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Organometallics in Medicinal Chemistry: Antiparasitic Agents
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Neglected tropical diseases (NTDs) encompass a diverse group of 20 medical conditions
triggered by various pathogens, including viruses, bacteria, protozoa, and parasitic worms. Diseases
caused by parasitic protozoa and parasitic worms show the highest incidence worldwide. NTDs
predominantly afflict impoverished communities in tropical regions, although some exhibit a
broader geographic reach. It is estimated that over 1 billion people suffer from NTDs, spanning
149 countries. Additionally, malaria is caused by protozoa of the genus Plasmodium and is highly
prevalent in similar geographic regions. New drugs are urgently needed for the treatment of these
diseases. In the last decades, various research groups have endeavored to develop organometallic
compounds with potential applications as drugs against malaria and NTDs diseases caused by
trypanosomatid parasites and parasitic helminths. This perspective highlights selected efforts
from these groups in the pursuit of innovative therapeutic solutions. Relevant bioorganometallic
compounds belonging to the typical classes of metallocenes, “half sandwich” M-arenes and metal
carbonyls will be particularly described.
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1. Introduction

Although human life relies on at least ten essential
metals, more than forty non-essential metals, including
radionuclides, currently find different applications in
therapy and diagnostics.'? Classical Inorganic Medicinal
Chemistry involves five main research areas (Figure 1):
chelation therapy that looks for designing proper ligands to
remove excess of metals causing disease, supplementation
of essential metals that are present in vivo in deficient levels
causing disease, development of contrast agents mainly as
tools for magnetic resonance imaging (MRI) diagnostics,
radiopharmaceuticals for diagnosis or therapy and the wider
area of development of therapeutic agents for the treatment
of varied diseases.

The later aims to design, identify and prepare new
metal-based drugs or prospective drugs. Additionally,
it includes the study of the chemical changes that these
compounds suffer in the biological media, the unraveling
of their mechanism of action at molecular level and the
establishment of structure activity relationships that
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Figure 1. Main classical areas of Inorganic Medicinal Chemistry.

could guide in the drug discovery process. Recently, this
area is paying increasing attention to metallomics as the
comprehensive analysis of the metal species within a cell
or tissue type relevant to the unveiling of the mechanism
of action.?

Although therapeutical properties of metals and metal
compounds for the treatment of different pathologies
have been known since ancient times, the serendipity
discovery of the antineoplastic properties of the very simple
cisplatin compound in 1965 (Figure 2) led to the explosive
development of the modern era of Medicinal Inorganic
Chemistry, which is marked by the rational design of new
compounds searching for selected therapeutical properties
not restricted to antitumoral activity.*
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Figure 2. Structure of cisplatin (cis-diamminedichloroplatinum(II)).

Novel metal-based compounds are being currently
investigated against viruses, parasites, bacteria and fungi and
diseases such as diabetes, Parkinson and Alzheimer, among
others. Different metal compounds have been approved by
different pharmacopeias for clinical use and are daily used
in medicine. Many others are in drug development advanced
clinical phases waiting for entering the pharmaceutical
market in the next years. Multitude of prospective
metallodrugs has been explored for their potential as
anticancer agents, antimicrobials, antivirals, and various
other indications. Despite this extensive investigation,
only a limited number of metal compounds have been
successfully translated into clinical applications.'>¢ A
detailed list of medicines including a metal can be found
in the supplementary file of Anthony et al.! Most common
examples in this list are some simple metallic salts, like
lithium carbonate, silver sulfadiazine, bismuth subcitrate
potassium and magnesium sulfate or classical coordination
compounds, like cisplatin, oxaliplatin, carboplatin, sodium
nitroprusside, cyanocobalamin, ibritumomab tiuxetan,
glucantime, pentostam, auranofin and Sm-153 lexidronam.

In modern era this discipline has left behind serendipity
and involves a rational design of new drugs based
on Inorganic Chemistry knowledge. The chemical
characteristics associated with both the central metal
(oxidation state, acidity, geometry, coordination number,
kinetic and thermodynamic stability, among others) and
the ligand (basicity, donor atoms, denticity, hapticity,
chirality, reactivity in biological environments) are of
particular importance for this design. If all these aspects are
considered, metal compounds offer broad possibilities for
designing potentially bioactive compounds. Furthermore,
considering that many of these compounds may undergo
redox reactions of the central metal ion, ligand substitution
reactions, or reactions at the level of organic ligands in
biological environments, they can effectively serve as
prodrugs that will be activated in vivo. In this sense, metal
compounds offer a wider range of possibilities compared
to organic compounds developed by Medicinal Organic
Chemistry. This poses a challenge in both the design of
potential metal-based drugs and the elucidation of their
mechanism of action. As the pursuit of innovative and
improved drugs becomes increasingly pressing, the existing
drug discovery and development pipelines designed for
organic drugs, relying on target identification or high-
throughput screening of libraries of compounds, prove
to be less effective when applied to metallodrugs. Metal-
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based drugs or prospective metal-based drugs include
simple metal salts, classical coordination compounds and
organometallic compounds.

2. Bioorganometallics

At the end of the 20" century, it was demonstrated
that organometallic compounds usually used in catalysis
could themselves be used to treat diseases. In this context,
Bioorganometallic Chemistry is a relatively recent and
deeply interdisciplinary field, focusing on authentic
organometallic compounds featuring at least one ¢ metal-
carbon bond, with relevance in a biological context. This
area was described as such for the first time more than
20 years ago by the pioneer French researcher Gerard
Jaouen.”!* Specifically, it encompasses organometallic
drugs and prospective organometallic drugs. These
compounds provide a promising and innovative approach to
designing new drugs with unique modes of action, offering
distinct advantages compared to traditional coordination
compounds and purely organic substances. Notably, these
advantages include highly diverse structural possibilities,
the ability to modulate their lability to achieve kinetically
stable compounds, a lipophilic nature that could favor the
in vivo behavior, and a rich redox chemistry. Although the
primary focus of the field has been on the development of
potential anticancer drugs, attempts to expand generating
bioactive compounds for other purposes have been
successful.10-12:14-19

Figure 3 shows the main types of organometallic
compounds investigated in Medicinal Chemistry during the
last decades: metallocenes, metal-arenes (M-arenes), metal-
carbonyls (M-carbonyls) and metal-carbenes (M-carbenes).®
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Figure 3. Main types of organometallics investigated in Medicinal
Chemistry.

Organometallic compounds of these primary categories
emerged as alternative chemotherapeutic agents against
tumors, pathogenic fungi and bacteria and viruses,
like severe acute respiratory syndrome coronavirus 2
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(SARS-CoV-2), thanks to their distinct and specific
physicochemical properties.9-!1:14.19-27

Metallocenes consist of two cyclopentadiene (Cp)
anions that exhibit a robust binding to certain metals such
as iron, adopting a side-on orientation. Due to this typical
configuration, these compounds are frequently referred to
as “sandwich complexes” due to the manner in which the
Cp ligands envelop the metal ion.

Demonstrating broad antitumor activity, titanocene
dichloride became the first non-platinum complex to
undergo clinical trials for its potential use as a chemotherapy
drug (Figure 4).2% A quite different mechanism of action to
that of cisplatin was proposed for it involving the binding
to transferrin which transports it to tumor cells that usually
show overexpressed receptors of this protein due to high
iron requirements. After preferentially entering into the
tumor cells, Ti" accumulates in nucleic acids rich regions
probably generating a deoxyribonucleic acid (DNA) adduct
by binding to the phosphate skeleton of this biomolecule.?
Reaching phase II in Germany, trials were later on
abandoned due to the uncontrolled and complex hydrolysis
of the compound in biological medium that complicated
its pharmacokinetic study and the characterization of its
active metabolite, among other drawbacks.

