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Popular summary

Leishmaniasis and Chagas are neglected diseases caused by trypanosomatid
parasites from the genus Leishmania and Trypanosoma, respectively. These
diseases occur primarily in tropical and subtropical regions, affecting mainly people
from underdeveloped countries that live in distant rural places with insufficient
access to medical care. The development of appropriate treatments has been
overlooked by the big pharmaceutical companies, and current treatments mostly
come from repurpose drug studies, presenting several disadvantages such as
unwanted side effects, and the need for parenteral administration that may require
hospitalization in some cases.

The complex life cycles of the Leishmania and Trypanosoma parasites makes it
difficult to understand their infection mechanisms, making the development of new
drugs challenging. However, empirical knowledge obtained from traditional
medicine, may contribute to the isolation and identification of new natural products
with potential antiparasitic activity. Such is the case of natural product pulchrol,
isolated from the roots of the vegetal specie Bourreria pulchra, traditionally used to
treat cutaneous diseases, infections and fevers in Yucatan, Mexico. After its
isolation, pulchrol has been shown to possess interesting activity toward 7. cruzi,
and several Leishmania species.

In this investigation, several pulchrol analogues systematically modified were
prepared to be used in structure-activity relationship studies. The effects that
transformations of pulchrol’s substituents produced in the antiparasitic activity were
evaluated. A hydrogen bond acceptor at the benzylic position in pulchrol’s A-ring,
ethyl substituents in the B-ring, and isopropyl substituents in the C-ring were found
to be important for the activity. A pharmacophore hypothesis developed for 7. cruzi
agreed with the observations made during the SAR studies.

The absorption, distribution, metabolism, excretion and toxicity (ADMET)
potential of pulchrol’s derivatives was evaluated qualitatively. Most of them were
able to be absorbed orally, and therefore had potential as orally administered drugs.
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1 Introduction

1.1 Natural products and their uses

Natural products are compounds generated by living organisms. The secondary
metabolism transforms primary metabolites to produce secondary metabolites, also
known as natural products [1].

Primary metabolites are compounds essential for life, and most of them and their
biosynthetic pathways are common for all organisms. Secondary metabolites, on the
other hand, are specific for different groups of organisms, their purposes are in
general not understood but they appear to interact with the external environment,
for example attracting other species or repelling predators as a defence mechanism
[1-3]. These metabolites are produced as a result of millions of years of evolution
in which organisms have adapted to various abiotic and biotic stresses [2-5].

Humans have found practical uses for many secondary metabolites, traditionally
from plants, but recently also from microorganisms. We have used natural products
as pesticides, flavouring agents, fragrances, and especially as drugs to treat different
illnesses [2]. Knowledge on the traditional therapeutic use of plants was obtained
on an empirical basis from rather early in history, reports found in Mesopotamia
approximately 2400 BC, a compendium of traditional medicine (Ebers Papyrus)
written around 1500 BC in Egypt [4, 6], and all the documents from the traditional
Chinese medicine that have been recorded for thousands of years [6, 7] evidence the
existence of this knowledge.

So far, traditional medicine has served as a starting point for rational drug
discovery. One example is opium and its traditional use as analgesic, which
afterward led to the isolation of morphine [8, 9]. Likewise, various compounds such
as taxol isolated from the pacific yew (Taxus brevifolia) [10]; camphotecin isolated
from the Chinese plant Camptotheca acuminata [11]; and the vinca alkaloids
obtained from the Madagascar periwinkle (Cantharanthus roseus) [12], are used to
treat various forms of cancer [13, 14]. In addition, we can mention examples of anti-
parasitic drugs found in nature, like quinine, isolated from the bark of the Cinchona
trees (e.g., Cinchona officinalis), which were traditionally used to counteract
shivering caused by low temperatures or fever in South America [15]. Similarly, the
natural product artemisinin isolated from the sweet wormwood (Artemisia annua),
was used in Chinese traditional medicine to treat fever, inflammation and malaria
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(see Figure 1) [16, 17]. Both the abovementioned compounds have been important
for treating patients with malaria.

artemisinin (1) quinine (2)

Figure 1
Antimalarial natural products artemisinin and quinine

Ethnopharmacology based on the world’s almost inapprehensible biodiversity
provides an extremely valuable tool for drug discovery; nevertheless, ethnic
traditional knowledge and natural habitats are endangered, and may decline or
disappear, with all of their valuable information, due to the growth of urban and
farm areas [6, 18]. Besides the environmental factors, there are also other challenges
for natural product discovery: the composition, altitude, process, and storage
conditions; are factors that need to be controlled during the harvesting process [4,
6]. The isolation and purification processes are also expensive, time consuming and
often impractical to scale up; on top of that, the amounts of secondary metabolites
obtained are in general small and may be insufficient for the testing of a wider range
of biological activities [4-6].

Due to the challenges described above, the interest in natural product-based drug
discovery has declined, leaving natural product research to a major extent to
universities and start-up companies [6].

1.2 Synthetic natural products

Synthetic chemists have solved the problem of insufficient amounts of metabolites
isolated from natural sources by designing synthetic routes to prepare them in the
laboratory. This solution made possible to test natural products more extensively in
various biological assays. Once a biologically active compound would have been
found, it was possible to prepare derivatives and analogues based on its structure,
looking for improvements in the activity or therapeutic properties that may lead to
a potential drug [5, 19].

15



Natural product synthesis also enriched the chemical variety of prior purely
synthetic compounds, providing privileged scaffolds belonging to biologically
active pharmacophores [4, 5, 19, 20]. The first natural product synthesized as a drug
was salicylic acid, a natural oxidation product of the glucoside salicin that was
isolated from the bark of the white willow (Salix alba). Salicylic acid was developed
to the less irritating prodrug Aspirin by acetylation. Later other drugs such as
Chloroquine and Mefloquine were produced inspired by quinine, to be used to
combat malaria (for the structures see Figure 2) [6].

H
© OH
O, 0O \\I HO_ _O HO__O
HO o]
HOJ/\)\OH \ﬂ/
OH 0
salicin (3) salicylic acid (4) Aspirin (5)
J\/\/ ( - H
HN N~ N
h N” > CF,
cl N7 CF3
Chloroquine (6) Mefloquine (7)
Figure 2

Above, natural products salicin, salicylic acid and its synthetic derivative Aspirin. Below, synthetic derivatives
Chloroquine and Mefloquie

Ultimately, natural product’s synthetic derivatives have prevailed over natural
products as a result of the advantages of the synthetic process. Before 1940,
unmodified natural products and their derivatives represented 43% and 14%,
respectively, of all new chemical entities (NCEs) approved as drugs. Since then,
until 2000, unmodified natural products and their derivatives represented 5.3% and
28% respectively [21].

Nevertheless, true natural products continue to be an important source of new
molecular scaffolds, which could lead to the development of novel drug candidates
after conducting structure-activity relationship studies based on synthetic analogues
[5]. Nowadays, the definition for therapeutic natural products has broadened to
include chemically modified natural compounds and purely synthetic medicinal
compounds inspired by them [21].
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1.3 Natural products as a source of new drugs

Apart from its chemical diversity, natural products may possess potential selectivity,
since they are in contact with natural macromolecules during the complete
development of their biosynthetic pathways. As many of those biochemical building
blocks are common to all living organisms, natural compounds could possess an
inherent selectivity for binding macromolecules in the human body [4, 6].

Another advantage is the vast biodiversity that can produce bioactive compounds
with different chemical scaffolds. Only approximately 6% of the existing plant
species have been investigated pharmacologically, and just about 15%
phytochemically, so there remains a huge number of new plant metabolites that can
be found in the approximately 310 000 plant species described so far [6].

Despite the advantages, the pharmaceutical industry is not investing as much in
natural products as in synthetic molecules, mainly because of the high costs for the
isolation and characterization of substances [21]. However, among the drugs
approved between 1981 and 2019, it can be noted that natural products and natural
inspired products still play an important role in drug discovery (Figure 3). From the
1603 drugs approved during this period, 588 were synthetic drugs, 286 natural
derivatives, 254 natural inspired synthetic drugs, and 69 natural products [22].

NEW CHEMICAL ENTITIES BY TYPE OF COMPOUND 1981-2019

700
600
500
400
300
200

100
S NP dervatives S/NP B Vv NP BD

Figure 3
New chemical entities approved between 1981-2019. S (Synthetic compounds), NP (Natural products), S/INP
(Synthetic compounds with natural product pharmacophore), B (Biological macromolecule), V (Vaccine), BD
(Botanical drug) [22]

As can be seen, natural products still play a highly significant role in drug
discovery as sources of bioactive chemical leads, and traditional medicine is still an
important pool for the identification of new pharmacophores [5, 19, 20, 22].
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1.4 Drug discovery approaches

The advantages of the structural singularity shown by natural bioactive products
also carry some difficulties, when knowledge about the mode of action or the
molecular target involved in their biological activity is lacking [23, 24]. Still, drug
discovery research can be performed on cells or whole organisms without detailed
knowledge of the target [23, 25, 26].

Phenotypic studies can be applied for diseases in which the mechanism or the
drug target is unknown, which is the case in many understudied illnesses such as the
neglected parasitic diseases [25, 27, 28]. In contrast, target-based studies may be
more favourable for chemical lead optimization, but a mistaken selection of the
target may result in undesirable outcomes [25, 26]. In order to perform target-based
studies on parasitic diseases like Leishmaniasis, essential targets for its survival
should be known and those must differ from human targets. Nonetheless, not many
parasitic targets have been validated, therefore, phenotypic screening might work
better for parasitic diseases in the first stages of research [29].

Another advantage for the phenotypic studies, regarding cell permeability is that
the biological assays are usually performed over complex biological systems, as
cells or living organisms, making the results more physiologically relevant [23, 25,
27]. Contrarily, in target-based studies the assays are performed directly in the
target, and it may be uncertain if the molecule will work in more complex systems
[6, 23, 25].

When a lead compound is found, a structure-activity relationship (SAR) study
can be conducted and for this purpose analogues are synthesized and tested on a
determined biological system, the correlations obtained between the biological
activity and the structural variations can then be analysed [23, 30]. SAR studies are
usually developed under the hypothesis that just one target is involved, albeit, this
assumption may be false and multi-target binding can occur. After SAR studies, it
is still desirable to identify the target that the lead compound is interacting with,
especially for the subsequent stages on drug development [30].

In this context, the phenotypic approach has as the main purpose to discover new
biologically active compounds [23]. Over the years, phenotypic studies have been
shown to be more effective for the identification of first-in-class drugs, while target-
based studies are more efficient to produce follower drugs [26]. During the last
years, investment in drug discovery has increased, although an attrition rate on the
identification of first-in-class drugs has been observed, difficulties during the
selection of the target and decrease on phenotypic research are considered some of
the factors [24]. However, both approaches may provide better results working
together, as this may reduce attrition rates on first-in-class drug identification and
improve subsequent drug optimization, which may also be beneficial in the
discovery of new treatments for understudied diseases [23, 31].
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1.5 Neglected tropical diseases

Neglected tropical diseases (NTDs) are a group of 17 infectious diseases, native
from tropical and subtropical regions that affect around 1 billion people belonging
to underprivileged populations in 149 countries [32]. NTDs may lead to death,
disabilities and deformities that may produce psychological, social and economic
damage [28, 33, 34], yet they have not received enough attention and their
nonexistence in developed countries has made them invisible for industry and
research [33, 35, 36]. Currently, some pharmaceutical industries have opened their
compound libraries to find new repurpose drugs, nevertheless, investments in
research for the identification of new lead compounds are still necessary [37, 38,
27].

Drug discovery for NTDs has been shown to be more successful using a
phenotypic approach [24], mainly because there are few validated targets to perform
target-based studies, and a little understanding of the complex life cycle of these
pathogens [28].

Within the 1556 new drugs developed between 1975 and 2004, only 21
(representing approximately 1%) were aimed for NTDs [38]. From 1981 to 2019,
402 anti-infective drugs were approved, between them: 162 were antibacterial
compounds, 186 antiviral compounds, 34 antifungal compounds and just 20
antiparasitic compounds. Among those, 2 were natural products, 7 natural product
derivatives, 6 synthetic compounds, 3 synthetic compounds with natural product
pharmacophore and 2 were vaccines (See Figure 4) [27, 22].

NEW CHEMICAL ENTITIES BY TYPE OF DRUG 1981-2019
4.2%

7.5% Antiparasitic

20
7.9% 23.8% 1.2% 3

14 4%

15.4%

mVarous Anticancer CardiovascularmCN S Immuno logic Digestve

Antimicrobial NP NP derivative S S/NP \

Figure 4
New chemical entities approved between 1981-2014 by type of drug and type of compounds approved as antiparasitic
agents. S (Synthetic compounds), NP (Natural products), S/INP (Synthetic compounds with natural product
pharmacophore), B (Biological macromolecule), V (Vaccine), BD (Botanical drug) [22]
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1.6 Trypanosomatid diseases

Protozoan parasites from the genera Trypanosoma and Leishmania are members of
the Trypanosomatidae family and the order Kinetoplastida. Some species belonging
to those two genera are responsible for several neglected diseases, among them,
Trypanosoma cruzi, which causes the Chagas disease, and several Leishmania
species responsible for Leishmaniasis (See Figure 5) [39, 40].

Trypanosomatids from the genera Trypanosoma and Leishmania are dixenous
parasites transmitted by hematophagous insects. During their life cycle, they are
subjected to changes in morphology, cell biology and biochemistry, which make the
understanding of their infectious processes challenging [37, 39, 40]. Nevertheless,
some similarities observed in the molecular mechanisms and metabolic pathways of
species from the genera Trypanosoma and Leishmania have made trypanosomatid-
specific active sites a reasonable alternative to use in targets-based studies [39].

Salivaria

Trypanosoma
Schizotrypanum T. cruzi

Stercoraria Herpetosoma

. Megatrypanum
Trypanosomatidae Clra

Paraleishmania

. . Leishmania L. amazonensis
Leishmania e,

Mundinia
Euleishmania

Viania L. braziliensis

Others Sauroleishmania

Figure 5
Taxonomic classification of the species under study T. cruzi, L. brasiliensis and L. amazoniensis

1.6.1 The Chagas disease

The Chagas disease, also known as American Trypanosomiasis, was discovered by
Doctor Carlos Justiniano Chagas in Brazil at the beginning of the 20" Century. The
protozoan parasite Trypanosoma cruzi causes the Chagas disease, which is
transmitted by Triatomine bugs [41], these bugs live in the cracks of walls and bite
their victims on exposed skin during the night. After the bite, they excrete 7. cruzi
trypomastigotes near the biting site making the victim to scratch the contaminated
area, as a consequence, the disease is contracted [40, 41].
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Chagas disease is endemic in 21 Latin American countries but nowadays it can
be found in other continents (See Figure 6); most of the cases have been observed
in Argentina, Brazil and Mexico [41]. This disease mostly affects people belonging
to the lowest socioeconomic classes who may not have access to a proper social
healthcare system nor have the resources to afford treatment privately [42, 43].

Global distribution of cases of Chagas disease, basedon official
estimates, 2018

[ ] No cases [] More than 900000 cases [] Between 900 to 89999 cases

7] Less than 900 cases ] Between 90000 to 899999 cases

- Powered by Bing
© GeoNames, Microsoft, Navinfo, TomTom, Wikipedia

Figure 6
Chagas disease global distribution map based on official estimates for 2018 [44]

Currently around 6 to 7 million people are infected, 75 million people are at risk,
and up to 30% of the chronically infected develop cardiac alterations [41].

The Chagas disease is developed in 2 phases: The acute phase and the chronic
phase. During the acute phase, T. cruzi metacyclic trypomastigotes infect various
cell types around the Triatomine bug bite, once inside the cell, they transform into
amastigotes and multiply by binary fission. This process takes approximately 1
week, then the host cell ruptures and the amastigotes differentiate into motile
trypomastigotes, which are released into the bloodstream and distributed throughout
the body [45].

The acute phase continues until the immune system control the replication
process, which takes around 2 months [45, 46]. Before that, another Triatomine bug
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can ingest metacyclic trypomastigotes in a blood meal, to subsequently transform
them into epimastigotes, which replicate in their midgut. Afterward, the
epimastigotes move to the hindgut, where they differentiate into metacyclic
trypomastigotes, closing the life cycle of the parasite (See Figure 7) [40].
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Figure 7
Life cycle of T. cruzi

During the acute phase, more than 50% of the infected does not show any
symptoms, the rest may show a skin lesion around the bite site, eye swelling, fever,
headache, enlarged lymph glands, pallor, muscle pain, difficulty in breathing, and
abdominal pain as a result of the activation of the immune system [41, 46].

During the chronic phase, parasites may be hidden in different tissues for decades,
producing eventually a chronic inflammatory response, which can predominantly
lead to cardiomyopathy induced by the damage produced in the heart tissue [41, 46].
It is thought that 7. cruzi is also present in the adipose tissue, where the parasite can
hide for a long time, as a result of nutrient availability and longevity (approximately
10 years) of adipose cells [47].

Approximately 30% of the infected develop cardiac problems and 10%
gastrointestinal problems [41], an early diagnosis is essential for the treatment [41,

22



42], which may take between 30 to 60 days and involves the nitro-heterocyclic
drugs, benznidazole or nifurtimox, which nevertheless, have produced adverse
effects in 40% of the patients [43, 48, 49].
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Figure 8
Benznidazole y nifurtimox

Benznidazole is the least effective during the chronic face and high-dose
treatment has been observed to produce, occasionally, hypersensitivity, digestive
intolerance, anorexia, asthenia, headache and sleeping disorders [46, 49].

1.6.2 Leishmaniasis

Leishmaniasis, also caused by trypanosomatid parasites, is transmitted by the bite
of an infected female Phlebotomine sandfly [50]. Leishmaniasis can be found in
three forms: cutaneous, mucocutaneous and visceral, and several Leishmania
species can produce them (See Figure 9).

L. aethiopica

L. amazonensis
L. garnhami

L. guyanensis
L. major

L. panamensis

Cutaneous

Leishmaniasis L. peruviana
L. tropica

L. venezuelensis

L. braziliensis

L. donovani
L. infantum

Visceral Mucosal
Leishmaniasis Leishmaniasis

L. mexicana

L. archibaldi
L. chagasi

Figure 9
The three main types of Leishmaniasis and the species that produce them [50]
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The development of localized lesions in the skin that heal spontaneously, is the
characteristic of cutaneous leishmaniasis, nevertheless some cases require treatment
to heal the wounds: When L. amazonensis causes the infection, ulcers spread via
lymphatics (diffuse form); and when L. tropica causes it, lesions around the edges
of healed ulcers develop (recidivans form) [51, 52].

Mucosal leishmaniasis, which is mainly produced by L. braziliensis causes the
destructive inflammation of mucous membranes, generating non-self-heling
wounds in the nose, mouth, pharynx and larynx [50-52].

Visceral leishmaniasis caused by L. donovani and L. infantum is the only fatal
form of the disease, producing fever, weight loss and enlargement of the spleen and
liver [50, 52, 53].

All Leishmaniasis forms may remain asymptomatic for long periods, and around
700 000 to 1 million new cases are registered mainly in the poorest regions of
Africa, Latin America and East Asia. The infected also face socio-economic stigmas
in different regions, which have damaging effects on their mental health [50, 54].

Global distribution of cases of all leishmaniasis types, based on reported
cases, 2005-2018

Percentage [

Powered by Bing
© GeoNames, Microsoft, Navinfo, TomTom, Wikipedia

Figure 10
Leishmaniasis global distribution map based on reported cases during 2005 to 2018 [55]
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Leishmania parasites life cycle begins with the bite of an infected female
Phlebotomine sandfly, through which Leishmania promastigotes are transferred to
the human host. The host’s macrophages phagocytize the promastigotes, which
differentiate into amastigotes that replicate until the cell breaks. The amastigotes are
then spread throughout the body, now, another sandfly can ingest them during a
blood meal. Inside the sandfly, the amastigotes travel to its gut, where they are
transformed into promastigotes, and replicate to later migrate to the hypostome in
order to infect another vertebrate host [51].
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Life cycle of Leishmania spp.

Leishmania promastigotes get into the host without alarming the immune system,
by naturally dying inside the sandfly generating apoptotic-like promastigotes, which
are injected mixed with the living parasites, producing a non-aggressive activation
of the immune system [56, 57]. It is still unknown how the parasites survive inside
the macrophage, how they are distributed in the body, and how the immune response
is modulated. However, proteins related to the immune system appear to be
important [53, 57]. Different proteins are expressed by different Leishmania
parasites, as well as in their different morphological forms (promastigote and
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amastigote), which produce difficulties in the identification of potentially useful
molecular target [53].

As Leishmaniasis infective process is not well understood, there are no specific
treatment yet. Some of the currently used drugs have been discovered in repurpose
studies, and not all information about their mode of action is known [52].
Pentavalent antimonials, for example, act through reduced Sb'™, however the
mechanism is not understood [51, 58, 59]. Amphotericin B has been used before as
antifungal and seems to act on the parasites by inhibiting ergosterol biosynthesis,
however; the adverse effects observed and the need of hospitalization are
inconvenient factors [59]. Miltefosine is the only drug that can be taken orally, but
serious side effects have been reported; in addition, L. braziliensis have not shown
sensitivity to this drug [59].

HO\\‘ ; :

“OH 0707 2
OH

Sodium stiboglucanate (12)

Figure 12
Ampbhotericin B, Miltefosine and sodium stibogluconate
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Currently new compounds which possess immunomodulatory and
antileishmanial activity are being studied. Leishmaniasis is known to compromise
the immune response, therefore it might be convenient to also identify such
immunomodulatory substances as potential drug candidates [60].

1.7 Secondary metabolites from Bourreria pulchra

Pulchrol and pulchral are natural benzo[c]chromenes isolated from the heptane
fraction of Bourreria pulchra’s roots [61]. This plant, also known as “Bakalche” is
native from the Yucatan province in Mexico, where is traditionally used to treat
cutaneous diseases, injuries, viral infections and fevers [62, 63]. Antiparasitic
studies on B. pulchra have also been developed, and showed that the ethanolic
extract obtained from its leaves possess potent activity against 7. cruzi [64].

Figure 13
a) Bourreria Pulchra, b) Bark, c) Flowers, d) Fruits [65]

Further antiparasitic studies on the compounds isolated from B. pulchra (pulchrol
and its analogue pulchral, Figure 14) have reported potential toxicity against several
Leishmania species (L. braziliensis, L. amazonensis, L. mexicana) and particularly
against 7. cruzi [61]. Pulchrol’s possible potential as antiparasitic compound, and
the low yields in which it was obtained during the isolation process, have led to the
development of a synthetic route which was reported earlier [66, 67].
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Figure 14
Structures of pulchrol and pulchral

1.8 Aim of the thesis

The objective of this thesis is to find the structure-activity relationships (SARs) for
pulchrol and its synthetic analogues relative to their bioactivity measured toward
various trypanosomatids. From this analysis, we expect to grasp on the possible role
that different functionalities play in the antiparasitic activity presented here,
additionally we will depict a preliminary view of the space surrounding pulchrol in
a possible active site by presenting a pharmacophore hypothesis. As a consequence
of our findings, we hope to contribute to the knowledge on antiparasitic compounds
with potential to treat NTDs, particularly Leishmaniasis and the Chagas disease, we
also expect our results will be of good use, for developing further studies on the
pulchrol scaffold.

For this investigation, several synthetic pulchrol analogues were prepared with
systematic modifications in different positions of the benzo[c]chromene scaffold.
Each one of the prepared analogues was assayed in vitro against 7. cruzi
epimastigotes, L. braziliensis promastigotes and L. amazonensis promastigotes.
Additionally, their cytotoxicity was measured in murine macrophage cell lines
(RAW) to calculate their selectivity indexes as the ratio between the cytotoxicity
and the antiparasitic activity.

Initially, some improvements in the previously published pulchrol synthetic route
that are implemented here are presented in Chapter 2, in addition SARs for the
analogues with transformations on the benzyl alcohol in the A-ring are discussed.
In Chapter 3 the synthesis of analogues with modifications on the B- and C-rings
are described and their SARs discussed. In Chapter 4 analogues with more than one
modification are presented, among those the natural compounds didehydroconicol
and cannabinol, their SARs are discussed in Chapter 4. Finally, Chapter 5
summarizes the antiparasitic activity in a pharmacophore hypothesis, and a
qualitative analysis of the ADMET properties for the compounds is presented.
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2 Modifications in the A-Ring

2.1 Background

2.1.1 Benzochromenes

Compounds belonging to the benzochromene type of molecule are often found in
nature, and many of them have been isolated from endophytic fungi, lichens, vegetal
and marine species [61, 68-74], benzochromenes with different substitution patterns
have also been prepared synthetically [75-81]. Many natural and synthetic
benzochromenes possess a wide range of bioactivities and they might be promising
molecules for developing lead compounds with therapeutic applications [82].

Benzochromenes are polycyclic aromatic compounds characterized for the
presence of a chromene moiety as part of their structure. The chromene structural
form, features an oxygen heterocycle and appears to be an important component in
several biologically active compounds. This molecular scaffold is formed by the
fusion of a benzene ring with a pyran ring system. In turn, the fusion of a second
benzene ring with the chromene moiety generate the benzochromene scaffold,
which can be classified into four categories according to the position where the
benzene ring is  placed: benzo[c]|chromenes, = benzo[f]chromenes,
benzo[g]chromenes and benzo[/]chromenes [82], their basic structural forms can
be observed in Figure 15.

(15) (16) (17) (18)

Figure 15
Different types of benzochromenes : (15) benzo[c]chromene, (16) Benzo[flchromene, (17) Benzo[g]chromene, (18)
Benzo[h]chromene [82]
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2.1.2 Bioactive benzochromenes

Compounds bearing an angular benzochromene scaffold have been isolated from
natural sources or prepared in the laboratory synthetically and they have been shown
to possess activity toward diverse biological systems. For instance, the natural
benzo[f]Jchromene 19 was isolated from the roots of Pentas bussei, a plant known
also as Mdobe in Kenya, where is traditionally used to treat gonorrhoea, syphilis
and dysentery [73]. Natural benzo[c]chromene, didehydroconicol (20), was also
isolated from the marine ascidian Aplidium aff- Densum and showed to possess an
effect as bacteriostatic [74]. Another natural benzo[c]chromene, cannabinol (21), is
one of the constituents of the leaves of Cannabis sativa [83], and it possesses
binding affinity with the endocannabinoid receptor CB2 [84, 85] and with biological
targets related to the immune system [86, 87]. Additionally, benzo[c]chromene-6-
ones, known as graphislactones (structural type 22), have been isolated from lichens
belonging to the Graphis genus and different endophytic fungus species [68-72].
Some of those natural compounds are active toward the colorectal adenocarcinoma
cell line SW1116 [71]. Further studies on graphislactones have also led to the
development of a synthetic route to obtain them in the laboratory [75].
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Figure 16
Natural bioactive benzo[c]chromenes
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Benzol[f]chromene derivatives with structural forms 23 and 24, have been
prepared synthetically and have been found to possess antibacterial and antifungal
activity respectively [76, 78]. Derivatives bearing the benzo[f]chromen-3-one
skeleton (25) have been shown to be active toward cancer cell lines A546 (lung
carcinoma), MCF7 (breast cancer) and A375 (melanoma), when they are substituted
with alkyl groups [77]. Similarly, synthetic benzo[/]chromenes with alkyl
substituents (generic structure 26), have been found to possess anticancer activity
toward cell lines MCF7, HCT116 (colon carcinoma) and HepG-2 (hepatocyte
carcinoma) [79]. Besides, synthetic hydroxylated derivatives of natural
benzo[c]chromen-6-one, urolithin (27), have been shown to possess potential as
treatment of Alzheimer disease, since they have been shown to inhibit acetyl- and
butyryl-cholinesterase enzymes [80]. Moreover, benzo[c]chromenes and
benzo[c]chromen-6-ones, 28 and 29, have been found to be selective ligands for the
estrogen receptor ER( [81].

Figure 17
Synthetic bioactive benzochromenes
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2.1.3 Synthesis of benzo|c]chromenes

There are primarily two synthetic strategies used to prepare benzo[c]chromenes:
One way is by intramolecular biaryl formation from phenylbenzyl ethers through
functionalization of C-H aromatic bonds (path A, Figure 18) and subsequent
cyclization. This strategy can be developed either by transition-metal catalysed
reactions using palladium [88, 89] or in the absence of transition-metals using
potassium tert-butoxide to promote the biaryl formation via a single electron
transfer [90-92]. Another important synthetic strategy to prepare the biaryl
intermediate is by metal catalysed Suzuki-Miyaura cross-coupling reaction between
an o-halo-benzoic acid and a 2-methoxyphenylboronic acid, followed by cyclization
(path B, Figure 18) [93, 94].

OH O OH O
o M© T O T
LG LG 0

Path A
X
Y O
o C
Path B o
Figure 18

Main strategies for the synthesis of benzo[c]chromenes

Other synthetic routs to obtain the biaryl intermediate are by dicarbonyl
cycloaddition to chromenes [95] or through Diels-Alder cyclo-addition reaction
under high pressure [96, 97].

2.2 Pulchrol synthesis

The synthesis of the natural benzo[c]chromene pulchrol (13) was previously
developed in our group and was first reported in 2014. In order to prepare the biaryl
intermediate 33, which is crucial in the synthesis of pulchrol (13), a Suzuki-Miyaura
coupling reaction was performed between a 2-methoxyphenylboronic acid and a
halogenated ester. Subsequently, the biaryl intermediate 33 was cyclised by acid
catalysis, after being subjected to double alkyl addition to the ester group to form a
tertiary alcohol (34) [66].
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In this investigation we prepared pulchrol based on this synthetic route, however,
in order to increase the yield and improve the reaction conditions, some
modifications were introduced (see Figure 19).

In a similar way as in the synthetic route reported in 2014 [66], we have used the
commercially available 3-iodo-4-(methoxycarbonyl)benzoic acid (30) as the
starting material. In accordance with the previously published procedure, the
starting material was reduced to the corresponding benzyl alcohol (methyl 4-
(hydroxymethyl)-2-iodobenzoate (31), using a borane-tetrahydrofuran complex in
THF as solvent, at 0 °C (step a). Afterward, the benzylic hydroxyl group was
protected with fert-butyldiphenylchorosilane (TBDPSCI) using pyridine as solvent
(step b) to obtain intermediate 32.

To obtain the biaryl intermediate (33), a Suzuki-Miyaura coupling reaction
between 2,5-dimethoxyphenylboronic acid and the intermediate 32 was conducted
using palladium-tetrakis(triphenylphosphine) (Pd(PPhs)s) as catalyst and K,COs3 as
base in dimethoxyethane (DME)/H,O 4:1 as solvent (step c¢). In the investigation
published in 2014, this reaction was reported to work successfully at 120 °C yielding
83% of the biaryl intermediate 33, yet 14 h were required for the reaction to be
completed [66]. Here, we performed this reaction by microwave-assisted Suzuki-
Miyaura coupling, which has been reported to reduce the reaction times and increase
the yields [98]. As a result, we obtained 85%-90% yield of the biaryl intermediate
(33) in 30 min, executing the reaction at 100 °C in a microwave reactor.

For the synthesis of the intermediate 34, the ester group in 33 was transformed
into a tertiary alcohol by a double alkyl addition using two equivalents of
methyllithium (MeLi) in THF at 0 °C (step d) instead of MeMgBr in THF at 40 °C
[66]. As a result, the reaction time decreased from 18 h [66] to 8 h. Furthermore,
due to the milder conditions in which the reaction was conducted, a cleaner product
that was considerably easier to purify was obtained and the yield of the product (34)
was comparable to that reported before [66].

Finally, during the cyclization step (step e) a larger excess of hydroiodic acid (HI)
(10 equiv) was used to obtain pulchrol (13), this made possible to avoid the
formation of cannabidiol-type biaryl by-products and to obtain the deprotected
product directly, in Figure 17 the scheme for the synthetic route used to prepare
pulchrol is shown.
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Figure 19
Synthetic route to prepare pulchrol. Reagents and conditions: (i) Borane-THF complex, dry THF, 0°C (ii) TBDPSCI,
pyridine (i) Microwave reaction: 2,5-dimethoxyphenylboronic acid, K2COs, tetrakis(triphenylphosphine)palladium(0) in
DME/Water 4:1, 30 min, 100 °C (iv) MeLi, dry THF, 0 °C (v) HI 55% wt, MeCN.

2.3 Transformations of the benzyl alcohol functionality

The focus in this part of our investigation is to understand the importance of the
benzyl alcohol functionality for the antiparasitic activity. With that in mind, we have
prepared several analogues with systematic variations in the benzyl alcohol region
(the A-ring), using pulchrol as starting material (See Figure 20 for the structural
types). A reduced pulchrol analogue was used to evaluate the importance of the
hydroxyl group for the bioactivity, and various transformations on the benzyl
alcohol were performed to determine its role, either as hydrogen bond donor or
hydrogen bond acceptor. We have also prepared analogues with substituents of
different bulk and size to explore the space availability, and to evaluate possible
Van der Waals interactions around the benzyl alcohol region (See the experimental
part in Paper 1 for details).
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2.4 Antiparasitic activity

Previous investigations have reported that natural product pulchrol (13) is toxic
toward some trypanosomatid parasites [61]. In this investigation, the antiparasitic
activity of pulchrol (13) is measured toward 7. cruzi, L. braziliensis and L.
amazonensis (See Table 1). Pulchrol was found to have potent antiparasitic activity
toward 7. cruzi epimastigotes (ICso = 18.5 uM), which is comparable to the
bioactivity measured for the positive control, benznidazole (ICso = 19.2 uM),
currently used to treat the Chagas disease. In addition, biological assays showed that
pulchrol is moderately toxic toward L. braziliensis and L. amazonensis (1Cso values:
59.2 uM and 77.7 uM respectively). Other Leishmania species, like L. mexicana
(not included here) have also been found to be more sensitive to pulchrol (ICso =17
uM) in previously reported studies [61].

Since pulchrol structure (13) does not contain functionalities that are associated
with reactivity or unspecific biological activity, we were motivated to synthesize
and assay analogues of 13. For this study, the natural products pulchrol and pulchral
(13 and 35a), together with 25 analogues were prepared and assayed against the
abovementioned parasites. Their cytotoxicity was measured in a mammalian murine
macrophage RAW cell line in order to get an impression of the compound’s
selectivity. The biological results are presented in Table 1.

2.4.1 Antiparasitic activity toward 7. cruzi

Our initial aim was to evaluate the importance of the hydroxyl group for pulchrol’s
activity, to achieve this objective, pulchrol (13) was reduced to the 9-methyl
analogue 35a. This analogue showed to be considerably less active (ICso=51.1 uM)
compared to 13, consequently evidencing the relevance of the benzyl alcohol.

To mimic possible Van der Waals interactions around the benzylic carbon, the
hydroxyl group in pulchrol (13) was replaced with a chlorine atom (35b). However,
the bioactivity measured for 35b (ICso = 38.1 uM) was found to be inferior
compared to that shown by 13, suggesting that the biological activity is favoured by
interactions involving the oxygen atom in the benzylic position.

The benzyl alcohol possible participation in binding interactions within the active
site drove us to evaluate its role as either hydrogen bond donor or hydrogen bond
acceptor. To determine its hydrogen bond donor capacity, methyl ether 35¢ was
prepared and assayed. Analogue 35¢ showed to be slightly less active (ICso = 24.6
pM) than 13, indicating that the hydroxyl group acts more as a hydrogen bond
acceptor. Bulkier ethers 35d and 35e were also prepared, however, contrary to the
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bioactivity results reported for the methyl ether 35¢, they were more potent than 13
(ICso=12.9 and 9.0 uM, respectively), suggesting that lipophilic interactions occur
in a hydrophobic pocket placed near the benzyl alcohol oxygen in the target protein.
The bulkier ethers also showed better selectivity compared to pulchrol and the
methyl ether analogue (13 and 35¢, respectively). Substituted amines bearing bulky
alkyl groups were also prepared (35f, 35g, and 35h), somewhat surprisingly, the
isopropylamino analogue 35f was found to be considerably less potent and selective
than the isopropyl ether 35d. On the other hand, the larger isobutyl and isopentyl
amine analogues 35g and 35h (ICsp = 15.4 and 5.9 uM, respectively) were as potent
as 35e (the pulchrol ether with the largest substituent).

Pulchrol esters 36a to 361 were also prepared and assayed. The results of the
antitrypanosomal assays showed that most of the esters were more potent and
selective compared to pulchrol (13). Amongst them, saturated esters 36a to 36i,
showed good antitrypanosomal activity, particularly those prepared from acids with
branched alkyl groups. Notably, the 3-methylbutanoic acid ester 36e showed the
highest potency and selectivity within this group (ICso = 4.2 uM and SI = 6.7).
Similarly, all unsaturated esters (36j-361) showed potent antitrypanosomal activity
and high selectivity, indicating that m-r interactions with the binding pocket are
favourable. The most potent and selective analogue between the unsaturated esters
was found to be the furan-2-carboxylic acid ester 36k (ICsp = 3.8 uM, SI = 7.9),
which also showed the best results within all the analogues prepared in this part of
the investigation. Furthermore, 36k showed to be considerably more potent and
even two times more selective than the positive control Benznidazole.

The benzyl alcohol in pulchrol (13) was also partially and totally oxidized to
obtain the 1’-carbonyl analogues (37a - 37e) included in this study. The aldehyde
37a and the methyl ketone 37b were found to be equipotent compared to 13, and
similar selectivity indexes to pulchrol’s were calculated for both analogues. In
contrast, the carboxylic acid 37¢ and the ester 37d were less potent and less selective
than pulchrol (13). However, it was the amide 37e, which showed the lower toxicity
toward 7. cruzi and the highest cytotoxicity among all analogues in this study.

Finally, analogue N-hydroxy-9-carboximidamide 38, which was obtained as a by-
product was also assayed toward T cruzi. It was found to possess considerably low
potency, although, it was still more potent than the 9-carboxamide 37e. The low
antitrypanosomal activity measured for analogue 38 evidence the importance of
lipophilic substituents around the benzylic position for the biological activity.

2.4.2 Antiparasitic activity toward L. braziliensis
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To begin evaluating the importance of the benzyl alcohol in the antiparasitic activity
toward L. braziliensis, the hydroxyl group was reduced to a methyl group (35a).
Similar to the results obtained with 7. cruzi, analogue 35a was found to be slightly
less potent than 13, evidencing the importance of the benzyl alcohol. However, the
benzyl chloride (35b) showed an interesting potency (ICso = 17.1 uM) and
selectivity (SI = 3.5) toward L. braziliensis, in contrast to 7. cruzi. Therefore, the
presence of an oxygen atom in the benzylic position may not be as important for L.
braziliensis as it is for T. cruzi. These differences in the antiparasitic effects showed
by 35b indicate that the molecular targets in the two species are different.

Ethers 35c¢ to 35e were also prepared and assayed. Two of them, one substituted
with a methyl group (35a) and the other with an isopropyl group (35b) were slightly
more potent than 13, while the 4-methylpentyl ether 35e showed to be considerably
less potent, meaning that ethers with bulky substituents are not as favourable for the
activity against L. braziliensis as they are for 7. cruzi. Alternatively, the secondary
amines 35f to 35h showed and identical trend in relation to 7. cruzi, and the
isopentylamino analogue 35h (ICso = 15.9 uM) was one of the most potent
analogues against L. braziliensis.

Most of the esters (36a-361) showed to be more potent than pulchrol (13) toward
L. braziliensis, except the 3-cyclopentylpropanoate acid ester 36h. As for 7. cruzi,
the saturated esters showed that bulky substituents are better for the bioactivity than
straight alkyl chains. Similarly, all unsaturated esters (36k-36l) were more potent
than pulchrol (13). However, unlike the results observed with 7. cruzi, the selectivity
showed by analogue 36k was not as favourable, and its bioactivity was just as good
as that of the positive control. Instead, the vinyl ester 36j was the analogue that
showed the highest potency and selectivity toward L. braziliensis (ICso = 5.7 uM
and SI = 7.0), which were also better than those of the positive control.

Within the 1’-carbonyl analogues, it was observed that the aldehyde 37a, the
methyl ketone 37b and especially the methyl ester 37d were more potent, while the
carboxylic acid 37¢ and the N-hydroxy-9-carboximidamide (38) were just as good
as 13. Finally, the carboxamide 37e was the least potent of all analogues.

2.4.3 Antiparasitic activity toward L. amazonensis

In the same way as before, the benzyl alcohol in pulchrol (13) was replaced for a
methyl group to obtain analogue 35a. Similar to the other parasites, no
improvements in the antiparasitic activity were observed against L. amazonensis.
The bioactivity observed for the chlorinated analogue (35b) was two times more
potent compared to pulchrol’s, following the same trend observed with L.
braziliensis. All the ethers (35¢-35e) prepared in this investigation were more potent
than pulchrol (13). The bioactivity observed for the methyl and isopropyl ethers
(35c¢ and 35d) was not as significant as the potency showed by the 4-methylpentyl
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ether 35e, although 35e was found to possess a low activity toward L. braziliensis.
For the secondary amines the observed bioactivity followed the same trend observed
with T. cruzi and L. braziliensis. the isopropylamino analogues 35f showed lower
potency than the isobutyl- and isopentylamino analogues 35g and 35h. For the esters
36a to 361, the results obtained were closely related to those observed with L.
braziliensis, except for the 3-cyclopentylpropanoic acid ester 36h, which was potent
against L amazonensis. As with L. braziliensis, the vinyl ester 36j was the most
potent among all compounds assayed in this part of the investigation, and its SI
value (5.8) makes it the most selective compound.

Finally, the 9-carbonyl analogues were prepared and assayed toward L.
amazonensis. The aldehyde and the methyl ketone (37a-37b) were more potent than
13, while the increase in activity showed by the methyl ester 37d and the N-hydroxy-
9-carboximidamide 38 were minor. Following the results discussed for the other
parasites, the carboxylic acid 37c¢ and the carboxamide 37e were considerably less
potent against L. amazonensis compared to 13.

