-3-yl)oxy)tetrahydro-2 H-pyran-2-yl)methyl ~ 3,3-
bis(1-methyl-1H-indol-3-yl)propanoate (100a):

OH According to GP16, compound 103a (70 mg,
/ \OH
jj; 0.09 mmol, 1 equiv.) in [HBF4(Et)20])/H20/dry
@ 7 "OH CHsCN (1.4 puL/7 uL/0.7 mL, c¢=0.12M,
0.0
0
X,
OH

'H NMR (600 MHz, methanol-d, 25 °C): & = 7.53 (ddt, J = 8.0, 4.8, 1.0 Hz, 1H), 7.48
(dg, J = 8.0, 0.9 Hz, 1H), 7.29 (dg, J = 8.3, 0.9 Hz, 2H), 7.13 — 7.09 (m, 2H), 7.06 (d,
J=1.0 Hz, 1H), 7.00 — 6.91 (m, 3H), 5.05 (t, J= 7.9 Hz, 1H), 4.50 (d, J = 7.8 Hz, 1H),
417 (ddd, J=11.5, 5.4, 4.6 Hz, 1H), 4.13 — 4.06 (m, 2H), 3.89 — 3.85 (m, 2H), 3.82 —
3.79 (m, 2H), 3.74 (s, 3H), 3.71 (d, J= 1.3 Hz, 3H), 3.51 (td, J=2.3, 1.0 Hz, 1H), 3.46
—3.40 (m, 3H), 3.28 — 3.21 (m, 4H).

HO
1:5:500) gave, after filtering the solid and
0]

washing with ACN, the desired product 100a as
a yellow solid (21 mg, 36 % yield).

13C NMR (151 MHz, methanol-ds) & 174.33 (d, J = 1.8 Hz), 138.78 (d, J = 6.4 Hz),
128.51 (d, J = 15.8 Hz), 127.66 (dd, J = 38.8, 3.9 Hz), 122.44 (d, J = 4.5 Hz), 120.61
—120.09 (m), 119.58 (d, J= 2.6 Hz), 118.67, 118.46 (d, J= 3.7 Hz), 110.20 (d, J = 2.1
Hz), 105.29 (d, J = 7.1 Hz), 95.91 (d, J = 661.2 Hz), 82.27 (d, J = 29.5 Hz), 76.44 (d,
J=13.6 Hz), 74.83 (d, J = 358.7 Hz), 74.36 (dd, J = 14.3, 5.1 Hz), 72.23 (d, J = 314.0
Hz), 72.15 (d, J = 5.5 Hz), 69.95, 64.39 (d, J = 3.2 Hz), 62.23 (d, J = 15.3 Hz), 42.37,
32.79 (d, J = 5.9 Hz), 32.05.

HRMS (ESI-Orbitrap, m/z): calcd for CssHiaoN2012[M + NaJ*679.2473; found
679.2477
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((2R,35,45,5R)-3,4,5,6-tetrahydroxytetrahydro-2 H-pyran-2-yl)methyl 3,3-bis(1-
methyl-1H-indol-3-yl)propanoate (100b):

According to GP16, compound 103b (41 mg,
0.08 mmol, 1 equiv.) in [HBF4(Et)20]/H20/dry
0. ~OH CHsCN (1.4 pL/6.8 pL/0.68 mL, c=0.12 M,
HO™ 'O 1:5:500) gave, after filtering the solid and washing
OH with ACN, the desired product 100b as a yellow

solid (9 mg, 23 % yield).

"H NMR (400 MHz, CDCls) & 7.49 — 7.42 (m, 2H), 7.27 (d, J = 8.3 Hz, 2H), 7.10 (ddd,
J=8.1,7.0, 1.1 Hz, 2H), 7.02 — 6.96 (m, 2H), 6.96 — 6.87 (m, 2H), 5.10 — 4.96 (m,
2H), 4.43 (d, J = 7.8 Hz, 1H), 4.32 (ddd, J = 22.0, 11.8, 2.1 Hz, 1H), 4.10 (ddd, J =
26.1,11.8, 5.6 Hz, 1H), 3.94 — 3.83 (m, 1H), 3.80 — 3.75 (m, 1H), 3.75 — 3.68 (m, 6H),
3.63 (t, J= 9.3 Hz, 1H), 3.25 — 3.22 (m, 1H), 3.19 (d, J= 5.6 Hz, 1H), 3.16 — 3.10 (m,
1H).

13C NMR (101 MHz, CDCls) 8 176.9 (d, J = 7.9 Hz), 141.39, 130.97, 130.1 (d, J=5.6
Hz), 124.90, 122.8 (d, J = 4.6 Hz), 122.02, 120.9 (d, J = 4.0 Hz), 112.69, 98.6 (d, J =
429.3 Hz), 79.6 (d, J = 173.3 Hz), 75.55 (d, J= 471.7 Hz), 76.7 (d, J= 103.2 Hz), 74.3
(d, J=14.0 Hz), 67.5 (d, J = 14.4 Hz), 44.8 (d, J = 3.3 Hz), 35.25, 34.6 (d, J = 2.6 Hz).

HRMS (ESI-Orbitrap, m/z): calcd for C27H30N207 [M + Na]* 517.1945; found 517.1949
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5.1. INTRODUCTION

A mentioned in Chapter 3, indole-based compounds are one of the most extensively
studied class of compounds in medicinal chemistry, with a wide range of biological

activities.

5.1.1. Isoindolinones

5.1.1.1  Natural products

Isoindole derivatives are relatively rare in nature, however, there are some examples

of natural compounds containing this motif.

Indolocarbazoles are a well-characterized group of natural metabolites produced
primarily by actinomycetes and certain cyanobacteria.?> Staurosporine (Figure 5.1)
was the first compound from the indolocarbazole alkaloid family to be discovered from
Streptomyces staurosporeus in 1977. Staurosporine showed antimicrobial activity
against fungi and yeast, and it is one of the most potent protein kinase inhibitors to
date.®* Over the past 35 years, more than 60 compounds from the indocarbazole
alkaloid family have been isolated, either glycosides or aglycones. Holyrines A and B

and K252d were isolated in 1999 from cultures of a marine actinomycete.®

Chilenine was the first isolated compound from the isoindolobenzazepine alkaloid
family in 1982 from Berberis empetrifolia Lam.6 From this same family of compounds
and the same plant, lennoxamine was isolated three years later, in 1985.7
Magallanesine, also isolated from the Berberis genus (Berberis darwinii Hook.) is the

first isolated compound of the isoindolobenzazocine family.2

Aristolactams (Figure 5.1) were mainly isolated from Aristolochiaceae but can also be
found in several other plant species.®'® Another class of isoindolinone are cularine
alkaloids, such as aristoyagonine, usually found in the Fumariaceae family and in

particular in Sarcocapnos enneaphylla.!!
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Figure 5.1. Natural products containing the isoindolinone motif (marked in grey).

5.1.1.2 Biological activities

Numerous compounds containing isoindolinone cores and endowed with different

biological activities have been developed, some of them being approved drugs.
a) Anticancer activity

Jayaraj et al. synthesised and evaluated against two different cancer lines different
isoindolinone derivatives (104, 105) (Figure 5.2) finding that variations in the N-
position of 104 influenced the activity. Electron-donating groups generally enhanced
the activity, while electron-withdrawing groups (except bromine) reduced the activity.
Moreover, the substitution at R?> of 105 with electron-donating groups drastically
increased the activity, being the ferrocenyl derivative the most active one, with

activities comparable to commercial drugs.'?
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Compound 106, showed the highest anticancer activity of its series, showing a dose-
dependent inhibitory effect. The activity pattern suggests that 106 regulates

proliferation of apoptosis.’3

\ O
OH \R2 OH
104 105 106

Figure 5.2. Isoindolinone-based compounds with anticancer activity. Relevant
substituents for the structure-activity relationship are marked in red.

b) Anxiolytic activity

Pagoclone (Figure 5.3) is a GABA-A/BZD Site Partial Agonist from the non-
benzodiazepines class of anxiolytics that was developed for the treatment of stuttering
but was never approved for commercialization.'* The closely related pazinaclone is
another non-selective anxiolytic and sedative compound also from the

nonbenzodiazepines class that was never approved for its commercialization.®

Pagoclone N
D

Figure 5.3. Isoindolinone-based anxiolytic compounds.

c) Antihypertensive activity

Chlorthalidone (Figure 5.4) is an approved drug patented in 1957 that is used to treat
principally high blood pressure but also diabetes insipidus or renal tubular acidosis. 6.7
Zhang and colleagues,'® reported the synthesis and evaluation of isoindolinone
derivatives to treat hypertension, finding compounds 107 as potent antihypertensive

agents, comparable to other drugs in clinical trials. Falipamil is a bradycardic drug
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used for the treatment of sinus arrhythmia in some animals. It has potential anti-

tachycardic and anti-anginal effects.®

/O\)\N/\/AI'
H

107

0]
A\ O_
HO S\\/ NH2 / /
0] | —O

Cl 0 N

- ~

Chlorthalidone
~o
Falipamil

Figure 5.4. Isoindolinone-based antihypertensive compounds.
d) Antipsychotic activity
Compound 108 was the most effective compound among a series of derivatives. It
exhibited antipsychotic-like effects in rats, and it is orally active, becoming a promising
preclinical lead.?° Bellioti et al. synthesised a series of isoindolinone derivatives, where

compound PD 172938 inhibits amphetamine-stimulated locomotor activity in the rat,

indicating possible antipsychotic activity.?!

