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Zusammenfassung

Zusammenfassung

Toxoplasma gondii ist der Brreger der Toxoplasmose, einer weltweit beim Menschen
verbreiteten Zoonose. Die verfiigharen Behandlungsmdéglichkeiten sind in ihrer Anzahl
begrenzt und mit Nebenwirkungen verbunden. Daher ist es dringend erforderlich, neue
Behandlungsmethoden zu finden und zu entwickeln.

In der vorliegenden Arbeit wurden verschiedene Mini-Bibliotheken von Naturstoffen,
Naturstoffanaloga und synthetischen kleinen Molekiilen, die von Naturstoffgertsten
inspiriert sind, auf ihr Potenzial als neuartige Anti-Toxoplasma-Wirkstoffe 7z vitro untersucht.
Der Forschungsartikel "I vitro biological activity of natural products from the endophytic
tungus Paraboeremia selaginellae against Toxoplasma gondii" beschreibt die Isolierung, die
Strukturaufklirung und die biologische Bewertung neuartiger Naturstoffe aus der Gattung
Paraboeremia. Die Ergebnisse zeigen, dass Biphenylether, Bioxanthracene und 5S,6S-
Phomalacton eine selektive Anti-Toxoplasma-Aktivitit mit geringer oder keiner
Zytotoxizitit in menschlichen Zellen aufweisen. Die Veroffentlichung "Fluorescent
Indolo[3,2-a]phenazines against T. gondi: Concise Synthesis by Gold-Catalyzed
Cycloisomerization with 1,2-Silyl Migration and ipso-lodination Suzuki Sequence"
untersucht  die  Synthese, die biologische Bewertung und die  Struktur-
Eigenschaftsbeziehungen der Indolo[3,2-4]phenazine. Sie zeigten eine starke Aktivitit gegen
T. gondii, mit einem 1Cso-Wert von bis zu 0,67 pM. Anschlieend konzentrierten wir uns auf
die Optimierung ihrer Strukturaktivitit mit dem Ziel, ihre Struktur zu verindern, um das
therapeutische Fenster zu erweitern. Die Leitverbindung LHP 091 zeigte eine starke Anti-
Toxoplasma-Wirksamkeit ohne Zytotoxizitit der Wirtszellen. Der Artikel "Modular
Approach for the Synthesis and Bioactivity Profiling of 8,8"-Biflavones" stellt eine skalierbare
Synthese fir 55 monomere und dimere Flavone sowie die Bewertung ihres
Antitoxoplasmaprofils, ihrer Zytotoxizitit auf gesunde und Krebszellen und ihrer
antioxidativen Kapazitit vor. 8,8-Biflavone zeigten eine hohe Wirksamkeit gegen die
Proliferation von T. gondii und Hela-Zellen. Das Manuskript "Synthesis and In 1o
Evaluation of Bichalcones as Novel Potential Anti-Toxoplasma Agents" beschreibt die
Bioaktivitit von A,A'-Bichalconen. Die 7z vitro-Untersuchungen auf ihre Anti-Toxoplasma-
Kapazitit haben A,A'-Bichalkone als Anti-Toxoplasma-Wirkstoffe herausgestellt. Die reinen
Enantiomere (5,) und (R.) der aktivsten Verbindung wurden synthetisiert und biologisch
bewertet. Die Ergebnisse zeigten, dass das Enantiomer (R,) die hochste Aktivitat aufwies.

Das Manuskript "1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR) as target for



Zusammenfassung

anti-Toxoplasma gondii agents: crystal structure, biochemical characterization and 7 vitro
biological evaluation of fosmidomycin and reverse analogues as potent inhibitors" priasentiert
die erste Rontgenstruktur der DXR von T. gondii im Komplex mit dem Inhibitor
Fosmidomycin und dem Cofaktor NADPH, die entscheidende Bindungsinteraktionen
aufdeckt. Es wurde eine biochemische Charakterisierung des Zielenzyms durchgefihrt.
AuBerdem konnten reverse a-Phenyl-B-thia-Analoga von Fosmidomycin als potente
Inhibitoren identifiziert werden. Im Hinblick auf die Permeabilitit wurde eine Analyse
von Fosmidomycinderivaten und ihren entsprechenden POM-Estern durchgefihrt.
Letztere zeigten eine verbesserte Anti-Toxoplasma-Aktivitit, was wahrscheinlich auf ihre
erhohte Lipophilie und potenzielle Prodrug-Aktivitit zurtickfihren ist.

Diese Arbeit definiert Indolo[3,2-a|phenazine und Fosmidomycin-Derivate als

neuartige Anti-Toxoplasma-Wirkstoffe und unterstreicht die Bedeutung von Naturstoffen
und ihren Derivaten als Quelle fiir neue Leitstrukturen bei der Identifizierung von Anti-

Toxoplasma-Wirkstoffen.
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Summary

Summary

Toxoplasma gondii is the etiologic agent of toxoplasmosis, a zoonotic disease that is widespread
in humans worldwide. The available treatment options are limited in number and associated
with side effects. Thus, novel treatments are urgently needed to be identified and developed.
In the present thesis, different small molecule mini-libraries of natural products, natural
product analogues and synthetic small molecules inspired from natural product scaffolds
were investigated for their potential as novel anti-toxoplasma agents 7 vitro. The research
article “In vitro biological activity of natural products from the endophytic fungus Paraboeremia
selaginellae against Toxoplasma gondii” details the isolation, the structure elucidation and the
biological evaluation of novel natural products identified in the genus Paraboeremia. Results
showed that biphenyl ethers, bioxanthracenes, and 5S,6S-phomalactone demonstrated a
selective anti-toxoplasma activity with low or no cytotoxicity in human cells. The publication
“Fluorescent Indolo[3,2-a|phenazines against 1. gondiz: Concise Synthesis by Gold-Catalyzed
Cycloisomerization with 1,2-Silyl Migration and zpso-lodination Suzuki Sequence” explores
the synthesis, biological assessment, and the structure-property relationships of the
indolo[3,2-4]phenazines. They showed potent activity against 1. gondii, with an 1Cs, value of
up to 0.67 uM. Afterwards, the focus was on their structure activity optimisation, with the
aim to modify their structure to broaden the therapeutic window. The lead compound LHP
091 showed potent anti-toxoplasma efficacy without host cell cytotoxicity. The article
“Modular Approach for the Synthesis and Bioactivity Profiling of 8,8'-Biflavones” evaluates
the anti-toxoplasma profile, cytotoxicity on healthy and cancerous cells, and antioxidant
capacity of 55 newly synthesised monomeric and dimeric flavones. 8,8-Biflavones
demonstrated high potency against the proliferation of T. gondii and Hela cells. The
manuscript “Synthesis and Iz vitro Evaluation of Bichalcones as Novel Potential Anti-
Toxoplasma Agents” details the bioactivity of A,A'-bichalcones. The # vitro evaluation for
their anti-toxoplasma capacity outlined A,A'-bichalcones as anti-toxoplasma agents. The
pure enantiomers (5, and (R.) of the most active compound were synthesised and
biologically evaluated. Results showed that the enantiomer (R,) exhibited the highest activity.
The manuscript “1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR) as target for
anti-Toxoplasma gondii agents: crystal structure, biochemical characterization and 7 vitro
biological evaluation of fosmidomycin and reverse analogues as potent inhibitors” presents
the first X-ray structure of the T. gondii DXR in complex with the inhibitor fosmidomycin
and the cofactor NADPH, uncovering crucial binding interactions. Biochemical

characterisation of the target-enzyme was performed. Moreover, reverse a-phenyl-B3-thia
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Summary

analogues of fosmidomycin were identified as potent inhibitors. Addressing permeability
issues, a screening of fosmidomycin derivatives and their corresponding POM esters was
performed. The latter showed an improved anti-toxoplasma activity, probably be due to their
increased lipophilicity and potential prodrug activity.

This thesis defines indolo[3,2-4]phenazines and fosmidomycin derivatives as novel anti-
toxoplasma agents, highlighting the importance of natural products and their derivatives as

a source of novel leads in the anti-toxoplasma drug discovery.
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Introduction

1 Introduction

1.1 Apicomplexa

The eukaryotic phylum Apicomplexa spans a large group of parasitic protists belonging to
the superphylum Alveolata (Fast, Xue, Bingham, & Keeling, 2002), which encompasses over
6000 identified species and approximately one million of unnamed and undescribed species
(Adl et al., 2007). Apicomplexans (from latin apex (top) and complexus (infolds)) are obligate
intracellular parasitic protists sharing a common morphology (Votypka, Modry, Obornik,
Slapeta, & Lukes, 2017). Their major feature consists in the presence of the apical complex,
a structural and secretory formation containing unique organelles, the rhoptries, micronemes,
and dense granules. These organelles are responsible for the invasion and interaction with
the host cell, which are crucial processes for the establishment of the intracellular infection
(Blackman & Bannister, 2001; Katris et al., 2014). Rhoptries are flask-shaped organelles
bounded by membranes that are able to secrete membranous material. These organelles play
a pivotal role in the establishment of parasitism, in particular to the invasion, expansion and
maintenance of the parasitophorous vacuole membrane (PVM) (Sam-Yellowe, 1996). Much
smaller than rhoptries are micronemes, fusiform or flask-shape organelles responsible of the
host-invasion and motility of the parasites (Blackman & Bannister, 2001). The dense granules
are secretory organelles bounded by a membrane with an electron dense crystalline protein
core, involved in the maturation of the parasitophorous vacuole (PV) and the intracellular
survival of the parasite. After the parasite invasion, dense granules secrete the dense granule
proteins (GRA). The role of GRAs remains uncertain; however, recent data indicates a
potential involvement in the construction of the PV network (Griffith, Pearce, & Heaslip,
2022; Mercier, Adjogble, Ddubener, & Delauw, 2005). Alongside the apical complex, the
apicoplast is another vital hallmark found in almost all Apicomplexans: discovered in the
1990s (McFadden, Reith, Munholland, & Lang-Unnasch, 19906), it is an unpigmented plastid
with a small circular genome, originating from algae from secondary endosymbiosis, that
have lost their photosynthetic metabolism (Lim & McFadden, 2010). Nevertheless, it houses
several vital metabolic pathways for the parasite: the type II fatty acids biosynthetic pathway;
the non-mevalonate pathway, for the production of crucial intermediates in the biosynthesis
of isoprenoids; part of the haem biosynthesis; and other important functions (J. Kloehn, C.
E. Lacour, & D. Soldati-Favre, 2021a).

Due their ability to infect a wide range of hosts, encompassing humans, Apicomplexans can

be clinically significant pathogens, including: Plasmodium spp., the causative agents of malaria
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transmitted by Anopheles mosquitos (Hoffman, Subramanian, Collins, & Venter, 2002);
Babesia spp., pathogens of babesiosis, a zoonotic disease mostly being transmitted by its
primary vector, the ixodid ticks (Yabsley & Shock, 2013); Theileria spp., transmitted by ticks,
where the most pathogenic representative 1. parva is responsible for the East Coast Fever
(ECF) (Fry etal., 20106); Eimeria spp. etiologic agents of coccidiosis, one of the major livestock
disease in the world transmitted via the oral-fecal route (Blake & Tomley, 2014);
Cryptosporidinm spp., leading cause of one of most common waterborne diarrheal disease
outbreaks in humans and animals, the cryptosporidiosis (Khan & Witola, 2023) and
Toxoplasma gondii (1. gondii), the pathogenic agent of the zoonotic disease toxoplasmosis

(Jitender P Dubey, 2008) (Figure 1).

Superkingdom Eucaryota
Clade Sar
Clade Alveolata
Phylum Apicomplexa
|
I I
Class Aconoidasida Conoidasida
' |
Subclass Coccidia
Order Haemosporida Piroplasmidae Eucoccidiorida
Suborder Eimeriorina
|
I I I
Family Plasmodiidae Babesidae Theileridae Eimeridae  Cryptosporidiidae  Sarcocystidae
Genus Plasmodium Babesia Theileria Eimeria Cryptosporidium Toxoplasma
Species Toxopiasma

gondii

Figure 1: Classification of the phylum Apicomplexa
Phylogenetic tree of some of the clinical and veterinary relevant apicomplexan parasites according to NCBI
taxonomy (Schoch et al., 2020). Taxonomy of Toxoplasma gondii is shown in bold and is coloured. Created with

BioRendetr.com.
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1.2 Toxoplasma gondii: History of the Etiologic Agent

T. gondii was identified and described for the first time in 1908 by Nicolle and Manceaux
from the North-African rodent Ctenodactylus gundi (C. gundi) (Charles Nicolle, 1908), and
concurrently, in Brazil in the same year, by Splendore from tissues of an infected rabbit
(Splendore, 1908), both groups suspected that Toxoplasma is a protozoan belonging to the
Leishmania spp. grouped into the Euglenogoa phylum. Realising that it was the discovery of a
previously unknown organism, Nicolle and Manceaux proposed the name Toxoplasna gondi,
referring to the morphology of the parasite (from Greek foxon: arc or bow, plasma: creature;
and gondii resulting probably from a misspelling of the first identified host C. gundz) (C. Nicolle
& Manceaux, 1909). After its discovery, several cases of 1. gondii infections were reported in
a variety of warm-blooded hosts, mainly bird species (J. Dubey, 2002).

In 1923, Jankt probably documented the first human T. gondii infection in a eleven months
old child in Prague affected by hydrocephalus (Janku, 1923) While Jankt was unable to
identify the causative agent of the infection, in 1939 Wolf ¢f a/. reported the first human
isolate of T. gondii, establishing this parasite as a causative agent of the human disease
toxoplasmosis (Wolf, Cowen, & Paige, 1939). Subsequently, numerous advancements were
made for the comprehension and the elucidation of the disease in animals and humans
(Frenkel & Jacobs, 1958; Hartley & Marshall, 1957). Remarkably, in 1948 Sabin ef al.
described the “Sabin-Feldman Dye-Test for Toxoplasmosis”, a highly sensitive serological
test for the detection and quantification of circulating Toxoplasma-specific antibodies in the
serum of hosts upon infection (A. B. Sabin & Feldman, 1948). The realization of the first
diagnostic test was an important epidemiological tool that enabled the revelation of the
geographical dissemination and widespread occurrence of T. gondii infections in different
warm-blooded hosts. There findings encouraged the investigation of the transmission routes
of the parasite and the revelation of its life cycle (E. Innes, 2010). In 1995, Howe and Sibley
described three clonal lineages of T. gondiz, named types I, I, and 111, which differ in virulence
and their epidemiological prevalence pattern (D. K. Howe & L. D. Sibley, 1995; L. D. Sibley
& Boothroyd, 1992). Type II has been identified as the most prevalent genotype for
infections of humans (Chessa, Chisu, Porcu, & Masala, 2014; Howe, Honoré, Derouin, &

Sibley, 1997; Mondragon, Howe, Dubey, & Sibley, 1998).

1.2.1 Life Cycle

In 1970, the life cycle of T. gondii was fully described when the two reproductive stages of

the parasite were finally identified: the sexual stage that occurs exclusively in the members of
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the family Felidae, that serve as definitive hosts; the asexual stage in intermediate hosts,

occurring in a wide range of warm-blooded vertebrates, including humans (J. P. Dubey,

Miller, & Frenkel, 1970) (Figure 2).
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Figure 2: T. gondii life cycle

Biology, infection and replication of T. gondii. The sexual stage in the definite host is shown on the left, the
asexual stage that occurs in the intermediate hosts in shown on the right. Modified from Farmhealthonline.com

(Farmhealthonline.com). Created with BioRender.com.

The primary infection of felids can occur via the ingestion of tissue cysts within muscles or
organs of infected animals, or the ingestion of the sporulated oocysts shed by another
infected feline. Upon ingestion, the cysts or oocysts cell walls undergo digestion within the
stomach, causing the release of sporozoite or bradyzoites that initiate to invade the felid gut
epithelial cells (J. P. Dubey, Lindsay, & Speer, 1998). The latter are lacking the delta-6-
desaturase activity leading to systemic excess of linoleic acid, responsible for the sexual
reproduction of the parasite (Martorelli Di Genova, Wilson, Dubey, & Knoll, 2019). In the
gut epithelium occur several schizogonic cycles, with the formation of 5 morphologically
different schizonts, leading to the production of unsporulated and immature oocysts
(zygotes) that are excreted by cat faeces. Outside of the cat, the oxygen-rich environment

promotes sporulation, and following the maturation, sporocysts are then formed (J. P. Dubey
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et al., 1970) (J. Dubey, 1998). The asexual stage commences with infection of intermediate
hosts via ingestion of the highly infective oocyst, contained in food or water contaminated
with cat faeces, or via the ingestion of tissue cysts contained in raw or undercooked meat.
During the digestion, the breakdown of the oocysts or tissue cysts walls cause the release
bradyzoites or sporozoites. The latter initiate the invasion of the epithelial cells, where
happen then the conversion of sporozoites into tachyzoites, the fast-growing stage of the
parasite that characterize the acute infection (J. P. Dubey et al., 1998; Harley G Sheffield &
Melton, 1968). Tachyzoites undergo a lytic cycle, replicating by endodyogeny inside the
parasitophorus vacuole (PV) established during host cells invasion. Afterwards, tachyzoites
egress the host cell via a lytic process and continue the cycle through the invasion of novel
host cells (Blader, Coleman, Chen, & Gubbels, 2015) (Figure 3). The spread of the parasite
in all body tissues via the blood stream and lymphatic system is restricted by the activation
of the immune system, triggering, after 10-14 days post-infection, the conversion of the
actively-replicating tachyzoites into the slowly-replicating bradyzoites, encysted in tissue cysts

throughout the body, responsible for the chronicity of the infection (Lyons, McLeod, &

Roberts, 2002).
N Stress
conditions

Replication Decreasing
Stress

Invasion

Tissue

Tachyzoite Bradyzoite
stage stage

Figure 3: Lytic cycle and stage differentiation of 7. gondii
Lytic cycle of T. gondii during the tachyzoite stage consists in the invasion, replication, and egtression phases.

Under stress conditions, tachyzoites convert into encysted bradyzoites. When the stress condition is decreasing,
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bradyzoites convert into tachyzoites, starting the lytic cycle. Modified from Zhang ef a/. (M. Zhang, Joyce,

Sullivan, & Nussenzweig, 2013). Created with BioRender.com.

1.3 Toxoplasmosis

T. gondii is the etiologic agent of toxoplasmosis, a zoonotic disease widely disseminated in
humans and animals. Due to its worldwide distribution, T. gondii is referred as one of the
most successful parasite, afflicting approximately a third of the global human population
(Saadatnia & Golkar, 2012). According to the Centre for Disease Control and Prevention
(CDC), approximately 11% of the U.S. population aged 6 years and older are seropositive to
T. gondii, and in many countries characterized by hot and humid climate, it is estimated that

the prevalence of the infection can reach more than 60% of the population (CDC, 2018).
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1.3.1 Transmission to Humans

Infection of humans can occur via different routes: through the consumption of tissue cysts
in contaminated raw meat; via ingestion of oocysts from the environment or contaminated
food or water (as shown in Figure 4); congenitally, via mother-to-child transmission during

pregnancy and rarely with blood transfusion and organ transplantation (Hill & Dubey, 2002)
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Figure 4: Transmission of 7. gondii in humans
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(Deng et al., 2021). Created with BioRender.com.

Tissue cysts, the cause of 1. gondii foodborne transmission, are generally located in muscles
and in the brain of infected livestock. After the consumption of undercooked contaminated
meat, especially pork and lamb, walls of tissue cysts are subjected to digestion via the activity
of proteolytic enzymes in the stomach, releasing bradyzoites (Al-Malki, 2021). The parasites
have been demonstrated to be resistant to the proteolytic digestion in the gastric
environment (Jacobs, Remington, & Melton, 1960), enabling the invasion of the host cells.

The faecal T. gondii oocysts shed by felines in the environment represent a relevant health
issue due their long viability and stability in the environment and their highly infectiousness
to intermediate hosts (J. P. Dubey, 1996; Lélu et al., 2012). After sporulation, matured oocysts

become a potential source of infection for humans, via the accidental ingestion of
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contaminated vegetables and water or by inhalation from the environment (Torrey & Yolken,
2013). Additionally, the affliction of congenital transmission is very high (J. Dubey, Murata,
Cerqueira-Cézar, Kwok, & Villena, 2021). Congenital infection can occur upon primary
infection during pregnancy, with higher incidences during the third trimester of pregnancy,
due to the higher permeability of the placenta during this phase, its protective role decrease,
resulting an increased vulnerability to infection (Robert-Gangneux & Dardé, 2012).

Before pregnancy, the infection is generally low-risk for the foetus. The transmission of the
infection occur only with some rare cases (Vogel et al., 1996). However, the precise
mechanism how the congenital infection of T. gondii through the placenta can occur remains
uncompletely understood (Bollani et al., 2022).

Other instances of T. gondii transmissions are solid organ transplantations, in which the
transplant recipients can be affected by two different ways: transmission of the infection
from a seropositive donor to a seronegative recipient, and the reactivation of a latent
infection due to immune suppression after transplantation (Sumeeta Khurana & Nitya Batra,

2016). Additionally, infection can occur rarely via blood transfusion (Stopi¢ et al., 2022).

1.3.2 Clinical Manifestations of Toxoplasmosis

From a clinical perspective, T. gondii infection can be unnoticed or can manifest by a various
spectrum of symptoms, depending on the immune status of the host, characterized by:
immunocompetent status: mainly asymptomatic and in seldom instances symptomatic;
immunocompromised conditions and congenital toxoplasmosis: symptomatic (J. G.

Montoya & Liesenfeld, 2004) (Figure 5).
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Modified from Montoya ez al. (J. G. Montoya & Liesenfeld, 2004). Created with BioRender.com.

In immunocompetent adults and children, the course of the primary infection with T. gondii
is usually asymptomatic. In North America, symptomatic toxoplasmosis has been observed
in approximately 10 to 20% of cases (J. S. Remington, 1974). This rate could be higher in
certain geographic areas where the burden and the prevalence of the infection is superior,
such as Brazil (Jones et al., 20006; Prestes-Carneiro et al., 2013; Strang et al., 2020). When the
clinical course of acute infection is symptomatic, the major manifestations are flu-like
symptoms that rarely require treatments, and asymptomatic isolated cervical
lymphadenopathy. Rarely, more severe clinical manifestations can develop, including
myocarditis, myositis and choriorenitis (José G. Montoya, Boothroyd, & Kovacs, 2015). The
latter, has been reported as the consequence of the reoccurrence of the congenital infection
or of acquired infection (Park & Nam, 2013), causing retinal lesions and vitreous
inflammation (Holland, 2004). I. gondii parasite can be grouped into three major genotypes
known as I, IT and I1I, as well as distinct lineages commonly recognized as "exotic or atypical
genotypes", which diverge significantly from the major three (Daniel K. Howe & L. David
Sibley, 1995; L. David Sibley, Khan, Ajioka, & Rosenthal, 2009). However, the T. gondii type

IT strains are the most commonly associated with human toxoplasmosis (Howe et al., 1997).
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In contrast with the favourable course of the disease in immunocompetent individuals, in
immune-deficient patients lacking a proper cellular immunity, due to hematologic
malignancies, cytotoxic anticancer regimen, immunosuppressive therapy for organ
transplants or Acquired Immunodeficiency Syndrome (AIDS), toxoplasmosis can pose a life-
threatening risk, usually due the reactivation of a latent infection (Ali, Abd El Wahab, Hamdy,
& Hassan, 2019; S. Khurana & N. Batra, 2016; B. J. Luft & Chua, 2000; Pagano et al., 2004).
For these patients, toxoplasmic encephalitis is the most common clinical manifestation,
exhibiting a wide spectrum of signs and symptoms contingent upon the status of the
infection, ranging from subacute signs to an acute confusion state, with severe neurological
deficits which may rapidly devolve to severe outcomes, including hemiplegia, visual defects,
psychosis, lethargy and coma up to lethality (Benjamin J. Luft & Remington, 1992).

As in immunocompetent individuals, primary infection in pregnant women is usually
asymptomatic, but infection can be a potential risk for vertical transmission from mother to
foetus, especially upon primary infection during pregnancy or, rarely, due to the reactivation
of a chronic T. gondii infection in an immunodeficient pregnant mother (Goldstein, Montoya,
& Remington, 2008). The frequency of the congenital transmission and the severity of the
illness are dependent on which trimester of gestation the infection is acquired by the mother:
the risk of vertical transmission in highest during the third trimester and the severity of illness
is worst for the foetus if the infection is acquired during the first trimester (Jack S Remington
& Klein, 2001). The clinical manifestations for the new born include jaundice, blindness,
chorioretinitis, ventriculomegaly, hydrocephalus, intracranial calcifications, macrocephaly,
microcephaly, seizure epilepsy, anaemia, encephalitis, and mental retardation (Jack S
Remington, Wilson, Nizet, Klein, & Maldonado, 2010). Also, miscartiages / foetal death
have been reported (Maldonado & Read, 2017).

1.3.3 Treatment of Toxoplasmosis

In 1942, the report of Sabin and Warren on the effectiveness of sulfonamides against
experimental murine toxoplasmosis, acting as competitive inhibitors of the enzyme
dihydropteroate synthase (DHPS) in the folate biosynthetic pathway, marked the beginning
of anti-toxoplasma drug discovery (Henry, 1943; Albert B. Sabin & Warren, 1942). From
that time onward, the effectiveness of other molecules on  vitro and in vivo models have
been reported. Pyrimethamine, a synthetic diaminopyridine that inhibits the enzyme
dihydrofolate reductase (DHFR) in the folate metabolic pathway (Hitchings, Falco,
Vanderwerff, Russell, & Elion, 1952) and overall the parasite nuclear DNA replication

10
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(McCabe & Oster, 1989), was reported to be effective against toxoplasmosis in mice in 1952
(Eyles & Coleman, 1952). Subsequently, Eyles and Coleman reported the synergistic effect
of the combination treatment of pyrimethamine and sulfadiazine (PYR — SDZ). 70 years
after, the regimen PYR — SDZ, targeting synergistically different steps in the folate synthetic
pathway of the tachyzoite stage (H. G. Sheffield & Melton, 1975), still remains the gold-
standard in treating human toxoplasmosis, which is administered in combination with folinic
acid to prevent bone marrow suppression (Akira, 2000; Dunay, Gajurel, Dhakal, Liesenfeld,
& Montoya, 2018; Y. Zhang, Li, Lu, & Zheng, 2022). Lately, other antifolate regimens were
investigated, such us Trimethoprim (TMP) and sulfamethoxazole (SMZ) (Grossman &
Remington, 1979) that are currently used in combination as an alternative treatment when

the main regimen PYR — SDZ is not available (Hernandez et al., 2017) (Figure 6).
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Figure 6: Mechanism of the action of antifolates

Modified from Cowell ez a/. (Cowell & Winzeler, 2019). Created with BioRender.com.

The anti-toxoplasma effectiveness of the macrolide spiramycin was first reported by Garin
and Eyles in 1958 (Garin & Eyles, 1958). Following that discovery, several other macrolides
have been found to exert an anti-toxoplasma activity, such as roxithromycin, azithromycin
(F. Araujo, Shepard, & Remington, 1991; Chang & Pechére, 1988). For their mode-of-action
an inhibitory activity of protein synthesis targeting the T. gondiz apicoplast has been proposed
(Beckers et al., 1995). Spiramycin is currently widely employed for prophylaxis and treatment
of toxoplasmosis in pregnant women, due to its minimal side-effects and its inability to cross
the placenta barrier. This makes it an ideal choice for the prevention of congenital infection,
but ineffective when dealing with an already established foetal infection (Goldstein et al.,
2008; Robert-Gangneux et al., 2011). In the early 1990s another noteworthy breakthrough
emerged with the discovery of the anti-toxoplasma efficacy of atovaquone (F. G. Araujo,

Huskinson, & Remington, 1991; Kovacs & AIDS, 1992), a naphthoquinone able to impact
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the energy metabolism of the parasite acting as an inhibitor of the mitochondrial transport
by targeting the cytochrome bcl complex (Papich, 2016). Nowadays, together with
clindamycin and azithromycin, it is widely used as alternative therapy for patients who are
intolerant and allergic to sulfonamides regimens (Holmes, Kaplan, & Masur, 2002; Shiojiri,

Kinai, Teruya, Kikuchi, & Oka, 2019) (Figure 7).
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Figure 7: Discovery timeline of anti-toxoplasma medications currently in clinical use

Modified from Dunay e/ a/. (Dunay et al., 2018). Created with BioRender.com

1.3.4 Limits and Challenges of Anti-Toxoplasma Drugs

According to the CDC, toxoplasmosis is referred to as a neglected parasitic infection in the
USA (Jones, Parise, & Fiore, 2014; Scallan et al., 2011). The absence of market-driven interest
by pharmaceutical industry in investing in novel and innovative anti-toxoplasma therapeutic
entities has resulted in a deficiency of drug research and development (Trouiller et al., 2002).
Thus, the approved anti-toxoplasma regimens still remain limited (Dunay et al., 2018), and
are mostly acting as inhibitors against dihydrofolate reductase, NADH dehydrogenases,
cysteine proteases and dihydropteroate synthase (Kortagere, 2012). Anti-toxoplasma drug
discovery has been mostly based on repurposing of existing anti-Apicomplexan drugs,
especially antimalarial ones (Secrieru, Costa, O'Neill, & Cristiano, 2020). Therefore, besides
to be not exclusively used for T. gondii infection, over time current regimens are facing a
reduced efficacy due the arising of parasite resistances against anti-infective drugs (Montazeri
et al., 2018; Mzabi, Aubert, & Villena, 2017). Moreover, current treatment options are
exclusively targeting the tachyzoite stage of the parasite, responsible for the acute infection.
However, these treatments are unable to eradicate the tissue cysts harbouring bradyzoites,
responsible for the development of the chronic infections (R McLeod, Van Tubbergen,

Montoya, & Petersen, 2014). The main target of anti-toxoplasma drugs is the folate
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biosynthetic pathway involved in DNA synthesis, particularly acting as inhibitors of the
parasite DHFR and DHPS enzymes. Pyrimethamine, inhibitor of the DHFR enzyme,
demonstrates lack of specificity on discerning between the parasite and host enzymes
(Konstantinovic, Guegan, Stijner, Belaz, & Robert-Gangneux, 2019), inducing severe side
effects mainly related with the inhibition of the folate pathway in highly metabolic active
tissue, such as bone marrow (Khan Assir, Ahmad, Akram, Yusuf, & Kamran, 2014),
including bone marrow suppression, thrombocytopenia, diarrhoea, nausea, vomiting,
cutaneous rush, and Steven—Johnson syndrome among others which may be even fatal (Ben-
Harari, Goodwin, & Casoy, 2017; Rima McLeod et al., 2000). Significant adverse effect have
been shown also in the other approved anti-toxoplasma medicaments (Shammaa, Powell, &
Benmerzouga, 2021). As a consequence, the high level of toxicity leads to the lack of patient
compliance, discontinuation of therapy and, as a drawback, extension of the drug
administration (Konstantinovic et al., 2019). Thus, there is an urgent need to develop novel
well-tolerated therapies that, in addition, are effective in acute, chronic and latent stages of
the parasitic disease. Regrettably, a multitude of challenges hinder the discovery of novel
anti-toxoplasma entities with such an idealistic profile, especially the effectiveness in
bradyzoites, with their biology nowadays being mostly unclear. Enhancing the knowledge of
the essential metabolic pathways of the bradyzoite stage and the identification of druggable
targets could significantly improve the research in this field (Alday & Doggett, 2017).
Moreover, T. gondii is able to cross the blood — brain barrier, leading to the invasion of brain
tissue and to the conversion into encysted bradyzoites in the Central Nervous System (CNS)
(Feustel, Meissner, & Liesenfeld, 2012) into which the available treatments are not able to
penetrate (J. G. Montoya & Liesenfeld, 2004). Thus, the pharmacokinetic aspects of novel

drugs must also be highly considered.

1.4 Natural Products and Derivatives in Drug Discovery

Natural products (NPs) have played a pivotal role in the history of drug discovery and have
contributed to the development of modern drugs, especially in the field of cancer and
infectious diseases, and nowadays they still maintain their crucial importance (Cragg,
Newman, & Snader, 1997; Fernandes, da Silva Figueiredo, Monteiro, & Monteiro-Neto,
2023).

In 1928, Alexander Fleming's discovery of penicillin from Penicillinm notatum initiated the
'golden era' of antibiotics, which peaked in the mid-1950s (Conly & Johnston, 2005). During
this relatively short period, several classes of NPs antibiotics were discovered that are still in

clinical use, such as B-lactams, aminoglycosides and tetracyclines (Davies, 2006). Penicillins
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are bactericidal agents that inhibit the synthesis of the cell wall consisting of a 6-
aminopenicillanic acid core with a side chain attached via an amide bond, which identifies
each penicillin (Miller, 2002). After Fleming's discovery, other natural products consisting of
a four-member B-lactam ring were discovered, such as cephalosporin from Cephalosporium
spp., cephamycin and clavam from S#eptomyces spp. and carbapenems and monocyclic -
lactams from actinomycetes (Demain & Elander, 1999).

Streptomycin, isolated in 1943 from Streptomyces grisens, was the first discovered
aminoglycoside and the first clinical treatment for tuberculosis introduced in 1940 (Schatz,
Bugle, & Waksman, 1944). This class of antibiotics is characterised by amino-modified sugars
bound to an aminocyclitol nucleus, which exert their broad-spectrum bactericidal action
through their irreversible binding to the 30s ribosomal subunit, inhibiting protein synthesis
in the microorganism (Becker & Cooper, 2013).

Tetracyclines were discovered with the isolation of aureomycin from actinomycetes soil
bacteria (Duggar, 1948) They are a class of inhibitors of bacterial protein synthesis, which
act by inhibiting protein translation through their binding to the ribosomal subunit 30s and
preventing the aminoacyl-tRNA from associating with the A-side of the bacterial ribosome
(Chopra & Roberts, 2001).

Unfortunately, the high discovery of new antibiotic NPs in a short period of time has led to
the overuse of these drugs, causing the rise of antimicrobial resistance (AMR) (Davies, 2000;
Hutchings, Truman, & Wilkinson, 2019).

NPs are typically characterized by high molecular mass, high molecular rigidity and
favourable physicochemical proprieties (Atanasov et al., 2021). Together with their vast array
of scaffold diversity and their wide range of bioactivities, they are high value for the drug
design and development (Atanas G Atanasov et al., 2015; Lachance, Wetzel, Kumar, &
Waldmann, 2012) However, alongside the opportunities offered by their unique
characteristics, several challenges have limited their use in drug discovery, such as the
accessibility of the source of NPs, the complexity of their extraction and isolation processes
and the incompatibility with high-throughput screening (HTS). These limitations have
gradually reduced interest in natural product-based drug discovery, shifting the focus to
synthetic molecule libraries (SMLs) and HTS (Atanas G. Atanasov et al., 2015). However,
due to the lack of diversity, SMLs have only made limited contributions to the identification
of novel bioactive scaffolds(Chan, Holmes, & Payne, 2004). Thus, with the AMR that are
increasing worldwide (Smith & Coast, 2002), the urgent need for novel classes of antibiotics

have renewed the interest in NPs as a source of new drug leads. The registration of
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fidaxomicin, retapamulin, and daptomycin highlighted the re-emergence of NPs (Thaker,
Waglechner, & Wright, 2014). Moreover, NPs could serve as starting materials for the design
and the synthesis of semisynthetic NPs and total synthetic NPs derivatives, characterized by
higher biological efficacy and improved pharmacokinetic and pharmacodynamic proprieties
(da Rosa, Schenkel, & Campos Bernardes, 2020; Majhi & Das, 2021; Molinari, 2009). Several
studies have demonstrated the invaluable potential and pivotal role of NPs in the research
for potential anti-parasitic, including T. gondii, due to lower side-effects and higher availability
(Adeyemi, Sugi, Han, & Kato, 2018; Harvey, Edrada-Ebel, & Quinn, 2015; Sharif et al.,
2016). Actinobacteria and fungi have previously been the main producers of commercially
important bioactive NPs (Conrado, Gomes, Roque, & De Souza, 2022; Genilloud, 2017).
The main classes of antibiotics produced from actinomycetes include B-lactams,
aminoglycosides, lipopeptides, glycopeptides, asamycins, anthracyclines, nucleosides,
peptides, polyenes, polyethers, tetracyclines and macrolides (Selim, Abdelhamid, &
Mohamed, 2021). Current research suggests that these microorganisms, especially from the
genus Streptomyees, and endophytic fungi continue to provide novel bioactive metabolites with
unique chemical skeletons, such as alkaloids, coumarins, sesquiterpenoids, cytochalasins,
tetracenediones, lactones, quinones, quinolones, xanthones that could be useful in
preventing the growing AMR (Deshmukh et al., 2022; Donald et al., 2022; Igarashi, 2019;
Jakubiec-Krzesniak, Rajnisz-Mateusiak, Guspiel, Ziemska, & Solecka, 2018).

In recent years, a variety of natural extracts of plants have shown inhibitory effects of T.
gondii (Benoit-Vical, Santillana-Hayat, Kone-Bamba, Mallie, & Derouin, 2000), such as the
sesquiterpene lactone artemisinin from the antimalarial plant Artemisia annua (Holfels,
McAuley, Mack, Milhous, & McLeod, 1994), and its derivatives (D'Angelo, Bordon, Posner,
Yolken, & Jones-Brando, 2009), indicating the high potential of NPs in anti-toxoplasma drug

discovery.
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2 Aim of the Thesis

Toxoplasmosis is a zoonotic disease widely distributed worldwide caused by the
apicomplexan parasite T. gondii (Amouei et al., 2020). In Europe, T. gondii has been ranked as
the second most important food-borne parasite in terms of public health, geographical
distribution and economic impact (Bouwknegt, Devleesschauwer, Graham, Robertson, &
van der Giessen, 2018). Toxoplasmosis is a serious burden for immunocompromised
individuals and congenitally infected foetuses, causing severe and even fatal illness (J. Dubey
et al., 2021; Machala et al., 2015). Even with enormous progress achieved toward
understanding the biology of T. gondiz, toxoplasmosis is still been considered a neglected
parasitic disease, resulting in limited research in the realm of drug research and development,
only leading to the approval of a limited number of anti-toxoplasma drugs (Boothroyd, 2009;
Dunay et al., 2018; E. A. Innes, Hamilton, Garcia, Chryssafidis, & Smith, 2019; Trouiller et
al., 2002). The most common treatment against acute toxoplasmosis is the combination of
PYR — SLZ plus folinic acid. This and the other available regimens are associated with severe
side effects, and additionally, no one is active against the chronic stage of the parasite. Thus,
novel drug candidates are urgently needed for the development of novel, potent and safer
anti-toxoplasma drugs (Antczak, Dzitko, & Dlugonska, 2016). In the history of drug
discovery, nature has played a pivotal role as an inexhaustible source of novel and diverse
bioactive NPs, serving as leads for the development of anti-infective drugs (Cragg et al., 1997;
Shivaprasad, Sirisha Mulukuri, Chandrasekar, Baheti, & Pawar, 2023)

The aim of this thesis is the investigation of selected classes of NPs from natural sources,
semisynthetic or total synthetic derivatives of NPs and synthetic molecules inspired from NP
scaffolds for their potential as anti-toxoplasma agents. This process involves a
comprehensive screening approach of various small molecule mini-libraries through 7 vitro
evaluation to assess their effectiveness against 1. gondii. Furthermore, it involves the
assessment of the selectivity and the potential cytotoxic effects of these molecules on host
cells. Following the initial screening step, the focus should shift to optimization of substances
and towards conducting detailed structure-activity relationship (SAR) studies, aimed to
identify the essential chemical features and structural characteristic of the investigated
molecules that are crucial for their anti-toxoplasma bioactivity, and for the selection of lead
compounds. This step is essential for the drug optimisation process, and should be
conducted in collaboration with partner chemical research groups. The subsequent selected

lead compounds are supposed to be investigated with the aim of the identification of the
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toxoplasma targets and the characterisation of their mode-of-action, followed by the
validation of the target iz vitro. This purpose involves a multidisciplinary approach through
biological end biochemical techniques and methodologies. Thus, this thesis aims to identify
novel anti-Toxoplasma leads and to be the basis for further 7z vivo studies and in vivo

investigation in the field of drug development against infectious diseases.
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Abstract: Toxoplasma gondii is an apicomplexan pathogen able to infect a wide range of warm-blooded
animals, including humans, leading to toxoplasmosis. Current treatments for toxoplasmosis are
associated with severe side-effects and a lack efficacy to eradicate chronic infection. Thus, there
is an urgent need for developing novel, highly efficient agents against toxoplasmosis with low
toxicity. For decades, natural products have been a useful source of novel bioactive compounds
for the treatment of infectious pathogens. In the present study, we isolated eight natural products
from the crude extract of the endophytic fungus Paraboeremia selaginellae obtained from the leaves
of the plant Philodendron monstera. The natural products were tested for inhibiting Toxoplasma gondii
proliferation, and their cytotoxicity was evaluated in different human cell lines. Six natural products
showed antitoxoplasma activity with low or no cytotoxicity in human cell lines. Together, these
findings indicate that biphenyl ethers, bioxanthracenes, and 55,65-phomalactone from P. selaginellae
are potential candidates for novel anti-toxoplasma drugs.

Keywords: Toxoplasma gondii; Paraboeremia selaginellae; endophytic fungi; natural products; bioactivity;
biphenyl ether; bioxanthracene; phomalactone

1. Introduction

Toxoplasma gondii is an obligate intracellular protozoan parasite member of the phylum
Apicomplexa, which includes known human pathogens such as Plasmodium sp., Eimeria
sp., Neospora, Babesia, Theileria, and Cryptosporidium spp., with which it shares significant
biological similarities [1]. Beyond these organisms, the study of T. gondii has experimental
advantages since its basic biology and the methodology for the genetic manipulation and
quantification of its different stages are well established. Thus, T. gondii is considered a
major model for the study of apicomplexan biology and for anti-apicomplexan drug target
validation [2]. T. gondii infections are among the most common human zoonoses, leading
to toxoplasmosis disease [3]. T. gondii is considered one of the world’s most successful
parasites due its ability to infect a wide range of warm-blooded vertebrate intermediate
hosts [4]. T. gondii is estimated to chronically infect one-third of the world’s human pop-
ulation and is acquired mainly through two ways: by ingesting oocysts shed from feline
hosts (the definitive hosts) in contaminated food or water and by the consumption of
raw or undercooked meat containing viable tissue cysts [5]. Waterborne and food-borne
outbreaks of toxoplasmosis have been reported from countries with diverse cultural, social,
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and ethnic backgrounds [6]. In immunocompetent individuals, infection with T. gondii is
usually asymptomatic or has a subclinical course with mild symptoms. In contrast, im-
munocompromised (i.e., acquired immune deficiency syndrome (AIDS), organ transplant
or cancer) patients can develop the disease, leading to life-threatening cerebral and ocular
toxoplasmosis due to a reactivation of the latent infection. Additionally, primary infection
in pregnant women may result in fetal death, spontaneous abortion, and birth defects [7-9].
Although many gaps have been filled in the epidemiological, diagnostic, and biological
fields to understand of the interaction of the parasite with the host, little progress has been
made in drug discovery for the treatment of toxoplasmosis.

Current treatments of acute toxoplasmosis are largely limited to anti-folate therapy.
Pyrimethamine and sulfadiazine, the current gold-standards for the treatment of toxoplas-
mosis, can suppress the parasite growth in the active stage of the infection by targeting
the tachyzoite stage, but they have no effect in the bradyzoites stage. Additionally, they
have been found to have high rates of toxic side effects, leading to discontinuation of
therapy. Thus, there is an urgent need to identify novel potent candidates that would be
well-tolerated to eradicate latency as well as to treat the acute infection [10,11]. Natural
products profoundly impact the history of drug discovery, especially in the research of
novel anti-cancer, anti-bacterial, and anti-parasitic treatments. Nature continues to provide
diverse and unique chemical sources of bioactive lead compounds that inspire novel drug
discoveries [12]. The antiparasitic bioactivity of natural products from various sources,
especially plant-derived secondary metabolites, has been deeply investigated in in vitro
and in vivo studies [13]. Many fungal metabolites have also been reported to exhibit an-
timicrobial properties against parasitic pathogens. However, most of these studies focused
on bioactivity against Plasmodium falciparum, whereas there is a scarcity of investigations to
explore the potential of fungi as a source of novel anti-toxoplasma agents [14].

In this study, we extracted and purified eight natural products from the crude extract
of Paraboeremia selaginellae, an endophytic fungus isolated from the ornamental plant
Philodendron monstera. Isolated compounds were structurally characterized and evaluated
for their anti-toxoplasma activities. Biphenyl ethers, bioxanthracenes, and phomalactone
showed substantial activity against T. gondii proliferation. Therefore, we suggest these
compounds as promising candidates for novel anti-parasitic therapies.

2. Results
2.1. Isolation of Compounds from Paraboeremia selaginella

We isolated an endophytic fungus from fresh surface-sterilized leaves of the ornamen-
tal plant Philodendron monstera. The isolated strain was identified as Paraboeremia selaginella
by the internal transcribed spacer (ITS) sequence with 99.56% identity in comparison with
the ITS database of the National Center for Biotechnology Information. From the crude
extract of a culture of Paraboeremia selaginella grown on solid rice medium, eight compounds
were isolated by chromatographic methods and structurally elucidated by complementary
spectroscopic analyses (Figure 1). All eight compounds have previously been reported
from other sources but are reported here for the first time as natural products occurring in
the genus Paraboeremia.

Different stereoisomers of phomalactone (F) were isolated and reported previously
from various sources [15-18], and some papers did not specify the absolute configura-
tion [19,20], while others assigned the (5R,6R) absolute configuration to the large positive
specific rotation [21], which was opposite to previous studies [15-18,22]. In order to de-
termine the absolute configuration of phomalactone independently and unambiguously,
we performed TDDFT-ECD, TDDFT-OR, and DFT-VCD studies, which consistently con-
firmed the (+)-cis-(55,6S) absolute configuration (see Supplementary Materials) [23,24].
Comparisons of the experimental and computed VCD spectra of cis-(55,6S) are shown in
Figure 2, which produced good agreement. Other computational results are shown in the
Supplementary Materials.