Among metallocenes, the ferrocene moiety has
undoubtedly played a pivotal role in the advancement
of bioorganometallic drugs, showcasing several
physicochemical advantages tailored for this purpose
(Figure 4). It boasts affordability, easy derivatization,
stability in aqueous solutions under aerobic conditions, high
lipophilicity, and non-cytotoxicity. Furthermore, it possesses
the capability to generate reactive oxygen species (ROS)
through Fenton-like reactions, adding an additional
mechanism of action. Considering these advantages, the
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integration of the ferrocene moiety into organic drugs has
emerged as a successful strategy to reduce cytotoxicity in
normal cells and enhance the therapeutic index of such
drugs. Consequently, a long series of antitumor ferrocenyl
compounds, exemplified by ferrocifen, the organometallic
analogue of the anticancer drug tamoxifen developed by the
French group headed by Jaouen,**3! has been successfully
developed (Figure 4). First reported in 1996,* ferrocifen
stands out as one of the earliest organometallic selective
estrogen receptor modulators. The inclusion of the ferrocenyl
moiety into the organic drug resulted in enhanced activity
compared to the parent drug and in a broader spectrum of
activity. Notably, it exhibits antiproliferative effects on both
hormone-dependent (MCF-7) and hormone-independent
(MDA-MB-231) breast cancer cells with significant
efficacy. In contrast, tamoxifen demonstrates antiestrogenic
activity exclusively in hormone-dependent MCF-7 breast
cancer cells. Ferrocifen has been in pre-clinical studies
as antitumoral agent. Cell death mechanism induced by
ferrocifen and its derivatives differs depending on structure,
cell line and concentration. Generation of ROS through
Fenton reaction and effects on thioredoxine reductase have
been described as part of it. Ferrocifen is highly insoluble
in water and requires a formulation stage before being
administered in vivo. Lipid nanocapsules including ferrocifen
are currently under study as potential nanomedicines.>**

The same strategy was followed by
Jaouen and co-workers®'** to get more than 200 ferrocenyl
derivatives with antitumoral activity, perform structure
activity relationships (SAR) studies and make attempts to
unravel the mechanism of action. Other groups* have also
adopted the strategy of generation of ferrocene-containing
hybrids of different organic drugs to get compounds with
a diversity of activities.
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Figure 4. Structures of titanocene dichloride, ferrocene, tamoxifen and its biological active species hydroxy-tamoxifen and the analogous organometallic

compound ferrocifen.
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Half sandwich ruthenium arenes have been by far
the most studied M-arenes in organometallic medicinal
chemistry. This type of organometallic compounds
(Figure 5) offers ample possibilities for designing new
compounds by incorporating a range of ligands X, Y and
Z, different arene types (cyclopentadienyl or aryl and
substituted) or functional groups onto the arene moiety.
These modifications have the capability to influence the
physicochemical and biological characteristics of the
compounds, leading to a diverse array of mechanisms of
action.®16
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Figure 5. General structure of Ru'-arene half sandwich (piano stool)
complexes (right) and main examples of compounds entering clinical
trials by Sadler’s (ONCO 4417)* and Dyson’s (RAPTA-C)*3¢ groups.

These “piano stool” shaped compounds exhibit the
ability to covalently interact with guanine residues in DNA
through the substitution of labile ligands and, additionally,
by intercalating via selected expanded bicycle arene
moieties, or minor groove binding. Two distinct families
of anticancer compounds have undergone thorough
investigation in the last decades: Ru-arene compounds
[Ru(n®-arene)(en)(Cl)]*, where en = ethylenediamine, and
the RAPTA series of complexes ([Ru(n®-arene)(PTA)(Cl),)),
with PTA = 1,3,5-triaza-7-phosphoadamantane. These
compounds have demonstrated significant efficacy in both
primary tumors or metastasis, leading to the selection of
certain candidates for further in vivo studies. Selected
compounds that have entered clinical trials as antitumorals
are shown in Figure 5."

Although osmium and iridium half-sandwich complexes
have not garnered as much focus as their ruthenium
counterparts in terms of their potential applications in
medicinal chemistry, considerable research has been
conducted to investigate the therapeutic potential,
biological properties, and mechanisms of action of these
complexes.*’#!

Within metal-carbonyls, rhenium(I) tricarbonyls have
demonstrated the most encouraging antitumoral outcomes.
The prevalent structural motif of Re utilized in biological
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systems is the stable Re! tricarbonyl core (Figure 6).
These organometallic compounds exhibit several intrinsic
properties that are advantageous for the development of
innovative anti-cancer drug candidates. Moreover, their
straightforward synthesis enables the generation of a
diverse array of compounds, allowing for the tuning of
properties to optimize biological activity.

Figure 6. Rhenium(I) tricarbonyls common structure: X monodentate
ligand, YZ bidentate ligand.*'**

Additionally, leveraging their rich spectroscopic
properties these compounds have also been utilized for
in vitro in cell fluorescence and vibrational microscopic
imaging. The French group headed by Policar**’ has
developed front-line research in this sense.

Concerning the main types of organometallics explored
in Medicinal Chemistry (Figure 3), metal-N-heterocyclic
carbenes have demonstrated notably robust antitumoral
activity, particularly those of gold. Casini and co-workers*®
have extensively worked on the topic.

While the primary emphasis in bioorganometallic
research has traditionally centered on the development of
antitumor agents, the advent of the SARS-CoV-2 pandemic
has prompted several research groups to redirect their
focus toward viral infections. Although this area has been
relatively underexplored in terms of metal-based bioactive
compounds, an expanding body of reports®**-5 detailing
metal complexes exhibiting activity in SARS-CoV-2
infection models affirms the potential efficacy of metal
complexes in this particular area. In particular, Ott
and co-workers*®7 together with other organometallic
groups?® have recently reported on gold and silver
N-heterocyclic carbene complexes with antiviral effects
against SARS-CoV-2 in infected cells as potent inhibitors
of the SARS-CoV-2 papain-like protease PLpro, which
is a key enzyme in the virus replication in infected cells.

Having delineated the most relevant medicinal chemistry
applications of the main classes of organometallics, this
perspective will focus on the major strides made in the
advancement of therapeutic organometallic antiparasitic
agents over the past three decades, not providing a
comprehensive or exhaustive review. The pioneering work
performed by selected leading and representative groups
for the development of agents against highly prevalent
parasitic diseases, like malaria and diseases caused by
trypanosomatid parasites and parasitic helminths, are
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highlighted. Outcomes by those groups having done efforts
to modify structures through rational design, to get at least
qualitative structure-activity relationships and to identify
molecular targets and mode of action are emphasized.

2.1. Organometallics as antiparasitic compounds

Neglected tropical diseases (NTDs) encompass a
diverse group of 20 medical conditions triggered by various
pathogens, including viruses, bacteria, protozoa, and
parasitic worms. NTDs predominantly afflict impoverished
communities in tropical regions, although some exhibit a
broader geographic reach. It is estimated that over 1 billion
people suffer from NTDs, spanning 149 countries. The
epidemiology of these diseases is intricate, often intertwined
with environmental factors. Many are vector-borne, involve
animal reservoirs, and entail complex life cycles, rendering
public health control challenging. NTDs disproportionately
impact already vulnerable populations, whether due to
poverty, marginalization, geographic location, or living
conditions, leading to considerable suffering, disability, and
death and posing severe health and economic challenges.
The majority of drugs used against NTDs are old and
frequently yield undesired side effects. Regrettably, major
pharmaceutical companies exhibit limited interest in
developing new drug candidates or vaccines for NTDs.
Despite the substantial size of the target population, it
is primarily situated in developing countries with low
socioeconomic status, making them unable to afford
expensive medicines. Consequently, much of the research
on NTDs is conducted by academia, open sources, and
nonprofit organizations.>*!

On the other hand, PLoS Neglected Tropical Diseases, !
in alignment with the World Health Organization (WHO)®
and several other international agencies, does not classify
malaria produced by Plasmodium falciparum as an
NTD because much attention has been put on it by the
pharmaceutical industry and the health authorities.
Accordingly, the P. falciparum caused malaria disease
does not fulfill the definition of NTD. Transmission occurs
through the bites of infected female Anopheles mosquitoes.
In 2022, the Medicines for Malaria Venture® documented
249 million cases of malaria, reflecting a rise of 5 million
compared to 2021. This increase was attributed to various
factors, including severe weather events, population
expansion, and conflict-driven forced migration. Notably,
76% of malaria-related deaths worldwide occurred in
children under the age of 5. Malaria in humans is caused
by four Plasmodium species: P. falciparum, P. vivax,
P. malariae, and P. ovae. Its prevalence is particularly
pronounced in tropical and subtropical regions, with the

J. Braz. Chem. Soc. 2024, 35, 10, e-20240104

Gambino

African Region carrying the predominant burden of both
cases and fatalities. The majority of instances in this
region can be attributed to the Plasmodium falciparum
parasite. Despite being preventable and treatable, timely
diagnosis and effective treatment are essential. Failure
to address an uncomplicated malaria case promptly can
result in the progression to a severe form of the disease,
often leading to fatal outcomes without timely intervention.
Artemisinin-based combination therapies emerge as
the most efficacious antimalarial medications presently
accessible and constitute the primary recommended
treatment for Plasmodium falciparum malaria, the most
lethal malaria parasite globally. They combine two active
pharmaceuticals with distinct mechanisms of action,
featuring derivatives of artemisinin and a complementary
drug. Artemisinin element plays a pivotal role in reducing
the parasite count during the initial days of treatment, while
the companion drug focuses on eliminating the remaining
parasites. Nevertheless, this strategy faces challenges such
as drug interactions and drug resistance.