/L ~ N

Ny F
108 “N PD 172938

F

Figure 5.5. Isoindolinone-based compounds with antipsychotic activity.

5.1.2. Fused Indole-isoindolinones

As mentioned in Chapter 3, the combination of various pharmacophores is an

innovative method to try to increase pharmacological activity.
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5.1.2.1  Natural products

To the best of our knowledge, corallocin C, K252a, staurosporinone and tjipanazole J
(Figure 5.6) together with staurosporine, desmethylstaurosporine, Holyrines A and B
and K252d (represented in Section 5.1.1, Figure 5.1) are the only natural products

containing both the isoindolinone and the indole moieties.

Corallocin C was reported for the first time in 2016, when it was isolated from the
mushroom Hericium coralloides.??> K252a is a staurosporine analogue isolated from
the bacterium Nocardiopsis. This compound is a high inhibitor of CaM kinase and
phosphorylase kinase, and at higher concentrations, it also acts as a serine/threonine
kinase inhibitor.2® Staurosporinone was isolated in 1996 from the extracts of Lycogala
epidendrum.?* Tjipanazole J was isolated from the extract of the cyanophyte
Tolypothrix tiijpanasensis, and it is the only compound of the Tjipanazole family to

contain the indole-isoindolinone moiety.25

NH

Y\/Y\/ | : “N :
OH N o
Corrallocin C O L

Stau rosporinone HNU

Tjipanazole J

Figure 5.6. Indole-isoindolinone-based natural products.

5.1.2.2 Biological activities

Only a few compounds containing both the indole and isoindolinone moieties have

been studied. Studied compounds show diverse biological activities.



274 CHAPTER 5: INDOLE-ISOINDOLINONES

a) Antimalarial activity

Pereira et al.?® synthesised some indole-isoindolinone derivatives (Figure 5.7) and
evaluated their antimalarial activity. The compounds were screened against a
chloroquine-resistant W2 strain of P. falciparum, and it was observed that derivatives
109a-b, 110, 111a-d, 112a-b, and 113a-b exhibited ICso values of 1-8 pM.
Compounds 109a and 109b exhibited the highest activity with ICso values of 1-2 uM.
The isoindolinone moiety was also crucial to potency, since its replacement with a
pyrrolidone group resulted in loss of activity. Compounds containing a (S)-tryptophanol
moiety proved to be more active than their (R)-enantiomers, indicating the importance
of stereochemistry. The configuration of the stereocenter at the fusion position
influenced efficacy, with 113b being approximately four times more active than
diastereomer 113a. Liver-stage assays in Huh-7 cells confirmed considerable
reduction of parasite load for all but compound 112a. Compounds 109a, 109b, 110,

111a-d, and 113b are the most promising for strong dual-stage antiplasmodial activity.

The same group published in 2025 a study where they evaluated 26 different
compounds against malaria.?” Compounds 114-115 (Figure 5.7) had low-mid
nanomolar potency. Stereochemistry at C-13b was critical for activity, and substituents
at this position regulated potency, with para-substituted aromatic rings tending to
enhance antimalarial activity, whereas ortho-nitro substitutions were not favourable for
activity. Increasing the N-alkyl chain decreased potency, while N-methylation of the
indole nitrogen minimal effect. In vitro cytotoxicity tests with J774 and HepG2 cells
indicated low toxicity, and compounds 114a, 114c, and 115b displayed excellent
selectivity, with compound 115b being seven times more selective than chloroquine.
Liver-stage tests indicated high inhibition of P. berghei infection in Huh-7 cells with
negligible cytotoxicity. These results highlight 115b, 114a, and 114c as the most

promising dual-stage antiplasmodial candidates.
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OH —OH
N N Ph
N7 H
109a: R =Me 110
109b: R = Ph
R2
-9
@E\C
N <
R

112a: R' =Bn, R2=H
112b: R' = R2 = Me

OH

114c: R=Me

O 114a: R =ClI
114b: R=F
R

R2
o)
A\
N R
R

111a: R=Me, R'=Bn, R2=H
111b: R = Me, R' = R2 = Me
111c: R=Ph, R'=Bn, R2=H
111d: R = Ph, R' = R2 = Me

OH

N Ph
\

113b

115a: R=H
115b: R = Cl

Figure 5.7. Indole-isoindolinone-based compounds with antimalarial activity.
Relevant substituents for the structure-activity relationship are marked in red.

b) Anticancer activity

Compound 65D08 was discovered in a high-throughput screen of 2,491 structurally

diverse natural products and derivatives in a fluorescent cell coculture assay (FCCT)

that detects selective cytotoxicity against lung cancer cells. 65D08 was selectively

cytotoxic in multiple dilutions and exhibited enhanced cytotoxicity against MCF7 breast

cancer cells over VA13, with less toxicity toward noncancerous HEK293T cells,

exhibiting a good selectivity profile. 65D08 represents a promising scaffold for

optimisation in anticancer drug development due to its selective activity and suitability

for high-throughput fluorescent coculture screening approaches.?®
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HN S
O \
\
N
H
65D08

Figure 5.8. Indole-isoindolinone-based compound with anticancer activity.
5.2. OBJECTIVES

The aim of this Thesis chapter is the synthesis of indole-isoindolinone derivatives as
potential antileishmanial compounds. These derivatives are chosen due to their
structural similarity to indole-imidazole compounds presented in Chapter 3, and

because they are scarcely studied for their biological activities.

5.3. RESULTS AND DISCUSSION

The synthesis of the indole-isoindolinone core was previously reported in the
literature®® and consisted of two steps. The first step is the nucleophilic attack of
tryptamine on phthalic anhydride, obtaining compound 116 with quantitative yield
(Scheme 5.1)

NH, o) O
EtsN N
+ (@) AN
N Toluene, N O
” 0] 12 h, 110°C H

116, 99%

Scheme 5.1. Synthesis of compound 116.

The second step of the synthesis begins with the protonation of one of the carbonyls
of phthalimide with triflic acid, which allows cyclisation onto position 2 of the indole ring

via an SAE mechanism. The subsequent acid-promoted loss of a water molecule
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affords an iminium cation. Finally, after neutralisation of the excess triflic acid, this
intermediate is reduced by treatment with sodium trifluoroacetoxyborohydride,
generated in situ from sodium borohydride and trifluoroacetic acid, forming the

polycyclic structure 117 in high yield (Scheme 5.2).

A 0 (i) triflic acid, 4A MS, DCM, 24 h, ..
' N (i) K2CO3 6 h, rit.
A\ (iii) NaBH,, CF3COOH, 24 h, r.t.
o
N
H
116
B 0 0
N TfOH 0
TN
N\ o S A\ 5 %
N N
H H H
16 TfO
NaBH, + CF;COOH

l

NaBH(OCOCF3), K5;CO4
Neutralization of O N
TfOH excess H

Scheme 5.2. A) Synthesis of compound 117. B) Proposed mechanism for the
synthesis of 117.

In order to synthesise a small library of derivatives of this parent framework, we
decided to perform different base-promoted alkylations in the indolic nitrogen, using
reported procedures. However, whenever we performed this reaction, we observed
the formation of two different products, neither of them being the expected
N-monosubstituted derivative 118. Instead, we observed the formation of the

disubstitution products 119b and 120b, one of them containing an alkoxy substituent
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(Scheme 5.3). Lowering the equivalents of base and/or alkyl halide did not lead to the

formation of the mono-substituted compound, but resulted in lower overall yields.

119b, 42% 120b, 12%

Scheme 5.3. Alkylation of compound 117.

Attempting to perform the alkylation of compound 116 before the cyclisation reaction
did not succeed. The formation of the disubstituted product is probably due to the fact
that the two positions of the molecule marked in Figure 5.9 are subjected to

deprotonation.

Figure 5.9. Positions of 117 subjected to deprotonation.

The position marked in red is particularly acidic because the generated upon
deprotonation is doubly benzylic, while simultaneously being a dipole-stabilized
carbanion o to an amide nitrogen. Upon loss of the proton, the lone pair can efficiently
delocalize into the tesystem of the indole (green arrows in Figure 5.10), the
conjugating benzylic ring (blue arrows in Figure 5.10), and the lactam carbonyl (amide-
type resonance) (red arrows in Figure 5.10), spreading the negative charge across a
large region of the molecule and significantly lowering the energy of the carbanion.
This stabilisation is also supported by cross-conjugation, since the carbanion can

cross both aromatic systems simultaneously and offer multiple resonance pathways
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that are stabilising. Furthermore, any electronegative substituents present nearby,

such as the lactam carbonyl, are electron-withdrawing groups, which lower the pKa.

Figure 5.10. Delocalisation upon deprotonation of the proton marked in red in 117.

The indole nitrogen is also acidic, as the corresponding anion can delocalize its

negative charge in the indole ring (orange arrows in Figure 5.11).

Figure 5.11. Delocalisation upon deprotonation of the indolic nitrogen (marked in
yellow) in 117.

As the monosubstituted compound 121 has been isolated (Scheme 5.4), we can

assume that the proton marked in red is more acidic than the one of the indolic

O 0
PropyIBr, NaH N N
N + N
DMF, Ar N O NH O
30 min, r.t. {

119c¢, 15% 121, 48%

nitrogen.

Scheme 5.4. Obtention of monosubstituted compound 121.