21



Antibiotics 2022,11, 1176

Publications

30f 15

Figure 1. Chemical structures of the isolated compounds. NK-A 17e233 (A); 1,2-benzenediol, 3-(4-
hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E);
55,65-phomalactone (F); methyltriaceticlactone (G); S 39163 /F-1 (H).
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"e 0054
)
£
@
< 0.00
-0.05 T T T T T
1400 1300 1200 1100 1000

wavenumber (cm™)

Figure 2. Comparison of the experimental VCD spectrum of F measured in CDCl; and the calculated
VCD spectrum of cis-(55,65)-F computed at the B3LYP/TZVP PCM/CHClI; level for the eight lowest-
energy conformers gained from the DFT optimization performed at the same level.

2.2. Anti-T. gondii Activity

The eight natural products isolated from P. selaginellae were tested for anti-T. gondii
activity. Interestingly, A-F showed activity against T. gondii growth, with ICsy values of
5.75,22.16,27.22,7.38,17.99, and 5.13 uM, respectively (Table 1 and Figure 3). Therefore,
we further explored the in vitro cytotoxicity of the natural compounds in different human

cell lines.
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Table 1. In vitro activity (ICsy values) of the natural compounds (A-H) from P. selaginellae against the
T. gondii strain ME49. All experiments were conducted in triplicate.

Compound 1Csp (uM)
NK-A 17e233 (A) 5.75
1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-
methylphenoxy)-5-methyl-(ACI) 22.16
(B)
cyperin (C) 27.22
ES-242-1 (D) 7.38
ES-242-3 (E) 17.99
55,6S-phomalactone (F) 5.13
methyltriaceticlactone (G) Not active
S 39163/F-1 (H) Not active
pyrimethamine 0.06
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Figure 3. Toxoplasma proliferation assays. Toxoplasma proliferation assays were performed to
investigate the activity of the natural products against T. gondii strain ME49. Hs27 cells were cultured
in a monolayer in 96-well plates and infected with T. gondii (3 x 10%). Cultures were treated with the
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natural products at the concentration range of 0.56-50.00 uM for 48 h at 37 °C. Afterwards, the
cultures were labelled with *H-U (5 mCi, diluted 1:30) for 28-30 h at 37 °C. Based on the incor-
poration of 3H-U into the parasite nucleic acid, the parasite growth was quantified. As controls,
uninfected Hs27 cells without treatment (pink triangles) and IFNy pre-stimulated infected Hs27
cells (green triangles) were used, while untreated T. gondii-infected Hs27 cells (red squares) served
as a negative control. Values shown in (A-H) represent the means of three independent experiments
each done in duplicate (n = 6) &= SEM. The mean of the ICs5; values (red line) of each compound is
shown. Activity of NK-A 17e233 (A); 1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-
methyl-(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E); 5S,65-phomalactone (F); methyltriaceti-
clactone (G); S 39163/F-1 (H).

2.3. Cytotoxicity Assays

First, we evaluated the cytotoxicity of compounds A to Fin an MTT assay against Hs27
human fibroblasts (same cell type used for the T. gondii proliferation assay). The results of
the MTT assay are shown in Figure 4 and Table 2. A-E showed no cytotoxicity at 100 uM
against Hs27 cells. Only F showed moderate cytotoxicity with a cytotoxic concentration
CCsp =81 £2.16 uM.
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Figure 4. Effect of the natural products on the metabolic activity of Hs27 cells via MTT assay. Hs27
cells were plated in 96-well plates and grown to confluence prior to incubation at 37 °C for 24 h
with the natural products in the concentration range of 0.56-100.00 uM. The cultures were incubated
with 10 uL of the 12 mM MTT stock solution for approximately 4 h. Afterwards, 100 pL of SDS
dissolved in HCl was added to each well and incubated again for 4 h at 37 °C. Finally, the absorbance
was measured at 570 nm by spectrophotometry. Values shown in (A-F) represent the means of
three independent experiments each done in duplicate (1 = 6) £ SEM. Cytotoxicity in Hs27 cells of
NK-A 17e233 (A); 1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-(ACI) (B);
cyperin (C); ES-242-1 (D); ES-242-3 (E); 5S,65-phomalactone (F).
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Table 2. In vitro cytotoxicity (CCs values) of the natural compounds (A-F) from P. selaginellae against
human fibroblasts Hs27. Concentration >100 uM indicates no activity in the experimental setup. All
experiments were conducted in triplicate.

Compound CCsp (uM)
A >100
B >100
C >100
D >100
E >100
F 81
Pyrimethamine 44

These compounds also were tested against the THP-1, Huh-7, and Hek 293 cell lines
in a Resazurin assay. The mean ICs values of the Resazurin assay are shown in Table 3.
While compounds A-C showed no cytotoxic effect in concentrations < 100 uM against any
of the tested cell lines, D had only a weak cytotoxic activity against the Hek 293 cell line
with an ICsj of 93.8 uM. E showed moderate cytotoxic activity against all of the three tested
cell lines and thus was the most cytotoxic of the tested compounds. F showed no or weak
cytotoxic effects against the Huh-7 and Hek-293 cell lines. The cytotoxic effect against the
THP-1 cell line was higher, with an ICsg of 24.3 uM. The graphs for the Resazurin assay are
shown in Figure 5.
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Figure 5. Effect of the natural products on the viability of THP-1, Huh-7, and HEK-293 cells. Cytotoxic
effect of NK-A17e233 (A); 1,2-benzenediol,3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-
(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E); 55,65-phomalactone (F) against the human cell
lines THP-1, Huh-7, and HEK-293 as determined by resazurin assay. 100% growth control DMSO, 0%
growth control cycloheximide. Values represent the means of triplicates == SEM.
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Table 3. Mean ICj5) values of compounds A-F against human cell lines THP-1, Huh-7, and Hek293.
All concentrations are shown in M. Concentration >100 uM indicates no activity in the experimental
setup. All experiments were conducted in triplicate. The ICsy values were calculated using GraphPad

Prism 7.
Mean ICsy [uM]
Compound
THP1 Huh-7 HEK-293
A >100 >100 >100
B >100 >100 >100
C >100 >100 >100
D >100 >100 93.8
E 21.9 13 16.95
F 243 100 66.9

2.4. Determination of Anti-Bacterial Activity

In our ongoing research for antibacterial and particularly antitubercular compounds,
A to H were also tested in a minimal inhibitory concentration assay against S. aureus ATCC
700699, P. aeruginosa ATCC 87110, and M. tuberculosis H37Rv. Compounds A to H had
no inhibitory effect on S. aureus ATCC 700699 and P. aeruginosa ATCC 87110, except for
compound F, which showed a weak inhibitory effect on P. aeruginosa ATCC 87110 with
an MICqg of 100 uM. Compounds A, B, C, F, G, and H had no inhibitory effect on the
growth of M. tuberculosis, and compounds D and E showed a weak inhibitory effect with
an MICgg of 50 and 100 uM, respectively. The results are shown in Table 4, highlighting
that compounds A to F had a specific anti-toxoplasma effect and were devoid of broad,
unspecific antimicrobial activity.

Table 4. MICq against S. aureus ATCC 700699, P. aeruginosa ATCC 87110, and M. tuberculosis H37Rv.
All concentrations are shown in uM. Concentration >100 uM indicates no activity in the experimental
setup. All experiments were conducted in triplicate.

MICyg [uM]
Compound - N
S. aureus ATCC 700699  P. aeruginosa ATCC 87110 M. tuberculosis H37Rv

A >100 >100 >100
B >100 >100 >100
C >100 >100 >100
D >100 >100 50
E >100 >100 100
F >100 100 >100
G >100 >100 >100
H >100 >100 >100

3. Discussion

Natural products have played an important role in the history of drug discovery for
infectious disease. In the quest for new anti-T. gondii drugs, natural products have been
proven to exhibit high potential for the discovery and development of new lead compounds
with strong anti-T. gondii activity [25,26]. In this study, we isolated eight natural products
from the crude extract of the endophytic fungus P. selaginellae. A previous report on the
inhibitory activity of one of these compounds (phomalactone, F) against the apicomplexan
parasite Plasmodium falciparum with an ICsg of 84.32 uM [27] prompted us to test the natural
products for anti-T. gondii activity. Interestingly, six compounds showed activity against
T. gondii proliferation with no or low cytotoxicity in different human cell lines and no or
low antibacterial activity against a gram-positive, a gram-negative, and a mycobacterial
representative, revealing reasonable anti-T. gondii specificity and promising therapeutic
windows. These results establish diphenyl ethers, bioxanthracenes, and lactones from
P. selaginellae as potential candidates for further preclinical development of novel anti-
toxoplasma therapeutics.
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Some of the isolated compounds share similar structural elements, which give insights
into a structure-activity relationship of the natural products against the tested T. gondii
strain ME49. Compounds A, B, and C are biphenyl ether derivatives that differ either in
the position of the methoxy group or in the number of substituted hydroxyl groups. The
most potent of these compounds is A (ICsp = 5.75 uM), followed by B (ICsp = 19.35 uM)
and C (ICsp = 27.22 uM). While A only differs from B by a switch in the position of the
methoxylated hydroxyl group from position 2 to 4, it differs from C only by an additional
hydroxyl group in position 2/, which it shares with B. Because of the higher potency
of A in the toxoplasma proliferation assay compared to B and C, the position of the
methoxy group in 4 and the amount and position of hydroxyl groups in 2’ and 3’ both
are likely to have an influence on the antitoxoplasma activity of these derivatives. This
suggestion, nevertheless, needs further experimental evidence. Furthermore, diphenyl
ethers A, B, and C are structurally related to triclosan, a well-known broad spectrum
antifungal and antibacterial agent targeting lipid synthesis [28]. It has been shown that
triclosan also inhibits the growth of apicomplexans by inhibition of the enoyl reductase
ENR (Fabl) enzyme, the second reductive step in the type II fatty acid biosynthesis pathway.
Nevertheless, due the poor solubility of triclosan, there is considerable interest in finding
novel potent triclosan analogs with improved properties such as solubility, activity, and
toxicity [29,30]. The mechanism of action of A, B, and C may be similar to that of triclosan,
but further studies are necessary to explore and confirm their mode of action and cellular
target. Furthermore, in vitro and in vivo pharmacokinetic characterization is needed to
reveal whether any of the compounds reported here has superior properties compared
to triclosan.

Compounds D and E represent bioxanthracenes belonging to the ES-242 class and
share the same structure, differing only in position 4’ by the hydroxyl group that is present
only in E. The ICs) values in the toxoplasma proliferation assay were 7.38 uM and 17.99 uM
for D and E, respectively, suggesting a reduction in the antitoxoplasma activity if position
4’ is substituted by a hydroxyl group. The bioxanthracenes D and E were previously
isolated from Verticillium spp. and are well-known to act as N-methyl-D-aspartate receptor
antagonists [31]. Both compounds were also found to be active against the apicomplexan
parasite P. falciparum with ICs values of 8.44 and 13.22 uM, respectively [32]. Interestingly,
the activities of D and E against T. gondii in this study were comparable to their reported
activity in P. falciparum with ICsq values of 7.38 uM and 17.99 uM (see Table 1). Nevertheless,
the mechanism of action of D and E on apicomplexans is still unknown and is probably
independent from their activity as NMDA receptor antagonists [32].

Compounds F and G are small 8-lactonic molecules; 55,65-phomalactone (F) differs
from methyltriaceticlactone (G) in the length of the sidechain in position 6, the hydroxyl
group in position 5, and in the absence of the methyl group that is present in methyltriaceti-
clactone in position 2. Interestingly, antitoxoplasmal activity was observed for F, but not for
G, suggesting that one or more of these structural differences and not only the presence of
the §-lactonic base structure plays a crucial role in the bioactivity against T. gondii. Phoma-
lactone (F) is a frequent fungal metabolite and was first isolated from the plant-pathogenic
fungus Nigrospora sp. [16]. It has a wide range of activities such as antifungal, immunomod-
ulating, insecticide, nematocidal, and phytotoxic activity [15,19,33-35]. In addition, it has
been found to be active against the apicomplexan parasite P. falciparum, with an ICsy of
84.32 uM [27]. In the present study, we tested F for inhibition of T. gondii proliferation and,
interestingly, it showed a more potent activity with an ICsj of 5.13 uM (see Table 1). No
target or mode of action has been suggested for phomalactone in P. falciparum, and the
target of this compound in T. gondii also remains elusive and has to be determined in the
future. Importantly, the newly identified natural products with inhibitory activity against
T. gondii showed very little in vitro toxicity and should be evaluated in in vivo infection
model systems in the future. In general, this study highlights the potential of endophytic
fungi as a promising source for novel antitoxoplasma compounds.
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4. Materials and Methods
4.1. General Experimental Procedures

Optical rotations were measured on a Jasco P-2000 polarimeter (Jasco, Pfungstadt,
Germany). UV-spectra were obtained by the use of a Dionex P580 system in combination
with a diode array detector (UVD340S) and an Eurosphere 10 C18 column (125 mm x 4 mm).
ECD spectra were measured on a JASCO ]-810 spectropolarimeter. VCD spectra were
recorded on a BioTools Chiral-IR-2X at a resolution of 4 cm~! under ambient temperature
for 18 x 3000 scans. Samples were dissolved in CDCl3, and the solution was placed in
a 100 um BaF; cell. 1D and 2D NMR spectra were recorded on a Bruker Avance III (8,
600 MHz; 13C 150 MHz) spectrometer. Mass spectra were measured on a Finnigan LCQ
Deca (Thermo Quest, Egelsbach, Germany) mass spectrometer and for HRESIMS, on a UHR-
QTOF maXis 4G (Bruker Daltonics, Bremen, Germany) mass spectrometer. Semipreperative
HPLC was performed on a Lachrom-Merck Hitachi system (pump L7100, UV-detector
L7400, Eurospher 100 C18 column 300 mm x 8 mm, Knauer, Everswinkel, Germany).
VLC and non-vacuum-column chromatography were accomplished using Macherey Nagel
silica gel 60M (0.04-0.063 mm). Precoated TLC silica gel 60 F254 plates (Merck, Darmstadt,
Germany) were used for tracking separation using detection under UV light at 254 and
365 nm wavelengths or spraying anisaldehyde-sulfuric acid reagent. Sephadex LH20 (GE
Healthcare Bio.Sciences AB, Uppsala, Sweden) was used as a stationary phase for column
chromatography. The measurement of optical rotations was accomplished by using spectral
grade solvents.

4.2. Fungal Material

The fungus was obtained from the leaves of the plant Philodendron monstera as an
endophyte. A single leaf was surface sterilized by soaking it with 70% ethanol for 30 s and
letting it dry under sterile conditions. With a heat-sterilized scalpel, the leaf was cut into
pieces and put onto a YPD agar plate, which was enriched with 100 mg/L chloramphenicol
to suppress bacterial growth. After seven days of incubation at room temperature, distinct
fungal growth was observed on the plate. A 1 cm? piece of the fungus was cut out of the agar
medium using a heat-sterilized scalpel under sterile conditions and was transferred onto a
new sterile YPD agar plate to isolate a pure organism. The isolated strain was identified
as Paraboeremia selaginella by the internal transcribed spacer (ITS) sequence with 99.56%
identity in comparison with the ITS database of the National Center for Biotechnology
Information (GenBank Accession ON231784).

4.3. Fermentation and Extraction

The fungus was fermented on solid rice medium. Ten Erlenmeyer flasks were used;
100 g of rice and 100 mL of demineralized water were added to each flask and autoclaved
at 121 °C for 15 min. Under sterile conditions, 1 cm? of fungal material was cut out of an
agar plate using a sterile scalpel and transferred onto the autoclaved rice medium. The
fungus was grown for 4 weeks under static conditions at room temperature. Each flask
was soaked with 250 mL of ethylacetate for at least 12 h. The rice medium was then cut
into small pieces and shaken for 8 h at 150 rpm. The liquid crude extract was filtrated into
round flasks and evaporated using a rotary evaporator to yield 14.66 g of dry crude extract.

4.4. Isolation

The crude extract (14.66 g) obtained from the fermentation was separated using
vacuum liquid chromatography with silica gel as a stationary phase. A step gradient from
100% hexane to 100% ethylacetate followed by a step gradient from 100% dichloromethane
to 100% methanol gave 18 fractions (V1-V18). Two fractions (V4 and V6) were chosen
based on initial bioactivity observed against Candida albicans. However, this bioactivity was
lost during the purification process. Fraction V4 (200.7 mg) was further separated using a
Sephadex LH20 column with MeOH as eluent to give five subfractions (V4-S1-S5). Fraction
V4S3 (47.3 mg) was subjected to semipreparative HPLC using a MeOH-H, O step gradient
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from 50% to 80% MeOH followed by a washing step with 100% MeOH to yield A (20.7 mg),
B (2.8 mg), and C (7.7 mg). Fraction V6 (1010 mg) was purified using a Sephadex LH20
column with CH,Cl, and MeOH (50/50) as eluent to yield six subfractions (V6-51-56).
Subfraction S2 (72.0 mg) was purified using a silica column with 40% hexane and 60%
ethylacetate to elute D (25.0 mg) and E (8.6 mg) as pure compounds. Subfraction V6-54
(516 mg) was further purified by using a Sephadex LH20 column with MeOH as eluent to
yield five subfractions (V654-S1-S5). Subfraction V65452 (496 mg) was subjected to a silica
column with a mixture of CH,Cl, and MeOH (95/5) as eluent to give four subfractions
(V65452-K1-K4). Silica subfraction V65452K2 (47 mg) was then purified by semipreparative
HPLC using a MeOH-H,O step gradient from 10% to 30% MeOH followed by a washing
step with 100% MeOH to yield F (22.2 mg) and G (4.5 mg). Fraction V12 (744.1 mg) was
separated using a Sephadex LH20 column with 50% MeOH and 50% CH,Cl, to yield
six subfractions (V12-51-S6). Subfraction S2 (180.3 mg) was then further separated using
a silica column with 10% MeOH and 90% CH,Cl, as eluent to give seven subfractions
(V1252-K1-K?7). Silica subfraction K7 (56.1 mg) was subjected to semipreparative HPLC
using a step gradient from 70% to 100% MeOH to yield H (5.0 mg).

NK-A 17e233 (A): Brown oil; UV (MeOH) Amax 220.0, 234.3, 279.7 nm; 'H NMR
(DMSO-d6) see Supplementary Materials Figure S1; HRESIMS my/z 277.1075 [M + H]*
(caled. for Ci5H1705 277.1071 m/z).

3-(4-Hydroxy-2-methoxy-6-methylphenoxy)-5-methylbenzene-1,2-diol (B): Brown oil;
UV (MeOH) Amax 211.7,286.3 nm; "H NMR (CDCl3), see Supplementary Materials Figure S6;
HRESIMS m/z 277.1065 [M + H]* (calcd. for Cy5Hy705 277.1071 m/z).

Cyperin (C): Brown oil; UV (MeOH) Apmax 212.1, 279.8 nm; TH NMR (CDCl3), see
Supplementary Materials Figure 510; HRESIMS m/z 261.1126 [M + H]* (caled. for C15H;704
261.1121 m/z).

ES-242-1 (D): Brown amorphous powder; [2]*p +18 (c 1.0, MeOH); UV (MeOH)
Amax 239.0, 309.8, 345.8 nm; 'H NMR (CDCl3) and 3C NMR (CDCl3), see Supplementary
Materials Figures 514 and S15; HRESIMS m/z 622.2644 [M + NHy;* (caled. for C34HygNO1
622.2647 m/z).

ES-242-3 (E): Brown amorphous powder; [2]%p +66 (c 1.0, CHCl3); UV (MeOH)
Amax 239.2,298.6, 309.4 nm; 'H NMR (CDCl3) and ¥C NMR (CDCl3), see Supplementary
Materials Figures 519 and 520; HRESIMS m/z 638.2588 [M + NHy;* (caled. for C34HyoNO1;
638.2596 m/z).

Phomalactone (F): light yellowish oil; [#]**p +172 (c 1.0, EtOH); UV (MeOH) Amax 216.0
nm; For the details of VCD, ECD, and OR calculations, see Supplementary Materials; H NMR
(CDCl3) and 3C NMR (CDCly), see Supplementary Materials Figures 524 and S25; HRESIMS
my/z 155.0702 [M + H]* (caled. for CgHj103 155.0703 m/z) and m/z 137.0597 [M — OH ™ |*
(calced. for CgHoO, 137.0597 m/z).

Methyltriaceticlactone (G): White amorphous powder; UV (MeOH) Amax 290.5 nm; H
NMR (DMSO-d6) and '*C NMR (DMSO-d6), see Supplementary Materials Figures S29 and S30;
HRESIMS m/z 141.0549 [M + H]* (calcd. for C;HgOj5 141.0546 m/z).

S 39163/F-1 (H): Brown amorphous gum; [«]*p —11 (c 1.0, MeOH); UV (MeOH)
Amax 218.2, 238.8, 291.9 nm; 'H NMR (CDCl3), see Supplementary Materials Figure S34;
HRESIMS m/z 661.4312 [M + H]* (caled. for C3gHg1 Og 661.4310 m1/z).

4.5. Preparation of Compounds for T. gondii Proliferation Assay

The purified natural products A-F and pyrimethamine [36] were dissolved in DMSO
as 10 mM stocks and stored at —20 °C. The compounds were diluted in Iscove’s Modified
Dulbecco’s medium (Gibco-Thermo Fisher Scientific, Braunschweig, Germany) immedi-
ately prior to use.

4.6. Parasites and Cell Culture for T. gondii Proliferation Assay

T. gondii ME49 tachyzoites (ATCC/LGC Standards GmbH, Wesel, Germany) were cul-
tured in human foreskin fibroblast Hs27 cells (ATCC/LGC Standards GmbH, Wesel, Germany)
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as host cells as described previously [37]. The cells were maintained in Iscove’s modified Dul-
becco’s medium (Gibco-Thermo Fisher Scientific, Braunschweig, Germany) supplemented
with 10% heat-inactivated fetal bovine serum (Invitrogen, Karlsruhe, Germany) and 50 mM
2-mercaptoethanol (Gibco-Thermo Fisher Scientific, Braunschweig, Germany) and were
grown in a humidified incubator at 37 °C with 5% CO, in air atmosphere. For toxoplasma
propagation, 25 cm? cell culture flasks, containing a confluent monolayer of Hs27 cells,
were infected with 5 x 10° T. gondii tachyzoites after medium change. After three days,
the supernatant of the cell culture containing parasites was harvested and transferred to a
15 mL centrifuge tube and centrifuged at 700 rpm for five minutes and resuspended in cell
culture medium. The number of parasites was counted using a hemocytometer.

4.7. T. gondii Proliferation Assay

Microtiter plates (96-well) with a final volume of 200 uL per well were used for the
assay. Hs27 fibroblast monolayers were infected with 3 x 10* freshly harvested tachyzoites
per well (MOI = 1) and incubated for 48 h at 37 °C, after which various concentrations of
the tested compounds (0.04, 0.09, 0.19, 0.39, 0.78, 1.5, 3.12, 6.25, 12.5, 25, 50 uM) in culture
medium were added to the cells. Pyrimethamine (0.007, 0.01, 0.03, 0.06, 0.125, 0.25, 0.5,
1 uM) was added under identical conditions as a positive drug control [37]. Hs27 cells were
pre-stimulated for 24 h with IFNy (300 U/mL) and infected with T. gondii cells without
further treatment as the growth inhibition control. After 48 h, proliferating toxoplasma
parasites were radioactively labelled with tritiated uracil (5 mCi, Hartmann Analytic,
Braunschweig, Germany) and diluted 1:30 (10 pL per 200 uL total culture volume per well)
in order to determine parasite proliferation [38]. After 28-30 h, the microtiter plates were
frozen at —20 °C. To evaluate the assay, the microtiter plates were thawed at room tempera-
ture. Cells were transferred to glass-fiber filters (Printed Filtermat A 102 mm x 258 mm,
PerkinElmer, Waltham, MA, USA) using a cell harvester (Basic96 Harvester, Zinsser An-
alytic, Skatron Instruments, Northridge, CA, USA). The filters were dried for 20 min at
130 °C in a drying cabinet and were then soaked in 10 mL of scintillation fluid (Betaplate
Scint, PerkinElmer, Waltham, MA, USA) and shrink-wrapped in plastic covers (Sample Bag
for Betaplate, PerkinElmer, Waltham, MA, USA). The filters were then clamped in cassettes
and evaluated using a beta-counter device (Betaplate Liquid Scintillation Counter 1205,
LKB-WALLAK, Melbourne, Australia) to measure the Cherenkov radiation, which refers
to the amount of incorporation of tritiated uracil into the RNA of T. gondii. 1Csy values,
the concentration of inhibitors necessary to inhibit the growth of tachyzoites by 50%, were
determined for each experiment with the use of Prism GraphPad version 9.2.0 software.

4.8. Cell Viability Assay against Hs27 Cells

The 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) test was
used to assess cell viability of the isolated active compounds against Hs27 cells. The MTT
assay is a colorimetric reaction based on the enzymatic reduction of MTT to MTT-formazan,
which is catalyzed by mitochondrial succinate dehydrogenase [39].

In brief, Hs27 cells were seeded 96-well plates in a monolayer in Iscove’s modified Dul-
becco’s medium (Gibco-Thermo Fisher Scientific, Braunschweig, Germany) and incubated
at 37 °C with different concentrations of the tested natural products (1.56, 3,12, 6.25, 12,5, 25,
50, 100 uM) in the culture media. Staurosporine (0.007, 0.01, 0.03, 0.06, 1.25, 0.25, 0.5, 1 uM),
a well-known cytotoxicity-inducing kinase inhibitor [40], untreated Hs27 cells, and DMSO
were used as controls. After 24 h, the medium of the culture was removed and replaced
with 100 pL of DMEM without red phenol (Gibco-Thermo Fisher Scientific, Braunschweig,
Germany) plus 10% heat-inactivated fetal bovine serum (Invitrogen, Karlsruhe, Germany),
and 50 mM 2-mercaptoethanol (Gibco-Thermo Fisher Scientific, Braunschweig, Germany).
Afterwards, the 12 mM MTT solution was added to each well according to the manufac-
turer’s instruction (Vybrant MTT Cell Proliferation Assay Kit, Thermo Fisher Scientific,
Braunschweig, Germany). The OD value of each well was assayed at the wavelength
of 570 nm on a microplate reader (TECAN Sunrise, Mdnnedorf, Switzerland). The 50%
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cytotoxic concentration (CCsy values) of the tested natural products on Hs27 cells was
calculated and all data were analyzed using Prism GraphPad version 9.2.0 software.

4.9. Determination of the Minimal Inhibitory Concentration against Different Pathogenic Bacteria

Testing for antibacterial activity was done as described previously [37]. Briefly, a single
colony of Methicillin-resistant Staphylococcus aureus (MRSA strain Mu50, ATCC 700699) or
Pseudomonas aeruginosa (strain PAO1, ATCC 87110) were grown in Mueller-Hinton broth
(MHB) at 37 °C shaking at 120 rpm to reach an optical density of approx. 0.4. The cell
suspension was adjusted to 10° CFU/mL, of which 50 uL was seeded into a prepared
96-well polystyrene round-bottom plate containing test compounds diluted in MHB in a
1:1 serial dilution ranging from 100 uM to 0.78 uM. The plates were incubated at 37 °C
statically for 24 h, and readout was performed using the BacTiter Glo assay (Promega)
following the manufacturer’s instructions. Briefly, BacTiter Glo reagent was added to a
white flat-bottom 96-well plate, and an equal volume of bacteria suspension was added
to each well and mixed carefully. After 5 min, the luminescence was measured using a
TECAN plate reader. The growth was calculated in regard to the vehicle (DMSO) and
sterile control. Moxifloxacin and cefuroxime were used as a positive and negative control,
respectively. All compounds were tested in triplicate.

For the testing against M. tuberculosis H37Rv, the Minimal Inhibitory Concentration
(MIC) was determined in 96-well microtiter plates containing a total volume of 100 uL
employing a resazurin reduction assay [41]. Briefly, a 96-well plate was prepared containing
7H9 medium supplemented with 10% ADS (0.81% NaCl, 5% BSA, 2% dextrose), 0.5%
glycerol, and 0.05% tyloxapol. Compounds were two-fold serially diluted with the highest
tested concentration of 100 uM. A M. tuberculosis culture was pre-grown to an ODgpg nm
of approx. 0.4-0.6 by shaking at 37 °C in PETG square bottles (ThermoFisher Scientific,
Braunschweig, Germany) containing 10 mL supplemented 7H9 medium. The cell density
was adjusted to an ODgg nm 0f 0.08 (10° CFU/mL, and 5 x 10* CFU were added to each well).
Rifampicin and DMSO were used as a positive and solvent control, respectively. The 96-well
plates were incubated for 5 days at 37 °C and 5% CO, in humidified atmosphere. Afterwards,
10 uL of a 100 mg/mL resazurin solution was added to each well and resuspended carefully.
After another 24 h at room temperature, the cells were fixed by adding 100 uL of a 10%
formalin solution to each well. The readout was performed using a TECAN plate reader at
535 nm excitation and 590 nm emission. The growth was calculated in relation to the solvent
control being 100% growth. The experiment was performed in triplicate.

4.10. Cytotoxicity Assay against Different Human Cell Lines

The cytotoxicity study was carried out using the THP-1 (human monocytic leukemia
cell line), Huh-7 (Human liver carcinoma cell line), and HEK293 (human embryonic kidney
cell line) cell lines as described before [37]. The THP-1 cells were cultured using RPMI
1640 medium containing 2 mM L-glutamine and supplemented with 10% fetal calf serum
(FCS) and 1% sodium pyruvate. Huh-7 cells were cultured using a 1:1 mixture of RPMI
1640 medium containing 2 mM L-glutamine and 10% FCS medium and DMEM containing
10% FCS and 1% sodium pyruvate. The HEK-293 cells were cultured with DMEM including
2 mM L-glutamine and supplemented with 1% NE amino acids, 1% 1.0 mM sodium
pyruvate and 10% FCS. All three cell lines were then incubated at 37 °C in an atmosphere
of 5% CO, under humid conditions for 2 weeks while renewing the medium twice weekly.
Subsequently, the cells were suspended and adjusted to a density of 2 x 10° cells/mL. In
a 96-well flat-bottom microtiter plate, the cells were adjusted to a total volume of 100 pL
containing 2-fold serial dilutions of the tested compounds A-F ranging from 100 to 1.56 M.
Cycloheximide (4,2, 1,0.5,0.25, 0.13, 0.06, 0.03 1g/mL) was used as a positive control. After
an incubation time of 48 h at 37 °C in an atmosphere of 5% CO, under humid conditions,
10 pL resazurin solution (100 pg/mL) was added to each well and incubated for another
4 h. The fluorescence was then quantified using a Tecan Infinite 200pro microplate reader
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(excitation 540 nm, emission 590 nm). The residual growth was calculated relative to
non-inoculated conditions (0% growth) and controls treated with DMSO (100% growth).

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/antibiotics11091176/s1, Figures S1-S58: Spectroscopic data used for the
structure elucidation of compounds A-H; Figure S59: Comparison of the experimental ECD spectrum
of F measured in MeCN and the calculated ECD spectra of (55,65)-F computed at various levels of
theory for the 10 lowest-energy wB97X/TZVP PCM/MeCN conformers; Figure S60: Geometries of
the low-energy wB97X/TZVP PCM/MeCN conformers of (55,6S)-F; Figure S61: Geometries of the
low-energy B3LYP/TZVP PCM/CHCI3 conformers of (55,65)-F; Table S1: Boltzmann populations
and specific optical rotations of the low-energy conformers of (55,6S)-F computed at various levels
for the low-energy wB97X conformers. References [42-45] are cited in Supplementary Materials.
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M Fluorescent Indolo[3,2-alphenazines against Toxoplasma
__gondii: Concise Synthesis by Gold-Catalyzed

~ Cycloisomerization with 1,2-Silyl Migration and ipso-

lodination Suzuki Sequence

Franziska K. Merkt,”” Flaminia Mazzone,® Shabnam Shaneh Sazzadeh,™ Lorand Bonda,”
Larissa K. E. Hinz,” Irina Gruber,'” Karin Buchholz,™ Christoph Janiak,'? Klaus Pfeffer,” and

Thomas J. J. Miiller*®

Dedicated to Prof. Dr. Ari M. P. Koskinen on the occasion of his 65th birthday

Abstract: A gold-catalyzed cycloisomerization of 2-indolyl-3-
[(trimethylsilyl)ethynyl)lquinoxalines with concomitant 1,2-
silyl shift forms 6-(trimethylsilyl)indolo[3,2-alphenazines in
moderate to excellent yield. These silylated heterocycles are
readily transformed into 6-aryl-indolo[3,2-alphenazines in
moderate to good yield by one-pot ipso-iodination Suzuki
coupling. The title compounds represent a novel type of
tunable luminophore. Structure-property relationships for 6-
aryl-indolo[3,2-alphenazines obtained from Hammett correla-

tions with o, , substituent parameters indicate that emission
maxima, Stokes shifts, and fluorescence quantum yields can
be fine-tuned by the remote para-aryl substituent. Further-
more, indolo[3,2-alphenazines were found to exhibit interest-
ing activities against medically relevant pathogens such as
the Apicomplexa parasite Toxoplasma gondii with an IC,, of
up to 0.67 £0.13 uM. Thus, these compounds are promising
candidates for novel anti-parasitic therapies.

Introduction

Indolo[3,2-alphenazine (1; Figure 1) represents a highly interest-
ing fused pentaheterocyclic structure consisting of the angular
anellation of electron-rich indole to the electron-poor
phenazine, which has not been deeply explored in its properties
to date. By in silico docking studies indolo[3,2-alphenazine 2
was identified as a novel inhibitor of NAD(P)H quinone
oxidoreductase," due to strong interaction with gene NQO1,
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8H-indolo[3,2-alphenazine (1)

berberine hemisulfate (3)

Figure 1. 8H-indolo[3,2-alphenazine (1), a potentially potent anticancer
agent 2 (from in silico docking studies), and berberine hemisulfate (3).

which can be responsible for the overexpression of tumor cells
and inhibitors of this enzyme have been proposed as potent
anticancer agents.” The pentacyclic structure with donor-
acceptor separation additionally resembles to that of berberine
hemisulfate (3), belonging to the protoberberine group of
benzylisoquinoline alkaloids with considerable pharmacological
applications in many different indications.”’ In particular,
berberine and derivatives are considered as alternative treat-
ment options against the parasite Toxoplasma gondii."”

T. gondii is an obligate intracellular parasite belonging to
the phylum Apicomplexa, which includes known human
pathogens such as the agent of tropical malaria Plasmodium
falciparum, with which it shares significant biological
similarities.” T. gondii is the causative agent of toxoplasmosis
and is considered one of the world’s most successful parasites
due its ability to infect a wide range of warm-blooded
vertebrate intermediate hosts, including humans.” It is esti-
mated that one-third of the human population is chronically

© 2021 The Authors. Published by Wiley-VCH GmbH
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infected with T. gondii” which is acquired mainly through two

ways: by ingesting tissue cysts from raw or undercooked meat
or by ingesting oocysts shed from feline hosts (the definitive
hosts) with contaminated food or water.”’ In immunocompetent
individuals, the infection with T. gondii is usually inapparent
with minor or no symptoms, but it can be fatal in immunocom-
promised individuals due to reactivation of latent infections.”
In addition, early maternal infection during pregnancy may
result in fetal death, spontaneous abortion, and birth defects."”
Treatments of acute toxoplasmosis are largely limited to anti-
folate therapy, based on the combination of pyrimethamine
and sulfadiazine supplemented with folic acid. As the second-
line treatments, the antibiotics co-trimoxazole and clindamycin
are used."" These regimens have high rates of toxic side effects
leading to discontinuation of therapy. Thus, there is need to
develop well-tolerated and less or nontoxic treatments options
to improve the care of patients with toxoplasmosis."

While phenazines have found entry in various dyes, such as
induline"® neutral red" or safranin T¥ their indolo-fused
analogues have remained unknown as chromophores. In
synthetic chemistry only very few syntheses have been reported
so far (Scheme 1).

While the parent system 1 was already assessed in 1954 by
Teuber and Staiger by cyclocondensation of 3H-carbazol-
3,4(9H)-dione and ortho-phenylene diamine (Scheme 1A),"!
similarly to the Hinsberg synthesis of quinoxaline, the title
compounds remained unexplored. Only a few years ago, the
groups of Kurth and Haddadin presented an acid-catalyzed

A) Carbonyl cyclocondensation

HoN.
D Na,SO, 1,4-Dioxan
Ha RT, 4d

36%

See
v

Teuber and Staiger, 1954

N
Z ™
o e
X, X
H N
+ 0
O
20% 50 %
'=H oder Me Kurth and Haddadin, 2012
B) Acid-catalyzed of 3-ethynyl
X Ny
3 3
{ I}‘R CF3COOH ’IB—R
R N —_—
60°C,3h
R'=Ph, Alkyl
R?=H, Me, Et, Bn Kumar and Pal, 2017
R* R%=H,Me i
R*=H, Br

19 examples (75-86%)

C) Gold-catalyzed 1,2-silyl migratory and

subsequem iodination Suzuki coupling

Ij [NaAuCl,] ]ij
W™ N

R2

of 3T

one pot aryl

:EQ

5 examples (35-74%)

rodmat/on
Suzuki
_coupling |

accessible by four-component
glyoxylation-alkynylation

10 examples (9-75%)

cyclocondensation synthesis This work
Scheme 1. Synthetic approaches to 8H-indolo[3,2-alphenazines.
Chem. Eur. J. 2021, 27, 9774-9781 www.chemeurj.org

Friedlander  synthesis ~ with  2,3-dihydro-1H-cyclopenta[b]
quinoxalinen-1-one and 2-aminobenzaldehyde furnishing a
mixture of 8H-indolo[3,2-alphenazine and quinolin[2,3-c]
cyclopentadienone[2,3-b]lquinoxaline, however, with 8H-indolo
[3,2-alphenazine as the minor product." Recently, Kumar and
Pal reported a general synthesis of indolo[3,2-alphenazines in
good yield by trifluoroacetic acid catalyzed cycloisomerization
of indole-substituted 3-ethynylquinoxalines (Scheme 1B)."” In-
terestingly, gold-catalyzed cycloisomerization of 3-ethynylqui-
noxalines was not reported in this study. Based upon our long
standing experience in consecutive multicomponent syntheses
of quinoxalines" and their photophysical properties,"®*'> we
envisioned that our multicomponent access to 3-ethynylqui-
noxalines provides an excellent basis for developing syntheses
of specifically substituted 8H-indolo[3,2-alphenazines in the
sense of diversity-oriented level-2 transformations (Scheme 1C).
Here, we report on a novel synthesis of 6-trimethylsilyl 8H-
indolo[3,2-alphenazines, their one-pot ipso-iodination-Suzuki
coupling to 6-arylsubstituted 8H-indolo[3,2-alphenazines, the
photophysical characteristics of these novel systems as well as
the biological testing of their activity against the parasite
T. gondii.

Results and Discussion
Synthesis and structure

In past years, we have disclosed several consecutive multi-
component syntheses of various 2-indolyl-3-[(trimethylsilyl)
ethynyl)lquinoxalines based upon glyoxylation-alkynylation-cy-
clocondensation (GACC) or activation-alkynylation-cycloconden-
sation (AACC) strategies furnishing 3-ethynyl quinoxalines as
key intermediates."®™ " To quickly provide suitable substrates
for testing the cycloisomerization of 3-ethynyl quinoxalines to
8H-indolo[3,2-alphenazines, we chose the GACC synthesis
starting from various indoles (4), oxalylchloride (5), (trimeth-
ylsilyl)acetylene (6), and ortho-phenylenediamine (7) to give 2-
indolyl-3-[(trimethylsilyl)ethynyl)]-quinoxalines 8 in good to
excellent yield (Scheme 2).

With 3-[(trimethylsilyl)ethynyl)]quinoxaline 8a and its desi-
lyated congener 3-(ethynyl)quinoxaline 81 in hand (compound
81 was prepared from compound 8a by desilylation with KF in
MeOH™), we set out with two model reactions to screen
conditions for the cycloisomerization to indolo[3,2-d]
phenazines 9a and 91 (Scheme 3, for details, see the Supporting
Information, Chapter 3, and Table S2). Among several carbo-
philic Lewis acids® only auric chloride (AuCl;) cycloisomerizes
alkyne 81 to indolo[3,2-alphenazine 91 in moderate yield and
NaAuCl, proves to be an inefficient catalyst for this substrate.
However, while for alkyne 8a Kumar's and Pal's conditions
(excess of trifluoroacetic acid)"” failed NaAuCl, turns out to be
the catalyst of choice in toluene at 80°C for cycloisomerizing
compound 8a to indolo[3,2-a]lphenazine 9a. Most interestingly

the cycloisomerization proceeds with concomitant 1,2-silyl
migration.
9775 © 2021 The Authors. Published by Wiley-VCH GmbH
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™S
) XN
R (COCI), (8) (1.0 equiv) | D
m THF, 50 °C, 1 h RS
N Then: 5 mol% Cul,
R! =—TMS (6) (1.0 equiv)
NEt; (2.1 equivs), RT, 6 h
RZ

Then: o-phenylenediamine (7) (1.0 equiv)
MeOH, HOAc, 50 °C, 1 h

4 8 (10 examples, 49-89%)
8a (R' = Me, R? = H, 80%)
8b (R! = Et, R? = H, 49%)
8c (R' ="Pr, R> = H, 68%)
8d (R = allyl, R? = H, 66%)
8e (R" = "hexyl, R? = H, 89%)
8f (R =Bn, R? = H, 87%)
8g (R' = Me, R? = Br, 74%)
8h (R' = Me, R? = CI, 60%)
8i (R = Me, R? = OMe, 80%)
8j (R" = Et, R? = OMe, 67%)

Scheme 2. Consecutive four-component GACC synthesis of 2-indolyl-3-
[(trimethylsilyl)ethynyl)]quinoxalines 8.

R R
N /N Au catalyst /N
~ toluene N
Me=N" > N Me~p N
80°C,24h O
8a (R =TMS) 9a (R = TMS, 75%)@
81 (R=H) 91 (R = H, 28%)P!

Scheme 3. Test reaction for the cycloisomerization of compounds 8 to
indolo([3,2-alphenazines 9. [a] 2 mol % NaAuCl,; [b] 40 mol% AuCl,.

The structures of the cycloisomerization products 9a and
9k are unambiguously supported by extensive NMR spectro-
scopy, and in addition the structure of indolo[3,2-alphenazine
9a was corroborated by an X-ray structure analysis (Figure 2).”"
The crystal structure additionally reveals wt-t interactions.

The gold-catalyzed cycloisomerization of 3-[(trimethylsilyl)-
ethynyl)lquinoxaline 8a to furnish 8-methyl-6-(trimethylsilyl)-
indolo[3,2-alphenazine (9a) represents a 6-endo-dig cyclization
of the indole moiety and the alkyne unit with concomitant 1,2-
silyl migration. Group IV elements (carbon, silicon, germanium,
and tin) might undergo 1,2-migrations in alkyne-vinylidene
isomerization via a gold carbenoid®” and with related 1,2-silyl-
shifts of the vinyl-gold species” as intermediates. To gain

@ring centroid

Figure 2. Left: Molecular structure of compound 9a (thermal ellipsoids
shown at the 50% probability level). Right: Section of the packing diagram
of 9a showing significant rt-t interactions (labeled with their centroid—
centroid distances; H atoms omitted for clarity). For further details, see
Section 13 in the Supporting Information.

Chem. Eur. J. 2021, 27, 9774-9781 www.chemeurj.org
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some mechanistic insight, we treated a selectively deuterated
substrate 8k with 100% deuterium at position 2 of the indole
part to give 53 % of indolo[3,2-alphenazine 9k containing 70%
deuterium at position 7 (Scheme 4). Obviously not only the silyl
group undergoes a 1,2-shift but also 1,2-hydride shift occurs in
the sequence. This observation can be rationalized by two
alternative scenarios. Assuming an Au carbenoid pathway
(Scheme 4, pathway A) after coordination of the catalyst to the
triple bond the 1,2-silyl shift generates gold vinylidene complex
10a, which cyclizes to give carbenoid 11a according to
Gevorgyan'’s rationale.”” The subsequent 1,2-H(D) shift fur-
nishes the zwitterion 12a that produces the product upon
deauration. Alternatively, pathway B (Scheme 4) commences
with the intramolecular nucleophilic attack of the indole moiety
at the Au-activated triple bond to give the cyclized zwitterionic
vinyl-gold intermediate 13a according to Fiirstner’s rationale.?
The subsequent 1,2-H(D) shift first generates the [-silyl
stabilized indoliminium intermediate 14a, which then under-
goes a 1,2-silyl shift maintaining the f-silyl cation stabilization
in intermediate 15a. Finally, deauration closes the catalytic

TS X 70% deuterium TMS
b A DA
s 2 mol% NaAuCl, P
Me=N" N toluene Me~N N
80°C,24h O
o 9k (53%)

A) Au carbenoid pathway
TMS.

AU

10a
¢cycliza|ion
o™™s ™S
[AJ] NS [Au]. Ny,
~[Ay] D 1,2-H(D) shift 5
9k -——— Z P
Me~N'® N < Me=N N
12a 11a
B) vinyl-Au pathway
[Ad]
™S/ i

AU
8k ——»

N ™S, Ny
\ :@ cyclization D. | D
N Me~p N

13a
lw,z-H(D) shift

Tus_8uf® A

b @ _Ng e TS N
- [Au] I ,2-silyl shi D o
9k -——— = e

Me=y N Me~y N

15a 14a

Scheme 4. Cycloisomerization with concomitant 1,2-silyl migration of selec-
tively deuterated compound 8k to give to give deuterated indolo[3,2-a]
phenazine 9k and two mechanistic scenarios.