Various research groups have endeavored to develop
organometallic compounds with potential applications
as drugs against malaria and NTDs diseases caused by
trypanosomatid parasites and parasitic helminths. This
perspective highlights selected efforts from these groups
in the pursuit of innovative therapeutic solutions.

2.2. Organometallic antimalarials

Many research groups®% have developed novel
organometallics as prospective antimalarials. In particular,
the advantages demonstrated by the ferrocene scaffold for
the development of bioorganometallic drugs, as outlined
in the preceding section, have led to the successful
incorporation of this moiety into organic drugs. This
design strategy has paved the way for the development
of ferrocenyl analogues of existing antimalarial drugs
to improve antimalarial activity, reduce cytotoxicity in
normal cells and enhance the therapeutic index of such
drugs. Additionally, this modification can induce favorable
alterations in the properties of the compounds, including
changes in solubility, hydrophobicity, and lipophilicity.

The most notable and groundbreaking example has been
the development by the Brocard and Biot French group®”-"°
of the ferrocenyl derivative of the antimalarial drug
chloroquine, known as ferroquine (Figure 7). The ferrocene
moiety was incorporated into the lateral side-chain of the
chloroquine skeleton. Chloroquine (Figure 7) was initially
introduced as a main antimalarial drug in 1945, owing to its
affordability, ease of use, and potent antimalarial efficacy.
However, widespread resistance among P. falciparum
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parasites led to the withdrawal of chloroquine from malaria
treatment in the majority of malaria-endemic countries.”
In vitro, ferroquine exhibited noteworthy activity against
both chloroquine-sensitive and chloroquine-resistant
P, falciparum strains, with no discernible cytotoxic effects.
Ferroquine is presently undergoing clinical development
and completed phase II trials for the treatment of malaria.
It is under development for addressing uncomplicated
Plasmodium falciparum malaria, administered orally in

capsule form.”>™
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Figure 7. Structures of the antimalarial drug chloroquine and the
organometallic analogue ferroquine (Biot-Brocard).®””°

Plasmodium parasite breaks down host hemoglobin
in its digestive vacuole to obtain a nutrient supply. This
process releases free heme, which is toxic to the parasite.
Within the vacuole, the parasite detoxifies heme by
converting it into hematin, ultimately forming the insoluble
hemozoin, which is non-toxic to the parasite. Chloroquine
accumulates in the parasite’s digestive vacuole, preventing
the conversion of toxic heme into its harmless crystalline
form, hemozoin. To achieve this, the drug crosses the host
red cell membrane, as well as the membranes of the parasite
and its digestive vacuole. Ferroquine also targets beta-
hematin and inhibits hemozoin formation, but additionally
induces the generation of reactive oxygen species as part
of its antimalarial mechanism. The heightened activity
observed in respect to chloroquine was demonstrated to
be, among other factors, a consequence of the generation
of these reactive oxygen species through the reversible
ferrocene/ferrocenium redox couple. Moreover, the
enhanced lipophilic profile of ferroquine contributes to
the prolonged retention of the drug within the digestive
vacuole of the parasite.”’¢

Following this success, a multitude of ferrocene-
containing compounds exhibiting favorable pharmacological
profiles have been developed for the treatment of malarial
infections by the same group and others.5%
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2.3 Organometallic agents against trypanosomatid parasites

Gambino and co-workers”” % has performed since more
than 20 years ago pioneering work on the development of
metal-based potential drugs against diseases caused by
trypanosomatid parasites. The group has been particularly
interested in the development of bioactive compounds for the
treatment of Chagas disease or American trypanosomiasis.
This is an ancient endemic disease in Latin America caused
by the protozoan parasite Trypanosoma cruzi (T. cruzi).
It is considered an NTD by WHO. In the endemic Latin-
American countries, it is mainly transmitted to humans
and other mammalian hosts by infected blood-sucking
insects. The disease expanded to non-endemic regions
due to migration of unknowingly infected people that
transmit the disease by blood transfusion, organ transplants
and from mother to child. T. cruzi cycles between
four biologically and morphologically distinct stages.
Metacyclic trypomastigotes, released in the feces during
an insect’s blood meal, enter the mammalian host through
skin wounds or mucosa and initiate invasion of surrounding
cells. Following cell invasion, they undergo a transformation
into amastigotes and undergo multiplication within the host
cells. Subsequently, amastigotes differentiate into highly
mobile infective trypomastigotes, which are released into
the bloodstream upon cell lysis. These trypomastigotes can
infect adjacent cells, invade various tissues, or be ingested
by an insect vector, completing the cycle by transforming
into the rapidly dividing non-infective epimastigote form
in the insect’s gut.

The group’s design strategy for developing new
compounds has involved metal coordination of various
families of structurally related bioactive ligands, each
exhibiting antiparasitic activity by themselves. Compounds
are rationally designed by changing the bioactive ligands
family, the metal center, its oxidation state and geometry,
and by including adequate coligands to improve relevant
biological properties. The group”#*% has explored
numerous families of bioactive ligands, various metal
centers, and even organometallic centers in their research
endeavors (Figure 8). The aim of this strategy is to modulate
physicochemical and biological properties of the bioactive
ligands and to identify hit metal compounds that affect
multiple targets in the parasite.

In more recent years the group extended the interest
to two other diseases caused by trypanosomatid parasites:
human African trypanosomiasis (HAT, caused by
Trypanosoma brucei) and leishmaniasis (caused by more
than 20 species of Leishmania). Both diseases are also
included in the list of NTDs.%%##7 There are reasons for this
expanded research interest. These diseases rank among the
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Figure 8. Different families of bioactive ligands used by Gambino group for the development of agents against trypanosomatid parasites: (a) S-nitrofuryl
thiosemicarbazones; (b) 3-aminoquinoxaline-2-carbonitrile N',N*-dioxide derivatives; (c) bisphosphonates; (d) 1,10-phenanthroline derivatives; (e) pyridine-
2-thiolate-1-oxide (mpo); (f) tropolones; (g) azoles; (h) 8-hydroxyquinoline derivatives.

most significant neglected illnesses, posing an urgent health
crisis in developing countries. They frequently coexist in
different poor regions of the world, such as leishmaniasis
and Chagas’ disease in South America and leishmaniasis
and HAT in Africa, spreading worldwide due to human
migration and globalization. Despite being highly life-
threatening infections, the available chemotherapy remains
old and deficient. While these trypanosomatid protozoan
parasites exhibit significant differences, being transmitted
by distinct insect vectors and causing clinically diverse
human diseases, research®! has demonstrated noteworthy
similarities in their biology. Specifically, these parasites
share more than 6,100 closely related genes encoding
proteins out of a total gene count ranging from 8,000 to
12,000. This opens avenues for strategically planning the
development of broad-spectrum compounds that could
be trypanosomatid-specific, impacting all three major
parasites rather than targeting only one. Such an approach
could result in drugs affecting common targets across
various parasites. In summary, the current aim of the group
is to develop broad spectrum drugs affecting multiple
trypanosomatid parasites but multifunctional drugs that
affect multiple targets in the same parasite.

In particular, Gambino group has ventured in the
development of organometallic compounds against
trypanosomatid parasites of the metallocene, metal-arene
and metal-carbonyl classes (Figure 3). Eleven series of
bioactive organometallic compounds were rationally
designed, synthesized, characterized and evaluated on
T. cruzi, T. brucei or both parasites. T. brucei brucei
(nagana cattle disease was used as a parasite model for
African trypanosomiasis). An insight into the probable
mechanism of action of the compounds was also provided.