Regarding the formation of the alkoxy derivatives, we had two different hypotheses for
the origin of the oxygen atom: a) the atom was coming from the oxygen present in the
air, or b) the atom was coming from the water present in the solvents. We planned an
experiment under argon atmosphere where the solvent was previously degassed for

half an hour in order to be sure that no oxygen was present. To this reaction, a
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stoichiometric amount of water was added. Only compound 119a was observed, so
we can suppose that the oxygen of derivative 120a was coming from the oxygen

present in the air and not from possible water present in the solvent.

At this point, we decided to synthesise a small scope of molecules 119. We used
different alkylic, vinylic and benzylic substituents. However, whenever the substituents
were too bulky, not only derivatives 119 were obtained, but the formation of fused 3H-
indole derivatives 122, bearing two all-carbon quaternary stereocenters, was also

observed (Scheme 5.5).

0

(i) NaH, DMF, 0°C, 30 min
(ii) RX, r.t., 5 min

Ar, degassssed solvent

A\
N
R

119 122

119a: R = Me (64%)

119b: R = Et (84%)

119¢: R =Pr (15%)

119d: R = But (71%)

119e: R = n-Hex (25%) 122e: R = n-Hex (13%)
119f: R = allyl (23%) 122f: R = allyl (15%)

119g: R = isoprenyl (25%) 122g: R = isoprenyl (12%)
119h: R = benzyl (34%) 122h: R = benzyl (22%)
119i: R = 3-F benzyl (55%) 122i: R = 3-F benzyl (29%)
119j: R = 4-F benzyl (54%) 122j: R = 4-F benzyl (36%)

Scheme 5.5. Synthesis of derivatives 119 and 122.

As mentioned before, the first substitution takes place in the carbon marked in red;
therefore, whenever a substituent is too big, the indole ring C-3 position may attack
the halide (Scheme 5.6).



CHAPTER 5: INDOLE-ISOINDOLINONES 281

Scheme 5.6. Proposed mechanism for the synthesis of disubstituted fused 3H-indole
derivatives 122.

Compounds 122 were obtained as single diastereomers, and the relative configuration
of their stereogenic centres must be considered. A 1D NOE NMR experiment in which
the protons of the CHz of the isoprenyl chain of molecule 122g were selectively
irradiated was performed. No spatial proximity with the other isoprenyl chain was
observed, suggesting that these chains are in a frans arrangement. It is reasonable to
assume that, after the first substitution, a steric hindrance is generated, and this
prevents the second substitution from taking place from the same face, favouring the
formation of the trans isomer. Furthermore, calculations of the stability of both
conformations using ab initio calculations at the 6-31G* level carried out with the
Spartan 18 program, revealed that the trans isomer is 6.09 kd/mol more stable than
the cis (Figure 5.12).
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Figure 5.12. Minimisation of cis and trans conformations of compound 122g
predicted with Spartan 18.

To be sure that the formation of imine derivatives 122 was not influenced by
thermodynamic or kinetic factors, different experiments open to air at different
temperatures (-10, 0, 25 and 70°C) were performed for the n-hexyl derivative (119e,
122¢). Only minimal differences in yield or ratio between 119 and 122 were observed;
however, in the reaction at -10°C, other than the desired product, the formation of

compound 124 was observed from the dehydrogenation of the starting material.

Interestingly, 124 is a constitutional isomer of the natural product fascaplysin (Figure
5.13). Fascaplysin was isolated in 1988 from the Fijian sponge Fascaplysinopsis
bergquist sp.° and has a wide range of biological activities, including anticancer,3-32
analgesic,®® antithrombotic,3* anti-Alzheimer,3® anti-plasmodial,3¢ and antimalarial®”

activities.

/+N — N+
L L ~
NH
NH o 0
124 Fascaplysin

Figure 5.13. Structures of fascaplysin and compound 124.

A small library of oxygen-containing derivatives (120) was also synthesised (Scheme
5.7) in order to compare their biological activities with compounds 119. These
derivatives have lower yields due to the fact that the reaction also generates the
corresponding non-alkoxy derivative. The reaction was also performed under a stream

of air in order to provide oxygen, but yields did not vary significantly.
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(i) NaH, DMF, 0°C, 30 min
(i) RX, r.t., 5 min

120

120a: R = Me (43%)
120b: R = Et (12%)
120c: R = benzyl (16%)

Scheme 5.7. Synthesis of oxygen-containing derivatives 120.
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5.4. EXPERIMENTAL SECTION

2-(2-(1 H-Indol-3-yl)ethyl)isoindoline-1,3-dione (116):

NH, o) O
EtN N
+ (@) N\
D Toluene, N O
” e) 12 h, 110°C H
116

According to the procedure reported in the literature,?® tryptamine (6.4 g, 0.4 mol,

1 equiv.), phthalic anhydride (7.1 g,0.48 mmol, 1.2 equiv.) and triethylamine (6.7 mL,
0.48 mmol, 1.2 equiv.) were placed in a round-bottom flask and toluene (80 mL,
¢ = 0.5 M) was added. The mixture was stirred under reflux for 8 h. When the reaction
was completed, it was cooled to room temperature and diluted with water. The crude
of the reaction was filtered, the solid was washed with water and dried for 1-2 h in the
oven at 100 °C, giving the corresponding product 116 (11.45 g, 99 %) as a yellow

solid.
The physicochemical data are consistent with those reported in the literature.2®

1H NMR (250 MHz, CDCls) & 8.02 (s, 1H), 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.77 - 7.73
(m, 1H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 7.36 (dt, J = 8.3, 0.9 Hz, 1H), 7.23 — 7.16 (m,
1H), 7.16 — 7.09 (m, 2H), 4.07 — 3.95 (m, 2H), 3.16 (ddd, J = 8.5, 6.2, 0.9 Hz, 2H).

o (i) triflic acid, 4A MS, DCM, 24 h, r.t.
N (i) K,CO3 6 h, r.t.
N (iii) NaBH,, CF3COOH, 24 h, r.t.
o)
N
H
116

117

7,8,13,13b-Tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one (117):

According to a modification of the reported synthesis in the literature,® in a 50 mL two
neck round bottom flask with a condenser and rubber septum, compound 116

(871 mg, 3 mmol, 1 equiv.), 4 A molecular sieves (396 mg), and anhydrous
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dichloromethane (158 mL, ¢ = 0.019 M) were placed under an argon atmosphere and
stirred. To this mixture, trifluoromethanesulfonic acid (2.65 mL, 30 mmol, 10 equiv.)
was added and stirred at room temperature. After 12 h, the reaction mixture was
neutralised with solid K2COs (4.56 g, 33 mmol, 11 equiv.). After 4 hours, to this crude
reaction mixture, NaBH4 (510 mg, 13.5 mmol, 4.5 equiv.) and CFsCOOH (3.1 mL,
40.5 mmol, 13.5 equiv.) were added under argon atmosphere with vigorous stirring at
room temperature. After 12 h, the reaction mixture was quenched with aqueous
NaHCOs. The organic layer was separated, and the aqueous layer was extracted with
ethyl acetate (3 x 100 mL). The combined organic layers were washed with aqueous
NaHCOg3, dried over anhydrous Na=SO4 and filtered. The solvent was removed under
reduced pressure. The crude mixture was used without further purification, obtaining

compound 117 (640 mg, 78%) as a light-yellow solid.
The physicochemical data are consistent with those reported in the literature.38

H NMR (250 MHz, CDCls) & 8.88 (s, 1H), 7.90 (ddt, J=8.2, 7.2, 0.9 Hz, 2H), 7.59 (td,
J =75, 1.4 Hz, 1H), 7.52 — 7.43 (m, 2H), 7.41 — 7.34 (m, 1H), 7.18 (id, J = 8.0, 7.6,
1.6 Hz, 1H), 7.14 — 7.06 (m, 1H), 5.85 (s, 1H), 4.87 (ddd, J = 13.2, 5.7, 1.4 Hz, 1H),
3.41 (ddd, J=13.1, 10.8, 5.5 Hz, 1H), 3.06 — 2.92 (m, 1H), 2.92 — 2.81 (m, 1H).

5.4.1. Synthesis of indole-isoindolinones (119, 122)

(i) NaH, DMF, 0°C, 30 min
(i) RX, r.t., 5 min

Ar, degassssed solvent

119a: R = Me

119b: R = Et

119¢c: R =Pr

119d: R = But

119e: R = n-Hex 122e: R = n-Hex
119f: R = allyl 122f: R = allyl

119g: R =isoprenyl  122g: R = isoprenyl
119h: R = benzyl 122h: R = benzyl
119i: R = 3-F benzyl 122i: R = 3-F benzyl
119j: R = 4-F benzyl 122j: R = 4-F benzyl
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General procedure for the synthesis of disubstituted indole-isoindolinone GP17

7,8,13,13b-Tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one (117) (1 equiv.) and
NaH (60 %) (6 equiv.) are added to a round-bottom flask that is purged with argon 3
times. To this mix, previously degassed DMF (1 mL, ¢ = 0.2 M) is added while at 0°C
and the mixture is stirred for 30 minutes. When the time is elapsed, the corresponding
halide is added and the mixture is stirred for a further 5 minutes at room temperature,
then, a saturated solution of NH4Cl is added and the aqueous phase is extracted 3
times with EtOAc. The combined organic layers are dried over Na2SO4 and under

reduced pressure. The crude is purified using column chromatography.

13,13b-Dimethyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119a):

0 According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

N NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and iodomethane

O N\ (78 pL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after
column chromatography 8:2 Hex:EtOAc the desired product

119a (48 mg, 63.5 % yield) as an orange oil.