2.5 Conclusions

In this part of our investigation, we developed a more efficient synthetic protocol to
prepare the natural products pulchrol and pulchral (13 and 35a), which were used
as starting material for the preparation of 25 analogues with modifications on the
benzylic alcohol functionality. The antiparasitic activity of all analogues, as well as
the natural compounds 13 and 35a was tested towards 7. cruzi epimastigotes, as
well as L. braziliensis and L. amazonensis promastigotes. However, the
modifications were focused in just one part of the molecule, which prevented us
from getting a full perspective of the structure activity relationships for pulchrol.
For that reason, we present just general suggestions on the bioactivity trends in this
part of the investigation.

Some other factors to consider are the complex biology of the trypanosomatid
parasites under study, the lack of knowledge about the molecular targets in which
pulchrol (13) and its analogues bind, and the differences that may exist in the
binding sites between the parasites. Besides, variations in properties related to the
structural diversity of the analogues could be responsible for the differences
measured in the bioactivity and selectivity, for instance, the solubility may be
responsible for the inability of a ligand to cross the cell membrane, and then, reach
the target, producing a loss in the activity.

Having said that, we can understand from our biological results that the benzylic
oxygen in pulchrol is important for the anti-parasitic activity against all parasites
studied. However, the hydroxyl functionality was found to act more as a hydrogen
bond acceptor than a hydrogen bond donor.
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Most of the ethers and esters were more potent than pulchrol (13), particularly
those substituted with branched alkyl groups. This indicates that a lipophilic pocket
exists in the binding site; nevertheless, the shape and size of this pocket may differ
between the parasites. The lipophilic pocket in L. braziliensis appears to have a limit
on the space for approximately five carbons in the region in which the ester
substituent is placed. On the other hand, 7. cruzi and L. amazonensis targets seems
to feature flat hydrophobic regions, in which the aromatic and planar substituents
interact, increasing the activity as a result.

The analogue that showed the best potential as antiparasitic was the vinyl ester
36j, which was more potent than pulchrol, most of the other analogues, and our
positive controls (benznidazole and nifurtimox). Besides, its selectivity indexes
were above 5 for all three organisms. Acrylic esters like 36j react as Michael
acceptors with highly reactive nucleophiles present in the active site. Thus, the
enhanced potency and selectivity shown by 36j may be due to a role as Michael
acceptor, if this would be true, analogues from 36j could be used to fish out
molecular targets for trypanosomatid parasites.
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3 Modifications in the B- and C-ring

In the last chapter, the importance of the benzyl alcohol for the antiparasitic activity
of our lead compound pulchrol was determined, and how transformations of this
functionality affect the biological activity was discussed [99]. In this part of the
work, we wanted to study how substituents and combinations of substituents in the
B- and C-rings affect the antiparasitic activity of pulchrol. To prepare the synthetic
analogues for this part of the study, some modifications to the synthetic strategy
used to prepare the compounds described in Chapter 2 were added. Some
intermediates obtained previously were used as precursors for the synthesis of the
compounds studied here.

From pulchrol’s structure, we can see that there is only one position available for
modification in the B-ring (position 6). To evaluate the effect that different
substituents may have on the biological activity, the methyl substituents were
replaced with longer alkyl groups, with one alkyl group and a hydrogen atom, and
with two hydrogen atoms. Additionally, we intended to investigate the effect that
transformations in the C-ring may produce, thus we have prepared analogues with
different substitution patterns in three of the four available positions of the C-ring.
Analogues with a methoxy group in positions different from C-2 (as in pulchrol),
and compounds in which the methoxy group was replaced for alkyl substituents,
were prepared. Finally, an analogue with no substituents in the C-ring was prepared,
to evaluate the importance of the 2-methoxy substituent in pulchrol. Altogether we
prepared 16 new analogues (8a-8g, 10a-10h) with differences in the substituents
and substitution pattern in the B- and C-rings. All of them were tested toward T.
cruzi epimastigotes, as well as L. amazonensis, and L. braziliensis promastigotes.
Their cytotoxicity was measured in murine macrophage cells (RAW), and a
selectivity index was calculated for each compound as the ratio between the
cytotoxicity and the antiparasitic activity.

3.1 Modification in the B-ring

To prepare the analogues with modifications in the B-ring, a synthetic approach
partially based on the previously published synthetic route to obtain pulchrol [66]
was used, and the common intermediate 33 was the starting point for the preparation
of the B-ring derivatives (see Figure 21).
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Figure 21
Synthetic route to prepare the B-ring analogues. Reagents and conditions: a) 33 (1 equiv), DIBALH (2.4 equiv), dry
toluene, -78 °C; b) 39 (1 equiv), NaSEt (4 equiv), dry DMF, 110 °C; c) 33 (1 equiv), morpholine (2 equiv), DIBALH (1
equiv), dry THF, 0 °C; d) 41 (1 equiv), corresponding organolithic reagent (2 equiv), dry THF, 0 °C or -78°C depending
on the organolithic reagent; e) PBr3 (0.34 equiv), Lil (3 equiv), dry CH2Cl, rt; f) TBAF (2 equiv), THF, rt; g) 33 (1 equiv),
organolithic reagent (4 equiv), dry THF, 0°C or -78°C depending on the organolithic reagent; h) 40 (1 equiv), HI (10
equiv), MeCN, rt; i) TBAF (1.1 equiv), THF, rt.
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Initially compound 42a substituted with two hydrogen atoms at position 6 was
prepared to evaluate the importance of the alkyl substituents in the B-ring. To
prepare 42a, intermediate 33 was expected to react with NaSEt in dry DMF at 110
°C to yield the ortho-demethylated phenol 39 as intermediate, but instead we
obtained the cyclized and deprotected 6,6-didemethylated compound (42a). It was
the main product, but was obtained in low yields (7%). We also prepared the
monosubstituted analogues 42b — 42e to evaluate the effect that just one alkyl
substituent at C-6 may have in the antiparasitic activity. Compounds 42b to 42e
were prepared by partially reducing the ester intermediate 33 to aldehyde 41, which
after organometallic alkyl addition was cyclized using PBrs3 in the presence of Lil
[100]. The product of the reaction was a racemic mixture from which the
enantiomers were separated by high-pressure liquid chromatography (HPLC) using
anormal phase semipreparative chiral column. The pure enantiomers 42b - 42e were
obtained in low yields (below 10%). Their absolute configuration was not
determined, since all the enantiomers showed to possess equipotent antiparasitic
activity (see Section 3.3).

To get some understanding of the space availability around the B-ring, longer
alkyl groups were inserted at position 6. Intermediate 33 was used as the starting
material to obtain intermediates 40a and 40b after double alkyl addition to the ester
group using ethyllithium and Dbutyllithium, respectively. Subsequently,
intermediates 40a and 40b were cyclized following the procedure used to obtain
pulchrol [99], the resulting products were the 6.6-diethyl and 6.6-dibutyl analogues
42f and 42g. However, the excess in hydroiodic acid used to avoid the formation of
the cannabidiol byproducts during pulchrol synthesis [99], was not favourable
during the preparation of 42f and 42g, and the cannabidiol-like compounds 43a and
43b were obtained together with 42f, while 43¢ and 43d were formed together with
42g. The mixtures were separated by semipreparative HPLC and the desired
products were obtained in moderate yields (42f, 30%; 42g, 56%).

3.2 Modifications in the C-ring

For the analogues with modification in the C-ring, the same procedure used for
pulchrol was applied [99]. However, during the Suzuki-Miyaura coupling, different
2-methoxyphenylboronic acids were used, and the reaction time was increased from
30 to 60 min, resulting in the obtention of intermediates 44a-44h in good yields
(75%-92%). The procedure was then followed by the approach used for the
synthesis of pulchrol, and after cyclization it was noted that most of the analogues
substituted with alkyl groups in the C-ring were obtained in higher yields (72%-
85%) than those substituted with methoxy groups.
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Figure 22
Analogues with modifications in the C-ring

3.3 Antiparasitic Activity

As was indicated in previous chapters, pulchrol has shown to possess activity toward
trypanosomatid parasites. The most interesting activity was noted toward 7. cruzi
epimastigotes (ICso 18.5 uM), whereas moderate activity was observed against L.
braziliensis and L. amazonensis promastigotes (59.2 uM and 77.7 uM,
respectively).

In Chapter 2, we have discussed the effects that modifications on pulchrol’s
benzylic alcohol have in the antiparasitic activity. From the results we concluded
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that the lipophilic and unsaturated ester analogues of pulchrol significantly
increased the potency toward the parasites studied. In Chapter 3, we conducted and
evaluation of the effect that modifications in the B- and C-rings have in the
biological activity measured toward 7. cruzi epimastigotes, and L. braziliensis and
L. amazonensis promastigotes. The cytotoxicity was measured on mammalian
murine macrophage cell lines (RAW), and the selectivity index was calculated as
the ratio between cytotoxicity and the antiparasitic activity (see Table 2).
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3.3.1 Antiparasitic activity toward T. cruzi

Initially, the 6.6-didemethyl analogue 42a was prepared, to see how the lack of alkyl
substituents in pulchrol’s B-ring would affect its antiparasitic activity. After being
assayed against 7. cruzi, compound 42a showed to be considerably less active than
pulchrol, suggesting that the methyl groups at C-6 are important for the activity,
however analogue 42a was also less cytotoxic compared to pulchrol.

Analogues with just one alkyl substituent were prepared to determine whether the
antiparasitic activity would increase or decrease with respect to pulchrol. The results
from the biological assays showed the 6-methyl monosubstituted enantiomers 42b
and 42c¢ to possess less potency than pulchrol toward 7. cruzi, and similar results
were obtained for the 6-ethyl enantiomers 42d and 42e. Therefore, the two alkyl
substituents in the B-ring appear to be important for the antitrypanosomal activity.

To continue exploring the space availability around C-6, the methyl substituents
in the B-ring were replaced with longer alkyl groups. Compound 42f was substituted
with two ethyl groups at position 6, which increased the selectivity and activity (SI
4.2, 1Cso = 10.4 uM) compared to pulchrol. Analogue 42f is one of the most potent
compounds toward 7. cruzi in this study. On the other hand, analogue 42g
substituted at C-6 with two butyl groups, was not as active (ICso = 22.8 uM) as 42f,
indicating that around this position may exist a lipophilic pocket with limited size.

To evaluate the effects that transformations in the C-ring may produce,
compounds with the methoxy group in different positions in the C-ring were
prepared. Compound 44a with the methoxy substituent at C-1 and compound 44b
with the methoxy substituent at C-3, were found to be less potent and selective than
pulchrol toward 7. cruzi. Similarly, compounds with methyl substituents at C-2
(44¢) and C-3 (44d) were equipotent to each other and less potent than pulchrol
(with the methoxy group at C-2), yet more potent than analogues 44a and 44b. In
contrast, analogue 44e (with no substituents in the C-ring) showed to be slightly less
potent than 44¢ and 44d. We observed that a methyl group in position 3 (44d) was
preferred over a methoxy group in the same position. However, the opposite was
true when the methoxy group was placed in position 2 (as in pulchrol), possibly due
to hydrogen bond acceptor interactions with the protein target around this position.

We also prepared analogues with bulkier and longer alkyl substituents to explore
the space surrounding positions 2 and 3 in the C-ring. Compounds 44f and 44g,
substituted with isopropyl groups at positions 2 and 3, respectively, and analogue
44h substituted with a n-pentyl group at C-3 were prepared and assayed toward 7.
cruzi. The results obtained from the biological assays showed that compounds 44f
and 44g were more potent than pulchrol and equipotent to analogue 42f (the most
active compound among those with transformations in the B-ring), while compound
44h (with a n-penty] substituent at C-2) was found to be the most active compound
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in this part of our investigation (ICso = 6.4 uM), showing three times higher potency
than pulchrol and the positive control benznidazole. The results observed for
compounds 44f, 44g, and 44h, suggest that lipophilic interactions at C-2 are more
important than any possible hydrogen bond interactions in which the methoxy group
of pulchrol may be involved.

3.3.2 Antiparasitic activity toward L. braziliensis

Similar to the results obtained for 7. cruzi, the analogue with no alkyl substituents
in the B-ring (42a) was less potent than pulchrol towards L. braziliensis, and also
the monomethyl enantiomers 42b and 42¢ were less active compared to pulchrol,
However, the monoethyl enantiomers (42d and 42e), and the 6,6-diethyl analogue
(42f) were equipotent with pulchrol. The only compound with modifications in the
B-ring that showed to be more potent than pulchrol was analogue 42g substituted
with two n-butyl groups at position 6 (ICso =29.3 uM).

Within the antiparasitic activity results obtained for the analogues with
transformations in the C-ring, we observed that changing the position of the
methoxy group (placed at position 2 in pulchrol) to C-1 and C-3 (44a and 44b)
produced similar results to those observed for analogues 44¢ and 44d, substituted
with methyl groups at C-2 and C-3, respectively. All of the previously mentioned
analogues (44a — 44d) were slightly more potent than pulchrol. The analogue with
no methoxy or alkyl substituents on the C-ring (compound 44e) showed lower
activity toward L. braziliensis compared to pulchrol. However, compounds with
bulkier and longer alkyl substituents (44f to 44h) were found to possess
considerably higher activity than analogues substituted with methoxy groups.
Analogues 44f and 44g substituted with isopropyl groups at C-2 and C-3,
respectively and compound 44h substituted with a n-pentyl group at C-2 were all
more potent than pulchrol. Compounds 44g and 44h were the most interesting (ICso
values of 19.1 uM and 16.4 uM respectively), showing comparable bioactivity with
respect to our positive control Miltefosine, albeit the selectivity indexes calculated
for 44g and 44h were lower than that of Miltefosine.

3.3.3 Antiparasitic activity toward L. amazonensis

The bioactivity results toward L. amazonensis showed that analogues substituted
with two alkyl groups at position 6 in the B-ring are more potent than compounds
substituted either with just one alkyl group or two hydrogen atoms at the same
position (42a). Analogues with longer alkyl substituents such as the 6,6-diethyl
analogue 42f and the 6,6-dibutyl analogue 42g were more potent than pulchrol
toward L. amazonensis.
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Different from the results obtained for 7. cruzi, we observed that the analogue
with a methoxy substituent at C-3 in the C-ring (44a) was slightly more potent than
pulchrol (13). In contrast, analogue 44b, in which the methoxy substituent was
placed at C-1, showed to possess considerably less potency. Analogues with methyl
substituents at positions 2 and 3 (44c¢ and 44d) showed no significant differences in
the antiparasitic activity compared to the analogues with methoxy substitutes in
those same positions. Compound 44e, with neither alkyl nor methoxy substituents
in the C-ring was also less active than pulchrol. Similar to the results obtained for
T. cruzi and L. braziliensis, the analogues substituted at positions 2 and 3 with
bulkier and longer alkyl groups (44f, 44g and 44h) were more active than pulchrol.

3.4 Conclusions

In this chapter, analogues with variations in the B- and C-ring were prepared and
assayed. In the B-ring there is just one position available for transformations, C-6,
which has two methyl substituents in the natural product pulchrol. In this part of the
investigation, we intended to evaluate the role that alkyl substituents at position 6
have on the antiparasitic activity. Therefore, we prepared analogues with no alkyl
substituents at C-6 (42a), with just one alkyl substituent (42b to 42¢), and with two
alkyl substituents (42f and 42g).

The biological activities measured, show that the unsubstituted analogue 42a is
less potent, and the presence of alkyl substituents in the B-ring is obviously
important for the antiparasitic activity. The 6-alkyl monosubstituted analogues
affect parasites in different ways, the 6-methyl enantiomers 42b and 42¢ were less
potent than pulchrol toward 7. cruzi and L. braziliensis, while the analogue 42¢ was
found to be equipotent to pulchrol against L. amazonensis. Apparently, the methyl
substituents in pulchrol’s B-ring are not only important for lipophilic interactions,
but they may also improve the orientation of the molecule inside the active site. The
6-cethyl enantiomers (42d and 42e) were more potent than pulchrol toward the
Leishmania parasites but still less potent toward 7. cruzi. In contrast, the 6,6-
disubtituted analogues 42f and 42¢g, with longer alkyl substituents at C-6 were more
potent toward all parasites, the increase in the antileishmanial activity seems to be
improved with the length of the alkyl substituents. However, for 7. cruzi it was
found that the 6,6-diethyl (42f) analogue is more interesting than the 6,6-dibutyl
analogue (42g). Notably, analogue 42f was found to be more potent and selective
than the positive control Benznidazole.

To study the effect that transformations in the C-ring has on the antiparasitic
activity, we have prepared and assayed an analogue with no substitutes in the C-ring
with the intention to evaluate the role of the 2-methoxy group in pulchrol’s activity.
We have also prepared analogues with the methoxy group placed in different

51



positions in the C-ring, and finally analogues with alkyl substituents instead of
methoxy substituents.

The low bioactivity showed by compound 44e indicate the importance that
substituents in the C-ring have for the potency. Particularly, the 2-methoxy group in
pulchrol seems to have an important role possibly participating in hydrogen bond
acceptor interactions with the binding site. A methoxy substituent at positions 2 or
3 was better for the antiparasitic activity than at position 1. Methyl groups instead
of methoxy groups in the C-ring showed no significant differences in the biological
results. On the other hand, bulkier and longer alkyl groups at positions 2 and 3 (44f,
44g and 44h) improved the antiparasitic activity considerably. Compound 44h
substituted with an n-pentyl group in C-2, was the most active compound toward 7.
cruzi. For the Leishmania parasites compounds 44h, 44f and 44g, all showed
interesting bioactivities.

Most of the changes in this part of the study where related to the lipophilicity of
the compounds and their ability to participate in van der Waals interactions with the
active site. Our results showed that alkyl groups are beneficial for the antiparasitic
activity possibly participating in hydrophobic interactions with the active site, but
also perhaps by improving the orientation of the molecules in the target protein.
Anyhow, there is still very little knowledge about pulchrol’s molecular targets in
the trypanosomatid parasites we have studied. Further studies developed
systematically would increase our understanding and provide more information
about the binding sites.
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4 Combined modifications

In previous chapters the antiparasitic activity of analogues of pulchrol (13) with
variations in the A-ring, concretely transformations of the benzyl alcohol
functionality of pulchrol [99]; the activity of analogues with different substituents
at positions 1, 2, and 3 in the C-ring; and the activity of analogues substituted with
different alkyl groups in the B-ring was discussed [101]. In this chapter, the effects
that two functionalities placed in different rings may have on the antiparasitic
activity will be investigated (see Figure 23). Additionally, cannabinol (21) and its
3-methyl analogue 48c (see Figure 23), were prepared and assayed. Our main
objective in this part is to get more information about the chemical surroundings of
any active site to which pulchrol possibly binds.

Compounds with the benzo[c]chromene scaffold possess different kinds of
biological activities [80, 81, 86, 102, 103, 104], and the effects of the natural
tricyclic cannabinoids are probably the most studied. Cannabinoids with the
benzochromene scaffold are found together with A’-tetrahydrocannabinol (THC, 6,
see Figure 1) in the leaves of C. sativa. THC is the compound responsible for the
psychotropic effect experienced by C. sativa consumers, this effect is triggered
when THC binds to the cannabinoid receptor CB1 which is mainly expressed in the
brain cells. In contrast to THC, the natural benzo[c]chromene cannabinol (21),
which possesses the same skeleton as pulchrol, has higher affinity for CB2, another
cannabinoid receptor, which has been reported not to produce psychotropic effects
[85, 87, 102, 104, 105, 106].

Structure-activity relationship studies have revealed that hydroxyl groups at C1
and C1°, with bulky alkyl substituents at C-3 are important for the CB1 affinity [106,
107], whereas bulky substituents at C-2 and a lactone in the B-ring are beneficial
for the affinity to CB2 receptors [104, 107].

Cannabinoids with the benzo[c]chromene scaffold have also been shown to
possess immunomodulatory properties [87, 108, 109] and to inhibit keratinocyte
proliferation, which makes them interesting for treating psoriasis [110]. They were
also found to possess some antinociceptive properties [108], antineoplastic activity
on Lewis lung tumours [103], and antibacterial activity [102].
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4.1 Modification on the A-, B- and C- rings

Analogues of pulchrol with a combination of two modifications in the A-, B, and C-
rings (See Figure 23) were prepared. In order to do this, the synthetic approach
previously reported in this investigation [66, 99] was utilized.

Il-series Ill-series

IV-series V-series

Figure 23

Series of the analogues with modification in the A-, B- and C-rings. I-series: 13, R2 = OMe, R3 = H, R¢' = Me, R¢” =
Me; 44f, R2 = i-Pr, Rs = H, Rs’ = Me, R¢” = Me; 44g, Rz = H, R3 = i-Pr, R¢’ = Me, Rs” = Me; 42¢, R2 = OMe, Rz = H, R¢’
= Me, Re” = H; 42b, R2 = OMe, R3 = H, R¢' = H, R¢” = Me. lI-series: 37a, R2 = OMe, R3 = H, Rs' = Me, Rs” = Me; 45a,

Rz = i-Pr, Rz = H, R¢’ = Me, Rs” = Me; 45b, R2 = H, Rs = i-Pr, R¢' = Me, Rs” = Me; 45¢, R2 = OMe, R3 = H, R¢’ = Me,

Re” = H; 45d, R2 = OMe, R3 = H, R¢’ = H, Rs” = Me. lll-series: 37b, R2 = OMe; 46a, R2 = i-Pr. |V-series: 36e, Rz =
OMe, R3 = H; 47a, R2 = i-Pr, R3 = H; 47b, R2 = H, Rs = i-Pr. V-series: 35a, R1=H, R2=OMe, R3=H; 20, R1 =H, R2 =

OH, Rs = H; 48a, R1 = H, R2 = i-Pr, R3 = H; 48b, R1 = H, R2 = H, Rs = i-Pr; 48c, R1 = OH, R2 =H, R3 = Me; 21, R =

OH, Rz = H, Rs = n-Pentyl.

The compounds belonging to the I-series were previously discussed, and here
were used as precursors to prepare the analogues of the II-, III-, IV- and V-series.
These series contain analogues with transformations in the B- or C-rings combined
with different functionalities in the A-ring, such as 1’-aldehyde (II-series), 1°-
methyl ketone (IlI-series), 3-methylbutanoic acid ester (IV-series) and 9-methyl
(V-series) (See Figure 23). Additionally, cannabinol (21) and its analogue 48¢ were
obtained through iodine-mediated deconstructive annulation in a one-pot synthesis,
using citral and resorcinol analogues as starting material [111]. All the molecules
prepared in this part of the study were assayed in vitro toward 7. cruzi epimastigotes,
as well as L. braziliensis and L. amazonensis promastigotes (See Table 3). The
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biological activity data obtained were compared with the bioactivity reported earlier
for the compounds used as precursors here (I-series). Comparisons with the
previously reported compounds 37a (pulchral), 37b, 36e, and 35a [99], which are
related to the analogues prepared for this chapter, are discussed as well. As before,
the cytotoxicity of the analogues in murine macrophage cells (RAW) was also
determined, and the selectivity index (SI) as the ratio between the cytotoxicity and
the antiparasitic activity was calculated.
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4.2 Antiparasitic activity and selected functionalities

As mentioned earlier, the natural products pulchrol (13) and pulchral (37a) have
been studied in the past and both were active against Trypanosoma and Leishmania
parasites. In previous chapters we have discussed the effect that individual
transformations in the A-, B-, and C-rings have in the antiparasitic activity [99, 101].
We concluded that the benzyl alcohol functionality was important for pulchrol’s
activity possibly acting as a hydrogen bond acceptor, and that 1°-carbonyl analogues
were active toward Leishmania species but not so much toward 7. cruzi. The 9-
methyl analogues were considerably less active than pulchrol, while the ester
analogues showed higher potency than pulchrol, particularly when substituted with
long and branched alkyl groups [99]. The modifications in the B- and C- rings were
focused on variations in the lipophilicity and their effect on the antiparasitic activity.
A preference for 6,6-dialkyl analogues was established, while longer and branched
alkyl substituents in the C-ring increased the antiparasitic activity [101].

The analogues presented in this part of our investigation have in most cases
transformations in the A- and C- rings, while a pair have transformations in the A-
and B-rings. The functionalities evaluated in the A-ring are the 1’-aldehyde, the 3-
methyl butanoic acid ester and the 9-methyl substituent. They were combined with
isopropyl substituents at positions 2 and 3 in the C-ring (45a and 45b; 47a and 47b;
and 48a and 48b respectively), to investigate the effect on the antiparasitic activity.
The effects of 1’-carbonyl analogues substituted with an isopropyl group at C-2,
were further evaluated using the 1’-methyl ketone analogue 46. The effects of the
9-methyl group with the more polar hydroxy functionality (analogue 20, also found
in nature) were evaluated. We also added to our study the natural compound
cannabinol (21) and its analogue 48c substituted with a 9-methyl group in the A-
ring, a hydroxyl group at C-1 and an alkyl group at C-3 in the C-ring. Cannabinol
(21) is substituted with a n-pentyl group at C-3 while analogue 48¢ has a methyl
group in this position. Finally, the effect of combining a 1’-aldehyde functionality
with a 6-monomethyl substituent in the B-ring was also analysed by the testing of
enantiomers 45c¢ and 45d [101].

4.2.1 Antiparasitic activity toward T. cruzi

Previously (Paper 1 and 2), we observed that modifying the benzyl alcohol in
pulchrol to a 1’-carbonyl functionality resulted only in a small effect on the
antitrypanosomal activity (13, IC50 = 18.5uM; 37a, IC50 =24.2 uM; and 37b, IC50
= 21.2 uM), and that replacing the methoxy group in pulchrol’s C-ring for an
isopropyl group either at position 2 or 3 was beneficial for the activity (44f, IC50 =
12.4 uM and 44g, IC50 = 14.2 uM respectively) [99]. For this part of the study, we
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prepared analogues with combinations between the 1’-carbonyl functionality in the
A-ring and an isopropyl substituent at the C-ring’s C-2 or C-3, these analogues were
considerably more active and selective (45a, IC50 = 10.7 uM, SI = 2.0; and 45b,
IC50 = 7.1 uM, SI = 3.5) compared to their corresponding benzyl alcohols 44f and
44¢g, which biological activities were reported earlier [101] (see also Table 3). A
change in the orientation inside the target may produce this improvement in the
antitrypanosomal activity, resulting in stronger hydrophobic interactions for the
isopropyl analogue. The analogue 46, also with an isopropyl group at C-2 but with
a methyl ketone functionality in the A-ring, was more active than the aldehyde 45a,
and it was the most potent compound toward 7. cruzi in this investigation (IC50 =
3.4 uM, SI=2.2), being 6 times more active than the positive control (Benznidazole,
IC50 =19.2 uM).

Contrary to the II- and IlIl-series, compounds in the IV-series, substituted with a
3-methylbutanoic acid ester and an isopropyl group at either position 2 or 3, were
less potent against 7. cruzi (47a, IC50 = 10.9 uM, SI = 1.6; 47b, IC50 = 13.6 uM,
SI=3.1) compared to the ester 36e substituted with a methoxy group at C-2 (IC50
=42 uM, SI=6.7) [99].

The compounds belonging to the V-series have a 9-methyl substituent in the A-
ring and different substituents in the C-ring. In chapter 2 we mentioned that
compound 35a (substituted with a methoxy group at C-2 in the C-ring) was less
potent than pulchrol (ICso = 51.1 uM) [99]. Here we replaced the methoxy
substituent in 35a by a hydroxyl group to obtain analogue 20 (also a natural product)
which activity was comparable (ICso = 54.9 uM) to that of pulchrol. We understand
that possibly both analogues (pulchrol and 20) interact with the binding site in the
same way but in rotated positions. The analogues 48a and 48b substituted with
isopropyl groups in C-2 and C-3 were less active than pulchrol (ICso =23.7 uM and
ICso = 50.3 uM respectively), while cannabinol (21) and its analogue 48c,
substituted with alkyl groups at C-3 and an additional hydroxyl group at C-1 were
the most potent and selective of the V-series (21, IC50 = 7.4 uM, SI = 2.2; 48c,
IC50 =5.9 uM, SI = 4.1, respectively). Cannabinol’s analogue 48c (with a methyl
group at C-3) was slightly more active than cannabinol, suggesting that the size of
the C-3 substituent is less important for the activity than the hydroxyl group at C-1,
which possibly participates in new hydrogen bond interactions.

Finally, the enantiomer analogues substituted with one alkyl group at C-6 and an
aldehyde functionality at C-1’were considerably less active (45¢, ICso = 125.8 uM;
45d, 1Cso = 170.3 uM) compared to pulchrol (13, ICso = 18.5 uM) and their synthetic
precursors (benzyl alcohols 42b and 42c¢) [101]. The aldehyde may produce a
change in orientation, resulting in the weakening of hydrophobic interactions around
position 6 in the B-ring.
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4.2.2 Antiparasitic activity toward L. braziliensis

As mentioned earlier (Chapter 2), in contrast to the results obtained for 7. cruzi,
compounds 37a and 37b with a 1’-carbonyl functionality in the A-ring and a 2-
methoxy group in the C-ring were considerably more potent (37a, ICso = 24.2 uM;
and 37b, ICso = 28.3 uM) than pulchrol (13, ICsp = 59.2 uM) [99]. In Chapter 3, we
observed that analogues substituted with isopropyl groups at C-2 or C-3 increased
the potency (44f, ICso = 18.1 uM; and 44g, ICso = 19.1 uM) compared to pulchrol
[101]. Here, we evaluated the combination of both functionalities. Analogues 45a
and 45b with an isopropyl group at C-2 and C-3, respectively, were more potent
(45a, ICso = 12.1 uM; and 45b, ICsp = 17.8 uM) than pulchrol (13) and their
precursors 1b and 1c. Similar to the results obtained with 7. cruzi, the 2-isopropyl
ketone 46 was the most potent compound toward L. braziliensis (I1Cso = 8.8 uM, SI
= 0.8) in this investigation. Analogues 45a and 46 are more potent than the positive
control Miltefosine (ICso = 13.0 uM, SI = 5.9), but their selectivity is lower.

As with T. cruzi the 3-methylbutanoic acid esters 47a and 47b, substituted with
isopropyl groups at C-2 and C-3, were less potent (47a, ICso = 272.9 uM; and 47b,
1Cso = 63.3 uM) than the ester analogue 36e (ICso = 13.1 uM) [99].

In chapter 2 we observed that analogue 35a substituted with a 9-methyl group in
the A-ring and a 2-methoxy substituent in the C-ring was less active (ICso = 69.6
puM) than pulchrol (13, ICso = 59.2 uM) [99]. Here, we transformed the 35a’s
methoxy substituent at C-2 into a hydroxyl substituent to obtain analogue 20, in
addition we prepared analogues 48a and 48b substituted with an isopropyl group at
C-2 and C-3, respectively. Opposite to the results obtained with 7. cruzi, analogues
48a and 20 were more potent (48a, ICso = 49.2 uM; and 20, ICso = 30.4 uM) than
pulchrol (13) and 35a. However, 48b was inactive (ICso = 311.6 uM) toward L.
braziliensis, suggesting that a limit in the volume exist around position 3 in the C-
ring. Cannabinol (21) and its analogue 48¢c were more active and selective (ICso =
10.3 uM, SI=1.6 and ICso = 15.7 uM, SI = 1.6, respectively) than 35a and pulchrol
(13). In contrast to the results observed for 7. cruzi the longer chain in cannabinol
(21) was more favourable for the activity toward L. braziliensis than the methyl
group in 48c.

Similar to 7. cruzi, aldehyde enantiomers 45¢ and 45d were less potent and
selective (ICso = 70.8 uM, SI=0.3 and ICso = 118.0 uM, SI = 0.3, respectively) than
pulchrol (13), but more potent than their benzyl alcohol precursors 42b and 42¢
(ICso = 156.1 uM and ICso = 128.8 uM, respectively) [101].

4.2.3 Antiparasitic activity toward L. amazonensis

In Chapter 2 and 3, we observed that pulchral (37a) and the aldehydes with
isopropyl substituents at C-2 and C-3 in the C-ring (45a and 45b) were more potent
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than pulchrol [99, 101]. Here, analogues 45a and 45b showed to benefit the activity.
Similar to the results obtained for L. braziliensis, the aldehyde and methyl ketone
analogues with an isopropyl group at C-2 showed the best activities (45a, ICsp =
11.4 uM; 46, 1Csp = 9.5 uM, respectively) of the compounds studied in this part of
our investigation. They are both comparable with the positive control Miltefosine
(ICso = 10.8 uM). The ester analogues substituted with isopropyl groups at C-2 and
C-3 (47a and 47b) were less active and selective than 36e (with a methoxy
substituent on C-2, ICsp = 14.5 uM, SI = 1.9) as observed for T. cruzi and L.
braziliensis. Similarly, most of the compounds from the VI-series were more potent
than pulchrol (13, IC50 = 77.7 uM), the only inactive compound from this series
was analogue 48b (with an isopropyl substituent at C-3, ICso = 236.5 uM). On the
other hand, cannabinol was the most potent compound from the V-series (21, IC50
= 14.2 uM, SI = 1.1) followed by its analogue 48¢ (IC50 = 21.2 uM, SI = 1.1).
Similar to the other parasites, the 6-monomethyl aldehyde enantiomers 45¢ (IC50 =
44.0 uM) and 45d (IC50 = 80.6 uM) were less potent than the corresponding 6,6-
dimethyl aldehyde 37a (pulchral, IC50 =29.8 uM) [99].

4.3 Conclusions

The combination of isopropyl substituents at positions 2 and 3 in the C-ring and the
1’-carbonyl functionality in the A-ring of the pulchrol scaffold was beneficial for
the activity toward the three parasites studied in this investigation. However, the 3-
isopropyl aldehyde analogue was more potent toward the Leishmania parasites than
the 2-isopropyl aldehyde, while the opposite was observed for 7. cruzi, therefore
some differences may exist between the parasites binding sites. Despite that, the 2-
isopropyl ketone showed the best activity toward all parasites in this chapter,
suggesting that the methyl group in the ketone favours binding in the three species.

Analogues with a methylbutanoic acid ester in the A-ring combined with an
isopropyl substituent at C-2 or C-3, were not as active as the ester analogues with a
methoxy group at C-2. Moreover, the 2-isopropyl ester was inactive toward L.
braziliensis, suggesting a limited space around C-2 in the binding site.

The combination of lipophilic substituents in the A- and C-rings (9-methyl and
isopropyl substituents in the A- and C-rings, respectively) was unfavourable for the
antiparasitic activity. The presence of substituents able to participate in hydrogen
bond interactions appears to be an important factor for the activity.

Analogues with the methoxy or hydroxyl functionalities at C-2 combined with a
9-methyl functionality in the A-ring produced different effects for the different
parasites. For T. cruzi, both analogues were equipotent, but less active than pulchrol.
A rotation of the molecules may enable the methoxy and hydroxy groups at C-2 to
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bind in the same position as the benzylic alcohol in pulchrol does, however the
interaction is weaker. A similar situation may occur for the Leishmania species, but
instead of weaker interactions stronger ones are produced, increasing the potency of
the 2-methoxy and 2-hydroxyl analogues.

A different sort of combination, which includes the 9-methyl functionality in the
A-ring, a hydroxy group at C-1 and an alkyl group at C-3 (like in cannabinol, 21) is
favourable for the antiparasitic activity and selectivity. A hydroxyl substituent at
position 1 in the C-ring seems to help enhance the antiparasitic activity.

Finally, the combination of a 1’-aldehyde functionality with the 6-monomethyl
substituted enantiomers seems to generate an unfavourable change in orientation in
the binding site of the T. cruzi and L. braziliensis parasites. For L. amazonensis, the
enantiomers showed different results. The bioactivity showed by one of them was
comparable with its benzyl alcohol precursor and pulchrol, while the other
enantiomer was slightly more potent.
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5 Pharmacophore design and

qualitative evaluation of predicted
ADME-descriptors

Several computational tools used in drug design have contributed to the
understanding of the bioactivity of different ligands, and have helped reducing the
time and costs spent in the development of new drugs [112]. Among these tools,
ligand-based pharmacophore modeling is important for assisting in drug discovery
if no macromolecular target structure is available [112-114].

A pharmacophore model is an abstract 3D representation of common steric and
electronic features shared by a set of active molecules that presumably interact with
a specific biological target [112, 113, 115]. Pharmacophore models are defined by
features capable of interaction with biological targets. Hydrogen bond donors,
hydrogen bond acceptors, aromatic rings, hydrophobic centers and electrostatic
groups are the most common features taken into account in pharmacophore
development [112-114, 116]. The relationship of those features in the space is
defined by the pharmacophore, which can also make use of exclusion volume
constraints to further define the space around the ligands [114, 116].

The common pharmacophore features are identified by aligning low-energy
conformers and establishing the better overlay of features [112-114]. Nonetheless,
the conformation that the ligand adopts when is bound to the target is in reality
unknown. Therefore, it is necessary to assume that the low-energy conformations
used will resemble that of the bound ligand [113].

Several software applications can be used for developing pharmacophore models.
Here, we used the PHASE module from the Schrédinger suit for the development
of pharmacophore hypotheses.

PHASE uses an exhaustive partitioning algorithm to cluster conformers into
multiple k-point pharmacophores grouped by feature similarity. The common
pharmacophores are identified using a binary decision tree that groups
pharmacophores with similar inter-site distances. The pharmacophores are further
classified after alignment with each other to reveal poor superpositions. The quality
of the alignment is measured by the root-mean-square deviation (RMSD) of the
position of each feature and the average cosine of the angles formed by the

62



corresponding pairs of vector features. After this process, PHASE select one model
as the pharmacophore hypothesis [117-119].

The study of structure-activity relationships and the analysis of the spatial
distribution of pharmacophoric features are important for understanding possible
binding interactions with a protein target. However, it is also important to assess the
pharmacokinetic characteristics of the ligands to evaluate their potential as orally
administered drugs.

The oral availability of a drug can be evaluated analysing pharmacologically-
relevant descriptors predicted in silico. Here, we have used QikProp from the
Schrodinger suit to predict several descriptors.

The absorption, distribution, metabolism, excretion and toxicity (ADMET) can
be evaluated considering the Lipinski’s “Rule of 5,” The Jorgensen’s ‘“Rule of
three,” and other predicted properties related to the ability of ligands to cross
membranes or interact with certain targets.

Lipinski’s “Rule of 5” can be used as a guideline to predict which ligands may be
orally active, if the ligand complies with at least three of the rules is considered a
substance with potential for oral administration. As stated by Lipinski compounds
with molecular weight lower than 500 Da, less than five hydrogen bonds donors
(HBD <'5), less than 10 hydrogen bond acceptors (HBD < 10), and octanol/water
partition coefficient values below 5 (log P < 5) are probably orally absorbed [120].

Jorgensen’s “rule of three” is also used to predict the oral availability of drugs,
Jorgensen considers the predicted aqueous solubility (QPlogS > -5.7), the predicted
apparent Caco-2 cell permeability (QPPCaco > 22 nm/s) and the number of likely
metabolic reactions the drug may experience (#metabol <7) [121 -123].

An overall ADME-compliance descriptor (#star), calculated by QikProp, can also
be used to assess the pharmacokinetic profile of drugs. The #star descriptor
considers the molecular weight, the dipole moment, the ionization potential, the
electron affinity, the total solvent accessible area (and its components), the polar
surface area, the total solvent accessible volume, the number of rotatable bonds, the
number of hydrogen bond donors and hydrogen bond acceptors, the globularity, the
polarizability, the hexadecane/gas partition coefficient, the octanol/gas partition
coefficient, the octanol/water partition coefficient, the aqueous solubility, the
predicted binding to human serum albumin, the brain/blood partition coefficient,
and the number of likely metabolic reactions. The #star parameter is measured on a
scale from 0 to 5, where 0 is the value for the most drug-like compound and 5 for
the least drug-like compound [122-126].

QikProp also calculates the predicted central nervous activity (CNS), and the
predicted ICsg value for the blockage of HERG k™ channels.
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In this part the study a pharmacophore hypothesis for 7. cruzi generated in
PHASE (Schrodinger, 2021-1) is presented, as well as the qualitative evaluation of
ADMET-predicted values calculated by QikProp (Schrédinger, 2021-1).

5.1 Development of pharmacophore hypotheses

In previous chapters wed discussed the effects that modifications on the pulchrol
scaffold have on the antiparasitic activity towards 7. cruzi, L. braziliensis and L.
amazonensis [99, 101, 127].

In this part of the investigation a pharmacophore hypothesis is presented. The
antiparasitic activity data obtained for 54 of the ligands prepared in this study were
used for developing several pharmacophore models. The main pharmacophoric
features recognized by the PHASE algorithm were two hydrogen bond acceptors
and three hydrophobic sites. Features common to all analogues (A, B and C-ring
centroids) were excluded from the calculations. The features recognized by PHASE
were present in most of the active and some inactive ligands, therefore excluded
volumes were generated to identify regions around the ligand where clashing with
the binding site could explain low bioactivity.

Different scores were calculated to evaluate the pharmacophore models. The
PhaseHypo score, which combines the BEDROC (Boltzmann-Enhanced
Discrimination of Receiver Operating Characteristics) score and the survival score,
was used to rank the pharmacophore models (see Eq. 2 in Paper 4). In turn, the
survival score combines the vector score, site score, volume score, selectivity score,
inactive score and the number of matches (see Eq. 3 in Paper 4).

The vector, site and volume scores measure how well the ligands are aligned to
the model in terms of directionality, root-mean-deviation of inter-site distances, and
volume overlap. The selectivity score estimates the uniqueness of the model toward
active ligands, and the inactive score estimates how well inactive ligands match the
model. The BEDROC score measures the extent to which the hypothesis extracts
active ligands from a diverse set of 1000 drug-like decoys. Finally, the fitness score
evaluates how well each ligand align to the model.