J. Braz. Chem. Soc. 2024, 35, 10, e-20240104

Metallomics, proteomics and transcriptomics studies in
T. cruzi were performed for the first time in this parasite
to unravel the main pathways affected by prospective
organometallic drugs. Hit compounds of all these new
families of compounds were selected based on their 1Cs,
(half-maximal inhibitory concentration) and selectivity
index values (SI = IC5, mammalian cells/ICs, parasite)
(Table 1). Their structures are depicted in Figure 9.

While the various hit compounds presented in Table 1
cannot be strictly compared in terms of their activity
against T. cruzi since they were evaluated at different
stages of research by the Gambino group using different
forms and strains of the parasite, practically all ICs, values
presented in the table fall within the submicromolar range,
demonstrating a high antitrypanosomal activity of the
organometallic compounds developed compared to the
reference drug nifurtimox.

The first attempts by the group to develop
organometallic antitrypanosomal compounds involved
Ru-arene half-sandwich compounds including 5-nitrofuryl
derived thiosemicarbazones as ligands and p-cymene or
cyclopentadienyl (Cp) as arene cores. The thiosemicarbazone
moiety has been identified as a privileged structure in
medicinal chemistry and particularly in the development of
antiparasitic compounds.’®8%19%19 The thiosemicarbazones,
which incorporate the 5-nitrofurane pharmacophore
illustrated in Figure 10, were designed as analogues of
the commercial antitrypanosomal drug nifurtimox. In
the majority of cases, these compounds exhibited greater
activities against 7. cruzi compared to the reference drug.
Their mechanism of antiparasitic action involves the
bioreduction of the nitro moiety, subsequently leading to
the generation of ROS.!!°
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Table 1. Hit organometallic compounds and their ICs, (half-maximal inhibitory concentrations) and selectivity index values (SI). Free ligands are included

for comparison

Compound L et L brucei Reference
ICy, / pM SI 1C5, / uM SI
1, [Ru",(n®-p-cymene),(TSC4-H),]Cl, 8.7 3¢ 0.5° 52¢ 92,93
TSC4 22.7* > 100¢ > 100° - 92,93
2, [Ru"Cp(PPh,)(TSC3-H)] 0.41* > 49¢ 3.5° > 6° 94
TSC3 18.5¢ 2¢ 17.0 2¢ 92,93
3, [Ru"Cp(PPh,),(CTZ)](CF,S0;) 0.25¢ 8¢ 0.6° 3¢ 95
CTZ 1.8¢ 31¢ >25° <2 95
4, [RuCl(n®-p-cymene)(phendione)](PF) - - 0.19° 169¢ 96
Phendione - - 0.018° 53¢ 96
5, fac-[Re'(CO);Br(TSC5)] 2.01¢ 22¢ - - 97
TSCS 12.7¢ 3¢ - - 97
6, fac-[Re'(CO),(tmp)(CTZ)](PF,) 0.61f 8.4¢ - - 98,99
CTZ 10.2f 3.62 - - 98,99
7, [Pd(mpo)(dppf)I(PE,) 0.64" 30 - - 100,101
8, [Pt(mpo)(dppf)](PF,) 0.28" 18¢ - - 100,102
Na mpo 1.33" - - - 100
9, [Pt(TSC3-H)(dppf)](PF) 0.76* > 66° 0.52° > 56° 103
10, [Pt(trop)(dppf)](PFy) - - 2.1° 18¢ 104
Htrop - - > 60° ca. l¢ 104
11, [Pd(8HQNO,-H)(dppf)I(PF;) - - 0.33° 102¢ 105
8HQNO, - - 0.8° 38.9¢ 105
12, [Pt(8HQCII-H)(dppf)](PFy) - - 0.14° 48¢ 106
8HQCII - - 2.4° 16.2¢ 106
13, [Ru(8HQII-H)(dppf)(bipy)]Cl - - 0.13° 38¢ 107
8HQIIL - - 1.7° 29¢ 107

“Dm28c¢ strain 7. cruzi trypomastigotes; *bloodstream 7. brucei brucei strain 427; <J774 murine macrophages; ‘Y strain 7. cruzi epimastigotes; human-
derived endothelial cell line (EA.hy926); ‘CL Brener strain 7. cruzi trypomastigotes; 8VERO cells (ATCC CCL81); "Dm28c strain 7. cruzi epimastigotes.
TSC: 5-nitrofurylthiosemicarbazone (Figures 8 and 9); CTZ: clotrimazole; phendione: 1,10-phenanthroline-5,6-dione; tmp: 3,4,7,8-tetramethyl-
1,10-phenanthroline; mpo: pyridine-2-thiolate-1-oxide; dppf: 1,1’-bis(diphenylphosphino) ferrocene; trop: tropolone; 8HQ: 8-hydroxyquinoline;
8HQNO,: 5-nitro-8-quinolinol; 8HQCII: 5-chloro-7-iodo-8-quinolinol; bipy: 2,2’-bipyridine; 8HQII: 5,7-diiodo-8-quinolinol. SI: IC,, mammalian cell model/
IC;, parasite; ICy, nifurtimox (7 cruzi): 24.7 uM (Dm28c trypomastigotes), 8.0 uM (Y strain epimastigotes), 20.1 uM (CL Brener strain trypomastigotes),
6.0 uM (Dm?28c epimastigotes); ICs, nifurtimox (7 brucei brucei): 6 uM (SIJ774: 23).177

Complexes of the formula [Ru"Cp(PPh;)(TSC-H)]
and [Ru,(n%-p-cymene),(TSC-H),]X,, with X = chloride
and/or hexafluorophosphate as counterions, were
obtained.”***

The Ru-cyclopentadienyl compounds exhibited in vitro
activity against the blood circulating trypomastigote form of
T. cruzi and the infective form of 7. brucei brucei, displaying
IC,, values in the micromolar range. A majority of these
compounds demonstrated greater activity compared to the
corresponding free TSC ligands and the antitrypanosomal
drug nifurtimox. [Ru"Cp(PPh;)(TSC3-H)] with the N-ethyl
derivative TSC3 as ligand (Figure 10) was the most active
one on both parasites showing an excellent selectivity
towards 7. cruzi and a good selectivity towards 7. brucei
(Table 1, Figure 9).%*
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Among the Ru-p-cymene compounds, only
[Ru™,(n®p-cymene),(TSC4-H),]Cl, demonstrated
significant activity against the relevant life cycle forms
of both parasites, particularly showing high selectivity
towards 7. brucei. The remaining compounds displayed
limited activity against 7. cruzi and exhibited a similar
level of effectiveness as the corresponding free ligands
(TSC1-TSC3) against 7. brucei. Furthermore, the results
highlighted the influence of the counterion nature on the
activity, with the more soluble chloride complexes being
more active than the hexafluorophosphate ones.*

In general, the complexation of the TSC ligands
with the {RuCp(PPh;)} moiety yielded superior results
in terms of antiparasitic activity compared to the
Ru-p-cymene counterpart. The biological findings
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Figure 9. Hit organometallic antitrypanosomal compounds obtained by Gambino and co-workers.”*!”” Compounds are numbered as in Table 1.