H NMR (300 MHz, CDCls) & 7.98 (dt, J = 7.8, 0.8 Hz, 1H), 7.91 (ddd, J=7.4, 1.3, 0.7
Hz, 1H), 7.62 (td, J = 7.6, 1.3 Hz, 1H), 7.53 — 7.45 (m, 2H), 7.31 — 7.27 (m, 1H), 7.25
—7.19 (m, 1H), 7.10 (ddd, J= 7.9, 6.7, 1.3 Hz, 1H), 4.78 (ddd, J = 13.1, 5.9, 1.0 Hz,
1H), 4.10 (s, 3H), 3.34 (ddd, J=13.0, 11.7, 4.6 Hz, 1H), 3.06 (ddd, J=15.4, 11.8, 6.0
Hz, 1H), 2.86 (ddd, J = 15.4, 4.6, 1.0 Hz, 1H), 1.98 (s, 3H).

3C NMR (75 MHz, CDCls) 5 167.9, 148.4, 137.9, 136.2, 132.2, 131.7, 128.8, 126.2,
124.5, 123.3, 122.6, 119.8, 118.9, 109.7, 109.1, 64.3, 36.0, 33.0, 25.9, 22.3.

Rt = 0.47 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for C20H1sN20 [M + H]* 303.1492; found 303.1505.
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13,13b-Diethyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119b):

O According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

N
N\ NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and iodoethane (80 uL,
O N O 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after column
) chromatography 8:2 Hex:EtOAc the desired product 119b

(55.8 mg, 84.4 % yield) as a light yellow oil.

H NMR (300 MHz, CDCls) 8 7.92 (ddd, J=7.5, 1.3, 0.7 Hz, 1H), 7.84 (dt, J= 7.9, 0.9
Hz, 1H), 7.62 (ddd, J=7.8, 7.4, 1.3 Hz, 1H), 7.49 (td, J= 7.4, 0.8 Hz, 2H), 7.30 (dt, J
=8.2,1.0 Hz, 1H), 7.21 (ddd, J=8.3, 6.9, 1.2 Hz, 1H), 7.10 (ddd, J=7.9, 6.9, 1.1 Hz,
1H), 4.77 (ddd, J=12.6, 5.9, 1.0 Hz, 1H), 4.61 (q, J= 7.1 Hz, 2H), 3.22 (ddd, J= 12.6,
11.8, 4.5 Hz, 1H), 3.07 (ddd, J=15.2, 11.8, 5.9 Hz, 1H), 2.85 (ddd, J=15.2,4.4, 1.0
Hz, 1H), 2.54 (dq, J=14.5, 7.2 Hz, 1H), 2.31 (dt, J=14.5,7.3 Hz, 1H), 1.35 (t, J=7.1
Hz, 3H), 0.58 (t, J=7.3 Hz, 3H).

3C NMR (75 MHz, CDCls) 5 168.5, 145.7, 136.6, 136.1, 133.6, 131.7, 128.9, 126.9,
124.5,123.5,122.4, 119.7, 119.0, 109.8, 109.6, 68.4, 40.4, 35.7, 30.6, 22.2, 15.6, 7.6.

Rt = 0.56 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for C22H22N20 [M + H]* 331.1805; found 331.1813.

13,13b-Dipropyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119c):

O According to GP17, compound 117 (55mg, 0.2 mmol,

N 1 equiv.), NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-

O N O bromopropane (91 pL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M),
{ provided after column chromatography 8:2 Hex:EtOAc the
desired product 119¢ (10.7 mg, 14.9 % yield) as an orange oil.

H NMR (300 MHz, CDCI3) 5 7.91 (ddd, J=7.5, 1.4, 0.7 Hz, 1H), 7.80 (dt, J=7.9, 0.8
Hz, 1H), 7.65 — 7.58 (m, 1H), 7.52 — 7.44 (m, 2H), 7.33 — 7.27 (m, 1H), 7.23 — 7.18 (m,
1H), 7.09 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 4.81 — 4.70 (m, 1H), 4.43 (dt, J = 10.3, 5.8
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Hz, 2H), 3.31 — 3.18 (m, 1H), 3.07 (ddd, J = 15.2, 11.8, 6.0 Hz, 1H), 2.90 — 2.81 (m,
1H), 2.51 — 2.37 (m, 1H), 1.82 (ddd, J = 13.9, 10.9, 7.1 Hz, 1H), 1.56 (dg, J = 10.8,
7.4, 6.8 Hz, 1H), 1.09 (t, J = 7.5 Hz, 3H), 0.83 — 0.80 (m, 3H).

13C NMR (75 MHz, CDCls) 6 168.3, 146.2, 137.0, 136.2, 133.4, 131.5, 128.9, 126.7,
124.5, 123.2, 122.4, 119.7, 119.0, 109.8, 109.4, 68.0, 47.6, 40.0, 35.8, 23.2, 22.2,
16.6, 14.1, 11.2.

Rt = 0.65 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for C24H26N20 [M + H]* 359.2118; found 359.2128

13,13b-Dibutyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119d):

Y According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

N NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-iodobutane

O Q (114 pL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after

column chromatography 8:2 Hex:EtOAc the desired product
119d (55mg, 70.8 % yield) as a light yellow oil.

H NMR (300 MHz, CDCls) & 7.92 (ddd, J=7.4, 1.4, 0.6 Hz, 1H), 7.82 (dt, J= 7.9, 0.9
Hz, 1H), 7.61 (td, J = 7.6, 1.4 Hz, 1H), 7.53 — 7.45 (m, 2H), 7.29 (d, J = 1.0 Hz, 1H),
7.20 (ddd, J= 8.3, 6.9, 1.2 Hz, 1H), 7.09 (ddd, J = 7.9, 6.8, 1.2 Hz, 1H), 4.76 (ddd, J
=12.7, 6.0, 0.9 Hz, 1H), 4.52 — 4.42 (m, 2H), 3.25 (ddd, J = 12.7, 11.8, 4.6 Hz, 1H),
3.13 — 3.02 (m, 1H), 2.86 (ddd, J = 15.2, 4.6, 0.9 Hz, 1H), 2.47 (ddd, J = 14.3, 11.5,
4.7 Hz, 1H), 2.25 (ddd, J = 14.3, 11.9, 4.4 Hz, 1H), 1.82 — 1.66 (m, 1H), 1.64 — 1.48
(m, 3H), 1.23 (g, J = 7.5 Hz, 2H), 1.04 (d, J = 7.0 Hz, 3H), 0.80 (d, J = 7.2 Hz, 3H),
0.78 — 0.68 (m, 2H).

3C NMR (75 MHz, CDCls) 6 168.3, 146.1, 136.9, 136.2, 133.4, 131.5, 128.9, 126.7,
124.5, 123.3, 122.4, 119.6, 119.0, 109.8, 109.5, 68.0, 45.9, 37.5, 35.7, 31.9, 25.2,
22.65, 22.2, 20.3, 14.0, 14.0.

Rt =0.73 (1:1 Hex:EtOAc)
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HRMS (ESI-Orbitrap, m/z): calcd for C26H30N20 [M + Na]* 409.2250; found 409.2258

13,13b-Dihexyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119e):

O According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),
N NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-iodohexane
O N (148 pL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after
column chromatography 9:1 Hex:EtOAc the desired product
119e (22.4 mg, 25.4 % yield) as a light yellow oil.

H NMR (300 MHz, CDCls) & 7.91 (ddd, J=7.4, 1.4, 0.6 Hz, 1H),
7.81 (dt, J=7.8, 0.9 Hz, 1H), 7.60 (id, J = 7.5, 1.3 Hz, 1H), 7.54 — 7.45 (m, 2H), 7.28
(t, J= 1.0 Hz, 1H), 7.20 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 7.09 (ddd, J = 7.9, 6.8, 1.2 Hz,
1H), 4.83 = 4.70 (m, 1H), 4.46 (dd, J = 8.9, 7.3 Hz, 2H), 3.30 — 3.18 (m, 1H), 3.07 (ddd,
J=15.2,11.8, 6.0 Hz, 1H), 2.92 — 2.81 (m, 1H), 2.46 (ddd, J = 14.3, 11.3, 4.7 Hz, 1H),
2.25 (ddd, J = 14.2, 11.9, 4.2 Hz, 1H), 1.83 — 1.68 (m, 1H), 1.52 (d, J = 5.2 Hz, 3H),
1.41 = 1.31 (m, 4H), 1.23 — 1.07 (m, 7H), 0.98 — 0.90 (m, 3H), 0.84 — 0.78 (m, 3H),
0.77 = 0.69 (m, 1H).

13C NMR (75 MHz, CDCls) 5 168.4, 146.2, 136.9, 136.2, 133.4, 131.5, 128.9, 126.7,
124.5, 123.2, 122.4, 119.7, 119.0, 109.8, 109.5, 68.0, 46.2, 37.8, 35.8, 31.7, 31.6,
29.90, 29.2, 26.7, 23.1, 22.8, 22.6, 22.2, 14.2, 14.1.