The scores were used to evaluate pharmacophore models generated for 7. cruzi,
L. braziliensis and L. amazonensis. Nine to ten models were obtained for each
parasite, the top ranked models were selected for further analysis. The fitness scores
showed that pharmacophore hypotheses developed for L. braziliensis and L.
amazonensis did not explain the activity of the ligands accurately. However, the
pharmacophore generated for 7. cruzi showed fitness scores values in accordance
with the activity of the ligands. Consequently, the pharmacophore hypothesis
developed for T. cruzi is the only model showed in this chapter.
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5.1.1 Pharmacophore hypothesis for 7. cruzi

The score values calculated by PHASE for the five top ranked pharmacophore
hypotheses developed for 7. cruzi are shown in Table 4.

Table 4
Scoring results

Hypothesis  SuS? Ssst VeS® vs¢ SeS® NM* 1S9 Bs" PHS!
AAHHH_2 5.7257 0.8780 0.9766 0.7985 1.7109 23 2.3271 0.8823 1.226
AAHHH_1 5.7277 0.8832 0.9846 0.7873 1.7109 23 2.3219 0.8817 1.225

AAHHH_3 5.7010 0.8715 0.9643 0.8025 1.7010 23 2.3116 0.8829 1.225
AAHHH_6 5.6795 0.8774 0.9791 0.7657 1.6956 23 2.2873 0.8829 1.224

AAHHH_9 5.3596 0.6134 0.9642 0.7284 1.6919 23 2.2604 0.8772 1.199

a Survival score, ® Site score, ¢ Vector score, ¢ Volume score, ¢ Selectivity score, f number of
matches, € Inactive score, " BEDROC score, ' PhaseHypo score.

The inter-site distances and angles for the highest ranked hypothesis (AAHHH_2)
are shown in Paper 4 (See Table 2) and the shape of the pharmacophore is shown in
Figure 24.

Figure 24
Pharmacophore hypothesis for T. cruzi (AAHHH_2). a) inter-site distances, b) inter-site angles

Related to pulchrol’s activity, 27 ligands were considered active and 27 inactive,
out of them 50 ligands aligned with AAHHH 2.
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The excluded volumes were generated near C-6, and also close to the hydrogen
bond acceptor sites (see Figure 24). The fitness scores for each ligand are shown in

Table 5.

Table 5
Ligand scores for AAHHH_2

Mol  Structure Activity Role FSP Mol  Structure Activity?® Role FS®
A-series E-series
OH OH
13 o\ 18.50 active 2.6122 | 42a O o. 66.04 inactive  2.0377
A O
35a o\ 51.11 inactive  2.3511 | 42b 35.90 inactive  2.2431
O
Cl
35b O\ 38.09 inactive  2.3783 | 42c 67.11 inactive  2.3732
JO
o\
35¢ O\ 24.62 inactive  2.8315 | 42d 36.99 inactive  2.2572
JO
0.
\(
35d O o. 12.80 active 2.9266 | 42e 51.79 inactive  2.1936
J
OV\)\
35e O 9.08 active 2.8237 | 42f 10.39 active 2.4039
O\
JO
OH
Ha
&y O
0\ . .
35f o 70.64 inactive 2.3624 | 42g O 22.85 inactive  2.0281
=S O
o >
L o
35g O o 15.36 None * 45¢ ~ oL 125.84 inactive  2.2288
o ‘ W oo
He
%V\(
35h o 5.89 None * 45d 170.28 inactive  2.2326
B-series F-series
36a 14.41 active 2.9512 | 44a 92.48 inactive 2.1944
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o;f@ .
&
o
\

36b 8.81 active 2.9518 | 44b 88.41 inactive  2.5229
OH
36¢c 6.49 active 2.9481 | 44c % 31.46 inactive  2.3457
o L
OH
36d 16.16 None 3.0000 | 44d 33.03 inactive  2.1414
JO
OH
36e 4.23 active 2.7896 | 44e O 50.77 inactive  2.2084
JO
OH
36f 5.70 active 2.8770 | 44h O O 6.44 active 2.1978
(¢}
G-series
OH
36g 22.80 inactive  2.8537
a5 1239 active 25270
JO
(o]
36h 8.36 active 2.5886 | 45a 10.70 active 2.5140
(¢}
0.
36i 13.14 active 2.6695 | 46 O O 3.40 active 2.5006
(¢}
36j 7.40 active 2.9401 | 47a 10.91 active 2.6385
36k ° . 3.84 active 2.9057 | 48a 23.65 inactive  2.2265
SO °
o p H-series
36l © 5.88 active 2.8945 OH
>
o F 449 O O 14.17 active 2.3008
C-series o
/O
37a 24.23 inactive  2.5657 | 45b O O 713 active 2.0808
(0]
OW
o
37b 21.25 inactive 2.5572 | 47b O O 13.64 active 2.3253
(¢}
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b

e} OH
48b 50.30 inactive  2.1138
37c 0\ 56.28 inactive  2.3696 O
(e}

I-series

inactive  2.5538 | 20

37e %O\ 134.47 inactive 2.6114 | 48c
\
0N

-series

D
HN__N_
OH 21 O
38 O 33.42 inactive  2.5912 o
|
0 N

w

3

o
- /
Y

o

/

w

=

o

N
oz

o

2

5.90 None *

bW
§ )2
2

7.41 None *

§ )2
2

54.93 inactive  1.4595

2 Activity measured in uM, ® Fitness score, and * Ligands which did not align to the model

The ester 36d was the reference ligand and had the highest fitness score (FS = 3).
Ligand 48c¢ and natural product 21 (cannabinol) aligned poorly with the model
despite their potency, while natural product 20 (didehydroconicol) with low activity
toward 7. cruzi, showed the lowest fitness score (FS = 1. 4595).

Most of the inactive analogues showed low fitness scores. Analogues from the E-
series, which had the absence of hydrophobic features H5 or H6 showed low fitness
scores. Analogue 42¢g with longer alkyl substituents on C-6 aligned with H5 and H6,
however, the alkyl substituents appear to clash with the excluded volumes. The only
compound from the E-series to show good alignment and no clashing was 42f,
substituted with two ethyl groups at C-6. The absence of substituents capable of
aligning with feature H7 (C-ring) was also observed in the low scores calculated for
44e and 44a. Similarly, analogues without HBA in the A-ring showed low fitness
scores. Figure 25 shows the alignment of inactive ligands 35a, 42a, 42¢, 45e, and
44a.
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Figure 25
Inactive ligands 35a, 42a, 42c, 45d, and 44a aligned to AAHHH_2

The esters from the B-series showed the best alignments along with ethers 35c,
35d, and 3Se, however, analogue 35¢ was not active. Active ligands from the G-
series had moderately good fitness scores and inactive analogue 48a fit the model
poorly. In contrast, amines 35g and 35h did not align well with the model in spite
of their activity. Figure 26 shows the alignment of active ligands 13 (pulchrol), 36e,
42f, 44h, and 46.

Figure 26
Active ligands 13, 36e, 42f, 44h, and 46 aligned to AAHHH_2
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5.2 Qualitative analysis of ADMET-descriptors

The pharmacokinetic properties of all ligands in this investigation were evaluated
using the 51 parameters predicted by QikProp (Schrédinger, 2021-1). The most
relevant ADMET-descriptors are discussed below. A description of the parameters

and their recommended range of values are presented in Table 6 [121-123].

Table 6
Description of the parameters predicted by QikProp used in this study
Descriptor Description Range a
#star ® Number of descriptor values that fall outside the 95% range of similar 0-5
values for known drugs. A large number of stars suggest that a
molecule is less drug-like than molecules with few stars.
SASA Total solvent accessible surface area (A?) using a probe with 1.4 A 300 - 1000
radius
PSA Van der Waals surface area (A?) 7 to 200
QPpolarz Predicted polarizability (A% 13-70
Lipinski’s rule of 5 Number of violations of Lipinski’s rule of five (Lipinski) Maximum 4
MW Molecular weight 130-725
DonorHB Estimated number of hydrogen bonds that would be donated by the 0-6
solute to water molecules in aqueous solutions.
AcceptorHB Estimated number of hydrogen bonds that would be accepted by the 2-20
solute to water molecules in aqueous solutions.
QPlogPo/w Predicted octanol/water partition coefficient -2-6.5
Rule of three Number of violations of Jorgensen'’s rule of three. Maximum 3
QPlogS Predicted aqueous solubility -6.5-0.5
QPPCaco Predicted apparent Caco-2 cell permeability (nm/s) for non-active < 25 poor; > 500
transport. great
#metabol Number of likely metabolic reactions 1-8
#rotor Number of non-trivial (not CX3), non-hindered (not alkene, amide, 0-15
small ring) rotatable bonds.
Human Oral Predicted qualitative human oral absorption. © 1=low, 2=
Absorption medium, 3 = high
QPlogKhsa Prediction of binding to human serum albumin -1.5-1-5
QPlogBB for orally delivered drugs. -3.0-1.2
CNS Predicted central nervous activity on a -2 (inactive) to +2 (active) scale. -2 - +2
QPlogHERG Predicted ICso value for blockage of HERG K* channels Concern below -5

2 Recommended value for 95% of known drugs, ® Descriptors included in #stars: Molecular weight,
dipole moment, ionization potential, electron affinity, total solvent accessible area; hydrophobic,
hydrophilic, ® and weakly polar components of the SASA, polar surface area , total solvent
accessible volume, number or rotatable bonds, hydrogen bond donors, hydrogen bond acceptors,
globularity, polarizability, hexadecane/gas partition coefficient, octanol/gas partition coefficient,
octanol/water partition coefficient, aqueous solubility, binding to human serum albumin,
brain/blood partition coefficient, number of likely metabolic reactions.

The “#star” descriptor considers 29 other descriptors (see Table 6) and can be

used to qualify the pharmacokinetic quality of the ligands. A distribution plot of the
#star descriptor (see Figure 27a) shows that most of the compounds have #star
values equal to 0 or 1. Few compounds may not be able to be orally absorbed
according to de #star descriptor, among those, analogues with methyl substituents
at position 9 in the A-ring (35a, 48a, 48b, 20, and 48¢), chlorinated analogue 35b,
ester analogue 36h, and the ether 35e.
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Parameters such as the total solvent accessible area (SASA), the total solvent-
accessible volume, the globularity, the polar surface (PSA) and the predicted
polarizability (QPpolrz) were inside the QikProp’s recommended range of values
for all ligands.

Most of the ligands complied with all Lipinski’s rules [120]. All the molecular
weight values were below 500 Da, none of the molecules had more than 5 HBD nor
more 10 HBA, but 30% of the ligands had log P values above 5 (see Figure 27b).
Log P values below 5 indicate a favourable hydrophilic/hydrophobic balance
necessary in pharmacokinetics. Unfavourable effects such as an inability to cross
cell membranes, binding to plasma protein and fast excretion may be observed in
very hydrophilic compounds. Similarly, too hydrophobic ligands may be poorly
absorbed if they get dissolved in fat globules inside the gut.

Over 60% of the ligands followed the Jorgensen’s rule. The values for
permeability of the Caco-2 cells and the number of likely metabolic reactions were
inside the threshold recommended by Jorgensen for all compounds. The predicted
water solubility values (QPlogS), in contrast, were below -5.7 for 37% of the
compounds (See Figure 27¢) [121, 123].

Molecular flexibility is another factor that may affect oral absorption and reduce
the selectivity of the ligand. The presence of no more than 7 rotatable bonds is
recommended for good oral absorption [128]. Among the 54 ligands studied here,
just four molecules had more than 7 rotatable bonds (see Figure 27d). A parameter
defined as “human oral absorption” by QikProp (see Table 6) showed that 72% of
the ligands may have good oral absorption.

The predicted serum albumin binding ability (logKhsa) for all ligands was in the
recommended range of values, indicating that the compounds are likely to circulate
freely within the blood stream and access to the target site in sufficient amounts.

The blood-brain barrier partition coefficient (QPlogBB) values for all ligands
were inside QikProp’s recommended range of values (see Table 6 and Figure 27¢).
However, other authors state that compounds with QPlogBB values greater than 0.3
will penetrate the blood-brain barrier; compounds with QPlogBB values between -
1 and 0.3 may still pass the blood-brain barrier; and compounds with QPlogBB
below -1 will not penetrate the blood-brain barrier [129].

Considering the abovementioned ranges, five ligands would penetrate the brain-
blood barrier, while 49 ligands would have less permeability, but maybe, still pass
through the blood brain barrier. A “central nervous system” descriptor (CNS) was
also predicted, according to the recommended values (see Table 6) most ligands
(80%) were not active neither inactive (CNS = 0), 9 compounds were likely to be
active (CNS > 0) and 2 compounds were likely to be inactive (CNS < 0).
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The blockage of human ether-a-go-go-related gene potassium (HERG K')
channel was also predicted to determine possible cardiotoxicity of the ligands. As
shown in Figure 27f, 70% of the compounds fall on the recommended range of

Figure 27

partition coeficient, . Predicte log ICso values for blockage of HERG* channels

values for HERG K+ binding.
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5.3 Conclusions

We have developed a pharmacophore hypothesis for 7. cruzi, L. braziliensis and L.
amazonensis), and used several pharmacologically relevant descriptors to
qualitatively evaluate the drug-likeness of the 54 pulchrol analogues presented in
this study.

Pharmacophore models were generated to visualize the surroundings of the
ligands and features involved in binding with the active site. The most important
pharmacophoric sites were determined to be two hydrogen bond acceptors (one at
the benzylic position in the A-ring and the other on heterocycle oxygen in the B-
ring), and three hydrophobic features (one in the C-ring and the other two on the B-

ring).

The only pharmacophore model capable of explaining the biological activity was
developed for T. cruzi, while the models developed for the Leishmania species were
unable to distinguish between active and inactive ligands. To improve the
development of pharmacophore hypotheses for the Leishmania species modifying
the activity threshold is recommended. The manual addition of excluded volumes
to consider possible steric clashes is suggested as well. Validation of the
pharmacophore hypothesis developed for 7. cruzi using an appropriate set of test
ligands is strongly advised before going ahead with quantitative structure-activity
relationship studies (QSAR).

The pharmacokinetic evaluation showed that most of the molecules in this
investigation comply with Lipinski’s “Rule of five” and Jorgensen’s “Rule of
three”. The predicted octanol/water partition coefficient and the predicted solubility
in water, however, have not optimal values for some of the most hydrophobic
compounds.

The rigidity of the pulchrol scaffold may benefit the pharmacokinetics and reduce
the probability of interactions with undesired molecular targets.

Most of the compounds may not penetrate the blood brain barrier according to
the recommended ranges, however care should be taken in the design of new
compounds. Similarly, most of the compounds showed low binding affinity to the
HERGK" channels, but those compounds found outside the recommended range of
values should be assayed to ascertain that cardiotoxicity is not a risk.

Overall, more than 80% of the compounds have good pharmacokinetic profile for
oral administration. However, future studies should focus on the least hydrophobic
active ligands may prevent issues concerning blood-brain barrier penetration,
undesired central nervous system activity and poor absorption.
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6 General Conclusions

Neglected diseases such as leishmaniasis and the Chagas disease are caused by
protozoan parasites from the family Trypanosomatidae. The natural product
pulchrol, isolated from the roots of the vegetal specie Bourreria pulchra showed
potential toxicity toward 7. cruzi, and moderate activity toward L. braziliensis and
L. amazonensis, responsible for the Chagas disease, mucocutaneous leishmaniasis
and cutaneous leishmaniasis, respectively.

In this investigation, an improved synthetic protocol to prepare pulchrol and its
analogues was developed. Fifty-four compounds bearing the pulchrol scaffold were
prepared and assayed toward 7. cruzi epimastigotes, as well as L. braziliensis and
L. amazonensis promastigotes. Selectivity indexes for each molecule were
calculated as the ratio between the cytotoxicity measured in macrophage cells
(RAW) and the antiparasitic activity.

The biological results indicate that the benzylic oxygen in the A-ring is important
for the activity, probably acting as a hydrogen bond acceptor. A lipophilic pocket
of unknown shape and size may exist in the target protein, localized where the
hydrophobic substituents are attached to the benzylic oxygen or its ester. However,
differences seem to exist between the parasites’ hypothetical binding sites. The
lipophilic pocket in L. braziliensis appears to fit alkyl chains with no more than 4
carbon atoms in the region in which the ester substituent is placed. While for 7. cruzi
and L. amazonensis, the same region seems to feature a planar surface in which
aromatic and planar substituents may interact with the target. The analogue
substituted with a vinyl ester at the benzylic position showed good activity and
selectivity for all parasites, if it would act as Michael acceptor in the binding site
then it could be used for fishing molecular targets.

Transformations at C-6 in the B-ring showed how important is the presence of
two alkyl substituents in this position. Furthermore, the methyl substituents in
pulchrol’s B-ring not only seemed important for hydrophobic interactions, but they
may also improve the orientation of the molecule in the active site. The activity
toward the Leishmania species seems to improve with the length of the alkyl
substituents at C-6, while the same region may have a limited size in 7. cruzi’s
binding site.

The presence of substituents in the C-ring was found to be important for the
activity of all parasites. Hydrophobic interactions between bulky or long alkyl
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groups at positions 2 and 3 seem to be the most beneficial substituents in the C-ring
for the antiparasitic activity.

The combination of an aldehyde in the A-ring and isopropyl groups at C-2 and
C-3 in the C-ring was beneficial for the antiparasitic activity. However, Leishmania
species showed preference for the isopropyl substituent at C-3, whereas for 7. cruzi,
C-2 was the preferred position. The ligand with a ketone substituent in the A-ring
and an isopropyl substituent at C-2 was the most potent compound for all parasites,
showing that space for hydrophobic interactions with the ketone’s methyl group
may exist.

Butanoic acid esters in the A-ring combined with isopropyl groups at C-2 and C-
3 reduced the activity. Particularly, the compound substituted with an isopropyl
group at C-2 was inactive toward L. braziliensis, possibly due to steric clashes with
the binding site.

The presence of at least one hydrogen bond acceptor (HBA) either in the A-ring
or in the C-ring is essential for the antiparasitic activity. The region where the
benzylic oxygen is located seems to be where the hydrogen bond interaction occurs.
Compounds with the HBA in the C-ring and the hydrophobic group in the A-ring
appear to rotate so that the C-ring’s HBA is in the right position to interact with the
target.

Nevertheless, two alkyl groups, one in the A-ring and the other in the C-ring, may
increase the activity if they have a hydroxyl functionality at C-1 in the C-ring. The
hydroxyl group at C-1 may participate in hydrogen bond interactions, but further
studies are necessary to determine whether it acts as either HBA or HBD. Figure 28
shows a summary of the SARs.

Hydrophobic

interactions

! HBA

™ Hydrophobic
,: interactions

. HBA
Hydrophobic . \ interactions
interactions

Figure 28
Summary of the structure activity relationship studies
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A pharmacophore hypothesis developed for 7. cruzi seems to agree with the
structure activity relationships discussed before. The presence of two HBAs and 3
hydrophobic features shows the importance of the benzylic alcohol in the A-ring,
the heterocyclic oxygen in the B-ring, the alkyl groups at C-6 in the B-ring and the
alkyl group in the C-ring. However, the development of pharmacophore hypotheses
was not successful for all parasites, thus for the Leishmania species, we suggest
modifying the threshold in the activity values and we also recommend the manual
addition of excluded volume. It is advised to validate the pharmacophore hypothesis
developed for 7. cruzi, in order to develop future QSAR studies that will be capable
of predicting the antitrypanosomal activity of new molecules.

Most of the molecules showed potential for oral administration. However, the
lipophilicity, possible CNS activity and cardiotoxicity, should be considered for the
design of new derivatives. It is also recommended to assay the binding affinity of
the compounds to the CB1 and CB2 receptors, to evaluate possible unwanted
psychotropic activity, or in the contrary, detect possible selectivity to CB2 which
may have a modulatory effect in the immune system.
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Abstract: Pulchrol (1) is a natural benzochromene isolated from the roots of Bourreria pulchra, shown
to possess potent antiparasitic activity towards both Leishmania and Trypanozoma species. As it is not
understood which molecular features of 1 are important for the antiparasitic activity, several analogues
were synthesized and assayed. The ultimate goal is to understand the structure-activity relationships
(SAR:s) and create a QSAR model that can be used for the development of clinically useful antiparasitic
agents. In this study, we have synthesized 25 2-methoxy-6,6-dimethyl-6H-benzo[c]chromen analogues
of 1 and its co-metabolite pulchral (5a), by semi-synthetic procedures starting from the natural
product pulchrol (1) itself. All 27 compounds, including the two natural products 1 and 5a, were
subsequently assayed in vitro for antiparasitic activity against Trypanozoma cruzi, Leishmania brasiliensis
and Leishmania amazoniensis. In addition, the cytotoxicity in RAW cells was assayed, and a selectivity
index (SI) for each compound and each parasite was calculated. Several compounds are more potent
or equi-potent compared with the positive controls Benznidazole (Trypanozoma) and Miltefosine
(Leishmania). The compounds with the highest potencies as well as SI-values are esters of 1 with
various carboxylic acids.

Keywords:  Trypanozoma cruzi; Leishmania amazoniensis; Leishmania brasiliensis; pulchrol;
benzo|c]chromenes; SAR

1. Introduction

Parasites belonging to the Trypanozoma and Leishmania genera affect a large proportion of the
world’s inhabitants, approximately 12 and 8 million people, respectively, especially in the tropic regions.
Surprisingly little is known about these organisms, and there are few efficient drugs against them on
the market. This is partly due to the fact that the affected regions in general are poor and cannot pay
for advanced medications, and these parasitic diseases are consequently labelled as neglected [1,2].
Benzochromenes are polycyclic aromatic compounds formed by the fusion of a benzene ring with a
chromene moiety [3]. The benzochromene structure is found in many natural products isolated from
plants [4-8], lichens and fungi [9], and a wide range of biological activities such as antibacterial [5,10],
antioxidant and anticancer activities have been reported for natural benzochromenes [9,11]. They have
been reported to be able to intercalate with DNA [11,12], and to bind selectively to the estrogen receptor
ERp [13]. Several cannabinoids are benzochromenes and bind to the cannabinoid receptors CB1 and
CB2 [5,14].
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This work focuses on the natural benzo[c]chromene pulchrol (1), isolated from the heptane fraction
of the roots of Bourreria pulchra together with the corresponding aldehyde pulchral (5a) [4]. B. pulchra,
also known locally as “bakalche” and “azar del monte”, is part of the traditional medicine of the
Yucatan peninsula (Mexico) and has been used to treat cutaneous diseases, injuries, viral infections and
fevers [15,16]. We have reported antiparasitic activity against Leishmania (L. brasiliensis, L. amazoniensis,
L. Mexicana) and Trypanozoma (T. cruzi) species of 1 and 5a (see Figure 1 for structures) in vitro [4],
and more recently an ethanol extract of B. pulchra was reported to possess potent activity against
T. cruzi [17]. As only limited amounts of the compounds 1 and 5a are available from natural sources,
which is insufficient for a complete biological characterization, a synthetic route to both compounds was
developed. To facilitate the semi-synthesis of new analogues starting from pulchrol (1), the synthetic
procedure of 1 was further developed in order to improve the yields and increase the throughput.
In this study, we present the synthesis of 25 pulchrol analogues systematically varied in the benzyl
alcohol region while keeping the 2-methoxy-6,6-dimethyl-6H-benzo[c]chromen structure intact, and
report their in vitro antiparasitic activity against T. cruzi epimastigotes and L. amazoniensis, as well as
L. brasiliensis promastigotes. In addition, their cytotoxicity in a murine macrophage RAW cell line
was investigated, in order to get a general overview of the selectivity of the assayed compounds.
The SAR:s that this and future studies suggest will be used for the development of a QSAR model to
enable the design of more potent and selective antiparasitic drug candidates. In addition, improved
understanding of the molecular targets of the parasites could be obtained, facilitating the developing
novel antiparasitic agents.

Figure 1. The structures of pulchrol (1) and its co-metabolite pulchral (5a).

2. Results and Discussion

2.1. Improvements of the Synthetic Route to Pulchrol (1)

Several synthetic strategies to prepare benzo[c]chromenes have been reported in the literature [18,19].
However, as the focus in this study is on the benzyl alcohol functionality of 1, we essentially relied
on the synthetic manipulation of pulchrol (1) itself. An important intermediate in the synthesis of
1 is the biaryl intermediate 2 (see Scheme 1), which can be transformed into 1 by intramolecular
cyclization. 2 can be obtained by a metal catalyzed Suzuki-Miyaura cross coupling reaction, using
phenyl boronic acid and a o-halo-benzoic acid [3,13,14,20,21]. Other synthetic routes to 2 are by a
dicarbonyl cycloaddition to chromenes [20], or by the direct intramolecular biaryl formation from
phenylbenzyl ethers, as the subsequent cyclization can be performed by metal catalysis [20,22,23]
or by a radical reaction promoted by KtBuO [20,24]. A synthetic route to pulchrol was reported
in 2014, in which the biaryl formation was achieved with a Suzuki-Miyaura coupling and the final
cyclization was acid catalyzed [18]. The procedure for preparing 1 in this study was based on this
strategy, although we introduced conditions that are milder, increased the yields, and shortened the
reaction times.

As in the reported synthesis [18], commercially available 3-iodo-4-(methoxycarbonyl)benzoic
acid (also known as 1-methyl-2-iodoterephthalate) was used as the starting material. This was
reduced to the corresponding benzyl alcohol (methyl 4-(hydroxymethyl)-2-iodobenzoate) using a
borane-tetrahydrofuran complex in THF as solvent, at 0 °C (step a). The benzylic hydroxyl group
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was protected with tert-butyldiphenylchlorosilane (TBDPSCI) using pyridine as solvent (step b),
and this intermediate was then coupled with 2,5-dimethoxyphenyl boronic acid using palladium-
tetrakis(triphenylphosphine) (Pd(PPhs)y) as catalyst and K,COj3 as base, in dimethoxyethane (DME)/H,O
4:1, to yield the biaryl precursor of 2 (step c). This coupling was reported to work successfully at 120 °C
for a period of 14 h in 83% yield [18]. However, microwave-assisted Suzuki couplings have been shown
to reduce the reaction time and increase the yields [25], and we obtained 85-90% yield at 100 °C in
30 min using a microwave reactor. Instead of MeMgBr in tetrahydrofuran (THF) at 40 °C for 18 h,
the methyl ester group was transformed to the tertiary alcohol 2 by two equivalents of methyllithium
(MeLi) in THF at 0 °C for 8 h in similar yields, and the milder conditions produced a cleaner product that
was considerably easier to purify (step d). By using a larger excess of hydroiodic acid (HI) (10 equiv)
for the cyclization of 2 to 1 (step e) we completely avoided the formation of cannabidiol-type biaryl
by-products and obtained the deprotected product directly.

HO. _O OH OTBDPS
a b c
| | |
? 0 c|> 0 <|3 0

Scheme 1. An overview of the synthetic route used for preparing 1. See text and Experimental

3a-h, 4a-l, 5a-¢,6 ~<~— 1

for details.

2.2. Transformations of the Benzylic Alcohol Functionality

Figure 2 summarizes the structure types of the analogues prepared from 1. See the experimental
part for details about how each individual analogue was prepared. The biological activities are given
in Table 1.

c|)H

R ) R HN NH
® Sy |
o8 r

0 0 0

3 4 5 6

Figure 2. Analogues prepared from 1. 3a R = H; 3b R = Cl; 3¢ R = methoxy; 3d R = isopropyloxy; 3e R
= 4-methylpentyloxy; 3f R = isopropylamino; 3g R = isobutylamino; 3h R = isopentylamino; 4a R =
Me; 4b R = isopropyl; 4c R = tert-butyl; 4d R = propyl; 4e R = isobutyl; 4f R = neopentyl; 4g R = pentyl;
4h R = 2-cyclopentylethyl; 4i R = cyclohexyl; 4j R = vinyl; 4k R = 2-furanyl; 41 R = phenyl; 5a R = H;
5b R = Me; 5¢ R = OH; 5d R = methoxy; 5e R = NH,. See Experimental for synthetic details.
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Table 1. Antileishmanial, antitrypanozomal and cytotoxic activity of the semisynthetic pulchrol (1)

derivatives, compared to the positive controls Benznidazole and Miltefosine. See Experimental for

details about the assays.

T. cruzi L. brasiliensis L. amazoniensis Cytotoxicity 2
Mol. R
ICsp (UM) sib ICsp (UM) sib ICsp (UM) si® ICsp (UM)
1 185+9.6 17 59.2+11.8 05 77.7 +5.6 04 30.7 + 1.1
3a M 51.1+17.7 2.0 69.6 +5.9 14 853 +5.9 12 99.5 +22.0
3b 9 38.1+0.4 1.6 17.1+0.1 35 35.0+28 17 59.2 + 14.5
3¢ %O 246 +35 13 492 +15.8 0.7 56.3 +12.0 0.6 331+2.1
_O.
3d kg 129+03 25 352 +32 09 352+38 09 320+03
3e YOV\)\ 9.0+ 0.6 35 1272+113 03 282+85 1.1 31.6 +5.6
H
3f 1(“7/ 70.6 £9.6 04 83.5+32.1 04 67.8+13.8 04 295+9.6
PN
3g N 154 4.0 0.8 258+ 6.2 05 154 £ 3.1 08 123+12
H
3h %/NVY 59+12 13 15.9 £ 0.9 05 17.7 7.4 04 74+24
da k] 144+16 23 28.8+0.3 1.1 269+ 0.6 12 327 +224
4b 1&)\ 8.8+09 3.0 17.6 £ 0.9 15 267 +24 1.0 264+59
4c 1%)< 6401 3.0 17417 1.1 205+ 0.6 1.0 19.8 0.9
4d L 162 +3.2 6.4 57.8 +2.4 1.8 793+ 9.4 13 102.8 +353
ge Y 42£11 67  131+04 22 14501 19 282490
af WK 57+03 33  200+42 10  195+08 10 19.0 £ 3.0
4ag NN 228 +57 2.3 27.7+0.3 1.9 423+87 1.2 52.1+8.1
4h EA/O 84+33 61  1224+279 04 309 +3.0 1.6 50.7 +17.7
4i " Q 131+05 39 243+0.8 2.1 405+87 13 513 +82
4j N 74+09 5.4 57+05 7.0 6.9+17 5.8 40.1+126
(o)
4k 1/0 38+03 7.9 12.8 0.1 24 12818 24 305+ 3.6
4 ,_%)@ 59+05 47 21.0 + 43 13 219+77 13 27.8+10.7
5a e 242+ 4.1 1.6 242475 1.6 29.8 +11.2 13 38.8 +3.7
5b O 212492 15 283+7.1 1.1 432+82 07 319+7.1
5¢ 3 OH 56.3 44 65.1+16.5 3.8 198.7 12 2462 +24.6
5d w0 31.8 +24 12 184 57 2.1 59.0+13 07 382+27
5e e 1345+388 04  1447+431 03  1207+212 04 49.8 +17.7
6 33.4+ 149 0.8 52.0+18.6 05 52.0 +16.7 05 264+15
Benznidazole 192+77 39 747 £ 9.1
Miltefosine 13.0+12 59 10.8 £ 1.5 7.1 76.6 + 3.2

2 Toxicity was measured on RAW cells, see Experimental for details, ® SI, selectivity index (cytotoxicity/anti-protozoal

activity).
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Tables 2 and 3 give the 1D 'H and 13C-NMR shifts of the assayed compounds. In general, 1-H is a
doublet (d) with coupling constant (J) close to 2 Hz, 3-H is a doublet of doublet (dd) with ] = 9 and
2 Hz, while 4-H is a d with | close to 9 Hz. 10-H is a d with | close to 2 Hz, 8-H is a dd with ] = 8 and
2 Hz, while 7-H is a d with | close to 8 Hz.

Table 2. Proton chemical shifts (in ppm) for the compounds prepared in this study, measured in
CDCl3 at 400 MHz. The assignments were made with 2D NMR spectroscopy, COSY, HMQC and
HMBC experiments.

Compd 1-H 3-H 4-H 7-H 8-H 10-H 71-H/H, 2-OCH; 6,6-CHj

1 7.26 6.81 6.89 7.23 7.30 7.68 4.74 3.85 1.61
3a 7.25 6.79 6.88 7.14 712 7.49 240 3.85 1.60
3b 7.25 6.82 6.89 7.23 7.32 7.68 4.64 3.86 1.61
3c? 7.28 6.80 6.88 7.26 722 7.65 4.50 3.85 1.61
3db 7.27 6.80 6.88 7.20 7.29 7.65 4.55 3.85 1.60
3e€ 7.27 6.81 6.89 7.22 7.29 7.66 4.55 3.85 1.61
3fd 7.31 6.79 6.86 7.19 7.28 7.72 3.84 3.86 1.58
3g°© 7.28 6.80 6.88 7.20 7.26 7.66 3.83 3.85 1.61
3hf 7.28 6.81 6.87 7.19 7.25 7.65 3.84 3.85 1.60
4a8 7.26 6.82 6.89 7.24 7.30 7.66 5.15 3.85 1.61
4bh 7.27 6.83 6.90 7.25 7.30 7.65 517 3.86 1.62
4ct 7.24 6.81 6.89 7.22 7.27 7.63 5.15 3.85 1.61
4dj 7.24 6.81 6.89 7.24 7.29 7.65 5.16 3.85 1.61
dek 7.24 6.81 6.89 7.23 7.29 7.65 5.16 3.85 1.61
4f! 7.24 6.81 6.89 7.23 7.29 7.66 5.14 3.85 1.61
4g ™ 7.25 6.81 6.89 7.23 7.29 7.65 5.15 3.85 1.61
4h" 7.27 6.83 6.90 7.24 7.31 7.66 5.16 3.85 1.62
4i° 7.24 6.81 6.88 7.24 7.28 7.63 5.14 3.85 1.61
4P 7.26 6.82 6.89 7.24 7.32 7.67 524 3.85 1.61
4k 1 7.25 6.81 6.89 7.27 7.38 7.73 5.38 3.85 1.61
41" 7.26 6.82 6.89 7.27 7.40 7.74 5.40 3.85 1.62

5a 7.31 6.86 6.91 7.42 7.80 8.18 10.12 3.87 1.64
5b © 7.32 6.84 6.90 7.33 7.87 8.26 - 3.86 1.62

5¢ 7.32 6.83 6.89 7.32 7.98 8.37 - 3.85 1.62
5dt 7.31 6.84 6.90 7.32 7.96 8.35 - 3.87 1.63

5e 7.23 6.82 6.90 7.26 7.33 7.72 - 3.83 1.61

6 7.29 6.82 6.89 7.27 7.54 7.94 - 3.84 1.61

2 Methoxy signal at 3.43 ppm. b Isopropyloxy signals at 3.72 and 1.26 ppm. € 4-Methylpentyloxy signals at 3.50, 1.65,
1.27,1.56 and 0.90 ppm. ¢ Isopropylamino signals at 2.95 and 1.18 ppm. € Isobutylamino signals at 2.48, 1.81 and
0.94 ppm. f Isopentylamino signals at 2.69, 1.44, 1.66 and 0.90 ppm. 8 Methyl signal at 2.13 ppm. " Isopropyl signals
at2.64 and 1.23 ppm. ' t-Butyl signal at 1.25 ppm. | Propyl signals at 2.36, 1.70 and 0.97 ppm. ¥ i-Butyl signals at
2.27,2.14 and 0.97 ppm. ! neo-Pentyl signals at 2.28 and 1.05 ppm. ™ Pentyl signals appear at 2.37, 1.67, 1.31,1.33
and 0.89 ppm. ™ (2-Cyclopentyl)ethyl signals at 2.41, 1.69, 1.79, 1.76, 1.10, 0.89 and 1.54 ppm. © Cyclohexyl signals at
2.38,1.95,1.49,1.76,1.30 and 1.26 ppm. P Vinyl signals appear at 6.19, 6.47 and 5.87 ppm. 9 2-Furyl signals at 6.51,
7.23 and 7.59 ppm. " Phenyl signals at 8.09, 7.45 and 7.57 ppm. ® Methyl signal appear at 2.61 ppm. t Methoxy signal
appear at 3.96 ppm.

Table 3. '*C-NMR chemical shifts (in ppm) for the assayed compounds 1, 3a-h, 4a-1, 5a—e and 6
determined at 100 MHz in CDCl;. The assignments were made with 2D NMR spectroscopy, COSY,
HMQC and HMBC experiments.

Compd C-1 C-2 C3 C-4 C-4a C-6 C-6a C-7 C-8 C-9 C-10 C-10a C-10b C-1 2-OCH;  6,6-CH3

1 108.0 1546 1155 118.8 1469 774 1395 1237 1268 1404 121.0 1291 123.0 653 56.0 27.5
3a 108.0 1545 1150 1187 1470 773 1373 1233 1290 1373 1230 128.6 1233 215 56.0 27.6
3b 108.1 1546 1157 1189 1470 773 1402 1239 1284 137.0 1227 1294 1227 462 56.0 274

3c? 108.1 1546 1155 1188 1470 774 1395 1235 1276 1378 121.8 129.0 1231 747 56.0 27.6
3db 108.1 1544 1150 1186 1468 772 1391 1233 1274 1385 1215 128.7 1228 699 55.8 27.4
3e¢ 108.1 1545 1153 118.8 1469 774 1393 1235 1276 1382 121.7 1289 1231 728 55.9 27.5
3fd 108.2 1546 1154 118.7 1469 773 139.0 1236 1285 137.0 1227 1291 123.0 508 56.1 27.5
3g*© 108.1 1545 1152 1187 1469 774 1400 1234 128.0 1388 1221 1288 1232 54.0 56.0 27.6
3hf 108.1 1546 1153 1188 1469 774 1396 1235 1282 1389 1223 1289 1232 541 56.0 27.5
4a8 108.2 1546 1154 1188 1470 773 140.1 1237 1282 1355 1225 1292 1228 66.3 56.0 27.5

aph 108.1 1546 1154 1189 1470 775 1399 1237 1278 1358 1221 129.1 1229  66.0 56.0 27.5
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Table 3. Cont.

Compd C-1 C-2 C3 C-4 C-4a C-6 C-6a c-7 C-8 C-9 C-10 C-10a C-10b C-1 2-OCH;  6,6-CH3

4ci 1080 1546 1155 1189 1470 775 1398 1237 1275 1361 1217 129.1 1229 659 55.9 27.5
4d) 108.1 1546 1154 1189 1470 774 140.0 1237 1281 1357 1223 1292 1229 66.0 56.0 27.5
gek 108.0 1544 1153 118.7 1470 772 140.0 1235 1279 1356 1221 129.0 1227 658 55.8 27.3
af! 1079 1544 1153 1187 1468 772 1398 1235 1279 1356 1221 1290 1227 657 55.8 27.3
ag™ 1080 1544 1153 1187 1468 773 1398 1236 1279 1355 1222 129.0 1227 659 55.8 27.3
4h" 108.2 1546 1154 1188 1469 773 140.0 1237 1281 1357 1224 1292 1228 66.0 56.0 27.5
4i° 108.1 1546 1155 1189 1470 773 1399 1237 1279 1359 1221 1291 1229 65.8 56.0 27.5
4jP 108.2 1546 1155 118.8 1470 775 140.1 1238 1282 1354 1225 1292 1228 66.3 56.0 27.5
4k 9 108.1 1546 1155 1189 1470 774 1403 1238 1284 1351 1227 1293 1228 66.6 56.0 27.5
4ar 108.1 1546 1155 1189 1470 774 140.1 1238 1282 1356 1225 130.7 1228 66.7 56.0 27.5

5a 1079 1548 1166 1191 1468 774 1462 1243 1298 136.0 1234 130.1 1220 192.1 56.0 27.3
5b° 1083 1548 1161 1190 1468 774 1448 1237 1282 1367 1222 1295 1224 1978 56.0 27.3

5¢ 1080 1547 1162 1189 1468 774 1448 1236 129.7 1295 1241 1293 1223 1689 56.0 27.3
5dt 108.1 1547 1161 1190 1468 774 1446 1236 1293 1297 1237 129.7 1224 1670 56.1 27.3

5e 107.8 1547 1162 119.0 1469 774 1412 1235 1266 1359 121.2 1293 1225 1715 56.0 274

6 108.1 1547 1159 1189 1469 773 1417 1238 1256 1322 1200 1294 1226 1527 56.0 274

2 Methoxy signal at 58.4 ppm. b Iso;)ropyloxy signals at 71.1 and 22.1 ppm. © 4-Methylpentyloxy signals at
71.1, 28.1, 35.5, 27.8 and 22.7 ppm. ¢ Isopropylamino signals at 48.5 and 22.3 ppm. € Isobutylamino signals
at 57.6, 28.5 and 20.9 ppm. f Isopentylamino signals at 47.8, 39.1, 26.3 and 22.8 ppm. 8 Acetyl signals at 171.0
and 21.2 ppm. h Isobutyrate signals at 177.1, 34.2 and 19.2 ppm. i Pivalate signals at 178.5, 39.0 and 27.4 ppm.
i Propyl signals at 173.7, 36.4, 18.6 and 13.9 ppm. X 3-Methylbutanoate signals at 173.0, 43.4, 25.7 and 22.4 ppm.
1 3,3-Dimethylbutanoate signals at 172.2, 47.9, 30.9 and 29.7 ppm. ™ Hexanoate signals appear at 173.7, 34.3,
24.7, 31.3, 22.3 and 13.9 ppm. " 3-Cyclopentylpropanoate signals at 174.0, 33.8, 31.3, 39.8, 32.5 and 25.2 ppm.
© Cyclohexanecarboxylate signals appear at 176.1, 43.4, 29.2, 25.6 and 25.9 ppm. P Acrylate signals appear at
166.2,128.4 and 131.5 ppm. 9 Furan-2-carboxylate signals at 158.7, 144.7, 112.1, 118.5 and 146.7 ppm. " Benzoate
signals at 166.6, 129.0, 129.9, 128.6 and 133.3 ppm. ®* Methyl signal appear at 26.8 ppm. t Methoxy signal appear at
52.4 ppm." Methyl signal appear at 25.3 ppm.