/%/N i TS0t Eemw 'g' indicate that both, [RuCp(PPh,)(TSC-H)] and
ON o NS \H NHR 1803 ;LheerYI 0 [Ru,(n°-p-cymene),(TSC-H),]** complexes, generate

n TsC5 H 1 deleterious free radicals through bioreduction within
Figure 10. Bioactive 5-nitrofuryl containing thiosemicarbazones. the parasite, resembling the free TSC. Moreover, these
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compounds display DNA interaction. Nevertheless,
the observed biological activity does not seem to align
straightforwardly with the magnitude of these effects,
suggesting a more intricate “multiple-target” mechanism
of action.”*

Later on, clotrimazole (CTZ) was selected as ligand
for the development of the ruthenium cyclopentadienyl
compound [RuCp(PPh,),(CTZ)](CF,SO,) (Figure 9).” The
formation of azole-metal complexes has been suggested
as a strategy for creating agents targeting trypanosomatid
parasites. Notably, complexes involving CTZ have
exhibited promising outcomes. CTZ functions by inhibiting
the sterol 14-o-demethylase enzyme, which plays a
crucial role in converting lanosterol to zymosterol during
the biosynthetic pathway leading to the parasite-specific
sterol ergosterol.!"! The novel compound demonstrated
significant cytotoxic activity against 7. cruzi, exhibiting a
sixfold increase compared to free CTZ. While CTZ alone
lacks activity against 7. brucei brucei (IC5, > 25 uM), its
complexation with the { RuCp} moiety resulted in a 40-fold
higher activity than free CTZ (Table 1). The compound
displayed only moderate selectivity toward both parasites,
T. cruzi and T. brucei, in comparison to mammalian cells.
Despite the anticipation of a dual antiparasitic mechanism
arising from the presence of Ru" and CTZ in a single
molecule, the compound does not impact DNA but inhibits
the sterol biosynthetic pathway in 7. cruzi, specifically at
the conversion of squalene to squalene oxide.*

On the other hand, Moreno and co-workers®®
developed in collaboration with Gambino’s group
five novel ruthenium(Il)-p-cymene compounds with
bidentate and monodentate polycyclic aromatic ligands.
While the free ligands exhibited higher activity against
T. brucei compared to the Ru"™ compounds, the latter
demonstrated reduced toxicity on mammalian cells.
In all examined compounds, the complexation to the
ruthenium-p-cymene core significantly decreased the
cytotoxicity of the free ligands by a minimum of 30-fold.
[RuCl(n%p-cymene)(phendione)][PF¢], with
phendione = 1,10-phenanthroline-5,6-dione, showed
the highest activity (ICs, of nM value) of the series on
the infective form of 7. brucei together with the highest
selectivity towards the parasite (Figure 9, Table 1).
According to the criteria defined by the Special Programme
for Research and Training in Tropical Diseases (TDR),!!?
this compound was considered as a hit drug for African
trypanosomiasis. These ruthenium-p-cymene compounds,
featuring polycyclic aromatic ligands, were observed
to associate with DNA, and their interaction with this
biomolecule was primarily believed to occur through the
intercalation of the aromatic ligand.*®
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Since the fac-tricarbonyl metal(I) moiety, fac-{ M(CO), }*,
had been scarcely explored for the development of
antiparasitic drugs, Re tricarbonyl complexes with different
bioactive ligands were also developed by the group. In a
first attempt a series of fuc-[Re'(CO);Br(semicarbazone)]
compounds was reported'"® that showed only low in vitro
activity on T. cruzi (ICs, values 57-67 uM).

Later on, three fac-[Re'(CO);Br(TSC)] compounds
were obtained. The chosen TSC ligands comprised
two derivatives characterized by varying chain length
linking the thiosemicarbazone and nitrofuran moieties
(TSC1 and TSCS), along with the more voluminous
and lipophilic compound TSC4 (Figure 10). The
compounds demonstrated a 4- to 17-fold enhancement
in activity compared to the TSC ligands and proved to
be 8-15 times more potent than nifurtimox. Furthermore,
these compounds exhibited moderate to good selectivity
indexes, falling within the range of 11-22. Although the
most lipophilic TSC4 compound was the most active one,
fac-[Re'(CO);Br(TSC5)] showed a similarly low ICs, value
and the highest SI value of the series (Table 1).8*7 Through
"H NMR ('H nuclear magnetic resonance) and MS (mass
spectroscopy) studies conducted over time, it was observed
that fac-[Re(CO),Br(TSC)] species underwent conversion
into dimers [Re,(CO),(TSC-H),] in solution. Spin trapping
ESR (electron spin resonance) investigations indicated
that the studied compounds did not generate radical
oxygen species in the parasite, unlike 5-nitrofuryl-derived
thiosemicarbazones TSC. This difference is likely attributed
to the unfavorable nitro reduction potential observed
for the generated dimeric species [Re,(CO),(TSC-H),].
Conversely, the compounds led to a reduction in the oxygen
consumption rate of the parasites, possibly by inhibiting
their mitochondrial respiration.”’

In a recent advancement, Gambino and co-workers®®
devised a series of six multifunctional Re' tricarbonyl
compounds. Each compound integrated two distinct
bioactive ligands: a polypyridyl NN derivative and a
monodentate azole (CTZ or ketoconazole, KTZ). The
chosen NN ligands encompassed 2,2’-bipyridine (bpy),
4,4’-dimethyl 2,2’-bipyridine (dmb), 1,10-phenanthroline
(phen), 3,4,7,8-tetramethyl-1,10-phenanthroline (tmp), and
5-amino-1,10-phenanthroline (aminophen). The collection
of five fac-[Re(CO),(NN)(CTZ)]PF, compounds displayed
remarkable efficacy against 7. cruzi trypomastigotes, with
IC,, values in the low uM range. Notably, they displayed
heightened activity compared to the free ligands and
nifurtimox, being their IC;, values approximately ten times
lower than that of the reference antitrypanosomal drug.
Furthermore, these compounds exhibited a moderate to
favorable selectivity towards the parasites when compared
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to the VERO mammalian cell model. Among the series,
[Re(CO),(tmp)(CTZ)]PF, emerged as the most active and
selective compound (Table 1, Figure 9). Despite exhibiting
increased lipophilicity compared to the free bioactive
ligands, no clear correlation between antitrypanosomal
activity and lipophilicity was identified. Metallomics
studies®” were conducted on the compound using Raman
confocal microscopy and MP-AES (microwave plasma
atomic emission spectrometry). The results revealed a low
overall uptake of rhenium by parasites (ca. 1.2%) and a
notable accumulation preference within the soluble proteins
fraction of the parasite (ca. 82.8%) in respect to insoluble,
DNA and RNA (ribonucleic acid) fractions. Two potential
molecular targets, DNA and the enzyme CYP51 (lanosterol
14-a-demethylase), underwent both experimental and
theoretical investigations. The compound demonstrated
an ability to interact with DNA while also influencing the
membrane sterol biosynthesis of the parasite. This led to
the accumulation of squalene and lanosterol in the treated
parasites, accompanied by a simultaneous reduction in
ergosterol levels. Molecular docking calculations were
employed to gain insights into the mechanism underlying
the interaction with DNA and the inhibition of CYP51.
The calculated free energy of binding to CYP51 for the
compound was more favorable than for CTZ, aligning with
the observed experimental activity order.'"

The success of ferrocenes in antitumoral and antimalarial
drugs design lead to the interest of the group in searching for
novel ferrocenyl derivatives as prospective agents against
trypanosomatid parasites. In addition to the advantages of
ferrocene in drug design previously described, ferrocene and
its derivatives exhibit enhanced bioaccumulation compared
to ionic forms of iron, being iron supply very important
for parasites survival. Moreover, the induced generation
of ROS by ferrocene derivatives, such as ferroquine, in
a Fenton-like manner may hold therapeutic significance,
given the heightened sensitivity of trypanosomatid parasites
to radical species.®’*7

Rather than the conventional approach of coupling
the ferrocene scaffold to an organic skeleton, as seen
in ferroquine or ferrocifen, our synthetic strategy
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involved incorporating the ferrocene fragment as a
co-ligand within the platinum(II), palladium(II), or
ruthenium(II) coordination sphere. The chosen co-ligand,
1,1’-bis(diphenylphosphino)ferrocene, abbreviated as dppf
(Figure 11a), serves as a bidentate ligand by binding to the
additional metal center through its two phosphorus donor
atoms. This arrangement leaves the remaining coordination
positions of the metal center available for coordination with
the selected bioactive bidentate ligand.

Twenty-four structurally related Pd" or Pt" ferrocenyl
compounds [M(L)(dppf)](PF,) (4 series with different
families of ligands with the general structure depicted in
Figure 11b) were synthesized and thoroughly characterized.
Their impact was evaluated on both trypanosomes and
mammalian cell models. Their effects on selected molecular
targets were studied, and for the most promising pyridine-
2-thiolato-1-oxide (mpo) compounds, omic studies were
performed. Overall, the incorporation of the ferrocene
moiety resulted in interesting effects on the biological
profile of the compounds. The selected hit compounds of
each series are depicted in Figure 9 and Table 1.