© 2021 The Authors. Published by Wiley-VCH GmbH
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cycle and liberates the cycloisomerization product 9k. At this
stage, both scenarios are in agreement of the result of the
control experiment with the deuterated substrate 8k.

With optimal conditions for the cycloisomerization of 3-
[(trimethylsilyl)ethynyl)lquinoxalines 8 with concomitant 1,2-
silylmigration in hand (see the Supporting Information, Chap-
ter 3, and Table S2, entry 15) the stage was set for screening
scope and limitation with respect to the substitution pattern on
the indole moiety. Upon heating 3-[(trimethylsilyl)ethynyl)]
quinoxalines 8 in toluene to 80°C for 24 h in the presence of
catalytic amounts of sodium tetrachloroaurate various indolo
[3,2-alphenazines 9 were obtained in moderate to good yield
(Scheme 5). The proposed structures were unambiguously
supported by 'H and "*C NMR spectroscopy, mass spectrometry,
IR spectroscopy, and combustion analysis. From the N-substitu-
tion pattern, it can be seen that increasing steric bulk (from Me
over Et, Pr, allyl, and hexyl to benzyl) causes a significant
decrease in yield. Substitution in position 11 of the indolo[3,2-a]
phenazine allows access to the electronically diverse derivatives,
that is, 11-halogen- or 11-methoxy-substituted molecules.

Silyl (hetero)arenes are perfectly suited for functionalization
by ipso-substitution,?* a particular case of electrophilic aromatic
substitution operating by efficient stabilization of (-silyl cation
o-complex intermediates. This transformation was probed by
converting compound 9a into 6-iodo-indolo[3,2-alphenazine
16 (Scheme 6), which could be favorably employed as a
substrate in subsequent coupling reactions. The optimal
conditions are the use of 1.7 equiv. of ICl in dichloromethane
and after stirring at —78°C for 5 min and at room temp for

6\503

2 mol% NaAuCu

MS
N,
S
1
N

11
R2
9 (10 examples, 9-75%)

9a (R' = Me, R? = H, 75%)
9b (R' = Et, R? = H, 63%)

9¢ (R' ="Pr, R? = H, 48%)
9d (R" = allyl, R? = H, 47%)
9e (R' = "hexyl, R? = H, 15%)
of (R"=Bn, R2=H, 9%)

9g (R' = Me, R? = Br, 37%)
9h (R" = Me, R? = Cl, 30%)
9i (R" = Me, R% = OMe, 50%)
9j (R' = Et, R? = OMe, 46%)

toluene, 80 °C, 24 h

Scheme 5. Synthesis of indolo[3,2-a]phenazines 9 by gold-catalyzed cyclo-
isomerization-1,2-silyl shift of 3-[(trimethylsilyl)ethynyl)lquinoxalines 8.

™S

N,
N
IO o
Me~N N

9a

-78 °C, 5 min

Then: 1.7 equiv ICI, CH,Cl,
RT, 30 min

16 (76%)

Scheme 6. Synthesis of 6-iodo-8-methyl-8H-indolo[3,2-alphenazine (16) by
electrophilic ipso-iodination with iodine monochloride.
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30 min the 6-iodo-indolo[3,2-a]phenazine 16 was obtained after
isolation in 76% vyield (for details, see the Supporting
Information, Chapters 5 and 6, Table S4).

For arylation of iodo indolo[3,2-a]lphenazine 16 we selected
the Suzuki coupling.” In a quick optimization study with p-
methoxyphenylboronic acid (17a) as a coupling partner,
optimal conditions were identified with potassium carbonate as
a base in a 2:1 DMF/water mixture at 100 °C for 18.5 h giving 6-
(p-anisyl)-8-methyl-indolo[3,2-alphenazine (18a) after isolation
by flash chromatography in 75% vyield (Scheme 7, for details,
see the Supporting Information, Chapter 7, Table S5, entry 3).

To establish a novel one-pot ipso-iodination-Suzuki syn-
thesis of 6-(p-anisyl)-8-methyl-indolo[3,2-alphenazine (18a)
starting from indolo[3,2-alphenazine 9a, a 'H NMR-based
optimization study was launched (for details, see the Support-
ing Information Chapter 8, Table S6). It is noteworthy to
mention that for the optimal conditions (see the Supporting
Information, Table S6, entry 10) the yield of compound 18a
after chromatography with this novel one-pot sequence (72 %)
is considerably higher than the combined yield (57%) of
stepwise ipso-iodination (76 %, Scheme 6) and Suzuki coupling
(75%, Scheme 7). Besides practicality, this also underlines the
superiority, efficiency and efficacy of one-pot processes over
stepwise transformations.

With these optimized conditions in hand the one-pot ipso-
iodination-Suzuki coupling synthesis of 6-aryl-indolo[3,2-a]
phenazines 18 was illustrated with indolo[3,2-alphenazine 9a
and boronic acids/boroate 17 in seven examples to give the
targeted products after chromatography in 35-74% yield
(Scheme 8).

The proposed structures were unambiguously supported by
'H and "*C NMR spectroscopy, mass spectrometry, IR spectro-
scopy, and combustion analysis, and in addition the structure of
6-aryl-indolo[3,2-a]phenazine 18 e was corroborated by an X-ray
structure analysis (Figure 3).?" The structure elucidation of
compound 18e shows full planarity of the pentacyclic indolo
[3,2-alphenazine scaffold with a torsional angle of 54.3° of the
p-cyanophenyl substituent with respect to the indolo[3,2-d]
phenazine mean plane. The crystal structure additionally reveals
distinct dipolar 7t-w interactions (as low as 3.38 A).

OMe

>
Wese
v

18a (75%)

10.0 mol% Pd(PPhs),

p-MeOCgH4B(OH), (17a)
K;CO3 (2.50 equiv), DMF/H,0 (2:1)
100 °C, 18.5h

Scheme 7. Synthesis of compound 18a by Suzuki coupling of 6-iodo-indolo
[3,2-alphenazine 16 with p-methoxyphenylboronic acid (17 a).

© 2021 The Authors. Published by Wiley-VCH GmbH
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~78 °C, ICI (1.7 equivs)
CH,Cly, 5 min
then: RT, 30 min
then: 10.0 mol% Pd(PPhs),

T™S
N
2
0
Me~y N
O p-R3CeH4B(OH); or
p-R3CgH4Bpin 17 (1.1 equiv)@

9a K,CO3 (5.0 equiv)
DMF/H,0 (2:1), 100 °C, 17 h

18 (7 examples, 35-74%)
18a (R® = OMe, 72%)

18b (R® = Me, 56%)

18¢ (R®=H, 47%)

18d (R® = CI, 74%)

18e (R® = CN, 35%)

18f (R® = O-iPr, 63%)

18g (R® = O-n-pentyl, 53%)

Scheme 8. One-pot ipso-iodination Suzuki coupling synthesis of 6-aryl-indolo
[3,2-alphenazines 18 from 6-(trimethylsilyl)indolo[3,2-alphenazine 9a.

[a] Boronate 17 was formed by bromine-lithium exchange and borylation,
then the solution formed in situ was transferred to the iodo compound 16
formed in situ by syringe.

3741A 3783A 3783A 3741A
3569A 354TA 3569A

@cC
>' < eH 5 3381A  3852A
4 BN ik 0k @ring centroid

Figure 3. Left: Molecular structure of compound 18e (thermal ellipsoids
shown at the 50% probability level). Right: Section of the packing diagram
of 18 e showing significant t-n interactions (with their centroid—centroid
distances given; H atoms omitted for clarity). For further details, see
Chapter 13 in the Supporting Information.

Photophysical properties and electronic structure of
6-substituted Indolo[3,2-alphenazines

The luminescence of solutions of 6-substituted indolo[3,2-a]
phenazines 9 and 18 in dichloromethane after excitation under
a handheld UV lamp can be seen even by the naked eye (for a
detailed analysis, see the Supporting Information, Chapter 11).
The emission intensity of 6-(trimethylsilyl)indolo[3,2-al
phenazines 9 grows with the increasing electron-donor charac-
ter of substituent R® to a maximum for the fluorescence
quantum yield @, of 28% (Table S8). The presence of two basic
nitrogen atoms in 6-(trimethylsilyl)indolo[3,2-alphenazine 9
suggests halochromicity of the underlying chromophore. In-
deed, protonation of indolo[3,2-a]lphenazine 9a with trifluoro-
acetic acid (TFA) gives a pK, of 5.60 for the protonated
chromophore 9a-H*, that is, about four orders of magnitude
less acidic than simple phenazine-H" (pK,=1.2)."¢ Upon
protonation the fluorescence signal is quenched (see the
Supporting Information, Figure S57B).

As found for compounds 9, 6-arylindolo[3,2-a]lphenazines
18 display an increase of the fluorescence quantum yield @;

Chem. Eur. J. 2021, 27, 9774-9781 www.chemeurj.org
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with increasing donor strength of substituent R® from 16%
(R*=CN) to 52% (R’=OMe; see the Supporting Information,
Table S9). Structure-property correlations based upon free
energy linear relationships (LFER) with Hammett parameters o™
were unanimously found for absorption maxima A, .abs
emission maxima A Stokes shifts A7 (see the Supporting
Information, Figure S60A), and relative fluorescence quantum
yields @, (see the Supporting Information, Figure S60B). While
only a minor polarity effect on the electronic ground state
Amaxabs CaN be assigned from slope of the Hammett correlation,
all effects reflecting the excited state (A .em AP, @) strongly
depend on stabilization of positive partial charges as supported
by the o, substituent parameter.

In addition, all compounds 18 are also luminescent in the
solid state, however, with variable emission color (Figure 4).
While compound 18a (R>=OMe) is yellow under the handheld
UV-lamp, electron-deficient substituted 18e (R°=CN) is orange.

A deeper understanding of the electronic transitions in the
absorption  spectra of selected  6-aryl-8H-indolo[3,2-a]
phenazines 18a, 18¢, and 18e was sought by calculating UV/
Vis absorption spectra on the DFT level of theory using
Gaussian09?” with CAM—B3LYP as a functional and the Pople
6-311+G(d,p) basis set.”” Since the absorption spectra were
recorded in dichloromethane solutions, the polarizable continu-
um model (PCM) with dichloromethane as a solvent was
applied.®”

The experimentally determined longest wavelength absorp-
tion bands are reasonably well reproduced by the TD-DFT
calculations (see the Supporting Information, Table S10). As
expected, the longest wavelength absorption bands of all three
calculated 6-aryl-8H-indolo[3,2-alphenazines originate from
dominant contributions of HOMO-LUMO based transitions. In
the HOMO of structures 18 the coefficient density is predom-
inantly localized on the carbazole moiety of the indolo[3,2-d]
phenazine, while the coefficient density in the LUMO almost
exclusively is localized on the phenazine part (see the
Supporting Information, Figure S61). This is in agreement with
an angular charge transfer transition from donor (carbazole
moiety) to acceptor (phenazine moiety).

Biological properties and activity against 7. gondii

Indolo[3,2-alphenazines are structurally related to the natural
product berberine hemisulfate, which demonstrated anti-

Figure 4. Solid state fluorescence of 6-aryl-8H-indolo[3,2-alphenazines 18a
(left) and 18e (right; 4,,=365 nm).

© 2021 The Authors. Published by Wiley-VCH GmbH
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toxoplasma activity."”! Also in this study, an IC, was determined
for berberine hemisulfate (3) of 0.94 uM against T. gondii ME49
(Table 1, for experimental details, see the Supporting Informa-
tion). The aim of this part of the study was to investigate the
anti-toxoplasma activities of seven selected synthetic indolo
[3,2-dlphenazines (9a, 18a-d, 18f-g) and to compare them
with the anti-T. gondii activity of berberine hemisulfate. To
achieve this aim, T. gondii proliferation assays were performed.

Table 1. /n vitro activity of the selected synthetic indolo[3,2-alphenazines
9 and 18 and berberine hemisulfate (3) against the T. gondii strain ME49.

Compound® IC50 £ SD [uM] Compound® IC50+SD [uM]
3 0.944+0.48 18c 0.734+0.27

9a 1.681+0.88 18d 2.38+0.86
18a 2.58+1.68 18f 33+229

18b 0.674+0.13 189 3.07+1.75

[a] Toxoplasma proliferation assays were performed to investigate the
activity of the selected synthetic indolo[3,2-alphenazines against the
T. gondii ME49 strain. Hs27 cells in a monolayer were cultured in 96-well
plates and infected with T. gondii (2x10%. Infected cells were treated
with indolo[3,2-alphenazines 9, 18a-d, 18f-g, and berberine hemisulfate
(3) at the concentration range of 0.15-20.00 uM at 37°C for 48 h.
Afterwards, the assays were labelled with *H-U (5mCi, diluted 1:30) at
37°C for 28-30 h. Based on the incorporation of *H-U into the parasite
nucleic acid, the parasite growth was quantified. As controls, uninfected
Hs27 cells without treatment, IFNy pre-stimulated infected cells and only
T. gondii infected cells were used (Figure S63). Three independent assays,
in duplicates, were performed. ICy, values and mean=+SD of each
compound of the three independent experiments are shown.

indolo[3,2-a]phenazines

All the tested compounds showed an anti-toxoplasma
activity with an ICs, lower than 3.5 uM (Table 1 and Figure S63).
The comparison with the IC, value of berberine hemisulfate (3;
0.94 uM), demonstrated that 18b and 18c were slightly more
effective inhibitors than berberine hemisulfate (3) with ICs,
values 0.67 and 0.73 uM, respectively.

In order to evaluate whether the selected synthetic indolo
[3,2-alphenazines inhibit cell mitochondria of the host cell, MTT
assays were performed. The synthetic indolo[3,2-alphenazines 9
and 18 were, at the concentration range between 0.15-5.00 uM,
not cytotoxic to Hs27 cells comparable to berberine hemisulfate
(3). The synthetic indolo[3,2-alphenazines 9, 18a-d, and 18f-g
showed moderate toxicity against Hs27 fibroblasts at concen-
trations starting at 10.00 uM (Figure 5). These results indicate
that indolo[3,2-alphenazines are effective inhibitors of T. gondii
proliferation, and compounds 18b and 18c were found to be
most effective.

With regard to the anti-toxoplasma activity of indolo[3,2-a]
phenazines, compounds containing TMS-, phenyl, p-chloro-
phenyl, p-tolyl, p-methoxyphenyl, p-pentoxyphenyl and p-
isopropyloxyphenyl moieties bound to the phenazine core-
structure inhibited T. gondii (type Il, strain ME49) very efficiently
with ICs, < 3.5 uM (Table 1). Interestingly, the activity of berber-
ine hemisulfate (3) in this study was very comparable to the
previous report by Kryvogorsky et al” using the RH T. gondii
strain. Thus, promising leads of this study (18b and 18c) are
well suited for developing modified and even more active
analogues in the future.
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Figure 5. Effect of indolo[3,2-a]phenazines and 9 and 18 and berberine hemisulfate (3) on the metabolic activity of Hs27 cells. Hs27 cells were plated in 96-
well plates and grown to confluence prior to incubation at 37 °C for 24 h with the selected synthetic indolo[3,2-a]phenazines and berberine hemisulfate at
concentrations of 0.15-20.00 uM. The cultures were incubated with 10 pL of the 12 mM MTT stock solution for approximately 4 h. Afterwards, 100 pL of SDS
dissolved in HCl was added to each well, and the plate was incubated again for 4 h at 37 °C. Finally, the absorbance was measured at 570 nm by
spectrophotometry. Staurosporine (yellow) at concentrations of 0.0375-5.00 uL, Hs27 cells without treatment (blue) and DMSO (red) at the concentration of
20.00 uM were used as controls. Three independent assays were performed in duplicate; mean values 4 SD are shown.
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Conclusion

In summary, by gold-catalyzed cycloisomerization with a
concomitant  1,2-silyl  shift,  6-(trimethylsilyl)indolo[3,2-a]
phenazines have been synthesized in moderate to excellent
yield from  2-indolyl-3-[(trimethylsilyl)ethynyl)]quinoxalines,
which were obtained by consecutive four-component synthesis.
This novel type of indolo[3,2-alphenazine is readily transformed
in a one-pot ipso-iodination Suzuki coupling synthesis into 6-
aryl-indolo[3,2-alphenazines in moderate to good yield. Indolo
[3,2-alphenazines, as rigid pentaheterocyclic scaffolds consist-
ing of a fused carbazole (donor) and phenazine (acceptor)
moieties, represent an interesting novel type of luminophore
that can be tuned in their emission characteristics, such as
emission color and fluorescence quantum vyield, by substituent
decoration. Structure-property relationships were obtained for
6-aryl-indolo[3,2-alphenazines from Hammett correlations with
0,, substituent parameters, indicating that excited state
properties, such as emission maxima, Stokes shifts and
fluorescence quantum yields, in particular are affected and
tunable by the remote para-aryl substituent. Furthermore, none
of the synthetic indolo[3,2-alphenazines showed relevant
cytotoxicity against Hs27 cells over the concentration range
0.15-5.00 uM. Phenyl- and p-tolyl-substituted derivatives pos-
sess an intriguing Toxoplasma inhibitory effect with IC,, values
lower than berberine hemisulfate and therefore do not have a
relevant effect on the metabolic activity of Hs27 cells. This
establishes the phenyl and toluene moieties connected to the
phenazine core-structure as suitable substituents, with more
attractive structure-activity properties against T. gondii than the
other synthetic indolo[3,2-alphenazines tested in this study.
Therefore, the next step to be considered is the in vivo testing
of the lead indolo[3,2-alphenazines for toxicity and activity
against T. gondii infections.
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3.2.1 Indolo[3,2-2] phenazines: Unpublished data

Manuscript in preparation. Submission expected: 2024

The second cohort of indolo[3,2-2] phenazines

Indolo[3,2-4]phenazines investigated in chapter 3.2 exhibited relevant cytotoxic effect on
human fibroblasts (Hs27) at the concentration of 5 uM, suggesting a small therapeutic
window and lack of selectivity. Moreover, certain compounds presented limited solubility in
water, underscoring the necessity of novel derivatives with enhanced chemical and biological
profiles. Thus, it was commenced a systematic approach on the derivatization on the
indolo[3,2-a]phenazine scaffold in positions 6 and 11 with a variety of substituents,
possessing either electron-withdrawing or electron-donating capabilities. In total, fifteen
novel derivatives (Figure 8) were synthesised. All the compounds were employed for the

evaluation of their activity against 1. gondii and their cytotoxic effect on T. gondii host cells

(Hs27 fibroblasts).
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Figure 8: Second cohort of indolo[3,2-2] phenazines.

Chemical structures are shown. Molecules were synthesised by Larissa K.E Hinz.

Anti-T. gondii proliferation assay

The novel indolo[3,2-4]phenazines were tested against 1. gondii ME49 proliferation using the
[’H]-uracil incorporation assay detailed in the Materials and Method section of chapter 3.2.
All compounds showed potent activity against T. gondii, except of the compounds FM 400,
FM 432, and OM 31, they showed an ICs, value higher than 2 uM (Figure 9 and Table 1).
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Figure 9: Anti-toxoplasma activity of the novel investigated indolo[3,2-2]phenazines

The inhibitory activities of LBO 09 (A), FM 400 (B), FM 432 (C), LHP 049 (D), LHP 068 (E), LHP 071 (F),
LHP 091 (G), LHP 112 (H), LHP 099 (I), LHP 106 (J), LHP 192 (K), OM 10 (L), OM 26 (M), OM 31 (N),
Pyrimethamine (O), were determined by the T. gondii in vitro inhibition assay via [*H]-uracil incotporation into
the RNA of the parasite. Data shown are from the means of three independent experiments each performed

in duplicate (# = 6) £ SEM. ICs values of each compound are shown.

Cytotoxicity assay

Following the evaluation of their anti-toxoplasma capacity, I conducted the investigation of
their cytotoxic effect on human fibroblasts (Hs27) which served as host cells in the
proliferation assay, aiming to evaluate the selectivity of their activity. The experiments were
conducted as reported in the Material and Method section in chapter 3.2. The investigated
compounds showed a diverse array of outcomes: Compounds LBO 009, LHP 068, LHP
071, LHP 112, LHP 099, LHP 106 and OM 26 showed high cytotoxic rates with CCs, values
lower that 10 uM; compounds LH 049 and OM 31 presented a medium cytotoxicity lower
than 20 uM; and compounds FM 400, FM 432, LHP 091, LHP 192, OM 10 showed low or
no cytotoxic effects (Figure 10 and Table 1).
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Figure 10: Effect of the novel investigated indolo[3,2-2]phenazines on the metabolic activity of human
fibroblasts Hs27

Cytotoxic effect of LBO 09 (A); FM 400 (B); FM 432 (C); LHP 049 (D); LHP 068 (E); LHP 071 (F); LHP
091 (G); LHP 112 (H); LHP 099 (I); LHP 106 (J); LHP 192 (K); OM 10 (L); OM 26 (M); OM 31 (N);
Pyrimethamine (O) against human cell lines Hs27 as determined by MTT assay. 100% growth control DMSO,
0% growth control staurosporine. Values shown in the figures represent the means of three independent

experiments each done in duplicate (» = 6) = SEM.
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Compound ICs £ S.D. (uM) CCs £ S.D. (uM)
LBO 09 1.03 + 0.18 1.80 £ 0.12
FM 400 16.31 £ 0.86 82.21 £ 3.63
FM 432 14.17 £ 3.46 > 100
LHP 049 0.79 £ 0.20 12.54 £ 2.77
LHP 068 0.57 £ 0.19 4.01 £3.43
LHP 071 0.47 £ 0.31 3.19 £ 0.66
LHP 091 1.36 + 0.68 > 100
LHP 112 < 0.60 1.29 + 1.08
LHP 099 < 0.60 2.00 £ 0.62
LHP 106 1.74 + 0.51 8.31 + 0.46
LHP 192 1.20 = 0.47 90.05 *+ 20.20
OM 10 1.86 + 0.65 > 100
OM 26 0.17 £ 0.13 3.67 £ 0.65
OM 31 2.03 +1.39 19.49 £+ 6.07

Pyrimethamine 0.20 £ 0.06 > 100

Table 1: Indolo[3,2-2]phenazine derivates: in vitro activity against 7. gondii ME49 tachyzoites and
cytotoxicity on human fibroblasts Hs27 of the investigated compounds

Values shown in the table represent the means of three independent experiments each done in duplicate (# =

6) +SD.
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ABSTRACT: In this work, we report the scalable and modular
synthesis of a library of 55 monomeric and dimeric flavonoids
including 14 8,8'-biflavones. The sterically demanding tetra-ortho-
substituted axis of an acetophenone dimer key intermediate was
constructed in a regioselective manner using Fe-mediated oxidative
coupling. This step was systematically optimized and performed on
up to multigram scale. The biological activities of this compound
library were evaluated, including cytotoxicity against healthy and
malignant human cell lines, antimicrobial activity against the
apicomplexan parasite Toxoplasma gondii, and antioxidant capacity.
A marked increase in activity for the 8,8'-dimeric structures
compared to that of their monomeric counterparts was observed.
Several biflavones were identified with high selectivity indices (low cytotoxicity and high antiprotozoal activity), showing that this
class of natural products may serve as lead structures for further investigations.

H INTRODUCTION

Biflavones are naturally occurring biaryl-based compounds
present among a range of gymnosperms.l_4 First isolated in
1966 from Cupressus torulosa where its name is derived from,"
the naturally occurring 8,8'-biflavone cupressuflavone (CUF)
was subsequently also isolated from plants of the genus
Araucaria curminghamii.S So far, very few structural mod-
ifications with the exception of glycosylations have been
observed in nature.’ While biological activities of non-C,-
symmetrical biflavones are reported comprehensively in the
literature (Figure 1A),”™" 8,8'-biflavones are a more elusive
subclass of flavonoid natural products. CUF has thus far only
been investigated in some limited capacity regarding
pharmacological effects.*~"”

In many cases, dimeric natural products show higher
activities than their monomeric counterparts‘m_n Apige-
nin—the monomeric unit of CUF—exerts similar activities
in some cases;'” in others, they are exclusively found for
CUF,” highlighting the importance of comparing the activity
of dimers to monomers. Additionally, 8,8'-biflavones can also,
in some cases, be thought of as structurally simplified
analogues of polyketides such as gonytolid A as was proposed
and successfully shown by Kikuchi et al. in their synthesis of
Me,Me'-CUF (Figure 1B).”* This exemplifies a key strategy in
the natural product-inspired drug design by simplifying
complex natural structures to leverage the ease of synthesis
but retain bioactivity.”® Further, the merging of spherical
shapes of ortho-substituted-biaryl-based natural products®®

© 2023 The Authors. Published by
American Chemical Society
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OH

Q up to 17.4 fold increase
R OH
\ five steps
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up to [500 mg] - scale
14 biflavone natural product analogues
O OMe single column

with a biologically relevant flavone scaffold”” qualifies this
compound class as potent drug candidates.

Total syntheses of CUF are established since the late 1960s
via different methods.”*~>* However, only singular examples of
8,8'-biflavones were synthesized to this date, showing the lack
of a systematic and diversity-oriented approach (Figure 1B).
The construction of these sterically demanding tetra-ortho-
substituted biaryls poses a synthetic challenge.’”*® Syntheses
of these biaryl-based natural products often suffer from a
narrow substrate scope involving the coupling of highly
functionalized monomers®”*® or involve multistep functional-
ization or coupling under harsh reaction conditions.*”™* We
herein report the first modular synthesis of a dedicated library
of 8,8'-biflavones (Figure 1C) and the systematic investigation
of their biological activity.

Bl RESULTS AND DISCUSSION

To ensure scalability, which is highly desirable in natural
product synthesis,”” a synthesis route was chosen that allowed
for the diversification of target structures and isolation by
recrystallization. We chose the protocol developed by Li et al.
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Figure 1. Biflavones as bioactive natural products with 8,8'-biflavones as a subclass.

as the basis for our investigations.”” Starting from commer-
cially available phenols 1a and 1b, all monomeric and dimeric
target compounds should be accessible. After acylation to
acetophenones 2, the key intermediates 3 and 4 should be
accessible: while acetophenones 3a and 3b will be available
based on the modified literature-known procedures (Scheme
1),>%*** the acetophenone dimers 4a and 4b were to be
synthesized by the oxidative coupling without the involvement
of toxicologically relevant transition metals. Finally, the
Claisen—Schmidt condensation using aldehydes § provides
chalcones 6 and bichalcones 7. Subsequent I,-catalyzed
oxidation to synthesize flavones 8 and biflavones 9 was to be
conducted. A variety of aldehydes were chosen to obtain the
natural substitution pattern of CUF in addition to various
more electron-rich and electron-deficient 8,8'-biflavones.
Overall, a multigram scale synthesis route for the key
intermediates 4 is outlined that avoids the use of column
purification.

We initiated our studies with the synthesis of the
acetophenone starting materials 3a and 3b, employed for

41817
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both the oxidative coupling and the synthesis of the
monomers. Acetylation and subsequent selective monomethy-
lation of commercially available phenols 1a and 1b proceeded
smoothly on decagram-scale, with yields of 74% (3a) and 70%
(3b) over two steps, respectively (Scheme 2).

Starting from acetophenones 3a and 3b, the corresponding
chalcone monomers 6 were synthesized via the typical
Claisen—Schmidt condensations under alkaline conditions in
ethanol with seven different benzaldehyde derivatives Sa—g
(Scheme 2). In some cases, conversions were incomplete. This
was mitigated by the addition of an additional 0.6 equiv of the
corresponding aldehyde after 6 h, which led to full conversion
overnight. With the synthesis of the chalcones 6 in place, we
continued with the synthesis of the target flavone monomers 8.
Following literature-known conditions, the oxidative cycliza-
tion using catalytic amounts of I, in DMSO proceeded
smoothly.*® All flavones were obtained in yields ranging from
36 to 93%. Thus, starting from phenols la and 1b, the
procedure yielded 14 monomeric flavones 8aa—g and 8ba—g

https://doi.org/10.1021/acsomega.3c06503
ACS Omega 2023, 8, 41816—41834
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Scheme 1. Retrosynthesis of Flavones and Biflavones Starting from Commercially Available Phenols 1 via the Key

Intermediates 4

O OMe Dbiflavone
OMe O
8aa -ag
8ba - bg

flavone

a R2=4-OMe

b R2=H

aR'=Me € R? = 4-NMe,
d R?=4-CF,

b R"=0OMe
e RZ=4-Br
f R2=3.8r
9 R?=2-Br

(o}
OMe Me
R? H
e
S5a-g 1
R OH
—1 4
R OH
s,
4a
OMe Me |4b
i ﬂ
I
OMe O
5a-g
_ Me
R! OH
3
OH
R® OH
1 ar3=Me
b R® = OH

commercially available
starting material

Scheme 2. Synthesis of Acetophenones 3a and 3b via Acetylation and Subsequent Methylation

for 2a for 2a
AcCl (1.4 equiv) Me,S0Oy4 (1.1 equiv)
OH AICI5 (3.0 equiv) OH Me  K,COj3 (1.1 equiv) OMe Me
70 °C, 17 h, PhCI 65 °C, 3 h, acetone
O — > O
Acy0 (1.2 equiv) Me,SO, (2.1 equiv)
1 1
RE T, OM BRaERO (1 equiv) R 7 01 K,C05 (2.1 equiv) , o
65 °C, 5 h, EtOAc 65 °C, 3 h, acetone
aR'=Me for 2b 88% aR'=Me for 2b 84% aR'=Me
bR'=OH 94% pbR'=0OH 74% bR'=0Me

in four steps, requiring only a single column chromatographic
purification step each (Scheme 3).

With a satisfactory synthesis of the monomeric flavones 8 in
place, we directed our efforts toward the synthesis of
acetophenone dimers 4a and 4b to ultimately provide the
target biflavones 9. The oxidative coupling of naphthol using
FeCl, to form BINOL is known since the 1870s*’ and was
later improved upon by solid-phase synthesis.*® The first
application of FeCl; on silica (FeCly/SiO,) was the elimination
of water from alcohols.”” Jempty et al. conducted the first
oxidative coupling of arenes using FeCly/SiO,.*" In their total
synthesis, Li et al. used silica-bound FeCl; to synthesize
hexamethyl-CUF,* in addition to the application of this
method in the subsequent total syntheses of a variety of natural
products.”***** While naphthol is well-known to form
radicals in the ortho position to the hydroxy-group in the
presence of oxidative transition metals,” phenols tend to form

41818

less localized radicals. The regioselectivity of Fe-based
oxidative homocouplings has to the best of our knowledge
hardly been investigated.** >

We next directed our efforts toward the oxidative coupling of
acetophenone 3a. A variety of recent catalytic methods were
evaluated for the synthesis of 4a and 4b (Table S7). After
extensive efforts, we concluded that the use of stoichiometric
amounts of oxidant is crucial for the conversion of 2’-hydroxy
acetophenones 3a and 3b. As such, the use of classic oxidative
systems such as FeCl;/SiO, as was shown by Li et al. seemed
more promising.”® FeCl,/SiO, was prepared using Et,O as a
solvent at 40 °C. When conducting solid-phase oxidative
couplings using FeCly-6H,0 on SiO, (50% w/w), we observed
the formation of small amounts of product 4a. However, we
also noted a major side product that was subsequently
identified as chlorinated acetophenone 10a among other
minor chlorinated side products 10. This regioselective

https://doi.org/10.1021/acsomega.3c06503
ACS Omega 2023, 8, 41816—41834
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Scheme 3. Synthesis of Flavones 8
0]

X
=

5a-g(1.2-1.8 equiv)
KOH (6.0 equiv)

EtOH,22°Cor90°C R’
18h

[250 mg] scale

up to [1 g] scale

OMe O

OH
6

6aa 69% 1 6ab
8aa 81% 8ab
6ba 739 [ 6bb
8ba 36% 8bb
C,. T
d e
6ad  64% [ 6ae 54%
8ad  66% 8ae 91%
6bd  65% [ 6be 779 [@
8bd  27% 8be 93%

OMe O
/I‘_Y\\ I (4 mol%)

J@ﬁ
DMSO, 150 °C R! o0~ ¥

_ =

[100 mg] scale 8
aR'=

Ot
NMe,
c

b

56% [al 6ac 57% [allb]

90% 8ac 50%

36% (@ 6bc 719 [

80% 8bc  37% Br
T

f 9

6af 58% 6ag 72%
8af 92% 8ag 76%
6bf 67% 6bg 83%
8bf 85% 8bg 92%

“Yields of isolated products; [a] with 1.8 equiv of aldehyde § and [b] at 90 °C.

Table 1. Oxidative Coupling of Acetophenones 3a and 3b by Solid-Phase Synthesis, with the Main Side Product 10a Formation
under Varying Conditions for the Preparation of FeCl;/SiO,

FeCl3/SiO,
OMe Me (50% wiw)
(4.8 equiv)
o —_—
R! OH neat, 42 °C
up to [8 g] scale
3a R'=Me
3b R = OMe
entry 4 FeCl;/SiO,
L 4a 1
2 4a I
3 4a 111
4 4a v
N 4a v
6° 4a 11
7° 4b 1

OMe Me
O o) OMe Me
OH + ., 10
OH g OH
o) Cl
10a
OMe Me 10¢
conversion [%] 10a/c [%] yieldl' [%]
21 45
6 94
76 18 39
NY 7 23
51 43
88 9 S8
81 4 52

“Conversion to main product 4a/4b relative to 10 and 3 according to "H NMR. "Isolated yield. ‘8 g scale, improved workup; I: FeCl;/SiO,
prepared at 40 °C in Et,0 using FeCl;6H,0; II: FeCly/SiO, prepared at 40 °C in Et,0/MeOH (9:1) using FeCl;-6H,0; III: FeCly/SiO,
prepared at 40 °C, then 60 °C in anhydr. Et,0/MeOH (9:1) using FeCly; IV: FeCl/SiO, prepared at 40 °C, then 60 °C in (nonanhydr.) Et,0/
MeOH (9:1) using FeCls, V: FeCl,/SiO, prepared at 40 °C, then 60 °C in anhydr. Et,0/MeOH (9:1) using newly purchased FeCly-6H,O (refer

to Supporting Information Table S$4).

formation of the chlorinated side product has already been

reported in the literature.*

41819

To address this lack of chemoselectivity, we first conducted a
full factorial screening’” regarding the %weight/weight (%w/
w) composition of FeCly/SiO,, equivalents, and reaction time

https://doi.org/10.1021/acsomega.3c06503
ACS Omega 2023, 8, 41816—41834
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Scheme 4. Synthesis of a Library of Bichalcones 8 and Biflavones 9“

5a-g (2.4 - 3.6 equiv)
KOH (12.0 equiv)
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d
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Q.

Tae 94%
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45%
77%

3
949% (@
28%

7bd
9bd

27%
59%

Tbe 55%
9be 70%

5

88%
21%

23%
59%

I5 (10 mol%)
# 0 R’
DMSO, 150 °C | O
[30 mg] scale O OMe
up to [500 mg] scale 9
aR;=Me
b Ry =OMe

o}
o NMe,

[a] T7ac 50% [

9ac 21%
[a] Tbc 249, b

9bc  26% Br
f@m ?

f ]

7af 86% 7ag 65%
9af 86% 9ag 55%
Tbf 349 [ 7bg 23% [l
9bf 0% [ 9bg 56%

“Yields of isolated products: [a] with 3.6 equiv of aldehyde §; [b] at 90 °C; [c] presumed mixture of chalcone and flavanones and monoaddition
product; [d] 1 h reaction time; and [e] complex mixture according to 'H NMR.

(Table SS). More equivalents of FeCly-6H,0O gave a higher
conversion of acetophenone 3a. A higher %w/w FeCl;-6H,0/
SiO, resulted not only in an increase in the conversion of 3a
but also in a significant increase in the side product formation
10a. A longer reaction time resulted in a higher conversion of
acetophenone 3a but an increase in the chlorinated side
product formation 10a (Table S6).

With these assessments in place, we resumed our preparative
screening efforts. The use of methanol as a cosolvent during
the FeCly/SiO, preparation did not increase selectivity
(procedure 1II, Table 1 entry 2). To our delight, the use of
anhydrous FeCl; instead of FeCly-6H,0 in combination with
anhydrous solvents resulted in the formation of less
chlorinated side product (preparation III, Table 1 entry 3).
The use of anhydrous solvents and by effect the method of
FeCl,/SiO, preparation proved crucial in increasing the
selectivity as the use of nonanhydrous solvents gave lower
selectivity (preparation IV, Table 1 entry 4). Again, we
observed an increase in the formation of side product 10a over
time. FeCly may deteriorate over time, and thus a fast reaction
may be beneficial for the selective conversion of the starting
material. We also considered that the exposure to moisture
might have deteriorated the FeCl;-6H,0. FeCl;/SiO, prepared
under otherwise anhydrous conditions using the newly
purchased FeCl;-6H,0 gave better conversion and selectivity
(procedure V, Table 1 entry 4) albeit still with significant side
product formation. Ultimately, 4.8 equiv of anhydrous FeCl;
with 50% w/w of SiO, in combination with anhydrous solvents
resulted in the most selective conversion to acetophenone
dimer 4a in 2.5 h with a conversion of >95% (according to 'H
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NMR) and an isolated yield of 58%. We obtained the
complementary acetophenone dimer 4b in a yield of 52% on a
scale of 8 g, further underlining the utility of this reaction. We
attribute the remaining mass balance to polymerization side
products. This is in accordance with the previous observation
of a fast reaction being more selective, whereas a long reaction
time resulted in complex reaction mixtures and low yields.
With the optimized protocol established, the sterically
demanding products could be obtained without protecting
groups and without selective functionalization of the
monomeric acetophenones 3. We were able to adapt the
protocol by Li et al.’ to synthesize acetophenone 4a via this
route and synthesize 4b accordingly, lowering the literature-
reported reaction time significantly. The X-ray structure of the
acetophenone dimer 4a supports the regioselectivity of the
coupling in addition to the NMR 2D data (Figure 1 and
Figures $71—S73).

With a scalable and robust synthesis of the acetophenone
dimers in hand, we commenced the synthesis of the biflavone
library (Scheme 4). It is noteworthy that again for some
reactions, under the appropriately modified conditions of the
chalcone 6 synthesis, the addition of a further 1.2 equiv of
aldehyde after 6 h gave full conversion of acetophenone 4
(2.4—3.6 equiv aldehyde S in total). The use of an ionic liquid
as a solvent to address low solubility gave chalcone dimer 7ac
in comparable yield but appeared less generally applicable
(Table S7). During the reaction, a complex mixture of side
products and intermediates could form and as such the
isolation of these highly insoluble compounds proved difficult.
However, scaleup and purification by recrystallization gave

https://doi.org/10.1021/acsomega.3c06503
ACS Omega 2023, 8, 41816—41834



ACS Omega

http://pubs.acs.org/journal/acsodf

Publications

chalcone dimers 7 in acceptable yield and purity. Only for 7bf
and 7bg, the isolation of bichalcone in acceptable purity
proved to not be possible. These compounds were obtained as
a mixture of bichalcone and flavanone side products and
significant amounts of an additional side product, presumably
the monoaddition product.

With a scalable synthesis of bichalcones 7 with yields of up
to 94% on a 0.2—1 g scale established, we proceeded with the
synthesis of biflavones 9. Modified conditions of the monomer
synthesis were successfully transferred to the chalcone dimers.
Only biflavone 9bf was not obtained under the given
conditions attributed to the difficulty in isolation of chalcone
7bf in sufficient purity. Overall, we were able to obtain a library
of 13 8,8’-biflavones with up to 38% yield (9ae) over five steps
in a scalable fashion on up to 500 mg scale in the final step,
with only a single column chromatographic purification over
the full synthesis route.

Bl BIOLOGICAL DATA

With a dedicated library at hand, we initiated the biological
evaluation of flavones and biflavones (Figure 2). Bioactivity

OMe O

O OMe
9aa - bg

8aa - bg

R? = 4-OMe
RZ=H

R? = 4-NMe,
R? = 4-CF3
R? = 4-Br

R? = 3-Br

R? = 2-Br

aR'=Me
b R"= OMe

- 0o Q0T

g

Figure 2. Structure of flavones 8 and biflavones 9 and the associated
library evaluated regarding their bioactivity against T. gondii
proliferation and against human cell lines.

assays against Toxoplasma gondii (T. gondii) proliferation and
the viability of healthy and malignant human cell lines were
performed. Overall, this allowed for a systematic comparison of
the natural product 8,8-biflavone analogues 9 with the
corresponding monomers 8.

T. gondii, the causative agent of toxoplasmosis, is an obligate
intracellular 6protozoan parasite member of the phylum
Apicomplexa.”’ Tt is referred to as one of the most successful
parasites due to its ability to infect and persist in virtually all
warm-blooded animals as intermediate hosts, including
humans.’" According to the World Health Organization
(WHO), it is estimated that up to a third of the world’s
human population is infected with this parasite.*” This unmet
medical need has yet to be resolved. As biflavones such as the
structurally related 3',8”-biflavone amentoflavone are known to
exert activity against kinetoplastid parasites, we wished to
investigate the activity of our compound library (Table 2 and
Figure 3)."

First, the cytotoxicity of this compound library was assessed
by in vitro screening against Hs27 fibroblasts used as hosts in
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Table 2. IC (5o meray IC(s0 T.gondiiy and IC(s0 5s27) and
Selectivity Index (SI) of Flavones (8) and Biflavones (9)
against T. gondii Proliferation”

1Cs0 (HeLa) [MM] 1Cs0 (7. gonaiiy [UM] I1Cs0 (Hs27)[UM] sial
8aa 28.4 13.7 >200 >14.6
8ab 82.5 6.68 >200 >29.9
8ac 242 7.98 140.6 19.1
8ad >100 >50 >200 -
8ae >100 2.33 >200 >85.6
8af 329 4.09 104.0 254
8ag 76.3 7.46 130.0 17.4
8ba 33 4.86 >200 >41.1
8bb 73.7 4.61 >200 >43.3
8bc 55.7 229 >200 >8.7
8bd >100 4.03 >200 >49.5
8be 85.8 3.44 >200 >58.0
8bf 72 8.10 128.1 15.6
8bg >100 6.02 >200 >33.2
9aa 41.4 3.20 >200 >62.5
9ab 1.8 5.12 >200 >39.0
9ac 14 1.58 179.9 113.4
9ad >100 10.4 >200 >19.2
9ae 35.8 221 >200 >90.4
9af >100 123 >200 >16.2
9ag 18.5 39.6 >200 >5.0
9ba 39.5 3.33 >200 >59.9
9bb 221 2.28 >200 >87.5
9bc 43.8 12.3 >200 >16.3
9bd >100 4.16 >200 >48.0
9be 96.1 2.29 >200 >87.1
9bf N/A - - -
9bg 10.4 1.4 >200 >17.6

“SI > 50 (Highlighted in Gray). [a] SI = (IC (5 11927))/ (1C(50 7. gondii))-
For Confidence Intervals of ICg, refer to Tables S1 and S2

the T. gondii proliferation assay. Comparison of the activities
against 1. gondii proliferation revealed that in many cases
biflavones 9 exerted higher bioactivity (lower ICs) than their
respective flavone counterpart 8 (Table 2). Overall, biflavone
9ac was the most active compound regarding the inhibition of
T. gondii proliferation with an IC;, of 1.6 uM. By dividing the
cytotoxicity (ICsg (s17) value against fibroblasts; Table S1) by
the ICsp (1. gonaiy Value (1. gondii proliferation inhibition), we
obtained the selectivity index (SI) for each tested compound,
giving us a measure of the therapeutic potential (Table 2). Of
the seven compounds with the highest SI, six are biflavones,
one of which is hexa-O-methyl-CUF (9ba). Five of these most
active non-natural analogues have higher SIs than hexa-O-
methyl-CUF (9ba).

Next, the cytotoxicity toward malignant human cells [HeLa
cells (ICsp (srera))] was assessed (Table 2). Broadly speaking,
biflavones 9 again display higher activities compared to
flavones 8, the most active compound again being biflavone
9ac. Compounds with 4-CF; substituents 8ad, 8bd, 9ad, and
9bd appeared to be noncytotoxic against either human cell line
while exhibiting moderate to good activity against T. gondii
proliferation. 4-NMe,-substituted biflavone 9ac exerted the
highest bioactivity (ICso (sea) = 1.4 #M and ICsg (1, gonaii) =
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Additionally, electron-rich arenes such as flavones are known
0.25 to exhibit antioxidant properties.’”* Therefore, we assessed the

AEAC [mol mol|

aa ba ab bb ac bc ad bd ae

I Flavone 8
Biflavone 9

Figure 3. Ascorbic acid equivalent antioxidant capacity (AEAC) of
flavones 8 and biflavones 9 relative to ascorbic acid (mol mol™)
determined by the ABTS decolorization assay with standard
deviation.®® For absolute values, refer to Table S3.

1.58 uM) as well as the highest SI (113.4) of all tested
compounds (Figure 4). Additionally, biflavone 9be exerts high

NMe,

Hela  ICso=1.4pM
O  OMe T. gondii 1Csq = 1.6 uM
9ac T. gondii Sl =113.4

Figure 4. Most overall active compound biflavone 9ac.

activity against T. gondii while exhibiting little activity against
HeLa cells (ICs (g7 > 200 uM, ICsg (gera) 96.1 uM,
ICso (1. gondin) 23 uM). Biflavone 9ag exerts moderate activity
against HeLa cells, while no cytotoxicity and little activity
against T. gondii is observed (ICsg (s7) > 200 M, ICso (s1e1a)
18.5 uM, ICsg (1. gonaii) 39-6 uM). Overall, all tested
compounds and particularly biflavones 9 that show moderate
to high cytotoxicity against malignant HeLa cells exert little to
no cytotoxicity against healthy fibroblasts Hs27.

ascorbic acid equivalent antioxidant capacity (AEAC) of our
dedicated library using an ABTS decolorization assay.”’ We
found that electron-rich biflavone 9aa (0.25 equiv ascorbic acid
[mol mol™]) exerts the highest antioxidant activity with
similarly electron-rich 9bc, 9ac, and 9ba following suit (Figure
3).