Rt =0.76 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for CaoHssN20 [M + H]* 443.3057; found 443.3064

13,13b-Diallyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119f):

According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),
NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 3-bromoprop-1-
ene (87 yL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided

after column chromatography 8:2 Hex:EtOAc, the desired

product 119f (16 mg, 23 % yield) as a yellow oil.
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H NMR (300 MHz, CDCls) & 7.89 (ddd, J=7.5, 1.4, 0.7 Hz, 1H), 7.80 (dt, J= 7.8, 0.9
Hz, 1H), 7.62 — 7.55 (m, 1H), 7.51 — 7.45 (m, 2H), 7.25 — 7.16 (m, 2H), 7.11 (ddd, J =
8.0, 6.4, 1.8 Hz, 1H), 5.89 (dddd, J=17.2, 10.1, 5.2, 3.9 Hz, 1H), 5.29 — 5.11 (m, 4H),
5.05 — 4.84 (m, 3H), 4.77 (ddd, J = 13.0, 6.1, 1.0 Hz, 1H), 3.32 (ddd, J = 13.0, 11.7,
4.7 Hz, 1H), 3.20 (ddt, J = 14.8, 6.8, 1.1 Hz, 1H), 3.14 — 3.01 (m, 2H), 2.88 (ddd, J =
15.4, 4.7, 1.0 Hz, 1H).

3C NMR (75 MHz, CDCls) 6 168.3, 145.7, 137.6, 135.4, 133.3, 133.1, 131.7, 130.9,
128.9, 126.7, 124.4, 123.9, 122.7, 120.0, 119.5, 119.0, 117.7, 110.6, 110.5, 67.2,
48.14, 42.4, 35.9, 22.3.

Rt =0.62 (1:1 Hex:EtOAc)

13,13b-Bis(3-methylbut-2-en-1-yl)-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino
[8,7-bJindol-5-one (1199):

o) According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

N NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-bromo-3-

O N O methylbut-2-ene (116 L, 1 mmol, 5 equiv.) in DMF (1 mL,
’ 0.2 M), provided after column chromatography 9:1 Hex:EtOAc

the desired product 119g (20.8 mg, 25.3 % yield) as a dark

N

\

orange oil.

'H NMR (300 MHz, CDCls) & 7.89 (ddd, J=7.4, 1.4, 0.7 Hz, 1H), 7.79 (dt, J= 7.8, 0.9
Hz, 1H), 7.56 (id, J = 7.6, 1.4 Hz, 1H), 7.50 — 7.44 (m, 2H), 7.21 — 7.17 (m, 2H), 7.14
—7.07 (m, 1H), 5.18 (s, 2H), 5.06 — 5.00 (m, 1H), 4.75 (ddd, J = 12.9, 6.0, 1.0 Hz, 1H),
4.58 (it, J=7.0, 1.4 Hz, 1H), 3.30 (ddd, J=13.0, 11.7, 4.7 Hz, 1H), 3.16 (dd, J = 15.4,
7.2 Hz, 1H), 3.04 (ddd, J = 15.3, 11.6, 6.0 Hz, 2H), 2.91 — 2.80 (m, 1H), 1.94 (d, J =
1.3 Hz, 3H), 1.72(d, J= 1.5 Hz, 3H), 1.55 (d, J= 1.3 Hz, 3H), 1.49 (d, J= 1.4 Hz, 3H).

3C NMR (75 MHz, CDCls) & 168.4, 146.5, 137.4, 135.7 (2C), 134.6, 133.1, 131.5,
128.7,126.7,124.2, 123.6, 122.5,121.7,119.8, 118.9,116.9, 110.2, 110.2, 67.7, 44.5,
37.0, 36.1, 25.9, 25.6, 22.4, 18.7, 18.4.

Rt =0.82 (1:1 Hex:EtOAc)
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HRMS (ESI-Orbitrap, m/z): calcd for C2sH3zoN20 [M + H]* 411.2431; found 411.2440

13,13b-dibenzyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one
(119h):

0o According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),
NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and

N

N
O N O (bromomethyl)benzene (119 pyL, 1 mmol, 5 equiv.) in DMF
O (1 mL, 0.2M), provided after column chromatography 9:1
Hex:EtOAc the desired product 119h (31.1 mg, 34.2 % yield) as

a light yellow foam.

H NMR (300 MHz, CDCls) & 7.68 — 7.63 (m, 2H), 7.57 — 7.50 (m, 1H), 7.30 — 7.27 (m,
1H), 7.23 — 7.19 (m, 4H), 7.15 — 7.10 (m, 2H), 7.07 — 6.99 (m, 4H), 6.86 (dd, J = 4.9,
3.4 Hz, 2H), 6.77 - 6.71 (m, 2H), 6.01 (d, J= 17.6 Hz, 1H), 5.89 (d, J = 17.6 Hz, 1H),
4.86 — 4.77 (m, 1H), 3.61 (d, J = 1.7 Hz, 2H), 3.40 (ddd, J = 13.0, 11.6, 4.7 Hz, 1H),
3.11 (ddd, J= 15.3, 11.6, 6.0 Hz, 1H), 3.00 — 2.89 (m, 1H).

13C NMR (75 MHz, CDCls) & 168.3, 145.1, 137.8, 137.3, 135.8, 134.3, 132.7, 131.1,
130.0 (2C), 128.9 (2C), 128.6, 128.0 (2C), 127.6, 127.1, 126.7, 126.0 (2C), 124.2,
124.0, 123.0, 120.2, 119.0, 111.0, 110.6, 68.2, 49.6, 43.9, 36.2, 22.5.

Rt = 0.6 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for Cs2H26N20 [M + Na]* 477.1937; found 477.1935

13,13b-bis(3-fluorobenzyl)-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-
5-one (119i):

O According to GP17, compound 117 (55 mg, 0.2 mmol,

N 1 equiv.), NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-

O N O (bromomethyl)-3-fluorobenzene (123 yL, 1 mmol, 5 equiv.) in
O F DMF (1 mL, 0.2 M), provided after column chromatography
8:2 Hex:EtOAc the desired product 119j (54.3 mg, 55.3 %

yield) as a light yellow foam.
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H NMR (300 MHz, CDCls) & 7.68 (ddd, J= 7.4, 1.5, 0.7 Hz, 1H), 7.62 (dt, J=7.4, 1.0
Hz, 1H), 7.57 — 7.51 (m, 1H), 7.31 (td, J = 7.4, 1.1 Hz, 1H), 7.23 (dd, J= 7.5, 1.4 Hz,
1H), 7.20 — 7.10 (m, 3H), 7.08 — 6.95 (m, 2H), 6.95 — 6.87 (m, 1H), 6.75 (tdd, J = 8.5,
2.6, 1.0 Hz, 1H), 6.62 (ddd, J = 7.7, 1.7, 0.9 Hz, 1H), 6.58 — 6.51 (m, 2H), 6.42 (dt, J
=9.7,2.1 Hz, 1H), 5.96 (d, J= 17.9 Hz, 1H), 5.87 (d, J = 17.8 Hz, 1H), 4.88 — 4.78 (m,
1H), 3.59 (d, J = 3.0 Hz, 2H), 3.39 (ddd, J = 13.0, 11.6, 4.7 Hz, 1H), 3.12 (ddd, J =
15.4, 11.6, 6.0 Hz, 1H), 3.02 — 2.91 (m, 1H).

13C NMR (75 MHz, CDCls) & 168.2, 163.4 (d, J = 245.6 Hz), 162.3 (d, J = 244.5 Hz),
144.6, 140.0 (d, J = 6.8 Hz), 137.6, 136.5 (d, J = 7.4 Hz), 135.5, 132.8, 131.2, 130.6
(d, J=8.3 Hz), 129.5 (d, J=8.3 Hz), 129.0, 126.8, 125.6 (d, J= 3.0 Hz), 124.3, 123.9,
123.4,121.6 (d, J = 2.9 Hz), 120.5, 119.2, 116.8 (d, J = 21.5 Hz), 114.7 (d, J = 21.1
Hz), 114.2 (d, J = 20.9 Hz), 113.1 (d, J=22.5 Hz), 111.4, 110.3, 77.6, 67.8, 49.1 (d, J
=1.7 Hz), 43.4 (d, J= 1.3 Hz), 36.1, 22.4.

F NMR (282 MHz, CDCls) 6 -112.1, -113.5.
Rt = 0.6 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for Caz2oH24F2N20 [M + Na]* 513.1749; found
513.1766

13,13b-bis(4-fluorobenzyl)-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-
5-one (119j):

O According to GP17, compound 117 (55mg, 0.2 mmol,
1 equiv.), NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-

N

N
O N O (bromomethyl)-4-fluorobenzene (155 pL, 1 mmol, 5 equiv.) in
O DMF (1 mL, 0.2 M), provided after column chromatography 8:2
F Hex:EtOAc the desired product 119k (53.3 mg, 54.3 % yield)
F

as a light yellow foam.

H NMR (300 MHz, CDCls) & 7.67 (ddd, J= 7.4, 1.4, 0.6 Hz, 1H), 7.59 (dt, J=7.6, 0.8
Hz, 1H), 7.56 — 7.51 (m, 1H), 7.30 (td, J = 7.4, 1.0 Hz, 1H), 7.22 (td, J = 7.5, 1.4 Hz,
1H), 7.15 — 7.10 (m, 2H), 7.05 — 6.98 (m, 1H), 6.93 — 6.86 (M, 2H), 6.79 (dd, J = 8.7,
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5.3 Hz, 2H), 6.71 (s, 2H), 6.69 (s, 2H), 5.97 (d, J = 16.8 Hz, 1H), 5.84 (d, J = 17.5 Hz,
1H), 4.83 (ddd, J = 13.0, 5.9, 1.0 Hz, 1H), 3.66 — 3.52 (m, 2H), 3.37 (ddd, J = 12.9,
11.6, 4.8 Hz, 1H), 3.10 (ddd, J=15.4, 11.6, 6.0 Hz, 1H), 2.96 (ddd, J=15.4,4.8, 1.0
Hz, 1H).