2.3. Antiparasitic Activity of Pulchrol (1), the Starting Point

Pulchrol (1) and pulchral (5a) have previously been shown to possess antiparasitic activity,
1 towards T.cruzi epimastigotes and three strains of Leishmania promastigotes (L. mexicana, L. brasiliensis
and L. amazoniensis), and 5a towards L. brasiliensis and L. amazoniensis [4]. The ICsy value of 1 against
T.cruzi in this investigation was 18.5 uM (see Table 3), and it is thereby equipotent with the positive
control benznidazole (19.2 uM). Benznidazole is currently on the market for the treatment of Chagas
disease, caused by T. cruzi, under the trade names Rochagan and Radanil. The potency of pulchrol
against the Leishmania parasites, with the ICsp values 59.2 uM for L. brasiliensis and 77.7 uM for
L. amazoniensis, is more moderate, although promastigotes of L. mexicana (not part of this investigation)
are more sensitive with an ICsj value of 17 uM [4]. As the chemical structure of pulchrol (1) does
not raise any red flags, it contains no functionalities that are associated with reactivity or unspecific
biological activity, we were motivated to synthesize and assay analogues of 1. This study focuses on
the importance of the benzyl alcohol functionality for the biological activity, and the natural products
(1 and 5a) together with 25 analogues were prepared as discussed above, and assayed. The assays
against T. cruzi epimastigotes and L. amazoniensis as well as L. brasiliensis promastigotes essentially
follows the protocol used in previous investigations, but the cytotoxicity in a mammalian murine
macrophage RAW cell line was also assayed in order to get an impression of the compounds selectivity
for the parasites over a mammalian cell line. The biological results are presented in Table 1.

2.4. Antiparasitic Activities towards Trypanozoma cruzi Epimastigotes

To determine the importance of the hydroxyl group for pulchrol’s activity, the 9-methyl analogue
(3a) was prepared and found to be considerably less active (ICsy = 51.1 uM) compared to 1. With the
intention of mimicking the Van der Waals interactions around the benzylic carbon, the hydroxyl group
was replaced by a chlorine (3b), but this analogue was also less potent than 1 (IC5p = 38.1 uM). It would
appear to be beneficial to have an oxygen in the benzylic position, although 3a and 3b are by no means
inactive. To evaluate if the hydroxyl group acts as a hydrogen bond donor, the methyl ether 3¢ was
prepared and assayed. It is slightly less potent compared to 1 (ICsy = 24.6 uM), indicating that the
hydroxyl group is more a hydrogen bond acceptor than donor. However, the two bulkier ethers 3d and
3e were actually more potent than 1 (IC5yp = 12.9 and 9.0 uM, respectively), suggesting that there also
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is a lipophilic pocket close to the binding site of the benzylic moiety in a target protein. In addition,
3d and 3e show an improved SI compared to 1 and 3c. Somewhat surprisingly, the isopropylamino
analogue 3f is considerably less potent and selective compared to the isopropyl ether 3d, while the
isobutyl and isopentyl analogues 3g and 3h (IC5p = 15.4 and 5.9 uM, respectively) are as potent as the
bulkier ethers but less selective.

Moving to the pulchrol esters 4a—4l, it is clear that this group of analogues is interesting as most
of them are more potent and selective compared to 1. For the saturated esters 4a—4i it is especially
those with branched alkyl groups that are good, with the 3-methylbutanoic acid ester 4e standing out
with ICs5p = 4.2 uM and SI = 6.7. All the unsaturated esters 4j—4l prepared and assayed are potent and
selective, indicating that a 7-7t interaction with the binding pocket is favourable. The furan-2-carboxylic
acid ester 4k is actually the most potent (IC5y = 3.8 uM) and the most selective (SI = 7.9) towards T.
cruzi of all analogues prepared in this investigation, and has considerably better antiparasitic activity
towards T. cruzi epimastigotes compared to the positive control Benznidazol (see Table 1). Also the
selectivity is noteworthy, as it is twice that of the positive control.

Among the 1’-carbonyl analogues (5a-5e) included in this study, the aldehyde 5a and the methyl
ketone 5b can be compared to 1, both with respect to potency and selectivity. However, the carboxylic
acid 5c¢, the methyl ester 5d and especially the amide 5e are less potent, although the carboxylic acid 5¢
is considerably less cytotoxic than the others. The N-hydroxy-9-carboximidamide 6 was obtained as a
by-product and assayed; it did not show any interesting activities, although it was more potent than
the 9-carboxamide 5e. If anything, analogue 6 underlines the importance of a lipophilic component at
the benzylic moiety.

2.5. Antiparasitic Activities towards Leishmania brasiliensis Promastigotes

As for T.cruzi, transforming the benzylic alcohol moiety to a methyl group is not beneficial, and 3a
was found to be slightly less potent than 1. On the contrary, the benzyl chloride (3b) showed both
an interesting potency (ICsp = 17.1 uM) and selectivity (SI = 3.5), suggesting that the presence of an
oxygen in the benzylic position is less important. The differences in antiparasitic effects of 3b in T. cruzi
epimastigotes and L. brasiliensis promastigotes indicate that the molecular targets in the two species
are different. Although the two ethers 3c and 3d are slightly more potent than 1, the 4-methylpentyl
ether 3e is considerably less potent and the positive effect of bulky ethers observed for T. cruzi is
not seen with L. brasiliensis. However, for the secondary amines 3f-3h the trend is identical, and the
isopentylamino analogue 3h (ICsy = 15.9 uM) is one of the most potent against L. brasiliensis. Most of
the esters 4a—41, except for 4h, are more potent compared to 1, and among the saturated esters there
is again a tendency that branched alkyl groups are better than straight. The aromatic esters 4k and
41 are potent towards L. brasiliensis as well, 4k (ICsyp = 12.8 uM) is as potent as the positive control,
although the selectivity observed towards T. cruzi is less prominent. The vinyl ester 4j is the most
potent and selective towards L. brasiliensis, with ICsy = 5.7 uM and SI = 7.0, overshadowing the positive
control. For the 1’-carbonyl analogues, the aldehyde 5a, the methyl ketone 5b and especially the methyl
ester 5d are more potent, while the carboxylic acid 5¢ and the N-hydroxy-9-carboximidamide (6) are
comparable to 1. The carboxamide 5e is considerably less potent than 1.

2.6. Antiparasitic activities towards Leishmania amazoniensis promastigotes

For L. amazoniensis, too, the replacement of the benzylic alcohol moiety for a methyl group (3a)
does not improve the antiparasitic activity, and as for L. brasiliensis, a chlorine substituent in this
position (3b) increases the potency more than two-fold. Ethers of pulchrol (1) are more potent; the
methyl and isopropyl ethers (3c and 3d) only slightly, but the 4-methylpentyl ether 3e more clearly.
This is in contrast to the poor potency of 3e towards L. brasiliensis. For the secondary amines the
sensitivity of L. amazoniensis follows that observed already for T. cruzi and L. brasiliensis, lower potency
for the isopropylamino analogue 3f and higher for the isobutyl- and isopentylamino analogues 3g
and 3h. For the esters 4a—4l, the results follow those obtained with L. brasiliensis (vide supra) closely.
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There is only one exception, the 3-cyclopentylpropanic acid ester 4h, which displays a more expected
potency towards L. amazoniensis than towards L. brasiliensis (vide supra). Again, the vinyl ester 4j is the
most potent towards L. amazoniensis among the esters, and actually among all compounds assayed
here, and as the SI value is 5.8 it is also by far the most selective compound. Among the 9-carbonyl
analogues, the aldehyde 5a and the methyl ketone 5b are more potent, while the methy] ester 5d and
the N-hydroxy-9-carboximidamide (6) are only slightly more potent. The carboxylic acid 5¢ and the
carboxamide 5e are both considerably less potent compared to 1.

3. Materials and Methods

3.1. General

TH-NMR spectra (400 MHz) and IBC.NMR spectra (100 MHz) were recorded with a Bruker Avance
II (Bruker Biospin AG, Industriestrasse 26, 8117 Fillanden, Switzerland) in CDCls. The individual
1D signals were assigned using 2D NMR experiments (COSY, HSQC, HMBC). The chemical shifts
are given in ppm with the solvent signal as reference (7.27 ppm for 'H and 77.0 for 13C). Infrared
spectra were recorded with a Bruker Alpha-P FT/IR instrument (Bruker Biospin AG, Industriestrasse
26, 8117 Fallanden, Switzerland) with a Diamond ATR sensor as films, and the intensities are given
as vw (very weak), w (weak), m (medium), s (strong) and vs (very strong). High-resolution mass
spectra (HRMS) were recorded with a Waters XEVO-G2 QTOF equipment (Waters Corp, Milford,
Worcester County, Massachusetts, United States), with electrospray ionization (ESI). Synthetic reactions
were monitored by TLC using alumina plates coated with silica gel and visualized using either UV
light and/or spraying/heating with vanillin/H,SO,. Flash chromatography was performed with silica
gel (35-70 um, 60 A). THF was distilled from sodium, acetonitrile was distilled from CaH, and
other reaction solvents were dried with Al,O3. Commercially available compounds were obtained
from Aldrich.

3.2. Synthetic Procedures

Methyl 4-(hydroxymethyl)-2-iodobenzoate (intermediate in the synthesis of 1) BH3-THF (1 M, 65 mL,
65.0 mmol) was slowly added to a stirred solution of 3-iodo-4-(methoxycarbonyl)benzoic acid (5 g,
16.3 mmol) in dry THF (200 mL) at 0 °C. After 30 h, saturated aqueous NaHCO3/H,O was added,
the aqueous phase was extracted with ethyl acetate (3 X 200 mL) before drying (NaySO4) and removal of
solvent under reduced pressure. Purification by column chromatography (SiO,, 4:6 heptane/ethyl acetate)
gave (3.74 g, 78%) of the pure product as yellow crystals, identical to that previously reported [18].

Methyl 4-(((tert-butyldiphenylsilyl)oxy)methyl)-2-iodobenzoate (intermediate in the synthesis of 1), TBDPSC1
(4.0 mL, 15.3 mmol) was added to a stirred solution of methyl 4-(hydroxymethyl)-2-iodobenzoate
(prepared as described above, 3.74 g, 12.8 mmol) in pyridine (60 mL) at rt. After 24 h, saturated
aqueous NH;Cl/H,O was added and the aqueous phase was extracted with diethyl ether (3 x 200 mL),
the organic phase was washed with brine (2 x 500 mL) before drying (Na,SO,) and removal of solvent
under reduced pressure. Purification by column chromatography (5iO;, 20:2 heptane/ethyl acetate)
gave (6.1 g, 89%) of the product as white crystals, identical to that previously reported [18].

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2',5'-dimethoxy-[1,1"-biphenyl]-2-carboxylate (intermediate in
the synthesis of 1), 2,5-dimethoxyphenylboronic acid (155 mg, 0.85 mmol), K,COj3 (394 mg, 2.85 mmol)
and tetrakis(triphenylphosphine)palladium(0) (115 mg, 0.1 mmol), were added to a stirred solution of
methyl 4-(((tert-butyldiphenylsilyl)oxy)methyl)-2-iodobenzoate (prepared as described above, 300 mg,
0.57 mmol) dissolved in 4:1 DME/water (15 mL). The mixture (contained in a microtube) was degasified
under vacuum/N, at —78 °C five times. The microwave reaction conditions were 100 °C, high pressure,
and 10 s of pre-stirring. After 30 min in the microwave reactor, the mixture was filtered through a plug
of celite and washed with ethyl acetate (250 mL) before drying (Na,SO,) and removal of solvent under



Molecules 2020, 25, 3058 9of 15

reduced pressure. Purification by column chromatography (SiO,, 20:3 heptane/ethyl acetate) gave the
pure product as a yellowish wax (263 mg, 86%), identical to that previously reported [18].

2-(5-(((tert-butyldiphenylsilyl)oxy)methyl)-2’ 5'-dimethoxy-[1,1"-biphenyl]-2-yl)propan-2-ol (2), Methyl lithium
(3M, 3 mL, 8.8 mmol) was added to a stirred solution of methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-
2’,5’-dimethoxy-[1,1"-biphenyl]-2-carboxylate (prepared as described above, 1.2 g, 2.2 mmol) in dry
THEF (70 mL) at 0 °C. After 8 h, saturated aqueous NH4Cl/H,O was added, and the aqueous phase was
extracted with ethyl acetate (3 X 100 mL). The organic phase was dried (NaySO,) and after the removal
of the solvent under reduced pressure, column chromatography (5iO,, 20:4 heptane/ethyl acetate 20:4)
gave the pure product as yellowish wax (0.88 g, 74%), identical to that previously reported [18].

Pulchrol, or (2-methoxy-6,6-dimethyl-6 H-benzolc]chromen-9-yl)methanol (1), HI (55% wt, 0.75 mL, 5.5 mmol)
was added to a stirred solution of 2 (50 mg, 0.09 mmol) in MeCN (12.5 mL) at rt. After 70 min, saturated
aqueous NayS,;03/H,O was added, and the aqueous phase was extracted with ethyl acetate (3 x
12.5 mL), the organic phase was dried (Na;SO,) and after the removal of the solvent under reduced
pressure the crude product was purified by column chromatography (SiO,, 20:4 heptane/ethyl acetate)
to give pure 1 as a yellowish wax (16.3 mg, 65%). NMR data are shown in Tables 2 and 3. HRMS-ESI+
(m/z): [M + H]* caled for C17H1903, 271.1334; found, 271.1339. IR (cm™): 3402 (br, OH), 2933 (w, CH),
1503 (s), 1463 (m), 1281 (w), 1217 (vs), 1156 (w), 1040 (m), 820 (w).

2-Methoxy-6,6,9-trimethyl-6H-benzo[clchromene (3a), Et3SiH (0.16 mL, 1.0 mmol) and PdCI2 (73.5 mg,
0.4 mmol) were added to a stirred solution of 1 (56 mg, 0.2 mmol) in EtOH (25 mL) at rt. After 150 min,
ethyl acetate was added and the mixture was filtered through a plug of celite and washed with ethyl
acetate (500 mL). After drying of the organic phase (Na;SOy) and the removal of solvent under reduced
pressure, purification by column chromatography (SiO,, 20:1 heptane/ethyl acetate) gave pure 3a as a
colorless oil (48 mg, 92%). 1H and 13C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (mm/z):
[M + H]* caled for Cr7H;90,, 255.1385; found, 255.1392. IR (ecm™1): 2931 (m, CH), 1723 (vw), 1504 (m),
1217 (s), 1129 (m), 755 (vs).

9-(chloromethyl)-2-methoxy-6,6-dimethyl-6 H-benzo[c]chromene (3b), p-Toluensulfonylchloride (20.9 mg,
0.11 mmol), DMAP (10.7 mg, 0.09 mmol) and pyridine (8.9 uL, 0.11 mmol) were added to a stirred
solution of 1 (19.8 mg, 0.07 mmol) in CH,Cl, (10 mL) at 0 °C. After 24 h, diethyl ether was added,
the mixture was stirred for 30 min, and filtered. The filtrate was washed once with saturated aqueous
NaHCO3/H,0 and once with brine, before drying (Na;SO4) and removal of the solvent under reduced
pressure. The purification of the crude product by column chromatography (SiO,, 20:2 heptane/ethyl
acetate) gave 3b as a colorless oil (5 mg, 23%). TH and ¥C-NMR data are shown in Tables 2 and 3.
HRMS-ESI+ (m/z): [M + NH4]* caled for C;7H;30,Cl, 289.0995; found, 289.0992. IR (cm™1): 2938 (w,
CH), 1723 (w), 1504 (s), 1424 (m), 1281 (m), 1218 (vs), 1157 (m), 1114 (w), 1040 (m), 814 (w).

General procedure to prepare compounds 3c-3e, CuBr, (0.1 equiv) was added to 1 (1 equiv) in the
corresponding alcohol as solvent (1 mL), at reflux. After 12 h, the mixture was cooled to rt, whereafter
10% Nap,CO3/H,0 was added and the aqueous phase was extracted with CHCl; (3 X 1 mL). The mixture
was filtered through a pad of silica gel and washed with heptane before the solvent was removed
from the organic phase under reduced pressure. Purification of the crude products by column
chromatography (SiO,, 40:1 heptane/ethyl acetate) gave the desired products 3c-3e.

2-Methoxy-9-(methoxymethyl)-6,6-dimethyl-6H-benzol[clchromene (3c), Yield 33%. 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for C1gH»1 O3, 285.1491; found, 285.1494.
IR (cm™1): 2941 (w, CH), 1502 (s), 1424 (m), 1262 (vs), 1105 (w), 1040 (m), 817 (m).

9-(Tsopropoxymethyl)-2-methoxy-6,6- dimethyl-6H-benzo[c]chromene (3d), Yield 26%. 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for CpgHp4O3Na, 335.1623; found, 335.1627.
IR (cm™1): 2931 (w, CH), 1726 (w), 1503 (m), 1463 (w), 1428 (w), 1280 (m), 1218 (s), 1111 (s), 1040 (w),
822 (vw), 756 (vs), 704 (w).



Molecules 2020, 25, 3058 10 of 15

2-Methoxy-6,6-dimethyl-9-(((4-methoxypentyl)oxy)methyl)-6H-benzo[clchromene (3e), Yield 41%. 'H and
13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (11/z): [M + H]* caled for Cp3H30O3Na, 377.2093;
found, 377.2100. IR (cm™1): 2953 (m, CH), 1503 (s), 1465 (w), 1424 (w), 1281 (w), 1218 (vs), 1156 (w),
1098 (m), 1042 (m), 818 (w).

General procedure to prepare 3f-3h, [Cp*IrCl, ], (0.005 eq), NaHCO3 (0.005 eq), and the corresponding
amine (2 eq) were added to a stirred solution of 1 (1 eq) in dry toluene (2 mL), at 100 °C. After 36 h,
the solvent was removed under reduced pressure, and purification of the crude product by column
chromatography (5102, 20:3:0.1 heptane/ethyl acetate/triethylamine) gave the desired products 3f-3h.

N-((2-Methoxy-6,6-dimethyl-6H-benzo[c]chromen-9-yl)methyl)propan-2-amine (3f), Yield 25%. 'H and 13C
shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for CooHpgNO,, 312.1963; found,
312.1964. IR (em™1): 2929 (w, CH), 1504 (w), 1218 (m), 1155 (w), 1041 (w), 755 (vs).

N-((2-Methoxy-6,6-dimethyl-6 H-benzol clchromen-9-yl)methyl)-2-methylpropan-1-amine (3g), Yield 27%.
TH and 13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for Cy;HpsNO,,
326.2120; found, 326.2120. IR (cm™1): 2954 (w, CH), 1503 (w), 1217 (m), 1156 (w), 1041 (w), 755 (vs).

N-((2-Methoxy-6,6-dimethyl-6H-benzo[c]chromen-9-yl)methyl)-3-methylbutan-1-amine (3h), Yield 33%. 'H and
13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for CpHzgNO,, 340.2277;
found, 340.2275. IR (cm™1): 2957 (m, CH), 1503 (s), 1422 (m), 1218 (vs), 1158 (w), 1041 (w), 754 (m).

General procedure to obtain compounds 4a-41, The corresponding acid anhydride or acid chloride (1.5 equiv),
DMAP (1.2 equiv), and Et3N (1.5 equiv) were added to a stirred solution of 1 (1 equiv) in CH,Cl,
(25 ml) at rt. After three hours, saturated aqueous NH4Cl/H,O was added, and the aqueous phase
was extracted with CH,Cl, (3 x 25 mL) before drying (NaySO4) and removal of the solvent under
reduced pressure. Purification by column chromatography (SiO2, 20:4 heptane/ethyl acetate) gave the
desired products.

(2-Methoxy-6,6-dimethyl-6H-benzo[ c]chromen-9-yl)methyl acetate (4a), Yield 92%. 'H and 13C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for C19H1 04, 313.1440; found, 313.1432.
IR (cm™1): 2935 (vw, CH), 1739 (m, C=0), 1504 (m), 1425 (w), 1221 (vs), 1039 (w), 819 (vw).

(2-Methoxy-6,6-dimethyl-6H-benzo[clchromen-9-yl)methyl isobutyrate (4b), Yield 67%. 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for Cp1Hy504, 341.1753; found, 341.1749.
IR (cm~1): 2974 (w, CH), 1733 (s, C=0), 1504 (m), 1425 (w), 1218 (s), 1156 (s), 1041 (w), 821 (w), 737 (w).

(2-Methoxy-6,6-dimethyl-6H-benzo[clchromen-9-yl)methyl pivalate (4c), Yield 62% 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NH4]* calcd for CprH3zgO4N, 372.2175; found,
372.2170. IR (em™1): 2975 (m, CH), 1730 (s, C=0), 1505 (m), 1425 (w), 1282 (m), 1219 (m), 1155 (s), 1040
(w), 819 (vw).

(2-Methoxy-6,6-dimethyl-6H-benzo[c]chromen-9-yl)methyl butyrate (4d), Yield 58%. 'H and '3C shifts
are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NHy]* caled for Co1HpgO4N, 358.2018; found,
358.2014. IR (em™1): 2966 (w, CH), 1735 (s, C=0), 1505 (m), 1425 (w), 1219 (s), 1173 (s), 1041 (w), 819
(vw), 738 (vw).

(2-Methoxy-6,6-dimethyl-6H-benzo[cIchromen-9-yl)methyl 3-methylbutanoate (4e), Yield 79%. 'H and 13C
shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NHy]* calcd for CyyHzgO4N, 372.2175;
found, 372.2180. IR (cm™1): 2961 (m, CH), 1735 (vs, C=0), 1505 (m), 1425 (w), 1283 (w), 1218 (s), 1159
(m), 1094 (w), 1041 (w), 819 (w), 738 m).

(2-Methoxy-6,6-dimethyl-6H-benzo[clchromen-9-yl)methyl 3,3-dimethylbutanoate (4f), Yield 92%. 'H and
13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (111/z): [M + NH4]* caled for Cp3Hz,O4N, 386.2331;
found, 386.2326. IR (cm™1): 2958 (m, CH), 1733 (s, C=0), 1505 (m), 1425 (w), 1221 (vs), 1130 (s), 1042
(w), 819 (vw).
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(2-Methoxy-6,6-dimethyl-6H-benzo[clchromen-9-yl)methyl hexanoate (4g), Yield 78%. 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NHy4]" caled for Cp3H3,04N, 386.2331; found, 386.2325.
IR (cm™1): 2957 (m, CH), 1736 (vs, C=0), 1505 (s), 1425 (m), 1219 (vs), 1159 (s), 1041 (w), 819 (vw).

(2-Methoxy-6,6-dimethyl-6H-benzo|c]chromen-9-yl)methyl 3-cyclopentylpropanoate (4h), Yield 67%. 'H and
13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (111/z): [M + NH4]* caled for CpsHz404N, 412.2488;
found, 412.2487. IR (cm™!): 2948 (m, CH), 1735 (vs, C=0), 1504 (m), 1425 (m), 1219 (vs), 1158 (s), 1042
(w), 818 (vw).

(2-Methoxy-6,6-dimethyl-6H-benzo[c[chromen-9-yl)methyl cyclohexanecarboxylate (4i), Yield 57%. 'H and
13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (111/z): [M + NH4]* caled for Cp4Hz,O4N, 398.2331;
found, 398.2330. IR (cm™1): 2934 (s, CH), 1732 (s, C=0), 1504 (m), 1425 (m), 1219 (vs), 1164 (s), 1131
(m), 1040 (m), 819 (w).

(2-Methoxy-6,6-dimethyl-6H-benzo[cIchromen-9-yl)methyl acrylate (4j), Yield 25%. 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NHy]* caled for CyoHysO4N, 342.1705; found,
342.1703. IR (cm™1): 2939 (w, CH), 1724 (vs, C=0), 1505 (s), 1425 (m), 1269 (s), 1218 (vs), 1177 (vs), 1114
(w), 1041 (m), 822 (vw).

(2-Methoxy-6,6-dimethyl-6H-benzo[cIchromen-9-yl)methyl furan-2-carboxylate (4k), Yield 96%. 'H and 13C
shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NHy]* calcd for CyyHp,OsN, 382.1654;
found, 382.1653. IR (cm™1): 2979 (vw, CH), 1720 (s, C=0), 1572 (vw), 1504 (s), 1425 (m), 1294 (vs), 1218
(s), 1177 (s), 1113 (vs), 1041 (w), 947 (vw), 821 (w), 763 (m), 737 (m).

(2-Methoxy-6,6-dimethyl-6H-benzo[c]chromen-9-yl)methyl benzoate (41), Yield 80%. 'H and '3C shifts are
shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + NHy]* calcd for CpyHpsO4N, 392.1862; found,
392.1855. IR (cm™1): 2979 (vw, CH), 1718 (s, C=0), 1504 (m), 1425 (m), 1269 (vs), 1218 (m), 1109 (m),
1040 (w), 821 (vw), 712 (s).

2-Methoxy-6,6-dimethyl-6H-benzo[c]chromene-9-carbaldehyde (5a), Dess Martin periodinane 15% (1.4 mL,
0.7 mmol) was added to a stirred solution of 1 (60 mg, 0.2 mmol) in CH,Cl, (50 mL) at rt. After five
hours, saturated aqueous NayS,03/H,O was added, and the aqueous phase was extracted with CH,Cl,
(3 x 50 mL) before drying (Na,;SO,) and removal of solvent under reduced pressure. Purification by
column chromatography (SiO,, 20:1 CH,Clp/methanol) gave (55 mg, 93%) as a yellowish wax. 'H and
13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* calcd for Ci7H;703, 269.1178;
found, 269.1176. IR (cm™): 2961 (vw, CH), 1699 (vs, C=0), 1500 (vs), 1426 (m), 1279 (w), 1219 (vs),
1154 (m), 1092 (w), 1039 (m), 946 (vw), 821 (m), 703 (vw).

1-(2-Methoxy-6,6-dimethyl-6H-benzolclchromen-9-yl)ethan-1-0l (intermediate in the synthesis of 5b),
MeMgl (3 M, 0.42 mL, 1.2 mmol) was added to 5a (100 mg, 0.42 mg) in dry ethyl ether (5 mL), at 0 °C.
After 20 h, saturated aqueous NH4Cl/H,O was added, and the aqueous phase was extracted with
diethyl ether (3 X 5 mL). The organic product was washed with brine once before drying (Na;SO,)
and removal of solvent under reduced pressure. Purification by column chromatography (5iO,, 20:5
hept/ethyl acetate) gave 61 mg, 51% as a yellowish wax. 'H-NMR (400 MHz, CDCl3) 6 7.64 (d, ] =
2.0Hz, 1H),7.25(d,] =8.1Hz, 1H),7.24 (d, ] = 1.1 Hz, 1H), 7.17 (d, ] = 8.1 Hz, 1H), 6.86 (d, ] = 8.8 Hz,
1H), 6.78 (dd, ] = 8.7, 2.9 Hz, 1H), 4.90 (q, ] = 6.4 Hz, 1H), 3.81 (s, 3H), 2.27 (s, 1H), 1.58 (d, ] = 1.8 Hz,
6H), 1.50 (d, ] = 6.5 Hz, 3H). 3C-NMR (100 MHz, CDCly) § 154.51, 146.85, 145.38, 139.16, 128.85, 125.28,
123.50, 123.10, 119.41, 118.75, 115.30, 108.05, 77.32, 70.31, 55.93, 27.45, 25.29. HRMS-ESI+ (m/z): [M +
Nal* caled for C1gHy0O3, 307.1310; found, 307.1306. IR (cm™): 3392 (br, OH), 2969 (m, CH), 1503 (s),
1381 (m), 1282 (m), 1216 (vs), 1157 (m), 1039 (m), 868 (w).

1-(2-Methoxy-6,6-dimethyl-6H-benzol cIchromen-9-ylJethan-1-one (5b), Celite (250 mg) and PCC (69 mg,
0.31 mmol) were added to a stirred solution of 1-(2-methoxy-6,6-dimethyl-6H-benzo[c]chromen-9-yl)ethan-
1-ol (prepared as described above, 61 mg, 0.21 mmol) in dry CH,Cl, (5 mL) under nitrogen, at rt. After
12 h diethyl ether (10 mL) was added and the mixture was filtered over a plug of silica gel and washed
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with ethyl acetate (50 mL) before removal of solvent under reduce pressure. Purification by column
chromatography (SiOs, 20:4 hept/ethyl acetate) gave 51.5 mg, 87% as a yellowish wax. 'H and '3C shifts
are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* caled for C1gH;903, 283.1334; found, 283.1334.
IR (cm™1): 2980 (vw, CH), 1684 (s, C=0), 1500 (vs), 1421 (m), 1244(s), 1212 (s), 1040 (m), 756 (vs).

2-Methoxy-6,6-dimethyl-6H-benzolclchromene-9-carboxylic acid (5c), Jones reagent (1 M, 0.5 mL) was added
to 1 (60 mg, 0.22 mmol) in acetone (25 mL), at rt. After three hours, isopropanol (25 mL) was added, the
organic phase was extracted with saturated aqueous NaHCOj3 (3 x 25 mL). HCI (5% v/v) was added to
the collected aqueous phase until acid pH (2), then mixture was extracted with EtOAc (2 x 100 mL)
before drying (NaySO4) and removal of solvent under reduced pressure, the procedure gave (25.5 mg,
41%) as yellowish wax. 'H and '3C shifts can be found in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]*
caled for Ci7H704, 285.1127; found, 285.1132. IR (ecm™1): 2928 (vw, CH), 1691 (vs, C=0), 1502 (s), 1429
(w), 1302 (m), 1255 (s), 1041 (w), 948 (w), 758 (m).

Methyl 2-Methoxy-6,6-dimethyl-6H-benzo[clchromene-9-carboxylate (5d), TMSCI (6.7 uL, 0.01 mmol) was
added to 5¢ (15 mg, 0.052 mmol) in methanol (2 mL) at rt. After 12 h, methanol was removed under
reduced pressure and diethyl ether was added to the dry product; the resulting mixture was washed
with saturated aqueous NaHCO3/H,O before drying (Na;SO,) and removal of solvent under reduced
pressure. Purification by column chromatography (SiO,, 20:5 heptane/ethyl) gave (15 mg, 96%) as a
colorless wax. 'H and 13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* calcd for
C18H1904, 299.1283; found, 299.1290. IR (cm™1): 2950 (vw, CH), 1722 (vs, C=0), 1501 (s), 1412 (w), 1299
(m), 1282 (m), 1251 (vs), 1213 (m), 1156 (m), 1089 (w), 947 (vw), 871 (vw), 771 (vw).

2-Methoxy-6,6-dimethyl-6H-benzo[clchromene-9-carboxamide (5e), Hydroxylamine (74.3 mg, 1.07 mmol)
and copper acetate (20 mg, 0.11 mmol) were added to a stirred solution of 5a (257 mg, 1.07 mmol) in
dioxane (5 mL) at 104 °C. After 48 h, saturated aqueous NH4CIl/H,O was added, and the aqueous phase
was extracted with ethyl acetate (3 X 5 mL) before drying (Na;SO4) and removal of solvent under reduced
pressure. Purification by column chromatography on silica gel (5iO5, 99:1 ethyl acetate/methanol) and
later on cross-linked dextran polymer beads (Sephadex LH50, 1:1 CHCl3/methanol) gave 22 mg, 7% as
a yellowish wax. TH and 13C shifts are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]* calcd for
C17H;gNO;, 284.1287; found, 284.1286. IR (cm™1): 2964 (vw, CH), 1699 (vs, C=0), 1502 (s), 1434 (m),
1283 (m), 1262 (m), 1215 (s), 1040 (w), 749 (w).

N-hydroxy-2-methoxy-6,6-dimethyl-6H-benzo[clchromene-9-carboximidamide (6), Hydroxylamonium
chloride (120 mg, 1.7 mmol) was added to 5a (83.4 mg, 0.35 mmol) in EtOH (25 mL), at 80 °C.
After 12 h, concentrated HCI (0.12 mL, 1.4 mmol) and zinc dust (57.2 mg, 0.90 mmol) were added
slowly, at room temperature. After 30 min ammonia (0.5 mL) and 6 M NaOH (7 mL) where added
until basic pH (10), the aqueous phase was extracted with CH,Cl, (3 x 25 mL) before drying (Na;SOy)
and solvent removal under reduced pressure. Purification by column chromatography (SiO,, 20:1
heptane/ethyl acetate) gave 5.5 mg, 6% as a yellowish wax. 'H and 13C shifts are shown in Tables 2
and 3. HRMS-ESI+ (m/z): [M + H]* caled for C17H;9N»03, 299.1396; found, 299.1399. IR (cm™1): 2967
(m CH), 1682 (m, C=N), 1500 (s), 1214 (s), 1040 (m), 756 (vs).

3.3. Biological Assays

Evaluations against Leishmania parasites: Promastigotes of Leishmania-Leishmania: L. amazonensis,
Clone 1, NHOM-BR-76-LTB-012 (Lma, donated by the Paul Sabatier Université, France) and
Leishmania-Viannia: L. braziliensis M2904 C192 RJA (M2904, donated by Dr. Jorge Arévalo from
Universidad Peruana Cayetano Heredia, Peru) [26]. All strains were cultured in Schneider’s insect
medium, (pH 6.2) supplemented with 10% FBS and incubated at 26 °C. Medium changes were
made every 72 h to maintain a viable parasitic population. Leishmanicidal activity was determined
according to Williams with some modifications [27]. Samples were dissolved in DMSO (maximum final
concentration 1%) at 10 mg/mL. Promastigotes in logarithmic phase of growth, at the concentration
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3%106 parasites/mL, were distributed (100 uL/well) in 96-well flat bottom microtiter plates. Samples
with different concentrations (3.1-100 pug/mL) were added (100 pL). Miltefosine (3.1-100 pug/mL),
was used as control drug [28]. Assays were performed in triplicates. The microwell plates were
incubated for 72 h at 26 °C. After incubation, a solution of XTT (1 mg/mL) in PBS (pH 7.0 at 37 °C) with
PMS (0.06 mg/mL) was added (50 puL/well), and incubated for 3 h at 26 °C. The optical density of each
well was measured and the ICs values calculated.

Evaluations against Trypanosoma cruzi: Cultures of Trypanosoma cruzi (epimastigotes, donated
by the Parasitology Department of INLASA, Te-INLASA), were maintained in medium LIT (pH 7.2),
supplemented with 10% FBS and incubated at 26 °C. Medium changes were made every 72 h to maintain
a viable parasitic population. Trypanocidal activity was determined according to Muelas-Serrano with
some modifications [29]. Samples were dissolved in DMSO (maximum final concentration 1%) at
10 mg/mL. Epimastigotes in logarithmic phase of growth, at a concentration of 3 x 10° parasites/mL, were
distributed (100 pL/well) in 96-well flat bottom microtiter plates. Samples at different concentrations
(3.1-100 pg/mL) were added (100 uL). Benznidazol (3.1-100 pg/mL) was used as the control drug.
Assays were performed in triplicates. The microwell plates were incubated for 72 h at 26 °C. After
incubation, a solution of XTT (1 mg/mL) in PBS (pH 7.0 at 37 °C) with PMS (0.06 mg/mL) was added
(50 uL/well) and incubated for 4 h at 26 °C. The optical density of each well was measured and the ICsg
values were calculated.

Evaluations against RAW cells: The Raw 264.7 murine macrophage cell line was purchased from
the American Type Culture Collection (ATCC-TIB71). The cells were maintained in DMEM-HG medium
supplemented with 10% fetal bovine serum, 100 U/mL of penicillin and 100 ug/mL of streptomycin, and
sodium bicarbonate (2.2 g/L) in humidified atmosphere at 37 °C with 5% CO,. Samples were prepared
as described above and added (in 100 L. DMSO) at different concentrations (6.2-200 pg/mL). Medium
blank, control drugs and cell growth controls were included to evaluate cell viability. The plates were
incubated for 72 h at 37 °C with 5% CO,. After incubation for the indicated time, the cells were washed,
after which 10 uL of Resazurin reagent (2.0 mM) was added. They were further incubated at 37 °C
for 3 h in a humidified incubator. The ICs( values were assessed using a fluorometric reader (540 nm
excitation, 590 nm emission) and the Gen5 software. All assays were performed in triplicate.

4. Conclusions

A more efficient synthetic protocol for preparing the antiparasitic plant metabolites pulchrol (1)
and pulchral (5a) was developed. 25 analogues of 1 and 5a with chemical variations of the benzylic
alcohol functionality were prepared starting from 1, and their antiparasitic activity against T. cruzi,
L. brasiliensis and L. amazoniensis was tested. Although it was not possible to establish structure-activity
relationships for such complex biological activities with the limited number of analogues available
here, focusing on only one part of the core structure investigated, only some general suggestions can
be made. In addition, nothing is known about the molecular targets that pulchrol (1) and its analogues
interact with, it could be several and they may differ in the different organisms. In addition, changes in
a chemical structure will give a new analogue somewhat different chemical properties. Changes in for
example the solubility will affect the ability of a compound to penetrate cell membranes and thereby its
capability to reach critical molecular targets in the required concentrations, and it is difficult to separate
changes in the chemical properties with ability to target proteins. Hence, the better activity of the
esters may be due to their higher lipophilicity, resulting in higher bioavailability, acting as ‘prodrugs’.
In addition, we have no knowledge about the metabolic capacities of these organisms, which may
affect the fate of the assayed compounds strongly. With that said, indications suggest that the benzylic
oxygen in pulchrol is important for the anti-parasitic activity against T. cruzi, L. amazoniensis and
L. brasiliensis, in some kind of hydrogen bond accepting capacity. The hydrogen bond donor role
for pulchrol has been discarded for all cases, but hydrogen bond acceptor capability appears to be
important from comparisons with the corresponding ethers, amines and esters analogues. In general,
the more branched ethers and esters are more potent, suggesting a lipophilic pocket at the binding site.
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This presumed active site on which pulchrol and its analogues may be acting, is probably somewhat
different in the different organisms. In L. brasiliensis there appear to be limited for branched chains of
around five carbons, while T. cruzi and L. amazoniensis seem to have some flat hydrophobic regions that
enhance the activity of aromatic and planar substituents. The selectivity as the SI is below or around
1 for most of the compounds, but is considerably higher in some examples. This is an important
property to learn to understand, if compounds developed from this model ever should move forward
into clinic trials. The best compound developed in this investigation is the vinyl ester 4j. It shows
potencies well below those of the positive controls and selectivity indexes of more than 5 for all three
organisms. Another name for 4j is an acrylic acid ester, and it is known that the acrylic acid derivatives
may be weakly reactive as Michael acceptors. However, this is only relevant when an acrylic acid ester
is bound to a pocket of a protein and presented to a highly reactive nucleophile (e.g., a thiol group of a
cysteine, acting as an irreversible ‘covalent inhibitor”). If this is the explanation for the potency and
selectivity of 4j in this investigation, this type of analogues can eventually be used for the fishing out
of the molecular targets of the parasites, and enable studies of such.
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Abstract: Neglected tropical diseases affect most of the underprivileged populations in tropical
countries. Among these are chagas and leishmaniasis, present mainly in South and Central America,
Africa and East Asia. Current treatments are long and have severe adverse effects, therefore
there is a strong need to develop alternatives. In this study, we base our research on the plant
metabolite pulchrol, a natural benzochromene which has been shown to possess antiparasitic activity
against Trypanosoma and Leishmania species. In a recent study, we investigated how changes in
the benzyl alcohol functionality affected the antiparasitic activity, but the importance of B- and
C-ring substituents is not understood. Fifteen derivatives of pulchrol with different substituents in
positions 1, 2, 3, and 6 while leaving the A-ring intact, were therefore prepared by total synthesis,
assayed, and compared with pulchrol and positive controls. The generated series and parental
molecule were tested in vitro for antiparasitic activity against Trypanosoma cruzi, Leishmania braziliensis,
and L. amazonensis, and cytotoxicity using RAW cells. Substantial differences in the activity of the
compounds synthesized were observed, of which some were more potent towards Trypanosoma cruzi
than the positive control benznidazole. A general tendency is that alkyl substituents improve the
potency, especially when positioned on C-2.

Keywords:  Trypanosoma cruzi; Leishmania amazonensis; Leishmania braziliensis; pulchrol;
benzo[c]chromenes; Structure-Activity Relationships (SARs)

1. Introduction

Neglected Tropical Diseases (NTDs) native to tropical regions, affect around 1 billion people in
149 countries [1], most of them part of underprivileged populations [2-4]. Some NTDs are associated to
parasites from the family Trypanosomatidae, among them Trypanosoma cruzi which causes the chagas
disease, while several Leishmania species are responsible for leishmaniasis. Chagas disease (transmitted
by a Triatominae bug) affects around 8 million people, mainly in South and Central America [5]. It may
remain asymptomatic for decades until the heart tissue is eventually damaged sufficiently to cause
death [6,7]. The antiparasitic drugs benznidazole and nifurtimox are used to treat chagas, and are
efficient when given immediately after infection. However, they lose efficiency with time, and present
serious adverse effects [8,9]. Leishmaniasis (transmitted by Phlebotomine sand flies) is found mainly in
Africa, Latin America and East Asia. It exists in three forms: cutaneous, mucocutaneous, and visceral,
and some 700,000 to 1 million new cases occur annually [10]. The treatment, mainly pentavalent

Molecules 2020, 25, 4510; doi:10.3390/molecules25194510 www.mdpi.com/journal/molecules



Molecules 2020, 25, 4510 2 0f 20

antimonials, amphotericin B or miltefosine, can be associated to serious adverse effects, and in some
cases require hospitalization [11].