To show the usefulness of our synthesis route, we scaled-up
the reaction to gram-scale. Biflavone 9ac was chosen as it
exerted the lowest ICy, regarding HeLa cells while also having
one of the highest selectivity indices (SI) toward T. gondii
proliferation inhibition. We found that slightly lower yields
were obtained, which we attribute to the necessity for an
intermediate workup as no further conversion was observed
after adding additional 1.2 equiv of aldehyde Sc. Following the
procedure of the chalcone synthesis, we performed the flavone
synthesis on a 575 mg scale. The pure biflavone was isolated in
a yield of 21%. This scaleup allowed for additional
modification of the biflavone by cleavage of the methoxy
groups using BCly (Scheme S). This was to showcase the
potential for further functionalization. The obtained biflavone
11 was isolated in a 44% yield and showed no biological
activity (ICsp ety > 1007 uM, ICso (1. gonaiy > SO 4M,
ICso (e27) > 200 M) and less antioxidant capacity (0.037
equiv (11) vs 0.197 equiv (9ac) ascorbic acid (mol mol™))
compared to the protected biflavones 9ac.

Bl CONCLUSIONS

In summary, we were able to establish a scalable synthesis of a
library of non-natural 8,8'-biflavones. The lack of a diversity-
oriented approach for the synthesis of 8,8-biflavones was
addressed, and synthesis protocols were set in place that allow
for further investigations. To provide the necessary acetophe-
none dimer key intermediates, we investigated a one-step
oxidative coupling procedure. By doing so, we were able to
overcome chemoselectivity issues by investigating the chlori-
nated side product formation. The reaction was then
performed on a scale of up to 8 g without the need for
column chromatographic isolation. Using our established
protocols, we managed to synthesize a library of 14 flavones
and 13 biflavones. Further, we were able to show the
antiproliferative biological activity of the said library against
T. gondii as well as selective cytotoxicity against malignant
human cell lines (HeLa) and antioxidant capacity. Most
biflavones 9 were more active than their respective monomeric
flavone counterparts 8. The most potent biflavone 9ac showed
the strongest activity against both T. gondii proliferation and

Scheme $. Selective Deprotection of the Methoxy Groups of Biflavone 9ac for the Synthesis of Biflavone 11. Yield of Isolated

Product

BCl3 (2.2 equiv)
9ac ———>

CH,Cl,, 0 °C, 16 h

60

NMe,

no biological activity
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HelLa viability while exerting low cytotoxicity against healthy
fibroblasts (SI = 113.4, ICso (1. gondin) = 1.6 #M, ICsg (prer) = 1.4
pM), making it a lead structure in further studies. The
synthesis of this compound was scaled up to 500 mg scale to
show the viability of our approach. While this study highlights
the potential use of flavones and biflavones as novel anti-
Toxoplasma agents, further research is needed to assess their
efficacy and safety in humans. The modes of action are
undergoing further investigations.

Bl EXPERIMENTAL SECTION

Experimental Synthesis Procedures. General informa-
tion. All chemicals not synthesized or present in the group
were purchased from Sigma-Aldrich Co., Alfa Aesar GmbH &
Co. KG, Merck KGaA, or Fluorochem Ltd. All reactants were
used without any further purification unless stated otherwise.
Methanol was dried using the activated molecular sieve (3 A).
DMSO was degassed via freeze—pump—thaw. Anhyd. diethyl
ether and dichloromethane were taken from the solvent
purifier MB SPS-800 by MBraun. Silica gel 60 (0.040—0.063
mm, 230—400 mesh) by Merck used for synthesis was dried in
an oven at 110 °C overnight. Anhyd. solid reagents were stored
in a desiccator under an atmosphere of N,. All glassware and
stirring bars used for reactions under anhyd. or inert conditions
were put in an oven at 110 °C for at least 12 h. When
removing glassware from the oven, it was sealed airtight using
septa and stopcocks. It was then attached to a Schlenk line and
left to cool under nitrogen gas, which was itself dried over
SICAPENT, for several minutes. Glassware was then dried
using the Schlenk technique by heating the glassware under
vacuum for several minutes and then letting it cool to room
temperature under a N, flow. This process was repeated three
times. Septa were only opened briefly during the addition of
reactants under a N, countercurrent. Liquid reactants, solvents,
and solutions of reactants were transferred using syringes
flushed three times with N,. Solvents were removed using
rotary evaporators at a bath temperature of 40 °C under
reduced pressure. Analytical balance AE 163 by Mettler
Toledo was used to determine and weigh yields and reactants.
Sonication of reactions was conducted using an ultrasonic
cleaning bath T310 by Elma Schmidbauer GmbH. Distillations
of liquid aldehydes were conducted using Kugelrohrofen Glass
Oven B-580 and Glass Oven B-585 by Biichi under reduced
pressure. For thin-layer chromatography (TLC), silica gel
plates (Polygram SIL G/UV 254) by Machery-Nagel with a
fluorescent indicator were used. Spots were made visible under
UV light, using aqueous potassium permanganate solution,
CAM, Molydip, anisaldehyde. Column chromatographic
purification was conducted using the appropriate solvent
mixture and silica gel 60 (0.040—0.063 mm, 230—400 mesh)
by Merck in cylindric glass columns by applying pressure with
compressed air. IR spectra were recorded using a Spec-
trumTwo FT-IR by PerkinElmer with attenuated total
reflection (ATR). The absorption bands were given in units
of wave numbers (cm™!). 'H-, 3C-, 135DEPT-, COSY-,
HSQC-, and HMBC-NMR spectra were measured on the
spectrometer Bruker Avance/DRX 600 at a frequency of 600
MHz (*H) and 151 MHz (3C). F- and select 'H- and 3C
NMR spectra were measured on the spectrometer Bruker
Avance/DRX 300 at a frequency of 282 MHz (*F), 300 MHz
(*H), and 75 MHz (*3C). Deuterated chloroform with 0.03 vol
% of TMS (CDCl;) or deuterated d®-DMSO was used as a
solvent. The '"H- and '*C-spectra were referenced to the
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solvent peak (CDCly § = 7.26 ppm (*H), § = 77.16 ppm (**C);
DMSO-d® § = 2.50 ppm (*H), 6 = 39.52 ppm (*3C)). Data was
evaluated using the software MNova (MestReNova) version
14.1 by Mestrelab Research. Coupling constants | were given
in Hz, and chemical shifts § were given in ppm (parts per
million). Multiplicities are abbreviated as the following: singlet
(s), broad singlet (brs), doublet (d), triplet (t), quartet (q),
and multiplet (m).

General Procedures. General Procedure A Chalcone
Monomer (6). A vial with a stir bar was charged with
acetophenone (3) (250 mg, 1.0 equiv), ethanol (2.50 mL), and
aq. KOH solution (3 m, 6.0 equiv, 2.78 mL). The mixture was
stirred for S min until all solids were dissolved. Aldehyde (5)
(1.2 equiv) was added at once. The reaction was stirred at
room temperature unless stated otherwise. If stated, after 6 h,
another portion of aldehyde was added (0.6 equiv). The
reaction mixture was left to stir overnight. After the completion
of the reaction, aq. HCl (1 M, 10 mL) was added and solids
precipitated. The suspension was filtered, and the filtrate was
washed with some methanol. The filtrate was then dissolved in
CH,Cl, (10 mL), MeOH (10% v/v) was added, and the
solvent was removed in vacuo. The crude product was washed
with MeOH (4 mL) at 70 °C and left to cool to room
temperature, and the solids were filtered off to isolate the title
compound.

General Procedure B Chalcone Dimer (7). A vial with a stir
bar was charged with acetophenone (4) (200 mg, 1.0 equiv),
ethanol (2.50 mL), and aq. KOH solution (3 M, 12.0 equiv).
The mixture was stirred for S min until all solids were
dissolved. Aldehyde (5) (2.4 equiv) was added at once. The
reaction was stirred at room temperature unless stated
otherwise. If stated, after 6 h, another portion of aldehyde
was added (1.2 equiv). The reaction mixture was left to stir
overnight unless stated otherwise. After the completion of the
reaction, ag. HCl (1 M, 10 mL) was added unless stated
otherwise, and solids precipitated. The suspension was filtered,
and the filtrate was washed with some methanol. The filtrate
was then dissolved in CH,Cl,, MeOH (10% v/v) was added,
and the solvent was removed in vacuo. The crude product was
washed with MeOH (10 mL) at 22 °C and filtered off to
isolate the title compound.

General Procedure C Flavone Monomer (8). A 10 mL
microwave vial with a stir bar was charged with chalcone (6)
(100 mg, 1.00 equiv) and capped with a septum. The degassed
DMSO (1.70 mL) and a solution of I, in degassed DMSO
(78.8 mM, 4 mol %) were added. The reaction solution was
then heated to 150 °C and stirred for 3 h. After complete
conversion, sat. aq. Na,SO; solution (4 mL) was added. The
ag. phase was extracted with ethyl acetate (3 X 20 mL). The
combined org. layers were washed with cold water (3 X 20
mL) and sat. NaCl solution (2 X 20 mL), and the solvent was
removed in vacuo. The product was isolated by filtration over a
plug of silica (CH,Cl,/MeOH, 9:1 v/v).

General Procedure D Flavone Dimer (9). A 10 mL
microwave vial with a stir bar was charged with bichalcone
(7) (30 mg, 1.00 equiv) and capped with a septum. Degassed
DMSO (0.24 mL) and a solution of I, in degassed DMSO
(78.8 mM, 10 mol %) were added. The reaction solution was
then heated to 150 °C and stirred for 3 h unless stated
otherwise. After complete conversion, sat. ag. Na,SOj; solution
(4 mL) was added. The aq. phase was extracted with ethyl
acetate (3 X 20 mL). The combined org. layers were washed
with cold water (3 X 20 mL) and sat. NaCl solution (2 X 20
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mL), and the solvent was removed in vacuo. The product was
isolated by column chromatography unless otherwise stated.
(E)-1-(2-Hydroxy-6-methoxy-4-methylphenyi)-3-(4-
methoxyphenyl)prop-2-en-1-one (6aa). Synthesized in ac-
cordance with General Procedure A. Starting from acetophe-
none 3a (250 mg, 1.39 mmol, 1.0 equiv) and 4-
methoxybenzaldehyde (Sa) (0.30 mL, 2.50 mmol, 1.2 + 0.6
equiv). The product was isolated as orange solids (286 mg,
0.96 mmol, 69%). '"H NMR (600 MHz, CDCL,): § 2.33 (s,
3H), 3.86 (5, 3H), 3.94 (5, 3H), 6.24 (d, J = 1.5 Hz, 1H), 6.44
(dd, J = 1.5, 0.8 Hz, 1H), 6.94 (d, ] = 8.8 Hz, 2H), 7.58 (d, ] =
8.8 Hz, 2H), 7.80 (s, 2H), 13.49 (s, 1H). *C NMR (151
MHz, CDCly): § 22.53, 55.56, 56.01, 103.00, 110.01, 111.52,
114.56, 125.51, 128.43, 130.34, 142.87, 147.51, 161.02, 161.64,
165.33, 193.94. IR (ATR film): 3003, 2838, 1627, 1605, 1561,
1511, 1483, 1457, 1422, 1410, 1305, 1289, 1255, 1223, 1207,
1172, 1113, 1035, 982, 828, 814, 768, 742, 722, 662, 557, 539
HR-MS (ESI): m/z caled for [C;gH;s0,]" (M + H']):
299.1278, found: 299.1284. Melting point: 113—114 °C.
(E)-1-(2-Hydroxy-6-methoxy-4-methylphenyl)-3-pheny/-
prop-2-en-1-one (6ab). Synthesized in accordance with
General Procedure A. Starting from acetophenone 3a (250
mg, 1.39 mmol, 1.0 equiv) and benzaldehyde (Sb) (0.26 mL,
2.50 mmol, 1.2 + 0.6 equiv). The product was isolated as
orange solids (209 mg, 0.78 mmol, 56%). "H NMR (600 MHz,
CDCly): 6 2.33 (s, 3H), 3.94 (s, 3H), 6.24 (s, 1H), 6.4S (s,
1H), 7.40—7.61 (m, SH), 7.80 (d, ] = 15.6 Hz, 1H), 7.89 (d, |
= 15.6 Hz, 1), 13.37 (s, IH). *C NMR (151 MHz, CDCl,):
§22.59, 56.01, 102.97, 109.89, 111.46, 127.83, 128.56, 129.04,
130.31, 135.61, 142.72, 147.89, 161.04, 165.31, 194.02. IR
(ATR film): 3091, 3036, 2980, 2951, 1641, 1576, 1495, 1459,
1418, 1378, 1344, 1284, 1232, 1216, 1168, 1124, 1082, 985,
954, 878, 853, 824. HR-MS (ESI): m/z calcd for [CpoH,,0,]*
([M + H']): 269.1172, found: 269.1173. Melting point:
169.6—170.2 °C.
(E)-3-(4-(Dimethylamino)phenyl)-1-(2-hydroxy-6-me-
thoxy-4-methylphenyl)prop-2-en-1-one (6ac). Synthesized in
accordance with General Procedure A. Starting from
acetophenone 3a (250 mg, 1.39 mmol, 1.0 equiv) and 4-
(dimethylamino)benzaldehyde (Sc) (373 mg, 2.50 mmol, 1.2
+ 0.6 equiv) at 90 °C. The product was isolated as red solids
(264 mg, 0.85 mmol, 61%). "H NMR (600 MHz, CDCL,): §
231 (s, 3H), 3.04 (s, 6H), 3.93 (s, 3H), 622 (d, ] = 1.6 Hz,
1H), 6.43 (d, ] = 1.6 Hz, 1H), 6.70 (d, ] = 8.6 Hz, 2H), 7.50—
7.55 (m, 2H), 7.74 (d, J = 15.4 Hz, 1H), 7.84 (d, ] = 15.4 Hz,
1H), 13.72 (s, 1H). 3C NMR (151 MHz, CDCL,): & 22.47,
40.28, 55.93, 102.90, 110.06, 111.40, 112.00, 122.40, 123.41,
130.59, 144.39, 146.89, 152.02, 160.88, 165.24, 193.67. IR
(ATR film): 3121, 3009, 2968, 2808, 2645, 2169, 2052, 1628,
1593, 1525, 1476, 1462, 1435, 1413, 1375, 1336, 1296, 1257,
1223, 1198, 1168, 1113, 1069, 1031, 984, 948, 883, 838, 819,
807, 768, 732, 711, 680, 665, 638, 600, 546, 529, 514, 501,
470. HR-MS (ESI): m/z calcd for [CgH,,O;N]* ([M + H']):
312.1594, found: 312.1596. Melting point: 182—183 °C.
(E)-1-(2-Hydroxy-6-methoxy-4-methylphenyi)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (6ad). Synthesized
in accordance with General Procedure A. Starting from
acetophenone 3a (250 mg, 1.39 mmol, 1.0 equiv) and 4-
(trifluoromethyl)benzaldehyde (5d) (0.34 mL, 2.50 mmol, 1.2
+ 0.6 equiv). The product was isolated as orange solids (299
mg, 0.89 mmol, 64%). "H NMR (600 MHz, CDCl,): 6 2.36 (s,
3H), 3.97 (s, 3H), 6.27 (s, 1H), 6.48 (s, 1H), 7.69 (d, ] = 8.1
Hz, 2H), 7.72 (d, ] = 8.1 Hz, 2H), 7.78 (d, ] = 15.7 Hz, 1H),
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7.94 (d, ] = 15.7 Hz, 1H), 13.26 (d, ] = 2.3 Hz, 1H). 3C NMR
(151 MHz, CDCl,): 6 22.63, 56.05, 103.00, 109.77, 111.53,
124.05 (q, J = 272.1 Hz), 12598 (q, ] = 3.8 Hz), 128.53,
130.21, 131.62 (q, J = 32.6 Hz), 139.06, 140.37, 148.42,
161.03, 165.40, 193.63. F NMR (282 MHz, CDCL): &
—62.77. IR (ATR film): 3746, 3123, 3051, 2974, 1635, 1614,
1565, 1487, 1456, 1410, 1368, 1317, 1287, 1266, 1223, 1169,
1066, 1031, 1015, 983, 909, 843, 813, 768, 747, 732, 683, 666,
626, 593, 558, 530, 506, 492 HR-MS (ESI): m/z calcd for
[CisHcO5F;]" (M + H]): 337.1046, found: 337.1050.
Melting point: 124—126 °C.
(E)-3-(4-Bromophenyl)-1-(2-hydroxy-6-methoxy-4-
methylphenyl)prop-2-en-1-one (6ae). Synthesized in accord-
ance with General Procedure A. Starting from acetophenone
3a (250 mg, 1.39 mmol, 1.0 equiv) and 4-bromobenzaldehyde
(Se) (309 mg 1.66 mmol, 1.2 equiv). The product was isolated
as yellow solids (261 mg, 0.7S mmol, 54%). "H NMR (600
MHz, CDCL): 6 2.33 (s, 3H), 3.93 (s, 3H), 623 (d, ] = 1.6
Hz, 1H), 6.45 (s, 1H), 7.46 (d, ] = 8.4 Hz, 2H), 7.54 (d, ] =
8.4 Hy, 2H), 7.70 (d, ] = 15.6 Hz, 1H), 7.85 (d, J = 15.6 Hz,
1H), 13.30 (s, 1H). *C NMR (151 MHz, CDCl,): § 22.60,
56.04, 102.98, 109.82, 111.51, 124.48, 128.43, 129.88, 132.28,
134.56, 141.20, 148.13, 161.00, 165.36, 193.74. IR (ATR film):
2970, 2850, 1632, 1571, 1486, 1454, 1402, 1369, 1331, 1270,
1222, 1206, 1159, 1114, 1072, 1031, 1009, 979, 945, 874, 820,
790, 764, 712, 595, 572, 557, 529. HR-MS (ESI): m/z calcd
for [C,H,c0:Br]" ([M + H']): 347.0277, found: 347.0279.
Melting point: 122—124 °C.
(E)-3-(3-Bromophenyl)-1-(2-hydroxy-6-methoxy-4-
methyiphenyl)prop-2-en-1-one (6af). Synthesized in accord-
ance with General Procedure A. Starting from acetophenone
3a (250 mg, 1.39 mmol, 1.0 equiv) and 3-bromobenzaldehyde
(5f) (020 mL, 1.66 mmol, 1.2 equiv). The product was
isolated as yellow solids (279 mg, 0.81 mmol, 58%). '"H NMR
(600 MHz, CDCL,): 5 2.33 (s, 3H), 3.94 (s, 3H), 624 (d, ] =
1.5 Hz, 1H), 6.43—6.46 (m, 1H), 7.28 (t, ] = 7.8 Hz, 1H), 7.51
(dd, J=7.9, 1.8 Hz, 2H), 7.67 (d, ] = 15.6 Hz, 1H), 7.74 (t, ] =
1.8 Hz, 1H), 7.84 (d, ] = 15.6 Hz, 1H), 1327 (s, 1H). 3C
NMR (151 MHz, CDCL): § 22.61, 56.09, 102.99, 109.79,
111.49, 123.15, 127.21, 129.18, 130.53, 131.03, 132.97, 137.80,
140.70, 14823, 161.03, 165.35, 193.65. IR (ATR film): 2918,
2850, 1633, 1571, 1454, 1410, 1368, 1329, 1307, 1276, 1222,
1204, 1159, 1114, 1072, 1031, 978, 945, 898, 863, 815, 787,
760, 699, 667, 626, 606, 583, 557, 529, 485. HR-MS (ESI): m/
z caled for [C;H;,05Br]" ([M + H']): 347.0277, found:
347.0278. Melting point: 123—124 °C.
(E)-3-(2-Bromophenyl)-1-(2-hydroxy-6-methoxy-4-
methylphenyl)prop-2-en-1-one (6ag). Synthesized in accord-
ance with General Procedure A. Starting from acetophenone
3a (250 mg, 1.39 mmol, 1.0 equiv) and 2-bromobenzaldehyde
(5g) (0.19 mL, 1.66 mmol, 1.2 equiv). The product was
isolated as yellow solids (347 mg, 1.00 mmol, 72%). "H NMR
(600 MHz, CDCL,): 6 2.33 (s, 3H), 3.92 (s, 3H), 6.23 (s, 1H),
645 (s, 1H), 7.23 (td, ] = 7.6, 1.6 Hz, 1H), 7.35 (t, ] = 7.5 Hz,
1H), 7.63 (dd, J = 8.0, 1.2 Hz, 1H), 7.69 (dd, ] = 7.9, 1.6 Hz,
1H), 7.80 (d, ] = 154 Hz, 1H), 8.11 (d, J = 15.5 Hz, 1H),
13.29 (s, 1H). 3C NMR (151 MHz, CDCL,): 6 22.61, 56.03,
102.95, 109.80, 111.50, 126.07, 127.77, 128.03, 130.45, 131.10,
133.69, 135.66, 140.78, 148.17, 161.02, 165.38, 193.65. IR
(ATR film): 3065, 1629, 1577, 1487, 1466, 1451, 1438, 1367,
1334, 1278, 1225, 1208, 1191, 1159, 1113, 1049, 1025, 996,
966, 944, 893, 858, 839, 813, 768, 745, 713, 656, 625, 606,
561, 530, S11, 489. HR-MS (ESI): m/z calcd for
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[CHO:Br]* (M + H']): 347.0277, found: 347.0281.
Melting point: 162—164 °C.
(E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-
methoxyphenyl)prop-2-en-1-one or Flavokavain A (6ba).
Synthesized in accordance with General Procedure A. Starting
from acetophenone 3b (250 mg, 1.27 mmol, 1.0 equiv) and 4-
methoxybenzaldehyde (Sa) (0.28 mL, 2.29 mmol, 1.2 + 0.6
equiv). The product was isolated as yellow solids (292 mg,
0.93 mmol, 73%). The analytical data was in accordance with
the literature.”> 'H NMR (600 MHz, CDCl,): 6 3.84 (s, 3H),
3.86 (s, 3H), 3.92 (s, 3H), 5.97 (dd, J = 5.1, 2.4 Hz, 1H), 6.11
(d,] = 2.3 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 7.57 (d, ] = 8.7
Hz, 2H), 7.80 (m, 2H), 14.43 (s, 1H). 3C NMR (151 MHg,
CDCly): § 55.39, 55.56, 55.84, 91.26, 93.86, 106.41, 114.38,
125.19, 128.37, 130.10, 142.45, 161.38, 162.48, 166.03, 168.38,
192.61. IR (ATR film): 3005, 2838, 1622, 1580, 1559, 1511,
1488, 1455, 1440, 1421, 1391, 1344, 1304, 1289, 1255, 1216,
1172, 1158, 1112, 984, 939, 870, 828, 766, 721, 697, 674, 615,
559, 539, 520. HR-MS (ESI): m/z caled for [C;gH;40¢]" (|[M
+ H']): 315.1227, found: 315.1230. Melting point: 113—114
°C (110 °C).%°
(E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-phenylprop-2-
en-1-one (6bb). Synthesized in accordance with General
Procedure A. Starting from acetophenone 3b (250 mg, 1.27
mmol, 1.0 equiv) and benzaldehyde (Sb) (0.23 mL, 2.29
mmol, 1.2 + 0.6 equiv) at SO °C. The product was isolated as
yellow solids (130 mg, 0.46 mmol, 36%). The analytical data
was in accordance with the literature.*> '"H NMR (600 MHz,
CDCL): 5 3.84 (s, 3H), 3.92 (s, 3H), 5.97 (d, ] = 2.4 Hz, 1H),
6.11 (d, J = 2.4 Hz, 1H), 7.36=7.44 (m, 31), 7.58—7.63 (m,
2H), 7.79 (d, J = 15.6 Hz, 1H), 7.91 (d, J = 15.6 Hz, 1H),
14.31 (s, 1H). 3C NMR (151 MHz, CDCLy): § 55.59, 55.87,
91.31, 93.86, 106.41, 127.60, 128.36, 128.88, 130.04, 135.64,
142.32, 162.55, 166.27, 168.43, 192.67. IR (ATR film): 3082,
3059, 3025, 3004, 2969, 2940, 2849, 1615, 1558, 1494, 1415,
1340, 1284, 1211, 1155, 1112, 1072, 10SS, 1033, 984, 939,
888, 869, 818, 788, 742, 691, 673, 647, 623, 577, 562, 534,
495, 459 HR-MS (ESI): m/z caled for [C;H;;0,]" ([M +
H']): 285.1121, found: 285.1122. Melting point: 83—84 °C
(85—86 °C).%°
(E)-3-(4-(Dimethylamino)phenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (6bc). Synthesized in
accordance with General Procedure A. Starting from
acetophenone 3b (250 mg, 1.27 mmol, 1.0 equiv) and 4-
(dimethylamino)benzaldehyde (Sc) (228 mg, 1.53 mmol, 1.2
equiv) at 90 °C. The product was isolated as red solids (296
mg, 0.91 mmol, 71%). The analytical data was in accordance
with the literature.”” "H NMR (600 MHz, CDCL,): & 3.03 (s,
6H), 3.82 (s, 3H), 3.91 (s, 3H), 5.95 (d, J = 2.4 Hz, 1H), 6.10
(4,7 = 2.4 Hz, 1H), 6.69 (d, J = 8.5 Hz, 2H), 7.52 (d, ] = 8.7
Hz, 2H), 7.75 (d, ] = 15.3 Hz, 1H), 7.83 (d, ] = 15.4 Hz, 1H),
14.66 (s, 1H). 3C NMR (151 MHz, CDCL,): § 40.16, 55.52,
55.78, 91.12, 93.83, 106.4S, 111.90, 122.09, 123.40, 130.37,
143.99, 151.84, 162.39, 165.63, 168.31, 192.47. IR (ATR film):
3004, 2962, 2850, 1621, 1587, 1528, 1481, 1436, 1415, 1379,
1346, 1296, 1209, 1172, 1154, 1111, 1031, 1001, 986, 941,
920, 864, 810, 765, 711, 677, 638, 616, 547, 516, 503, 461.
HR-MS (ESI): m/z caled for [CyH,,0,]" (M + H']):
328.%6543, found: 328.1546. Melting point: 203—204 °C (153
°C).
(E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (6bd). Synthesized

in accordance with General Procedure A. Starting from
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acetophenone 3b (250 mg, 1.27 mmol, 1.0 equiv) and 4-
(trifluoromethyl)benzaldehyde (Sd) (0.31 mL, 2.29 mmol, 1.2
+ 0.6 equiv). The product was isolated as yellow solids (293
mg, 0.83 mmol, 65%). "H NMR (600 MHz, CDCI,): 5 3.84 (s,
3H), 3.92 (5, 3H), 5.97 (d, J = 2.4 Hz, 1H), 6.11 (d, ] = 2.4
Hz, 1H), 7.65 (d, ] = 8.3 Hz, 2H), 7.68 (d, ] = 8.3 Hz, 2H),
7.74 (d, ] = 15.6 Hz, 1H), 7.93 (d, ] = 15.6 Hz, 1H), 14.14 (s,
1H). BC NMR (151 MHz, CDCLy): § 55.78, $6.05, 91.53,
94.00, 106.43, 124.07 (q, J = 272.1 Hz), 125.96 (q, ] = 3.8 Hz),
12847, 130.12, 13151 (q, J = 32.6 Hz), 139.19, 140.13,
162.65, 166.72, 168.66, 192.32. 'F NMR (282 MHz, CDCL,):
§ —62.76. IR (ATR film): 3022, 2980, 2948, 1633, 1613, 1579,
1488, 1456, 1438, 1414, 1342, 1324, 1287, 1216, 1101, 1067,
1030, 1016, 955, 936, 906, 872, 838, 827, 815, 768, 750, 732,
693, 676, 605, 590, 535, 504, 461. HR-MS (ESI): m/z calcd
for [CigHsO,F;]" ([M + H']): 353.0995, found: 353.0997.
Melting point: 148—149 °C.
(E)-3-(4-Bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (6be). Synthesized in
accordance with General Procedure A. Starting from
acetophenone 3b (250 mg, 1.27 mmol, 1.0 equiv) and 4-
bromobenzaldehyde (Se) (423 mg, 2.29 mmol, 12 + 0.6
equiv). The product was isolated as a yellow solid (356 mg,
0.98 mmol, 77%). The analytical data was in accordance with
the literature.”* 'H NMR (600 MHz, CDCI,): § 3.82 (s, 3H),
3.90 (s, 3H), 5.94 (d, J = 2.4 Hz, 1H), 6.09 (d, ] = 2.4 Hy,
1H), 7.44 (d, J = 8.2 Hz, 2H), 7.52 (d, ] = 8.2 Hz, 2H), 7.67
(d, ] =15.6 Hz, 1H), 7.85 (d, ] = 15.6 Hz, 1H), 14.23 (s, 1H).
13C NMR (151 MHz, CDCL): § 55.72, 55.99, 91.42, 93.95,
106.39, 124.30, 128.26, 129.78, 132.20, 134.63, 140.88, 162.58,
166.49, 168.57, 192.40. IR (ATR film): 3016, 2996, 2978,
1627, 1586, 1564, 1484, 1440, 1420, 1336, 1303, 1289, 1272,
1215, 1158, 1114, 1069, 1029, 1007, 986, 973, 936, 891, 818,
792, 758, 709, 666, 604, 564, 534, 505, 483, 460. HR-MS
(ESI): m/z caled for [C;HcO,Br]* ([M + H']): 363.0226,
found: 363.0231. Melting point: 169—170 °C (166 °C)*
(150—151 °C).*°
(E)-3-(3-Bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (6bf). Starting from ace-
tophenone 3b (250 mg, 127 mmol, 1.0 equiv) and 3-
bromobenzaldehyde (5f) (0.27 mL, 2.29 mmol, 1.2 + 0.6
equiv). The product was isolated as a yellow solid (310 mg,
0.85 mmol, 67%). The analytical data was in accordance with
the literature.”” '"H NMR (600 MHz, CDCl,): 6 3.83 (s, 3H),
3.92 (s, 3H), 5.96 (d, J = 2.4 Hz, 1H), 6.10 (d, ] = 2.4 Hg,
1H), 7.27 (t, ] = 7.9 Hz, 1H), 7.49 (dd, ] = 7.9, 1.8 Hz, 2H),
7.66 (d, ] = 15.6 Hz, 1H), 7.72 (t, ] = 1.8 Hz, 1H), 7.85 (d, ] =
15.6 Hz, 1H), 14.18 (s, 1H). '3C NMR (151 MHz, CDCly): §
55.75, 56.07, 91.47, 93.96, 106.42, 123.12, 127.12, 129.05,
130.49, 130.99, 132.84, 137.90, 140.43, 162.63, 166.59, 168.59,
192.35. IR (ATR film): 2942, 2852, 1619, 1578, 1469, 1454,
1440, 1416, 1392, 1340, 1319, 1303, 1262, 1216, 1158, 1114,
1072, 1055, 1030, 983, 939, 911, 863, 819, 787, 758, 688, 670,
647, 624, 582, 564, 533, 492. HR-MS (ESI): m/z calcd for
[CpHO,Br]* (IM + H']): 363.0226, found: 363.0230.
Melting point: 115—116 °C.
(E)-3-(2-Bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (6bg). Synthesized in
accordance with General Procedure A. Starting from
acetophenone 3b (250 mg, 1.27 mmol, 1.0 equiv) and 2-
bromobenzaldehyde (Sg) (0.18 mL, 1.53 mmol, 1.2 equiv).
The product was isolated as yellow solids (385 mg, 1.06 mmol,
83%). The analytical data was in accordance with the

https://doi.org/10.1021/acsomega.3c06503
ACS Omega 2023, 8, 41816—41834



ACS Omega

http://pubs.acs.org/journal/acsodf

Publications

literature.”® "H NMR (600 MHz, CDCl,): 6 3.83 (s, 3H), 3.89
(s, 3H), 5.95 (d, J = 2.4 Hz, 1H), 6.10 (d, J = 2.4 Hz, 1H),
721 (td, J = 7.6, 1.6 Hz, 1H), 7.34 (td, ] = 7.6, 1.3 Hz, 1H),
7.62 (dd, J = 8.1, 1.2 Hz, 1H), 7.67 (dd, J = 7.8, 1.7 Hz, 1H),
7.81 (d, ] = 15.5 Hz, 1H), 8.09 (d, J = 15.5 Hz, 1H), 14.21 (s,
1H). C NMR (151 MHz, CDCL): § 55.73, 36.01, 9141,
93.96, 106.41, 125.96, 127.75, 127.99, 130.32, 130.98, 133.62,
135.73, 140.51, 162.62, 166.55, 168.60, 192.34. IR (ATR film):
3005, 2976, 1627, 1579, 1565, 1490, 1464, 1437, 1416, 1343,
1321, 1307, 1269, 1216, 1160, 1113, 1048, 1027, 971, 939,
874, 814, 797, 770, 744, 695, 663, 646, 622, 586, 535, 507.
HR-MS (ESI): m/z caled for [C;H;sO,Br]" ([M + H']):
363.0226, found: 363.0233. Melting point: 147—148 °C
(146—147 °C).”°

5-Methoxy-2-(4-methoxyphenyl)-7-methyl-4H-chromen-
4-one (8aa). Synthesized in accordance with General
Procedure C. Starting from chalcone 6aa (100 mg, 0.34
mmol, 1.0 equiv) and I, (78.8 mM, 173 uL, 0.01 mmol, 4 mol
%). The product was isolated as white solids (81.0 mg, 0.28
mmol, 81%). "H NMR (600 MHz, CDCL,): & 2.46 (s, 3H),
3.88 (s, 3H), 3.98 (s, 3H), 6.62 (d, ] = 1.4 Hz, 1H), 6.63 (s,
1H), 6.94 (dd, J = 1.6, 0.8 Hz, 1H), 7.00 (d, ] = 8.9 Hz, 2H),
7.83 (d, ] = 8.9 Hz, 2H). *C NMR (151 MHz, CDCLy): §
22.42, 55.63, 56.59, 107.88, 110.39, 112.60, 114.54, 124.13,
127.86, 145.01, 158.44, 159.67, 161.04, 162.28, 178.34. IR
(ATR film): 2840, 1639, 1606, 1575, 1512, 1483, 1423, 1377,
1340, 1300, 1220, 1180, 1115, 1050, 955, 903, 833, 611, 586.
HR-MS (ESI): m/z caled for [CH;0,]" ([M + H']):
297.1121, found: 297.1126. Melting point: 173—174 °C.

5-Methoxy-7-methyl-2-phenyl-4H-chromen-4-one (8ab).
Synthesized in accordance with General Procedure C. Starting
from chalcone 6ab (100 mg, 0.38 mmol, 1.0 equiv) and I,
(78.8 mM, 192 uL, 0.02 mmol, 4 mol %). The product was
isolated as white solids (90.3 mg, 0.34 mmol, 90%). "H NMR
(600 MHz, CDCl,): 6 2.45 (s, 3H), 3.98 (5, 3H), 6.62 (s, 1H),
6.70 (s, 1H), 6.95 (s, 1H), 7.49 (m, 3H), 7.87 (dd, ] = 7.5, 2.3
Hz, 2H). *C NMR (151 MHz, CDClLy): § 22.40, 56.55,
107.93, 109.17, 110.39, 112.62, 126.14, 129.05, 131.34, 131.77,
145.26, 158.45, 159.65, 160.97, 178.28. IR (ATR film): 3068,
2914, 2851, 2236, 1637, 1610, 1577, 1566, 1482, 1463, 1449,
1410, 1375, 1337, 1298, 1263, 1219, 1188, 1163, 1118, 1079,
1049, 1014, 1001, 973, 956, 919, 901, 848, 825, 769, 729, 691,
676, 610, 566, 545, 528, 488. HR-MS (ESI): m/z calcd for
[C,H 0,17 ([M + H']): 267.1016, found: 267.1020. Melting
point: 162—163 °C.

2-(4-(Dimethylamino)phenyl)-5-methoxy-7-methy!-4H-
chromen-4-one (8ac). Synthesized in accordance with
General Procedure C. Starting from chalcone 6ac (100 mg,
0.32 mmol, 1.0 equiv) and I, (78.8 mM, 162 yL, 0.01 mmol, 4
mol %). The product was isolated as orange solids (50.0 mg,
0.16 mmol, 50%). "H NMR (600 MHz, CDCL,): 5 2.44 (s,
3H), 3.05 (s, 6H), 3.97 (s, 3H), 6.57 (s, 1H), 6.60 (s, 1H),
6.73 (d, J = 8.9 Hz, 2H), 6.92 (s, 1H), 7.76 (d, ] = 8.9 Hz,
2H). 3C NMR (151 MHz, CDCly): § 22.38, 40.24, 56.54,
106.13, 107.60, 110.36, 111.76, 112.55, 118.36, 127.49, 144.54,
152.37, 158.38, 159.53, 161.89, 178.42. IR (ATR film): 2924,
2853, 2235, 1629, 1597, 1523, 1481, 1463, 1445, 1412, 1366,
1339, 1300, 1253, 1223, 1197, 1170, 1118, 1092, 1049, 1015,
972, 947, 914, 776, 758, 728, 677, 643, 611, 577, 541, 528,
510, 480 HR-MS (ESI): m/z calcd for [CgH,oNO;|* ([M +
H*]): 310.1438, found: 310.1441. Melting point: 198 °C
(decomposition).
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5-Methoxy-7-methyi-2-(4-(trifluoromethyl)phenyl)-4H-
chromen-4-one (8ad). Synthesized in accordance with
General Procedure C. Starting from chalcone 6ad (100 mg,
0.30 mmol, 1.0 equiv) and I, (78.8 mM, 152 yL, 0.01 mmol, 4
mol %). The product was isolated as white solids (65.7 mg,
0.20 mmol, 66%). "H NMR (600 MHz, CDCL,): 5 2.46 (s,
3H), 3.98 (s, 3H), 6.64 (s, 1H), 6.74 (s, 1H), 6.96 (s, 1H),
7.75 (d, ] = 8.2 Hz, 2H), 7.98 (d, ] = 8.1 Hz, 2H). 3C NMR
(151 MHz, CDCl,): 6 22.44, 56.59, 108.19, 110.34, 112.63,
12291 (q, J = 2712 Hz), 12607 (q, | = 3.8 Hz), 12648,
13297 (q, ] = 328 Hz), 13523, 145.73, 158.35, 159.23,
159.73, 177.89. F NMR (282 MHz, CDCl,): § —62.95. IR
(ATR film): 3074, 2920, 1645, 1612, 1567, 1518, 1486, 1466,
1417, 1379, 1319, 1295, 1257, 1219, 1202, 1159, 1114, 1071,
1049, 1016, 958, 902, 889, 849, 823, 776, 731, 702, 677, 649,
635, 612, 585, 566, 551, 530, 497. HR-MS (ESI): m/z calcd
for [CygH,,05F,]* ([M + H*]): 335.0890, found: 335.0895.
Melting point: 226—228 °C.
2-(4-Bromophenyl)-5-methoxy-7-methyl-4H-chromen-4-
one (8ae). Synthesized in accordance with General Procedure
C. Starting from chalcone 6ae (100 mg, 0.29 mmol, 1.0 equiv)
and I, (78.8 mM, 147 uL, 0.01 mmol, 4 mol %). The product
was isolated as white solids (90.5 mg, 0.26 mmol, 91%). 'H
NMR (600 MHz, CDCL): & 2.46 (s, 3H), 3.98 (s, 3H), 6.64
(s, 1H), 6.69 (s, 1H), 6.94 (s, 1H), 7.63 (d, ] = 8.6 Hz, 2H),
7.74 (d, ] = 8.6 Hz, 2H). *C NMR (151 MHz, CDCL,): 6
22.48, 56.60, 108.05, 109.29, 110.3S, 112.54, 126.02, 127.61,
130.71, 132.39, 145.53, 158.34, 159.67, 159.95, 178.13. IR
(ATR film): 3072, 2236, 1612, 1588, 1567, 1483, 1463, 1404,
1375, 1334, 1300, 1265, 1218, 1188, 1164, 1120, 1074, 1048,
1008, 956, 828, 776, 731, 677, 644, 566, 550, 529, 495, 475.
HR-MS (ESI): m/z caled for [C;H,0:Br]* ([M + H']):
345.0121, found: 345.0121. Melting point: 203—206 °C.
2-(3-Bromophenyl)-5-methoxy-7-methyl-4H-chromen-4-
one (8af). Synthesized in accordance with General Procedure
C. Starting from chalcone 6af (100 mg, 0.29 mmol, 1.0 equiv)
and I, (78.8 mM, 147 pL, 0.01 mmol, 4 mol %). The product
was isolated as white solids (92.1 mg, 0.27 mmol, 92%). 'H
NMR (600 MHz, CDCL,): 6 2.39 (s, 3H), 3.91 (s, 3H), 6.57
(d, J = 8.3 Hz, 2H), 6.86 (t, J = 1.1 Hz, 1H), 729 (t, ] = 7.9
Hz, 1H), 7.54 (ddd, ] = 8.0, 2.0, 1.0 Hz, 1H), 7.68 (dt, ] = 7.9,
1.4 Hz, 1H), 7.92 (&, J = 1.9 Hz, 1H). *C NMR (151 MHz,
CDCly): § 2228, 5637, 107.88, 109.44, 110.17, 112.29,
123.08, 124.44, 128.84, 130.40, 133.49, 133.99, 145.44, 158.03,
158.97, 159.40, 177.71. IR (ATR film): 2921, 1644, 1613,
1560, 1483, 1465, 1417, 1375, 1301, 1266, 1217, 1165, 1121,
1098, 1077, 1050, 998, 977, 956, 846, 825, 791, 744, 721, 693,
612, 566, 529, 487. HR-MS (ESI): m/z caled for
[C,H,OBr]* (M + H']): 3450121, found: 345.0125.
Melting point: 165—166 °C.
2-(2-Bromophenyl)-5-methoxy-7-methyl-4H-chromen-4-
one (8ag). Synthesized in accordance with General Procedure
C. Starting from chalcone 6ag (100 mg, 0.29 mmol, 1.0 equiv)
and I, (78.8 mM, 147 pL, 0.01 mmol, 4 mol %). The product
was isolated as white solids (76.4 mg, 0.22 mmol, 76%). 'H
NMR (600 MHz, CDCLy): 5 2.45 (s, 3H), 3.99 (s, 3H), 6.45
(s, 1H), 6.64 (s, 1H), 6.88 (s, 1H), 7.35 (td, ] = 7.7, 1.7 Hz,
1H), 7.43 (td, J = 7.5, 1.2 Hz, 1H), 7.55 (dd, J = 7.7, 1.7 H,
1H), 7.70 (dd, J = 8.0, 1.1 Hz, 1H). ®C NMR (151 MHz,
CDCL): & 2243, 56.58, 108.06, 110.45, 112.62, 114.33,
122.05, 127.70, 130.98, 131.81, 134.02, 134.05, 145.50, 158.71,
159.75, 161.65, 177.90. IR (ATR film): 2931, 1650, 1616,
1483, 1466, 1436, 1411, 1332, 1298, 1267, 1217, 1164, 1117,
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1061, 1040, 1026, 854, 764, 727, 683, 567, 545, 500. HR-MS
(ESI): m/z caled for [C;H,0,Br]* ([M + H']): 345.0121,
found 345.0125. Melting point: 146—148 °C.
5,7-Dimethoxy-2-(4-methoxyphenyl)-4H-chromen-4-one
or Apigenin Trimethyl Ether (8ba). Synthesized in accordance
with General Procedure C. Starting from chalcone 6ba (100
mg, 0.32 mmol, 1.0 equiv) and I, (78.8 mM, 162 uL, 0.01
mmol, 4 mol %). The product was isolated as white solids
(35.7 mg, 0.12 mmol, 36%). The analytical data was in
accordance with the literature.”" '"H NMR (600 MHz, CDCl,):
53.88 (s, 3H), 391 (s, 3H), 3.96 (s, 3H), 637 (d, ] = 2.3 Hz,
1H), 6.56 (d, J = 2.3 Hz, 1H), 6.60 (s, 1H), 7.00 (d, J = 8.9
Hz, 2H), 7.82 (d, J = 8.9 Hz, 2H). 3C NMR (151 MHz,
CDClLy): § 55.62, 55.87, 56.59, 93.02, 96.25, 107.92, 109.46,
114.53, 124.09, 127.76, 160.03, 160.83, 161.12, 162.22, 164.07,
177.75. IR (ATR film): 2941, 1640, 1605, 1513, 1491, 1460,
1422, 1347, 1301, 1259, 1218, 1202, 1180, 1161, 1114, 1057,
1032, 908, 833, 773, 620, 599, 559. HR-MS (ESI): m/z calcd
for [CigHp06]* (IM + H*]): 313.1071, found: 313.1075.
Melting point: 155—157 °C (155—157 °C).”"
5,7-Dimethoxy-2-phenyl-4H-chromen-4-one or Dimethyi-
chrysin (8bb). Synthesized in accordance with General
Procedure C. Starting from chalcone 6bb (100 mg, 0.3
mmol, 1.0 equiv) and I, (78.8 mM, 178 u1, 0.01 mmol, 4 mol
%). The product was isolated as white solids (80.1 mg, 0.28
mmol, 80%). The analytical data was in accordance with the
literature.”> "H NMR (600 MHz, CDCl,): § 3.91 (s, 3H), 3.95
(s, 3H), 6.37 (d, ] = 2.3 Hz, 1H), 6.57 (d, J = 2.3 Hz, 1H),
6.68 (s, 1H), 7.47-7.52 (m, 3H), 7.84—7.90 (m, 2H). B3C
NMR (151 MHz, CDCL): & 55.89, 56.57, 93.02, 96.35,
109.26, 109.52, 126.09, 129.06, 131.29, 131.75, 160.08, 160.78,
161.12, 164.22, 177.69. IR (ATR film): 3017, 2948, 2922,
2844, 2326, 2226, 2015, 1646, 1605, 1491, 1465, 1451, 1422,
1392, 1348, 1302, 1268, 1215, 1204, 1189, 1161, 1120, 1104,
1079, 1058, 1035, 1022, 1000, 962, 949, 915, 851, 819, 803,
766, 723, 689, 642, 614, 556, 530, 483. HR-MS (ESI): m/z
caled for [C;Hs0,]" ([M + H']): 283.096S, found:
283.0969. Melting point: 80.0 °C (brown discoloration),
141-142 °C (145—146 °C).”*
2-(4-(Dimethylamino)phenyl)-5,7-dimethoxy-4H-chro-
men-4-one (8bc). Synthesized in accordance with General
Procedure C. Starting from chalcone 6bc (100 mg, 0.31 mmol,
1.0 equiv) and I, (78.8 mM, 157 uL, 0.01 mmol, 4 mol %).
The product was isolated as orange solids (37.1 mg, 0.11
mmol, 37%). "H NMR (600 MHz, CDCL): & 3.06 (s, 6H),
391 (s, 3H), 3.95 (s, 3H), 6.36 (d, J = 2.3 Hz, 1H), 6.55 (s,
2H), 6.74 (d, ] = 9.0 Hz, 2H), 7.75 (d, ] = 9.0 Hz, 2H). B3C
NMR (151 MHz, CDCly): § 40.25, 55.83, 56.57, 93.03, 96.03,
106.23, 111.83, 112.16, 118.48, 127.44, 152.39, 160.00, 161.04,
161.72, 163.79, 177.87. IR (ATR film): 2943, 1635, 1601,
1525, 1489, 1458, 1369, 1347, 1303, 1253, 1217, 1200, 1161,
1117, 1057, 1029, 1002, 908, 819, 729, 674, 642, 618, 592,
511, 467. HR-MS (ESI): m/z calcd for [CgH,(NO,]* ([M +
H']): 326.1387, found: 326.1388. Melting point: 211-214
°C.
5,7-Dimethoxy-2-(4-(trifluoromethyi)phenyi)-4H-chro-
men-4-one (8bd). Synthesized in accordance with General
Procedure C. Starting from chalcone 6bd (100 mg, 0.29
mmol, 1.0 equiv) and I, (78.8 mM, 147 u1, 0.01 mmol, 4 mol
%). The product was isolated as white solids (26.8 mg, 0.08
mmol 27%). The analytical data was in accordance with the
literature.”* "H NMR (600 MHz, CDCl,): § 3.91 (s, 3H), 3.95
(s, 3H), 6.38 (d, ] = 2.3 Hz, 1H), 6.57 (d, J = 2.3 Hz, 1H),
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6.70 (s, 1H), 7.74 (d, J = 8.1 Hz, 2H), 7.97 (d, ] = 8.1 Hz,
2H). 3C NMR (151 MHz, CDCly): § 55.80, 56.45, 92.88,
96.41, 109.36, 110.30, 123.68 (g, J = 272.2 Hz), 12591 (g, ] =
3.8 Hz), 12626, 132.77 (q, ] = 32.8 Hz), 135.02, 158.87,
159.84, 161.04, 164.34, 177.11. 'F NMR (282 MHz, CDCL):
5 —62.93. IR (ATR film): 2945, 2240, 1645, 1574, 1491, 1459,
1416, 1386, 1322, 1295, 1264, 1218, 1203, 1161, 1070, 1057,
1027, 1016, 908, 841, 807, 731, 675, 635, 616, 586, 564, 528,
514, 493, 468. HR-MS (ESI): m/z calcd for [C;gH ,F50,]"
(IM + H']): 351.0839, found: 351.0843. Melting point: 185—
186 °C.
2-(4-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one
(8be). Synthesized in accordance with General Procedure C.
Starting from chalcone 6be (100 mg, 0.28 mmol, 1.0 equiv)
and I, (78.8 mM, 142 pL, 0.01 mmol, 4 mol %). The product
was isolated as white solids (92.6 mg, 0.26 mmol, 93%). The
analytical data was in accordance with the literature.”* 'H
NMR (600 MHz, CDCL): & 3.90 (s, 3H), 3.94 (s, 3H), 6.36
(d, ] = 2.3 Hz, 1H), 6.54 (d, J = 2.3 Hz, 1H), 6.63 (s, 1H),
7.61 (d, ] = 8.6 Hz, 2H), 7.71 (d, ] = 8.6 Hz, 2H). 3C NMR
(151 MHz, CDCly): & 55.91, 56.57, 92.93, 96.40, 109.33,
109.38, 125.88, 127.47, 130.60, 132.33, 159.64, 159.91, 161.06,
164.28, 177.44. IR (ATR film): 2842, 1644, 1607, 1572, 1488,
1459, 1422, 1404, 1380, 1341, 1277, 1217, 1202, 1161, 1118,
1105, 1073, 1057, 1008, 90S, 827, 773, 738, 718, 674, 635,
616, 529, 491, 475. HR-MS (ESI): m/z calcd for
[C,,H,,0,Br]" ([M + H']): 361.0070, found: 361.0073.
Melting point: 194—195 °C (197—198 °C).”*
2-(3-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one
(8bf). Synthesized in accordance with General Procedure C.
Starting from chalcone 6bf (100 mg, 0.28 mmol, 1.0 equiv)
and I, (78.8 mM, 142 uL, 0.01 mmol, 4 mol %). The product
was isolated as white solids (84.9 mg, 0.24 mmol, 85%). The
analytical data was in accordance with the literature.”® 'H
NMR (600 MHz, CDCL): & 3.92 (s, 3H), 3.96 (s, 3H), 6.39
(d, J = 2.3 Hz, 1H), 6.58 (d, J = 2.3 Hz, 1H), 6.65 (s, 1H),
737 (t, ] = 7.9 Hz, 1H), 7.63 (dd, J = 8.0, 1.5 Hz, 1H), 7.77
(dt, J = 7.9, 1.4 Hz, 1H), 8.03 (d, J = 1.9 Hz, 1H). '*C NMR
(151 MHz, CDCly): & 55.82, 56.46, 92.85, 96.41, 109.35,
109.75, 123.16, 124.50, 128.93, 130.45, 133.66, 134.00, 158.95,
159.84, 161.00, 164.26, 177.21. IR (ATR film): 2949, 1649,
1609, 1571, 1489, 1421, 1384, 1268, 1201, 1160, 1115, 1099,
1063, 1024, 910, 854, 825, 764, 728, 636, 611, 566, 554, 531,
504, 480. HR-MS (ESI): m/z calcd for [C,H,O,Br]* ([M +
H']): 361.0070, found: 361.0077. Melting point: 134—136 °C
(278—280 °C)”° The melting point deviated strongly from the
literature-reported value.
2-(2-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one
(8bg). Synthesized in accordance with General Procedure C.
Starting from chalcone 6bg (100 mg, 0.28 mmol, 1.0 equiv)
and L, (78.8 mM, 142 pL, 0.01 mmol, 4 mol %). The product
was isolated as white solids (92.3 mg, 0.26 mmol, 92%). 'H
NMR (600 MHz, CDCL): & 3.88 (s, 3H), 3.96 (s, 3H), 6.39
(d, J = 2.3 Hz, 1H), 6.43 (s, 1H), 6.50 (d, J = 2.3 Hz, 1H),
735 (td, J = 7.7, 1.7 Hz, 1H), 743 (td, J = 7.5, 1.2 Hz, 1H),
7.54 (dd, J = 7.6, 1.7 Hz, 1H), 7.70 (dd, J = 8.1, 1.2 Hz, 1H).
13C NMR (151 MHz, CDCL): § 55.89, $6.59, 92.99, 96.51,
109.48, 114.41, 122.05, 127.71, 130.98, 131.80, 133.97, 134.02,
160.35, 161.20, 161.34, 164.35, 177.28. IR (ATR film): 2843,
1644, 1607, 1489, 1459, 1421, 1383, 1334, 1306, 1269, 1217,
1202, 1161, 1119, 1101, 1079, 1057, 1028, 997, 965, 953, 916,
876, 846, 824, 790, 772, 754, 726, 692, 674, 643, 616, 566,
529, 483 HR-MS (ESI): m/z calcd for [C;H,0,Br]" ([M +
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H']): 361.0070, found: 361.0074. Melting point: 162—163
°C.

rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4’'-dimethoxy-6,6'-di-
methyl-[1,1"-biphenyl]-3,3'-diyl)bis(3-(4-methoxyphenyl)-
prop-2-en-1-one) (7aa). Synthesized in accordance with
General Procedure B. Starting from acetophenone 4a (200
mg, 0.56 mmol, 1.0 equiv) and 4-methoxybenzaldehyde (Sa)
(0.24 mL, 2.01 mmol, 2.4 equiv +1.2 equiv). The product was
isolated as orange solids (278 mg, 0.46 mmol, 83%). '"H NMR
(600 MHz, CDCl,): 6 2.11 (s, 6H), 3.86 (s, 6H), 3.99 (s, 6H),
6.43 (s, 2H), 694 (d, J = 8.7 Hz, 4H), 7.58 (d, ] = 8.7 Hz,
4H), 7.79 (d, J = 15.6 Hz, 2H), 7.84 (d, ] = 15.6 Hz, 2H),
13.80 (s, 2H). 13C NMR (151 MHz, CDCL,): & 20.87, 55.40,
§5.77, 103.30, 109.96, 114.38, 117.73, 125.66, 128.37, 130.16,
142.50, 147.05, 160.12, 161.41, 162.70, 194.03. IR (ATR film):
2970, 2839, 1623, 1603, 1558, 1510, 1464, 1422, 1363, 1327,
1304, 1291, 1256, 1216, 1170, 1114, 1037, 908, 871, 828, 770,
647, 619, 559, 536, 521, 487. HR-MS (ESI): m/z calcd for
[CaeHsOg]" ([M + H']): $95.2327, found: 595.2335. Melting
point: 212—214 °C.

rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4’'-dimethoxy-6,6'-di-
methyl-[1,1’-biphenyi]-3,3’-diyl)bis(3-phenylprop-2-en-1-
one) (7ab). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4a (200 mg, 0.56
mmol, 1.0 equiv) and benzaldehyde (5b) (0.20 mL, 2.01
mmol, 2.4 + 1.2 equiv). The product was isolated as orange
solids (263 mg, 049 mmol, 88%). '"H NMR (600 MHz,
CDCL): 6 2.12 (s, 6H), 4.00 (s, 611), 6.44 (s, 211), 7.37—7.45
(m, 6H), 7.59—7.65 (m, 4H), 7.80 (d, J = 15.6 Hz, 2H), 7.94
(d, J = 15.6 Hz, 2H), 13.71 (s, 2H). *C NMR (151 MHz,
CDCLy): & 21.06, 55.96, 103.50, 110.07, 117.82, 128.16,
128.56, 129.04, 130.24, 135.76, 142.55, 147.57, 160.38, 162.89,
194.30. IR (ATR film): 3104, 3026, 2970, 2942, 2250, 1628,
1609, 1564, 1448, 1388, 1361, 1329, 1272, 1214, 1179, 1115,
1073, 1038, 976, 948, 907, 869, 817, 789, 758, 725, 688, 647,
565, 534, 494. HR-MS (ESI): m/z caled for [C3,H;O6]" ([M
+ H']): 5352115, found: $35.2122. Melting point: 213—215
°C.

rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4'-dimethoxy-6,6'-di-
methyl-[1,1'-biphenyl]-3,3’-diyl)bis(3-(4-(dimethylamino)-
phenyl)prop-2-en-1-one) (7ac). Synthesized in accordance
with General Procedure B. Starting from acetophenone 4a
(200 mg, 0.56 mmol, 1.0 equiv) and 4-(dimethylamino)-
benzaldehyde (5c) (200 mg, 1.34 mmol, 2.4 equiv) at 90 °C.
The product was isolated as red solids (175 mg, 0.28 mmol,
509%).

Scaleup: in a SO mL round-bottom flask, acetophenone 4a
(1.00 g 2.80 mmol, 1.0 equiv) and 4-(dimethylamino)-
benzaldehyde (Sc) (1.00 g, 6.70 mmol, 2.4 equiv) were given
in EtOH (10 mL). Aq. KOH solution was added (3 M, 11 mL,
33.5 mmol, 12.0 equiv). The reaction mixture was stirred at 90
°C. After 24 h, 4-(dimethylamino)benzaldehyde (Sc) (500 mg,
3.40 mmol, 1.2 equiv) was added. After an additional 24 h
heating was stopped, KPi-buffer (1 M, pH 7, 20 mL) was
added. The organic phases were extracted using CH,Cl, (3x
100 mL). The combined organic phases were washed with sat.
ag. NaCl solution (50 mL) and dried over MgSO,,. The solvent
was removed in vacuo. The mixture was then resuspended in
MeOH (10 mL). Aq. KOH solution was added (3 M, 11.0 mL,
33.5 mmol, 12.0 equiv). Then, 4-(dimethylamino)-
benzaldehyde (Sc) (500 mg, 3.40 mmol, 1.2 equiv) was
added and the mixture was stirred at 90 °C for 16 h. The
reaction was stopped, and KPi-buffer (1 M, pH 7, 20 mL) was
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added. The organic phases were extracted using CH,Cl, (3 X
100 mL). The combined organic phases were washed with sat.
aq. NaCl solution (50 mL) and dried over MgSO,. MeOH (15
mL) was added to the solution, and the solvent was carefully
removed in vacuo. The resulting mixture was macerated with
MeOH (15 mL). The solids were filtered off and washed with
copious amounts of MeOH. The product was obtained as red
solids (607 mg, 0.98 mmol, 35%). 'H NMR (600 MHz,
CDCL,): 6 2.10 (s, 6H), 3.04 (s, 12H), 3.98 (s, 6H), 6.41 (s,
2H), 6.70 (d, ] = 8.6 Hz, 4H), 7.53 (d, J = 8.5 Hz, 4H), 7.78
(d, ] =15.4 Hz, 2H), 7.84 (d, J = 15.5 Hz, 2H), 13.96 (s, 2H).
13C NMR (151 MHz, CDCly): & 20.98, 40.30, 55.87, 103.40,
110.29, 112.07, 118.01, 122.95, 123.69, 129.01, 130.54, 144.05,
146.58, 152.03, 160.15, 162.83, 193.97. IR (ATR film): 1602,
1543, 1525, 1472, 1445, 1414, 1364, 1316, 1298, 1228, 1211,
1167, 1113, 1067, 979, 947, 866, 815, 732, 703, 651, 613, 569,
541, 469. HR-MS (ESI): m/z calcd for [C3gH, N,O¢]* ([M +
H']): 6212959, found: 621.2962. Melting point: 265 °C
(decomposition).
rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-di-
methyl-[1,1'-biphenyl]-3,3’-diyl)bis(3-(4-(trifluoromethyl)-
phenyl)prop-2-en-1-one) (7ad). Synthesized in accordance
with General Procedure B. Starting from acetophenone 4a
(200 mg, 0.56 mmol, 1.0 equiv) and 4-(trifluoromethyl)-
benzaldehyde (Sd) (0.25 mL, 2.01 mmol, 2.4 + 1.2 equiv).
The product was isolated as orange solids (232 mg, 0.35 mmol,
62%). "H NMR (600 MHz, CDCL): & 2.12 (s, 6H), 4.00 (s,
6H), 645 (s, 2H), 7.67 (d, ] = 8.2 Hz, 4H), 7.71 (d, ] = 8.1
Hz, 4H), 7.76 (d, ] = 15.6 Hz, 2H), 7.97 (d, ] = 15.7 Hz, 2H),
13.59 (s, 2H). '3C NMR (151 MHz, CDCLy): § 21.10, 56.03,
103.55, 109.97, 117.77, 124.09 (q, ] = 271.5), 126.00 (q, ] =
3.8 Hz), 128.54, 13049, 13165 (q, J = 334 Hz), 139.17,
140.30, 148.08, 160.41, 162.94, 193.93. 1°F NMR (282 MHz,
CDCly): § —62.76. IR (ATR film): 2946, 2852, 1609, 1570,
1481, 1452, 1414, 1389, 1362, 1321, 1288, 1273, 1216, 1180,
1116, 1068, 1034, 1017, 979, 954, 834, 734, 716, 673, 652,
593, 571, 535. HR-MS (ESI): m/z calcd for [CygH,oFqO4]*
([M + H']): 671.1863, found: 671.1866. Melting point: 208—
209 °C.
rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4’-dimethoxy-6,6'-di-
methyl-[1,1'-biphenyl]-3,3'-diy!)bis(3-(4-bromophenyi)prop-
2-en-1-one) (7ae). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4a (200 mg, 0.56
mmol, 1.0 equiv) and 4-bromobenzaldehyde (Se) (248 mg
1.34 mmol, 2.4 equiv). The product was isolated as orange
solids (364 mg, 0.53 mmol, 94%). 'H NMR (600 MHz,
CDCLy): §2.11 (s, 6H), 3.99 (5, 6H), 6.43 (s, 2H), 7.47 (d, ] =
8.5 Hz, 4H), 7.54 (d, ] = 8.4 Hz, 3H), 7.71 (d, J = 15.6 Hz,
2H), 7.90 (d, J = 15.6 Hz, 2H), 13.65 (s, 2H). 3C NMR (151
MHz, CDCL,): § 21.06, 56.00, 103.51, 110.00, 117.80, 124.43,
128.73, 129.88, 132.29, 134.68, 141.07, 147.79, 160.35, 162.90,
194.02. IR (ATR film): 2970, 2941, 2848, 2251, 1627, 1605,
1559, 1485, 1389, 1359, 1323, 1213, 1178, 1141, 1114, 1072,
1035, 1009, 979, 946, 908, 875, 819, 801, 786, 731, 648, 632,
604, 571, 535, 507, 491. HR-MS (ESI): m/z caled for
[CyHyOgBr,]" ([M + H*]): 6910325, found: 691.0324.
Melting point: 230—236 °C.
rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4’-dimethoxy-6,6'-di-
methyl-[1,1'-biphenyl]-3,3’-diy!)bis(3-(3-bromopheny{)prop-
2-en-1-one) (7af). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4a (200 mg, 0.56
mmol, 1.0 equiv) and 3-bromobenzaldehyde (5f) (0.16 mL,
1.34 mmol, 2.4 equiv). The product was isolated as orange
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solids (335 mg, 048 mmol, 86%). '"H NMR (600 MHz,
CDCL): 6 2.11 (s, 6H), 4.00 (s, 6H), 6.44 (s, 2H), 7.29 (t, ] =
7.8 Hz, 2H), 7.51 (dt, ] = 8.1, 1.5 Hz, 4H), 7.68 (d, ] = 15.6
Hz, 2H), 7.74 (t, ] = 1.8 Hz, 2H), 7.89 (d, J = 15.6 Hz, 2H),
13.63 (s, 2H). '3C NMR (151 MHz, CDCl;): § 21.09, 56.04,
103.51, 109.92, 117.71, 123.15, 127.20, 129.43, 130.53, 131.06,
132.94, 137.88, 140.62, 147.92, 160.37, 162.90, 193.93. IR
(ATR film): 2922, 1630, 1469, 1389, 1323, 1274, 1180, 1116,
1035, 907, 864, 795, 778, 730, 648. HR-MS (ESI): m/z calcd
for [Cy,HagO4Br,* ([M + H¥]): 691.0325, found: 691.0324.
Melting point: 110 °C (decomposition).
rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4’'-dimethoxy-6,6'-di-
methyl-[1,1'-biphenyl]-3,3'-diy!)bis(3-(2-bromopheny{)prop-
2-en-1-one) (7ag). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4a (200 mg, 0.56
mmol, 1.0 equiv) and 2-bromobenzaldehyde (Sg) (0.16 mL,
1.34 mmol, 2.4 equiv). The product was isolated as orange
solids (253 mg, 0.36 mmol, 65%). "H NMR (600 MHz,
CDCLy): 6 2.11 (s, 6H), 3.98 (s, 6H), 6.43 (s, 2H), 7.24 (td, |
=7.7, 1.6 Hz, 2H), 7.36 (td, ] = 7.4, 1.0 Hz, 2H), 7.64 (dd, J =
8.0, 1.3 Hz, 2H), 7.70 (dd, ] = 7.8, 1.6 Hz, 2H), 7.85 (d, ] =
15.5 Hz, 2H), 8.11 (d, J = 15.6 Hz, 2H), 13.61 (5, 2H). 13C
NMR (151 MHz, CDCLy): § 20.93, 55.83, 103.33, 109.85,
117.63, 125.88, 127.62, 127.96, 130.69, 130.86, 133.54, 135.70,
140.43, 147.70, 16021, 162.79, 193.76. IR (ATR film): 2851,
1610, 1573, 1465, 1361, 1214, 1180, 1117, 1027, 907, 730,
535. HR-MS (ESI): m/z caled for [CyHyOgBr,|" ([M +
H']): 691.0325, found: 691.0323. TLC (petroleum ether/
EtOAc, 6:4 v/v): R; = 0.44 Melting point: 220—221 °C.
rac-(2E,2’E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1"-biphenyl]-3,3'-diyl)bis(3-(4-methoxyphenyl)prop-2-en-
1-one) (7ba). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4b (200 mg, 0.56
mmol, 1.0 equiv) and 4-methoxybenzaldehyde (Sa) (0.1S mL,
1.23 mmol, 2.4 equiv). The product was isolated as yellow
solids (145 mg, 0.25 mmol, 45%). The analytical data is in
accordance with the literature.”® "H NMR (600 MHz, CDCl,):
53.86 (s, 12H), 4.01 (s, 6H), 6.14 (s, 2H), 6.93 (d, ] = 8.6 Hz,
4H), 7.56 (d, ] = 8.5 Hz, 4H), 7.76 (d, ] = 15.5 Hz, 2H), 7.82
(d, J = 15.6 Hz, 2H), 1420 (s, 2H). 3C NMR (151 MHz,
CDCly): § 55.55, 55.98, 56.08, 87.20, 103.27, 106.93, 114.50,
125.90, 128.69, 130.18, 142.07, 161.40, 162.93, 164.02, 164.78,
193.18. IR (ATR film): 1739, 1622, 1604, 1510, 1466, 1407,
1371, 1290, 1255, 1215, 1171, 1122, 829, 801, 776, 603, 559,
539, 520. HR-MS (ESI): m/z calcd for [C3sH3500]" ([M +
H']): 627.2225, found: 627.2227. Melting point: 284—285 °C
(282285 °C).”
rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1"-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one)
(7bb). Synthesized in accordance with General Procedure B.
Starting from acetophenone 4b (200 mg, 0.51 mmol, 1.0
equiv) and benzaldehyde (5b) (0.19 mL, 1.85 mmol, 2.4 + 1.2
equiv). The product was isolated as yellow solids (65.8 mg,
0.13 mmol, 23%). '"H NMR (600 MHz, CDCL,): § 3.86 (s,
6H), 4.02 (s, 6H), 6.15 (s, 2H), 7.37—7.44 (m, 6H), 7.61 (d, |
=7.1 Hz, 4H), 7.77 (d, ] = 15.6 Hz, 2H), 7.91 (d, ] = 15.6 Hz,
2H), 14.11 (s, 2H). 3C NMR (151 MHz, CDCL,): § 56.00,
56.10, 87.20, 103.20, 106.90, 128.25, 128.47, 129.00, 130.04,
135.94, 141.97, 163.06, 164.25, 164.80, 193.25. IR (ATR film):
2918, 2850, 1737, 1617, 1560, 1470, 1450, 1435, 1373, 1331,
1287, 1217, 1179, 1155, 1122, 1037, 870, 804, 762, 726, 703,
685, 662, 633, 576, 532, 477 HR-MS (ESI): m/z calcd for
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[CyuHy Og]" ([M + H*]): 567.2013, found: 567.2020. Melting
point: 272 °C (decomposition).
rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1"-biphenyl]-3,3’-diyl)bis(3-(4-(dimethylamino)phenyl)-
prop-2-en-1-one) (7bc). Synthesized in accordance with
General Procedure B. Starting from acetophenone 4b (200
mg, 0.51 mmol, 1.0 equiv) and 4-(dimethylamino)-
benzaldehyde (Sc) (183.4 mg, 1.23 mmol, 2.4 equiv) at 90
°C. The product was isolated as red solids (80.2 mg, 0.13
mmol, 24%). (Due to poor solubility in CDCl,, and d¢-DMSO,
only a 'H NMR spectrum could be obtained.) "H NMR (600
MHz, CDCLy): & 3.04 (s, 12H), 3.84 (s, 6H), 4.00 (s, 6H),
613 (s, 2H), 6.70 (d, ] = 8.6 Hz, 4H), 7.52 (d, ] = 8.5 Hg,
4H), 7.76 (d, J = 15.4 Hz, 2H), 7.81 (d, ] = 15.4 Hz, 2H),
14.37 (s, 2H). IR (ATR film): 2850, 1598, 1542, 1527, 1467,
1434, 1411, 1370, 1334, 1295, 1214, 1168, 1114, 1038, 996,
982, 970, 863, 818, 776, 722, 702, 662, 605, 543. HR-MS
(ESI): m/z caled for [C3gH,N,Og]" ([M + H']): 653.2857,
found: 653.2851. Melting point: 302 °C (decomposition).
rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethy!)phenyl)-
prop-2-en-1-one) (7bd). Synthesized in accordance with
General Procedure B. Starting from acetophenone 4b (200
mg, 0.51 mmol, 1.0 equiv) and 4-(trifluoromethyl)-
benzaldehyde (5d) (0.17 mL, 1.23 mmol, 2.4 equiv). The
product was isolated as yellow solids (95.0 mg, 0.15 mmol,
27%). '"H NMR (600 MHz, CDCL): & 3.87 (s, 6H), 4.02 (s,
6H), 6.15 (s, 2H), 7.66 (d, J = 8.2 Hz, 4H), 7.69 (d, J = 82
Hz, 4H), 7.73 (d, ] = 15.7 Hz, 2H), 7.94 (d, ] = 15.7 Hz, 2H),
13.99 (s, 2H). 3C NMR (151 MHz, CDCL,): § 56.05, 56.12,
87.21, 103.14, 106.80, 124.12 (g, ] = 271.3 Hz), 125.96 (q, ] =
3.8 Hz), 12845, 130.61, 131.46 (q, ] = 32.7 Hz), 139.36,
139.75, 163.13, 164.57, 164.83, 192.79. F NMR (282 MHz,
CDCly): § —62.74. IR (ATR film): 2921, 2852, 1731, 1611,
1566, 1467, 1405, 1321, 1286, 1215, 1122, 1067, 1032, 1016,
954, 907, 834, 775, 732, 649, 597, 531. HR-MS (ESI): m/z
caled for [CyH,oFOg]* ([M + H']): 703.1761, found:
703.1767. Melting point: 251 °C (decomposition).
rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1"-biphenyl]-3,3'-diyl)bis(3-(4-bromopheny!)prop-2-en-1-
one) (7be). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4b (200 mg, 0.56
mmol, 1.0 equiv) and 4-bromobenzaldehyde (Se) (227 mg,
1.23 mmol, 2.4 equiv). The product was isolated as yellow
solids (202 mg, 0.31 mmol, 55%). 'H NMR (600 MHz,
CDCl,): 8 3.86 (s, 6H), 4.01 (5, 6H), 6.14 (s, 2H), 7.45 (d, ] =
8.4 Hz, 4H), 7.53 (d, ] = 8.3 Hz, 4H), 7.67 (d, ] = 15.6 Hz,
2H), 7.88 (d, ] = 15.6 Hz, 2H), 14.05 (s, 2H). 3C NMR (151
MHz, CDCly): § 56.03, 56.10, 87.20, 103.17, 106.83, 124.19,
128.83, 129.79, 132.24, 134.86, 140.51, 163.05, 164.38, 164.80,
192.92. IR (ATR film): 2918, 2850, 1738, 1628, 1556, 1486,
1471, 1436, 1399, 1372, 1328, 1291, 1214, 1180, 1154, 1090,
1073, 1033, 1009, 974, 820, 648, 631. HR-MS (ESD): m/z
caled for [CyH,0Br,Og]" ([M + H']): 723.0220, found:
723.0224. Melting point: 274 °C (decomposition).
rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1"-biphenyl]-3,3'-diyl)bis(3-(3-bromopheny!)prop-2-en-1-
one) (7bf). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4b (200 mg, 0.56
mmol, 1.0 equiv) and 3-bromobenzaldehyde (5f) (0.14 mlL,
1.23 mmol, 2.4 equiv). The product was obtained as yellow
solids (124 mg). A 3:1 mix of chalcone:flavanone with
monoaddition product present (according to '"H NMR). 'H
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NMR reported for the major chalcone product. '"H NMR (600
MHz, CDCLy): 6 3.86 (d, 6H), 4.03 (s, 6H), 6.15 (s, 2H), 7.29
(t, J =79 Hz, 2H), 7.50 (d, ] = 7.8 Hz, 4H), 7.65 (d, ] = 15.5
Hz, 2H), 7.73 (s, 2H), 7.87 (d, ] = 15.6 Hz, 2H), 14.03 (s,
2H). HR-MS (ESI): m/z caled for [C3,H,0Br,Og]" ([M +
H]): 723.0221, found: 723.0224.
rac-(2E,2'E)-1,1'-(2,2’-Dihydroxy-4,4',6,6'-tetramethoxy-
[1,1"-biphenyl]-3,3'-diyl)bis(3-(2-bromophenyl)prop-2-en-1-
one) (7bg). Synthesized in accordance with General
Procedure B. Starting from acetophenone 4b (200 mg, 0.56
mmol, 1.0 equiv) and 2-bromobenzaldehyde (Sg) (0.14 mL,
1.23 mmol, 2.4 equiv), 1.5 h reaction time. The product was
obtained as yellow solids (84.7 mg). A 5:1 mix of
chalcone:flavanone with monoaddition product present
(according to '"H NMR). 'H NMR reported for the major
chalcone product. "H NMR (600 MHz, CDCly): 5 3.86 (s,
6H), 4.00 (s, 6H), 6.13 (s, 2H), 7.22 (t, ] = 7.7 Hz, 2H), 7.35
(t, ] = 7.8 Hz, 2H), 7.63 (d, ] = 8.0 Hz, 2H), 7.69 (d, ] = 7.6
Hz, 3H), 7.82 (d, ] = 15.6 Hz, 2H), 8.07 (d, ] = 15.6 Hz, 2H),
13.96 (s, 1H). HR-MS (ESI): m/z calcd for [Cy,H,oBr,Og]"
([M + H']): 723.0216, found: 723.0224.
rac-5,5'-Dimethoxy-2,2'-bis(4-methoxyphenyl)-7,7'-di-
methyl-4H,4' H-[8,8'-bichromene]-4,4'-dione (9aa). Synthe-
sized in accordance with General Procedure D. Starting from
bichalcone 7ab (30.0 mg, 50.7 ymol, 1.00 equiv) and I, (78.8
mM, 63 L, S.1 pmol, 10 mol %) in 1 h. The product was
isolated by column chromatography (EtOAc/MeOH, 95:5 v/
v) and was obtained as white solids (15.8 mg, 30.2 pmol,
$3%). The analytical data was in accordance with the
literature.”* 'H NMR (600 MHz, CDCL,): § 2.18 (s, 6H),
3.79 (s, 6H), 4.11 (s, 6H), 6.64 (s, 2H), 6.78 (d, ] = 8.9 Hz,
4H), 6.88 (s, 2H), 7.23 (d, ] = 8.9 Hz, 4H). 3C NMR (151
MHz, CDCLy): 8 20.76, 55.63, 56.72, 107.23, 108.34, 112.96,
114.66, 116.56, 123.48, 127.32, 144.67, 155.77, 159.28, 160.94,
162.32, 178.62. IR (ATR film): 2844, 2238, 1605, 1576, 1512,
1496, 1478, 1464, 1442, 1423, 1371, 1335, 1301, 1207, 1116,
1062, 1031, 976, 956, 909, 730, 644, 590. TLC (EtOAc/
MeOH, 95:5 v/v): Ry = 0.26 HR-MS (ESI): m/z caled for
[Cs6Hy 051" ([M + H']): $91.2013, found: $91.2020. Melting
point: 295296 °C.
rac-5,5'-Dimethoxy-7,7'-dimethyi-2,2'-dipheny!-4H,4’ H-
[8,8'-bichromene]-4,4'-dione (9ab). Synthesized in accord-
ance with General Procedure D. Starting from bichalcone 7ab
(30.0 mg, 56.5 ymol, 1.00 equiv) and I, (78.8 mM, 72 uL, 5.7
pumol, 10 mol %). The product was isolated by column
chromatography (EtOAc/MeOH, 98:2 v/v) and was obtained
as white solids (6.2 mg, 12 ymol, 21%). "H NMR (600 MHz,
CDCL): § 2.19 (s, 6H), 4.11 (s, 6H), 6.73 (s, 2H), 6.89 (s,
2H), 7.26—7.33 (m, 8H), 7.34—7.40 (m, 2H). 3C NMR (151
MHz, CDCl): § 20.65, 56.57, 108.28, 108.50, 112.92, 116.35,
125.44, 129.01, 131.09, 131.29, 144.81, 155.66, 159.20, 160.64,
178.44. IR (ATR film): 3005, 2848, 1640, 1597, 1578, 1495,
1479, 1464, 1450, 1370, 1333, 1307, 1281, 1258, 1207, 1189,
1122, 1062, 976, 955, 908, 850, 771, 730, 689, 665, 645, 612,
551, 531. TLC (EtOAc/MeOH, 98:2 v/v): R; = 0.28 HR-MS
(BSI): m/z caled for [CyH,y04]" ([M + H*]): 531.1802,
found: 531.180S. Melting point: 296 °C.
rac-2,2'-Bis(4-(dimethylamino)phenyl)-5,5'-dimethoxy-
7,7'-dimethyi-4H,4'H-[8,8'-bichromene]-4,4'-dione (9ac).
Synthesized in accordance with General Procedure D.
Starting from bichalcone 7ac (30.0 mg, 48.6 pumol, 1.00
equiv) and I, (78.8 mM, 62 uL, 4.9 umol, 10 mol %). The
product was isolated by column chromatography and was

41830

68

obtained as orange solids (6.3 mg, 10 wmol, 21%). The
reaction was repeatedly scaled up with bichalcone 7ac (575
mg, 0.93 mmol, 1.00 equiv). The product was isolated as
orange solids (123 mg, 0.20 pmol, 21%). The purity of
biflavone 9ac was assessed by reverse-phase HPLC (97.3%)
and was in accordance with purity determined by 'H NMR
(96.9%). Stability experiments revealed that biflavone 9ac was
stable in DMSO at up to 40 °C over 24 h. "H NMR (600
MHz, CDCL): 6 2.17 (s, 3H), 2.97 (s, 6H), 4.10 (s, 3H), 6.51
(d, ] = 9.1 Hz, 4H), 6.58 (s, 1H), 6.86 (5, 1H), 7.16 (d, ] = 9.0
Hz, 4H). 3C NMR (151 MHz, CDCl,): § 20.71, 40.17, 56.64,
105.38, 108.02, 111.79, 112.83, 116.66, 117.70, 127.05, 144.20,
152.28, 155.70, 159.00, 161.92, 178.80. IR (ATR film): 2923,
2237, 1731, 1604, 1591, 1524, 1495, 1364, 1335, 1302, 1284,
1251, 1197, 1171, 1120, 1063, 908, 819, 761, 728, 662, 642,
582, 570, S44, S31, S12. TLC (EtOAc/CH,Cl,/MeOH,
7:2.5:0.5 v/v): R; = 0.16 HR-MS (ESI): m/z calcd for
[CHyN,O¢[* (IM + H*]): 617.2646, found: 617.2653.
Melting point: 196—197 °C.
rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2"-bis(4-
(trifluoromethyl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4’ -
dione (9ad). Synthesized in accordance with General
Procedure D. Starting from bichalcone 7ad (30.0 mg, 45.0
pumol, 1.00 equiv) and I, (78.8 mM, S7 uL, 4.5 ymol, 10 mol
%) for 2 h. The product was isolated by column
chromatography (petroleum ether/EtOAc/isopropanol, 6:3:1
v/v) and was obtained as a white viscous semisolid (8.5 mg, 13
umol, 28%). 'H NMR (600 MHz, CDCL,): 6 2.21 (s, 6H),
4.12 (s, 6H), 6.78 (s, 2H), 6.93 (s, 2H), 7.40 (d, ] = 8.2 Hz,
4H), 7.56 (d, ] = 8.3 Hz, 4H). *C NMR (151 MHz, CDCl,):
8 20.83, 56.78, 108.68, 109.89, 113.06, 116.21, 123.61 (q, ] =
272.1 Hz), 125.84, 12622 (q, J = 3.7 Hz), 133.12 (q, ] = 33.1
Hz), 134.59, 145.37, 155.68, 159.03, 159.52, 178.08. '°F NMR
(282 MHz, CDCL): & —63.13. IR (ATR film): 2854, 1817,
1646, 1600, 1579, 1497, 1480, 1466, 1445, 1417, 1323, 1295,
1207, 1125, 1063, 1015, 977, 957, 909, 844, 777, 731, 625,
5§57, 532, 5§18. TLC (petroleum ether/EtOAc/isopropanol,
6:3:1 v/v): R; = 021 HR-MS (ESI): m/z caled for
[CyHyFeOql" (IM + H']): 667.1555, found: 667.1550.
Melting point: 263—265 °C.
rac-2,2'-Bis(4-bromophenyl)-5,5'-dimethoxy-7,7'-dimeth-
yl-4H,4'H-[8,8'-bichromene]-4,4'-dione (9ae). Synthesized in
accordance with General Procedure D. Starting from
bichalcone 7ae (30.0 mg, 43.6 umol, 1.00 equiv) and I,
(78.8 mM, 55 ul, 4.4 pmol, 10 mol %). The product was
obtained as white solids (27.7 mg, 40.1 umol, 94%). "H NMR
(600 MHz, CDCL,): 6 2.18 (s, 6H), 4.10 (s, 6H), 6.69 (s, 2H),
6.89 (s, 2H), 7.14 (d, ] = 8.7 Hz, 4H), 7.42 (d, ] = 8.7 Hz,
4H). 3C NMR (151 MHz, CDCly): § 20.82, 56.74, 108.49,
108.77, 112,94, 11623, 126.19, 126.93, 130.08, 132.49, 145.14,
155.62, 159.37, 159.72, 178.26. IR (ATR film): 3005, 2931,
2851, 2240, 1773, 1638, 1597, 1562, 1479, 1464, 1403, 1368,
1329, 1303, 1275, 1260, 1207, 1187, 1167, 1122, 1061, 1030,
1008, 977, 955, 907, 830, 794, 681, 645, 626, 573, 557, 532,
499, 478. HR-MS (ESI): m/z calcd for [C3,H,0,Br,]* ([M +
H']): 687.0012, found: 687.0017. Melting point: 245 °C
(decomposition).
rac-2,2'-Bis(3-bromophenyl)-5,5'-dimethoxy-7,7'-dimeth-
yl-4H,4' H-[8,8'-bichromene]-4,4'-dione (9af). Synthesized in
accordance with General Procedure D. Starting from
bichalcone 7af (30.0 mg, 43.6 pmol, 1.00 equiv) and I,
(78.8 mM, 5S pL, 4.4 pmol, 10 mol %) for 1 h. The product
was isolated by column chromatography (EtOAc 100%) and
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was obtained as white solids (25.4 mg, 37.5 umol, 86%). 'H
NMR (600 MHz, CDCly): § 2.24 (s, 6H), 4.11 (s, 6H), 6.70
(s, 2H), 6.94 (s, 2H), 7.18 (t, ] = 7.9 Hz, 2H), 7.31 (dt, ] = 8.0,
1.4 Hz, 2H), 7.34 (t, ] = 1.9 Hz, 2H), 7.49 (ddd, J = 8.0, 2.0,
1.0 Hz, 2H). 3C NMR (151 MHz, CDCL): & 20.84, 56.73,
108.62, 109.16, 113.03, 116.16, 123.38, 123.91, 128.77, 130.58,
133.21, 134.18, 145.20, 155.49, 158.77, 159.50, 178.11. IR
(ATR film): 2851, 2241, 1642, 1598, 1561, 1496, 1478, 1442,
1417, 1367, 1299, 1266, 1206, 1124, 1062, 998, 956, 917, 847,
790, 730, 692, 646, 619, 571, 551, 532. TLC (EtOAc 100%):
R;=0.26 HR-MS (ESI): m/z calcd for [Cy,H,O,Br,]* ([M +
H*]): 687.0012, found: 687.0005. Melting point: 276—278
°C.
rac-2,2'-Bis(2-bromophenyl)-5,5'-dimethoxy-7,7'-dimeth-
yl-4H,4' H-[8,8'-bichromene]-4,4'-dione (9ag). Synthesized in
accordance with General Procedure D. Starting from
bichalcone 7ag (30.0 mg, 43.6 umol, 1.00 equiv) and I,
(78.8 mM, SS pL, 4.4 pmol, 10 mol %) for 2 h. The product
was obtained as white solids (16.5 mg, 24.0 gmol, 55%). 'H
NMR (600 MHz, CDCly): § 2.12 (s, 6H), 4.02 (s, 6H), 6.46
(s, 2H), 6.78 (s, 2H), 7.20 (td, ] = 7.4, 6.9, 2.0 Hz, 2H), 7.21—
7.29 (m, 4H), 7.51 (dd, J = 7.8, 1.5 Hz, 2H). *C NMR (151
MHz, CDCL,): 5 20.93, 56.54, 108.54, 113.00, 114.33, 116.56,
121.57, 127.67, 130.73, 131.78, 133.49, 134.22, 144.91, 156.39,
159.23, 161.62, 178.19. IR (ATR film): 3300, 2924, 2869,
2852, 1733, 1653, 1600, 1562, 1496, 1464, 1437, 1370, 1327,
1279, 1263, 1206, 1115, 1065, 976, 954, 912, 855, 763, 733,
703, 680, 645, 612. HR-MS (ESI): m/z calcd for
[CyHyO,Br,]" ([M + H']): 687.0012, found: 687.0011.
Melting point: 250 °C (decomposition).
rac-5,5',7,7'-Tetramethoxy-2,2'-bis(4-methoxyphenyl)-
4H,4'H-[8,8'-bichromene]-4,4'-dione or Hexa-O-methylcu-
pressuflavone (9ba). Synthesized in accordance with General
Procedure D. Starting from bichalcone 7ba (30.0 mg, 48.2
pmol, 1.00 equiv) and I, (78.8 mM, 61 uL, 4.8 ymol, 10 mol
%). The product was isolated by column chromatography
(EtOAc/MeOH, 9:1 v/v) and was obtained as white solids
(23.1 mg, 37.1 pmol, 77%). The analytical data was in
accordance with the literature.”® '"H NMR (600 MHz, CDCl,):
§3.77 (s, 6H), 3.86 (s, 6H), 4.12 (s, 6H), 6.58 (s, 2H), 6.59 (s,
2H), 6.77 (d, ] = 8.9 Hz, 4H), 7.29 (d, ] = 8.9 Hz, 4H). B3C
NMR (151 MHz, CDCL): 8 $547, 56.13, 56.60, 91.78,
102.13, 106.80, 109.05, 114.39, 123.54, 127.15, 156.57, 160.66,
161.29, 161.74, 162.03, 178.14. IR (ATR film): 1637, 1593,
1465, 1424, 1388, 1338, 1304, 1180, 1111, 1033, 919, 834,
588, 567. TLC (EtOAc/MeOH, 9:1 v/v): R; = 0.22 HR-MS
(ESI): m/z caled for [CiHyO0)" ([M + HY]): 623.1912,
found: 623.1912. Melting point: 240.0 °C (brown discolor-
ation) 285—286 °C (294—295 °C).”’
rac-5,5',7,7'-Tetramethoxy-2,2'-diphenyl-4H,4’ H-[8,8'-bi-
chromene]-4,4'-dione (9bb). Synthesized in accordance with
General Procedure D. Starting from 7bb (30.0 mg, $3.3 ymol,
1.00 equiv) and I, (78.8 mM, 68 uL, 5.3 ymol, 10 mol %) for 2
h. The product was isolated by column chromatography
(EtOAc/MeOH, 98:2 v/v) and was obtained as white solids
(17.6 mg, 31.4 pmol, 59%). The analytical data was in
accordance with the literature.** "H NMR (600 MHz, CDCI,):
53.85 (s, 6H), 4.12 (s, 6H), 6.59 (s, 2H), 6.68 (s, 2H), 7.28
(d, ] = 7.4 Hz, 4H), 7.33—7.40 (m, 6H). *C NMR (151 MHz,
CDCL,): 8 56.25, 56.72, 91.92, 102.19, 108.36, 109.29, 125.56,
129.01, 131.23, 131.42, 156.77, 160.62, 161.51, 161.99, 178.19.
IR (ATR film): 3067, 2844, 2238, 1635, 1590, 1508, 1491,
1465, 1450, 1435, 1388, 1333, 1299, 1265, 1214, 1190, 1172,
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1125, 1109, 1087, 1036, 1022, 957, 917, 849, 812, 771, 728,
689, 672, 644, 618, 570, 546, 514. TLC (EtOAc/MeOH, 98:2
v/v): Rg=0.12 HR-MS (ESI): m/z calcd for [C3,H,,04]" ([M
+ H']): 563.1700, found: 563.1707. Melting point: 312—313
°C (318-319 °C).**
rac-2,2’'-Bis(4-(dimethylamino)phenyl)-5,5',7,7'-tetrame-
thoxy-4H,4'H-[8,8'-bichromene]-4,4'-dione (9bc). Synthe-
sized in accordance with General Procedure D. Starting
from 7bc (30.0. mg, 46.3 pmol, 1.00 equiv) and I, (78.8 mM,
59 ul, 4.6 pmol, 10 mol %). The product was isolated by
column chromatography (CH,Cl,/EtOAc/MeOH, 5:4.5:0.5
v/v) and obtained as orange solids (7.7 mg, 12 ymol, 26%). '"H
NMR (600 MHz, CDCLy): § 2.95 (s, 12H), 3.86 (s, 6H), 4.11
(s, 6H), 6.50 (d, ] = 8.9 Hz, 4H), 6.53 (s, 2H), 6.56 (s, 2H),
721 (d, J = 9.0 Hz, 4H). 3C NMR (151 MHz, CDCLy): 6
40.19, 5624, 56.71, 91.82, 102.44, 10521, 109.21, 111.78,
118.11, 127.09, 152.25, 156.70, 161.21, 161.61, 161.82, 178.44.
IR (ATR film): 2942, 2234, 1630, 1601, 1586, 1524, 1487,
1465, 1434, 1387, 1366, 1336, 1305, 1253, 1214, 1198, 1171,
1124, 1064, 1030, 1001, 947, 917, 840, 819, 783, 766, 729,
664, 643, 582, 563, 513, 486. TLC (CH,Cl,/EtOAc/MeOH,
5:4.5:0.5 v/v): Ry = 0.14 HR-MS (ESI): m/z caled for
[CagHyN,O, ] ([M + H*]): 649.2544, found: 649.2546.
rac-5,5',7,7'-Tetramethoxy-2,2'-bis(4-(trifluoromethyl)-
phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (9bd). Synthe-
sized in accordance with General Procedure D. Starting from
7bd (30.0 mg, 42.9 umol, 1.00 equiv) and I, (78.8 mM, 54 uL,
4.3 pmol, 10 mol %) for 2 h. The product was isolated by
column chromatography (petroleum ether/EtOAc/iPrOH,
2:7:1 v/v) and obtained as white solids (17.7 mg, 25.3 pmol,
59%). '"H NMR (600 MHz, CDCL,): & 3.89 (s, 6H), 4.15 (s,
6H), 6.62 (s, 2H), 6.73 (s, 2H), 7.46 (d, J = 8.2 Hz, 4H), 7.56
(d, ] = 8.3 Hz, 4H). 3C NMR (151 MHz, CDCL): § 56.32,
5677, 92.04, 101.94, 109.24, 109.63, 123.64 (q, J = 271.8 Hz),
125.80, 126.09 (q, J = 3.6 Hz), 132.92 (q, ] = 32.9 Hz), 134.79,
156.67, 158.84, 161.72, 162.24, 177.67. ’F NMR (282 MHz,
CDCly): § —63.08. IR (ATR film): 1622, 1594, 1416, 1388,
1324, 1216, 1170, 1128, 1070, 1027, 958, 919, 843, 812. TLC
(petroleum ether/EtOAc/iPrOH, 2:7:1 v/v): R; = 0.35 HR-
MS (ESI): m/z caled for [CyHysN,Og]l™ ([M + HY):
699.1448, found: 699.1450. Melting point: 261—262 °C.
rac-2,2'-Bis(4-bromophenyl)-5,5’,7,7'-tetramethoxy-
4H,4'H-[8,8'-bichromene]-4,4'-dione (9be). Synthesized in
accordance with General Procedure D. Starting from 7be
(30.0 mg, 41.6 ymol, 1.00 equiv) and I, (78.8 mM, S3 yL, 4.2
umol, 10 mol %) for 2 h. The product was isolated by column
chromatography (petroleum ether/EtOAc/iPrOH, 2:7:1 v/v)
and obtained as white solids (20.9 mg, 29.1 umol, 70%). 'H
NMR (600 MHz, CDCLy): 3 3.86 (s, 6H), 4.12 (s, 6H), 6.58
(s, 2H), 6.64 (s, 2H), 7.20 (d, ] = 8.4 Hz, 4H), 7.42 (d, ] = 8.5
Hz, 4H). 3C NMR (151 MHz, CDCly): § 56.28, 56.74, 91.93,
101.96, 108.51, 109.17, 125.95, 126.92, 130.30, 132.35, 156.60,
159.53, 161.60, 162.07, 177.85. IR (ATR film): 2885, 2239,
1638, 1590, 1508, 1487, 1465, 1435, 1403, 1388, 1331, 1302,
1274, 1215, 1190, 1171, 1127, 1107, 1073, 1027, 1009, 958,
828, 782, 730, 687, 644, 626, 572, 545, 517, 477. TLC
(petroleum ether/EtOAc/iPrOH, 2:7:1 v/v): Ry = 0.21 HR-
MS (ESI): m/z caled for [CyH,sO¢Br,]" ([M + H)):
718.9911, found: 718.9915. Melting point: 251-255 °C.
rac-2,2'-Bis(2-bromophenyl)-5,5',7,7'-tetramethoxy-
4H,4'H-[8,8'-bichromene]-4,4'-dione (9bg). Synthesized in
accordance with General Procedure D. Starting from 7bg
(30.0 mg, 41.6 ymol, 1.00 equiv) and I, (78.8 mM, S3 uL, 4.2
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pmol, 10 mol %) for 1 h. The product was isolated by column
chromatography (EtOAc/MeOH, 9:1 v/v) and obtained as
white solids (16.7 mg, 23.3 umol, 56%). "H NMR (600 MHz,
CDCL): 6 3.84 (s, 6H), 4.06 (s, 6H), 6.47 (s, 2H), 6.50 (s,
2H), 7.23 (ddd, ] = 7.8, 4.0, 2.4 Hz, 4H), 7.27—7.29 (m, 2H),
7.53=7.57 (m, 2H). 3C NMR (151 MHz, CDCL,): 8 56.20,
5658, 91.98, 102.18, 109.12, 114.04, 121.57, 127.62, 130.63,
131.65, 133.50, 134.24, 157.33, 161.14, 161.41, 162.13, 177.82.
IR (ATR film): 3493, 2940, 2842, 2244, 1646, 1593, 1472,
1434, 1389, 1336, 1214, 1109, 1025, 730. TLC (EtOAc/
MeOH, 9:1 v/v): R; = 0.32 HR-MS (ESI): m/z calcd for
[CyHyOgBr,]* ([M + H]): 7189911, found: 718.9916
Melting point: 260 °C (decomposition).