13C NMR (75 MHz, CDCls) & 168.24, 162.2 (d, J = 244.7 Hz), 162.0 (d, J = 244.4 Hz),
144.8, 137.5, 135.5, 132.8 (d, J = 3.3 Hz), 132.7, 131.4 (d, J = 8.0 Hz, 2C), 131.2,
129.9 (d, J = 3.4 Hz), 128.9, 127.6 (d, J = 8.2 Hz, 2C), 126.8, 124.3, 124.0, 123.2,
120.4, 119.2, 115.9 (d, J = 21.8 Hz, 2C), 115.0 (d, J = 21.3 Hz, 2C), 111.3, 110.5,
68.0, 49.1, 43.1, 36.1, 22.4.

F NMR (282 MHz, CDCls) 6 -114.79, -115.27.
Rt = 0.6 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for Caz2oH24F2N20 [M + Na]* 513.1749; found
513.1746

8a,13b-dihexyl-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-b]indol-5-one
(122e):

According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),
NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-iodohexane
Y (148 puL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after

N
column chromatography 9:1 Hex:EtOAc the desired product
/)
O N O 122e (11.2 mg, 12.7 % yield) as a colorless oil.

H NMR (300 MHz, CDCls) 8 7.87 (ddd, J=7.5, 1.2, 0.7 Hz, 1H),

7.83 (dt, J=7.6, 0.9 Hz, 1H), 7.69 (dt, J = 7.8, 0.9 Hz, 1H), 7.61
(td, J=7.5, 1.2 Hz, 1H), 7.49 (td, J = 7.4, 1.0 Hz, 1H), 7.35 (ddd, J = 7.7, 5.4, 3.4 Hz,
1H), 7.24 — 7.20 (m, 2H), 4.61 (ddd, J = 14.1, 9.9, 8.0 Hz, 1H), 3.24 (ddd, J = 14.1,
9.5, 3.1 Hz, 1H), 2.67 (ddd, J = 14.2, 12.0, 4.5 Hz, 1H), 2.56 (ddd, J = 13.3, 9.9, 3.0
Hz, 1H), 2.12 (ddd, J = 14.2, 12.0, 4.4 Hz, 1H), 1.72 — 1.44 (m, 3H), 1.24 — 1.07 (m,
6H), 0.98 (td, J = 12.0, 5.4 Hz, 1H), 0.84 — 0.73 (m, 5H), 0.68 — 0.49 (m, 7H), 0.43
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(dtd, J = 14.7, 6.8, 3.9 Hz, 1H), 0.06 (dq, J = 18.2, 6.9, 5.4 Hz, 1H), -0.45 (tdd, J =
12.8, 7.9, 4.9 Hz, 1H).

13C NMR (75 MHz, CDCls) 5 187.4, 169.5, 155.0, 145.0, 143.5, 132.6, 131.7, 129.0,
128.2,126.1, 123.9, 122.5, 121.8, 120.8, 69.2, 58.9, 38.7, 34.9, 33.1, 31.6, 31.1, 31.0,
29.0, 28.8, 24.1, 22.6, 22.4, 22.2, 14.1, 14.0.

Rt = 0.85 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for CaoHssN20 [M + H]* 443.3057; found 443.3064
8a,13b-diallyl-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-b]indol-5-one (122f):

According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),
NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 3-bromoprop-1-
ene (87 yL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided

after column chromatography 8:2 Hex:EtOAc, the desired

product 122f (11 mg, 15 % yield) as a light yellow oil.

'H NMR (300 MHz, CDCls) & 7.93 — 7.85 (m, 2H), 7.72 (dt, J = 7.7, 0.9 Hz, 1H), 7.62
(td, J=7.5, 1.3 Hz, 1H), 7.52 (td, J = 7.4, 1.1 Hz, 1H), 7.40 (ddd, J= 7.8, 6.8, 1.9 Hz,
1H), 7.33 = 7.29 (m, 2H), 5.30 (ddt, J= 17.1, 10.0, 7.1 Hz, 1H), 5.09 — 5.00 (m, 1H),
4.95 (ddt, J=10.0, 1.8, 0.9 Hz, 1H), 4.64 (ddd, J= 14.1, 9.8, 8.6 Hz, 1H), 4.47 (dddd,
J=16.5,10.1, 8.1, 6.2 Hz, 1H), 4.31 — 4.24 (m, 1H), 4.02 — 3.93 (m, 1H), 3.37 (ddd, J
=14.1,9.5, 2.7 Hz, 1H), 3.28 (ddt, J = 14.3, 7.1, 1.1 Hz, 1H), 3.01 (ddt, J = 14.2, 7.2,
1.1 Hz, 1H), 2.63 (ddd, J = 13.9, 9.8, 2.7 Hz, 1H), 2.42 — 2.31 (m, 1H), 2.14 (dd, J =
13.9, 8.1 Hz, 1H), 1.74 (ddd, J = 13.9, 9.5, 8.6 Hz, 1H).

13C NMR (75 MHz, CDCls) 6 185.8, 169.4, 154.4, 144.8, 142.5, 132.7, 131.5, 130.7,
130.4, 129.2, 128.5, 126.3, 123.9, 122.9, 122.4, 120.9, 120.5, 118.4, 68.6, 58.8, 44.0,
38.4, 33.3, 29.9.

Rt = 0.56 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for C24H22N20 [M + H]* 355.1805; found 355,1822
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8a,13b-Bis(3-methylbut-2-en-1-yl)-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino
[8,7-bJindol-5-one (1229):

According to GP17, compound 117 (82 mg, 0.3 mmol, 1 equiv.),
NaH (60 %) (72 mg, 1.8 mmol, 6 equiv.) and 1-bromo-3-
methylbut-2-ene (172 uL, 1.5 mmol, 5 equiv.) in DMF (1.5 mL,
0.2 M), provided after column chromatography 8:2 Hex:EtOAc,

the desired product 122g (11 mg, 15 % yield) as a yellow oil.

'H RMN (250 MHz, CDCls) & 7.95 (dt, J=7.6, 0.9 Hz, 1H), 7.85 (ddd, J=7.4, 1.3, 0.8
Hz, 1H), 7.75 (dt, J= 7.7, 0.9 Hz, 1H), 7.62 (id, J= 7.5, 1.3 Hz, 1H), 7.52 (td, J = 7.4,
1.1 Hz, 1H), 7.33 (ddd, J = 7.7, 6.6, 2.2 Hz, 1H), 7.24 (dd, J = 2.2, 0.9 Hz, 1H), 7.19
(dd, J=7.4,1.1 Hz, OH), 5.25 (it, J= 7.1, 1.4 Hz, 1H), 4.50 (ddd, J= 13.8, 9.7, 7.6 Hz,
1H), 3.76 — 3.63 (m, 2H), 3.61 — 3.46 (m, 1H), 3.29 (ddd, J = 13.8, 9.3, 3.4 Hz, 1H),
2.55 (ddd, J = 13.3, 9.6, 3.4 Hz, 1H), 2.29 (dd, J = 15.4, 5.6 Hz, OH), 2.07 (dd, J =
14.9, 7.7 Hz, 1H), 1.77 (dd, J= 6.0, 1.5 Hz, 1H), 1.62 (d, J= 1.2 Hz, 3H), 1.43 (d, J =
1.3 Hz, 3H), 1.05 (d, J = 1.1 Hz, 6H) ppm.

13C RMN (63 MHz, CDCls) & 182.8, 168.6, 155.3, 143.4, 141.6, 137.1, 134.8, 132.8,
132.0, 130.3, 128.1, 126.3, 124.1, 123.8, 122.3, 121.9, 120.5, 117.0, 90.7, 59.8, 57.7,
32.9, 29.8, 28.6, 25.8, 25.3, 18.0, 17.8 ppm.

8a,13b-dibenzyl-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-b]indol-5-one
(122h):

According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

O 0 NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and
(bromomethyl)benzene (119 pyL, 1 mmol, 5 equiv.) in DMF
O N/ O (1 mL, 0.2M), provided after column chromatography 9:1
O Hex:EtOAc, the desired product 122g (21.5 mg, 23.7 % yield)

as a light yellow foam.

'H NMR (250 MHz, CDCls) 8 7.86 (d, J = 7.5 Hz, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.59
(t, J = 7.5 Hz, 2H), 7.50 — 7.29 (m, 3H), 7.19 (dd, J = 15.0, 7.5 Hz, 2H), 7.09 — 6.93
(m, 4H), 6.90 — 6.76 (m, 3H), 6.66 (t, J = 7.5 Hz, 2H), 5.92 (d, J = 7.5 Hz, 2H), 4.71
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(dt, J = 14.0, 9.5 Hz, 1H), 3.59 — 3.42 (m, 2H), 2.88 (d, J = 14.0 Hz, 1H), 2.68 — 2.52
(m, 1H), 1.50 (dt, J = 14.0, 9.5 Hz, 1H).

13C NMR (63 MHz, CDCls) 8 184.97, 169.44, 155.22, 145.47, 142.46, 134.75, 134.26,
132.28, 131.38, 130.27, 130.16, 129.11, 129.04, 128.90, 128.46, 128.03, 127.32,
127.19, 126.35, 125.62, 123.86, 123.26, 123.08, 121.01, 69.63, 59.42, 46.77, 39.17,
34.39, 29.04.