An important source for the development of new drug candidates is Nature itself, and natural
products may provide new bioactive and selective chemical leads [12]. However, the isolation of
novel drug candidates from natural sources is often hampered by the minute amounts available,
which prevent them from being assayed in pharmacological tests [12-14]. The development of synthetic
routes to obtain these natural materials solve the problem, and also allows derivatives and analogues
to be prepared in order to understand SARs [12,15].

A scaffold for biologically active natural products is benzo[c]chromene, and benzo[c]chromenes
have been shown to possess a wide range of biological activities, and this study is based on pulchrol (1).
They have been isolated from lichens belonging to the Graphis genus, the fungus Acremonium (which
also produces cephalosporin antibiotics), and many plants [16]. Benzo[c]chromenes may for example
inhibit cholinesterase enzymes [17], and have an affinity for the cannabinoid receptors CB1 and CB2 [18].
Cannabinol (2, see Figure 1), isolated from the plant Cannabis sativa, has 10 times stronger affinity
for the CB2 receptor compared to the main constituent of Cannabis, THC (3), which is responsible
for its psychotropic activity [19]. Cannabinol (2) was also found to possess immunomodulatory [20],
and antineoplastic activity in Lewis lung tumor cells [21].

Figure 1. Structures of pulchrol (1), cannabinol (2) and tetrahydrocannabinol (THC) (3).

The benzo[c]chromene pulchrol (1), found in the roots of Bourreria pulchra, [22] is known as
“Bakalche” in Yucatan (Mexico) and used to treat cutaneous diseases, injuries, viral infections and
fevers [23,24]. Pulchrol (1) was found to possess antiparasitic activity against Leishmania braziliensis,
L.amazonensis, L. mexicana and Trypanosoma cruzi [22,25]. A synthetic route was developed in 2014 [26,27],
and recently we reported the effects that transformations of its A-ring benzyl alcohol functionality
have against T. cruzi epimastigotes, L. amazonensis promastigotes and L. braziliensis promastigotes,
as well as their cytotoxicity towards mammalian cells (assayed in RAW cells) [28]. We are now
interested to expand the previous study [28] with compounds having various substituents in the
B- and C-rings. Our aim is to use the synthetic routes and some of the intermediates used for the
synthesis of pulchrol (1), to obtain new derivatives. The only position available for exchange in the
B-ring is C-6, and we were especially interested in examining the role of the alkyl substituents. Ring C
has theoretically four positions open for substitution, but in practice only three. Here we focused
on the presence and position of a methoxy group, as well as various alkyl substituents. As a result,
we have prepared 15 new analogues (8a-10g, 10a—10h) and we have tested them for antiparasitic
activity towards T. cruzi, L. amazonensis and L. braziliensis together with 1 and the positive controls
benznidazole and miltefosine. The cytotoxicity towards mammalian cells of all the compounds was
determined with murine macrophage cells (RAW). This and additional studies of the antiparasitic
activities of pulchrol analogues will eventually provide us with a model that can be used for the design
of more potent antiparasitic structures with lower cytotoxicity.



Molecules 2020, 25, 4510

2. Results and Discussion

2.1. Modifications in the B-Ring

30f 20

The synthetic routes used to prepare derivatives with variations in ring B were partly based on an

already published synthetic route to yield pulchrol [26]. The common intermediate 4 was used as the

starting material for the synthesis of all ring B derivatives (see Scheme 1).

OTBDPS OTBDPS

D
i

8f: R = Et
8g: R=n-Bu

9a: Ry =Me; R, = Et
9c: Ry =n-Pr; R, =n-Bu

iv, v, Vi

8b, 8c: R =Me
8d, 8e: R=Et

9b: Ry =Me; R, = Et
9d: Ry = n-Pr; Ry, = n-Bu

Scheme 1. Reagents and conditions: (i) 4 (1 equiv), DIBALH (2.4 equiv), dry toluene, —78 °C; (ii) 5
(1 equiv), NaSEt (4 equiv), dry DMEF, 110 °C; (iii) 4 (1 equiv), morpholine (2 equiv), DIBALH (1 equiv),
dry THE, 0 °C; (iv) 7 (1 equiv), corresponding organolithium reagent (2 equiv), dry THF, 0 °C or 78 °C
depending on the organolithium reagent; (v) PBrs (0.34 equiv), Lil (3 equiv), dry CH,Cly, rt; (vi) TBAF
(2 equiv), THE rt; (vii) 4 (1 equiv), organolithium reagent (4 equiv), dry THE 0 °C or —78 °C depending
on the organolithium reagent; (viii) 6 (1 equiv), HI (10 equiv), MeCN, rt; (ix) TBAF (1.1 equiv), THF, rt.

Derivative 8a was prepared by reducing the ester group in 4 to the alcohol 5, which was treated
with NaSEt in dry DMF at 110 °C to obtain an ortho demethylated phenol, which was not isolated
as an intermediate as it spontaneously cyclized and was deprotected to the desired product 8a,



Molecules 2020, 25, 4510 4 0f 20

the 6-demethylated analogue of 1, albeit in low yields (7%). The monosubstituted analogues 8b—8e
were prepared by reducing the ester functionality of 4 to the aldehyde 7, which by alkyl addition was
transformed to the corresponding secondary alcohol. Cyclization using PBr3 in the presence of Lil gave
the desired compounds [29]. The products 8b-8e were obtained as racemic pairs, and the enantiomers
were separated by HPLC with a normal phase semipreparative chiral column. The pure enantiomers
were obtained in low yields (less than 10%). The determination of the absolute configuration of 8b-8e,
which could have been done with the secondary alcohols by the Mosher’s method, was not attempted
as the enantiomers were approximately equipotent (vide infra). The absolute configuration of C-6 does
not appear to influence the potency.

The 6.6-diethyl and 6.6-dibutyl analogues 8f and 8g were prepared from 6a and 6b, based on the
pulchrol synthetic route [26]. The new alkyl groups were introduced by a double addition step to the
ester group in 4 using the corresponding organolithium reagents. For the cyclization of 6a and 6b to 8f
and 8g, an excess in hydroiodic acid was used, to avoid the formation of cannabidiol type byproducts
as a result of elimination [28]. Nevertheless, the byproducts 9a and 9b appeared together with 8f,
and 9c and 9d with 8g. The desired products were obtained by HPLC purification, with moderate
yields (8f 30% and 8g 56%).

2.2. Modifications in the C-Ring

Analogues modified in the C-ring (see Figure 2 for the structures of compounds 10a to 10h) were
prepared based on the procedure used to synthesize pulchrol (1) [26], but with different methoxylated
phenyls forming the biaryl (corresponding to 4) through a Suzuki coupling reaction. The major
difference in the biaryl formation was that the reaction time in the microwave reactor had to be
increased from 30 min to 60 min. The yields were generally good, varying from 75% to 92%. During the
cyclization most of the alkyl substituted analogues were obtained in better yields (72% to 85%) than
the derivatives 10a and 10b substituted with methoxy groups.

OH

10

Figure 2. Modifications on ring C: 10a R; = H, R; = H, R3 = OMe; 10b R; = OMe, R, = H, R3 = H;
10cR; =H, R, =Me, R3 =H;10d R; =H, R, = H, R3 = Me; 10e R; =H, R, =H, R3 = H; 10f R; = H,
Ry =i-Pr, R3 =H; 10g Ry = H, Ry = H, R3 =i-Pr; 10h Ry = H, Ry = n-Pen, R3 = H. See the Section 3 for
synthetic details.

The biological activities of all the synthesized derivatives are given in Table 1, while the 'H- and
13C-NMR chemical shifts of the assayed compounds are given in Tables 2 and 3.
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2.3. Antiparasitic Activity of Pulchrol (1)

The natural product pulchrol has previously been investigated and shown to be toxic towards
Trypanosoma and Leishmania parasites in vitro. The highest activity was reported towards T. cruzi
epimastigotes (ICsg 18.5 uM) which is comparable to the potency shown by the drug benznidazole
(19.2 uM) that currently is used to treat the chagas disease. Pulchrol also showed moderate
leishmanicidal activity against L. braziliensis and L. amazonesis promastigotes, with ICs, values of
59.2 uM and 77.7 uM, respectively. The effects that modifications of the benzylic alcohol functionality
of 1 have on the antiparasitic activity were studied previously [28], and especially esters of the alcohol
increased the potency significantly. In this study, we evaluate how modifications on ring B and C
affect the antiparasitic activity against T. cruzi, L. braziliensis and L. amazonensis. As a comparison,
the cytotoxicity to mammalian murine macrophage cell lines (RAW) was determined, and the quotas
ICs0 RAW cells/ ICsy parasite is given as the selectivity index (SI) in Table 1.

2.3.1. Antiparasitic Activity Against Trypanosoma cruzi Epimastigotes

Compared to pulchrol (1), the 6,6-didemethyl analogue 8a is considerably less active (66.6 uM),
indicating the importance of alkyl substituents on C-6 for the activity against T. cruzi. However,
the toxicity to mammalian cells (SI) is also less. The 6-methyl enantiomers 8b and 8c were less potent
than 1, as are the 6-ethyl enantiomers 8d and 8e, suggesting the importance of a dialkylated C-6. In 8f
the two methyls of 1 have been exchanged for ethyls and compared to 1 as well as benznidazole
the antiparasitic activity (10.4 uM) is higher. In addition, 8f showed the highest selectivity (SI 4.2)
among all molecules assayed towards T. cruzi in this study. Unlike 8f, analogue 8g with two n-butyl
substituents was slightly less potent (22.8 uM) than 1, and less selective than 8f. A possibility is that
the compounds for their effect on T. cruzi interact with a lipophilic pocket in a target protein around
C-6, although its volume is limited.

Changing the position of the methoxy substituent in the C-ring to positions C-1 (compound
10a) and C-3 (compound 10b) was not beneficial, and the SI-value was lower. A methoxy group
in the C-ring is only efficient in position 2, as in pulchrol (1), and the replacement of the methoxy
groups in positions 2 and 3 with methyls (compounds 10c and 10d) resulted in equipotent compounds
that were more active than 10a and 10b but less active than 1. The analogue with no substituent
in the C-ring, 10e, was slightly less potent than 10c and 10d. It is possible that a methoxy group
in position 2 enables a hydrogen bond at the target, while a methyl group in position 3 is better
than a methoxy or no substituent at all. To further explore the effects of alkyl substituents in the
positions 2 and 3, the isopropyl analogues 10f and 10g were prepared and assayed. Both were more
potent than 1, and comparable with the 6,6-diethyl analogue 8f. Finally, 10h, with a n-pentyl group
in position 2, was found to possess the highest activity towards T. cruzi of all compounds assayed in
this investigation (6.4 uM), being approximately three times as potent as pulchrol (1) and the positive
control benznidazole. This contradicts the suggestion that the methoxy substituent at C-2 enables a
hydrogen bond, and instead propose that the lipophilicity of the pulchrol analogues is correlated with
the antiparasitic activity towards T. cruzi.

2.3.2. Antiparasitic Activity Against Leishmania braziliensis Promastigotes

Similar to the results obtained for T. cruzi, the 6,6-didemethyl analogue 8a was considerably less
potent than 1, and this is also true for the monomethyl enantiomers 8b and 8c. However, the monoethyl
enantiomers 8d and 8e as well as the 6,6-diethyl analogue 8f were more potent towards L. braziliensis
and actually slightly more so compared to 1. For the 6,6-dibutyl analogue 8g with the ICsp-value
29.3 uM this trend is even stronger. Towards L. braziliensis the positioning of the methoxy group in
the C-ring at C-3 (10a) or C-1 (10b) instead of C-2 (1), as well as replacing the methoxy substituent at
C-2 and C-3 for a methyl (analogues 10c and 10d) results in almost equipotent compounds that are
slightly more potent than 1. The analogue without substituents in the C-ring (10e) is less impressive,
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while the compounds with bigger alkyl substituents at C-2 and C-3 are the most potent towards
L. braziliensis. The C-2 isopropyl analogue 10f, as well as 10g (C-3 isopropyl) and 10h (C-2 n-pentyl)
were all considerably more potent than 1 towards L. braziliensis, with IC5p-values between 15 and
20 uM, close to that of the positive control miltefosine. However, their selectivity for the parasite over
the mammalian cells was less impressing.

2.3.3. Antiparasitic Activity Against Leishmania amazonensis Promastigotes

As can be seen in Table 1, the antiparasitic activity towards L. amazonensis is not improved
compared to 1 by replacing the 6,6-dimethyl substituents in 1 for hydrogens (8a), one methyl and one
hydrogen (8b and 8c), or one ethyl and one hydrogen (8d and 8f). More potent analogues are the
6,6-diethyl and 6,6-dibutyl analogues with ICsp-values of 36.9 and 25.4 uM, respectively. This is similar
to what was observed with T. cruzi and L. braziliensis (vide supra). For the C-ring analogues, there is a
strong variation in the potency depending on the position of the methoxy group, and while the C-3
methoxy analogue 10a is slightly more potent than 1, the C-1 methoxy analogue (10b) is considerably
less potent. Methyl groups in positions 2 and 3 (10c and 10d) do not really change things, neither
does the nonsubstituted 10e. Again, the most potent analogues are those with larger alkyl groups in
positions 2 and 3 (10f, 10g and 10h).

3. Materials and Methods

3.1. General

"H-NMR spectra (400 MHz) and '3C-NMR spectra (100 MHz) were recorded in CDCl3 with a
Bruker Avance II instrument (Bruker Biospin AG, Féllanden, Switzerland). The individual 1D signals
were assigned using 2D NMR experiments (COSY, HSQC, HMBC). The chemical shifts are given
in ppm with the solvent signal as reference (7.27 ppm for 'H and 77.0 for 13C). Infrared spectra were
recorded with a Bruker Alpha-P FT/IR instrument (Bruker Biospin AG) with a Diamond ATR sensor
as films, and the intensities are given as vw (very weak), w (weak), m (medium), s (strong) and vs
(very strong). High resolution mass spectra (HRMS) were recorded with a Waters XEVO-G2 QTOF
instrument (Waters Corp, Milford, MA, USA) equipped with electrospray ionization (ESI). A weak
solution (10 mg/mL) was leaked into the ionizing unit, and the mass spectrum was recorded. Synthetic
reactions were monitored by TLC using alumina plates coated with silica gel and visualized using
either UV light and/or spraying/heating with vanillin/H,SOy. Flash chromatography was performed
with silica gel (35-70 um, 60 A). Chiral separations were performed by semipreparative HPLC (mod.
1260 Infinity system, column CHIRALPAK® IB, 4 mL/min, 96:4 hexane/isopropyl, UV detector 254 nm,
Agilent (Santa Clara, CA, USA). THF was distilled from sodium, acetonitrile was distilled from CaH,
and other reaction solvents were dried with Al,O3. Commercially available compounds were obtained
from Aldrich (St. Louis, MO, USA). More detailed data are available in the supplementary materials.

3.2. Synthetic Procedures

Methyl 4-(hydroxymethyl)-2-iodobenzoate (intermediate in the synthesis of 4), BH3-THF (1 M, 68 mL,
68.2 mmol) was slowly added to a stirred solution of 3-iodo-4-(methoxycarbonyl)benzoic acid (5.2 g,
17.1 mmol) in dry THF (250 mL) at 0 °C. After 30 h, saturated aqueous NaHCO3/H,O was added,
and the aqueous phase was extracted with ethyl acetate (3 X 250 mL) before drying (NaySOy)
and removal of solvent under reduced pressure. Purification by column chromatography (SiO,,
4:6 heptane/ethyl acetate) gave (3.65 g, 73%) of the pure product as yellow crystals, identical to that
previously reported [26].

Methyl 4-(((tert-butyldiphenylsilyl)oxy)methyl)-2-iodobenzoate (used in the synthesis of 4), TBDPSCI (4.2 mL,
16.0 mmol) was added to a stirred solution of methyl 4-(hydroxymethyl)-2-iodobenzoate (prepared as
described above, 3.90 g, 13.3 mmol) in pyridine (50 mL) at rt. After 24 h, saturated aqueous NH4CIl/H,O
was added and the aqueous phase was extracted with diethyl ether (3 x 200 mL), the organic phase
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was washed with brine (2 X 500 mL) before drying (Na;SO4) and removal of solvent under reduced
pressure. Purification by column chromatography (SiO,, 20:2 heptane/ethyl acetate) gave (4.3 g, 61%)
of the pure product as white crystals, identical to that previously reported [26].

General procedure for Suzuki coupling (compound 4 and intermediates in the synthesis of
10a-10h). The corresponding boronic acid (1.5 equiv), K,CO;3 (5 equiv) and tetrakis(triphenyl
phosphine)-palladium(0) (0.17 equiv), were added to a stirred solution of methyl 4-(((tert-butyl-
diphenylsilyl)oxy)methyl)-2- iodobenzoate (prepared as described above, 1 equiv) dissolved in 4:1
DME/water (15 mL), the mixture (contained in a microtube) was degasified under vaccum/N; at —78 °C
five times. The microwave reaction conditions were 100 °C, high pressure, and 10 s of pre-stirring.
After 30 to 60 min in the microwave reactor, the mixture was filtered through a plug of celite and washed
with ethyl acetate (250 mL) before drying (Na;SO,) and removal of solvent under reduced pressure.
Purification by column chromatography (SiO,, 20:3 heptane/ethyl acetate) gave the pure products.

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2’,5'-dimethoxy-[1,1’-biphenyl]-2-carboxylate (4) The pure
product was obtained as an orange wax (yield 91 %) identical to that previously reported [26].

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2' 4’ -dimethoxy-[1,1’-biphenyl]-2-carboxylate (used in the
synthesis of 10a), the pure product was obtained as an orange wax (yield 75%). 'H-NMR & 7.83 (d,
] = 8.0 Hz, 1H), 7.72-7.67 (m, 4H), 7.46-7.41 (m, 2H), 7.41-7.37 (m, 4H), 7.36 (t, ] = 1.5 Hz, 1H), 7.27
(d,] =2.3Hz, 1H),7.15 (d, ] = 8.4 Hz, 1H), 6.56 (dd, ] = 8.3, 2.4 Hz, 1H), 6.48 (d, ] = 2.4 Hz, 1H), 4.82
(s, 2H), 3.85 (s, 3H), 3.70 (s, 3H), 3.68 (s, 3H), 1.10 (s, 9H). '>*C-NMR & 168.94, 160.57, 157.19, 144.87,
138.54, 135.69, 133.41, 130.43, 130.30, 129.91, 129.66, 128.97, 127.90, 124.32, 123.56, 104.40, 98.34, 65.23,
55.48, 55.33, 51.80, 26.96, 19.45. HRMS-ESI+ (m/z): [M + Na]* caled for C33H36O5NaSi, 563.2230; found,
563.2225. IR (cm’l): 2952 (w, CH aliphatic), 2933 (w, CH aliphatic), 2857 (w, C-H aliphatic), 1727 (s,
C=0), 1610 (m, C C aromatic), 1462 (m, C-C aromatic), 1286 (s, C-O), 1208 (m, C-O), 1110 (s, C-O), 824
(m), 704 (s), 505 (m).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2’ ,6’-dimethoxy-[1,1’-biphenyl]-2-carboxylate (used in the
synthesis of 10b), the pure product was obtained as an orange wax (yield 90%). "H-NMR & 7.94 (d,
] = 8.0 Hz, 1H), 7.72-7.68 (m, 4H), 7.45-7.41 (m, 2H), 7.40-7.37 (m, 4H), 7.36 (t, ] = 1.6 Hz, 1H), 7.34
(d,] =1.1Hz, 1H), 7.29 (d, ] = 8.4 Hz, 1H), 6.63 (d, ] = 8.4 Hz, 2H), 4.83 (s, 2H), 3.70 (s, 6H), 3.64 (s,
3H), 1.09 (s, 9H). '>*C-NMR 6 168.21, 157.19, 144.49, 135.70, 135.02, 133.48, 130.24, 130.06, 129.91, 129.86,
128.78, 127.87, 124.47, 119.17, 104.10, 65.25, 55.94, 51.69, 26.92, 19.45. HRMS-ESI+ (m/z): [M + Na]*
caled for Ca3H3605NaSi, 563.2229; found, 563.2230. IR (cm™1): 2932 (w, C-H aliphatic), 2856 (w, C-H
aliphatic), 1729 (m, C=0), 1610 (w, C=C aromatic), 1470 (m, C-C aromatic), 1285 (m, C-O), 1244 (m,
C-0), 1110 (s, C-0), 823 (w), 704 (m), 505 (w).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2'-methoxy-5"-methyl-[1,1’-biphenyl]-2-carboxylate (used in
the synthesis of 10c), the pure product was obtained as a yellowish wax (yield 92%). 'H-NMR & 7.86
(d, ] = 8.0 Hz, 1H), 7.73-7.69 (m, 4H), 7.45 (td, ] = 5.6, 2.2 Hz, 2H), 7.40 (dd, ] = 7.8, 2.0 Hz, 4H), 7.37
(d,J=17Hz 1H),7.29 (d,] = 1.8 Hz, 1H), 7.12 (dd, ] = 8.3, 2.4 Hz, 1H), 7.06 (d, ] = 2.5 Hz, 1H), 6.80
(d, ] = 8.4 Hz, 1H), 4.84 (s, 2H), 3.70 (s, 3H), 3.68 (s, 3H), 2.34 (s, 3H), 1.12 (s, 9H). 3C-NMR 5 168.77,
154.14, 144.91, 138.87, 135.69, 133.43, 130.79, 130.44, 130.31, 129.99, 129.91, 129.61, 129.17, 128.96, 127.90,
124.58, 110.16, 65.26, 55.45, 51.76, 26.96, 20.68, 19.47. HRMS-ESI+ (m/z): [M + H]* calcd for C33Hs,04Si,
525.2461; found, 525.2452. IR (cm™1): 2950 (m, C-H aliphatic), 1727 (s, C=0), 1503 (m, C-C aromatic),
1429 (m, C-C aromatic), 1289 (s, C-O), 1108 (vs, C-O), 807 (w), 703 (vs), 505 (m).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2'-methoxy-4’-methyl-[1,1'-biphenyl]-2-carboxylate (used in
the synthesis of 10d), the pure product was obtained as a yellowish wax (yield 80%). "H-NMR & 7.83
(d, ] =79 Hz, 1H), 7.71-7.67 (m, 4H), 7.46-7.41 (m, 2H), 7.40-7.37 (m, 4H), 7.36 (t, ] = 1.6 Hz, 1H),
7.28 (d, ] =2.2 Hz, 1H), 7.11 (d, ] = 7.6 Hz, 1H), 6.84 (ddd, ] = 7.6, 1.6, 0.7 Hz, 1H), 6.71 (d, ] = 2.1 Hz,
1H), 4.81 (s, 2H), 3.71 (s, 3H), 3.68 (s, 3H), 2.40 (s, 3H), 1.09 (s, 9H). 13C-NMR (101 MHz, CDCl3) &
168.81, 156.02, 144.88, 138.95, 138.89, 135.70, 133.43, 130.29, 129.91, 129.82, 129.62, 128.98, 127.91, 124.46,
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121.55, 111.26, 65.27, 55.29, 51.78, 26.97, 21.85, 19.46. HRMS-ESI+ (m/z): [M + H]* caled for C33H3704Si,
525.2461; found, 525.2472. IR (cm™!): 2931 (w, C-H aliphatic), 2857 (w, C-H aliphatic), 1721 (m, C=0),
1610 (w, C=C aromatic), 1462 (vw, C-C aromatic), 1428 (w, C-C aromatic), 1282 (s, C-O), 1092 (vs, C-O),
818 (m), 702 (vs), 505 (m).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2’-methoxy-[1,1’-biphenyl]-2-carboxylate (intermediate in
the synthesis of 10e), the pure product was obtained as a yellowish wax (yield 91%). 'H-NMR 5 7.95
(d,] = 8.0 Hz, 1H), 7.82-7.74 (m, 4H), 7.51 (dq, ] = 2.1, 1.3 Hz, 1H), 7.49-7.47 (m, 2H), 7.4 (tt, ] = 7.8, 1.5
Hz, 4H), 7.41-7.36 (m, 2H), 7.30 (dd, ] = 7.5, 1.8 Hz, 1H), 7.10 (td, ] = 7.5, 1.1 Hz, 1H), 6.96 (dd, ] = 8.3,
1.1 Hz, 1H), 491 (d, ] = 0.9 Hz, 2H), 3.78 (s, 3H), 3.72 (s, 3H), 1.18 (s, 9H). 3C-NMR 5 168.61, 156.17,
144.89, 138.83, 135.63, 133.34, 130.74, 130.22, 129.98, 129.88, 129.65, 128.88 (d, ] = 3.7 Hz), 127.87, 124.61,
120.83, 110.16, 65.21, 55.28, 51.68, 26.93, 19.40. HRMS-ESI+ (m/z): [M + H]" calcd for C3;H3504Si,
511.2305; found, 511.2302. IR (cm™1): 2931 (w, C-H aliphatic), 1726 (m, C=0), 1429 (w, C-C aromatic),
1249 (m, C-0O), 1106 (vs, C-O), 823 (w), 703 (vs), 505 (m).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-5'-isopropyl-2’-methoxy-[1,1'-biphenyl]-2-carboxylate (used
in the synthesis of 10f), the pure product was obtained as a colorless wax (yield 90%). 'H-NMR & 7.84
(d,] = 7.9 Hz, 1H), 7.72-7.69 (m, 4H), 7.47-7.42 (m, 2H), 7.41-7.38 (m, 4H), 7.38-7.37 (m, 1H), 7.37 (d,
J =1.0 Hz, 1H), 7.18 (ddd, ] = 8.4, 2.4, 0.7 Hz, 1H), 7.13 (d, ] = 2.4 Hz, 1H), 6.83 (d, ] = 8.4 Hz, 1H),
4.85 (s, 2H), 3.71 (s, 3H), 3.67 (s, 3H), 2.91 (hept, ] = 6.9 Hz, 1H), 1.27 (d, ] = 6.9 Hz, 6H), 1.11 (s, 9H).
13C-NMR 5 168.92, 154.25, 144.86, 141.15, 139.05, 135.68, 133.40, 130.39, 130.32, 129.92, 129.52, 128.94,
128.30, 127.91, 126.50, 124.43, 110.04, 65.16, 55.43, 51.78, 33.43, 26.95, 24.35, 19.46. HRMS-ESI+ (m/z):
[M + H]* caled for Ca5H,104Si, 553.2774; found, 553.2773. IR (cm™1): 2956 (m, C-H aliphatic), 1727 (s,
C=0), 1609 (w, C=C aromatic), 1500 (m, C-C aromatic), 1429 (m, C-C aromatic), 1288 (s, C-O), 1106 (vs,
C-0), 821 (m), 703 (vs), 505 (m).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2'-methoxy-4'-isopropyl-[1,1’-biphenyl]-2-carboxylate (used
in the synthesis of 10g), the pure product was obtained as a yellowish wax (yield 38%). 'H-NMR & 7.83
(d, ] = 8.1 Hz, 1H), 7.71-7.66 (m, 4H), 7.45-7.41 (m, 2H), 7.40-7.37 (m, 4H), 7.35 (d, ] = 1.7 Hz, 1H),
727 (d, ] = 1.8 Hz, 1H), 7.14 (d, ] = 7.7 Hz, 1H), 6.89 (dd, ] = 7.7,1.7Hz,1H), 6.75 (d, ] = 1.7Hz, 1H),
4.81 (s, 2H), 3.72 (s, 3H), 3.66 (s, 3H), 2.94 (hept, ] = 7.0 Hz, 1H), 1.30 (d, ] = 7.0 Hz, 6H), 1.09 (s, 9H).
I3C-NMR & 168.90, 156.16, 150.03, 144.81, 138.92, 135.72, 133.50, 130.40, 129.91, 129.65, 129.09, 128.17,
127.91, 124.49, 118.73, 108.77, 65.35, 55.31, 51.71, 34.39, 27.00, 24.13, 19.47. HRMS-ESI+ (m/z): [M + H]*
caled for C35Hy O4Si, 553.2724; found, 553.2770. IR (cm™!): 2957 (w, C-H aliphatic), 1722 (m, C=0),
1609 (w, C=C aromatic), 1461 (m, C-C aromatic), 1428 (m, C-C aromatic), 1254 (s, C-O), 1104 (vs, C-O),
822 (s), 700 (vs), 504 (vs).

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2’-methoxy-5'-pentyl-[1,1’-biphenyl]-2-carboxylate (used in
the synthesis of 10h), the pure product was obtained as a yellowish wax (yield 91%) 'H-NMR 5 7.83 (d,
J = 8.0 Hz, 1H), 7.72-7.67 (m, 4H), 7.45-7.41 (m, 2H), 7.40-7.37 (m, 4H), 7.36 (t, ] = 1.6 Hz, 1H), 7.31 (d,
J=17Hz, 1H),7.12(dd, ] = 8.3,2.3 Hz, 1H), 7.05 (d, ] = 2.3 Hz, 1H), 6.80 (d, ] = 8.3 Hz, 1H), 4.83 (s,
2H), 3.69 (s, 3H), 3.66 (s, 3H), 2.62-2.55 (m, 2H), 1.67-1.58 (m, 2H), 1.33 (ddd, ] = 7.1, 4.0, 2.9 Hz, 4H),
1.10 (s, 9H), 0.93-0.85 (m, 3H). '>*C-NMR 5 168.85, 154.31, 144.86, 139.05, 135.72, 135.23, 133.48, 130.47,
130.41, 130.18, 129.91, 129.60, 128.99, 128.49, 127.91, 124.53, 110.16, 65.28, 55.48, 51.73, 35.26, 31.70, 31.50,
26.99, 22.69, 19.48, 14.20. HRMS-ESI+ (m/z): [M + H]* calced for C3;H4504S1, 581.3087; found, 581.3097.
IR (cm_l): 2929 (m, C-H aliphatic), 2857 (w, C-H aliphatic), 1725 (s, C=0), 1609 (w, C=C aromatic),
1500 (m, C-C aromatic), 1429 (m, C-C aromatic), 1285 (s, C-O), 1107 (vs, C-O), 823 (m), 703 (s), 505 (m).

General procedure for organolithium addition (compound 6 and intermediates in the synthesis of 8f, 8g,
and 10a-10h), corresponding organolithium reagent (4 equiv) was added to a stirred solution of the
Suzuki coupling product (1 equiv) in dry THF (70 mL), at 0 or —78 °C, depending on the organo-lithic
reagent. After 12 h, saturated aqueous NH4Cl/H,O was added, and the aqueous phase was extracted
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with ethyl acetate (3 x 100 mL) before drying (Nap;SO,) and removal of solvent under reduced pressure.
Purification by column chromatography (SiO,, 20:4 heptane/ethyl acetate 20:4) gave the pure product.

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’ 4 -dimethoxy-[1,1’-biphenyl]-2-yl)propan-2-ol (used in the
synthesis of 10a), the pure product was obtained as a light yellow wax (yield 45%). "H-NMR & 7.70-7.68
(m, 4H), 7.58 (d, ] = 8.3 Hz, 1H), 7.43 (td, ] = 3.0, 1.8 Hz, 1H), 7.40 (q, ] = 1.6 Hz, 2H), 7.38 — 7.36 (m, 4H),
7.05-7.02 (m, 1H), 6.92 (d, ] = 1.9 Hz, 1H), 6.54-6.51 (m, 2H), 4.75 (d, ] = 4.3 Hz, 2H), 3.85 (s, 3H), 3.72
(s, 3H), 1.52 (s, 3H), 1.39 (s, 3H), 1.07 (s, 9H). 3C-NMR § 160.45, 157.33, 145.68, 139.21, 135.76, 133.65,
131.60, 130.84, 129.78, 127.91, 127.81 (d, ] = 2.2 Hz), 126.00, 125.27, 104.10, 98.76, 77.36, 65.25, 55.51 (d,
] = 4.8 Hz), 32.10, 31.44, 26.98, 19.46. HRMS-ESI+ (m/z): [M + Na]* calcd for C34Ha0O4NaSi, 563.2594;
found, 563.2591. IR (Cm_l): 3500 (vw, br, O-H), 2957 (m, C-H aliphatic), 2931 (m, C-H aliphatic), 2857
(m, C-H aliphatic), 1610 (m, C=C aromatic), 1463 (m, C-C aromatic), 1208 (s, C-O), 1111 (vs, C-O),
824 (m), 704 (s), 505 (m).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’ ,6’-dimethoxy-[1,1'-biphenyl]-2-yl)propan-2-ol (used in the
synthesis of 10b), the pure product was obtained as a light yellow wax (yield 50%). "H-NMR & 7.70-7.67
(m, 4H), 7.61 (d, ] = 8.1 Hz, 1H), 7.41 (d, ] = 2.8 Hz, 2H), 7.39 (t, ] = 1.5 Hz, 1H), 7.38-7.34 (m, 4H), 7.31
(t, ] = 8.4 Hz, 1H), 6.90 (d, ] = 2.0 Hz, 1H), 6.63 (d, ] = 8.5 Hz, 2H), 4.76 (s, 2H), 3.71 (s, 6H), 1.44 (s,
6H), 1.07 (s, 9H). '*C-NMR & 157.39, 145.52, 139.54, 135.78, 133.72, 132.07, 130.71, 129.74, 129.01, 127.77,
126.01, 125.24, 121.52, 104.11, 73.18, 65.32, 55.75, 30.87, 26.97, 19.46. HRMS-ESI+ (1m/z): [M + Na]* calcd
for C34H9O4NaSi, 563.2594; found, 563.2592. IR (cm™1): 3500 (vw, br, O-H), 2958 (w, C-H aliphatic),
2931 (w, C-H aliphatic), 2857 (vw, C-H aliphatic), 1589 (w, C=C aromatic), 1470 (m, C-C aromatic), 1248
(m, C-0), 1110 (vs, C-0), 824 (w), 703 (m), 505 (w).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2' -methoxy-5"-methyl-[1,1’-biphenyl]-2-yl)propan-2-ol (used in
the synthesis of 10c), the pure product was obtained as a transparent wax (yield 49%). 'H-NMR &
7.75-7.71 (m, 4H), 7.61 (d, ] = 8.1 Hz, 1H), 7.48-7.44 (m, 2H), 7.43 (d, ] = 1.5 Hz, 1H), 7.42-7.38 (m, 4H),
7.15(dd, ] = 8.4, 3.1 Hz, 1H), 6.97 (dd, ] = 11.6, 2.3 Hz, 2H), 6.86 (d, ] = 8.4 Hz, 1H), 4.80 (d, ] = 5.1 Hz,
2H), 3.74 (s, 3H), 2.34 (s, 3H), 1.58 (s, 3H), 1.43 (s, 3H), 1.12 (s, 9H). '3C-NMR 5 154.15, 145.26, 139.14,
136.17, 135.73, 133.65, 132.75, 132.02, 130.36, 129.76 (d, ] = 1.8 Hz), 129.09, 127.79 (d, ] = 2.9 Hz), 126.02,
125.30, 110.81, 73.64, 65.30, 55.56, 32.07, 31.48, 26.98, 20.59, 19.44. HRMS-ESI+ (m/z): [M + NH4]* calcd
for C34H44NO3Si, 542.3090; found, 542.3094. IR (cm™1): 3500 (vw, br, O-H), 2930 (m, C-H aliphatic),
1502 (m, C-C aromatic), 1428 (m, C-C aromatic), 1236 (m, C-O), 1110 (vs, C-O), 824 (m), 703 (vs), 505 (m).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’-methoxy-4'-methyl-[1,1'-biphenyl]-2-yl)propan-2-ol (used in
the synthesis of 10d), the pure product was obtained as a transparent wax (yield 71%). TH-NMR 5
7.68(ddd, ] =79,5.3,1.5Hz,4H), 7.57 (d, ] = 8.3 Hz, 1H), 7.45-7.40 (m, 2H), 7.39 (d, ] = 1.6 Hz, 1H),
7.39-7.35 (m, 4H),7.01 (d, ] = 7.6 Hz, 1H), 6.92 (d, ] = 1.7 Hz, 1H), 6.80 (ddd, ] = 7.6, 1.6, 0.8 Hz, 1H), 6.75
(s, 1H), 4.74 (d, ] = 4.0 Hz, 2H), 3.73 (s, 3H), 2.40 (s, 3H), 1.53 (s, 3H), 1.37 (s, 3H), 1.07 (s, 9H).3C-NMR
5 156.12, 146.42, 138.87, 136.18, 135.76, 133.67, 131.09, 130.55, 129.78, 127.80, 125.99, 125.27, 121.08,
111.83, 73.65, 65.30, 55.42, 32.08, 31.48, 26.99, 21.79, 19.46. HRMS-ESI+ (m/z): [M + Na]* calcd for
Ca4H 903 NaSi, 547.2644; found, 547.2642. IR (cm™'): 3421 (vw, br, O-H), 2930 (w, C-H aliphatic), 2857
(w, C-H aliphatic), 1606 (vw, C=C aromatic), 1502 (w, C-C aromatic), 1427 (w, C-C aromatic), 1236 (w,
C-0), 1110 (m, C-0O), 823 (w), 703 (m), 505 (w).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’-methoxy-[1,1’-biphenyl]-2-yl)propan-2-ol (used in the synthesis
of 10e), The pure product was obtained as a transparent wax (yield 93%). TH-NMR 6 7.85 (ddd, ] = 7.7,
5.5,1.8 Hz, 4H), 7.77 (d, ] = 8.3 Hz, 1H), 7.53 (d, ] = 1.7 Hz, 1H), 7.51 (dd, ] = 3.6, 1.8 Hz, 2H), 7.50-7.45
(m, 4H),7.28 (dd, ] =7.4, 1.9 Hz, 1H), 7.11 (s, 2H), 7.05 (d, ] = 8.4 Hz, 1H), 5.28 (s, 1H), 4.93 (d, ] = 3.7 Hz,
2H), 3.83 (s, 3H), 1.67 (s, 3H), 1.52 (s, 3H), 1.25 (s, 9H). 3C-NMR § 156.24, 145.34, 139.04, 136.01, 135.62,
133.52,132.96, 131.23, 130.22, 129.71, 128.72, 127.74, 125.99, 125.26, 120.25, 110.73, 73.47, 65.22, 55.27,
32.04, 31.34, 26.91, 19.35. HRMS-ESI+ (m/z): [M + NHy4]* calcd for C33Hy4,NO4Si, 528.2934; found,
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528.2920. IR (cm™1): 3500 (vw, br, O-H), 2931 (m, C-H aliphatic), 1461 (m, C-C aromatic), 1428 (m, C-C
aromatic), 1238 (m, C-O), 1111 (vs, C-O), 823 (m), 703 (vs), 505 (s).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-5"-isopropyl-2’-methoxy-[1,1’-biphenyl]-2-yl)propan-2-ol (used
in the synthesis of 10f), the pure product was obtained as a transparent wax (yield 55%). 'H-NMR
§7.71-7.66 (m, 4H), 7.59 (d, ] = 8.3 Hz, 1H), 7.46-7.40 (m, 2H), 7.40 (d, ] = 1.9 Hz, 1H), 7.39-7.35 (m,
4H),7.17 (ddd, ] = 8.4, 2.4, 0.6 Hz, 1H), 7.00 (d, ] = 2.5 Hz, 1H), 6.95 (d, ] = 2.0 Hz, 1H), 6.86 (d, ] = 8.5
Hz, 1H), 4.76 (d, ] = 2.9 Hz, 2H), 3.72 (s, 3H), 2.87 (hept, ] = 6.8 Hz, 1H), 1.53 (s, 3H), 1.37 (s, 3H), 1.23
(dd, ] = 6.9,0.9 Hz, 6H), 1.08 (s, 9H). 3C-NMR 6 154.35, 145.25, 140.76, 139.24, 136.50, 135.76, 133.64,
132.55, 130.35, 129.78 (d), 129.55, 127.80 (d), 126.51, 125.99, 125.28, 110.68, 73.57, 65.27, 55.56, 33.36,
32.03, 31.37, 26.98, 24.39, 24.26, 19.46. HRMS-ESI+ (m/z): [M + Na]* calcd for C3sHy4O3NaSi, 575.2957;
found, 575.2957. IR (cm™1): 3500 (vw, br, O-H), 2960 (s, C-H aliphatic), 2932 (m, C-H aliphatic), 2858
(m, C-H aliphatic), 1501 (m, C-C aromatic), 1463 (m, C-C aromatic), 1428 (m, C-C aromatic), 1237 (m,
C-0), 1111 (vs, C-0), 823 (m), 703 (vs), 505 (m).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2'-methoxy-4'-isopropyl-[1,1’-biphenyl]-2-yl)propan-2-ol (used in
the synthesis of 10g), the pure product was obtained as a transparent wax (yield 64%). 'H-NMR &
768 (ddd, ] =8.1,5.4, 1.5 Hz, 4H), 7.57 (d, ] = 8.2 Hz, 1H), 7.45-7.40 (m, 2H), 7.39 (d, ] = 1.6 Hz, 1H),
7.39-7.34 (m, 4H), 7.04 (d, ] = 7.7 Hz, 1H), 6.92 (d, ] = 2.1 Hz, 1H), 6.85 (dd, ] = 7.7, 1.7 Hz, 1H), 6.78 (d,
J = 1.8 Hz, 1H), 474 (d, ] = 4.2 Hz, 2H), 3.74 (s, 3H), 2.94 (hept, | = 7.0 Hz, 1H), 1.53 (s, 3H), 1.38 (s, 3H),
1.30 (d, ] = 6.8 Hz, 6H), 1.08 (s, 9H). 13C-NMR & 156.17, 150.05, 145.45, 139.16, 136.20, 135.77, 133.74,
131.14, 130.65, 130.24, 129.77, 127.82, 126.03, 125.31, 118.32, 109.37, 73.72, 65.37, 55.44, 34.38, 32.08, 31.61,
27.02,24.17,19.47. HRMS-ESI+ (m/z): [M + Na]* calcd for C36Hy4O3NaSi, 575.2957; found, 575.2955.
IR (em™1): 3500 (vw, br, O-H), 2959 (m, C-H aliphatic), 2931 (m, C-H aliphatic), 2857 (m, C-H aliphatic),
1461 (m, C-C aromatic), 1427 (m, C-C aromatic), 1106 (s, C-O), 822 (s), 701 (vs), 504 (s).