rac-2,2'-Bis(4-(dimethylamino)phenyl!)-5,5'-dihydroxy-
7,7'-dimethyl-4H,4' H-[8,8'-bichromene]-4,4’-dione (11). A
dry 25 mL Schlenk round-bottom flask was charged with
biflavone 9ac (40.0 mg, 0.06 mmol, 1.0 equiv) and anhydr.
CH,Cl, (2.5 mL). The solution was cooled to —78 °C, and
BCl; (1 M in CH,Cl,, 0.14 mL, 0.14 mmol, 2.2 equiv) was
added dropwise. The cooling bath was left to warm up
overnight. After 16 h of reaction time, KPi-buffer (K,HPO,/
KH,PO,, 1 M, pH 7, 10 mL) was added. The aqueous phase
was extracted with CH,Cl, (3 X 10 mL), and the combined
organic phases were washed with sat. ag. NaCl solution (20
mL). The crude product was isolated by column chromatog-
raphy (EtOAc/MeOH, 9:1 v/v) and obtained as orange
crystals (169 mg, 0.03 umol, 44%). '"H NMR (600 MHz,
CDCL): 8 2.15 (s, 6H), 3.01 (s, 12H), 6.56 (s, 2H), 6.58 (d, J
=9.0 Hz, 4H), 6.87 (s, 2H), 7.28 (d, ] = 9.0 Hz, 4H), 12.99 (s,
2H). ®C NMR (151 MHz, CDCL): & 20.78, 40.17, 102.04,
109.12, 111.85, 112.58, 11333, 117.29, 127.63, 146.42, 152.81,
153.79, 160.16, 165.32, 183.41. IR (ATR film): 2923, 1649,
1588, 1520, 1482, 1360, 1246, 1201, 1163, 1110, 1034, 814.
TLC (petroleum ether/EtOAc, 55:45 v/v): R; = 0.3 HR-MS
(ESI): m/z caled for [CysH33N,06]" ([M + HY]): 589.2333,
found: 589.2340 Melting point: 280—283 °C.
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Abstract

Toxoplasmosis is a zoonotic disease caused by Toxoplasma gondii, an apicomplexan that
infects a third of the world’s human population. This disease can cause serious
complications during pregnancy and can be fatal in immunocompromised hosts. The
current treatments for toxoplasmosis are few in number and face several limitations. Thus,
to address the urgent medical need on the discovery of novel anti-toxoplasma potential
drug candidates, our research focused on exploring a series of monomeric and dimeric
chalcones, polyphenolic molecules belonging to the class of flavonoids. Chalcones and
bichalcones were evaluated in vitro against the proliferation of the parasite in a cell-based
assay. Comparison of the efficacy demonstrated that, in several cases, bichalcones
exhibited increased bioactivity compared to their corresponding monomeric counterpart.
Among these compounds, A-A'-connected bichalcone with a benzene as the B-ring and a
methyl moiety 2ab showed the most potent and selective inhibitory activity in the
nanomolar range. Both enantiomers of 2ab were synthesized using as common building
block biphenol (3). The biaryl bond was forged using Suzuki-cross-coupling in water with
amphiphilic surfactants/detergents. Separation of the enantiomers of 3 was conducted by
chiral HPLC on preparative scale. The biological evaluation of the enantiomers, revealed
that (Ra)-2ab is the eutomer. These studies suggest that bichalcones may be important

drug candidates for further in vivo evaluations for the discovery of anti-toxoplasma drugs.

1 Introduction

Toxoplasma gondii (T. gondii), the causative agent of toxoplasmosis, is a coccidian
parasite that belongs to the phylum Apicomplexa (Hill & Dubey, 2018; Montoya &
Liesenfeld, 2004). This large phylum includes also other unicellular eukaryotes
(LEVINE, 1988) that survive by infecting a wide range of hosts and causing severe
diseases such as malaria (Plasmodium falciparum (Phillips et al., 2017)), babesiosis
(Babesia spp. (Homer, Aguilar-Delfin, Telford, Krause, & Persing, 2000)), or
cryptosporidiosis (Cryptosporidium parvum (Helmy & Hafez, 2022)). Like all other
apicomplexans, 7. gondii displays a heteroxenous and complex life cycle. It alternates
between sexual replication that occurs exclusively in the Felidae family members (the
definitive hosts), and asexual replication in a variety of warm-blooded intermediate hosts,
including humans, via three infectious stages: tachyzoites, bradyzoites and sporozoites (J.

Dubey, Lindsay, & Speer, 1998; Tenter, Heckeroth, & Weiss, 2000). Due to its
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widespread distribution, 7. gondii is often referred to as one of the most successful
parasites (Delgado et al., 2022). There are multiple modes of transmission that result in
human infections: foodborne, via ingestion of contaminated water and raw or
undercooked meat; faecal-oral, via unintentional ingestion of oocysts from cat faeces; and
also via several minor modes such as congenital transmission and blood or organ
transplantation (J. P. Dubey, 2021). According to the Centers for Disease Control and
Prevention (CDC), it has been estimated that more than 40 million people have been
infected with 7. gondii in the USA alone Centers for Disease Control and Prevention.
“Parasites - Toxoplasmosis (Toxoplasma infection). Toxoplasmosis Epidemiology &
Risk Factors.” 2018. https://www.cdc.gov/parasites/toxoplasmosis/epi.html. Accessed
June 19, 2023..

In immunocompetent individuals, the infection is often subclinical or asymptomatic in
the acute phase, but can trigger behavioural disorder during the latent phase (Fekadu,
Shibre, & Cleare, 2010). Without proper treatment, severe disease, or even death, can
occur in immunocompromised individuals or in foetuses infected congenitally (Strang et
al., 2020; Wang et al., 2017). An increased frequency of toxoplasmic encephalitis has
been reported in patients with AIDS (Acquired Immunodeficiency Syndrome) with
significant immunosuppression (Lejeune et al., 2011).

The current gold-standard treatment for toxoplasmosis relies on the administration of
pyrimethamine (PYR) and sulfadiazine (SDZ) (Konstantinovic, Guegan, Stdjner, Belaz,
& Robert-Gangneux, 2019). Since its discovery in 1953 by Eyles and Coleman (Eyles &
Coleman, 1953), the synergistic nature of this combination therapy has been well-
established. This synergy is achieved because both drugs interfere with different steps in
the folate pathway of the tachyzoite stage of the parasite, and therefore the acute phase of
the infection (Sheffield & Melton, 1975). To mitigate harmful side-effects associated with
this PYR-SDZ regimen, among which is bone marrow myelosuppression, folinic acid
(leucovorin) has been included in the combination (Alday & Doggett, 2017; Van Delden
& Hirschel, 1996). Unfortunately, the resulting and other current regimens are still
burdened with strong side effects, frequently resulting in a lack of patient compliance and
discontinuation of the therapy. Moreover, the absence of drugs able to specifically target
the cyst form of the parasite, responsible of the chronic and latent infection, remain a
critical limitation. Thus, there is an urgent need for the discovery and development of
novel, potent and well-tolerated treatments to overcome these challenges and improve the

wellbeing of patients inflicted with toxoplasmosis (Konstantinovic et al., 2019).
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Natural products play a crucial role in the field of drug discovery for infectious disease
(Newman & Cragg, 2020). These compounds usually offer a wide and diverse range of
biological activities, although during their preliminary evaluations often they show only
moderate or weak potency. Thus, synthetic work on natural products is important for the
identification of natural product analogues as novel hits and lead compounds (Deng, Wu,
Zhai, & Li, 2019).

A very prominent class of natural products are flavonoids. Among these
phenylpropanoid-based organic compounds are chalcones, polyphenolic secondary
metabolites of plants (Elkanzi et al., 2022). These molecules have gathered high interest
in medicinal chemistry and nowadays are considered privileged structures for their simple
scaffold and their wide variety of pharmacological activities and characteristics (Zhuang
et al., 2017), including antibacterial (Dan & Dai, 2020), anti-inflammatory (Vale, Lucas,
Ribeiro, & Fernandes, 2023), antiviral (Fu et al., 2020), anticancer (Ouyang et al., 2021),
antioxidant (Bale et al., 2021), antidiabetic (Rocha, Ribeiro, Fernandes, & Freitas, 2020),
and antimalarial (Qin, Zhang, Lekkala, Alsulami, & Rakesh, 2020) properties among
others. In addition, several studies have demonstrated the potential of chalcones as novel
anti-toxoplasma agents (AL-Hilli, Ghazzay, Hasan, Al-Kelaby, & Zarka, 2021; Ghazzay,
Hasan, DeliKhudhair, & Abbas, 2023; Jiang et al., 2022; Si et al., 2018; Touquet et al.,
2018), but their mode of action on 7. gondii remains unclear. Bichalcones (also
commonly referred to as ‘bis-chalcones’), a sub-class of chalcones and thus of the broader
class of flavonoids, have shown to possess intriguing biological activities and among
others also antiplasmodial activity (Dominguez et al., 2013; Ram, Saxena, Srivastava, &
Chandra, 2000; Sharma et al., 2018). Nevertheless, these molecules have hardly been
investigated in comparison to chalcones (Pereira, Silva, Ribeiro, Silva, & Fernandes,
2023). These observations indicate that more research into bichalcones may display
valuable insights and novel potential therapeutic applications of these molecules.
Bichalcones exist in a variety of different connectivities regarding the monomeric unit
(Figure 1). Depending on their scaffolds, different bioactivities was observed. Common
scaffolds include linker-connected, such as with urea or alkyl linker exerting anti-malarial
activity (Dominguez et al., 2013; Ram et al., 2000), A-B-type, showing anti-protozoal
activity (Mihigo, Mammo, Bezabih, Andrae-Marobela, & Abegaz, 2010) and B-B-type
bichalcones exhibiting antiplasmodial efficacy (Sharma et al., 2018) among others
(Arslan et al., 2016; Karaman et al., 2018; Masesane, Yeboah, Liebscher, Miigge, &
Abegaz, 2000; Mdee, Yeboah, & Abegaz, 2003; Menezes & Diederich, 2019; Pereira et
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al., 2023; Zhang, Wang, Guo, & Liu, 2013; Zhuang et al., 2017). To this date, only few
A-A’-bichalcones have been synthesized and their bioactivities have hardly been
investigated. Lin e al. (Lin & Zhong, 1997) and Li et al. (Li, Nehira, Hagiwara, &
Harada, 1997) independently investigated synthetic routes towards enantiopure 8,8'-
biflavones, obtaining enantiopure A-A'-bichalcones as key intermediates. Both strategies
employed the use of chiral auxiliaries to access the enantiopure products limiting the

scalability of their approaches.

0 OH alkyl linker

rhuschalcone VI . derivatives anti-malarial (P. berghei)
B' biaryl

anti-protozoal (B. caudatus) (6)

(E)-chalcone
0}
OR
= X OR
| —R
HN %
)\ urea-linker OMe
(0) NH  anti-malarial (P. berghei)
BB’ biaryl
N R R = Me or allyl
[ | /_ anti-malarial (P. falciparum)

this work

, axially chiral

R = Me or OMe
anti-toxoplasma (T. gondii)

Figure 1: General structure of chalcones and various bichalcones with different linkages and their
respective bioactivities.
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In the present study, we report a novel synthetic pathway towards enantiopure A-A'-
bichalchones and the first biological evaluation of this elusive class of flavonoids. Their
in vitro anti-toxoplasma activities were evaluated against 7. gondii type I ME49 strain

and compared with their monomer chalcone counterparts.

2  Materials and Methods

2.1 Synthesis of chalcones and bichalcones

Chalcones and racemic bichalcones investigated in the present study were synthesized
following established procedures from our previous investigations on the bioactivity of
biflavones (Klischan et al., 2023). Synthetic schemes, methodologies and analytical data
are available in the Supporting Information in the sections Experimental Procedures and

Synthetic Procedures.

2.2 Parasite and cell culture

The tachyzoite stage of the ME49 strain type II of 7. gondii (ATCC/LGC Standards
GmbH, Wesel, Germany, #50611) was maintained and propagated by regular passages
infecting monolayers of human foreskin fibroblasts Hs27 (ATCC/LGC Standards GmbH,
Wesel, Germany, #CRL-1634), in 25 cm? cell culture flasks, with 5x10° tachyzoites. The
cultures were grown in Iscove’s Modified Dulbecco’s medium (IMDM; Gibco-Thermo
Fisher Scientific, Braunschweig, Germany, #12440053) supplemented with 10% heat-
inactivated foetal bovine serum (FBS Standard; South America origin, foetal bovine
serum, 2um sterile filtered, PAN-Biotech, Aidenbach, Germany, #P30-3306) and 50 mM
2-mercaptoethanol (Gibco-Thermo Fisher Scientific, Braunschweig, Germany,
#21985023) at 37°C and 5% CO2 for 72 hours. After incubation, the cell culture
supernatant was centrifuged at a speed of 700 rpm for 5 minutes. The density of the
parasite was then measured using a hemocytometer and adjusted accordingly of in vitro

experimental infection analysis.
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2.3 Compounds for in vitro analysis

Pyrimethamine, staurosporine and all the synthesized chalcones and bichalcones were
dissolved in DMSO (Dimethylsulfoxide, > 99%, Thermo Scientific Chemicals,
Braunschweig, Germany, #A12380.36) as 10 mM stock solutions and stored at -20 °C.
Before use, these solutions were thawed and diluted in culture medium to produce the

appropriate concentrations (ranging from 200 uM to 0.02 uM).

2.4 Toxoplasma gondii in vitro inhibition assay

To evaluate the efficacy of the investigated chalcones and bichalcones against 7. gondii
proliferation, we conducted in vitro inhibition assays using a similar protocol to the
previously reported articles (Klischan et al., 2023; Mazzone et al., 2022; Merkt et al.,
2021). In brief, we seeded 3x10* Hs27 cells in 96-well microtiter plates with a total culture
volume of 200 puL each well. To avoid edge effects, only the inner 60 wells of each plate
were used. After the aforementioned process of harvesting 7. gondii, the host cells were
then infected with 3x10* tachyzoites per well, with a multiplicity of infection (MOI,
parasite/host cell) ratio of 1:1. At the same time, the compounds were added to the
cultures at various concentrations as previous described (ranging from 50 uM to 0.02
uM). As controls were used pyrimethamine (Alday & Doggett, 2017; Konstantinovic et
al., 2019) (Merck, Darmstadt, Germany, #219864), T. gondii infected cells only and
human interferon y (IFN vy) (E. Pfefferkorn, 1986) (300 U/ml) (Merck, Darmstadt,
Germany, #117001) pre-stimulated and infected Hs27 cells for 24 hours. To quantify the
proliferation of 7. gondii, after 48 hours incubation the parasite was labelled with tritiated
uracil *H-U; 5 mCi, Hartmann Analytic, Braunschweig, Germany, #ART1782, diluted
1:30) (E. R. Pfefferkorn & Pfefferkorn, 1977) and incubated for another 28-30 hours.
Before the evaluation of the assay, the experimental 96-well microtiter plates were frozen
at -20°C. Then, the plates were thawed at room temperature, the cells were extracted
through a harvester device (Basic96 Harvester; Zinsser Analytic, Skatron Instruments,
Northridge, CA, USA) and transferred into glass-fibre filters (Printed Filtermat A 102
mm X 258 mm; PerkinElmer, Waltham, MA, USA). The filters were then dried in a
cabinet at 130°C for 20 minutes, wetted in 10 mL of scintillation solution (Betaplate
Scint; PerkinElmer, Waltham, MA, USA, #1205-440), and sealed with plastic covers
(Sample Bag for Betaplate; PerkinElmer, Waltham, MA, USA, #1205-441). The filters
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were clamped in cassettes and evaluated using a beta-counter device (Betaplate Liquid
Scintillation Counter 1205; LKB-WALLAK, Melbourne, Australia) to quantify the
amount of radioactive uracil in the RNA of 7. gondii. The ICso values (minimal
concentration of compounds required for 50% inhibition in vitro) were determined by
non-linear regression analysis through the statistics software GraphPad PRISM™

(Version 9.5.1; San Diego, CA).

2.5 Cytotoxicity assay

To assess the cytotoxic effects of the examined chalcones and bichalcones on the host
cells, the MTT [3- (4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide]
reduction assay (Mosmann, 1983) was used for quantification. To avoid edge effects, only
the inner 60 wells of each plate were used. In summary, 5x10* per well of Hs27 cells were
cultured in 96-well microtiter plates in Iscove’s modified Dulbecco’s medium (IMDM,
Gibco—Thermo Fisher Scientific, Braunschweig, Germany, #12440053) with a volume of
100 pL per well and incubated at 37°C overnight till confluence. Then, different
concentrations of the investigated compounds (ranging from 200 uM to 0.09 uM) were
added to the Hs27 cells. As controls were used untreated Hs27 cells, DMSO and
staurosporine (0.031, 0.062, 0.125, 0.25, 0.5, 1 uM) (Merck, Darmstadt, Germany,
#S4400), a natural product well known for its potent activity as apoptosis inducer
(Belmokhtar, Hillion, & Ségal-Bendirdjian, 2001). After an incubation of 24 hours, the
culture media was replaced with 100 pL of Dulbecco’s Modified Eagle Medium (DMEM)
medium without red phenol (Gibco-Thermo Fisher Scientific, Braunschweig, Germany,
#21041025) plus 10 % heat-inactivated foetal bovine serum (FBS Standard, South
America origin, foetal bovine serum, 2pum sterile filtered, PAN-Biotech, Aidenbach,
Germany, #P30-3306), and 50 mM 2-mercaptoethanol (Gibco-Thermo Fisher Scientific,
Braunschweig, Germany, #21985023). The experiment was performed following the
manufacture instructions (CyQuant MTT Cell Viability Assay Kit, Thermo Fisher
Scientific, Braunschweig, Germany, #V-13154). The optical density (O.D.) was
measured at 570 nm on a microplate reader (TECAN Sunrise, Mannedorf, Switzerland).
The half maximal cytotoxic concentration (CCso values) of each compound against Hs27
cells relative to DMSO treated samples were determinated using GraphPad PRISM™
statistics software package (Version 9.5.1; San Diego, CA).
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3 Results

3.1 Bichalcones and chalcones are effective inhibitors of 7.
gondii tachyzoite growth

In our previous study we investigated the anti-toxoplasma activities of various flavones
and biflavones (Klischan et al., 2023). There, chalcones 1 and A-A'-bichalcones 2 were
obtained as intermediate products. In this work we report the anti-toxoplasma activities
for this dedicated library of simplified natural product analogues (Figure 2).
Additionally, both enantiomers of the most active bichalcone were synthesized and their
activities compared with the racemic mixture.

In view of previous studies demonstrating the effectiveness of chalcones against
apicomplexans (AL-Hilli et al., 2021; Dominguez et al., 2013; Ghazzay et al., 2023; Jiang
etal., 2022; Qin et al., 2020; Ram et al., 2000; Sharma et al., 2018; Si et al., 2018; Touquet
et al., 2018), we evaluated and compared the activity of 14 chalcones and 14 of their
dimeric bichalcone counterparts (Figure 2). In order to determine their potential against
T. gondii MEA49 tachyzoites, we performed an in vitro proliferation assay based on the
uptake of radioactively labelled *H-uracil. We then assessed their ICs values. As shown
in Table 1 and Figure S26, chalcones and bichalcones exhibited bioactivity against 7.

gondii proliferation.
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Chalcone ICso £ S.D. (uM) Bichalcone ICso £ S.D. (uM)
laa 21.81+3.07 2aa 6.63 £0.77
lab 14.05 + 2.62 2ab 0.11£0.02
lac > 50 2ac > 50
lad > 50 2ad 24.74 +3.52
lae 10.60 + 1.05 2ae 791+1.14
laf 6.18+0.55 2af 30.48 +7.21
lag > 50 2ag 18.44 +£0.10
1ba 8.08 £2.06 2ba > 50
1bb 6.01 £2.54 2bb 9.75+1.95
1be > 50 2bc > 50
1bd > 50 2bd 3.09+0.15
1be > 50 2be 8.55+1.28
1bf 11.32+0.61 2bf 12.4+£2.09
1bg 4.46 +0.46 2bg > 50

Table 1. In vitro activity of chalcones (1aa — bg) and bichalcones (2aa — bg) against 7. gondii ME49
tachyzoites

Values shown in the table represent the means of three independent experiments each done in duplicate (n

—6)+S.D.

Especially, bichalcone 2ab showed an ICso of 0.11 pM, more potent than its monomeric
counterpart (1ab, 14.05 uM) by two orders of magnitude and overall, more active than
all other compounds in our dedicated library (3.09 to 30.48 uM). 2ab contains a benzene
moiety as the B-ring and a methyl (Me) at R (Figure 2). Interestingly the latter appears
to be important for the anti-toxoplasma activity, since 2bb with a methoxy group (OMe)

at R showed a comparably low ICso of 9.75 uM (Table 1 and Figure S26).
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from our previous work

monomers Vs rac-, of
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Figure 2: Library of chalcones and bichalcones.

9

3.2 Bichalcone 2ab is a strong and selective inhibitor of 7.
gondii

To investigate the selectivity of our (bi)chalcone library regarding parasite inhibition
versus human host cell cytotoxicity, we assessed their cytotoxic potential in human
fibroblasts Hs27 with the MTT reduction assay. The screening revealed weak to no
cytotoxicity for chalcones, and no cytotoxicity for all bichalcones (Table 2 and Figure
S27). 2ab possessed the highest selectivity on toxoplasma, with a selectivity index (SI)

of > 6994. Thus, it was selected as our lead compound for further investigations.
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Chalcone CCso (uM) SI Bichalcone CCso (uM) SI
laa 179.7 + 32.18 8.23 2aa > 200 >30.13
lab 132.8 +27.85 13.17 2ab > 200 > 6994
lac >200 - 2ac >200 -
lad >200 - 2ad > 200 >8.08
lae 190.3 +99.30 17.95 2ae >200 >25.28
laf 133.8 + 78.14 21.65 2af > 200 >6.56
lag > 200 - 2ag > 200 >10.84
1ba >200 >24.73 2ba > 200 -
1bb 87.81 +£16.78 14.61 2bb >200 >20.51
1be >200 - 2be > 200 -
1bd >200 - 2bd > 200 > 64.72
1be >200 - 2be > 200 >23.39
1bf >200 >17.66 2bf > 200 >16.12
1bg 132.8 + 72.40 29.77 2bg > 200 -

Table 2. In vitro cytotoxicity of chalcones (1aa — bg) and bichalcones (2aa — bg) on human fibroblasts
Hs27 and their selectivity indexes (SI)

Values shown in the table represent the means of three independent experiments each done in duplicate (n

=6).

3.3 Enantiopure synthesis of (52)- and (R.)-2ab enantiomers

Since 2ab exhibits axial chirality and only its racemic mixture was investigated so far,
we turned our focus on the investigation of the pure enantiomers of 2ab. This
investigation aims to discern potential variations in activity and selectivity between the
individual enantiomers. To gain access to both enantiomers of enantiopure bichalcones,
our synthetic strategy involved the use of biphenol 3, a building block used in previous
studies in the synthesis of various natural product analogues (Ganardi, Greb, Henssen, &
Pietruszka; Greb et al., 2023) (Scheme 1). Readily available brominated starting material
4 was transformed into the corresponding boronic acid ester 5 in a scalable fashion. Next,
we investigated the aryl-aryl bond formation. The sterically demanding tetra-ortho-
substituted biaryl bond of 6 was constructed by Suzuki cross-coupling. After screening

for various conditions (SI), we were able to leverage the use of Lipshutz amphiphiles in
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water drastically reducing the amount of palladium required (compared to our previous
protocol (Ganardi et al.)). We next needed to gain access to enantiopure biphenol 3. To
our delight we found that separation of both enantiomers was possible by preparative
normal phase HPLC using Lux i-Amylose-1 as the column. This process could be scaled
up to 500 mg per run exceeding the scale of previously established protocols towards

enantiopure bichalcones (Li et al., 1997; Lin & Zhong, 1997).

A OMe
Me l OH
HO | Me
OMe (0] OMe
(Sa)- or (Ra)-3 (Sa)- or (Ra)-2ab

n-BuLi (1.1 equiv)
THF, =78 °C, 15 min
(1.5 equiv) >
then: B(OMe);
OMOM  _7g'C, 30 min, 22 °C, 30 min OMOM

then: pinacol (2.0 equiv)

Bpin
22°C,20 h
, (Ganardi et al.) 5, 80%
e
c PdG4SPhos/SPhos
OMe 1%/1 mol%
LB, ’E‘%a’e)
Me OMOM
~ MOMO Me
Me OMOM H,0, 55 °C
] 2% TPGS-750-M
10% THF
4
Nn-HepH/i-PrOH  tr(S (R
epHI/i R( a.) R( a.) rac-6' 95%
> 50:50 15 min 53 min
5 30:70 13 min 47 min aq. HCI | MeOH
@ 10:90 23 min 138 min (0.5 equiv) | 70°C, 4h
OMe OMe OMe
HPLC separation
LuxAmylose-1
OH , Me OH  250x21mm  Me OH
B
Me HO Me  n-HepH/i-PrOH  HO Me
10:90
then: 30:70
OMe OMe [500 mg/run] OMe
(-)-(Sa)-3 (+)-(Ra)-3 rac-3, 99%
49%, >99% ee 49%, >99% ee

Scheme 2: (A) Synthesis strategy of both enantiomers of bichalcone 2ab. (B) Scalable borylation of
readily available brominated starting material 4. (C) Pd-catalyzed (1 mol% Pd) Suzuki cross



Publications

coupling using amphiphile TPGS-750-M. Separation of the enantiomers was achieved by HPLC
because of drastically different elution times (Azr = 115 min for n-heptane:i-propanol 10:90 v/v) for
both enantiomers using Lux i-Amylose-1.

With both enantiomers of biphenol 3 in hand, we directed our efforts at the synthesis of
both enantiomers of bichalcone 2ab. The synthesis of acetophenone 7 following our
previously established protocol (Greb et al., 2023) proceeded smoothly for both
enantiomers in yields of 83% (S.) and 76% (Ra) respectively (Scheme 3).

OMe
AcCl @.ae uiv;
) 0 &quiv
Me O OH TiCly
HO Me PhCI [0.1 M]
O 70°C, 4 h
OMe
3 7

83%, >99%ee (Sa)
76%, >99%ee (Ra)

benzaldehyde

2.4 equiv
KOH (6.0 equiv
EtOH, 22 °C, 4 h

Puritylal |
! (+)-2ab  54%, >99%ee (Sa) >99%
' (-)-2ab  61%, >99%ee (Ra) >99% !
1 rac-2ab  88%, rac elemental analysis ,

Scheme 4: Synthesis of both enantiomers of bichalcone 2ab.

[a] Purity by normal phase and reversed phase HPLC.

We continued with the synthesis of both enantiomers of bichalcone 2ab. Racemic
bichalcone 2ab was conveniently obtained from our previous investigations on the
bioactivity of biflavones (Klischan et al., 2023). In contrast to the racemic mixture of 2ab

isolation by column chromatography was feasible. Both enantiomers were obtained in
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yields of 54% (Sa) and 61% (R.) respectively with >99%ee each according to HPLC. We
attribute the lower yield compared to the racemic mixture to increased formation of

flavanone side products.

3.4 Biological evaluation of the enantiomers of bichalcone
2ab

After the successful synthesis of enantiopure (S.)-2ab and (R.)-2ab, we commenced our
evaluation on their activity against 7. gondii tachyzoites and their potential cytotoxicity
on Hs27 with the aim of comparing their selectivity and determine if their absolute
configuration influences their activity. As shown in Table 3 and Figure S28, both
enantiomers are strongly active against 7. gondii proliferation with ICso values in the
nanomolar range and no cytotoxicity on Hs27, similarly to the racemic mixture.
Interestingly, (R.)-2ab resulted to be the eutomer (more potent enantiomer) with an ICso
of 0.10 uM, more than two fold higher than the enantiomer (S.)-2ab. And slightly more
active that the racemic mixture. A comparison with PYR-the gold-standard treatment for
toxoplasmosis (Konstantinovic et al., 2019)-(ICso of 0.222 uM, literature 0.4 pM)
highlights the significance of our findings (Table 3).

Compound ICso (nM) CCso (uM)
(Sa)-2ab 0.31+ 0.03 > 100
(Ra)-2ab 0.10+0.01 > 100

2ab 0.11 +0.02 > 100
PYR 0.22 +£0.05 > 100

Table 3. In vitro activity (ICso) against 7. gondii, cytotoxicity (CCso) on human Hs27 cells of
bichalcone 2ab and pyrimethamine (PYR)

Values shown in the table represent the means of three independent experiments each done in duplicate (n

—6)+S.D.
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4 Discussion

Toxoplasmosis, the disease caused by the apicomplexan parasite 7. gondii, is the most
common infection worldwide, affecting virtually all warm-blooded animals, including
humans. The current available treatments options are only able to control the acute
infection caused by the actively replicating tachyzoite stage, while having low or no effect
on the chronic infection caused by the slowly replicating bradyzoite stage. Moreover,
after more than 60 years from its discovery, the combination therapy pyrimethamine —
sulfadiazine (PYR — SDZ) still remain the frontline treatment and only few novel
medicinal entities have been approved for the human treatment of toxoplasmosis (Dunay,
Gajurel, Dhakal, Liesenfeld, & Montoya, 2018).

Prior research has shown the potential of flavonoids as novel anti-toxoplasma entities in
vitro and in vivo, and among them, flavones (Abugri, Witola, Russell, & Troy, 2018;
Klischan et al., 2023) and chalcones (AL-Hilli et al., 2021; Ghazzay et al., 2023; Jiang et
al., 2022; Qin et al., 2020; Si et al., 2018; Touquet et al., 2018)

We recently showed that biflavones are more potent than their monomeric counterpart,
for both their antioxidant capacity and anti-toxoplasma in vitro activity (Klischan et al.,
2023). Therefore, the objective of the present study was to explore the anti-toxoplasma
in vitro activity of chalcones, crucial synthetic intermediates of flavones obtained in our
previous study. With a specific focus at the biological comparison between monomers
and dimers, this study aims to demonstrate the potential of the less investigated
bichalcone counterparts.

Comparison of the anti-toxoplasma in vitro potential of monomers and their dimeric
counterparts revealed that in some cases bichalcones are more potent than chalcones. In
addition, all bichalcones exerted no cytotoxic effect on human fibroblasts Hs27, thus
possessing a better cytotoxic profile than their monomeric counterparts. The bichalcone
2ab exhibits the highest potency and selectivity, the only one with an ICso in the
nanomolar range. Thus, it possesses the potential to be a novel anti-toxoplasma lead
compound.

With a target identified, we commenced with the synthesis of both enantiomers of 2ab.
The core biaryl motif of the A,A'-bichalcones contains a stereogenic axis, resulting in the
presence of two atropenantiomers within the racemic mixture 2ab. Synthesis of both
enantiomers was successfully performed with the use of low amounts of Pd-catalyst.

Comparison on the activity of the two enantiomers (S.)- 2ab and (R.)-2ab, showed that
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stereochemistry plays a key role on the potency, resulting (Ra)-2ab the eutomer. In
addition, comparison on the activity of the gold-standard treatment PYR demonstrated
that the enantiomer (R,)-2ab and the racemic mixture are more potent.

Interestingly, Karaman et al. (2018) performed a structure-based virtual screening for the
identification of novel sirtuin inhibitors and modulators. Docking analysis resulted in two
bichalcones, a rhuschalcone IV and a rhuschalcone I analogue, identified as active
inhibitors of human SIRT-1 and SIRT-2 (Karaman et al., 2018). Sirtuins are highly
conserved enzymes dependent on nicotinamide adenine dinucleotide (NAD™). In humans,
seven sirtuins are classified as class III histone deacetylases (HDACsS), regulating a wide
range of important intracellular activities, such as metabolism, transcription and genome
stability (Abbotto et al., 2022; Finkel, Deng, & Mostoslavsky, 2009). The T. gondii
genome encodes for one SIR2 subtype homologue (class III) (Yu, Chen, et al., 2021; Yu,
Lu, et al., 2021). The function of SIR2-like proteins in apicomplexans has not been fully
explored, although they have been shown to be involved in the epigenetic regulation of
virulence genes that are vital for the pathogenesis and persistence of P. falciparum (Religa
& Waters, 2012).Thus, we performed a docking analysis of (Sa)- 2ab and (Ra.)-2ab with
the 7gSIR2 homolog, to explore if it could be a potential target for compound 2ab.
Unfortunately, the performed docking studies did not result into a stable protein-ligand
complex which might explain the inhibitory properties. Since these are in silico
experiments, there might be several reasons to explain this, but first, initial in vitro
binding studies need to be performed to conclusively suggest that this 7gSIR2 protein is
actually the target. Thus, more research is needed to explore the mechanism of action and
the target in 7. gondii of 2ab, and in particular, investigations of the binding interaction
with the two enantiomers of 2ab. Furthermore, in vivo investigations are needed to

explore their activity and safety in the mouse model system in the future.
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1 Experimental Procedures

1.1 General Information

Prior to use in synthesis benzaldehyde was washed with saturated aqueous Na;COs
solution, dried over MgSO4 and then isolated by vacuum distillation (1-10"! mbar) at

94 °C (58 °C head temperature).

1.1.1 Optimization of Suzuki Coupling in Micellar Aqueous
Media

The required biphenol building block 3 can be formed via double methoxymethyl
(MOM)-protected intermediate 6. While the synthesis of such tetra-ortho-substituted
biaryls can be challenging, efficient syntheses have been developed recently (Figure S1).
Besides formation via oxidation of the corresponding biaryl Lipshutz cuprates, a one-pot
Miyaura borylation Suzuki coupling (MBSC) sequence has been developed. While being
scalable and efficient, these approaches either involved the use of superstoechiometric
amount of pyrophoric fert-butyllithium and toxic copper cyanide or rather high effective

palladium loadings relative to the amount of isolated product.

A OMe
OMe t-BuLi (1.75 equiv), 20 min
CuCN-2LiCI (0.5 equiv), 30 min
then: DPQ (1.00 equiv) Me OMOM
Me OMOM THF, -78 °C, 1 h MOMO Me
then: 23 °C, 1 h O
r
pyrophoric and toxic
reagent OMe
4 rac-6, 83%
B OMe
~ (0.70 equiv)
OMe Bapin2
PdG4SPhos/SPhos
(2.5 mol%/2.5 mol%)* Me OMOM
(3.0 equiv) g MOMO Me
Me OMOM K3PO,
; THF/H,0 (4:1)
70°C,23 h
OMe
6.8 mol% Pd relative to isolated Ar,
4 rac-6, 73%

Figure S1: Previous coupling approach.
Via the oxidation of a biaryl Lipshutz cuprate (A) or using a Miyaura borylation-Suzuki coupling
(MBSC) one-pot approach (B).
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We wondered whether the challenging Suzuki coupling step could be further improved
with respect to temperature, solvent and especially palladium loadings. The needed aryl
boronic acid pinacol ester 5 was made available via a classic borylation approach. With
the boronate in hand, we systematically optimized our previous Suzuki coupling
conditions. The corresponding optimization results are shown in Table S1.

A solvent mixture of 4:1 THF/water was confirmed to be superior compared to pure
organic solvent systems like tetrahydrofuran and toluene (entries 1 —3) (Christine
Ganardi, Greb, Henf3en, & Pietruszka; Tietze, Ma, & Jackenkroll, 2014). Most notably,
we found that the use an aqueous micellar reaction medium based on Lipshutz’s TPGS-
750-M surfactant significantly facilitated the coupling reaction, enabling conversions at
room temperature (entry 4) (Lipshutz et al., 2011). Addition of 10% cosolvent was
employed to ensure a stable emulsion (Gabriel et al., 2017). The use of Buchwald’s
SPhosG4 precatalyst in combination with slight heating further improved conversions at
significantly reduced palladium loadings from 3.5 to 1.0 mol% (entry 5). Scaling was
performed using slightly increased amounts of aryl boronate, which could be employed
as crude product. Full conversions were observed, and the desired product could be
isolated in 95% yield (entry 7). Further reduction of catalyst loadings let to an incomplete

conversion (entry 6).

Table S1. Optimization of Suzuki Coupling in Water

OMe
OMe OMe OMe
conditions
+ + Me OMOM
MOMO Me
Me OMOM Me OMOM Me OMOM
r Bpin H
4 ; Ar, 6
ArBr ArBpin 5 ArH 8 OMe 2

Conversions [%]™
Entry Conditions Comment
ArBr ArH ArBpin An
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Pd(OAc),/ SPhos
(3.5/ 7.0 mol%)
ArBr (1.0 equiv)

ArBpin (1.25 equiv) 43 32 0 25 [0.05 mmol]
K3POy4 (3.0 equiv) 97> <72> <0> <56> <Integral(Ar) = 225>
THF
70°C, 15h
Pd(OAc),/ SPhos
(3.5/7.0 mol%)
ArBr (1.0 equiv)
ArBpin (1.25 equiv) 45 31 13 11 [0.05 mmol]
K3POs4 (3.0 equiv) <101> <70> <29> <25> <Integral(Ar) = 225>
PhMe
70°C, 15h
Pd(OAc),/ SPhos
(3.5/7.0 mol%)
ArBr (1.0 equiv)
ArBpin (1.25 equiv) 23 28 0<0> 49 [0.05 mmol]
K3POy4 (3.0 equiv) <5§2>  <63> <110> <Integral(Ar) = 225>
THF/H:20 (4:1)
70°C,17h
Pd(OAc),/ SPhos
(3.5/7.0 mol%)
ArBr (1.00 equiv)

ArBpin (1.25 equiv) reaction at room
K3POy4 (3.0 equiv) 25 34 0<0> 41 temperature
2% TPGS-750-M <57>  <76> <93> [0.1 mmol]

in H20 <Integral(Ar) = 225>
10% THF
22°C,2h
PAG4SPhos/ SPhos 13 precatalyst superior
(1.0/ 1.0 mol%) 22 11 9> 54 [0.1 mmol]
ArBr (1.00 equiv) <50> <24> 0 <122> <Integral(Ar) = 225>

ArBpin (1.25 equiv)
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K3POj4 (3.0 equiv) 16 18 <0> 65
2% TPGS-750-M <37> <41> <147>
in H,O
10% THF
55°C,0.5h

55°C,3.5h

PdG4SPhos/ SPhos
(0.5/ 0.5 mol%)
ArBr (1.00 equiv)

crude ArBpin
(1.50 equiv) ArBpin crude
13 37 0 50
K3POy4 (3.0 equiv) (15% ArH)
6 <32> <93> <1> <126>
2% TPGS-750-M 1) [5.66 mmol]
in H,O <Integral(Ar) = 250>
10% THF
50°C,22h
PdG4SPhos/ SPhos
(1.0/ 1.0 mol%)
ArBr (1.00 equiv)
crude ArBpin
ArBpin crude
(1.50 equiv)
0 23 0 73 (15% ArH)
K3POy4 (3.0 equiv)
7 <0> <67> <0> <183> [5.66 mmol]
2% TPGS-750-M
) (95) Isolated: 1.9 g
in H,O
<Integral(Ar) = 250>
10% THF
55°C,16 h

[a] Observed rations by '"H-NMR analysis of worked-up reaction samples or crude products (integral
sum of all common parent aryl group signals ‘Integral(Ar)’ set to 100). In chevrons (‘<>’) the same
ratio is give with the integral sum of aryl group signals set to the total amount of ArBr and ArBpin
starting material ‘aryl equivalents’ (e.g. Integral(Ar) = 225 for 1.00 equiv ArBr + 1.25 equiv ArBpin).
While maybe a bit unusual, this procedure allows for a more direct determination of the individual
conversions of ArBr and ArBpin, which carry the same parent aryl motif. Isolated yields are given in
parentheses.
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The fully optimized Suzuki coupling conditions are summarized in Figure S2. The
overall yield of biaryl 6 relative to the employed aryl bromide 4 is 68% over two steps.
While the yield is comparable to the previous one-pot borylation-Suzuki coupling
approach (Figure S1), a significant decrease in palladium loading could be achieved

(1.1 mol% instead of 6.8 mol% relative to the amount of isolated product).

OMe
OMe PdG4SPhos/SPhos
0, 0,
st ety @
) Me OMOM
MOMO Me
Me OMOM H,0, 55 °C
] 2% TPGS-750-M
10% THF
4
OMe

1.1 mol% Pd relative to isolated Ar,
(~6-fold decrease to previous appraoch) rac-6’ 95%

TPGS-750-M
DI-'()‘-tocopherol methoxypolyethylene glycol succinate

Figure S2: Optimized Suzuki coupling with reduced Pd-loading, temperature and solvent using
micellar catalysis.