Rt =0.51 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for Cs2H26N20 [M + Na]* 477.1937; found 477.1948

8a,13b-bis(3-Fluorobenzyl)-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-
blindol-5-one (122i):

F According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),
O NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-(bromomethyl)-
3-fluorobenzene (123 pL, 1 mmol, 5 equiv.) in DMF (1 mL,

O ) O 0.2 M), provided after column chromatography 8:2 Hex:EtOAc
N the desired product 122i (28.3 mg, 28.8 % yield) as a light yellow

O foam.

F 'H NMR (300 MHz, CDCls) & 7.84 (dt, J= 7.6, 0.9 Hz, 1H), 7.77
(ddd, J=7.5, 1.3, 0.7 Hz, 1H), 7.64 — 7.57 (m, 2H), 7.49 (td, J = 7.5, 1.0 Hz, 1H), 7.39
(ddd, J=7.7, 6.8, 2.0 Hz, 1H), 7.31 —= 7.27 (m, 1H), 7.01 (td, J = 8.0, 6.1 Hz, 1H), 6.77
(tdd, J = 8.4, 2.6, 1.0 Hz, 1H), 6.62 (dt, J= 8.0, 1.5 Hz, 1H), 6.58 — 6.46 (m, 3H), 5.63
(dt, J=7.3, 1.5 Hz, 1H), 5.44 (dt, J= 10.0, 2.1 Hz, 1H), 4.71 (dt, J= 14.2, 9.6 Hz, 1H),
3.71 (d, J = 13.8 Hz, 1H), 3.56 — 3.37 (m, 2H), 2.93 (d, J = 13.9 Hz, 1H), 2.73 — 2.57
(m, 2H), 1.56 (dt, J = 14.2, 9.5 Hz, 1H).

13C NMR (75 MHz, CDCls) & 184.6, 169.4, 162.3 (d, J = 244.4 Hz), 161.7 (d, J= 243.7
Hz), 154.8, 144.8, 142.2, 137.13 (d, J = 7.4 Hz), 136.57 (d, J = 7.5 Hz), 132.7, 131.3,
129.51 (d, J = 8.3 Hz), 129.50, 128.8, 128.7 (d, J = 8.2 Hz), 126.1, 125.9 (d, J = 2.9
Hz), 124.6 (d, J = 3.0 Hz), 124.1, 123.1, 123.0, 121.2, 117.2 (d, J = 21.4 Hz), 115.7
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(d, J=21.9 Hz), 114.3 (d, J=21.1 Hz), 113.4 (d, J = 20.9 Hz), 69.3, 59.3, 46.11 (d, J
=1.2 Hz), 39.1 (d, J= 1.2 Hz), 34.2, 29.7.

F NMR (282 MHz, CDCls) 6 -113.43, -113.69.
Rt = 0.6 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for Caz2H24F2N20 [M + Na]* 513.1749; found
513.1753

8a,13b-bis(4-Fluorobenzyl)-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-
blindol-5-one (122j):

F According to GP17, compound 117 (55mg, 0.2 mmol,
O 1 equiv.), NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-
0 (bromomethyl)-4-fluorobenzene (155 pL, 1 mmol, 5 equiv.) in

N

DMF (1 mL, 0.2 M), provided after column chromatography 8:2
/,
O N Q Hex:EtOAc the desired product 122j (34.9 mg, 35.6 % yield) as

O a yellow oil.

F
H NMR (300 MHz, CDCls) 5 7.88 (dt, J=7.7, 0.9 Hz, 1H), 7.76

(dt, J=7.5, 1.0 Hz, 1H), 7.66 — 7.57 (m, 2H), 7.49 (id, J=7.5, 1.0 Hz, 1H), 7.42 - 7.36
(m, 1H), 7.30 (dd, J = 7.4, 1.1 Hz, 1H), 7.25 — 7.22 (m, 1H), 6.83 — 6.69 (m, 4H), 6.32
— 6.24 (m, 2H), 5.78 — 5.72 (m, 2H), 4.70 (dt, J = 14.2, 9.6 Hz, 1H), 3.69 (d, J = 14.0
Hz, 1H), 3.54 — 3.40 (m, 2H), 2.89 (d, J = 13.9 Hz, 1H), 2.71 — 2.54 (m, 2H), 1.52 (dt,
J=14.3, 9.6 Hz, 1H).

13C NMR (75 MHz, CDCls) & 185.2, 169.3, 162.1 (d, J = 244.7 Hz), 161.4 (d, J= 243.8
Hz), 154.2, 144.9, 142.1, 132.6, 131.8 (d, J = 8.1 Hz), 131.3, 130.3 (d, J = 8.0 Hz),
130.2 (d, J = 3.4 Hz), 129.8 (d, J = 3.4 Hz), 129.4, 128.9, 126.2, 124.1, 123.3, 123.1,
121.0, 115.1 (d, J = 21.3 Hz), 114.2 (d, J = 21.1 Hz), 69.5 (d, J = 1.5 Hz), 59.6, 45.8,
38.6, 34.3, 29.3.

19F NMR (282 MHz, CDCls) & -115.03, -116.20.

Rt = 0.49 (1:1 Hex:EtOAc)
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HRMS (ESI-Orbitrap, m/z): calcd for Caz2oH24F2N20 [M + Na]* 513.1749; found
513.1789

13b-propyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one (121):

o) According to GP17, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

N
NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and 1-bromopropane

N
O NH O (91 pyL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after
column chromatography 8:2 Hex:EtOAc, the desired product

121 (30.5 mg, 48.2 % yield) as a white solid.

'H NMR (300 MHz, DMSO-ck) & 11.30 (s, 1H), 8.29 — 8.22 (m, 1H), 7.76 — 7.68 (m,
2H), 7.52 (td, J= 7.4, 0.9 Hz, 1H), 7.38 (i, J= 6.6, 1.1 Hz, 2H), 7.08 (ddd, J= 8.3, 7.1,
1.2 Hz, 1H), 6.97 (ddd, J= 7.9, 7.1, 1.0 Hz, 1H), 4.57 — 4.48 (m, 1H), 3.43 — 3.33 (m,
1H), 2.85 — 2.61 (m, 2H), 2.39 (ddd, J = 11.9, 10.1, 3.5 Hz, 1H), 2.19 (ddd, J = 15.2,
10.8, 5.1 Hz, 1H), 0.98 (dg, J = 11.6, 6.6, 6.0 Hz, 1H), 0.81 — 0.74 (m, 3H), 0.69 (dd,
J=13.0, 6.5 Hz, 1H).

13C NMR (75 MHz, DMSO) & 167.7, 147.5, 136.1, 135.2, 132.1, 131.2, 128.6, 125.9,
123.0, 122.8, 121.5, 118.8, 118.3, 111.2, 106.2, 65.1, 35.5, 21.4, 16.4, 13.7.

Rt = 0.56 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for C21H20N20 [M + NaJ* 339.1468; found 339.1478

5.4.2. Synthesis of alkoxy-substituted fused p-carboline-

isoindolinones (120)

(i) NaH, DMF, 0°C, 30 min
(ii) RX, r.t., 5 min

120

120a: R = Me
120b: R = Et
120c: R = benzyl
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General procedure for the synthesis of alkoxy-substituted fused p-carboline-
isoindolinones (120a-c) GP18

7,8,13,13b-Tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one (117) (1 equiv.) and
NaH (60 %) (6 equiv.) are added to a round-bottom flask open to air. To this mix, DMF
(c =0.2 M) is added while at 0°C and the mixture is stirred for 30 minutes. When the
time is elapsed, the corresponding halide is added and the mixture is stirred for a
further 5 minutes at room temperature, then, a saturated solution of NH4Cl is added
and the aqueous phase is extracted 3 times with EtOAc. The combined organic layers
are dried over Na2SOs4 and under reduced pressure. The crude is purified using

column chromatography.

13b-Methoxy-13-methyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-
one (120a):

0o According to GP18, compound 117 (55 mg, 0.2 mmol, 1 equiv.),

NaH (60 %) (48 mg, 1.2 mmol, 6 equiv.) and methyl iodide
O Q (62 pL, 1 mmol, 5 equiv.) in DMF (1 mL, 0.2 M), provided after

A column chromatography 8:2 Hex:EtOAc, the desired product
120a (27 mg, 43 % yield) as a white foam.

'H NMR (250 MHz, CDCls) & 7.98 (dt, J = 7.5, 1.0 Hz, 1H), 7.90 (ddd, J=7.5, 1.5, 1.0
Hz, 1H), 7.65 (td, J = 7.5, 1.5 Hz, 1H), 7.58 — 7.47 (m, 2H), 7.32 (ddd, J=8.5, 1.5, 1.0
Hz, 1H), 7.25 (ddd, J = 8.0, 6.5, 1.5 Hz, 1H), 7.10 (ddd, J = 8.0, 6.5, 1.5 Hz, 1H), 4.66
(ddd, J = 13.0, 5.5, 1.2 Hz, 1H), 4.19 (s, 3H), 3.36 (ddd, J = 13.0, 11.5, 4.5 Hz, 1H),
3.09 (s, 3H), 3.01 (ddd, J = 17.0, 11.5, 5.5 Hz, 1H), 2.84 (ddd, J = 15.5, 4.5, 1.5 Hz,
1H).

13C NMR (63 MHz, CDCls) 6 168.6, 143.3, 138.6, 132.9, 132.5, 132.4, 130.15, 125.99,
124.35, 123.78, 123.24, 119.81, 119.43, 112.32, 109.57, 90.82, 50.65, 36.65, 33.12,
22.32.