2-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2'-methoxy-5"-pentyl-[1,1’-biphenyl]-2-yl)propan-2-ol (used in
the synthesis of 10h) The product was obtained as a mixture and was used directly in the next step
(yield 33%).

3-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’ ,5'-dimethoxy-[1,1"-biphenyl]-2-yl)pentan-3-ol (used in the
synthesis of 8f), the pure product was obtained as a light yellow wax (yield 64%). TH-NMR 6 7.70-7.66
(m, 4H), 7.42-7.39 (m, 2H), 7.38 (d, ] = 0.9 Hz, 2H), 7.37-7.33 (m, 4H), 6.90 (dd, ] = 1.6, 0.8 Hz, 1H),
6.83-6.82 (m, 2H), 6.67 (dd, ] = 2.3, 1.2 Hz, 1H), 4.76 (d, ] = 6.1 Hz, 2H), 3.76 (s, 3H), 3.67 (s, 3H), 1.93
(dd, ] = 14.0, 7.5 Hz, 1H), 1.73-1.66 (m, 2H), 1.61 (dd, ] = 13.9, 7.4 Hz, 1H), 1.07 (s, 9H), 0.82 (t, ] = 7.4
Hz, 3H), 0.71 (t, | = 7.4 Hz, 3H). 13C-NMR 6 153.07, 150.72, 142.14, 138.68, 136.49, 135.78, 134.42, 133.69,
130.25,129.77, 127.78 (d), 127.46, 125.07, 116.96, 112.86, 111.45, 65.33, 55.87 (d), 35.15, 34.63, 27.00, 19.46,
8.47,8.16. HRMS-ESI+ (m/z): [M + Na]* caled for C3Hy404NaSi, 591.2907; found, 591.2903. IR (em™):
3500 (vw, br, O-H), 2960 (s, C-H aliphatic), 2932 (s, C-H aliphatic), 2832 (s, C-H aliphatic), 1503 (m, C-C
aromatic), 1463 (m, C-C aromatic), 1427 (m, C-C aromatic), 1218 (s, C-O), 1111 (vs, C-O), 823 (m), 703
(vs), 505 (m).

5-(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’ ,5'-dimethoxy-[1,1"-biphenyl]-2-yl)nonan-5-ol (used in the
synthesis of 8g), the pure product was obtained as a light yellow wax (yield 39%). TH-NMR 5
7.70-7.66 (m, 4H), 7.41-7.39 (m, 2H), 7.38 (d, ] = 3.1 Hz, 2H), 7.37-7.34 (m, 4H), 6.89 (d, ] = 2.4 Hz,
1H), 6.83-6.81 (m, 2H), 6.65 (dd, | = 2.6, 0.9 Hz, 1H), 4.76 (d, ] = 6.4 Hz, 2H), 3.75 (s, 3H), 3.67 (s, 3H),
1.72-1.56 (m, 4H), 1.37-1.23 (m, 4H), 1.23-1.14 (m, 4H), 1.07 (s, 9H), 0.87 (t, ] = 7.1 Hz, 3H), 0.82 (t,
J =7.1Hz, 3H). 3C-NMR 6 153.06, 150.63, 142.94, 138.59, 136.21, 135.79, 134.27, 133.69, 130.25, 129.77,
127.78 (d), 127.27,125.08, 116.79, 113.16, 111.39, 78.66, 65.33, 55.84, 55.80, 42.89, 42.57, 27.01, 26.22, 26.00,
23.39,23.32,19.46, 14.36, 14.28. HRMS-ESI+ (m/z): [M + Na — H,O]* caled for C4oHs9O3NaSi, 629.3427;
found, 629.3421. IR (cm™): 3500 (vw, br, O-H), 2955 (vs, C-H aliphatic), 2931 (vs, C-H aliphatic), 2833
(s, C-H aliphatic), 1504 (s, C-C aromatic), 1463 (s, C-C aromatic), 1428 (m, C-C aromatic), 1252 (s, C-O),
1111 (vs, C-O), 824 (m), 702 (vs), 505 (m).
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(5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2',5'-dimethoxy-[1,1’-biphenyl]-2-yl)methanol (5), DIBALH (1 M,
1.3 mL, 1.3 mmol) was slowly added to a stirred solution of 4 (291 mg, 0.5 mmol) in dry toluene (30 mL)
at =78 °C. After 35 min, aqueous HCL (1 N, 10 mL) was added, followed by water (10 mL), and the
aqueous phase was extracted with ethyl acetate (3 X 50 mL) before drying (Na;SO4) and removal of
solvent under reduced pressure. Purification by column chromatography (S5iO,, 2:1 heptane/ethyl
acetate) gave the pure product as light yellow wax (230.5 mg, 84%). TH-NMR § 7.73-7.66 (m, 4H), 7.52
(d,] = 7.9 Hz, 1H), 7.47-7.43 (m, 1H), 7.43-7.40 (m, 2H), 7.40-7.33 (m, 4H), 7.17 (d, ] = 1.5 Hz, 1H), 6.93
(d,]=84Hz 1H), 6.88 (dd, ] =8.9,2.9 Hz, 1H), 6.73 (d, ] = 2.3 Hz, 1H), 4.80 (s, 2H), 441 (d,] = 12.5
Hz, 2H), 3.78 (s, 3H), 3.69 (s, 3H), 1.09 (s, 9H). 3C-NMR 5 154.09, 150.71, 140.80, 138.12, 137.42, 135.75,
133.63, 131.32, 129.85, 129.10, 128.01, 127.86, 125.99, 117.05, 113.89, 113.02, 65.46, 63.83, 56.87, 55.87,
27.00, 19.48. HRMS-ESI+ (m/z): [M + H]* caled for C3,Hz;04Si, 495.2355; found, 495.2362. IR (cm™):
3411 (vw, br, O-H), 2931 (w, C-H aliphatic), 2856 (w, C-H aliphatic), 1492 (m, C-C aromatic), 1462 (m,
C-C aromatic), 1426 (m, C-C aromatic), 1215 (s, C-O), 1109 (s, C-O), 822 (s), 700 (vs), 503 (s).

5-(((tert-Butyldiphenylsilyl)oxy)methyl)-2’ 5 -dimethoxy-[1,1’-biphenyl]-2-carbaldehyde (7), Morpholine
(0.2 mL, 2.2 mmol) was added to a solution of DIBALH (1 M, 1.1 mL, 1.1 mmol) in dry THF
(30 mL) at 0 °C. After 3 h, 4 (600 mg, 1.1 mmol) in dry THF (20 mL) was added, 10 min later, DIBALH
(1M, 1.1mL, 1.1 mmol) was added again at 0 °C. After 4 h, aqueous HCL (1 N, 20 mL) was added,
and the aqueous phase was extracted with diethyl ether (3 X 50 mL) before drying (Nay;SO,) and
removal of solvent under reduced pressure. Purification by column chromatography (SiO,, 20:4
heptane/ethyl acetate) gave the pure product as a light yellow wax (89.1 mg, 16%). 'H-NMR § 9.77 (d,
J=09Hz, 1H), 798 (d,] =79 Hz, 1H), 7.71-7.67 (m, 4H), 7.48 (ddd, ] = 8.1, 1.7, 0.9 Hz, 1H), 7.46-7.41
(m, 2H), 7.40-7.36 (m, 4H), 7.33 (d, ] = 1.1 Hz, 1H), 6.94 (dd, ] = 8.9, 3.1 Hz, 1H), 6.89 (d, ] = 8.7 Hz, 1H),
6.84 (d, ] = 2.6 Hz, 1H), 4.85 (s, 2H), 3.80 (s, 3H), 3.68 (s, 3H), 1.11 (s, 9H). 3C-NMR § 192.51, 153.92,
150.90, 147.38, 141.74, 135.71, 133.29, 133.01, 129.99, 128.45, 127.95, 126.95, 125.40, 117.23,114.74, 111.91,
65.31, 56.06, 55.95, 26.98, 19.48. HRMS-ESI+ (m/z): [M + H]* caled for C3;H3504Si, 511.2305; found,
511.2304. IR (cm™'): 2931 (m, C-H aliphatic), 2856 (m, C-H aliphatic), 1694 (s, C=0), 1500 (m, C-C
aromatic), 1462 (m, C-C aromatic), 1427 (m, C-C aromatic), 1218 (s, C-O), 1111 (s, C-O), 824 (m), 703 (s),
505 (m).

(2-Methoxy-6H-benzo[c]chromen-9-yl)methanol (8a), NaSEt (100.9 mg, 1.2 mmol) was added to a stirred
solution of 5 (150 mg, 0.3 mmol) in dry DMF (2 mL), the mixture was heated to 110 °C. After 6 h,
the mixture was cooled to rt, saturated aqueous NH4Cl (2 mL) was added, the aqueous phase was
extracted with ethyl acetate (3 x 10 mL), and the organic layer was washed with brine (3 x 30 mL),
before drying (Na;SO4) and removal of solvent under reduced pressure. Purification by column
chromatography (SiO,, 1:1 heptane/ethyl acetate, Sephadex LH20 1:1 chloroform/methanol) gave the
pure product as a light yellow wax (4.8 mg, 7%). 1H- and 13C-NMR data are shown in Tables 2 and 3.
HRMS-ESI+ (m/z): [M — H]~ caled for C15H1303, 241.0865; found, 241.0875. IR (cm™): 3435 (vw, br,
O-H), 2956 (m, C-H aliphatic), 2919 (m, C-H aliphatic), 2850 (w, C-H aliphatic), 1505 (m, C-C aromatic),
1463 (w, C-C aromatic), 1427 (m, C-C aromatic), 1221 (m, C-O), 1195 (m, C-O), 1040 (m, C-O), 821 (w),
705 (vw), 507 (vw).

General procedure to prepare compounds 8b—8e. The corresponding organolithium reagent (2 equiv) was
added to 7 (1 equiv) in dry THF (5 mL) at 0 °C or —78 °C depending on the organolithium reagent.
After 6 h, saturated aqueous NH4CIl/H,O was added, and the aqueous phase was extracted with ethyl
acetate (3 X 20 mL) before drying (Nap;SO4) and removal of solvent under reduced pressure. PBrs
(0.34 equiv) was added to the crude product (1 equiv) in dichloromethane (10 mL) at rt. After 2 h,
LiI (3 equiv) was added at rt. After 12 h, saturated aqueous NayS,03/H,O was added, and the aqueous
phase was extracted with ethyl acetate (3 X 20 mL) before drying (Na;SO4) and removal of solvent
under reduced pressure. TBAF (2 equiv) was added to the crude product in THF (25 mL) at rt, after 5 h,
saturated aqueous NaHCO3/H,O was added, and the aqueous phase was extracted with ethyl acetate
(3 x 25 mL) before drying (Nap;SO,) and removal of solvent under reduced pressure. Purification by



Molecules 2020, 25, 4510 15 of 20

column chromatography (SiO,, 1:1 heptane/ethyl acetate) and the enantiomers were separated using a
semipreparative HPLC (Chiralpack B column, 96:4 hexane/isopropanol).

(2-Methoxy-6-methyl-6H-benzo[c]chromen-9-yl)methanol (8b), the pure product was obtained as a light
yellow wax (yield 3%), [«¢]P2 = —20.8°. TH-and '*C-NMR data are shown in Tables 2 and 3. HRMS-ESI+
(m/z): [M — H]" caled for C14H1503, 255.1021; found, 255.1018. IR (cm™!): 3401 (w, br, O-H), 2960 (m,
C-H aliphatic), 2930 (m, C-H aliphatic), 2867 (w, C-H aliphatic), 1503 (s, C-C aromatic), 1463 (w, C-C
aromatic), 1426 (s, C-C aromatic), 1216 (vs, C-O), 1194 (s, C-O), 1039 (s, C-O), 821 (m), 705 (w).

(2-Methoxy-6-methyl-6 H-benzo[clchromen-9-yl)methanol (8c), the pure product was obtained as a light
yellow wax (yield 3%), [«]P2g = +21.8°. 'H-and '*C-NMR data are shown in Tables 2 and 3. HRMS-ESI+
(m/z): [M — H]~ caled for C16H503, 255.1021; found, 255.1028. IR (cm™1): 3434 (w, br, O-H), 2931 (m,
C-H aliphatic), 2859 (w, C-H aliphatic), 1504 (s, C-C aromatic), 1464 (m, C-C aromatic), 1425 (s, C-C
aromatic), 1216 (vs, C-O), 1195 (s, C-O), 1038 (s, C-O), 822 (m), 705 (w).

(6-Ethyl-2-methoxy-6H-benzolclchromen-9-yl)methanol (8d), the pure product was obtained as a light
yellow wax (yield 6%), [o]P = —63.2°. TH- and 13C-NMR data are shown in Tables 2 and 3. HRMS-ESI+
(m/z): [M = H]~ caled for C17H1703, 269.1178; found, 269.1187. IR (cm™1): 3432 (vw, br, O-H), 2930 (w,
C-H aliphatic), 2856 (vw, C-H aliphatic), 1502 (m, C-C aromatic), 1463 (m, C-C aromatic), 1426 (m, C-C
aromatic), 1217 (m, C-O), 1040 (m, C-O), 822 (w), 704 (w).

(6-Ethyl-2-methoxy-6H-benzo[clchromen-9-yl)methanol (8e), the pure product was obtained as a light
yellow wax (yield 7%), [Py = +62.3°. 1H- and 13C-NMR data are shown in Tables 2 and 3. HRMS-ESI+
(m/z): [M = H]~ caled for C17H;703, 269.1178; found, 269.1178. IR (cm™): 3427 (vw, br, O-H), 2929 (w,
C-H aliphatic), 2856 (vw, C-H aliphatic), 1503 (m, C-C aromatic), 1462 (m, C-C aromatic), 1426 (m, C-C
aromatic), 1217 (m, C-O), 1041 (m, C-O), 823 (w), 704 (w).

General procedure to prepare compounds 8f, 8g, and 10a—10h. HI (55%, 10 equiv) was added to a stirred
solution of the appropriate starting material in acetonitrile (25 mL), at rt. After 30 min, saturated
aqueous NapyS,03 (25 mL) was added, and the aqueous layer was extracted with ethyl acetate
(8 x 50 mL), before drying (NaySO4) and removal of solvent under reduced pressure. TBAF (1 M, 1.1
equiv) was added to the crude product in THF (150 mL). After 3 h, aqueous saturated NaHCO3 (50 mL)
was added, and the aqueous layer was extracted with ethyl acetate (3 x 50 mL), before drying (NaySO4)
and removal of solvent under reduced pressure. Purification by column chromatography (SiO,, 1:1
heptane/ethyl acetate) gave the pure product.

(6,6-Diethyl-2-methoxy-6H-benzolc]chromen-9-yl)methanol (8f), the pure product was obtained as a light
yellow wax (yield 56%). TH- and 3C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M
+ H]* caled for C19Hy30s5, 299.1647; found, 299.1646. IR (em™1): 3400 (vw, br, O-H), 2962 (s, C-H
aliphatic), 2928 (vs, C-H aliphatic), 2868 (m, C-H aliphatic), 1595 (m, C=C aromatic), 1505 (m, C-C
aromatic), 1463 (s, C-C aromatic), 1256 (s, C-O).

(6,6-Dibutyl-2-methoxy-6H-benzo[c]chromen-9-yl)methanol (8g), the pure product was obtained as a light
yellow wax (yield 13%). IH- and 13C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M
+ HJ* caled for Cp3H31 035, 355.2273; found, 355.2272. IR (cm™1): 3400 (vw, br, O-H), 2957 (vs, C-H
aliphatic), 2928 (vs, C-H aliphatic), 2869 (m, C-H aliphatic), 1504 (s, C-C aromatic), 1214 (s, C-O) 1027
(m, C-O).

(3-Methoxy-6,6-dimethyl-6H-benzo[ c]chromen-9-yl)methanol (10a), the pure product was obtained as a
light yellow wax (yield 38%). 'H- and *C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (m/z):
[M + H]* caled for C17H1903, 271.1334; found, 271.1338. IR (cm™1): 3379 (m, br, O-H), 2966 (m, C-H
aliphatic), 2932 (m, C-H aliphatic), 2857 (w, C-H aliphatic), 1615 (vs, C=C aromatic), 1589 (m, C=C
aromatic), 1510 (m, C-C aromatic), 1496 (m, C-C aromatic), 1417 (m, C-C aromatic), 1290 (s, C-O), 1273
(s, C-0), 1201 (s, C-0O), 1055 (vs, C-O), 1110 (s, C-O), 981(m).
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(1-Methoxy-6,6-dimethyl-6 H-benzo[ c]chromen-9-yl)methanol (10b), the pure product was obtained as a
light yellow wax (yield 48%). 'H- and !3C-NMR data are shown in Tables 2 and 3. HRMS-ESI+
(m/z): [M + H]* caled for C17H1903, 271.1334; found, 271.1338. IR (cm™1): 3395 (w, br, O-H), 2970 (w,
C-H aliphatic), 2930 (w, C-H aliphatic), 2863 (vw, C-H aliphatic), 1600 (m, C=C aromatic), 1586 (m,
C=C aromatic), 1503 (m, C-C aromatic), 1462 (s, C-C aromatic), 1436 (m, C-C aromatic), 1413 (m, C-C
aromatic), 1234 (vs, C-O), 1088 (vs, C-O), 1080 (vs, C-O).

(2,6,6-Trimethyl-6H-benzo[clchromen-9-yl)methanol (10c), the pure product was obtained as a transparent
wax (yield 73%). 'H- and '*C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]*
caled for C17H190,, 255.1385; found, 255.1383. IR (cm‘l): 3400 (w, br, O-H), 2978 (m, C-H aliphatic),
1505 (s, C-C aromatic), 1425 (s, C-C aromatic), 1256 (vs, C-O), 1114 (m), 818 (s).

(3,6,6-Trimethyl-6H-benzo|[c]chromen-9-yl)methanol (10d), the pure product was obtained as a transparent
wax (yield 85%). 'H- and '*C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M — OH]~
caled for C17H;70, 237.1285; found, 237.1281. IR (cm‘l): 3405 (w, br, O-H), 2928 (w, C-H aliphatic),
1589 (w, C=C aromatic), 1502 (m, C-C aromatic), 1270 (w, C-O), 1115 (w).

(6,6-Dimethyl-6H-benzo[c]chromen-9-yl)methanol (10e) the pure product was obtained as a transparent
wax (yield 68%). 'H- and '*C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (m/z): [M + H]*
caled for CigH170,, 241.1229; found, 241.1227. IR (cm‘l): 3300 (w, br, O-H), 2979 (w, C-H aliphatic),
1589 (w, C=C aromatic), 1492 (m, C-C aromatic), 1419 (m, C-C aromatic), 1253 (vs, C-O), 1105 (m), 752
(s).

(2-Isopropyl-6,6-dimethyl-6 H-benzo[c]chromen-9-yl)methanol (10f), the pure product was obtained as a
transparent wax (yield 31%). 1H- and 13C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (im1/z):
[M + H]" caled for C19Hp30,, 283.1698; found, 283.1701. IR (cm™): 3361 (m, br, O-H), 2961 (w, C-H
aliphatic), 2927 (m, C-H aliphatic), 2870 (m, C-H aliphatic), 1613 (w, C=C aromatic), 1588 (w, C=C
aromatic), 1504 (s, C-C aromatic), 1462 (s, C-C aromatic), 1416 (m, C-C aromatic), 1255 (vs, C-O), 1156
(m), 1114 (m), 818 (m).

(3-Isopropyl-6,6-dimethyl-6 H-benzo[c]chromen-9-yl)methanol (10g), the pure product was obtained as a
transparent wax (yield 85%). 'H- and 3C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (11/z):
[M — OHJ" caled for CyoHy 05, 265.1592; found, 265.1597. IR (cm™1): 3439 (vw, br, O-H), 2960 (m, C-H
aliphatic), 2931 (m, C-H aliphatic), 2858 (w, C-H aliphatic), 1610 (vw, C=C aromatic), 1567 (vw, C=C
aromatic), 1462 (m, C-C aromatic), 1414 (m, C-C aromatic), 1110 (s), 822 (m), 703 (s).

(6,6-Dimethyl-2-pentyl-6H-benzo[c]chromen-9-yl)methanol (10h), the pure product was obtained as a
transparent wax (yield 72%). IH- and 13C-NMR data are shown in Tables 2 and 3. HRMS-ESI+ (im1/z):
[M — OH]" caled for CyyHps505, 293.1905; found, 293.1902. IR (ecm™1): 3397 (w, br, O-H), 1588 (w, C=C),
1116 (w).

3.3. Biological Assays

3.3.1. Evaluations Against Leishmania parasites

Promastigotes of Leishmania-Leishmania: L. amazonensis, Clone 1, NHOM-BR-76-LTB-012 (Lma,
donated by the Paul Sabatier Université, Toulouse, France) and Leishmania-Viannia: L. braziliensis
M2904 C192 RJA (M2904, donated by Dr. Jorge Arévalo from Universidad Peruana Cayetano Heredia,
San Martin des Porres, Peru), [30]. All strains were cultured in Schneider’s insect medium, (pH 6.2)
supplemented with 10% FBS and incubated at 26 °C. Medium changes were made every 72 h to
maintain a viable parasitic population. Leishmanicidal activity was determined according to Williams
with some modifications [31]. Samples were dissolved in DMSO (maximum final concentration 1%) at
10 mg/mL. Promastigotes in logarithmic phase of growth, at the concentration 3 X 106 parasites/mL,
were distributed (100 pL/well) in 96-well flat bottom microtiter plates. Samples with different
concentrations (3.1-100 pug/mL) were added (100 pL). Miltefosine (3.1-100 pg/mL), was used as control
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drug [32]. Assays were performed in triplicates. The microwell plates were incubated for 72 h at 26 °C.
After incubation, a solution of XTT (1 mg/mL) in PBS (pH 7.0 at 37 °C) with PMS (0.06 mg/mL) was
added (50 uL/well), and incubated for 3 h at 26 °C. The optical density of each well was measured
and the ICs( values calculated. A negative control experiments with only 1% DMSO was carried out,
showing that the solvent by itself has no antiparasitic activity.

3.3.2. Evaluations Against Trypanosoma cruzi

Cultures of Trypanosoma cruzi (epimastigotes, donated by the Parasitology Department of INLASA,
Tc-INLASA, city, country), were maintained in medium LIT (pH 7.2), supplemented with 10% FBS and
incubated at 26 °C. Medium changes were made every 72 h to maintain a viable parasitic population.
Trypanocidal activity was determined according to Muelas-Serrano with some modifications [33].
Samples were dissolved in DMSO (maximum final concentration 1%) at 10 mg/mL. Epimastigotes in
logarithmic phase of growth, at a concentration of 3 X 106 parasites/mL, were distributed (100 puL/well)
in 96-well flat bottom microtiter plates. Samples at different concentrations (3.1-100 pug/mL) were
added (100 pL). Benznidazole (3.1-100 pug/mL) was used as the control drug. Assays were performed
in triplicates. The microwell plates were incubated for 72 h at 26 °C. After incubation, a solution of
XTT (1 mg/mL) in PBS (pH 7.0 at 37 °C) with PMS (0.06 mg/mL) was added (50 uL/well) and incubated
for 4 h at 26 °C. The optical density of each well was measured and the IC5 values were calculated.
A negative control experiments with only 1% DMSO was carried out, showing that the solvent by itself
has no antiparasitic activity.

3.3.3. Evaluations Against RAW Cells

The Raw 264.7 murine macrophage cell line was purchased from the American Type Culture
Collection (ATCC-TIB71, ARCC (Manassas, VA, USA). The cells were maintained in DMEM-HG
medium supplemented with 10% fetal bovine serum, 100 U/mL of penicillin and 100 pg/mL of
streptomycin, and sodium bicarbonate (2.2 g/L) in humidified atmosphere at 37 °C with 5% COs,.
Samples were dissolved in DMSO and diluted (maximum final concentration of DMSO: 1%) at different
concentrations (6.2-200 pg/mL). Medium blank, control drugs and cell growth controls were included
to evaluate cell viability. The plates were incubated for 72 h at 37 °C with 5% CO, and 3 x 10* cells/well.
After incubation for the indicated time, the cells were washed, after which 10 uL of resazurin reagent
(2.0 mM) was added. They were further incubated at 37 °C for 3 h in a humidified incubator. The ICsq
values were assessed using a fluorometric reader (BioTek (Winooski, VT, USA), 540 nm excitation,
590 nm emission) and the Gen5 software (v. 2017, BioTek). All assays were performed in triplicate.

4. Conclusions

Fifteen derivatives of pulchrol with modifications on ring B and ring C were prepared and
tested towards T. cruzi, L. braziliensis and L. amazonensis, together with 1. The importance of the
presence of methyl substituents on ring B was investigated, and the unsubstituted derivative 8a was
shown to be less active compared to 1 towards all the three parasites. The effect on bioactivity that
just one substituent has on C-6 was different between the parasites. The 6-methyl monosubstituted
enantiomers were not more active than 1, suggesting that two methyl substituents instead of one
may improve orientation and lipophilic interactions in the binding site. 6-Ethyl monosubstituted
derivatives are slightly more potent towards the two Leishmania species, but with T. cruzi they are less
potent. The longer the alkyl substituents on C-6 are, the more interesting is the activity. A preference
for disubstituted rather than monosubstituted analogues appears to be at hand, but with T. cruzi the
6,6-diethyl analogue is better that the 6,6-dibutyl analogue, and 8f was found to be more potent and
selective than the positive control benznidazole. This suggests that additional derivatives with larger
and branched alkyl groups at C-6 should be prepared and assayed.
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The methoxy group in the C-ring was also shown to play a role for pulchrol’s bioactivity, as
a derivative without substituents (10e) was considerably less active compared to 1. A methoxy
substituent in either C-3 or C-2 appears beneficial compared to C-1, although the differences are not
massive. A methyl at C-2 or C-3 instead of a methoxy group has a small impact, although for T. cruzi 1
is still the most potent. Longer and more bulky alkyl substituents in positions C-2 and C-3 (10f, 10g
and 10h) are clearly more potent, with all three parasites. The C-2 n-pentyl analogue 10h showed
the best activities towards T. cruzi, while 10h together with the C-2 isopropyl analogues 10f and 10g
showed the best results with L. braziliensis and L. amazonensis.

Most of the differences in the antiparasitic activity observed in this study can be tentatively
suggested to be linked to the lipophilicity of the compounds. However, nothing is known about the
molecular targets in these parasites, and to increase our understanding it is necessary to expand our
studies in a systematic way. Compared to the QSARs suggested in the previous study of the benzyl
alcohol function, we have now a new wish list of compounds to prepare and assay.

The 1D 'H and '3C-NMR shifts of the assayed compounds are given in Tables 2 and 3, and as
the shifts reflects the electronic conditions in the vicinity of each nucleus they may indicate SARs.
However, with the data available in this study, no SARs are obvious from the NMR shifts.

Supplementary Materials: The following are available online: 'H and 13C NMR spectra of all intermediates and
all pulchrol analogues prepared and assayed in this investigation.
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Abstract. The natural products pulchrol and pulchral, isolated from the roots of the Mexican plant
Bourreria pulchra, have previously been shown to possess an antiparasitic activity toward Trypano-
soma cruzi, Leishmania braziliensis and L. amazonensis, protozoa responsible for the Chagas disease
and leishmaniasis. These infections have been classified as neglected diseases, and still require the
development of safer and more efficient alternatives to their current treatments. Recent SAR studies,
based on the pulchrol scaffold, showed which effect the exchanges of its substituents have on the
antileishmanial and antitrypanosomal activity. Many of the analogues prepared were shown to be
more potent in vitro than pulchrol and the current drugs used to treat Leishmaniasis and the Chagas
disease (Miltefosine and Benznidazole respectively). Moreover, indications of some of the possible
interactions that may take place in the binding sites were also identified. In this study, 12 analogues
with modifications at two or three different positions in two of the three rings were prepared by
synthetic and semi-synthetic procedures. The molecules were assayed in vitro toward T. cruzi epi-
mastigotes, L. braziliensis promastigotes and L. amazonensis promastigotes. Some compounds had
higher antiparasitic activity than the parent compound pulchrol, and in some cases even Benznida-
zole and Miltefosine. The best combinations in this subset are with carbonyl functionalities in the
A-ring and isopropyl groups in the C-ring, as well as with alkyl substituents in both the A- and C-
rings combined with a hydroxyl group in position 1 (C-ring). The latter corresponds to cannabinol,
which was shown to be potent toward all parasites.

Keywords: Trypanosoma cruzi, Leishmania braziliensis, Leishmania amazonensis, pulchrol, pulchral,
cannabinol, SARs

1. Introduction

Natural products have been one of the main sources for bioactive compounds used
to treat a wide range of diseases [1]. The chemical diversity, potential selectivity, and the
availability of traditional knowledge about the use of natural materials, played an im-
portant role in the development of modern drugs. Examples are morphine isolated from
opium [2]; taxol isolated from Taxus brevifolia [3]; important antiparasitic drugs such as
quinine isolated from Cinchona officinalis [4]; and artemisinin extracted from Artemisia an-
nua [5].

Natural products are often isolated in limited quantities and can be assayed in just a
few biological systems. In order to extend the bioactivity scope, synthetic routes can be
designed to obtain sufficient quantities of the product, and can also be used to prepare
new derivatives and analogues which may possess superior biological properties [1, 6].
For diseases in which the mechanism of action and the drug target is not fully understood,
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as is the case for leishmaniasis and the Chagas disease [7-9], derivatives can be prepared
and assayed towards cells or whole organisms to measure their activity [10-13], leading
to the development of structure activity relationships studies (SARs). These can be used
to design more potent and less toxic analogues, assuming that just one biological target is
involved [11, 14].

The vegetal specie, Bourreria pulchra, which is native from the Yucatan province in
Mexico, is traditionally used to treat cutaneous diseases, fevers and infections [15]. The
isolation of the main chemical compounds from its roots yielded pulchrol (1a, see Figure
1), which was shown to possess antiparasitic activity against Leishmania braziliensis, L. ama-
zonensis and L. mexicana promastigotes, as well as against Trypanosoma cruzi epimastigotes
[16].

Leishmania and Trypanosoma parasites are part of the family Trypanosomatidae, and
are responsible for leishmaniasis and the Chagas disease, respectively. Both are consid-
ered neglected diseases but still affect millions of people in developing countries mainly
placed in the tropical and subtropical regions of the world [7, 17-21]. Leishmaniasis can
appear as cutaneous, mucocutaneous or visceral leishmaniasis, and around 700 000 to 1
million new cases are diagnosed every year. The treatments for Leishmaniasis (mainly
Amphotericin, Miltefosine and pentavalent antimonials) may give several toxic side ef-
fects and may require hospitalization [22-23]. Likewise, Chagas disease is able to produce
damage in the hearth tissue and eventually cause death. Twelve million people are af-
fected by this disease and the existing treatments are far from ideal (Nifurtimox or Benzni-
dazole) [24-28]. Currently, there are few validated drug targets for leishmaniasis and the
Chagas disease, and too little is understood of the complex life cycle of these pathogens
[9].

Pulchrol (1a) is an example of the many natural products that are based on a
benzo[c]chromene scaffold. This type of compound has been shown to possess different
kinds of biological activities [29-34]. The most studied benzo[c]chromenes are probably
the cannabinoids, isolated mainly from the plant Cannabis sativa and known for their af-
finity to the cannabinoid receptors CB1 and CB2. The natural product cannabinol (5f, see
Figure 1), which possess the same skeleton as pulchrol, has been shown to be selective for
CB2, a receptor expressed on immune cells, macrophages and in other peripheral organs,
while A%-tetrahydrocannabinol (THC, 6, see Figure 1) also isolated from C. sativa, showed
greater affinity for CB1, the receptor associated with C. sativa psychotropic activity [35].
SARs including cannabinol (5f) have been studied previously, and indicated that hy-
droxyl groups at positions 1 and 1" together with bulky alkyl substituents at position 3 are
important for the affinity to CB1 [36]. In addition, shorter and bulkier alkyl substituents
at C-3 improved the affinity for the CB2-receptor [37, 38]. Cannabinoids have also shown
immunomodulatory properties in the treatment of psoriasis [39], antinociceptive proper-
ties related to their capacity to induce vasorelaxation and release of neuropeptides [40-
41], and antineoplastic activity on Lewis lung tumors [33].

OH

5f 6

Figure 1. Structures of pulchrol (1a), cannabinol (5f) and A’-tetrahydrocannabinol (6).
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The potential shown by pulchrol (1a) as an antiparasitic agent against T. cruzi and the
Leishmania species, led to the development of a synthetic route [42, 43] that yields sufficient
amounts of pulchrol to perform additional biological assays. This were also adapted for
the preparation of a series of analogues with individual transformations of the benzyl al-
cohol moiety in the A-ring [44], variations at positions 1, 2 and 3 in the C-ring, and modi-
fications at the only available position in the B-ring (C-6) [45]. In this investigation, we
prepared analogues with combinations of different functionalities in the A-, B-, and C-
rings (See Figure 2), inspired by some of the SARs observed in the previous studies [44,
45]. Cannabinol (5f) and its 3-methyl analogue 5e (see Figure 2), were also prepared and
assayed. Our main objective was to study the effect that several substituents coexisting at
different positions in the benzo[c]chromene skeleton may have in the activity toward the
parasites under study, and get more information about the chemical surroundings of the
active site in which pulchrol and its analogues may be interacting.

2. Results
2.1. Preparation

In this study, analogues of pulchrol were prepared containing combinations of two
or three modifications in the A-, B, and C-rings (See Figure 2). The synthetic routes used
to prepare the analogues were partially based on the previously reported procedure used
to synthesize pulchrol from biaryl intermediates [42, 43]. The molecules in the 1-series (See
Figure 2) were previously reported [44, 45], and were used as starting material to prepare
the compounds from the 2-, 3, 4- and 5- series, containing a 1’-aldehyde, 1’-methyl ketone,
3-methylbutanoic acid ester and 9-methyl functionalities, respectively (See Figure 2).
Compounds 5f (cannabinol) and its analogue 5e were obtained through iodine-mediated
deconstructive annulation in a one-pot synthesis, using citral and resorcinol analogues as
starting material [46]. In total 12 molecules were prepared and assayed in vitro against T.
cruzi epimastigotes as well as L. braziliensis and L. amazonensis promastigotes (See Table
1). Their antiparasitic activities were compared with those previously reported for the an-
alogues in the 1- series in addition to compounds 2a (pulchral), 3a, 4a, and 5a [44]. Figure
2 summarizes the structure types of the analogues prepared, while the biological activities
are given in Table 1.

Ry
Ol
Rs
Figure 2. Prepared derivatives. 1a R2 = OMe, Rs = H, R¢' = Me, R¢" = Me; 1b Rz = isopropyl, Rs=H,
Reé =Me, R¢" = Me; 1c R2 = H, Rs = isopropyl, Re = Me, R¢" =Me; 1d R2=OMe, Rs =H, R¢'= Me, R¢" =

4 5
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H; 1e R2=0OMe, Rs=H, R¢' = H, R¢" = Me; 2a R2=OMe, Rs = H, Rs = Me, R¢" = Me; 2b Rz = isopro-
pyl, Rs=H, Re =Me, R¢" = Me; 2¢ R2 = H, Rs = isopropyl, R = Me, Rs" =Me; 2d R2=0OMe, Rs=H, R¢’
=Me, R¢" =H; 2e R2=OMe, Rs = H, R =H, R¢" = Me; 3a R2= OMe; 3b Rz = isopropyl; 4a R2 = OMe,
Rs =H; 4b Rz = isopropyl, Rs = H; 4c R2 = H, Rs = isopropyl; 5a Ri = H, R.= OMe, Rs = H; 5b Ri=H,
Rz =isopropyl, Rs=H; 5¢ R1=H, Rz = H, Rs = isopropyl; 5d R1 = H, R = OH, Rs = H; 5e R1 = OH, R»

=H, Rs = Me; 5f Ri = OH, R2 = H, Rs = n-pentyl. See Experimental part for synthetic details.

Table 1. Antileishmanial and antitrypanozomal activity of pulchrol derivatives, compared to the positive controls Benznidazole

and Miltefosine. See experimental for details about the assays.

Serie Structure Mol. R1 R2 R3 R6’ Re6” L. eruzi L. brazili
1Cx (M) 1Cx (M) 1Cx (M)
la® H OMe H Me Me 18.5+9.6 59.2+11.8 77.7+55
1bb H i-Pr H Me Me 124+35 18.1+£0.7 15.6+2.8
1 1cb H H i-Pr Me Me 14.2+42 191+1.1 21.2+7.1
1dv H OMe H Me H 35.9£11.7 156.1+23.4 156.1+58.5
leb H OMe H H Me 67.1+31.2 128.8 +24.6 71.8+12.5
2a* H OMe H Me Me 242+4.1 242+75 29.8+11.2
2b H i-Pr H Me Me 10.7+43 12.1+4.6 11.4+3.6
2 2c H H i-Pr Me Me 71+1.4 17.8+1.8 17.8+0.7
2d H OMe H Me H 1258+7.9 70.8 £19.7 440+ 1.6
2e H OMe H H Me 1703 +7.9 1180+0.8 80.6+4.7
3a? H OMe H Me Me 21.2+9.2 283+7.1 43282
3
3b H i-Pr H Me Me 34+£02 8.8+1.0 9.5+4.1
4a* H OMe H Me Me 42+1.1 13.1+04 145+0.1
4 4b H i-Pr H Me Me 109£3.8 272.9 £0.00 259+55
4c H H i-Pr Me Me 13.6£5.7 63.3+44 43.7+82
5a2 H OMe H Me Me 51.1+17.7 69.6+5.9 85.3+5.9
5b H i-Pr H Me Me 23.7+8.6 492+15.0 49.6 4.5
5¢ H H i-Pr  Me Me 503+11.3 311.6+50.3 236.5+48.8
5 5d H OH H Me Me 549+0.2 304+29 333+54
5e OH H Me Me Me 59+£2.0 157+5.1 212+24
5f OH H " Me Me 74£0.6 103+ 0.6 142+13
Pen
Benznidasole 19.2+77
Miltefosine 13.0£12 108+1.5

2 Previously reported derivatives by Terrazas et al, 2020 [44]; ® Previously reported derivatives by Terrazas et al, 2020 [45]
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Tables 2 and 3 give the 1D 'H and *C NMR shifts of the assayed compounds.

Table 2. Proton chemical shifts (in ppm) for the compounds prepared in this study, measured at 400 MHz. The assignments were
made with 2D NMR spectroscopy, COSY, HMQC and HMBC experiments.

Compd 1-H 2-H 3-H 4-H 7-H 8-H 10-H 1'-H/H2/H3 2-OCH3 6-H/H: 6,6-CH3
la 7.26 - 6.81 6.89 7.23 7.30 7.68 4.74 3.85 - 1.61
2b? 7.65 - 7.15 6.90 7.41 7.79 8.24 10.07 - - 1.65
2ct 7.73 6.94 - 6.85 7.40 7.77 8.19 10.05 - - 1.66
2d 7.31 - 6.87 6.94 7.34 7.81 8.17 10.07 3.87 525 1.63
2e 7.32 - 6.87 6.94 7.34 7.81 8.17 10.07 3.87 5.27 1.63
3be 7.65 - 7.13 6.89 7.32 7.85 8.32 - - - 1.64
4pd 7.57 - 7.11 6.88 7.23 7.28 7.71 5.17 - - 1.62
4c° 7.64 6.90 - 6.82 722 7.24 7.66 5.14 - - 1.63
5bf 7.59 - 7.10 6.89 7.15 7.12 7.58 243 - - 1.63
Sce 7.63 6.88 - 6.82 7.12 7.08 7.51 2.39 - - 1.62
5d 7.20 - 6.70 6.83 7.12 7.12 7.45 2.39 - - 1.60
Seh - 6.28 - 6.43 7.15 7.07 8.17 2.39 - - 1.60
5ft 6.29 6.43 7.14 7.07 8.16 2.38 1.59

2 Isopropyl signals at 2.95 and 1.30 ppm. » Isopropyl signals at 2.90 and 1.27 ppm.  Methyl signal at 2.66 ppm and isopropyl signals
at 2.95 and 1.30 ppm. ¢i-Butyl signals at 2.28, 2.16 and 0.99 ppm; and isopropyl signals at 2.94 and 1.30 ppm. ¢ i-Butyl signals at
2.26, 2.15 and 0.97 ppm; and isopropyl signals at 2.88 and 1.26 ppm. f Isopropyl signals at 2.95 and 1.31 ppm. ¢ Isopropyl signals at
2.88 and 1.26 ppm. " Methyl signal at 2.26 ppm.in-Pentyl signals at 2.50, 1.61, 1.33, 1.31, 0.88 ppm.

Table 3. ®C-NMR chemical shifts (in ppm) for compounds of series 1 to 5 determined at 100 MHz in CDCls. The assignments were
made with 2D NMR spectroscopy, COSY, HMQC and HMBC experiments.