At a first stage [M(L)(dppf)](PF,) compounds, where
L represents the bioactive ligand pyridine-2-thiolato-
1-oxide (mpo) (Figure 8e), were synthesized and
characterized.'” Earlier studies by Turrens et al.'"* showed
that mpo hinders the growth of 7. cruzi, both in culture
and within infected mammalian myoblasts, inhibiting the
parasite-specific enzyme NADH (nicotinamide adenine
dinucleotide) fumarate reductase (7cFR). The compound
affects all stages of the parasite’s life cycle, without
causing any harm to mammalian cells. TcFR catalyzes the
conversion of fumarate to succinate. Because succinate
plays a vital role as a respiratory substrate for 7. cruzi,
supporting essential energy production, the absence of this
enzyme in mammalian cells provides an appealing target
for the development of drugs aimed at combating 7. cruzi.'**

Both [M(mpo)(dppf)](PF,) compounds exhibited ICs,
values in the nanomolar range against 7. cruzi epimastigotes
(Dm28c and CL Brener strains) while demonstrating low
cytotoxicity on a mammalian cell model (VERO epithelial
cells, ATCC CCL81), which led to excellent selectivity

.Fe”
Ph
Ph
Rz PFe

©

Figure 11. (a) 1,1’-Bis(dipheny 1 phosphino) ferrocene, dppf; (b) structure of [M(L)(dppf)](PF,) compounds, where M = Pt or Pd" and L = mpo, trop,
hino, TSC, 8HQs and (c) structure of [Ru"(8HQs)(dppf)(NN)](PF,), where NN = 1,10-phenanthroline derivatives.
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toward the parasite (Table 1). The complexes were
approximately 10-20 times more potent than nifurtimox
and two- to five-fold more active than mpo sodium salt.
Notably, the compounds demonstrated 2-4 times greater
susceptibility against epimastigotes of the CL Brener
strain (type VI) compared to the type I Dm28c strain. This
underscores the well-known fact that the genetic diversity
of the parasite can result in varying susceptibility to
drugs. Both complexes also affected the trypomastigote
infection process as well as the intracellular amastigotes
replication.'?!102

While both metal compounds exhibited nanomolar
IC,, values against the epimastigote stage of the parasite
and demonstrated an enhanced inhibitory effect on the
activity of 7cFR compared to the free mpo ligand, the
IC,, values for enzyme inhibition were several times
higher than those for 7. cruzi. This suggested that TcFR
may not be the sole molecular target of the compounds
within the parasite.!®

To uncover the mechanism of action of both analogous
prospective drugs, high-throughput omics approaches were
employed on treated T. cruzi parasites.'”"'92!5 Tnorganic
chemists have conventionally sought to discover and
analyze molecular targets of metal-based drugs through
in vitro methodologies. This process primarily hinged on
the mechanistic characteristics of organic ligands and the
central metal. On the other hand, omics studies serve as
crucial tools for comprehensively unraveling the entire
mechanism of action of metal-based drugs. Through
proteomics, the identification and quantification of
upregulated and downregulated cellular proteins resulting
from drug effects and molecular target interactions,
coupled with metallomics for quantifying cell uptake and
subcellular distribution, and transcriptomics for assessing
changes in gene expression, the whole omics approach
provides a profound understanding of cellular events
following the administration of a metallodrug.''¢

Globally, this study marked the first omics contribution
aimed at unraveling the comprehensive spectrum of
effects involved in the mechanism of action of potential
metal-based drugs for the treatment of Chagas disease.
Metallomics investigations revealed a significant uptake
of Pt and Pd by the parasites. Comparing equal doses,
the Pt compound exhibited a greater uptake compared to
its Pd analogue. The distribution pattern of metals across
the four examined macromolecular fractions (DNA,
RNA, soluble proteins, and insoluble proteins, including
membrane lipids) remained consistent, showcasing
a preferential affinity for DNA. Proteomics and
transcriptomics studies unveiled a multimodal mechanism
of action, identifying several significant candidates as
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potential targets within the parasite. The comprehensive
dataset suggested that the antitrypanosomal mechanism
of action for both compounds is likely multimodal.
Intriguingly, notable biological distinctions were observed
between the two structurally analogous compounds,
underscoring the importance of the metal center’s nature
in influencing their biological behavior. Notably, the
transcriptomics study indicated that the treatment with
both compounds resulted in the downregulation of most
genes coding for enzymes involved in the ergosterol
biosynthesis pathway, among effects on other important
parasite pathways.!'"> The identification of this biosynthesis
route as a target for both compounds was validated through
the determination of sterol levels in treated parasites using
HPLC (high-performance liquid chromatography). The
inhibitory effect on enzymes of the route resulted in
the accumulation of intermediate sterols, specifically
lanosterol and squalene, along with a dose-dependent
decrease in ergosterol. Two enzymes in the entire pathway,
phosphomevalonate kinase (PMK) and lanosterol 14-o
demethylase (CYP51), exhibited reduced transcript
levels, and no protein was detected in treated parasites
according to the earlier proteomic studies.'!” The status of
both enzymes as molecular targets of the compounds was
confirmed using a gain-of-function strategy, involving the
generation of parasites overexpressing PMK and CYP51.
As anticipated, the overexpression resulted in heightened
drug resistance. Moreover, molecular docking analyses
suggested an energetically favorable interaction between
the compounds and CYP51 and PMK and a mechanism
of competitive inhibition.'"”

Building upon the encouraging outcomes achieved with
these [M(mpo)(dppf)](PF;) compounds, three additional
series of ferrocenyl Pd and Pt compounds were developed.
These new series of [M(L)(dppf)](PF,) compounds
incorporated TSC, tropolones, or 8-hydroxyquinoline
derivatives as bioactive ligands (Figures 8, 10 and 12),
instead of mpo.!%*-106

R1 8HQs
R1 R2
e 8-hydroxyquinoline H H 8HQ
5-nitro-8-quinolinol NO, H 8HQNO,
5,7-dichloro-8-quinolinol Cl Cl 8HQCICI
N 5-chloro-7-iodo-8-quinolinol Cl | 8HQCII
N R2 5 7.diiodo-8-quinolinol | | 8Hall
OH
Tropolones
o o =
HO HO \ /
Htrop Hhino

Figure 12. Structures of the selected 8-hydroxyquinoline derivatives
(8HQs) and tropolones (tropolone, Htrop; hinokitiol, Hhino).
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Tropolones and their derivatives were chosen as
bioactive ligands due to being considered as lead-like
natural products in medicinal chemistry. The tropolone
moiety offers significant potential for derivatization,
allowing for improvements in metal binding abilities.
Compounds such as tropolone, hinokitiol, and their
derivatives, along with the corresponding metal complexes,
have exhibited diverse biological activities.!!8120

On the other hand, medicinal chemists have shown keen
interest in the 8-hydroxyquinoline moiety, thanks to its
noteworthy biological activities. It is widely regarded as a
privileged structure in the realm of drug development.'?!123

[M(dppf)(L)](PF,) compounds, with M = Pd" or
Pt" and HL = tropolone (Htrop) or hinokitiol (Hhino),
demonstrated ICs, values ranging from 1.2 to 4.5 pM
against the bloodstream form of 7. brucei. There was
a significant increase in activity, along with enhanced
selectivity towards the parasite compared to the free
ligands. Platinum complexes were more selective than
palladium ones. Figure 9 and Table 1 illustrate the structure,
IC,, value on T. brucei, and selectivity index (SI) value
of the hit compound of the series, [Pt(trop)(dppf)](PF).
Moreover, coordination of the tropolones to the { M-dppf}
moiety also led to a slight increase of the activity against
Leishmania infantum amastigotes. No effect on the thiol-
redox homeostasis of the parasites is produced by the
complexes’ action. DNA could be a probable, but not main,
target of these compounds.