2 determined by 'H-NMR, protodehalogenated aryl side product as impurity.

Figure S3: Reaction mixture of Suzuki coupling under aqueous micellar conditions.

From left to right: (a) starting materials and reagents as homogeneous water/TPGS-750-M emulsion
(2% surfactant, 10% tetrahydrofuran cosolvent) before base addition; (b) reaction emulsion after
base addition, the yellow color is indicative for precatalyst activation; (c) reaction mixture after 16 h
mild heating and stirring; (d) reaction mixture after standing for a while, an organic crude product
layer formed.
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1.1.2 Systematic Evaluation of Preparative HPLC-Conditions

absorbance [mAU]

1200
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Figure S4: Comparative HPLC analysis of racemic and enantio-pure biphenol 3.

Racemic mixture (top), (Sa)-configured- (middle) and (Ra.)-configured biphenol (bottom). Analytical
HPLC conditions: LuxAmylose-1 (Phenomenex), 250.0 x 4.6 mm, 5 pm, 25 °C, 0.5 mL min™’, 210 m,
50:50 (v/v) n-heptane/i-propanol.

absorbance [mAU]
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10:90
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Figure S5: HPLC-separation behavior of racemic biphenol 3 on an analytical column.
LuxAmylose-1 (Phenomenex), 250.0 x 4.6 mm, 5 um, 25°C, 0.5 mL min', 210 m, n-heptane/i-
propanol; retention times for (Sa)-3/(Ra)-3 at a different n-heptane : i-propanol (v/v) mixtures were
21.1 min/82.2 min (70:30), 16.8 min/61.7 min (60:40), 15.1 min/53.0 min (50:50), 13.8 min/47.1 min
(40:60), 13.4 min/46.7 min (30:70), 18.2 min/93.5 min (20:80), 22.7 min/>120.0 min (10:90).
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Figure S6: HPLC-separation of racemic biphenol 3 on an analytical column with 10:90 (v/v) n-
heptane/i-propanol and increased runtime. LuxAmylose-1 (Phenomenex), 250.0 x 4.6 mm, 5 pm,
25°C, 0.5 mL min!, 210 m, n-heptane/i-propanol.

Based on the observed retention times fr1(Sa-3), tr2(Ra-3) and the void time zro, retention
factors k1 = (tr1 — tro)/tro and k2 = (fr2 — fro)/fro as well as a separation factors (chiral
selectivities) a = k2/k1 could be calculated for eluents of different polarities. These are

listed in Table 2.
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Table 2: Retention Factors ki/kz and Separation Factors o for Eluents with Increasing Polarity.

HepH/i-PrOH  #r1(S2) [min] k1(Sa) tro(Ra) [min] k2(Ra) o
70:30 21.1 2.6 82.2 13.2 5.0
60 :40 16.8 1.9 61.7 9.6 5.1
50:50 15.1 1.6 53.0 8.1 5.1
40 : 60 13.8 1.4 47.1 7.1 5.2
30:70 13.4 1.3 46.7 7.1 5.4
20:80 18.2 2.1 93.5 15.1 7.1
10:90 23.0 3.0 138.2 22.8 7.7

Based on analytical separation runs on LuxAmylose-1 (Phenomenex), 250.0 X 4.6 mm, 5 pm, 25 °C,
0.5 mL min~!, 210 m (Figures S4, S5 and S6); the void time fro was determined to be 5.8 min based
on the injection peak; for an eluent mixture of 10: 90 the highest separation factor was observed, at
an eluent mixture of 30: 70 the lowest retention factor for the later-eluting enantiomer was observed.

The chiral stationary phase (CSP) of LuxAmylose-1 (Phenomenx) is based on the well-
known chiral selector amylose tris(3,5-dimethylphenyl)carbamate (ADMPC) in
combination with a silica gel matrix. The same chiral selector is used in other commercial
HPLC columns like Chiralpak AD (Daicel) or Chiralpak 1A (Daicel). Good separation
factors of 2 —5 for the separation of atrop-enantiomeric analytes has been reported
recently (Rizzo, Benincori, Fontana, Pasini, & Cirilli, 2022; Sechi et al., 2023). The
structure of polymeric ADMPC (shown in Figure S7) is known do adopt a helical
conformation (Yamamoto, Yashima, & Okamoto, 2002). Also, unusual separation
behaviours as a function of the eluent composition including for example inversion of the
elution order of enantiomers have been observed by others (Wang & Chen, 1999; Wang,
Chen, & Vailaya, 2000). These have been attributed to an alteration of the CSP’s chiral
cavities (stereo environment) by solvent incorporation or changes in the higher order
structure of ADMPC, such as the degree of twisting of the amylose helix or differences
in crystallinity, especially for higher concentration of branched alcohols, such as i-

propanol or #-butanol (Wang & Wenslow, 2003).
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A Lewis structure of Chiral Stationary Phase (CSP)
OR Me

o o amylose tris(3,5-dimethylphenyl)carbamate (ADMPC)

RO on 5 pym silica gel
R R= H Me

Figure S7: Structural Representations of the LuxAmylose-1 Chiral Selector ADMPC.

Polymer 2D-Lewis structure (A) and helical 3D-model (B); the 3D-model was generated based on the
structural data published by Ye (Ye, Bai, Vyas, & Wirth, 2007), which in turn has been calculated
by Okamato and coworkers via experimental NMR-constraints in combination with MD-simulations
(Yamamoto et al., 2002). The visualization was generated based on the published pdb-file using
ChimeraX (Pettersen et al., 2021) and is depicted from the side (B, left) or top (B, right) as stick model
without (B, top) and with surface (solvent-excluded surfaces, 2.0 A probe radius) (B, bottom).

1.2 Synthetic Procedures

In the following, the synthetic procedures used in this work are outlined. The syntheses
of monomeric chalcones as well as the racemic synthesis of bichalcones has previously
been published.(Klischan et al., 2023) Our enantioselective bichalcone synthesis
commenced with methoxymethyl (MOM)-protected 2-bromophenol 4, which was
synthesized following a scalable and column-free procedure starting from commercially

available orcinol (Greb et al., 2023).

1.2.1 Synthesis of  2-(4-methoxy-2-(methoxymethoxy)-6-

methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5)
A dry 50-mL Schlenk-tube was equipped with a magnetic stirring bar and septum and
charged with 2-bromo-5-methoxy-1-(methoxymethoxy)-3-methylbenzene (4, 522 mg,
2.0 mmol, 1.0 equiv) (Greb et al., 2023) under a nitrogen atmosphere. The starting
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material was stirred at room temperature and degassed by three cycles of evacuation and
nitrogen backflushing. Subsequently, 20 mL dry and degassed tetrahydrofuran were
added, and the resulting solution was cooled to =78 °C. A solution of n-butyllithium (2.18
M in hexane, 1.0 mL, 2.2 mmol, 1.1 equiv) was added dropwise and stirring was continued
for 30 min. Dry trimethyl borate (340 puL, 3.0 mmol, 1.5 equiv) was added dropwise and
stirring was continued for 30 min, after which the solution was allowed to warm to room
temperature for 30 min. Subsequently, pinacol (473 mg, 4.0 mmol, 2.0 equiv) was added
in a single portion. The resulting solution was stirred for 20 h at room temperature. After
cooling to 0 °C, the solution was poured into 40 mL of an ice-cold and stirred, saturated
aqueous solution of ammonium chloride. If needed, the mixture was carefully adjusted to
pH 5—7 using 1 M aqueous hydrogen chloride. The mixture was transferred into a
separation funnel, rinsing the used glass ware with water and ethyl acetate. After adding
50 mL ethyl acetate, the resulting two-phase system was mixed, the phases were
separated, and the aqueous phase was extracted twice using 50 mL ethyl acetate. The
combined organic phases were washed with brine, dried over magnesium sulphate, and
concentrated in vacuo. The resulting crude product, a clear yellow oil, was analysed by
"H-NMR and purified by column chromatography (petroleum ether:ethyl acetate, 90:10
— 80:20 v/v) yielding the title compound as colourless oil in a yield of 491 mg
(1.6 mmol, 80%).

In a separate experiment the reaction was scaled including slight adjustments of the
reagent equivalents, but otherwise identical conditions as described above. In a 100-mL
Schlenk-tube  2-bromo-5-methoxy-1-(methoxymethoxy)-3-methylbenzene (2.6 mg,
10.0 mmol, 1.00 equiv) in 50 mL dry tetrahydrofuran was reacted with n-butyllithium
(2.30 M in hexane, 4.4 mL, 10.2 mmol, 1.02 equiv), dry trimethyl borate (1.18 mL,
10.5 mmol, 1.05 equiv) and pinacol (1.3 g, 11.0 mmol, 1.10 equiv). After 16 h reaction
time, quenching, and work up, the crude product was determined to be 85% pure (by
'"H-NMR, 15% protodehalogenated side product) and could be used in the subsequent
coupling step without further purification.

The analytical data was in accordance with previously published results.(Ganardi, Greb,
Henssen, & Pietruszka, 2023)

TLC (petroleum ether:ethyl acetate, 90:10 v/v): R¢= 0.20.

: 0 [ppm] = 1.36 (s, 12H; 6'-H, 7'-H, 8'-H, 9'-H), 2.34 (s, 3H; 10-H), 3.46 (s, 3H; 8-H),
3.76 (s, 3H; 9-H), 5.11 (s, 2H; 7-H); 6.36 (d, J = 2.1 Hz; 5-H), 6.41 (d, J= 2.1 Hz; 3-H).
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13C NMR (151 MHz, CDCL): § [ppm] = 22.3 (C-10), 24.9 (C-6', C-7', C-8', C-9'), 55.3
(C-9), 56.1 (C-8), 83.6 (C-4", C-5'), 94.7 (C-7), 98.3 (C-3), 108.6 (C-5), 112.5 (C-1, very
weak), 144.5 (C-6), 161.8 (C-4), 162.0 (C-2).

1B NMR (96 MHz, CDCl3): § [ppm] = 31.3 (B-2').

IR (ATR film): ¥ [em™'] = 2977, 1603, 1371, 1337, 1299, 1141, 1052, 1035, 926, 857,
834, 670.

HR-MS (ESI): m/z caled. for [C16H26BOs]" ([M + H']) = 309.1868, found: 309.1876.

1.2.2 Synthesis of 4,4'-dimethoxy-2,2'-bis(methoxymethoxy)-
6,6'-dimethyl-1,1'-biphenyl (6)
A 100 mL-Schlenk tube or flask was charged with 2-bromo-5-methoxy-1-
(methoxymethoxy)-3-methylbenzene (4, 1.48 g, 5.66 mmol, 1.00 equiv) (Greb et al.,
2023), crude 2-(4-methoxy-2-(methoxymethoxy)-6-methylphenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (5, 85% purity (see above), 3.08 g, 8.49 mmol, 1.50 equiv),
PdSPhosG4 precatalyst (45 mg, 0.57 mmol, 1.0 mol%) and SPhos (23 mg, 0.57 mmol,
1.0 mol%) under a nitrogen atmosphere. The starting materials were stirred at room
temperature and degassed by three cycles of evacuation and nitrogen backflushing. As it
simplified the set-up operation, TPGS-750-M (1.00 g, 2%(w/w) relative to aqueous part
of the final solvent mix) was degassed analogously in a separate 10 mL-Schlenk-tube and
dissolved in 5.5 mL dry degassed tetrahydrofuran. Subsequently, the organic surfactant
solution was added to the starting materials and reagents forming a yellowish clear
solution. While stirring, 30 mL of degassed water were added to the organic solution
resulting in the formation of a white homogeneous emulsion (see Figure S3). A separate
50-mL Schlenk-flask was charged with potassium phosphate (3.60 g, 16.98 mmol,
3.00 equiv) under a nitrogen atmosphere, which was dissolved in 20 mL degassed water.

The aqueous base solution was added to the emulsion, which turned yellow indicting
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precatalyst activation and start of the reaction (see Figure S3). Subsequently, the reaction
mixture was subjected to mild heating at 55 °C under vigorously stirring for 16 h. Upon
full conversion, as indicated by TLC, stirring was stopped and the reaction mixture was
warmed to room temperature. While standing, the emulsion separated, and an orange
organic crude product phase formed on the surface of the aqueous layer (see Figure S3).
The reaction mixture was diluted with ethyl acetate and transferred into a separation
funnel. The reaction vessel was rinsed properly with water and ethyl acetate. After mixing
of the resulting two-phase system, the layers were separated, and the aqueous phase was
extracted three times with 30 mL ethyl acetate. The combined organic layers were washed
with brine, dried over magnesium sulphate and concentrated in vacuo. The resulting crude
product was analysed by 'H-NMR and purified by column chromatography (petroleum
ether:ethyl acetate, 80:20 v/v) yielding the racemic title compound as slightly orange oil
in a yield of 1.94 g (5.35 mmol, 95%).

The analytical data was in accordance with previously published results (Christine
Ganardi et al.; Greb et al., 2023):

TLC (petroleum ether:ethyl acetate, 80:20 v/v): Rf=0.27.

: 8 [ppm] = 6.64 (d, J=2.5 Hz, 2H; 3-H, 3'-H), 6.52 (d, /= 2.5 Hz, 2H; 5-H, 5'-H), 5.01
(d, J= 6.6 Hz, 2H; 7b-H, 7b'-H), 4.97 (d, J = 6.6 Hz, 2H; 7a-H, 7a’-H), 3.82 (s, 6H; 9-H,
9'-H), 3.30 (s, 6H; 8-H, 8'-H), 1.95 (s, 6H; 10-H, 10’-H).

13C NMR (151 MHz, CDCI3): 8 [ppm] = 159.5 (C-4, C-4"). 156.0 (C-2, C-2"), 139.5 (C-6,
C-6), 119.8 (C-1, C-1"), 108.5 (C-5, C-5"), 99.6 (C-3, C-3"), 94.9 (C-7, C-7"), 55.8 (C-8,
C-8'), 55.3 (C-9, C-9'), 20.3 (C-10, C-10").

IR (ATR film): ¥ [em '] = 2952, 1602, 1466, 1310, 1209, 1145, 1041, 994, 923, 833,
635, 516.

MS (ESI): m/z = 385.2 ([M + Na]).

HR-MS (ESI): m/z calcd. for [C20H2606Na]" ([M + Na']) = 385.1622, found: 385.1618.
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1.2.3 Synthesis of 4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-2,2'-diol (3)

A 100-mL round-bottom flask equipped with a magnetic string bar as well as a reflux

condenser and charged with 4,4'-dimethoxy-2,2'-bis(methoxymethoxy)-6,6'-dimethyl-

1,1'-biphenyl (6, 1.2 g, 3.31 mmol, 1.0 equiv) in 33 mL degassed methanol under a

nitrogen atmosphere. Aqueous hydrochloric acid (4 M, 0.83 mL, 3.31 mmol, 1.0 equiv)

was added and the resulting mixture was heated at 70 °C for 1 —2 h. Careful TLC

monitoring was performed to avoid methyl ether-cleavage. Upon full conversion, as

indicated by TLC, the reaction was cooled to room temperature neutralized using a

saturated aqueous solution of sodium bicarbonate. The resulting mixture was transferred

into a separation funnel and diluted with 30 mL water and 30 mL ethyl acetate, rinsing

the used glass ware properly. After mixing, the phases were separated, and the aqueous

layer was extracted three times with 30 mL ethyl acetate. The combined organic layers

were washed twice with brine and dried over magnesium sulphate. Removal of the solvent

at reduced pressure yielded the racemic title compound as slightly yellow crystalline solid

in a yield of 899 mg (3.27 mmol, 99%), which could be used without further purification.

The analytical data was in accordance with previously published results (Christine

Ganardi et al.; Greb et al., 2023):

TLC (petroleum ether:ethyl acetate, 80:20 v/v): Rf=0.12.

Melting point: 148 — 150 °C (rac).

: 8 [ppm] = 6.48 (d, J = 2.5 Hz, 2H; 5-H, 5'-H), 6.46 (d, J= 2.5 Hz, 2H; 3-H, 3'-H), 4.86

(s, 2H; 2-OH, 2'-OH), 3.80 (s, 6H; 7-H, 7'-H), 1.97 (bs, 6H; 8-H, 8" H).

13C NMR (151 MHz, CDCI3): 8 [ppm] = 161.2 (C-4, C-4"), 155.5 (C-2, C-2"), 140.5 (C-6,

C-6'), 111.4 (C-1, C-1"), 109.0 (C-5, C-5"), 98.5 (C-3, C-3'), 55.4 (C-7, C-7"), 19.9 (C-8,

C-8").

IR (ATR film): ¥ [em '] = 3505, 3360, 2960, 1612, 1575, 1446, 1310, 1197, 1141, 1069,

1038, 934, 840, 824, 608, 497.

MS (ESI): m/z =275.0 ((M + H']).

HR-MS (ESI): m/z calcd. for [C16Hi704]” ([M —H']) = 273.1132, found: 273.1128.
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1.2.4 Resolution of 4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-2,2'-diol (3)

OMe OMe OMe

O HPLC separation O O
HO Me Me OH + Me OH

B

Me OH HO Me HO Me

( U

OMe OMe OMe
rac (Sa), >99% ee (Ra), >99% ee

A saturated solution of racemic 4,4'-dimethoxy-6,6'-dimethyl-[ 1,1'-biphenyl]-2,2'-diol (3,
530 mg, 1.94 mmol) in 10:90 (v/v) n-heptane/i-propanol was prepared by stirring and
sonication. After standing at room temperature for 1 —2 h or overnight (to avoid later
precipitate formation, potential temperature/solubility increase due to sonication), the
solution was passed through a syringe filter. Enantiomer separation was performed using
a Lux® Amylose-1, 5 pm, 250.0 x 21.2 mm, AXIA™ (Phenomenex) preparative HPLC
column with a suitable HPLC pump system and a diode array (detection at 210 nm).
Depending on the polarity of the eluent used, flow rates between 8 and 12 mL/min were
used to, conservatively, not exceed maximal backpressures of 100 — 110 bar (250 bar
suggested by manufacturer). After column equilibration with 10:90 (v/v) n-heptane/i-
propanol, the prepared solution of racemic biphenol was injected using an appropriate
sample loop. Within the loop, the sample solution has been ‘sandwiched’ (15% eluent,
70% sample, 15% eluent) to avoid compound loss during loading. Fractions were
collected based on the live diode array signal. Due to the high selectivity factor o of 7.7,

maximal loading/overloading the column did not at all impede a clean separation. Once
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roughly half of the earlier enantiomer had been eluted (roughly 20 —25 min at
8 — 10 mL/min), the eluent was changed to 30:70 (v/v) n-heptane/i-propanol (lowest k>
observed) and flowrates were increased, staying within the pressure limits, to shorten
overall runtimes. After complete elution, the column was equilibrated to storage
conditions and the collected fractions were concentrated at reduced pressure yielding
262 mg (0.946 mmol, 49%, >99%ee S.) and 257 mg (0.937 mmol, 49%, >99%ee R.)
respectively.
The stereochemistry-specific analytical data was in accordance with previously published
results (Christine Ganardi et al.; Greb et al., 2023):
Melting point: 148 — 150 °C (rac).

172 — 174 °C (Sa, >99%ee).
Optical rotation:  [a]*p = —31.9° (¢ = 1.04, CHCl3, Sa, >99%ee).

[0]*b = +32.6° (¢ = 1.22, CHCls, Ra, >99%ee).
HPLC: Lux® Amylose-1 (Phenomenex), 250 x 4.6 mm, 25 °C, 0.5 mL min!, 210 nm,
n-heptane:i-propanol 50:50 (v/v): tr(Sa) = 15.1 min, fr(Ra) = 53.0 min.

OMe OMe

Me l OH Me ! OH

HO O Me HO O Me
OMe OMe
(7)-(Sa)-3 (H)-(Ra)-3

1.2.5 Synthesis of 1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-6,6'-
dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(ethan-1-one) (7)
Following our literature known procedure (Greb et al., 2023) a 50 mL Schlenk-vial
equipped with stir bar was charged with biphenol 3 (274 mg, 1.0 equiv, 1.00 mmol,
>99%ee S.) and anhydr. chlorobenzene (10 mL, 0.1 M). The solution was stirred at 0 °C,
acetyl chloride (157 pL, 2.2 equiv, 2.20 mmol) added dropwise and then the mixture
stirred at room temperature for 30 minutes. TiCls (658 pL, 6.0 equiv, 6.00 mmol) was
added dropwise and the reaction mixture stirred at 70 °C for 4 h. The reaction mixture

was transferred into a 250 mL Erlenmeyer beaker equipped with stir bar with

K>2HPO4/KH,POs-buffer (KPi-buffer, 1 M, 100 mL, pH 7) at 0 °C. The pH was then
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adjusted to pH 4 by the addition of 1 M HCl-solution. The resulting white suspension was
then stirred for 15 mins, sonicated for 15 mins, and then stirred for 30 mins. The mixture
was filtered over a pad of celite using a wide Buchner-type funnel. The filter cake was
washed with CH>Cl> (100 mL) water, then with CH>Cl, (800 mL). The filter cake was
then transferred into an Erlenmeyer flask and stirred with CH2Cl, overnight. The
suspension was then again filtered over celite. The filtrates were combined, and the
aqueous phase extracted with CH>Cl> (4 x 250 mL). The combined aqueous phases were
washed with sat. aq. NaCl solution, dried over MgSO4 and the solvent removed in vacuo.
The product was isolated by column chromatography (CH>Cl:PhMe 1:9 v/v) and
obtained as pale yellow solids in a yield of 297 mg (0.829 mmol, 83%, >99%ee, S.).
In a repeat experiment using biaryl X (343 mg, 1.0 equiv, 1.25 mmol, >99%ee, R.) the
product was isolated as pale yellow solids in a yield of 271 mg (0.756 mmol, 76%,
>99%ee Ra).
TLC (petroleum ether:ethyl acetate, 7:3 v/v): Rr= 0.32.
Melting point: 233 —235°C (rac) (233 — 236 °C) (Greb et al., 2023).
230 — 232 °C (Sa, >99%ee) (209 — 210 °C) (Greb et al., 2023).
231 — 234 °C (Ra, >99%ee).
: 0 [ppm] = 2.06 (s, 3H, Me), 2.67 (s, 3H, COMe), 3.93 (s, 3H, OMe), 6.38 (s, 1H, H-5),
13.68 (s, 1H, OH).
I3C NMR (151 MHz, CDCl3): & [ppm] = 20.97 (Me), 33.66 (COMe), 55.58 (OMe),
102.97 (C-5), 109.41 (C-3), 117.38 (C-1), 147.54 (C-6), 160.79 (C-4), 162.40 (C-2),
204.77 (COMe).
IR (ATR film): ¥ [em '] = 1599, 1360, 1283, 1202, 1119, 9693, 865, 834, 655, 573, 534.
HR-MS (ESI): m/z calcd. for [C20H2306]" ([M + H']) = 359.1489, found: 359.1492.
Optical rotation:  [a]*’p = +51.2° (£0.2°, duplicate) (¢ = 1.02, CHCls, Sa, >99%ee)
(+43.1) (Greb et al., 2023).
HPLC: Lux® Amylose-1 (Phenomenex) 250 x 4.6 mm, 25 °C, 0.5 mL min"!, 274 nm,
n-heptane:i-propanol 50:50 (v/v): tr(Sa) = 7.4 min, tr(Ra) = 11.0 min.
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1.2.6 2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-6,6'-
dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-
1-one) (2ab)

A vial equipped with a stir bar was charged with acetophenone 7 (100 mg, 0.279 mmol,

1.0 equiv, >99%ee Sa) and ethanol (1.0 mL, 0.28 M) and an aqueous solution of KOH

(1.12mL, 3.35 mmol, 12.0 equiv). Once fully dissolved, benzaldehyde (67.7 uL,

0.670 mmol, 2.4 equiv) were added at once. The mixture was stirred for 4 h at 22 °C after

which aq. HCl-solution (1 M, 4 mL) was added. The forming solids were filtered off and

washed with MeOH:H>O (8:2, 10 mL). The solids were then dissolved into a round
bottom flask using CH>Cl> and solvents removed in vacuo. The product was isolated by

column chromatography (100% CH2ClLz). The isolated product was suspended in n-

pentane (2 x 5 mL) and sonicated to remove traces of CH>Cl,. The solvent was then

removed in vacuo. The product was isolated as orange amorphous solids in a yield of

81.0 mg (0.152 mmol, 54%, >99%ee S.).

In a repeat experiment starting from (100 mg, 0.279 mmol, 1.0 equiv, >99%ee R.) the

product was isolated as orange amorphous solids in a yield of 91.1 mg (0.170 mmol, 61%,

>99%ee R.).
TLC (100% CH2Clz): Rr=0.36 (yellow spot)
Melting point: 213 -215 °C (rac)

190 — 192 °C (S,)

191 — 192 °C (R.)
- & [ppm] = 2.12 (s, 6H, Me), 4.00 (s, 6H, OMe), 6.44 (s, 2H, H-5), 7.37 — 7.45 (m, 6H,
H-3"+H-4"), 7.59 — 7.65 (m, 4H, H-2""), 7.80 (d, J = 15.6 Hz, 2H, H-3"), 7.94 (d, J =
15.6 Hz, 2H, H-2), 13.71 (s, 2H, OH).
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13C NMR (151 MHz, CDCI3): 8 [ppm] =21.06 (Me), 55.96 (OMe), 103.50 (C-5), 110.07
(C-3),117.82 (C-1), 128.16 (C-2’), 128.56 (C-2""), 129.04 (C-3""), 130.24 (C-4"’), 135.76
(C-17"), 142.55 (C-3°), 147.57 (C-6), 160.38 (C-4), 162.89 (C-2), 194.30 (C-1").

IR (ATR film): ¥ [em '] = 3104, 3026, 2970, 2942, 2250, 1628, 1609, 1564, 1448, 1388,
1361, 1329, 1272, 1214, 1179, 1115, 1073, 1038, 976, 948, 907, 869, 817, 789, 758, 725,
688, 647, 565, 534, 494.

HR-MS (ESI): m/z calcd. for [C34H3106]" ([M + H']) = 535.2115, found: 535.2122.
elemental analysis (calcd., found for C34H300¢): C (76.39, 76.31), H (5.66, 5.59). (rac)
elemental analysis (calcd., found for C34H300s): C (76.39, 76.13), H (5.66, 5.62). (Sa)
elemental analysis (calcd., found for C34H300s): C (76.39, 75.91), H (5.66, 5.72). (R.)

Chiral HPLC: >99% ee (Sa)
>99% ee (Ra)
Purity: >99% (normal phase HPLC), >99% (reverse phase HPLC) (Sa)

>99% (normal phase HPLC), >99% (reverse phase HPLC) (Ra)
96% (reverse phase HPLC), (elemental Analysis) (rac)
Optical rotation:  [a]*p =+128.7° (£0.1°, duplicate) (c = 0.964, CHCls, Sa, >99%ee)
HPLC: Lux® Amylose-1 (Phenomenex) 2504.6 mm, 25 °C, 0.5 mL min', 331 nm,
n-heptane:i-propanol 50:50 (v/v): r(Sa) = 14.7 min, fr(Ra) = 24.2 min.

2 HPLC Chromatograms
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Absorbance [mAU]

350

7,36 min

9,84 min

WVL:274 nm

No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %o
1 7,36 na 298,249 45200 50,29 na. BMB
2 9.84 n.a. 208,902 44683  49.71 n.a. BMB
Total: 507,151 89,883 100,00 0,000

'50 T

T | T
10,0

T | T
15,0

T | T
20,0

Retention Time [min]

Figure S8: HPLC Chromatogram of biacetophenone 7 (rac)

Absorbance [mAU]

7,50 min

WVL:274 nm

No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU __ mAU*min %
1 750 n.a. 389,629 63,949 99,78 na. BMB
2 10,39 n.a. 1,019 0,142 0,22 n.a. BMB*
Total: 390,648 64,091 100,00 0,000

e
10,0

——
15,0

e
20,0

Retention Time [min]

Figure S9: HPLC Chromatogram of biacetophenone 7 >99%ee (Sa).
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600 d WVL:274 nm
50077 11,04 min
)
q: 375 N Ret.Til Peak N: Height Al Rel.Al A it T
E 0. er.nilr:ﬂe eal lame ::gu mALi?“in el .%rea moun ype
—_ 7 1] 1104 na 462,473 124,451 100,00 na__ BMB
8 | Total: 462,473 124,451 100,00 0,000
Q d
té! 250i
o ]
73]
_Q -
< 1
125 ‘
— 1 llk : — -
-50 ' ! ! ! [T T T T !
0,0 5,0 10,0 15,0 20,0 25,0 30,0
Retention Time [min]
Figure S10: HPLC Chromatogram of biacetophenone 7 >99%ee (R.).
35.0 ) WVL:331 nm
T 13,62 min
E No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
- 1 13,62 n.a. 30,826 11,340 50,63 n.a. BMB
2 22,09 n.a. 18,030 11,059 49,37 n.a. BMB
5 - Total: 48,856 22,400 100,00 0,000
T 20,0+ 22,09 min
5 |
O
b 4
0]
£ |
@ 10,0 \
ia!
< 4
| |
P __x\_.al. I\__J _L/_\_ﬂ—\-—\_—l—\—n—_ e
'5,0 T T | T T T | T T T T T T T T T T
0,0 10,0 20,0 30,0 40,0 50,0 60,0
Retention Time [min]

Figure S11: HPLC Chromatogram of bichalcone 2ab (rac).
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1605 WVL:331 nm
24,20 min
=) —
2 100
E
)
Q
c
©
3 i
o 50— No. | Ret.Time Peak Name Height Area  Rel.Area Amount Type
a min mAU _ mAU*min %
< 7 1 24,20 n.a. 130,014 90,796 100,00 n.a. BMB
Total: 130,014 90,796 100,00 0,000
_20 T T T | T T T T | T T T T | T T T T | T T T | T T T T
0,0 5,0 10,0 15,0 20,0 25,0 30,0
Retention Time [min]
Figure S12: HPLC Chromatogram of bichalcone 2ab >99%ee (R.).
400 WVL:331 nm
i 14,73 min
300
S A ‘ No. Retr."‘[i:ne Peak Name H:‘iint m::,e:“i" Rel.;rea Amount Type
( 1 14,73 n.a. 328,076 132,334 100,00 n.a BMB
é ‘ Total: 328,076 132,334 100,00 0,000
o 200
2 |
c
©
3 1
o i
w
2 100
|‘ ~'
1t ‘k |
SO0 L
0,0 5,0 10,0 15,0 20,0 25,0 30,0
Retention Time [min]

Figure S13: HPLC Chromatogram of bichalcone 2ab >99%ee (S4)

2.1 Stability Experiments
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To investigate the stability of bichalcone 2ab, we submitted the racemic mixture to

various conditions.

Method:

Hyperclone 5 p ODS (C18), 125*%4 mm, 120 A, Fa. Phenomenex, 1 mL/min, A: H>O; B:

Methanol
Gradient:

0-2 min
2-15 min
15-20 min
20-21 min
21-30 min

10% B/90% A

Gradient 10% B/90% A to 100% B/0% A
100% B/0% A

Gradient 100% B/0% A to 10% B/90% A

10% B/90% A

Table S3: Purity results of the stability experiments over a varying time span at different

temperatures.
Entry Variations Time Purity [%]
1 22 °C, DMSO 24 h 75.9
2 40 °C, DMSO 24 h 76.6
3 -20 °C, DMSO 6 months 96.2
3 40 °C, MeOH, KOH 24 h 35.6
4 40 °C, MeOH 24 h 89.7
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Table S4: Reverse Phase HPLC chromatogram of bichalcone 2ab (rac) in DMSO stock solution at
22 °C for 24 h.

4.501 mAU

T ™ .:...:..F._é:...:.............:....:....:..m.-[r:ml

Index | Name Time Quantiiy Height Area | Area %
Min] | [% Area] | [mAU] | [mAU.Min Y%

1 UNKNOWN | 15.479 501] 164.3 39.7 5.008

2 [UNKNOWN | 16.439 87.93 44379 696.2| 87.931

4 [UNKNOWN | 16.905 598 4285 47.3 5.980

3 [UNKNOWN | 17.439 1,08 78.6 8.6 1,081
Total 100,00 {5109.3 791.81100.000
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Table S5: Reverse Phase HPLC chromatogram of bichalcone 2ab (rac) in DMSO stock solution at
40 °C for 24 h.

40003 MU

T ™ — — '..W:....:....:....:....:....:..HT[r:ml
Index [ Name Time Quantity Height Area| Area %
Min] | [% Area] | [mAU] | [mAU.Min Y%

1 UNKNOWN | 15,239 0,23 19.0 1.6 0,234

3 TUNKNOWN | 15,559 499| 1478 34.9 4,986

2 [ UNKNOWN | 16.425 88.2314142.5 617.8 | 88.234

4 | UNKNOWN | 16,905 5671 3675 39.7 5,666

5 [TUNKNOWN | 17.425 0.88 60.0 6.2 0,880
Total 100,001 4736.8 700.2 ] 100,000

Table S6: Reverse Phase HPLC chromatogram of bichalcone 2ab (rac) in DMSO at -78 °C for

6 months.
| L e e e e e Tt Tt :....:....:..ﬁv’b—iq'—_v—é..:....:....l.... ..... Tt F\T.[njn].
Name Time Quantity | Height Area| Area %
Min] | [% Area] ] [mAU] [ [mAU.Min %
2 TUNKNOWN [ 15.546 1.91 148 3.0 1.910
1 JUNKNOWN | 16.545 98.09]1353.7 153.2] 98.090
Total 100.00] 1368.5 156.2 1 100.000
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Table S7: Reverse Phase HPLC chromatogram of bichalcone 2ab (rac) in MeOH/aq. KOH solution
at 40 °C for 24 h.

IIIIIIIIII All“H(ISII”{3””1'0””1l2lII'#WIEHHZ:O'II'?Z—I!!”Z:I”'IZIG”IIZIBI'HT[r:W;I'O
Name Time | Quantity | Height Area| Area %
Min] [ [% Area] | [mAU] | [mAU.Min Y%

UNKNOWN | 14.026 1.04] 56.6 7.1 1.043
UNKNOWN | 14,732 0.11 6.4 0.8 0,113
UNKNOWN | 14,932 0.41 21.2 2.8 0.413
UNKNOWN | 15,212 0.24 13.1 1.6 0.238
UNKNOWN | 15.506 24.6611318.7 168.8 | 24.655
UNKNOWN | 16.119 148] 89.1 10.1 1.477
UNKNOWN | 16,372 67.7114914.3 463.6 | 67.707
UNKNOWN | 16.879 1.63] 982 10.5 1.5629
UNKNOWN | 17,399 0.32 18.4 2.2 0,315
UNKNOWN | 22.225 2.51 60.7 172] 2.508

Total 100.00 ] 6596.6 684.71100.000

Table S8: Reverse Phase HPLC chromatogram of bichalcone 2ab (rac) in MeOH at 40 °C for 24 h.
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Index | Name Time | Quantity | Height Area | Area %
Min] | [% Area] | [mAU] | [mAU.Min %

1 UNKNOWN | 15.212 0,13 10.0 0.7 0,129 |
2 | UNKNOWN | 15.439 2.19]| 488 116 2.187
3 JUNKNOWN]16.132 0,18 8.1 0.9 0.177
4 | UNKNOWN | 16.372 94.8913972.3 504.6] 94.895
5 JUNKNOWN | 16.879 261] 1284 139 2612
Total 100,001 4167.6 531.81100.000

2.2 TIMS-HPLC-HRMS

The additional peaks observed when stirring (Sa)-bichalcone 2ab at elevated Temperature
in KOH/MeOH were investigated by Bruker® timsTOF Pro (PASEF®) at a flow rate of
3 uL min!' and ionized using ESI-MS, with TIMS-on. In total, six isomeric peaks could
be observed, which is in line with the expected number of isomers for bichalcone (1x),

flavanone-chalcone (2x) and biflavanone (3x).

Intens.
)(1 04 Intens. 535.2116 MKL0037.d: +MS, 0.91-1.30min, #52-76|
. x103 |
. | # ccs[A
5 0.75
1 23_4- ? J[’\\ 0.50 536.2151
|' -I 0.25 537.2193
2 226.2 (1 oo | 1 L
3 i || 'I 534.5 535.0 535.5 536.0 536.5 537.0 537.5 m/z
3 230.4 I|' |I
4 233.8 | I'|
2l s 238.0 ||
: 248.3 [
| i
II Il
14 | '-
rl |I III
-~ \1 2 ] I.
,'/ \ ‘ 3\ :II I‘.\ 6
o SN A \_ yas
220 225 230 235 240 245 250 CCS [A7]

Figure S14: Extracted mobilogram for [M+H"] of 535.2115 separated by trapped ion mobility using
collisional cross section (CCS) analysis
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2.3 Reverse Phase purity

We assessed the purity of both enantiomers of bichalcone 2ab and the racemic mixture

by reverse phase HPLC.

3.8008 mAL RO TATA T T o]
3.60

3.40

3.20

3.00

2.80

260 Index | Name Time | Quantity | Height Area | Area %

2.40 [Min] | [% Area] | [mAU] | [mAU.Min] [%]

220 1 |UNKNOWN|16.932| 100.00]37350 3923 [ 100,000

2.00

1.80 Total 100.00 | 3735.0 39231100000

1.60 OMe O

1.408

1.20

1.00

80

a0

40

20

200t ]

0 2 4 =] 28

Figure S15: Reverse Phase HPLC chromatogram of bichalcone 2ab (S.).

3.400F mau MKL37.6-53.DATA [340,00 nm
3.20

3.00

2.80

2.80

2.40 )

2.20 Index | Name Time | Quantity | Height Area| Area %

500 [Min] | [% Area] | [mAU] | [mAU.Min] [%)]

1.80 1 [UNKNOWN | 15.799 0.29 5.1 1.3] 0289

\e0 2 |UNKNOWN|[16652| 99.71]3294.8 4342 99711

: Zg Total 100.00]3299.9 435.5]100.000

1.00 ‘

B0

B0

a0

20 k

o -
AT [min
0 2 4 = a 10 12 14 18 18 20 22 24 26 28 30

Figure S16: Reverse Phase HPLC chromatogram of bichalcone 2ab (R.).
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3 NMR spectra
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Figure S17: 'H- and '*C-NMR spectra (600 / 151 MHz, CDCL) of 2-(4-methoxy-2-(methoxymethoxy)-
6-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5).
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Figure S18: "B-NMR spectrum (x MHz, CDCls) of ArBpin (5).
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Figure S19: 'H- and *C-NMR spectra (600 / 151 MHz, CDCls) of 4,4'-dimethoxy-2,2'-
bis(methoxymethoxy)-6,6'-dimethyl-1,1'-biphenyl (6).

129



Publications

o}
6]
[m]
(&)
© (=R =R o = ~
N W< N~ ] @
~ [RCRCRE] ~ R -
| e | | |

|
| u \A
) l
oy T T 7
n < o M~ w0
83 8 5 8
o N o~ w w
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
8(**C) [ppm]
o
Q
[m]
oD M wn < o
= B e} IS 0 © ~ o
~ 5 = - o 0 - @ <2}
O v < - O [=e] M~ e} [}
T T 79 T ¥ T

Me
HO

OH
Me

Q O g
=
@

OMe

T T T T T T T T T T

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
8(**C) [ppm]

Figure S20: 'H- and 1*C-NMR spectra (600 / 151 MHz, CDCL) of 4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-2,2'-diol (3).
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Figure S21: 'H- and 3C-NMR spectra (600 / 151 MHz, CDCL) of rac-1-(2-hydroxy-6-methoxy-4-
methylphenyl)ethan-1-one (7).
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Figure S22: 'H- spectrum (600 MHz, CDCL) of (+)-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-
6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (2ab, Ss).
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Figure S23: 'H- spectrum (600 MHz, CDCl) of (-)-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-
6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (2ab, R.).
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Figure S24: 'H- spectrum (600 MHz, CDCL) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-
6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (2ab, rac).
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Figure S25: 3C- spectrum (151 MHz, CDCL) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-
6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (2ab, rac).

Biological data
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Figure S26: Effects and ICso values of chalcones and bichalcones on 7. gondii proliferation.

T. gondii MEA49 tachyzoites were incubated with various concentrations of chalcones and bichalcones and
the [*H]-uracil incorporation assay was performed to assess their activity as described in the Materials and
Methods. Plots represent nonlinear regression curves and ICso values of 1aa (A); 2aa (B); 1ab (C); 2ab
(D); 1ac (E); 2ac (F); 1ad (G); 2ad (H); 1ae (I); 2ae (J); 1af (K); 2af (L); 1ag (M); 2ag (N); 1ba (O); 2ba
(P); 1bb (Q); 2bb (R); 1bc (S); 2be (T); 1bd (U); 2bd (V); 1be (W); 2be (X); 1bf (Y); 2bf (Z); 1bg (AA);
2bg (AB) against 7. gondii proliferation. The control samples included untreated and uninfected Hs27 cells
(represented by pink triangles), infected Hs27 cells pre-stimulated with IFNy for 18 h (represented by green
triangles) and untreated 7. gondii-infected Hs27 cells (represented by red squares). Values presented in the
tables indicated the means of three independent experiments each performed in duplicate (n = 6) £ SEM.
ICs values are shown.
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Figure S27: Effect of chalcones and bichalcones on the viability of human Hs27 fibroblasts.

Cytotoxic effect of 1aa (A); 2aa (B); 1ab (C); 2ab (D); 1ac (E); 2ac (F); 1ad (G); 2ad (H); 1ae (I); 2ae
(I); 1af (K); 2af (L); 1ag (M); 2ag (N); 1ba (O); 2ba (P); 1bb (Q); 2bb (R); 1bc (S); 2be (T); 1bd (U);
2bd (V); 1be (W); 2be (X); 1bf (Y); 2bf (Z); 1bg (AA); 2bg (AB) against human cell lines Hs27 as
determined by MTT assay. 100% growth control DMSO, 0% growth control staurosporine. Values shown
in the figures represent the means of three independent experiments each done in duplicate (n = 6) £ SEM.
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Figure S28: The anti-toxoplasma activity and cytotoxicity of the pure enantiomers (Sa)-2ab and (R.)-
2ab and the racemic solution 2ab compared with pyrimethamine.
The inhibitory activities of the enantiomers (Sa)-2ab (A), (Ra)-2ab (C), the racemic solution 2ab (E) and

PYR (G) were determined by the T. gondii in vitro inhibition assay via the [*H]-uracil incorporation into
the RNA of the parasite. The cytotoxicity of (Sa)-2ab (B), (Ra)-2ab (D), the racemic solution 2ab (F) and
PYR (H) was measured by MTT assays. Data shown are from the means of three independent experiments
each performed in duplicate (n = 6) + SEM. ICsp and CCsp values of each compound are shown.
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Abstract

Toxoplasma gondii is a widely distributed apicomplexan parasite responsible of
toxoplasmosis, a critical heath issue for immunocompromised individuals and for
congenitally infected foetuses. The current treatment options are limited in number and
associated with severe side effects. Thus, novel anti-toxoplasma agents need to the
identified and developed. 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) is
the rate-limiting enzyme in the non-mevalonate pathway for the biosynthesis of
isoprenoids in the parasite, and has been deeply investigated for its key role in the
pathway in various species, and in particularly, for the development of novel
antimicrobial agents. In the present study, we present the first crystal structure of 7. gondii
DXR in a tertiary complex with the inhibitor fosmidomycin and the cofactor NADPH in
dimeric conformation at 2.5 A resolution. The structure reveals crucial inhibitor s binding
interactions. In addition, we biologically characterize a-phenyl-8-thia and -oxa reverse
fosmidomycin analogues and show that they are strong inhibitors of 7gDXR in vitro
which also inhibit 7. gondi in vivo, thereby establishing themselves as potent anti-
toxoplasma agents. These findings could support the future design and development of

more potent anti-toxoplasma compounds.

Keywords
Toxoplasma gondii, DXR, Crystal structure, Enzymatic assay, Growth inhibition, SAXS,

fosmidomycin, DXR inhibitors, parasite, antiinfective

1 Introduction

Toxoplasma gondii (T. gondii), the causative agent of toxoplasmosis, is an obligate
coccidian parasite member of the phylum Apicomplexa (Levine, 2018). As all
apicomplexans, 7. gondii possesses a complex and heteroxenous life cycle alternating
between sexual stages that occur exclusively in the intestinal epithelium of their definitive
hosts (the family Felidae), and asexual stages that can take place virtually in any warm-
blooded animal, including humans (Lourido, 2019). Therefore, the pathogenesis of 7.
gondii is profoundly influenced by the growth rate of its asexual stages (White &
Suvorova, 2018). It has reported that, in the United States, around 11% of the population

aged 6 years and older have been infected with 7. gondii (Prevention). In humans, the
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primary route of infection is foodborne, caused by the consumption of raw or
undercooked meat that contain tissue cysts (bradyzoites) or by ingestion of contaminated
vegetables or water containing spores (sporulated oocysts) (Krueger, Hilborn, Converse,
& Wade, 2014; Pleyer, Gross, Schliiter, Wilking, & Seeber, 2019). In healthy and
immunocompetent individuals, toxoplasmosis typically remains asymptomatic or
manifests with flu-like symptoms, since the infection is efficiently controlled by a fully
functional immune system (Johnson, 1992; Montoya & Liesenfeld, 2004). In the other
hand, the disease poses a significant concern in immunocompromised individuals, for the
reactivation of latent infection with severe clinical manifestations, such as chorioretinitis,
encephalitis, pneumonitis and sepsis-like symptoms (Basavaraju, 2016). Moreover,
pregnant women are at relevant risk, as they can transmit the infection congenitally to the
foetus, which could have devastating consequences and even be fatal for the unborn child
(Deganich, Boudreaux, & Benmerzouga, 2022).