Compd C-1 C-2 C-3 C-4 C-4a C-6 C-6a C-7 C-8 c9 C-10 C-10a__ C-10b C-1" 2-OCH; 6,6-CH3/6-CH3

la 108.0 154.6 115.5 118.8 146.9 774 139.5 123.7 126.8 140.4 121.0 129.1 123.0 653 56.0 275
2b* 121.1 142.5 128.6 118.1 150.9 774 146.0 124.2 129.5 135.9 1232 130.3 121.0 192.2 - 275
2c® 123.1 120.5 152.2 115.9 152.8 777 145.4 124.2 129.0 136.0 1232 130.2 118.9 192.1 - 27.6
2d 108.0 155.0 116.7 118.8 147.5 73.6 142.5 125.1 129.8 136.4 123.1 130.8 122.1 192.1 56.0 19.9
2¢ 108.0 155.1 116.7 118.9 147.5 73.6 142.6 125.1 129.8 136.4 123.1 130.8 122.1 192.1 56.0 19.9
3b¢ 121.1 142.4 128.2 118.0 150.9 77.4 144.6 123.7 128.0 136.6 122.0 129.7 121.3 198.0 - 275
4b¢ 120.8 142.0 127.8 117.9 150.9 774 139.7 123.7 127.7 135.6 122.1 129.4 121.7 66.0 - 27.7
4c© 122.8 120.1 151.4 115.8 152.9 77.6 139.2 123.6 127.4 135.6 121.9 129.3 119.7 66.0 - 278
5bf 120.7 1419 1274 1178 151.0 774 137.1 1233 128.6 137.2 122.8 127.7 122.1 215 - 27.8
Sc¢ 122.7 119.9 150.9 115.8 152.9 77.6 136.5 123.2 128.3 137.2 122.6 128.7 120.1 64.8 - 27.9
5d 109.5 150.1 116.3 118.9 146.9 774 137.4 1233 129.1 137.3 123.1 128.4 123.5 21.4 - 27.6
Seh 153.2 110.7 139.5 111.6 154.8 774 137.0 122.8 127.7 137.0 126.6 127.6 108.7 21.7 - 272
5f1 1532 110.0 144.7 110.9 154.8 774 137.0 122.8 127.7 127.7 126.5 137.0 108.8 21.7 272

2 Isopropyl signals at 33.9 and 24.4 ppm. ® Isopropyl signals at 34.2 and 23.9 ppm. ¢ Methyl signal at 26.9 ppm and isopropyl signals
at 33.9 and 24.4 ppm. 4 3-Methylbutanoate signals at 173.1, 43.6, 25.9 and 22.6 ppm and isopropyl signals at 33.8 and 24.4 ppm. © 3-
Methylbutanoate signals at 173.1, 43.6, 25.9 and 22.6 ppm and isopropyl signals at 34.1 and 23.9 ppm. f Isopropyl signals at 33.9 and
24.4 ppm. 8 Isopropyl signals at 34.1 and 24.0 ppm. " Methyl signal at 21.4 ppm. | n-Pentyl signals at 35.8, 31.6, 30.6, 22.7 and 14.2

2.2. Selected functionalities

The natural products pulchrol (1a) and pulchral (2a) have been studied in the past
and both of them were active against Trypanosoma and Leishmania parasites [44]. Pulchrol
(1a) was moderately active against L. braziliensis and L. amazonensis promastigotes (ICso
59.2 uM and ICso 77.7 uM respectively), while was shown to possess a potent toxicity to-
ward T. cruzi epimastigotes (ICso 18.5 uM), comparable to that of the drug Benznidazole
(19.2 pM). Meanwhile, pulchral (2a), had activity toward all the three parasites (T. cruzi,
1Cs0 24.2 uM; L. braziliensis, 1Cs0 24.2 uM; L. amazonensis, ICso 29.8 uM) [44, 45].

In previous investigations, we studied the effect that individual transformations in
the A-, B-, and C-rings have on the activity toward T. cruzi, L. braziliensis and L. amazonensis
[44, 45]. Initially, we reported the effect of modifications at position 1’ in the A-ring, and
preliminarily concluded that the benzyl alcohol functionality was important for pulchrol’s
antiparasitic activity, possibly acting as a hydrogen bond acceptor. It was also observed
that 1’-carbonyl analogues were equipotent toward T. cruzi compared to pulchrol, while
they were more potent toward L. braziliensis and L. amazonensis. In contrast, the 9-methyl
analogue was reported to possess a considerably less activity than pulchrol against all
parasites. Finally, the ester analogues showed to be, in general, more potent than pulchrol,
with longer and branched alkyl substituents showing considerable improvements [44].
The effects that modifications in the B- and C- rings have on the antiparasitic activity were
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also investigated, and were mainly focused on the effects that variations in the lipophilic-
ity may have in the antiparasitic activity. The 6-monoalkyl (methyl and ethyl) derivatives,
as pure enantiomers, were less potent compared to pulchrol, and a preference for 6,6-di-
alkyl analogues was established. Alkyl substituents in the C-ring were shown to be bene-
ficial for the antiparasitic activity, most notably longer and branched alkyl substituents at
positions 2 and 3 increased the potency considerably [45].

In this study, we analyse the effect that two or three transformations in the different
rings of the pulchrol scaffold may have on the antiparasitic activity. Most of the analogues
have transformations in the A- and C- rings, whereas just a pair have the A- and B-rings
modified. The 1’-aldehyde, 3-methyl butanoic acid ester and 9-methyl functionalities in
the A-ring were combined with isopropyl substituents at C-2 and C-3 in the C-ring (2b
and 2¢; 4b and 4¢; and 5b and 5c¢ respectively), to evaluate the effect of an increase in the
lipophilicity. An analogue with the 1’-methyl ketone functionality in the A-ring and an
isopropyl substituent at position 2 was also prepared (3b) to determine if any differences
would arise with respect to the corresponding 1’-aldehyde analogue (2b). The 9-methyl
functionality was also combined with an hydroxyl substituent at C-2 in the C-ring (5d),
and the natural compound cannabinol (5f) and its analogue 5e were prepared, both of
them containing a 9-methyl substituent in the A-ring, an hydroxyl group at C-1 and an
alkyl group at C-3 in the C-ring; cannabinol (5f) with a n-pentyl substituent and 5e with a
methyl substituent at C-3. Finally, the 1’-aldehyde functionality was combined with the 6-
monomethyl substituent in the B-ring, as a pair of enantiomers (2d and 2e), to evaluate
whether the carbonyl group helps improving their activity or hamper it compared with
the already reported benzyl alcohol enantiomers 1d and 1e [45].

2.3. Antiparasitic activities towards Trypanosoma cruzi epimastigotes.

It has previously been reported that the transformation of the benzyl alcohol func-
tionality in pulchrol to a 1-carbonyl group was not beneficial for the antiparasitic activity
toward T. cruzi [44], while the replacement of the methoxy functionality (in 1a) for an
isopropyl group in positions 2 and 3 in the C-ring was shown to improve the ICso values
for this parasite (1b, ICs0 = 12.4 pM and 1c¢, ICso = 14.2 uM respectively) [45]. Analogues
combining the aldehyde functionality in the A-ring with an isopropyl substituent at posi-
tions 2 or 3 in the C-ring were prepared and found to be considerably active (2b, ICs =
10.7 uM; 2¢, ICs0=7.1 pM). The methyl ketone 3b, substituted also with an isopropyl group
at C-2, was actually the most potent compound toward T. cruzi (ICso = 3.4 pM) in this
study.

Analogues 4b and 4c substituted with isopropyl groups at C-2 and C-3, respectively,
and combined with a 3-methylbutanoic acid ester in the A-ring, were less potent against
T. cruzi (4b, ICs0 = 10.9 uM; 4c¢, ICs0 = 13.6 pM) than the 2-methoxy ester (4a, ICso = 4.2 uM).
Among the analogues from the 5-series (which contain a 9-methyl substituent in the A-
ring), analogue 5d with a hydroxyl functionality at C-2 showed comparable activity (ICso
=54.8 M) to 5a (with a methoxy group at C-2). While analogues 5b and 5¢, with isopropyl
substituents at positions 2 and 3 (ICso =23.7 uM and ICso = 50.3 uM, respectively) were less
toxic than pulchrol (1a, ICs0 = 18.5 uM). However, cannabinol (5f) and its analogue 5e, with
also alkyl substituent in the C-ring (position 3), but an additional hydroxyl functionality
at C-1, were the most potent compounds from the 5-series (5f, ICs0 = 7.4 uM; 5e, ICs0 =5.9
uM) .
Finally, the aldehyde enantiomers 2d and 2e (ICso = 125.8 uM and ICso = 170.3 pM
respectively), substituted with a single methyl group at position 6 in the B-ring, possess
considerably lower antiparasitic activity compared to pulchrol (1a, ICs = 18.5 uM) and
their corresponding benzyl enantiomers (1d, ICso = 35.9 pM and 1e, ICs0 = 67.1 uM).

2.4. Antiparasitic activities towards Leishmania braziliensis promastigotes
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The transformation of pulchrol’s benzyl alcohol to a 1’-carbonyl functionality
showed to considerably increase the activity toward L. braziliensis (2a, ICso = 24.2 pM; and
3a, ICs0 = 28.3 uM) [44]. Likewise, isopropyl substituents in the C-ring (1b and 1c) also
increased the potency (1b, ICso = 18.1 uM; and 1¢, ICso = 19.1 uM) compared to pulchrol
(1a) [45]. Here, aldehydes 2b and 2c¢ (with isopropyl substituents at C-2 and C-3 respec-
tively) were more toxic toward L. braziliensis (2b, ICs0 = 12.1 pM; and 2¢, ICs = 17.8 uM)
than their benzyl alcohol precursors (1b and 1c). While the 2-isopropyl ketone 3b was the
most potent compound (ICso = 8.8 pM).

The 2- and 3-isopropyl esters 4b and 4c were less active toward L. braziliensis (4b, ICso
=272.9 uM; and 4c¢, ICso = 63.3 uM). A 9-methyl substituent in the A-ring has previously
been shown to be unfavourable for the activity (5a, ICso = 69.6 uM) [44]. Here, the 9-me-
thyl/2-isopropyl analogue 5b and the 9-methyl/2-hydroxy analogue 5d were more potent
toward L. braziliensis (5b, ICs0 = 49.2 uM; and 5d, ICso = 30.4 uM). While, the 9-methyl/3-
isopropyl analogue 5¢ was essentially inactive (ICs = 312 uM). Analogue 5e and canna-
binol (5f) were found to possess higher activity (ICso=15.7 uM and ICso = 10.3 uM, respec-
tively) than 5a and pulchrol (1a). The aldehyde enantiomers 2d and 2e were less potent
(ICs0 =70.8 uM and ICso = 118 uM, respectively) than pulchrol (1a), but more potent than
their corresponding benzyl alcohol enantiomers 1d and 1e (ICso=156.1 pM and ICs0=128.8
uM, respectively) [45].

2.5. Antiparasitic activities towards Leishmania amazonensis promastigotes

The combination of the 9-aldehyde functionality with isopropyl substituents at posi-
tions 2 and 3 (2b and 2, respectively) was beneficial for the antiparasitic activity, and the
highest activities were shown by the aldehyde 2b (ICs0 = 11.4 pM), and the methyl ketone
3b (ICs0 = 9.5 uM). All ester analogues (4a to 4b) were more toxic than pulchrol toward L.
amazonensis, but 4b and 4c were less potent than the 2-methoxy ester 4a.

Most of the 9-methyl analogues (5b, 5d, 5e, and 5f) were more potent than pulchrol
(1a, ICs0 = 77.7 uM), while the 9-methyl/3-isopropyl analogue 5¢ was inactive (ICso = 236.5
uM). The most potent compounds in the 5-series were cannabinol (5f, ICso = 14.2 pM) and
its analogue 5e (ICso = 21.2 uM). The enantiomers 2d (ICso = 44.0 uM) and 2e (ICs0 = 80.6
uM) were less potent than the corresponding 6,6-dimethyl aldehyde 2a (pulchral, ICso =
29.8 M) [44].

3. Discussion

For T. cruzi and L. braziliensis, the aldehyde 2b and 2¢ (with isopropyl groups at po-
sitions 2 and 3, respectively) were more active than the corresponding benzyl alcohols 1b
and 1c [45], probably due to a change in orientation generated by the combination of those
substituents, which may enhance hydrophobic interactions. Moreover, an analogue with
a methyl ketone in the A-ring and an isopropyl group at C-2 (3b) was the most potent
compound for all parasites. Analogue 3b was 6 times more potent than the positive con-
trol for T. cruzi (Benznidazole) and comparable to the positive control for the Leishmania
species (Miltefosine), indicating that interactions involving the methyl substituent in the
ketone may contribute to the activity.

In contrast, 2- and 3-isopropyl analogues of the 4-series (combined with a 3-methyl-
butanoic acid ester) were less potent than the corresponding 2-methoxy ester 4a for all
parasites. Particularly, analogue 4b showed to be inactive toward L. braziliensis, indicating
a possible limitation in the volume of the lipophilic pocket where the 3-alkyl substituents
interact.

Analogues substituted with isopropyl groups at C-2 and C-3 as well as with a 9-me-
thyl substituent in the A-ring (5b and 5c¢, respectively) were less potent than pulchrol to-
ward T. cruzi. Whereas the 9-methyl/2-isopropyl analogue 5b was, in contrast, more po-
tent toward the Leishmania species. The 9-methyl/3-isopropyl analogue 5¢, not only
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showed a decrease in activity compared to pulchrol, as observed with T. cruzi, but was
essentially inactive toward the Leishmania species, suggesting again that there is a limit in
the volume around positions 2 and 3 in the binding site for the Leishmania parasites.

The combination of a 9-methyl substituent in the A-ring with a methoxy or hydroxy
group at C-2 (5a and 5d, respectively) decreased the activity toward T. cruzi compared to
pulchrol (1a). Possibly those analogues (5a and 5d), interact with the binding site in a ro-
tated position in which the methoxy group in 5a and the hydroxy group in 5d act as hy-
drogen bond acceptors, where usually pulchrol’s benzyl alcohol interacts. However, this
interaction is weaker than that of the benzyl alcohol in pulchrol for T. cruzi, while for the
Leishmania parasites it seems to be stronger.

Despite the unfavourable outcome observed when a 9-methyl substituent is com-
bined with alkyl groups at positions 2 or 3 in the C-ring, analogues 5e and 5f (with a
methyl or n-pentyl substituent at C-3) were more potent than pulchrol for all parasites.
However, they possessed an additional hydroxy group at C-1 in the C-ring, which may
have important interactions with the binding site. The effect the length of the alkyl sub-
stituent has on the antiparasitic activity seems to differ between parasites. The longer
chain in cannabinol (5f) seems to benefit the activity toward the Leishmania species, while
the methyl group at C-3 is better for the activity toward T. cruzi.

The aldehyde enantiomers combined with a methyl substituent at C-6 in the B-ring
(as in analogues 2d and 2e) showed less potency than their corresponding benzyl alcohol
enantiomers (1d and 1e) toward T. cruzi. In contrast, analogues 2d and 2e were more po-
tent toward L. braziliensis than 1d and 1e. The results obtained for L. amazonensis, showed
enantiomer 2d to be more potent than corresponding enantiomer 1d, while enantiomer 2e
was less potent than 1e. Possible changes in orientation generated by the presence of just
one alkyl substituent in the B-ring may be responsible for the differences in activity be-
tween the aldehyde enantiomers and the benzyl alcohol enantiomers.

4. Materials and Methods

4.1. General

'H NMR spectra (400 MHz) and *C NMR spectra (100 MHz) were recorded with a
Bruker Avance II (Bruker Biospin AG, Industriestrasse 26, 8117 Fallanden, Switzerland)
in CDCls. The individual 1D signals were assigned using 2D NMR experiments (COSY,
HSQC, HMBC). The chemical shifts are given in ppm with the solvent signal as reference
(7.27 ppm for 'H and 77.0 for 3C). Infrared spectra were recorded with a Bruker Alpha-P
FT/IR instrument (Bruker Biospin AG, Industriestrasse 26, 8117 Fallanden, Switzerland)
with a Diamond ATR sensor as films, and the intensities are given as vw (very weak), w
(weak), m (medium), s (strong) and vs (very strong). High resolution mass spectra
(HRMS) were recorded with a Waters XEVO-G2 QTOF equipment (Waters Corp, Milford,
Worcester County, Massachusetts, United States), with electrospray ionization (ESI). Syn-
thetic reactions were monitored by TLC using alumina plates coated with silica gel and
visualized using either UV light and/or spraying/heating with vanillin/H2SOa. Flash chro-
matography was performed with silica gel (35-70 um, 60 A). THF was distilled from so-
dium, acetonitrile was distilled from CaH: and other reaction solvents were dried with
AlLQOs. Commercially available compounds were obtained from Aldrich.

4.2. Synthetic Procedures

Methyl 4-(hydroxymethyl)-2-iodobenzoate (intermediate in the synthesis of 1a — 1e), BHs-
THEF (1 M, 47.1 mL, 47.1 mmol) was slowly added to a stirred solution of 1-methyl-2-io-
doterephthalate (4.8 g, 15.7 mmol) in dry THF (250 mL) at 0 °C. After 30 h, saturated aque-
ous NaHCO:/H:0 was added, and the aqueous phase was extracted with ethyl acetate
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(3x250 mL) before drying (Na250s) and removal of solvent under reduced pressure. Puri-
fication by column chromatography (SiO:, 4:6 heptane/ethyl acetate) gave (4.06 g, 89%) of
the pure product as yellow crystals, identical to that previously reported [42].

Methyl 4-(((tert-butyldiphenylsilyl)oxy)methyl)-2-iodobenzoate (intermediate in the syn-
thesis of 1a — 1e), TBDPSCI (4.3 mL, 16.7 mmol) was added to a stirred solution of methyl
4-(hydroxymethyl)-2-iodobenzoate (4.06 g, 13.9 mmol) in pyridine (80 mL) at rt. After 24
h, saturated aqueous NH4Cl/H20 was added and the aqueous phase was extracted with
diethyl ether (3x200 mL), then the organic phase was washed with brine (2x500 mL) before
drying (Na250s) and removal of solvent under reduced pressure. Purification by column
chromatography (SiOz, 20:2 heptane/ethyl acetate) gave (4.2 g, 57%) of the pure product
as white crystals, identical to that previously reported [42].

General procedure for Suzuki coupling (intermediates in the synthesis of 1a — 1e), corre-
sponding boronic acid (1.5 equiv), K2COs (5 equiv) and Tetrakis(triphenylphosphine)pal-
ladium(0) (0.17 equiv), were added to a stirred solution of methyl 4-(((tert-butyldiphen-
ylsilyl)oxy)methyl)-2-iodobenzoate (1 equiv) dissolved in 4:1 DME/water (15 mL), the
mixture (contained in a microtube) was degasified under vaccum/N: at -78 °C five times.
The microwave reaction conditions were 100 °C, high pressure, and 10 s of pre-stirring.
After 30 to 60 min in the microwave reactor, the mixture was filtered through a plug of
celite and washed with ethyl acetate (250 mL) before drying (Na250s) and removal of sol-
vent under reduced pressure. Purification by column chromatography (SiOz, 20:3 hep-
tane/ethyl acetate) gave the pure products.

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2",5'-dimethoxy-[1,1"-biphenyl]-2-carbox-
ylate (intermediate in the synthesis of 1a), the pure product was obtained as an orange
wax (yield 94%) identical to that previously reported [42].

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-5"-isopropyl-2"-methoxy-[1,1"-biphenyl]-2-
carboxylate (intermediate in the synthesis of 1b), the pure product was obtained as color-
less wax (yield 97%) identical to that previously reported [45].

Methyl 5-(((tert-butyldiphenylsilyl)oxy)methyl)-2'-methoxy-4'-isopropyl-[1,1"-biphenyl]-2-
carboxylate (intermediate in the synthesis of 1c), the pure product was obtained as a yel-
lowish wax (yield 38%) identical to that previously reported [45].

General procedure for organolithic addition (intermediate in the synthesis of 1a — 1e),
corresponding organo-lithic reagent (4 equiv) was added to a stirred solution of the suzuki
coupling product (1 equiv) in dry THF (70 mL), at 0 or -78 °C, depending on the organo-
lithic reagent. After 12 h, saturated aqueous NHiCl/H20 was added, and the aqueous
phase was extracted with ethyl acetate (3x100 mL) before drying (Na:504) and removal of
solvent under reduced pressure. Purification by column chromatography (SiOz, 20:4 hep-
tane/ethyl acetate 20: 4) gave the pure product.

2-(5-(((tert-butyldiphenylsilyloxy)methyl)-2",5'-dimethoxy-[1,1"-biphenyl]-2-yl)propan-2-
ol (Intermediate in the synthesis of 1a), the pure product was obtained as a yellowish wax
(yield 65.2%) identical to that previously reported [42].

2-(5-(((tert-butyldiphenylsilyl)oxy)methyl)-5"-isopropyl-2"-methoxy-[1,1"-biphenyl]-2-
yl)propan-2-ol (Intermediate in the synthesis of 1b), the pure product was obtained as a
transparent wax (yield 78.5%) identical to that previously reported [45].

2-(5-(((tert-butyldiphenylsilylJoxy)methyl)-2"-methoxy-4"-isopropyl-[1,1’-biphenyl]-2-
ylpropan-2-ol (Intermediate in the synthesis of 1c), the pure product was obtained as a
transparent wax (yield 64%) identical to that previously reported [45].

General procedure to prepare compounds 1a — 1c, HI (55%, 10 equiv) was added to a
stirred solution of the corresponding starting material in acetonitrile (25 ml), at rt. After
30 min, saturated aqueous Na25:0s (25 mL) was added, and the aqueous layer was ex-
tracted with ethyl acetate (3 x 50 mL), before drying (Na250s) and removal of solvent un-
der reduced pressure. TBAF (1 M, 1.1 equiv) was added to the crude product in THF (150
mL). After 3 h, aqueous saturated NaHCO:s (50 mL) was added, and the aqueous layer
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was extracted with ethyl acetate (3 x 50 mL), before drying (Na250s) and removal of sol-
vent under reduced pressure. Purification by column chromatography (SiOz, 1:1 hep-
tane/ethyl acetate) gave the pure product.

(2-methoxy-6,6-dimethyl-6 H-benzo[ c]chromen-9-yl)methanol (1a), the pure product was
obtained as a yellowish wax (yield 77%) identical to that previously reported [42].

(2-isopropyl-6,6-dimethyl-6H-benzo[clchromen-9-yl)methanol (1b), the pure product was
obtained as a transparent wax (yield 88%) identical to that previously reported [45].

(3-isopropyl-6,6-dimethyl-6 H-benzo[ clchromen-9-yl)methanol (1c), the pure product was
obtained as a transparent wax (yield 85%) identical to that previously reported [45].

5-(((tert-butyldiphenylsilyl)oxy)methyl)-2",5’-dimethoxy-[1,1’-biphenyl]-2-carbaldehyde
(Intermediate in the synthesis of 1d and 1e), Morpholine (0.2 mL, 2.2 mmol) was added to
asolution of DIBALH (1M, 1.1 mL, 1.1 mmol) in dry THF (30 mL) at 0 °C. After 3 h, methyl
5-(((tert-butyldiphenylsilyl)oxy)methyl)-2',5'-dimethoxy-[1,1'-biphenyl]-2-carboxylate
(600 mg, 1.1 mmol) in dry THF (20 mL) was added, 10 min later, DIBALH (1 M, 1.1 mL,
1.1 mmol) was added again at 0 °C. After 4 h, aqueous HCL (1 N, 20 mL) was added, and
the aqueous phase was extracted with diethyl ether (3 x 50 mL) before drying (Na2SOx)
and removal of solvent under reduced pressure. Purification by column chromatography
(SiOz, 20:4 heptane/ethyl acetate) gave the pure product as a yellowish wax (89.1 mg, 16%)
identical to that previously reported [45].

General procedure to prepare compounds 1d and 1e, MeLi (3 M, 2 equiv) was added to 5-
(((tert-butyldiphenylsilyl)oxy)methyl)-2',5'-dimethoxy-[1,1'-biphenyl]-2-carbaldehyde (1
equiv) in dry THF (5 mL) at 0 °C. After 6 h, saturated aqueous NH4Cl/H-0O was added,
and the aqueous phase was extracted with ethyl acetate (3 x 20 mL) before drying (Na2SOx)
and removal of solvent under reduced pressure. PBrs (0.34 equiv) was added to the crude
product (1 equiv) in dichloromethane (10 mL) at rt. After 2 h, Lil (3 equiv) was added at
rt. After 12 h, saturated aqueous Na25:0s/H20 was added, and the aqueous phase was
extracted with ethyl acetate (3 x 20 mL) before drying (Na2SOs) and removal of solvent
under reduced pressure. TBAF (2 equiv) was added to the crude product in THF (25 mL)
at rt, after 5 h, saturated aqueous NaHCOs/H:0O was added, and the aqueous phase was
extracted with ethyl acetate (3x25 mL) before drying (Na250s) and removal of solvent un-
der reduced pressure. Purification by column chromatography (SiOz, 1:1 heptane/ethyl
acetate) and the enantiomers were separated using a semipreparative HPLC (Chiralpack
B column, 96:4 hexane/isopropanol).

(2-methoxy-6-methyl-6 H-benzo[c]chromen-9-yl)methanol (1d), the pure product was ob-
tained as a yellowish wax (yield 3%), aD20 -17.8 identical to that previously reported [45].

(2-methoxy-6-methyl-6 H-benzo[c]chromen-9-yl)methanol (1e), the pure product was ob-
tained as a yellowish wax (yield 3%), aD20 +23.8 ° identical to that previously reported
[45].

General procedure to obtain compounds 2b -2e, Dess Martin periodinane 15% (2 equiv)
was added to a stirred solution of corresponding starting material (1 equiv) in CH2ClL at
rt. After five hours, saturated aqueous Na25:05/H-0 was added and the aqueous phase
was extracted three times with CH2Cl: before drying (Na2SOx) and removal of solvent un-
der reduced pressure. Purification by column chromatography (SiOz, 20:1 CH2Clz/metha-
nol).

2-isopropyl-6,6-dimethyl-6 H-benzo[c[chromene-9-carbaldehyde (2b), the pure product
was obtained as a transparent wax (85.7 mg, yield 88%). 'H NMR and 3C NMR data in
Table 2 and Table 3, respectively. HRMS-ESI+ (im/z): [M + Na]* calcd for C1oH2002, 303.1361;
found, 303.1355.

3-isopropyl-6,6-dimethyl-6 H-benzo[clchromene-9-carbaldehyde (2c), the pure product was
obtained as a transparent wax (15.3 mg, yield 77%). %). '"H NMR and C NMR data in
Table 2 and Table 3, respectively. HRMS-ESI+ (im/z): [M + Na]* caled for C19H2002, 303.1361;
found, 303.1357.

2-methoxy-6-methyl-6H-benzo[clchromene-9-carbaldehyde (2d), the pure product was ob-
tained as a yellowish wax (5.4 mg, yield 96%). %). "H NMR and *C NMR data in Table 2
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and Table 3, respectively. HRMS-ESI+ (m/z): [M + Na]* calcd for C16H14Os, 309.0738; found,
309.0739 (+20 due to oxidation).

2-methoxy-6-methyl-6H-benzo[clchromene-9-carbaldehyde (2e), the pure product was ob-
tained as a yellowish wax (6.7 mg, yield 95%). %). "H NMR and *C NMR data in Table 2
and Table 3, respectively. HRMS-ESI+ (1m/z): [M + Na]* caled for C16H14Os, 309.0739; found,
309.0739 (+20 due to oxidation).

1-(2-isopropyl-6,6-dimethyl-6 H-benzo[ cJchromen-9-yl)ethan-1-one (3b), MeMgI (3 M, 0.24
mL, 0.7 mmol) was added to 2b (65 mg, 0.23 mol) in dry ethyl ether (5 mL), at 0 °C. After
20 h, saturated aqueous NH1Cl/H:20 was added, and the aqueous phase was extracted
with diethyl ether (3x5 mL). The organic product was washed with brine once before dry-
ing (Na250s) and removal of solvent under reduced pressure. Celite (250 mg) and PCC
(63 mg, 0.25 mmol) were added to the crude product in dry CH2Cl2 (5 mL) under nitrogen,
at rt. After 12 h diethyl ether (10 mL) was added and the mixture was filtered over a plug
of silica gel and washed with ethyl acetate (50 mL) before removal of solvent under reduce
pressure. Purification by column chromatography (SiOz, 20:4 hept/ethyl acetate) gave 30.0
mg, 44% as a transparent wax. %). 'H NMR and 3C NMR data in Table 2 and Table 3,
respectively. HRMS-ESI+ (m/z): [M + Na]* caled for C20H202, 317.1514; found, 317.1517.

General procedure to obtain compounds 4b — 4c, isovaleric anhydride (1.5 equiv), DMAP
(1.2 equiv), and Et:N (1.5 equiv) were added to a stirred solution of appropriate starting
material (1 equiv) in CH2Clz (25 ml) at rt. After three hours, saturated aqueous NH4«Cl/H-0
was added and the aqueous phase was extracted with CH2Cl2 (3x25 mL) before drying
(Naz2504) and removal of solvent under reduced pressure. Purification by column chro-
matography (SiO2, 20:4 heptane/ethyl acetate) gave the desired products.

(2-isopropyl-6,6-dimethyl-6 H-benzo[c]chromen-9-yl)methyl 3-methylbutanoate (4b), the
pure product was obtained as a transparent wax (64.9, yield 53%). %). 'H NMR and B3C
NMR data in Table 2 and Table 3, respectively. HRMS-ESI+ (m/z): [M + Na]* calcd for
C2uH3003, 389.2093; found, 389.2099.

(3-isopropyl-6,6-dimethyl-6H-benzol[clchromen-9-yl)methyl  3-methylbutanoate (4c), the
pure product was obtained as a transparent wax (15.2, yield 59%). %). '"H NMR and B3C
NMR data in Table 2 and Table 3, respectively. HRMS-ESI+ (m/z): [M + Na]* calcd for
C24H300s, 389.2093; found, 389.2091.

General procedure to obtain compounds 5a — 5¢, EtsSiH (5 equiv) and PdCl: (2 equiv)
were added to a stirred solution of corresponding starting material (1 equiv) in EtOH.
After 3h, ethyl acetate was added and the mixture was filtered through a plug of celite
and washed with ethyl acetate before, drying (Na2SOs) and removal of solvent under re-
duced pressure. Purification by column chromatography (SiO2, 20:1 heptane/ethyl ace-
tate).

2-Methoxy-6,6,9-trimethyl-6 H-benzo[ c]chromene (5a), the pure product was obtained as
a yellowish wax (yield 92%) identical to that previously reported [44].

2-isopropyl-6,6,9-trimethyl-6 H-benzo[ cIchromene (5b), the pure product was obtained as
a transparent wax (105 mg, yield 89%). %). '"H NMR and »C NMR data in Table 2 and
Table 3, respectively HRMS-ESI+ (m/z): [M + Na]* caled for CivH220, 289.1568; found,
289.1563.

3-isopropyl-6,6,9-trimethyl-6H-benzo[clchromene (5¢), the pure product was obtained as
a transparent wax (16 mg, yield 85%). %). 'H NMR and *C NMR data in Table 2 and Table
3, respectively. HRMS-ESI+ (m/z): [M + NaJ+ calcd for CiyH220, 289.1568; found, 289.1565.

6,6,9-trimethyl-6H-benzo[clchromen-2-0l (5d), sodium ethanethiolate (132 mg, 1.57
mmol2) was added to a stirred solution of 5a (0.157 mmol) in DMF (4 mL), and reacted in
a microwave reactor at 160 °C. After one hour, saturated aqueous NH1Cl/H20 was added
and the aqueous phase was extracted with ethyl acetate (3 x 100 mL) before drying
(Naz504) and removal of solvent under reduced pressure. Purification by column chro-
matography (SiOz, 20:4 heptane/ethyl acetate) gave (27 mg, 72%) of the pure product as
an orange wax. %). 'H NMR and C NMR data in Table 2 and Table 3, respectively.
HRMS-ESI+ (m/z): [M + H]* caled for CieHi1702, 241.1229; found, 241.1231.
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General procedure to obtain compounds 5e and 5f, citral (1 equiv) and n-butylamine (1
equiv) were added to the corresponding resorcinol analogue (1 equiv) in toluene at 110
°C. After 12 hours, DOWEX 50WX8 (200 mg) was added to the stirred mixture at rt. After
10 min the mixture was filtered over a plug of celite. Iodine (2 equiv) was added to the
filtrate at 110 °C. After 3 h, saturated aqueous Na25:0s/H20 was added and the aqueous
phase was extracted three times with EtOAc before drying (Naz50:) and removal of sol-
vent under reduced pressure. Purification by column chromatography (SiOz, 100:5 hep-
tane/ethyl acetate).

3,6,6,9-tetramethyl-6 H-benzo[clchromen-1-ol (5e), the pure product was obtained as a
orange wax (26 mg, yield 18%). %). '"H NMR and *C NMR data in Table 2 and Table 3,
respectively. HRMS-ESI+ (m/z): [M + Na]* caled for Ci7H1sOs, 277.1204; found, 277.1201.

6,6,9-trimethyl-3-pentyl-6H-benzo[clchromen-1-ol (5f), the pure product was obtained
as a brownish wax (6.7 mg, yield 4%). %). 'TH NMR and *C NMR data in Table 2 and Table
3, respectively. HRMS-ESI+ (m/z): [M + Na]* calcd for C21H260z, 333.1830; found, 333.1825.

4.3. Biological Assays
4.3.1. Evaluations against Leishmania parasites

Promastigotes of Leishmania-Leishmania: L. amazonensis, Clone 1, NHOM-BR-76-
LTB-012 (Lma, donated by the Paul Sabatier Université, France) and Leishmania-Viannia:
L. braziliensis M2904 C192 RJA (M2904, donated by Dr. Jorge Arévalo from Universidad
Peruana Cayetano Heredia, Peru) [47]. All strains were cultured in Schneider's insect me-
dium, (pH 6.2) supplemented with 10 % FBS and incubated at 26 °C. Medium changes
were made every 72 h to maintain a viable parasitic population. Leishmanicidal activity
was determined by correlation of parasite growth curves and the optical density (OD)
values, according to Williams with some modifications [48]. Samples were dissolved in
DMSO (maximum final concentration 1 %) at 10 mg/mL. Promastigotes in logarithmic
phase of growth, at the concentration 3x10¢ parasites/mL, were distributed (100 pL/well)
in 96-well flat bottom microtiter plates. Samples with different concentrations (3.1-100
pg/mL) were added (100 pL). Miltefosine (3.1-100 pg/mL), was used as control drug [49].
Assays were performed in triplicates. The microwell plates were incubated for 72 h at 26
°C. After incubation, a solution of the tetrazolium salt, sodium-2,3-bis-[2-methoxy-4-nitro-
5sulfophenyl]-2H-tetrazolium-5carboxanilide (XTT, 1 mg/mL) in Phosphate buffered sa-
line (PBS, pH 7.0 at 37 °C) with the electron coupling agent phenazine methosulfate (PMS,
0.06 mg/mL) was added (50 uL/well), and incubated for 3 h at 26 °C. The optical density
of each well was measured and the ICso values calculated.

4.3.2. Evaluations against Trypanosoma cruzi

Cultures of Trypanosoma cruzi (epimastigotes, donated by the Parasitology Depart-
ment of INLASA, Tc-INLASA), were maintained in medium LIT (pH 7.2), supplemented
with 10 % FBS and incubated at 26 °C. Medium changes were made every 72 h to maintain
a viable parasitic population. Trypanocidal activity was determined according to Muelas-
Serrano with some modifications [50]. Samples were dissolved in DMSO (maximum final
concentration 1 %) at 10 mg/mL. Epimastigotes in logarithmic phase of growth, at a con-
centration of 3x10¢ parasites/mL, were distributed (100 pL/well) in 96-well flat bottom mi-
crotiter plates. Samples at different concentrations (3.1-100 ng/mL) were added (100 pL).
Benznidazol (3.1-100 ug/ml) was used as the control drug. Assays were performed in trip-
licates. The microwell plates were incubated for 72 h at 26 °C. After incubation, a solution
of XTT (1 mg/mL) in PBS (pH 7.0 at 37 °C) with PMS (0.06 mg/mL) was added (50 uL/well)
and incubated for 4 h at 26 °C. The optical density of each well was measured and the ICso
values were calculated.

5. Conclusions
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Twelve compounds with chemical transformations on the benzyl alcohol functionality in
the A-ring, and either the C-ring or the B-ring were prepared and assayed toward T. cruzi,
L. braziliensis and L. amazonensis. Pulchrol’s binding sites for each parasite seemed to have
similarities, but also differences in spite of belonging to the same family (Trypanoso-
matidae). The carbonyl/isopropyl combination was beneficial for the activity toward all
parasites in most cases. However, 2-isopropyl analogues are better for T. cruzi, while 3-
isopropyl analogues are better for the Leishmania parasites. A 1’-methyl ketone function-
ality along with a 2-isopropyl substituent was the most beneficial for all parasites. It ap-
pears this combination may improve the orientation enhancing hydrophobic interactions.
A 3-methyl butanoic acid with 2- or 3-isopropyl substituents was not as beneficial as the
corresponding 2-methoxy ester toward all parasites, moreover the 2-isopropyl derivative
was inactive toward L. braziliensis, indicating that less space exists around C-2 in its bind-
ing site. The presence of at least one substituent with hydrogen bond capabilities is im-
portant for the activity. The most important positions where hydrogen bond interactions
may occur are C-1" and C-1. The 6-monomethyl enantiomers combined with a 1’-aldehyde
may generate changes in the orientation, that either weakened or strengthen the interac-
tions depending on the parasites.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1: title. They contain 1D and 2D NMR spectra of all isolated compounds.
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Abstract.

The natural product pulchrol and its synthetic analogues have been shown to possess
antiparasitic activity toward Trypanosoma cruzi, Leishmania braziliensis and L. amazonensis.
Those species are responsible for the Chagas disease and Leishmaniasis, respectively. The
previously reported SARs based on pulchrol and its analogues lead to the identification of
functional groups relevant for their antiparasitic activity. In this study, recently reported
antiparasitic data regarding pulchrol and 53 of its analogues, was used in the development of
pharmacophore hypotheses for 7. cruzi, L. braziliensis and L. amazonensis performed in the
Phase module of the Schrodinger software (Schrodinger 2021-1). Pharmacologically relevant
descriptors were also predicted by QikProp (Schrédinger 2021-1) and they were qualitatively
analyzed. A pharmacophore hypothesis able to predict most of the antiparasitic activity toward
T. cruzi was developed, although a future validation of the hypotheses will be required. In
contrast, the pharmacophore hypotheses developed for the Leishmania species could not
explain the bioactivity data. The qualitative analysis of the descriptors generated by QikProp
showed that most of the ligands in this study may be important for the absorption of orally

administered drugs.

Keywords: Trypanosoma cruzi, Leishmania braziliensis, Leishmania amazonensis, pulchrol,

SARs, pharmacophore development, pharmacokinetic assessment.



1. Introduction

Natural product pulchrol (1a, see Table 3) isolated from the roots of the vegetal specie
Bourreria pulchra, has shown potential as an antiparasitic agent toward species belonging to
the Trypanosomatidae family [1, 2]. Parasites from the genus Leishmania and Trypanosoma
are responsible for leishmaniasis and the Chagas disease, respectively. Leishmaniasis can be
contracted as visceral, cutaneous or mucocutaneous leishmaniasis depending on the species
responsible for the infection, while Chagas disease is produced only by Trypanosoma cruzi [3-

6].

Pulchrol and their synthetic derivatives have shown potential activity toward 7. cruzi, L.
braziliensis (responsible for cutaneous leishmaniasis) and L. amazonensis (responsible for
mucocutaneous leishmaniasis) [7-9]. The bioactivity results along with structure activity
relationship studies (SARs) contributed to the identification of relevant functional groups for
the activity [7-9], however, the molecular target or molecular targets involved remain unknown

[10-12].

When the binding site of an active ligand is unknown, a pharmacophore model can be developed
to get more information about the functional groups relevant for the activity and their relative
positions in the space. Pharmacophores provide a way to visualize a three-dimensional
representation of the functional groups, and the excluded volumes around them where stearic
clashes may occur [13-15]. Nevertheless, before any binding or clashing, the ligand must reach

target.

The current treatment of diseases such as Leishmaniasis and Chagas (mostly found in
underdeveloped areas) is unideal, may require parenteral administration, and in some cases
hospitalization [16-18]. The development of orally administered drugs may facilitate the access
to treatment and prevent the affected from traveling to bigger cities to get the medical care

needed.

The evaluation of properties related to the pharmacokinetics of a drug may help predict its
capacity to be absorbed, distributed, metabolized and excreted (ADME). Pharmacologically
relevant parameters can be predicted using in silico methods by several software applications.
The drug-likeness of the ligands can be evaluated considering the compliance to guidelines

such as the Lipinski’s “Rule of 5”, which considers the molecular weight, the number of



hydrogen bond acceptors and donors, and the octanol/water partition coefficient [19]; or
Jorgensen’s “Rule of three”, which considers water solubility, the number of likely metabolic

reactions, and the apparent Caco-2 permeability [20, 21].

The flexibility of the molecule, the predicted binding to human serum albumin, the blood/brain
barrier partition coefficient, among others can also contribute to the analysis of the ADME

characteristics of a ligand [22-27].

In this study, pharmacophore hypotheses for 7. cruzi, L. braziliensis and L. amazonensis were
developed and were evaluated using the Phase module included in the Schrédinger suit
software. Pharmacologically relevant descriptors were generated using QikProp (Schrodinger
2021-1) and their oral availability was assessed by the qualitative analysis of the predicted

parameters.

2. Materials and methods

2.1. Computational details

All the calculations reported in this study were performed using the Schrodinger suite software
(Schrédinger 2021-1). Three-dimensional structures were built in the builder panel found in the
Maestro module, and were optimized using the LigPrep application. The development of the
pharmacophore hypotheses was performed using the Phase module. Pharmaceutically relevant

descriptors were calculated using the QikProp module.