Eight novel heterobimetallic [M(dppf)(TSC-H)](PF,)
compounds, featuring Pt or Pd", were synthesized.
Figure 9 and Table 1 illustrate the structure, IC, values on
T. cruzi and T. brucei, and SI values of the most active and
selective compound in the series, [Pt(TSC3-H)(dppf)](PFy).
The majority of these compounds exhibited potent activity,
with ICs, values falling within the low micromolar or
submicromolar range against both 7. cruzi and T. brucei.
Interestingly, the platinum compounds demonstrated higher
activities when compared to their palladium counterparts.
The antiparasitic activities of these compounds surpassed
those of the free thiosemicarbazone ligands, exhibiting a
3- to 24-fold increase against 7. cruzi and up to a remarkable
99-fold increase against 7. brucei. The compounds
exhibited activity up to 26 times higher against 7. cruzi and
up to 30 times against 7. brucei than nifurtimox. Moreover,
the incorporation of the organometallic dppf co-ligand
seems to contribute to decreased toxicity on mammalian
cells and enhanced selectivity towards both parasites when
compared to the free thiosemicarbazone compounds. Both
the Pd and Pt compounds were found to interact with
DNA and to impact the redox metabolism of 7. cruzi,
suggesting that they retained the anti-7. cruzi mechanism
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of action observed for the free ligands described earlier.
However, there was no observed correlation between
oxygen uptake and the generation of free oxygen radical
species in the parasite or the interaction with DNA and the
anti-7. cruzi activity. [Pt(TSC3-H)(dppf)](PF,) exhibited
no in vivo toxicity in Zebrafish (Danio rerio) embryos,
which are commonly employed as a toxicity model in drug
development, throughout the tested concentration range of
1-100 uM. There were no apparent signs of toxicity even
after 48 h of treatment.

Furthermore, the ten [M(8HQs-H)(dppf)](PF,)
compounds, encompassing five 8-hydroxyquinoline
derivatives (8HQs) as bioactive bidentate co-ligands
(Figure 12), demonstrated IC,, values against bloodstream
T. brucei form within the submicromolar or micromolar
range (ICy,: Pt compounds 0.14-0.93 uM; Pd compounds
0.33-1.2 uM). Notably, these compounds exhibited strong
selectivity towards the parasite (SI: Pt compounds 11-48;
Pd compounds 4-102) in comparison to murine
macrophages (cell line J774) selected as model mammalian
cells. Figure 9 and Table 1 illustrate the structure, 1Cs,
values on 7. brucei, and SI values of the hit Pt and Pd
compounds of the series, [Pt(8HQCII-H)(dppf)](PF,) and
[PA(SBHQNO,-H)(dppf)](PF,). In most cases, the
coordination of the bioactive 8HQs to the {Pt-dppf}
moiety resulted in a significant increase in activity (11-
to 41-fold). While some Pd compounds surpassed the
corresponding 8HQ ligands in activity, the majority of Pd
compounds displayed lower activity than their Pt analogues.
Interestingly, the Pd compounds proved to be 2- to 45-fold
more potent than the drug nifurtimox, whereas platinum
complexes exhibited a striking 16- to 107-fold increase in
potency compared to this reference drug. The findings from
the conducted studies indicate that the mechanism of action
for these complexes against 7. brucei may involve DNA
interaction, with an additional contribution of oxidative
stress specifically for the Pt compounds.

Having identified [Pt(8HQCII-H)(dppf)](PF,) as the
most promising compound from the 8HQs series (Table 1),
an exploratory pre-clinical therapeutic efficacy study
was conducted in an acute murine model for HAT. The
study involved mice infected with a bioluminescent cell
line of T. brucei, enabling non-invasive in vivo imaging
(Figure 13). While preliminary, the in vivo investigation
indicated that the tested compound did not exhibit acute
toxicity to the animals. Furthermore, the results suggested
that although the compound demonstrated antiproliferative
activity, leading to an extension of animal survival, it did
not possess a curative effect.

A comprehensive investigation was conducted on
the whole family of twenty-two structurally related
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Figure 13. Scheme of the non-invasive in vivo study.

M-dppf-L compounds, featuring the diverse bioactive
ligands L. The focus of the study was to delve into the
quantitative structure-activity relationships (QSAR)
and discern the key structural parameters influencing
anti-T. brucei activity. Such analyses are infrequent
in inorganic medicinal chemistry, primarily due to the
requisite abundance of structurally analogous compounds.
Various physicochemical characteristics, encompassing
lipophilic, electronic, and steric/topological properties,
were considered as independent variables. Among the
descriptors, electronic properties and the nature of the metal
ion emerged as the most pivotal factors in determining
efficacy. The QSAR findings indicate that ligands bearing
electron-withdrawing substituents, coupled with high
lipophilicity and platinum as the central atom, contribute to
complexes exhibiting heightened anti-7. brucei activity.”1%

The latest rationally designed modification of these
promising M-dppf-L compounds has focused on creating
multifunctional Ru" ferrocenyl compounds as potential
agents against trypanosomatid parasites. Having Ru" center
a six coordination, these compounds were designed to
incorporate the bidentate dppf and two bioactive bidentate
ligands, 8-hydroxyquinoline derivatives (§HQs) and
polypyridyl ligands (NNs), within a single molecule. The
three [Ru(8HQs)(dppf)(NN)](PF,) compounds exhibited
in vitro activity against bloodstream 7. brucei, with ICs,
values ranging from 140 to 310 nM. Additionally, they
demonstrated activity against Leishmania infantum
promastigotes, with ICs, values ranging from 3.0 to 4.8 uM.
Notably, these compounds displayed favorable selectivity
towards 7. brucei compared to J774 murine macrophages,
with SIranging from 15 to 38. Figure 9 and Table 1 illustrate
the structure, IC,, value on 7. brucei, and SI value of the
hit compound of this series, [Ru(8HQII-H)(dppf)(bipy)]CL
Changing the hexafluorophosphate counterion by
chloride resulted in a three-fold enhancement in activity
against both parasites and a two to three-fold increase in
selectivity towards the pathogens. The compounds affect
in vitro at least the targets of the individual bioactive
moieties included in the new chemical entities: DNA and
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in vivo imaging

generation of ROS. The compounds demonstrate stability
in solution and possess higher lipophilicity compared to
the free bioactive ligands. However, no clear correlation
was observed between lipophilicity, interaction with DNA,
generation of ROS, and activity. This observation aligns
with their overall similar potency against trypanosoma
and selectivity. This new scaffold could serve as a starting
point for expanding this family of compounds by replacing
8HQs with other bioactive ligands.!"’

In summary, the approach by Gambino group for
designing new ferrocene derivatives by including the
ferrocene scaffold as the organometallic co-ligand
1,1’-bis(diphenylphosphino)ferrocene (dppf) resulted in
the development of highly active and selective anti-T. cruzi
and/or T. brucei compounds, in the form of Pd-Fe, Pt-Fe
and Ru-Fe heterobimetallic compounds. This family of
organometallics deserves further study as a source of
prospective antitrypanosomal drugs.

2.4. Organometallic agents against parasitic diseases by
helminths

In the last decade, there has been a growing interest
in the design and development of organometallics
as prospective drugs against parasitic diseases by
helminths.®*!?* Helminths are parasitic worms that can
infect humans and animals. Main worm-induced NTDs
encompass soil-transmitted helminthiases, schistosomiasis,
lymphatic filariasis, and onchocerciasis. These NTDs
account for 45% of the global NTDs burden.'®

Schistosomiasis, a parasitic disease caused by
Schistosoma worms, manifests as both acute and chronic
conditions. Its prevalence is notable in tropical and
subtropical regions of Africa, Asia, and Latin America,
particularly affecting impoverished communities lacking
access to safe drinking water, proper sanitation, and
adequate hygiene. The transmission of schistosomiasis
is linked to the contamination of freshwater sources by
infected individuals who urinate and defecate in open water
bodies. To combat schistosomiasis, the WHO employs a
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strategy focused on reducing the disease burden through
periodic, targeted large-scale treatment with praziquantel,
administered as preventive chemotherapy. Praziquantel,
while recommended for its effectiveness, safety, and
cost-efficiency, has limitations due to its minimal impact
on eggs and immature worms and rather low metabolic
stability in vivo. Given that praziquantel is currently the
sole treatment for schistosomiasis, and that there are
occasional reports of treatment failure and the risk of
resistance development, there is an urgent need to explore
and develop alternative drugs.'>*1?

On the other hand, soil-transmitted helminth infections
rank among the most widespread infections globally,
impacting approximately 1.5 billion individuals, which
accounts for 24% of the world’s population. These
infections disproportionately affect the most impoverished
and underserved communities, where access to clean water,
sanitation, and hygiene is lacking, particularly in tropical
and subtropical regions. Sub-Saharan Africa, China, South
America, and Asia report the highest prevalence of these
infections. The transmission of these helminths occurs
through eggs present in the feces of infected individuals,
contaminating the soil in areas marked by inadequate
sanitation.'>1?