Rf = 0.63 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for C20H1sN202 [M + Na]+ 341.1260; found 341.1260.
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13b-Ethoxy-13-ethyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-b]indol-5-one
(120b):

O According to GP18, compound 117 (137 mg, 0.5 mmol,
1 equiv.), NaH (60 %) (120 mg, 3 mmol, 6 equiv.) and ethyl

N
O N 07 Q iodide (201 pL, 2.5 mmol, 5 equiv.) in DMF (2.5 mL, 0.2 M),
) provided after column chromatography 8:2 Hex:EtOAc, the

N

desired product 120b (20 mg, 12 % yield) as a white foam.

H NMR (250 MHz, CDCls) & 7.89 (ddt, J = 7.6, 1.6, 0.8 Hz, 2H), 7.64 (id, J=7.5, 1.4
Hz, 1H), 7.56 — 7.45 (m, 2H), 7.36 (dt, J = 8.3, 0.9 Hz, 1H), 7.22 (dd, J = 8.2, 1.3 Hz,
1H), 7.09 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H), 4.81 — 4.56 (m, 3H), 3.46 — 3.23 (m, 2H),
3.18 = 3.02 (m, 1H), 2.97 (dd, J = 11.7, 5.3 Hz, 1H), 2.83 (ddd, J = 15.5, 4.4, 1.2 Hz,
1H), 1.47 (t, J= 7.1 Hz, 3H), 1.16 (t, J = 7.0 Hz, 3H).

13C NMR (63 MHz, CDCls) 5 168.7, 144.0, 137.6, 133.2, 132.9, 132.6, 130.4, 126.9,
124.5, 124.1, 123.3, 120.0, 119.9, 112.5, 110.6, 91.1, 59.1, 41.1, 36.9, 22.7, 15.7,
15.5.

Rf = 0.69 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for C22H22N202 [M + Na]* 369.1573; found 369.1581

13-Benzyl-13b-(benzyloxy)-7,8,13,13b-tetrahydro-5H-benzol[1,2]indolizino[8,7-
blindol-5-one (120c):
\ 0 According to GP18, compound 117 (82 mg, 0.3 mmol, 1 equiv.),
AN NaH (60 %) (72 mg, 1.8 mmol, 6 equiv.) and benzyl bromide
O 0] (178 pL, 1.2 mmol, 5 equiv.) in DMF (1.5 mL, 0.2 M), provided
after column chromatography 8:2 Hex:EtOAc, the desired

product 120c (21 mg, 16 % yield) as a white foam

1H NMR (250 MHz, CDCls) & 7.95 — 7.88 (m, 1H), 7.58 — 7.34 (m, 4H), 7.29 — 7.27 (m,
1H), 7.25 (d, J = 2.1 Hz, 5H), 7.15 (dd, J = 6.9, 2.7 Hz, 2H), 7.12 — 7.06 (m, 2H), 7.05
—6.97 (m, 3H), 6.14 (d, J = 17.4 Hz, 1H), 5.70 (d, J = 17.4 Hz, 1H), 4.75 — 4.62 (m,
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1H), 4.34 (d, J=11.5 Hz, 1H), 4.10 (d, J= 11.5 Hz, 1H), 3.43 (ddd, J=12.8, 11.8, 4.4
Hz, 1H), 3.16 — 3.00 (m, 1H), 2.91 (ddd, J = 15.6, 4.4, 1.2 Hz, 1H).

13C NMR (63 MHz, CDCls) & 168.5, 142.7, 138.3, 137.7, 137.6, 133.6, 132.3, 130.1,
128.7 (2C), 128.5 (2C), 127.7, 127.5 (2C), 127.3, 127.1, 126.6, 126.4 (2C), 124.4,
124.1, 123.4, 120.1, 119.4, 112.8, 111.2, 90.9, 65.4, 49.9, 36.6, 22.5.

Rf =0.75 (1:1 Hex:EtOAc)
HRMS (ESI-Orbitrap, m/z): calcd for C27H2sN302 [M + Na]* 493.1887; found 493.1876.
5-0x0-5,13-Dihydrobenzo[1,2]indolizino[8,7-blindol-6-ium (124):

® O Compound 117 (69 mg, 0.25 mmol, 1 equiv.), NaH (60 %)

—

(60 mg, 1.5 mmol, 6equiv.) and 1-iodohexane (185 uL,

N
O NH O 1.25 mmol, 5 equiv.) in DMF (1.75 mL, 0.2 M), provided after
column chromatography 8:2 Hex:EtOAc, compound 124 (9 mg, 14 % yield) as a white

solid

'H NMR (250 MHz, CDCls) & 8.85 (dd, J = 12.0, 7.0 Hz, 3H), 8.67 (d, J = 8.0 Hz, 1H),
8.16 (d, J=8.0 Hz, 1H), 8.02 — 7.97 (m, 1H), 7.97 — 7.87 (m, 1H), 7.82 — 7.72 (m, 2H),
7.56 (t, J= 7.5 Hz, 1H).

3C NMR (63 MHz, CDCls) 8 159.6, 145.1, 139.5, 136.1, 134.9, 133.7, 130.8, 130.7,
130.6, 130.2, 129.6, 129.4, 125.5, 125.1, 123.6, 122.6, 117.7, 115.3.

Rf = 0.57 (1:1 Hex:EtOAc)

HRMS (ESI-Orbitrap, m/z): calcd for C1sH11N20* [M]* 271.0866; found 271.0865.
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I.  We have synthesised a family of rigid indole-imidazole using the previously
described reaction of tryptamines with diazadialkenes, followed by a palladium-

catalysed coupling reaction.

NH,
R4 R4
of o e
N o NoONTR N R
i?z EBOC i?z i? 2
RSJ\/ R* 10 examples

II.  We have evaluated the biological activity of these compounds, finding one

compound with similar activity to the lead compound.

lll.  The Van Leusen reaction has been evaluated as an alternative for the synthesis

of rigid indole-imidazole substituents to increase the variability in R3 and R#.

NH,
A\ Ph Ph
{2 . .
! . N A
Jo — orf B — o
N N
\ \

IV. A new synthetic route has been developed and optimised for the synthesis of
3-indolylethylimidazole derivatives, using three different methodologies,
providing broader opportunities for introducing structural diversity in the

imidazole ring of our fused systems.

X R4 R4
N N
1 R! R!
\ HN’S\ N N
R2 & RS H R2

18 examples
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V. A wide range of bisindolic compounds from different families of bis (3-
indolyl)methanes have been synthesised, including amines, amides, carboxylic

acids, esters, glycosylated or tetrasubstituted derivatives.

R1
OY R o
sy O L0
| \ | \
N N N N
R R R R
R1
14 examples NH 5 examples
AN A O 2EL0)
I W
N N N N
R R / \
3 examples 3 examples

VI. These bisindolic compounds have been biologically evaluated against

leishmaniasis, providing promising results for some of the derivatives.

VIl.  Indole-isoindolinone derivatives have been synthesised from phthalic
anhydride for future biological evaluation against leishmaniasis. The
mechanism of this reaction has been used effectively to synthesise three
different families of compounds, all of them containing a quaternary

stereocenter: disubstituted compounds, imines and alkoxy derivatives.
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REPRESENTATIVE EXAMPLES OF NMR SPECTRA
CHAPTER 3: INDOLE-IMIDAZOLES

Methyl 1-(2-(5-chloro-1-methyl-1H-indol-3-yl)ethyl)-4-propyl-1 H-imidazole-5-
carboxylate (66b)

Methyl 8-chloro-11-methyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4-
blindole-3-carboxylate (65b)

CHAPTER 4: BISINDOLES

2,2-di(1H-indol-3-yl)ethan-1-amine (88b)
N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-4-methoxybenzamide (89af)
Methyl 2,2-bis(1-methyl-1H-indol-3-yl)acetate (91a)
2,2-bis(1-methyl-1H-indol-3-yl)propanoic acid (93a)

CHAPTER 5: INDOLE-ISOINDOLINONES

13,13b-Diallyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one (119f)
8a,13b-Diallyl-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-blindol-5-one (122f)



Methyl 1-(2-(5-chloro-1-methyl-1H-indol-3-yl)ethyl)-4-propyl-1H-imidazole-5- carboxylate (66b):
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Methyl 8-chloro-11-methyl-2-propyl-6,11-dihydro-5H-imidazo[1',2":1,2]pyrido[3,4- blindole-3-carboxylate (65b):
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(88b)

-amine

2,2-di(1 H-indol-3-yl)ethan-1

8 8 S g 8 o o o o o o o o o S
g 3 S E g 8 = ] ] = g 8 g = g
ini T T ini T b ? T b 7 i T T ini ? !
N
o
e
"
o
Le
Le
N
ra
Le
2
seoze~ .
8/82°€ 7 =S0er
[Cen
Le
2
Nwmm.w/
0zIy'y —_ ——=—=— EQ00}|w
T0€V'V <
Le
Le
b
"
e
/661
66’2
86}
L0¢lw
A6t~
Le
3
ra
Le
a
"
[[o
=
rs
2
960 —————— -———— Foozl,
s :
2 B
I o
z n
re
- <
< r=
e
e

f1 (ppm)



N-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-4-methoxybenzamide (89af)
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Methyl 2,2-bis(1-methyl-1H-indol-3-yl)acetate (91a):
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ic acid (93a):

2,2-bis(1-methyl-1H-indol-3-yl)propano
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13,13b-Diallyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-b]indol-5-one (119f):
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8a,13b-diallyl-7,8,8a,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7-b]indol-5-one (122f):
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13b-Ethoxy-13-ethyl-7,8,13,13b-tetrahydro-5H-benzo[1,2]indolizino[8,7- blindol-5-one (120b):
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