2.2. Data set preparation

A set of 54 compounds were used for the calculations in this investigation. The set included
pulchrol (1a), and 53 of their analogues (1a to 9¢, see Table 3). All the compounds were assayed
toward T. cruzi, L. braziliensis and L. amazonensis, and their antiparasitic activity data were
reported previously as the half maximal inhibitory concentration (ICso) [7 - 9]. For developing
the pharmacophore hypothesis, the ICso values were transformed into molar units and then into

plICso values using the equation below.

pICso = -log10[ICs0] Eq. 1



2.3.Structure preparation

The structures were built using the 3D builder menu in Maestro, and were prepared in the
LigPrep application. The OPLS3e force field was used to optimize the structures, and possible
ionization and tautomerization states were generated with Epic at a target pH = 7 £ 2. Last of

all, the chiralities of the ligands were determined from their 3D structures.
2.4. Pharmacophore hypothesis development

The Phase module was used for developing the pharmacophore hypotheses. The optimized
structures were imported from the project table to the “Develop pharmacophore model” panel.
The pharmacophore model was created using multiple ligands, which were considered active if
their ICso values were inferior to that of pulchrol (1a, see Table 3) and inactive if they were

superior.

The pharmacophore method was set to find the best alignment and common pharmacophoric
features among the ligands after the generation of their conformers. The common
pharmacophore was developed using a tree-based partitioning algorithm, which required at
least 50% of the actives to match the hypotheses. Between 5 to 7 pharmacophore features (but
preferably 5) were included: a minimum of 2 hydrogen bond acceptor (HBA) features with a
tolerance of 1.3 A, and a minimum of 3 hydrophobic features with a tolerance of 1.0 A.
Common features for all ligands (active and inactive) were excluded from the hypotheses. The
hypothesis difference criterion was set at 0.5, and 10 hypotheses were calculated for each
feature were. The pharmacophore models generated were ranked according to the PhaseHypo
score. Excluded volume shells were created from active and inactive ligands, and at least one
inactive were required to experience a clash, the minimum distance between the active surface
and the shell was set at 1.0 A, and the excluded volume sphere radii were also set at 1.0 A.

Finally, several descriptors for each ligand were calculated using QikProp in the normal mode.

3. Results and discussion

3.1. Development of pharmacophore hypotheses

The natural benzo[c]chromene pulchrol has been found to be active toward parasites from the
Trypanosomatidae family, particularly toward 7. cruzi (ICso = 18.5 uM), and moderately
toward L. braziliensis (ICso = 59.19 uM) and L. amazonensis (ICso = 77.68 uM) [2]. Earlier, a



series of congeneric pulchrol analogues were synthesized and their biological activities were
measured toward 7. cruzi epimastigotes, and L. braziliensis and L. amazonensis promastigotes.
Structure activity relationship studies (SARs) were conducted, and the results showed the effect

that modifications in the A-, B- and C-rings produce in the antiparasitic activity [7 - 9].

Bioactivity data from 53 pulchrol analogues (1b to 9¢) and the natural product pulchrol (1a)
were used for generating several ligand-based pharmacophore hypotheses [7 - 9]. The
optimized ligands were used to generate 9 to 10 pharmacophore hypotheses for each parasite.
All the pharmacophore models had five features, two hydrogen bond acceptors (A) and three
hydrophobic (H) sites. The hydrophobic site centered on the B-ring and the aromatic
features (A- and C-ring) were excluded from the pharmacophore hypotheses development.
Excluded volumes were generated for most of the pharmacophore models showing the regions

where steric clashes can occur.

The five best hypotheses were ranked based on their PhaseHypo score (See Table 1). The
PhaseHypo score is a combination of two other scores calculated by Phase, the survival score
and the BEDROC (Boltzmann-Enhanced Discrimination of Receiver Operating Characteristic)

score. The PhaseHypo score is calculated as shown in Equation 2.

PhaseHypoScore = Waeproc: Scoreseproc + Waurvival* SCor€survival Eq.2

Where Waeproc = 0.06 and Wsurvival = 1. In turn, the survival score is calculated by combining
the vector score, site score, volume score, selectivity score, inactive score and the number of

matches (Eq. 3).

Scoresurvival = Wvector' Scorevector + Wsite* Scoresite + Wvolume* Scorevolume +

Wselectivity - SCOTeselectivity - Winactive: SCOT€nactive + WMatches  Logio(Number of matches) Eq.3

All the weights in Eq. 3 have a value of 1. The survival score is calculated to rank the models
prioritizing those that are not generic, those with good superpositions and those that have most

active matches.

The vector, site and volume scores are a measure of how well the ligands are aligned to the
hypothesis in terms of directionality, root-mean-deviation of inter-site distances, and volume
overlap. The selectivity score estimates if the hypothesis is more likely to be unique to the active

ligands and the inactive score estimates how well inactive ligands match the hypothesis. The



BEDROC score measures the extent to which the hypothesis extracts active ligands from a

diverse set of 1000 drug-like decoys.

The values calculated for the survival, site, vector, volume, selectivity, inactive, BEDROC and
PhaseHypo score along with the number of active ligands that match the 5 best ranked models
are shown in Table 1. The models are sorted from highest to lowest PhaseHypo score, and the
highest rated hypothesis was selected for further analysis (AAHHH_2 for T cruzi, AAHHH 6
for L. braziliensis and AAHHH 3 for L. amazonensis).

The inter-site distances and angles for AAHHH 2, AAHHH 6, and AAHHH 3 are presented
in Table 2. The pharmacophore hypotheses for all parasites share the same pharmacophoric
sites. The hydrogen bond acceptor sites are at the benzylic position in the A-ring and at the
heterocycle’s oxygen (Ring B). The three hydrophobic sites are placed at both C-6 substituent
positions and at the C-2 substituent position. Although all models possess the same
pharmacophoric features, differences in the spatial distribution of the site points can be

observed for the different parasites (See Table 2).



Table 1. Scoring results calculated by Phase

Parasite Hypothesis Sgrvival Site Vector Volume Selectivity Num Inactive BEDROC PhaseHypo
core Score Score Score Score Matched Score Score Score
AAHHH_ 2 5.7257 0.8780 0.9766 0.7985 1.7109 23 2.3271 0.8823 1.226

- AAHHH_1 5.7277 0.8832 0.9846 0.7873 1.7109 23 2.3219 0.8817 1.225

]

E AAHHH 3 5.7010 0.8715 0.9643 0.8025 1.7010 23 23116 0.8829 1.225
AAHHH_6 5.6795 0.8774 0.9791 0.7657 1.6956 23 2.2873 0.8829 1.224
AAHHH_9 5.3596 0.6134 0.9642 0.7284 1.6919 23 2.2604 0.8772 1.199
AAHHH_6 5.3686 0.5255 0.9401 0.6824 1.7021 33 2.1358 0.9151 1.237

é AAHHH_2 5.6737 0.7375 0.9436 0.7917 1.6956 32 2.4136 0.8736 1.214

ETE AAHHH_1 5.7057 0.7693 0.9529 0.7955 1.7109 30 2.2837 0.8695 1.212

: AAHHH_5 5.3773 0.5657 0.8620 0.7251 1.7193 32 2.0598 0.8788 1.201
AAHHH 4 5.4110 0.5753 0.9270 0.7249 1.6786 32 2.0899 0.8678 1.197
AAHHH_3 5.8139 0.8461 0.9762 0.8136 1.7010 30 2.4369 0.7959 1.145

g AAHHH_1 5.8392 0.8593 0.9822 0.8096 1.7109 30 2.4655 0.7786 1.129

§ AAHHH_2 5.8381 0.8533 0.9853 0.8115 1.7109 30 2.4816 0.7782 1.128

§ AAHHH_4 5.8035 0.8479 0.9718 0.8057 1.7010 30 2.4186 0.7790 1.127
AAHHH_8 5.4976 0.5790 0.9771 0.7581 1.7062 30 2.2333 0.7973 1.127




Table 2. Inter-site distances and angles between pharmacophoric sites

Hypothesis for 7. cruzi

Hypothesis for L. Braziliensis

Hypothesis for L. amazonensis

AAHHH 2 AAHHH_6 AAHHH_3
Site 1 Site 2 Distance® | Site 1 Site 2 Distance® | Site 1 Site 2 Distance®
Al H5 2.38 Al H4 2.38 Al H4 2.39
Al Ho6 239 Al HS5 239 Al HS5 2.38
Al H7 6.22 Al H7 538 Al H6 6.22
Al A3 7.32 Al A2 6.87 Al A2 6.91
A3 H5 7.11 A2 H4 7.21 A2 H4 7.28
A3 Ho6 6.82 A2 HS 7.20 A2 HS5 7.08
A3 H7 9.55 A2 H7 8.97 A2 H6 8.62
H7 H5 8.53 H7 H4 7.76 H6 H4 7.48
H7 Ho6 7.48 H7 H5 6.84 H6 H5 8.53
HS5 Ho6 2.40 HS H4 2.40 HS5 H4 2.40
Site1  Site2  Site3 Angle® Site1  Site2  Site3 Angle® Site1  Site2  Site3 Angle®
H7 Al A3 89.3 H7 Al A2 93.4 H6 Al A2 81.9
H7 Al H5 164.7 H7 Al H4 177.6 H6 Al H4 112.8
H7 Al H6 112.8 H7 Al HS 118.2 H6 Al HS5 164.7
H7 A3 Al 40.6 H7 A2 Al 36.8 Ho6 A2 Al 45.6
H7 A3 HS 59.5 H7 A2 H4 56.0 H6 A2 H4 553
H7 A3 Ho6 51.1 H7 A2 H5 48.6 H6 A2 H5 65.0
A3 H7 Al 50.0 Al H7 HS 17.9 A2 Ho6 Al 52.5
A3 H7 H5 459 H5 H7 A2 52.1 A2 H6 H4 53.2
A3 H7 H6 452 HS H7 H4 17.5 A2 Ho6 HS 48.7
Al H6 H5 59.2 Al H5 H7 439 A2 H5 Al 76.2
HS Ho6 A3 86.9 H7 HS5 A2 79.4 A2 H5 H4 85.3
H5 H6 H7 108.2 H7 HS5 H4 103.3 A2 HS5 H6 66.3
Al H5 A3 85.7 Al H4 HS5 60.1 HS5 H4 Al 59.5
Al H5 H6 60.1 HS5 H4 A2 80.2 HS5 H4 A2 75.6
Al H5 H7 11.1 HS5 H4 H7 59.1 HS5 H4 Ho6 108.2

@ Distance is measure in A, ® Angles are measure in degrees




The antiparasitic activity for the ligands, and their role and fitness score in models AAHHH_2,
AAHHH 6 and AAHHH 3 are presented in Table 3. The antiparasitic activity is measured as
ICso values, which varied between 3.4 uM to 170.3 uM for T. cruzi, 5.7 uM and 311.6 uM for
L. braziliensis, and 6.9 uM and 236.5 uM for L. amazonensis. The role of each ligand was
determined in relation to the antiparasitic activity of pulchrol, they were considered active if
more potent than pulchrol and inactive if less potent than pulchrol. The fitness score was

calculated by Phase to measure how well the ligands align to the pharmacophore hypothesis.



Table3. Antiparasitic activity, role and fitness score

TC LB LA
Molecule Structure
Activity* | Role | Fitness | Activity" Role | Fitness Activity* Role ‘ Fitness

OH
1a 0\ 18.50 active 2.6122 59.19 active 2.3921 77.68 active 2.8274

A
1b 0\ 51.11 inactive  2.3511 69.59 inactive 1.4356 8532 inactive  2.4932

o

Cl
1c O o 38.09 inactive  2.3783 17.07 active 1.3484 34.98 None *

O

N
1d 24.62 inactive  2.8315 49.23 active 2.3798 56.27 Active 3.0000
le 12.80 active 2.9266 35.21 active 2.3330 35.21 Active 2.8982
1f 9.08 active 2.8237 127.94 inactive 2.2653 28.37 Active 2.8126
1g 70.64 inactive  2.3624 83.49 inactive 2.1981 67.75 None *
1h 15.36 None * 25.81 active 0.9075 15.36 None *
1i 5.89 None * 15.91 active 0.6191 17.67 None *
2a 14.41 active 2.9512 28.75 active 2.3623 26.89 active 2.9549
2b 8.81 active 2.9518 17.57 active 23152 26.73 active 2.8921
2c 6.49 active 2.9481 17.44 active 2.2927 20.45 active 2.8627
2d 16.16 None 3.0000 57.81 active 2.3170 79.31 inactive  2.8916
2e 423 active 2.7896 13.06 active 2.2944 14.53 active 2.8032
2f 5.70 active 2.8770 19.95 active 22716 19.54 active 2.5093
2g O O o 22.80 inactive  2.8537 27.68 active 2.2765 42.34 active 2.7774
2h 8.36 active 2.5886 122.38 inactive 22158 30.92 active 2.7433
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2i 13.14 active 2.6695 2431 active 2.2505 40.48 active 2.7955
2j 7.40 active 2.9401 5.70 active 2.3034 6.94 active 2.9219
0. O\\
2k O © 3.84 active 2.9057 12.76 active 2.2247 12.76 active 2.8049
N
A
0
21 © 5.88 active 2.8945 21.04 active 2.2408 21.90 active 2.7818
= CN
o L
-0
3a O o. 24.23 inactive  2.5657 24.23 active 2.2909 29.82 active 2.6763
JO
0
3b O o 21.25 inactive  2.5572 2833 active 2.2904 43.21 active 2.6654
Be
0y OH
3¢ O o 56.28 inactive  2.3696 65.07 inactive 2.2465 198.73 inactive  2.4836
S
[ o)
3d oL 31.84 inactive  2.5538 18.44 active 2.2902 58.99 active 2.6456
HN__O
3e 134.47 inactive  2.6114 144.71 inactive 23226 120.71 inactive  2.5716
4 33.42 inactive  2.5912 51.98 active 2.2660 51.98 active 2.6445
Sa 66.04 inactive  2.0377 248.07 inactive 1.7884 132.08 inactive  2.1576
5b 35.90 inactive  2.2431 156.07 inactive 1.8517 156.07 inactive  2.5056
Sc 67.11 inactive  2.3732 128.76 inactive 1.8321 71.79 None *
5d 125.84 inactive  2.2288 70.79 inactive 1.7638 44.04 None *
Se 170.28 inactive  2.2326 117.98 inactive 1.8271 80.62 inactive  2.3465
5t 36.99 inactive  2.2572 45.13 None * 70.28 None *
5g 51.79 inactive  2.1936 45.87 None * 71.39 None *
5h 10.39 active 2.4039 46.92 active 2.2583 36.87 active 2.5782
Si 22.85 inactive  2.0281 29.34 active 1.7848 25.39 None *




6a 50.77 inactive  2.2084 7491 inactive 2.4529 91.55 inactive  2.3369
6b 92.48 inactive  2.1944 48.09 active 1.8319 179.78 inactive  1.9887
6¢c 88.41 inactive  2.5229 37.36 active 2.5700 66.59 active 2.4695
6d 31.46 inactive  2.3457 39.32 active 2.4246 64.88 active 2.4895
6e 33.03 inactive  2.1414 40.11 active 2.7472 51.90 active 2.1577
6f 6.44 active 2.1978 16.43 None * 16.75 active 2.6496
Ta 12.39 active 2.5270 18.06 Active 2.4436 15.58 active 2.6377
7b 10.70 active 2.5140 12.13 None * 11.41 active 2.4784
Te 3.40 active 2.5006 8.83 active 2.1406 9.51 active 2.4704
7d 10.91 active 2.6385 272.85 inactive 2.2343 25.92 active 24716
Te 23.65 inactive  2.2265 49.18 None * 49.55 None *

8a 14.17 active 2.3008 19.12 active 3.0000 21.25 active 2.2945
8b 7.13 active 2.0808 17.83 active 2.7757 17.83 active 2.3260
8c 13.64 active 2.3253 63.30 inactive 2.8152 43.66 active 2.2253
8d 50.30 inactive ~ 2.1138 311.58 inactive 2.5318 236.50 inactive  2.2032
9a 54.93 inactive 1.4595 30.38 active 1.4232 33.29 None *

9b 5.90 None * 15.73 None * 21.23 None *

9c 7.41 None * 10.31 None * 14.17 None *

@ Activity is measured in uM, * Ligands which did not align to the model
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3.1.1. Pharmacophore hypothesis developed for T. cruzi

Ten pharmacophore hypotheses were generated, those with the five highest Phase Hypo scores
are shown in Table 1, the hypothesis AAHHH_2 was ranked as the best aligned model. From
the 54 ligands (27 active and 27 inactive), 50 aligned with AAHHH 2. The pharmacophore
model with excluded volumes generated nearby C-6, and close to the hydrogen acceptor sites
can be observed in Figure 1. The fitness scores presented in Table 3 as a measure of how well

the ligands are aligned to AAHHH_ 2.

Figure 1. Pharmacophore hypothesis for 7. cruzi (AAHHH_2). a) inter-site distances, b)

inter-site angles.

The highest fitness score was calculated for ester 2d (fitness score = 3), defined by Phase as the
reference ligand. On the other hand, active ligands 9b and 9¢ (cannabinol) did not align with
the model, and inactive analogue 9a showed the lowest fitness score (fitness score = 1. 4595).
Most of the inactive analogues showed low fitness scores, for instance neither 5a, with no
hydrophobic features to align with sites H5 and H6, nor Si, which appear to clash with the
excluded volumes, align well with the model. The only compound from the 5-series to show a
good alignment was 5h, substituted with two ethyl groups at C-6. Compounds missing other
pharmacophoric features also showed low fitness scores, for instance, analogues 6a and 6b
showed poor overlap with the hydrophobic site H7 (C-ring). Similarly, analogues without HBA
in the A-ring showed low fitness scores. The alignment of inactive ligands 1b, Sa, 5¢, Se, and

6b is shown in Figure 2.
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Figure 2. Inactive ligands 1b, 5a, 5¢, Se, and 6b aligned to AAHHH 2

The best alignments were shown by the pulchrol esters (2-series) and the ethers 1d, 1e, and 1f;
but analogue 1d was not active. The active ligands from the 7-series had moderately good
fitness scores, while the only inactive ligand from the 7-series fit the model poorly. In contrast,
the active amines 1h and 1i did not align well with the model. The alignment of active ligands

1a (pulchrol), 2e, Sh, 6f, and 7¢ is shown in Figure 3.

Figure 3. Alignment of the active ligands 1a (pulchrol), 2e, 5h, 6f and 7c¢ to AAHHH_2.



3.1.2. Pharmacophore hypothesis developed for L. braziliensis

Nine pharmacophore hypotheses were generated for L. braziliensis. The five best Phase Hypo
score models are shown in Table 1 and the best ranked hypothesis is AAHHH_6. From the 54
ligands under study (38 active and 16 inactive), 47 aligned with AAHHH 6. The model and

the excluded volumes were generated mainly around site A2 (A-ring) as shown in Figure 4.

Figure 4. Pharmacophore hypothesis for L. braziliensis (AAHHH_6). a) inter-site distances,

b) inter-site angles.

The ligand with the best fitness score (Fitness score = 3) was analogue 8a, substituted with an
isopropyl group at C-3 and a benzylic alcohol in the A-ring. In contrast to the model obtained
for T. cruzi, the highest ranked model for L. braziliensis aligned better with ligands that possess
substituents at position 3 in the C-ring (8-series). The presence of a HBA in the A-ring appears
to be more relevant for L. braziliensis than was for T. cruzi, for instance, analogues 1b, 1¢, and
9a, which lack a HBA in A-ring showed low fitting scores. Having said that analogue 1¢ and
9a were active toward L. braziliensis and were expected to have a better alignment with the
pharmacophore model. In a similar vein, inactive ether 1f fit the model moderately well,

whereas no alignment was expected.

Among the analogues with transformation in the A-ring, none of the protonated amines (1g to
1i) were represented by the pharmacophore model, while the esters (most of them active)
showed a moderately good fitting. However, the inactive ester 2h, should not have fit the model,
possibly due to clashing. The analogues with modifications in the B-ring seemed to agree better
with the model. However, the most potent ligand from the 5-series did not align with the model.

In contrast to the model obtained for 7. cruzi, the model for L. braziliensis described better the



analogues with substituents at C-3 rather than C-2 in the C-ring. Generally, the pharmacophore
model developed for L. braziliensis did not manage to clearly distinguish between active and

inactive ligands.

Active ligands 2e, 2i, 5i and 7¢ alignment to model AAHHH_6 can be observed in Figure 5,

and Figure 6 shows the alignment of the inactive ligands 1g, 3¢, 5a, 6a and 8d.

Figure 5. Alignment of active ligands 2e, 2i, 5i and 7¢ to model AAHHH_6

Figure 6. Alignment of inactive ligands 1g, 3¢, 5a, 6a and 8d to model AAHHH_6



3.1.3.  Pharmacophore hypothesis developed for L. amazonensis

As for L. braziliensis, nine pharmacophore hypotheses were generated by Phase, the five best ranked
hypotheses are shown in Table 1, and the highest Phase Hypo score value was shown by model
AAHHH 3. For L. amazonensis, 43 ligands were more active than pulchrol and 11 less potent, and just
41 were aligned to the pharmacophore model AAHHH_3 (See Figure 8). As Figure 7 shows, Phase did

not generate excluded volumes for AAHHH_ 3.

Figure 7. Pharmacophore hypothesis for L. braziliensis (AAHHH_6). a) inter-site distances,

b) inter-site angles.

Similar to what was observed in the pharmacophore model generated for L. braziliensis, the
analogues with no HBA substituents in the A-ring aligned poorly to model AAHHH 6. Some
analogues with variations in the B-ring did not fit the model either (5¢, 5d, 5f, 5g, and 5i). The
lowest fitting scored were shown by 5a, 6b, 6e, 8c, 8d, but analogues 8¢ and 6e were active and
were expected to fit into the model. The best aligned ligands were pulchrol (1a), ethers 1d and
1f, and most of the esters from the 2-series. Similar to the model developed for L. braziliensis,
the best ranked model obtained for L. amazonensis doesn’t seem to accurately differentiate
between actives and inactives, for instance, the inactive analogues 1b, 3¢, 3e, and Sb fit the
model moderately well, while active analogues 6e, 8a, 8b, and 8¢ showed low fitness score

values.



3.2. Qualitative analysis of predicted pharmacologically-relevant descriptors

The pharmacokinetic properties of pulchrol derivatives 1a to 9¢ were analyzed qualitatively

using the parameters calculated by QikProp (Schrodinger, 2021-1).

A set containing 51 descriptors with pharmacokinetic importance was obtained after the
calculations were performed in QikProp’s normal mode. Descriptors with values that vary
between ligands, and descriptors contributing to the assessment of oral absorption efficacy are
discussed below. A description of the parameters and their recommended range values are

presented in Table 4 [20, 21].

Table 4. QikProp descriptors

Descriptor  Description Range ?

#star © Number of descriptor values that fall outside the 95% range 0 -5
of similar values for known drugs. A large number of stars

suggest that a molecule is less drug-like than molecules with

few stars.
SASA Total solvent accessible surface area (A?) using a probe with 300 - 1000
1.4 A radius
PSA Van der Waals surface area (A?) 7 to 200
QPpolarz Predicted polarizability (A3) 13-70
Lipinski’s Number of violations of Lipinski’s rule of five (Lipinski) Maximum 4
rule of 5
MW Molecular weight 130 - 725

DonorHB Estimated number of hydrogen bonds that would be donated 0-6

by the solute to water molecules in aqueous solutions.

AcceptorHB  Estimated number of hydrogen bonds that would be accepted 2 - 20

by the solute to water molecules in aqueous solutions.

QPlogPo/w  Predicted octanol/water partition coefficient -2-6.5
Rule of three Number of violations of Jorgensen’s rule of three. Maximum 3
QPlogS Predicted aqueous solubility -6.5-0.5

QPPCaco Predicted apparent Caco-2 cell permeability (nm/s) for non- < 25 poor; >

active transport. 500 great




#metabol Number of likely metabolic reactions 1-8

#rotor Number of non-trivial (not CX3), non-hindered (not alkene, 0 - 15

amide, small ring) rotatable bonds.

Human Oral Predicted qualitative human oral absorption. ¢ 1 =low, 2 =

Absorption medium, 3 =
high

QPlogKhsa  Prediction of binding to human serum albumin -1.5-1-5

QPlogBB Predicted brain/blood partition coefficient for orally -3.0-1.2

delivered drugs.

CNS Predicted central nervous activity on a -2 (inactive) to +2 -2 -+2
(active) scale.
QPlogHERG  Predicted ICso value for blockage of HERG K* channels Concern
below -5

2 Recommended value for 95% of known drugs.

b Descriptors included in #stars: Molecular weight, dipole moment, ionization potential,

electron affinity, total solvent accessible area; hydrophobic, hydrophilic, &= and weakly polar
components of the SASA, polar surface area , total solvent accessible volume, number or
rotatable bonds, hydrogen bond donors, hydrogen bond acceptors, globularity, polarizability,
hexadecane/gas partition coefficient, octanol/gas partition coefficient, octanol/water partition
coefficient, aqueous solubility, binding to human serum albumin, brain/blood partition

coefficient, number of likely metabolic reactions.

A descriptor defined as “#star” was generated by QikProp as an overall ADME score that
considers 29 other descriptors (See Table 4). The #star parameter can be used to qualify the
pharmacokinetic quality of the ligands. The greater the number of #stars, the less drug-like a
compound is predicted to be. A distribution plot of the #star descriptor (see Figure 8) shows
that most of the compounds have #star values equal to 0 or 1. Just 8 ligands have #star > 1,
indicating that they may not be able to be orally absorbed, among those ligands, we found
hydrophobic compounds with methyl substituents at position 9 in the A-ring (1b, 7e, 8c, 9a,

and 9b), chlorinated analogue 1¢, ester 2h, and ether 1f.
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Figure 8. Distribution plot of the #star descriptor

Some properties related to de #star parameter, for instance, the total solvent accessible area
(SASA), the total solvent-accessible volume, and the globularity of the compounds showed to
be inside the recommended values according to QikProp. Other properties related to the #star
descriptor, such as the polar surface are (PSA) and the predicted polarizability (QPpolrz) also

showed to be between the recommended ranges (See Table 4).

Another set of parameters used as guidelines to identify orally-absorbed drug candidates are the
Lipinski’s “Rule of five” (MW < 500 Da, HBD < 5, HBA < 10 and log P < 5). According to
results generated by QikProp, 70% of the ligands complied with all Lipinski’s guidelines, while
the other 30% did not meet them [19]. All the ligands had molecular weight (MW) values
inferior to 500 Da, less than 5 hydrogen bond donors (HBD) and less than 10 hydrogen bond
acceptors (HBA). However, 30% of the compounds showed to have log P values above 5 (see

Figure 9).
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Figure 9. Distribution of log P values between the ligands

Relative hydrophilic/hydrophobic properties are crucial for drug’s ADME characteristics. Too
polar drugs may not be able to cross the cell membranes, bind to plasma protein or be excreted
to fast. Too hydrophobic compounds, on the other hand, can get dissolved in fat globules in the
gut and not be absorbed in optimal amounts. A log P value below 5 may indicate that a favorable
hydrophilic/hydrophobic balance exists, as for 70% of the analogues under study (see Figure
11).

The Jorgensen’s “Rule of three” is another set of guidelines used to evaluate oral availability
considering the predicted aqueous solubility (QPlogS > -5.7), the predicted apparent Caco-2
cell permeability (QPPCaco > 22 nm/s) and the number of likely metabolic reactions (#metab
<7) [20, 21]. The results generated by QikProp showed that 63% of the compounds followed
Jorgensen guidelines. All the compounds showed to comply with the expected values of
permeability for the Caco-2 cells and all of them showed to likely experience 1 to 3 metabolic
reactions. However, 37% of the ligands showed predicted water solubility values below -5.7

(See Figure 11).
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Figure 11. Distribution of the predicted solubility in water.

Another parameter that may affect the absorption is the molecular flexibility. The distribution
of the number of non-trivial/non-hindered rotatable bonds (#rotor) is shown in Figure 13.
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Figure 12. Distribution of rotatable bonds

Molecules with several bonds can lead to a large number of conformations, which can allow
them to interact with more than one receptor to produce unwanted biological responses. It can
also affect the bioavailability, since molecules with high flexibility are less likely to be orally
active. A limit of 7 rotatable bonds is recommended in the literature [13], just four molecules

among the 54 pulchrol analogues under study here, had more than 7 rotatable bonds (see Figure
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11). The human oral absorption parameter calculated by QikProp also predicted that 72% of

our ligands may have high oral absorption, while 28% may have low oral absorption.

The plasma-protein binding was evaluated estimating the binding to human serum albumin
(logKhsa), according to the results obtained from QikProp, all the ligands fell in the
recommended range, indicating the compounds are likely to circulate freely within the blood

stream and hence have access to the target site.

The blood-brain barrier partition coefficient (QPlogBB) expressed in logB/B units was also
calculated by QikProp. Figure 12 shows that all ligands are in the recommended range of
QPlogBB values. However, according to other authors [26], if QPlogBB > 0.3 then the ligand
will penetrate the blood-brain barrier; if 0.3 < QPlogBB < -1 the ligand may still pass the blood-

brain barrier; and just if QPlogBB < -1 the ligands will not penetrate the blood-brain barrier.
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Figure 12. Distribution of the predicted brain/blood partition coefficient

According to the above-mentioned range [26], five analogues will penetrate the brain-blood
barrier, while the 49 resting analogues will show less permeability. None of the compounds
showed QPlogBB values above. The central nervous system descriptor (CNS) calculated by
QikProp predicts the activity in the central nervous system, -2 (inactive) to +2 (active) values
were assigned to the ligands. Most of the ligands (80%) had a 0 CNS value, 9 compounds were
more likely to be active (CNS > 0) and just 2 to be inactive (CNS < 0).
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Finally, the blockage of human ether-a-go-go-related gene potassium (HERG K*) channel was
predicted. The HERG K" channels appear to be the target responsible for the cardio-toxicity of
a wide range of drugs. Predicted binding affinity to HERG K™ gives an idea of potential toxicity
in the early stages of drug discovery. As it is shown in Figure 13, 70% of the compounds fall

on recommended range value for HERG K+ binding.
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Figure 13. Distribution of the predicted log ICso values for blockage of HERG+ channels
4. Conclusions

A set of pharmacophore hypotheses was developed for each parasite studied in this research (7.
cruzi, L. braziliensis and L. amazonensis), and the three best ranked models were evaluated.
Additionally, several pharmacologically relevant descriptors were generated and used to

qualitatively evaluate the drug-likeness of the 54 pulchrol analogues presented in this study.

Natural compound pulchrol and several synthetic analogues have shown potential activity
toward parasites from the family Trypanosomatidae. However, the molecular target to which
pulchrol and its analogues bind is unknown. Pharmacophore models were generated in this
investigation to visualize the possible surroundings around the ligands and the main

pharmacophoric features involved in binding with the active site.

The three best score pharmacophore hypotheses were evaluated, one for each of the parasite.
The same pharmacophoric sites were determined for the models, two hydrogen bond acceptor

features (one at the benzylic position in the A-ring and the other on heterocycle oxygen in the
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B-ring), and three hydrophobic features (one in the C-ring and the other two on the B-ring).
However, differences in the inter-site distances and angles between the models were observed,

which may indicate that differences exist between the active sites in the different parasites.

The alignment of the ligands to each model was evaluated considering the ligands fitness scores.
The model developed for 7. cruzi seems to explain the activity of the ligands, therefore, further
studies are recommended to validate the hypothesis and subsequently develop of 3D-QSAR
studies. In contrast, the models developed for the Leishmania species could not distinguish
between active and inactive ligands, to develop a pharmacophore capable of aligning with the
active ligands, a modification in the activity threshold is recommended and the manual addition
of excluded volumes to characterize better the surroundings of the molecule, taking into account

stearic clashes.

Leishmaniasis and the Chagas disease mainly affect people in tropical and subtropical areas,
some of the current treatments are administered parenterally and require supervision or even
hospitalization. Many areas in which the above-mentioned diseases are found are
underdeveloped and the affected have the need to travel to other cities to be treated. Therefore,

orally administered drugs are preferred as treatment.

Several pharmacokinetic-related descriptors were generated for the 54 ligands considered in
this study. Most of the molecules complied with the Lipinski’s “Rule of five” and the
Jorgensen’s “Rule of three”, but few compounds failed to meet one of the rules for each
guideline. The octanol/water partition coefficient and the solubility in water are the properties
that were not optimal for some compounds. Most of the ligand outside the recommended values
were too hydrophobic, which can negatively affect their absorption. However, a characteristic
of the pulchrol scaffold that may result beneficial for absorption is its rigidity, which also

reduces the probability of interactions with undesired molecular targets.

Possible binding to plasma-proteins was predicted for human serum albumin and all the ligands
fall inside the recommended range of values. The ability of the ligands to penetrate the blood-
brain barrier was also predicted and 80% of the ligands showed moderate values for the
predicted brain/blood partition coeffect. Most of the compounds showed low binding affinity
to the HERGK" channels, however, care should be taken in the design of new analogues and

biological assays are recommended to be certain that cardiotoxicity is not a risk.
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Overall, more than 80% of the compounds have good pharmacokinetic characteristics for oral
administration. However, focus future studies on the least hydrophobic active ligands may
prevent issues concerning blood-brain barrier penetration and undesired central nervous system

activity.
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Supplementary data

The following tables contain the descriptors calculated by QikProp that were discussed in this study.

Table 4. Descriptors calculated by QikProp part 1

Mol Structure #stars  #rotor CNS MW SASA donorHB  accptHB  QPpolrz  QPlogPo/w  QPlogS
OH
1a o\ 0 3 0 270.327  523.009 1 32 29.804 3.429 -4.174
I
1b %o\ 4 1 1 254.328 510.502 0 1.5 30.208 4.081 -5.676
O
Cl
1c %0\ 3 1 1 288.773  533.851 0 1.5 31.941 4.898 -6.146
|
oA
N
1d O o 1 3 0 284354  552.616 0 32 32.188 3.825 -4.667
O
ug
le O o 1 4 0 312.408  621.869 0 32 36.58 4.422 -6.393
S
oL
1f O o 3 7 0 354488  716.01 0 32 41.892 5.483 -8.273
O
H,
g
1g o 0 4 2 311.423  628.371 1 3 37.092 4.547 -4.759
SO
|
07~
H,
O
1h o 1 5 2 325.45 662.588 1 3 38.951 4.965 -5.22
SO
0‘4
H,
gv\(
1i o 0 6 2 339.477  690.642 1 3 40.639 5.294 -5.57
SO
0‘4
0.
1S
2a O o 0 3 0 312.365  611.767 0 3.5 35.868 425 -5.489
J
0.
“o*
2b O o 0 4 0 340.418  667.197 0 35 39.775 5.147 -6.377
I
0.
f<
2c O o 1 4 0 354445 67793 0 35 41.324 5.413 -6.58
O
0.
j)(\/
2d O o 0 5 0 340418  674.027 0 35 39.352 5.112 -6.343
O
0.
19
2e O o 1 5 0 354445  696.839 0 3.5 41.333 5.48 -6.776
U
0.
o
2f O o. 1 5 0 368.472  696.735 0 3.5 42.767 5.726 -6.774
O
01(\/\/
2g O o 0 7 0 368.472  651.361 0 3.5 39.92 5.409 -5.588
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B

30

2h R 0 408.536  798.079 35 47.731 6.681 -8.369
(7
.0
2i O ° 0 380.483  724.849 3.5 44.491 5.897 -7.469
o™
0
0. x
o
2j O o 0 324376  633.819 3.5 37.349 4.616 -5.744
SO
8
o<
fQ
2k o 0 364.397  660.346 4 40.937 4.901 -5.985
LN
|
o~
s
21 ° 0 374435  699.181 35 44.086 5.684 -6.983
N
JJ
-0
3a 0 268312 513.839 35 29.875 3.061 -3.792
3b 0 282.338  543.415 3.5 31.975 3.576 -4.357
)
Oy OH
3c O o -1 284.311 521.46 3.5 30.395 3.309 -4.326
O
0O
3d O oL 0 298.338  571.242 35 33.71 3.823 -4.884
JO
HN_O
3e 0\ 0 283.326  526.697 4 30.772 2.626 -4.156
HN /ﬁoH
4 ‘ oL -1 298.341  546.195 4.7 30.384 2305 -3.578
2O
OH
5a ‘ oL 0 242274 468.954 32 25.651 2.772 -3.22
JJ
OH
Sb O oL 0 256.301  495.874 3.2 27.762 3.106 -3.694
e )
OH
5c O o 0 256.301  495.874 3.2 27.762 3.106 -3.694
He. o O
-0
5d O o. 0 254.285  486.902 35 27.84 2.726 -3.286
X0
-0
Se 0 254285  486.902 3.5 27.84 2.726 -3.286
5f 0 270.327  514.524 3.2 29.053 3415 -3.861
5g 0 270327 51523 32 29.043 3.444 -3.873
Sh 0 298.381 56431 32 32.129 4.038 -4.587




5i ) o 354488  691.4 32 39.71 5.645 624
o

6a 240301  485.876 245 27.966 3321 -3.919
6b 270327 524.148 32 30.117 3477 -4.195
6c 270327 521013 32 29.773 3.426 -4.139
6d 254328 518235 245 29.841 3.634 45

6e 254328 518419 245 29.852 3.636 -4.504
6f 310435 645386 245 36.654 5.159 -6.166
7a 282382 572716 245 33388 4306 -5.303
7b 280366  563.978 275 33.479 4.025 -5.139
e 294393 591.744 275 35.498 4.532 -5.665
7d 366499 643912 275 41.076 5765 6.165
Te 266382 560.195 0.75 33.793 4971 7312
8a 282382 571616 245 3332 4327 -5.295
8b 280.366  564.557 275 33.509 4.03 5.15
8¢ 366499 747.131 275 44972 6459 8.121
8d 266382 561231 0.75 33.845 4.984 -7.323
9a 240301 485912 15 28.246 3.657 4384
9b 254328 512,017 15 29.979 4.062 -4.863
9 310435 642,074 15 36.961 5597 6.617
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Table 4. Descriptors calculated by QikProp part 2

Rule  Rule Human oral
Mol Structure QPlogHERG QPPCaco QPlogBB #metab QPlogKhsa PSA of of .
five  three absorption
1a -4.64 2961.629 -0.112 2 0.333 38.736 0 0 3
1b -4.564 9906.038 0.144 2 0.726 15.504 0 0 3
1c -4.684 9906.038 0.065 2 0.857 15.502 0 1 3
1d -4.816 9906.038 -0.541 3 0.425 24.228 0 0 3
le -5.279 9906.038 -0.395 3 0.751 23.279 0 1 1
1f o -5.786 9906.038 -0.207 3 1.148 23.173 1 1 1
SO
o ‘ =
H,
g
1g 5;1\(0 -6.045 1988.932 0.623 3 0.863 28.997 0 0 3
SO
] ‘ <
He
SN
1h o -6.263 2126.051 0.59 3 0.991 28.634 0 0 3
SO
o >
He
g\/Y
1i O o -6.382 1860.435 0.465 3 1.109 29.855 1 0 3
Be
0.
T
2a O -5.364 2528.688 -0.24 2 0.612 54.378 0 0 3
|
o
0.
Ifk
2b o -5.583 4107.291 -0.094 3 0.902 50.086 1 1 1
0.
E)<
2¢ o -5.453 4250.4 -0.072 2 1.021 47.482 1 1 1
SO
|
o
OW
o
2d o -5.679 3291.028 -0.266 3 0.875 52.063 1 1 1
2e -5.754 3797.679 -0.203 3 1.019 50.713 1 1 1
2f -5.443 3902.786 -0.171 3 1.129 47.874 1 1 1
2g -4.68 3121.775 -0.345 3 0.946 47.927 1 0 3
2h -6.236 3229.135 -0.445 3 1.492 52.046 1 1 1
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2i -5.828 3875.897 -0.138 1.244 50.219
2j -5.735 2859.599 -0.255 0.689 52.669
o
o s
2k O © o -6.218 2697.867 -0.284 0.749 61.56
A
93
21 ° -6.683 3090.242 -0.242 1.08 51.076
O
o L
o
3a O o -4.547 1817.694 -0.242 0.173 52.789
JO
o
3b O o -4.723 3144.947 -0.036 0.332 44.506
Be
0 _OH
3c -2.793 252.091 -0.494 0.158 64.946
3d -5.035 2761.584 -0.113 0.454 51.895
3e -4.635 870.606 -0.555 0.203 68.434
4 -4.797 639.059 -0.884 -0.008 74.941
5a -4.476 2966.165 -0.091 0.042 40.063
5b -4.545 2967.651 -0.1 0.19 39.807
Sc¢ -4.545 2967.652 -0.1 0.19 39.807
5d -4.453 1818.418 -0.226 0.015 53.853
Se -4.453 1818.417 -0.226 0.015 53.853
5f -4.464 2968.941 -0.158 0.285 39.158
5g -4.487 3270.305 -0.121 0.284 37.839
5h -4.642 3267.788 -0.2 0.508 36.168
5i -5.366 3263.224 -0.493 1.027 35.7
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6a -4.686 2963.273 -0.036 0.311 30.525
6b -4.656 2969.835 -0.109 0.349 35.694
6¢ -4.576 2965.884 -0.108 0.334 38.706
6d -4.668 2963.552 -0.054 0.472 30.52
6e -4.67 2963.287 -0.054 0.473 30.517
of -5.427 3269.985 -0.313 0.952 29.185
Ta -4.854 2963.491 -0.136 0.731 30.529
b -4.779 1817.322 -0.277 0.651 44.59
Tc -4.902 3143.054 -0.057 0.806 36.314
7d -4.436 3177.585 -0.206 1.234 40.172
Te -4.786 9906.038 0.635 1.203 7.304
8a -4.842 3269.216 -0.093 0.726 29.188
8b -4.789 1817.919 -0.278 0.653 44.569
8c -5.89 3943.319 -0.202 1.499 42.834
8d -4.805 9906.038 0.635 1.206 7.285
9a s OH -4.509 3007.651 0.03 0.523 29.857

o~

O OH

9b O -4.441 4288.437 0.164 0.673 26.558

o

OH
9¢ -5.267 4285.355 -0.125 1.178 26.557
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