Lymphatic filariasis, also known as elephantiasis, stands
as a painful and severely disfiguring NTD. It stems from
an infection with nematodes (roundworms) transmitted
through mosquito bites. The larvae find their way onto the
skin and enter the body. Subsequently, these larvae migrate
to the lymphatic vessels, maturing into adult worms and
perpetuating a cycle of transmission. This disease affects
more than 120 million individuals across 72 countries in
the tropical and sub-tropical regions of Asia, Africa, the
Western Pacific, and certain areas of the Caribbean and
South America.'®

Among the efforts to develop organometallic
drugs for treating diseases by parasitic helminths, like
schistosomiasis, lymphatic filariasis and soil-transmitted
helminthiases, Gasser and co-workers® 243! have made

A
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>
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Figure 14. Antihelminthic drugs selected by Gasser and co-workers.®12413!
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notable strides in this field. Following a methodology akin
to the one detailed in previous sections for developing
the antitumoral drug ferrocifen and the antimalarial drug
ferroquine, an organometallic moiety was incorporated into
an anthelmintic organic drug. Figure 14 displays the chosen
drugs, including praziquantel, monepantel, oxamniquine
and albendazole.

Praziquantel, monepantel, oxamniquine and albendazole
underwent derivatization and assessment as antischistosomal
agents by the Keiser and Gasser group. To narrow down
the scope, this review showcases the research conducted
by the Gasser and co-workers'* on the use of praziquantel
in this field. Within the 18 praziquantel ferrocenyl
derivatives synthesized, only four compounds, devoid of the
cyclohexane ring and featuring the ferrocenyl moiety linked
to praziquanamine through various connectors, retained
some level of activity. The alternative approach of inclusion
of a chromium tricarbonyl moiety at the aromatic ring of
praziquantel successfully led to two chromium tricarbonyl-
praziquantel racemate derivatives 14 and 15 with remarkable
in vitro antischistosomal activity (Figure 15). Both
Cr(CO);-praziquantel racemates 14 and 15 showed in vitro
IC,, values of 0.25 and 0.27 uM, respectively, on adult
S. mansoni worms (ICs, praziquantel 0.1 uM). Additionally,
they showed high selectivity towards the parasite in respect
to MRC-5 human fibroblasts as mammalian cell model.'*
Interestingly, to discern the activity difference between
R-diastereomers and S-diastereomers, four diastereomers of
these compounds were synthesized. Similar to praziquantel,
both R-diastereomers exhibited significant in vitro activity
against adult S. mansoni (IC5, = 0.08-0.13 uM), whereas
the S-enantiomers displayed no detectable activity.!**!135

In vivo studies conducted on mice infected with adult
S. mansoni demonstrated lower efficacy for racemic mixtures
of both complexes compared to racemic praziquantel.'** To
identify the biological targets of the most potent chromium
compound 14 (depicted in Figure 15), researchers employed
combined imaging by X-ray fluorescence (XRF) and
infrared (IR) absorption spectromicroscopy. This approach
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Figure 15. Selected organometallic compounds reported by Gasser and co-workers:'** chromium tricarbonyl-praziquantel racemate derivatives 14 and

15; fluconazole and derivatives 16 and 17.

revealed the organometallic compound’s localization within
the schistosome. Distinctive IR CO stretchings and the
chromium XRF feature indicated a notable accumulation
of the compound in the worm’s tegument, the site where
biological targets for praziquantel are thought to reside.'*

Related strategies
Gasser and co-workers to derivatize the anthelmintic drugs
monepantel,'*”-'¥ oxamniquine,"**!*! and albendazole.'*?
Further new antischistosomal drug candidates were also
obtained by the organometallic derivatization of non-
antifungal drugs like the antimalarial mefloquine.'* The
findings affirm the potential of developing organometallic
derivatives of organic drugs as therapeutic agents against
medically and veterinary significant parasites.

Gasser group have expanded its research by developing
organometallic derivatives of the well-established antifungal
drug fluconazole that showed promise as potential agents
against parasitic helminths responsible for both soil-

were developed by

transmitted helminthiasis and lymphatic filariasis. The
incorporation of organometallic moieties into the organic
drug’s structure not only enhanced the antifungal activity
of the original drug but also broadened its spectrum of
action. Ten organometallic derivatives were obtained by
replacement of one of the triazole rings of fluconazole
by ferrocene or ruthenocene together with changes on
the aliphatic linker. In vivo studies have demonstrated the
compounds’ high effectiveness against pathogenic fungal
infections, while in vitro experiments have revealed their
potency against parasitic nematodes such as Brugia pahangi,
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causative agent of lymphatic filariasis, and Trichuris muris,
a useful model for Trichuris trichiura (whipworm), one of
the principal soil-transmitted helminths affecting humans.
The ferrocenyl compound showing best performance of
the series, compound 16 (Figure 15), displayed improved
antifungal activity together with ICs, values in uM of
9 on Brugia pahangi and 23.9 on Trichuris muris."** It
effectively reduced the reproductive output and fecundity
of B. pahangi in vivo. These new compounds target specific
molecular pathways, differing in their mechanism of action
from fluconazole. Importantly, they exert their effects on
biosynthetic pathways that are not present in the human
host, enhancing their specificity and minimizing potential
adverse effects.'*

In a subsequent approach, a similar strategy was
employed, but with the substitution with the metallocenyl
moieties ferrocene, ruthenocene, and cobaltocenium on
one of the two identical triazoles in fluconazole. The
incorporation of different metallocenes was intended to
deepen the understanding of the impact of the metallocene
moiety on the biological properties. Two synthetic
methodologies were employed to produce fluconazole
analogues, which depended on the type of linker, either
1,2,3-triazole or amide, connecting the organometallic
group to the fluconazole core.'4®

Although ruthenocene and ferrocene are isoelectronic
and possess very similar geometry and steric demands,
ruthenocene exhibits distinct redox properties compared
to ferrocene.'¥” The utilization of the isoelectronic
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cobaltocenium in existing drugs has been considerably less
explored compared to the extensively studied ferrocene-
containing bioactive compounds.'*

The hit compound 17 (Figure 15) proved effective
in inducing worm death against both Brugia pahangi
and Trichuris muris at concentrations of 50 and 100 uM,
respectively. Toxicity assessment on the free-living
nematode C. elegans, commonly utilized for testing the
toxicity of potential drugs, indicated that this compound
is non-toxic up to a dose of 100 puM, as it did not exhibit
any noticeable impact on motility, viability, or development
in this invertebrate animal. Additionally, this compound
showed micromolar activity on 7. cruzi and also some
antifungal activity.

Overall, both studies underscore that the organometallic
derivatization of known antifungal drugs can yield novel,
easily synthesizable compounds with potent biological
activity and broad spectrum. This type of organometallics
should be further investigated to get novel compounds
active against neglected diseases by parasitic helminths.

3. Conclusions

According to the findings highlighted in this review,
organometallic compounds present a promising avenue
for drug development that remains relatively untapped.
Bioorganometallic chemistry holds significant potential
for the creation of innovative drugs targeting prevalent
neglected diseases caused by trypanosomatid parasites and
parasitic worms, and malaria. This potential stems from the
diverse bonding modes and structures available, as well
as the adaptability this field offers in design. Generally,
these compounds have demonstrated adequate stability
in biological environments and suitable lipophilicity for
in vivo applications. According to Lipinski’s rule, drugs
typically have physicochemical and structural properties
within certain ranges. Although metal compounds often do
not follow the guidelines for drug-like properties of organic
molecules, a balanced lipophilicity plays a significant
role in determining pharmacokinetics properties of the
compounds. Metal compounds with an appropriate level
of lipophilicity are more likely to exhibit favorable ADME
(absorption, distribution, metabolism, and excretion)
profiles, leading to a suitable bioavailability.'

The identification of the parasite targets affected is
crucial to understand activity, unspecific cytotoxicity
and selectivity towards the parasites and for the design
of compounds with improved biological performance.
Leveraging omics studies in parasites provides deeper
insights into the potential antiparasitic actions of these
compounds.

J. Braz. Chem. Soc. 2024, 35, 10, e-20240104
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While this review highlights selected examples of
established classes of organometallic compounds, there is
ample opportunity for further research focused on rational
design using these organometallic cores. Such endeavors
would be of great interest to the fields of Medicinal Inorganic
Chemistry and, particularly, Bioorganometallic Chemistry.
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