Currently, the gold-standard treatment for toxoplasmosis remains the antifolate
combination of pyrimethamine and sulfadiazine (PYR-SLZ) (Dunay, Gajurel, Dhakal,
Liesenfeld, & Montoya, 2018). Despite the advancements in target-based drug
development in the post-genomic era, human toxoplasmosis lacks sufficient treatment
options (Hemphill & Miiller, 2023). Furthermore, all the current available regimens suffer
from several limitations and negative aspects that compromise patient compliance and
overall effectiveness. These limitations include: a lack of specificity, that cause severe
and potentially fatal side effects; and the inability to effectively target bradyzoites, the
dormant cyst-form of the parasite, responsible for the latency of the infection (Alday &
Doggett, 2017). Therefore, novel, safer and more efficient therapeutic options are
urgently needed.

Since its discovery, the apicoplast, a non-photosynthetic plastid organelle in the
apicomplexan parasites has emerged has an attractive target for anti-infective drugs due
to its absence in mammalian cells (Hajj et al., 2021; McFadden, 2011). This plastid is
responsible for essential metabolic pathways for the parasite such as fatty acid, haem, iron
sulphur cluster, and isoprenoids synthesis among others (Lim & McFadden, 2010). The
2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, also called non-mevalonate
pathway (NMP), for the biosynthesis of isopentenyl pyrophosphate (IPP) and
dimethylallyl diphosphate (DMAPP), crucial metabolites for biosynthesis of isoprenoids
and essential for the organism, has gathered high interest as a potential drug target (Figure

1). Its enzymes are highly conserved in plastid-bearing organisms and most gram-
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negative bacteria, and there are no mammalian orthologues, as humans and animals use
the mevalonate pathway for the biosynthesis of isoprenoids (Allamand, Piechowiak,
Liévremont, Rohmer, & Grosdemange-Billiard, 2023; Ball et al., 2021; Wang & Dowd,
2018; Xu et al., 2013).

Mg2+
Pyruvate CO; NADPH NADP*
y A 1-Deoxy -D-xylulose 2-C-Methyl-D-erythritol
+ | — 5-phosphate aL» 4-phosphate
Glyceraldehyde (DXP) (MEP)
3-phosphate DXS DXR

CMP

C-Methyl- d- < t 4-Diphosphocytidyl-2-C- < 4-Diphosphocytidyl-2-C-
erythritol-2 4- methyl-D-erythritol 2- methyl-D-erythritol

cyclopyrophosphate phosphate (CDP-ME)
(MECPP) (CDP-MEP)

Isopenteny! pyrophosphate
(IPP)

(E)-4-Hydroxy-3- 3 __>> Isoprenoids
methyl-but-2-enyl >

pyrophosphate m
(HMBPP) Dimethylallyl pyrophosphate

(DMAPP)

Figure 1: The MEP pathway for the biosynthesis of isoprenoids
Modified from Frank et al.(Frank & Groll, 2017). Created with BioRender.com.

The 1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR, IspC, EC 1.1.1.267), the
second and rate-limiting enzyme in the MEP pathway, catalyses the isomerization and
the reduction of 1-deoxy-D-Xylulose 5-phosphate (DXP) into MEP via dependency of a
divalent metal cation and NADPH-dependent reduction (Figure 2, A). DXR enzymes
have been extensively investigated and characterized for their key role in the pathway,
and in particularly, for the development of novel antibacterial and antimalarial agents
(Proteau, 2004; Singh, Chevé, Avery, & McCurdy, 2007). Moreover, several structural
studies of this enzyme from a wide range of sources have been reported with high and
medium resolution, such as the crystal structure of DXR from E. coli (Mac Sweeney et
al., 2005), M. tuberculosis (Andaloussi et al., 2011), P. falciparum (Sooriyaarachchi et
al., 2016), but not from 7. gondii.
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Figure 2: Reaction catalysed by 1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) and the
inhibitor fosmidomycin

(A): The DXR enzyme catalyses the conversion of the substrate 1-deoxy-D-xylulose 5-phosphate (DXP)
into the product 2-C-methyl-D-erythritol-4-phosphate (MEP). The catalysis occurs with dependency of a
metallic dication (Mg?*") and NADPH as cofactors, via a two-step reaction: first, the retro-aldol/aldol
isomerization of DXP with the formation of the aldehyde intermediate (Munos, Pu, Mansoorabadi, Kim, &
Liu, 2009); then, a NADPH- depend reduction of the intermediate to MEP (Murkin, Manning, & Kholodar,
2014). Modified from Kuzuyama et al.(T. Kuzuyama, Takahashi, Takagi, & Seto, 2000). (B): Chemical

structure of the DXR inhibitor fosmidomycin. Created with BioRender.com.

Fosmidomycin (1) (Figure 2, B), a natural product originally isolated from the bacteria
Streptomyces lavendulae (Okuhara et al., 1980) was identified as a potent and specific
inhibitor of the DXR enzymes from E.coli (Tomohisa Kuzuyama, Shimizu, Takahashi,
& Seto, 1998) and P. falciparum (Jomaa et al., 1999). Unfortunately, this molecule faces
several limitations as a clinical therapeutic related to its pharmacokinetics: short plasma
half-life and rapid plasma clearance (Na-Bangchang, Ruengweerayut, Karbwang,
Chauemung, & Hutchinson, 2007); poor bioavailability due to the highly ionized nature
of the phosphonate group of fosmidomycin at physiological pH (Kuemmerle et al., 1985).
Its polarity affects also the permeability in several cell membranes, except E. coli
(Sakamoto, Furukawa, Ogihara, & Yamasaki, 2003) and P. falciparium (Baumeister et

al., 2011) that actively transport the compound. However, it is not effective in M.
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tuberculosis (Brown & Parish, 2008) and 7. gondii (Nair et al., 2011) due to the lack of
uptake systems.

Given the significance of this class of the compounds and with the aim to find more potent
inhibitors of 7gDXR with a better profile than fosmidomycin, in the present study we
successfully cloned, expressed, purified and biochemically characterized the recombinant
TgDXR. We report an X-ray structure of 7gDXR in a tertiary complex with the cofactor
NADPH and the inhibitor fosmidomycin, further defined by small-angle X-ray scattering
(SAXS) analysis. Moreover, we assessed the in vitro activity of previously described B-
thia and B-oxa isosters of reversed hydroxamic acid analogues of fosmidomycin (Briicher
et al., 2012; Kunfermann et al., 2013; Lienau et al., 2019) against the activity of the
recombinant 7gDXR enzyme and 7. gondii proliferation. These findings could support

the future design and development of novel anti-toxoplasma agents.

2 Results

2.1 Biochemical characterisation

2.1.1 TgDXR enzyme properties

We set out to functionally and structurally characterize the Hisi1o-7gDXR, which contain
the catalytic domain. To achieve this, we constructed a plasmid, which contains the
catalytic centre consisting of the NADPH binding site as well as the substrate-binding
site of the 7gDXR protein (amino acid 182 to 632) contains the catalytic centre consisting
of the NADPH binding site as well as the substrate-binding site (Figure S1). After
expression, the 7gDXR was purified to homogeneity as observed by a single symmetric
peak on the size exclusion chromatography profile and SDS-PAGE analysis (Figure 3).
The purified 7gDXR was then evaluated for its enzymatic activity through a
spectrophotometric assay measuring the oxidation of NADPH over time under various
conditions. The optimum of its catalytic capacity was reached with 100 uM of 1-deoxy-
D-xylulose 5-phosphate (DXP), 100 uM of NADPH, 4 mM of MgCl, and a pH of 7.5 at
concertation of 100 nM of 7gDXR (Figure 3). The kinetics parameters of 7gDXR were
also evaluated: the Km value for DXP was determined to be 30.58 £+ 6.33 uM, which is
comparable with the T7¢gDXR K, value obtained previously (Cai et al., 2013) and the
reported DXR Ky, values from other species, such as P/DXR (67 uM) (L Goble et al.,
2013) and MtDXR (47 uM) (Dhiman et al., 2005); the Km for NADPH was determinated
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as 51.30 = 11.84 pM (Figure 3).The Vmax was shown to be 0.83 mmol/min/mg,
comparable to P/DXR (1.04 mmol/min/mg ) (L Goble et al., 2013).

A B Effect of [DXP] C Effect of [NADPH]
Km = 30.58 £ 6.33 pM Km = 51.30 £ 11.84 yMm
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Figure 3: Purification of the Hisio-truncated 7gDXR and its optimisation and kinetic characterisation
(A): SDS-PAGE of samples taken during the purification of truncated Hisjo-truncated 7gDXR after
immobilized metal ion affinity chromatography (IMAC) and size exclusion chromatography (SEC). Marker
(M): PageRuler™ Prestained Protein Ladder, Thermo Scientific™, Thermo Fisher Scientific, Waltham,
MA, USA, #26616, molecular weights in kDa are indicated. Running Buffer: 20X NuPAGE™ MOPS SDS
Running buffer, Thermo Fisher Scientific, Waltham, MA, USA, #NP000102; (B): Effects of [DXP] on
TgDXR catalysed reaction. Km values of DXP and NADPH are shown; (C): Effects of [NADPH] on the
TgDXR catalysed reaction; (D): Effects of [Mg?'] on the TgDXR catalysed reaction; (E): Effects of pH on
the TgDXR catalysed reaction. See Materials and Methods section for the experimental conditions. Optimal
and selected concentrations or values are indicated (red line). Data shown are from the means of four

independent experiments, each performed in duplicate (n = 8) + S.D.

2.2 Structural characterisation of the 7gDXR catalytic domain
TeDXR was crystallised in the presence of the known inhibitor fosmidomycin using the
sitting drop method. The 3ul drops consisted of 1.5 pl protein ( 7.5 mg/ml in 20 mM TRIS
pH 7.5, 150 mM NacCl, 2% glycerol supplemented with 1mM fosmidomycin) mixed with
crystallisation buffer 1.5 pul 200 mM Na citrate tribasic, 27% PEG smear low, 150 mM
HEPES pH 7.8.

Crystals appeared within a few days and grew to their final dimensions within two weeks.

Before the crystals were flash-cooled in liquid nitrogen, they were transferred to a drop
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of the reservoir solution complemented with mineral oil. A high-resolution dataset was
collected and phased using the model of the DXR protein from E.coli (PDB entry: 1K5H)

(Reuter et al., 2002) revealing a dimer in the asymmetric unit.

2.2.1 The overall structure

The structure of TgDXR was solved and refined to 2.5 A resolution (data-collection and
refinement statistics are summarised in Table S2). The asymmetric unit contains one
homodimer. The r.m.s. difference between Co atom positions within in the two subunits
when they are superimposed is 0.3 A using all 347 Co. atoms. Residues 25-472 could be
modelled for both molecules from the electron-density map except the loop ranging from
amino acid 182-221 and were therefore not modelled in either of the two subunits. We
describe the overall structure for monomer A.

TgDXR is composed of three domains: an N-terminal NADPH-binding domain, a
connective domain and a C-terminal a-helical domain (Figure 4, A). These are arranged
in a V shape, where the N-terminal and C-terminal domains form the two arms and the
central domain lies at the vertex.

The N-terminal domain (residues 25—-171) consists of a Rossmann fold, with a B-sheet
containing seven parallel 8 -strands (81— 7, including a kink at residue 56 in 32), which
is flanked by a total of six a-helices (o 1-a6).

The N-terminal domain is connected via a long loop (residues 172-227) to the catalytic
domain. Of this loop, the largest part is not visible in the electron density and appears to
be flexible although NADPH and the inhibitor fosmidomycin are present. The catalytic
domain (residues 228-385) includes a four-stranded B -sheet ordered 39 - 38 - 310 - B11,
where B10 is positioned antiparallel to the other strands. This sheet adheres to the other
two domains by virtue of a layer of helices. 38 extents into a flexible loop consisting of a
broken helix a7 which then returns into the four-stranded B-sheet via o helix a8.

The C-terminal domain residues (386-472) features a four-helix bundle. The dimer
interface is created by interactions between the catalytic and connecting regions of each
subunit. A twisted eight-stranded B-sheet is formed using the four B-strands of each
catalytic domain, with the respective 311 strands positioned antiparallel at its central point
(Figure 4, B). Further antiparallel interactions between the 312 strands of each subunit

are found on the concave surface of this larger sheet; interactions at the C-terminal end
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of the B12 strand links them to the sheet, thus forming an imperfect ten-stranded B-barrel
as the core of the dimer interface.

In the electron density, NADPH can unambiguously be identified and modelled. NADPH
is bound to the Rossmann fold by interactions typically observed, while the
pyrophosphate moiety interacts with the consensus sequence GGGNGA, establishing
further interactions with the co-substrate NADPH which is bound at the identical position
as found in other DXR proteins (Henriksson et al., 2007; Mac Sweeney et al., 2005;
Umeda et al., 2011; Yajima et al., 2007). The binding of the adenine and pentose
phosphate moieties of NADPH is identical to that observed in the structure of the E. coli
DXR, in contrast, the nicotinamide ring of NADPH is ordered in this fosmidomycin

complex (Figure 4, C).
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A

C-terminal

N-terminal
four-helix bundle

dinucleotide
binding domain
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HIS-280

Figure 4: Structure of 7gDXR A
Overall structure of 7gDXR as observed in the crystal structure. Shown is chain A which is similar to chain
B, as calculated by comparing the RMSD of both monomers after superimposing which is 0.3 A overall.

Three different domains are observed and colour coded being the N-terminal nucleotide binding domain
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(blue) the connective domain (orange) and the C-terminal four helix bundle (green). B: The dimer of
TgDXR is highlighted as observed in the asymmetric unit of the crystal. The dimer interface is mediated
by the connective domain highlighted in orange in chain A. C: The binding site of fosmidomycin is shown
with in ball and stick representation. Fosmidomycin (blue) is bound via interaction with the sidechains of
Glu231, His280, and Asn298. All distances are indicated with black line with a maximum distance of 3.6A.

The distance of fosmidomycin to NADPH (purple) is 4.4 A, which is too large to allow activity.

2.2.2 Fosmidomycin binding site

Within the solvent-shielded cavity that is formed upon closure of the “lid” residues 281-
285 the inhibitor backbone lies parallel to the B-indole of Trp283 at a distance of
approximately 4 A. The hydroxamic acid moiety of the inhibitor binds to the side-chain
of Glu231. The sidechain of Glu231 itself is stabilized and positioned via interaction with
Lys299 (Figure 4, C). Fosmidomycin further interacts with the sidechains of Asn298 and
His280. The sidechain of Glu302 also points towards the fosmidomycin, however the
distance is roughly 4 A indicating a very weak interaction or maybe this interaction is

water mediated which however cannot be conclusively modelled at this resolution.

2.2.3 Small angle X-ray scattering of 7gDXR

The TgDXR protein was successfully crystallised and forms a dimeric conformation in
solution. However, parts of the protein were not visible in the electron density, likely due
to the flexibility, e.g. parts from the N-terminus and more importantly the flexible loop
region from the 7gDXR protein. These loop regions are special in this 7gDXR variant
and are not present in homolog structures. We used small-angle X-ray scattering to
determine the structure of the 7gDXR protein in solution. In the SEC-SAXS elution
profile (Figure 5, A; and Figure S2, A), 7gDXR elutes in one homogenous peak.
Evaluation of the data revealed a dimer in solution with the same shape and orientation
as determined by X-ray crystallography, with an R, value of 3.33 nm and a Dy value of
10.44 nm (Table S3). With the Ensemble Optimization Method (EOM), we modelled the
missing amino acids from the loop region and the N-terminus to each protomer, which
completed the structure. The corresponding scattering data with the EOM fit (y % 1.207)
is shown in Figure 5, B and the most representative EOM model in Figure 5, C. The
remodelled loops (37 amino acids each), covers the area between both protomers of

IgDXR. Its flexibility, evidenced by the absence of electron density in the crystal
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structure, led us to analyse the loop's position with EOM, resulting in a 60% occupancy
in this conformation.

The loop is located at the back side of the 7gDXR protein (Figure S, D) and therefore
does not play an immediate role in catalysis. Likely this highly flexible loop serves a more

stabilizing function.
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Figure 5: Small-angle X-ray scattering data from DXR and the most representative (62%) EOM
model

A: Chromixs SEC SAXS elution profile. Each frame corresponds to two sec. B: Scattering data of TgDXR.
Experimental data are shown in black dots, with grey error bars. The EOM ensemble model fit is shown as
red line and below is the residual plot of the data. The Guinier plot of 7gDXR is added in the right corner.
C: The rigid body protomers of 7gDXR from the crystal are shown in grey and cyan cartoon representation.
The determined flexible loop is shown as green and blue spheres. (The other EOM models can be found in
the supplementary part). D: The SAXS completed model of 7gDXR is shown as monomer with the flexible
loop shown in green spheres. The NADPH and fosmidomycin binding site is highlighted in yellow. It is

clear that the flexible loop is remote of the active site and likely serves a more stabilizing role in the dimer
of TgDXR.

155



Publications

2.3 In vitro biological evaluation
2.3.1 Reverse fosmidomycin thia analogues strongly inhibits
the activity of 7gDXR

Based on previous studies, demonstrating the effectiveness of reversed hydroxamic acid
analogues of fosmidomycin (1) as DXR inhibitors, with either a sulphur or an oxygen
atom located at the B-methylene group of the main chain of the ligand (Briicher et al.,
2012; Kunfermann et al., 2013; Lienau et al., 2019), we tested 5 reverse thia (Figure 6, 2
— 6) and 4 reverse oxa analogues (Figure 6, 7 — 10) for their enzymatic activity against
the purified recombinant truncated Hisio-7gDXR and determined their inhibitory

concentrations (ICso) and inhibitory constant (Ki) values.
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Figure 6: Chemical structures of DXR inhibitors investigated in this study

Interestingly, all the investigated compounds possessed 7gDXR inhibitory activity. In
particular, the reverse thia isosters revealed a marked increase on the activity than the
cognate reverse oxa compounds (Figure 7, Table 1 and Figure S5). Moreover, the
substitution at positions 3 and 4 of the phenyl moiety conferred the highest inhibitory
activity. The 3,4-difluorophenyl- (3) and 3,4-diclorophenyl- (4) substituted thia analogues
resulted in the most active compounds with a comparable ICso and Ki values lower than

the thia analogue 2, containing an unsubstituted phenyl moiety, the 3,5-difluorophenyl-
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(5) and 3,5-dimethoxyphenyl- (6) substituted derivatives, and additionally, more active
than 1 (Figure 7, Table 1 and Figure S5).
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Figure 7: In vitro inhibition of 7gDXR by most potent DXR inhibitors

The enzymatic inhibitory activity of 1 (A), 3 (B) and 4 (C) were determined by enzymatic assays in vitro.
Assays were performed in 96 well plates at 30 °C, containing 100 nM of purified 7gDXR protein in dimeric
state, 100 uM of NADPH and 4 mM of MgCl, as cofactors, 100 pM of DXP as substrate in 5S0mM HEPES
buffer (pH 7.5) containing 50 pg/mL of bovine serum albumin (BSA). The investigated compounds were
tested in a concentration range of 3.05 nM to 100 uM. Data shown are from the means of three independent

experiments each performed in duplicate (n = 6) £ S.D. ICs¢ values of each compound are shown.
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Table 1 | In vitro activity (ICso and K; values) of DXR inhibitors against 7gDXR enzyme

Compound ICs0 = S.D. (uM) Ki (uM)
1 1.03 +£0.21 0.31
2 1.23+£0.12 0.37
3 0.64 +0.38 0.19
4 0.62+0.12 0.19
5 2.45+0.54 0.74
6 3.90 £ 1.06 1.18
7 5.82+1.52 2.69
8 52.14+0.34 11.00
9 2.44 +0.43 0.74

10 7.68 +0.87 2.51

Values shown in the table represent the means of three independent experiments each done in

duplicate (n = 6) = S.D.

2.3.2 Reverse fosmidomycin analogues inhibit the growth of 7.
gondii in vitro
To determine if reverse thia and reverse oxa analogues of 1 (Figure 5) could inhibit 7.
gondii proliferation in vitro, we conducted an evaluation to assess their anti-parasitic
activity and their ICso values against the proliferation of 7. gondii type Il ME49 strain
with an *[H]-uracil incorporation assay in vitro. Interestingly, contrary to 1 that showed
no activity as also previously reported (Baumeister et al., 2011; Brown & Parish, 2008;
Briicher et al., 2012; Cai et al., 2013; Kunfermann et al., 2013; Lienau et al., 2019; Nair
et al., 2011), the investigated compounds 3, 4, 5, 6, 7 demonstrated activity against 7.
gondii growth (Figure 8, Table 2, Figure S6). Moreover, as was first shown in the
enzymatic assays, a marked increase in activity for the thia isosters compared to the oxa
isoster was observed. Notably, the thia analogue 4 demonstrated the highest inhibitory
activity (ICso = 5.46 uM) (Figure 8 , Table 2 and Figure S6). This compound differ from

the other thia compounds for a 3,4-dichlorophenyl on main chain of the ligand.
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Figure 8: Anti-toxoplasma activity and cytotoxicity on human fibroblasts Hs27 of fosmidomycin and

the 3,4-dichlorophenyl-thia analogue

The antiprotozoal activity of 4 (A) was determined by the 7. gondii inhibition assay via the amount of [*H]-

uracil incorporation into the RNA of the parasite in vitro. Cytotoxicity of 4 (B) was measured by MTT

assays on human fibroblasts Hs27. Data shown are the means of three independent experiments each

performed in duplicate (n = 6) + SEM. ICso £ S.D. and CCs values of compound 4 are shown.
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Table 2 | In vitro activity against 7. gondii ME49 tachyzoites and their cytotoxicity on human
fibroblasts Hs27 of DXR inhibitors

Compound ICs0 = S.D. (uM) CCso (uM)
1 > 200 > 200
2 > 100 > 200
3 14.39+1.94 > 200
4 546 +1.22 > 200
5 55.99+6.11 > 200
6 12.51 £5.56 > 200
7 48.20 + 8.56 > 200
8 > 100 >200
9 > 100 >200

10 > 100 > 200

Values shown in the table represent the means of three independent experiments each done in

duplicate (n = 6) = S.D.

2.3.3 Reverse fosmidomycin analogues are not cytotoxic on
human host cells

In order to assess the host cell cytotoxicity of the investigated compounds, MTT assays
with Hs27 cells and the compounds were performed. Similar to 1, all the reverse thia and
oxa analogues did not show any detectable host cytotoxicity at the concentration range of
0.19 — 200 uM (Figure 7, Table 2 and Figure S6). Therefore these compounds appear

to have a good therapeutic index.

3 Discussion

Toxoplasmosis is a widespread disease and current treatment regimens are related with
adverse effects and additionally, are not able to eradicate the latent phase of the infection.
Thus, the identification of novel drug targets is crucial for the development of novel,
potent and safer anti-toxoplasma compounds for improving the health of patients at risk

of toxoplasmosis (Angel et al., 2020). The MEP pathway has been well established as a
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promising drug target for novel antimicrobial agents, due to its crucial role on the viability
of the microorganism and, additionally, its absence in the human host, that allows the
development of novel drugs that selectively inhibit this biochemical pathway and
reducing the risk of harmful side effects (Rodriguez-Concepcion, 2004).

DXR inhibitors are a class of antimicrobial agents studied intensively in P. falciparum,
E. coli and M. tuberculosis. From previous SAR studies, it has been shown that the retro-
inversion of the hydroxamate moiety of 1 and its N-methylation strongly improve the
hydrophobic interaction of Trp212 of EcDXR (Woo, Fernandes, & Proteau, 2006) and
that the addition of the a-phenyl substitution of the N-methylated reverse fosmidomycin
analogues strongly inhibits the growth of the apicomplexan parasite P. falciparum
(Behrendt et al., 2010; Behrendt et al., 2011). Moreover, the investigation of the biosteric
a-phenyl-B-oxa and B-thia-substituted analogues resulted in increased activity of the thia
analogues against EcDXR and MfDXR than the cognate carba analogues, due the
interaction of the sulphur atom with the conserved Met298 within the flexible loop of the
enzymes (Behrendt et al., 2011; Knak et al., 2022; Kunfermann et al., 2013).

DXR inhibitors against 7. gondii have been already investigated by Cai et al., precisely
a-phenyl and a-pyridine substituted fosmidomycin analogues, pyridine containing
phosphonate compounds, non-hydroxamate phosphonate inhibitors containing a pyridine
and 1-hydroxy-5-phenylpyridin-2-one moiety without a phosphonate group. All the
compounds were active against 7¢gDXR, but none of them inhibited the parasite growth,
probably due to the permeability barrier posed by parasite plasma membrane of 7. gondii
that is lacking the fosmidomycin transporter GlpT (Nair et al., 2011).

In the present study, we present the first crystal structure of 7gDXR in tertiary complex
with NADPH and the inhibitor 1. No magnesium ion was observed in this structure
despite the fact that it is essential for activity and was included in the crystallization
experiments, which also was the case for the E.coli DXR protein (Mac Sweeney et al.,
2005). The overall structure of 7gDXR is resembling its counterparts in various species
(Henriksson et al., 2007; Mac Sweeney et al., 2005; Reuter et al., 2002; Umeda et al.,
2011). The binding site for fosmidomycin consists of the same amino acids as seen for
the EcDXR, indicating that the domain of 7gDXR is similar to the EcDXR domain
(Figure 4, C). The distance of the hydroxymate region of fosmidomycin to the NADPH
is 4.4 A, which is too large for conversion (indicated by the yellow line in Figure 4, C).
With the substrate DXP, the distance to NADPH is reduced, as an additional bond length

is strategically positioned to facilitate the occurrence of the reaction. Since the structure
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is of medium resolution, we could not identify water molecules with certainty, likely
however they play a role in catalysis as shown before (Mac Sweeney et al., 2005).
Moreover the parts of the protein that were not visible in the electron density were
determinated through SAXS, unveiling their peculiarity. With SAXS however only the
position of the C-alpha atoms can be determined, and atomic detail of the side chains is
lacking which would allow a more detailed description.

In addition, we performed a biological investigation on 7gDXR, repurposing already
investigated reverse a-phenyl-B-oxa and B-thia-substituted analogues of (1) which were
previously described as potent inhibitors of P. falciparum, E. coli and M. tuberculosis
DXR enzymes (Briicher et al., 2012; Kunfermann et al., 2013; Lienau et al., 2019) against
the activity of TgDXR and for inhibition of 7. gondii proliferation. We show that all the
investigated compounds possess 7gDXR inhibitor activity, with the thia analogues
presenting a more pronounced activity than the reverse oxa analogues. Moreover, we
noticed that the 3,4 halogen substitution of the phenyl moiety of the reverse thia analogues
confers the highest potency against the enzyme activity of 7gDXR. In the cell-based
assays, we demonstrated that reverse analogues 3 - 7 inhibit 7. gondii proliferation in
contrast to (1). Once more, we observed a trend within the thia analogues, showing higher
potency compared to the cognate oxa analogues. Furthermore, in this context, the reverse
3,4-dichlorophenyl substituted compound 4 emerged as the most potent one in inhibiting
T. gondii proliferation, with an ICso of 5.46 uM, presumably due the improved
lipophilicity of the 3,4-dichlorophenyl substitution that enhance cellular uptake (Haemers
et al., 2006).

4 Conclusions

In summary, in the present study we report for the first time the X-ray structure of 7gDXR
co-crystallized with fosmidomycin and the cofactor NADPH and its biochemical
characterization, as well as the identification of reverse a-phenyl-3-thia- and oxa-isosters
of fosmidomycin as novel anti-7. gondii agents with TgDXR inhibitory activity. The x-
ray structure of 7gDXR and all the information it provide could support the future design,
target-based optimization and development of novel DXR inhibitors against 7. gondii.
Further studies are needed for the identification of enhanced derivatives and to explore

the efficacy and the mode of action in vivo.
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5 Material and Methods

5.1 Biochemical characterisation
5.1.1 Sequence alignment
The amino acid sequence of the investigated protein 7gDXR (NCBI Reference Sequence:

XP _018635719.1) was compared with a multiple sequence alignment using Clustal

Omega sequence analysis tool (https://www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira et

al., 2022) with its default settings with DXR enzymes from other species that have been
extensively studied: P. falciparum DXR (PfDXR, NCBI Reference Sequence:
AADO03739.1), M. tuberculosis DXR (MtDXR, NCBI Reference Sequence:
OHO19719.1) and E. coli DXR (EcDXR, NCBI Reference Sequence: WP 302347400.1)
and visualized and the percentage of identity analysed with Jalview software version

2.11.2.7 (Waterhouse, Procter, Martin, Clamp, & Barton, 2009) (Figure S1).

5.1.2 TeDXR

The gene of 1-deoxy-D-xylulose 5-phosphate reductoisomerase of 7. gondii (TgDXR)
ME49 strain was identified using ToxoDB database (http://ToxoDB.org). The gene of
TgDXR (NCBI: NC 031478.1), optimized for expression in Escherichia coli (E. coli),

was obtained from GenScript (Piscataway Township, NJ, USA) as a synthetic gene
subcloned into the pET-16b plasmid, using Ndel/BamHI restriction sites. The resulting
expressed protein carries an N-terminal decahistidine tag (Hisio). However, the
purification of the recombinant Hisio-tagged 7gDXR proved to be challenging. To
overcome these issues and generate a soluble recombinant protein, another expression
plasmid was designed. We deleted 181 amino acids (2 — 182) of the 7gDXR sequence
representing the bipartite apicoplast targeting peptide (Cai et al., 2013) in order to
generate a soluble truncated Hisio-tagged 7gDXR contain the sequence of the catalytic

domain (Figure S1).
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5.1.3 Cloning of truncated His10-7gDXR and construction of
the expression plasmid

The generation of the truncated His1o-7gDXR commenced with the deletion of 181 amino
acids via Site-Directed-Mutagenesis method (Carter, 1986). For this purpose, the coding
sequence of the truncated 7gDXR was amplified from the pET-16b plasmid construct
with a polymerase chain reaction (PCR) (Manual, 2017) using the primers TgDXR-
del181AA Forand TgDXR-del181AA REV (Table S1). Then, the coding sequence was
purified through an 1% agarose gel purification (Lee, Costumbrado, Hsu, & Kim, 2012)
and ligate with a KLD- Enzyme Mix (KLD Enzyme Mix, New England BioLabs,
Frankfurt am Main, Germany, #M0554S) and the plasmids transformed into an E.coli
DH5a (DHS5a Competent Cells, Thermo Fisher Scientific, Waltham, MA, USA,
#ECO0112), streaked onto Luria-Bertani (LB) agar-plates containing ampicillin
(100pug/mL) (Ampicillin, Thermo Fisher Chemicals, Thermo Fisher Scientific, Waltham,
MA, USA, #J60977.14). To confirm the successful cloning, positive clones were
identified through PCR. Additionally, DNA sequencing was performed using T7 forward
and reverse primers for further verifications. The plasmid was extracted with a plasmid
miniprep kit (Monarch® Plasmid Miniprep Kit, New England BioLabs, Frankfurt am
Main, Germany, #T1010L).

5.1.4 Expression of truncated Hisio-7gDXR

The expression plasmid 7gDXR was transformed into the chemically competent E. coli
BL21 (DE3) cells (BL21 (DE3) Singles™ Competent Cells — Novagen, Merck KGaA,
Darmstadt, Germany, #70235). Then E. coli transformants were streaked onto Lauria-
Bertani (LB) agar-plates containing ampicillin (100pug/mL) (Ampicillin, Thermo Fisher
Chemicals, Thermo Fisher Scientific, Waltham, MA, USA, #J60977.14) and incubated
overnight at 37°C.

To express the His-tagged protein, 100 mL overnight pre-cultures were prepared using
fresh colonies from LB agar plates or 50% glycerol cryo stock stored at -80°C. The day
after, 1 liter (L) of freshly prepared and autoclaved LB media (10g Triptone, 5g yeast
extract and 5 NaCl) was supplemented with 100 ug/mL of ampicillin and inoculated with
the pre-cultures to an optical density at 600 nm (ODeoo) of 0.1. The main culture was then
incubated with shaking at 37°C and 180 rpm. At an ODeoo of 0.6, protein expression was

induced with the supplementation in the culture of isopropyl-B-D-thiogalactopyranosid
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(IPTG, Merck KGaA, Darmstadt, Germany, #16758) to a final concentration of 1 mM.
The main culture was further incubated for additional 2 hours with shaking at 37°C and
180 rpm. Afterwards, cells were harvested via centrifugation at 5,000 g, for 15 min at 4°C
(rotor SLC-6000, Sorvall, Thermo Fischer, Waltham, MA, USA), the supernatant
discarded, the pellet used subsequently or snap frozen in liquid nitrogen and short-term

stored at -20°C.

5.1.5 Purification of truncated His10-7gDXR

Truncated Hisio-7gDXR purification involved two main steps: immobilized metal ion
affinity chromatography (Ni-IMAC) and size exclusion chromatography (SEC).

Cells were thawed at 4°C and suspended with ice-cold lysis buffer A (50 mM NaH2POs,
300 mM NaCl, 20 mM imidazole, pH 8) supplemented with protease inhibitor cocktail
(cOmplete Protease Inhibitor Cocktail, Roche, Basel, Switzerland). Subsequently, cell
lysis was performed through the application of shear force using a cell
disruptor/homogenizer (M-110P Microfluidizer, Microfluidics Inc., Westwood, MA,
USA). This method was employed to effectively broke down the cells and release their
content. To eliminate cell membranes and other insoluble detritus, ultracentrifugation of
the lysate was performed at 45000 rpm, for 45 min at 4°C (Beckman Optima XE,
Beckman Coulter Inc., Brea, CA, USA). Then, the collected supernatant was purified via
Ni-IMAC at 4 °C on a Ni*" pre-treated HiTrap IMAC FF 5SmL column (Cytiva life
science, Marlborough, MA, USA, #17092104) using a protein purification system (Akta
purifier 10, GE Healthcare, Chicago, IL, USA). The protein was loaded on the column
with a flow rate of 1 mL/min. After binding, the resin was washed with buffer B (50 mM
NaH;PO4, 150 mM NaCl, 20 mM imidazole, pH 8) with the aim of remove the
nonspecifically bound proteins. Afterwards, the protein then eluted with gradually
increasing concentration of imidazole with buffer C (50 mM NaH>POs, 150 mM NacCl,
300 mM imidazole, pH 8). As determined by absorption at A 280 nm, the fractions
containing proteins were then pooled, concentrated and subjected to a SEC to further
improve its purity. SEC was performed on Akta purifier 10 equipped with a pre-
equilibrated Superdex 200 Increase 10/300 GL column (Cytiva life science,
Marlborough, MA, USA, #28990944) at a flow rate of 0.5 ml/min with buffer D (20 mM
Tris/HCI, 150 mM NaCl, 2% Glycerol pH 7.5). Dimeric protein was collected,

concentrated, aliquoted and snap frozen for their storage at —80°C.
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5.1.6 Determination of Protein concentration

The concentration of the protein was assessed by measuring its absorbance with a
microvolume UV-Vis spectrophotometer (NanoDrop ™ One, Thermo Fisher Scientific,
MA, USA) using protein-specific parameters, including the molecular weight (51,808
Da) and the extinction coefficient of the protein (34,420 M-! cm-!) obtained with the web-

software tool Expasy ProtParam (Gasteiger et al., 2005).

5.1.7 Sodium  Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

After IMAC and SEC, in order to detect the fraction contain the desired protein and assess
its purity and integrity, Sodium Dodecyl Sulfate — PolyAcrylamid Gel Electrophoresis
(SDS-PAGE) was performed (Figure 4) following the method described by Laemmli
(1970)(Laemmli, 1970). In brief, 10 ug of protein samples were mixed with a 5x protein
loading buffer (Pierce™ Lane Marker Reducing Sample Buffer, Thermo Fisher
Scientific, Waltham, MA, USA, #39000). Then, the mixture was boiled at 98°C for 5 min,
thawed at room temperature and loaded onto a polyacrylamide gel (NUPAGE™ 4-12%
Bis-Tris Gel, Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA,
#NP0335BOX), including a prestained ladder (PageRuler™ Prestained Protein Ladder,
Thermo Scientific™, Thermo Fisher Scientific, Waltham, MA, USA, # 26616). The
polyacrylamide gel was placed into a gel chamber (XCELL SureLock Mini-Well,
Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA, #EI0002), containing a
SDS running buffer (20x NuPAGE™ MOPS SDS Running buffer, Thermo Fisher
Scientific, Waltham, MA, USA, #NP000102). After the electrophoresis separation at
120V for 1 hour, the polyacrylamide gel was incubated with a Coomassie dye solution
(PageBlue™ Protein Staining Solution, Thermo Fisher Scientific, Waltham, MA, USA,
#24620). Gel imaging and visual documentation was employed with a gel imaging
systems (Gel Doc XR" Gel Documentation System, Bio-Rad Laboratories GmbH,
Hercules, CA, USA).

166



Publications

5.1.8 T. gondii DXR enzyme Kinetic characterization and
optimisation

In order to biochemically characterize the catalytic ability of the truncated 7gDXR for
the conversion of DXP into MEP in the presence of the cofactors Mg?" and NADPH, and
to determine the optimum conditions for maximum enzyme activity, the enzymatic assays
were monitored at 340 nm (maximal absorbance of NADPH) in different conditions.
The enzymatic activity was evaluated in fixed conditions, using 50mM HEPES buffer
containing 50 pg/mL of bovine serum albumin (BSA) containing 100 nM of purified
TeDXR protein in dimeric state. In each experimental evaluation, only one parameter was
varied: either the substrate (DXP) concentration (ranging from 7.8 uM to 500 uM), or the
cofactor NADPH (ranging from 7.8 uM to 500 uM), or Mg?*’concentration (ranging from
1 mM to 6 mM) or the pH (ranging from 5.5 to 9) (Figure 4)

For the determination of the kinetic parameters, various concentration of the substrate
DXP or NADPH were employed for the determination of the apparent Ku (substrate
concentration that yield a half-maximal velocity) and Viax (maximum velocity) for the
enzyme. These parameters where calculated by a non-linear regression with the software
GraphPad PRISM™ (Version 9.5.1; San Diego, CA) plotting the initial velocity of the

reactions and using the Michaelis-Menten model (Figure 4).

5.2 Structural characterisation of the DXR catalytic domain

5.2.1 Crystallization and structure determination of 7gDXR

TgDXR was crystallized by sitting-drop vapor-diffusion at 12 °C at a concentration of 20
mM TRIS pH 7.5, 150 mM NaCl, 2% glycerol mit 1 mM Fosmidomycin. Crystals formed
after a couple of days, were harvested cryo-protected with 20% ethylene glycol, washed
in mineral oil and flash frozen in liquid nitrogen. Diffraction data were collected at 100
K at beamline ID23-1 (ESRF, Grenoble, France) using a 0.9793 A wavelength. Data
reduction was performed using XDS (Kabsch, 2010) and aimless (Evans & Murshudov,
2013) from the CCP4 suite (Winn et al., 2011). The structure was solved via molecular
replacement with Phaser (McCoy et al., 2007). The initial model was refined alternating
cycles of manual model building in COOT (Emsley & Cowtan, 2004; Emsley, Lohkamp,
Scott, & Cowtan, 2010) and automatic refinement using Phenix (Liebschner et al., 2019)

version 1.19.2 4158. Data collection and refinement statistics are reported in Table S2.
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5.2.2 Small-angle-X-ray-scattering from DXR

We collected the SEC-SAXS data on beamline BM29 at the ESRF Grenoble (Pernot et
al., 2013; Pernot et al., 2010). The BM29 beamline was equipped with a PILATUS 2M
detector (Dectris) at a fixed distance of 2.827 m.

The SEC-SAXS measurement was performed at 10°C with a DXR protein concentration
of 8.00 mg/ml. The SEC-SAXS run was performed on a Superdex 200 increase 10/300
column (300 pl inject, Buffer: 20 mM Tris/HCL, 150 mM NaCl, 40 mM MgClz, 2%
glycerol, pH 7.5) with a flowrate of 0.5 ml/min. We collected 1500 frames with an
exposer time of 2 sec/frame and scaled the data to absolute intensity against water.

All used programs for data processing were part of the ATSAS Software package
(Version 3.0.5) (Manalastas-Cantos et al., 2021). Primary data reduction was performed
with the programs CHROMIXS (Panjkovich & Svergun, 2017) and PRIMUS (Konarev,
Volkov, Sokolova, Koch, & Svergun, 2003). With the Guinier approximation (Guinier,
1939), we determine the forward scattering /(0) and the radius of gyration (R). The
program GNOM (Svergun, 1992) was used to estimate the maximum particle dimension
(Dmax) with the pair-distribution function p(r). We used the partially solved crystal
structure as template in an Ensemble Optimization Method (EOM) (Bernado, Mylonas,
Petoukhov, Blackledge, & Svergun, 2007; Tria, Mertens, Kachala, & Svergun, 2015) and

added the missing amino acids from the loop region and the N-terminus to each protomer.

5.2.3 Visualization and analysis of molecular structures

For figure preparation of the crystal structures of 7gDXR enzyme we utilized PyMOL

software suite (www.pymol.org) (DeLano, 2002).

5.3 In vitro biological evaluation
5.3.1 Compounds

Fosmidomycin (1) (Fosmidomycin sodium salt, Invitrogen, Thermos Fisher Scientific,
Waltham, MA, USA, #FR-31564) was dissolved in Dulbecco’s Phosphate Buffered
Saline (DPBS (1x), Gibco-Thermo Fisher Scientific, Waltham, MA, USA, #14190144).
DXR inhibitors (((2-(hydroxy(methyl)amino)-2-
oxoethyl)thio)(phenyl)methyl)phosphonic acid (2); ((3,4-difluorophenyl)((2-
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(hydroxy(methyl)amino)-2-oxoethyl)thio)methyl)phosphonic acid 3), ((3,4-
dichlorophenyl)((2-(hydroxy(methyl)amino)-2-oxoethyl)thio)methyl)phosphonic  acid
4), ((3,5-difluorophenyl)((2-(hydroxy(methyl)amino)-2-
oxoethyl)thio)methyl)phosphonic acid (5), ((3,5-dimethoxyphenyl)((2-
(hydroxy(methyl)amino)-2-oxoethyl)thio)methyl)phosphonic acid (6), ((2-
(hydroxy(methyl)amino)-2-oxoethoxy)(phenyl)methyl)phosphonic acid (7), ((3.,4-
difluorophenyl)(2-(hydroxy(methyl)amino)-2-oxoethoxy)methyl)phosphonic acid (8),
((3,4-dichlorophenyl)(2-(hydroxy(methyl)amino)-2-oxoethoxy)methyl)phosphonic acid
(9), ((2-(hydroxy(methyl)amino)-2-oxoethoxy)(p-tolyl)methyl)phosphonic acid (10)
employed in this study (Figure 5) were prepared using procedures from previously
published methods (Briicher et al., 2012; Kunfermann et al., 2013; Lienau et al., 2019)
and dissolved in DMSO (Dimethyl sulfoxide, >99%, Thermo Scientific Chemicals,
Waltham, MA, USA, #A12380.36). Staurosporine (Merck, Darmstadt, Germany,
#S4400) was dissolved in DMSO. All the compounds were prepared as 10 mM stock
solutions and stored at -20 °C. Before use, these solutions were thawed and diluted in
culture medium to produce the appropriate concentrations (ranging from 0.0003 to 200

uM).

5.3.2 T.gondii DXR enzyme inhibition assays

The enzymatic assays were conducted at 30 °C in 96 well plates using a total reaction
volume of 150 pL containing 100 nM of purified 7gDXR protein in dimeric state, 100
uM of NADPH and 4 mM of MgCl; as cofactors, 100 pM of DXP as substrate in 50mM
HEPES buffer (pH 7.5) containing 50 pg/mL of bovine serum albumin (BSA). For the
screening, DXR inhibitors were tested for their inhibitory activity and their ICso
measurements at concentrations ranging from 100 uM to 3.05 nM, in dilution steps 1:2.

To optimize and ensure the interaction of NADPH and its enzyme binding pocket, the
assay solution was incubated for 10 min at 37°C. Then, the reaction was commenced with
the addiction of 100 pM of DXP to the complete assay mixture. The reaction was
monitored by measuring the absorption at 340 nm every minute for 1 hour using a
microplate reader (Tecan® 200 Pro, Tecan group, Ménnedorf, Switzerland). The initial
velocity of the reactions were calculated, the values were then used in the software
GraphPad PRISM™ (Version 9.5.1; San Diego, CA) for the determinations of the ICso

value. The inhibitor constant values (Ki) of all inhibitors were determinated using the
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Michaelis-Menten formula K; = ICso/(1+[S]/Km), [S] is the concentration of DXP (100
uM) and K, was calculated as 30.58 pM.

5.3.3 Toxoplasma gondii and host cells in vitro culture

T. gondii tachyzoites of the ME49 strain (ATCC/LGC Standards GmbH, Wesel,
Germany, #50611), were cultured and maintained by repeat passage in monolayers of
human foreskin fibroblasts Hs27 (ATCC/LGC Standards GmbH, Wesel, Germany,
#CRL-1634) as host cells. Cultures were grown in Iscove’s Modified Dulbecco’s medium
(IMDM; Gibco-Thermo Fisher Scientific, Waltham, MA, USA, #12440053)
supplemented with 10% heat-inactivated fetal bovine serum (FBS Standard; South
America origin, fetal bovine serum, 2um sterile filtered, PAN-Biotech, Aidenbach,
Germany, #P30-3306) and 50 mM 2-mercaptoethanol (Gibco-Thermo Fisher Scientific,
Waltham, MA, USA, #21985023) at 37°C and 5% CO: as previously described (Klischan
et al., 2023; Mazzone et al., 2022; Merkt et al., 2021).

5.3.4 Toxoplasma gondii in vitro growth assay

With the aim to assess the inhibitory in vitro effect on parasite growth, 7. gondii growth
assays were performed as described previously (Klischan et al., 2023; Mazzone et al.,
2022; Merkt et al., 2021). Compounds, previously diluted in culture media in appropriate
stock solutions, were added to confluent monolayers of Hs27 cells in 96-flat well plates
at various concentrations. Then, freshly harvested tachyzoites were added to the cultures
at a multiplicity of infection (MOI) of 1:1 (parasite/host cell ratio). As controls, untreated
and uninfected Hs27 cells, 24 hours pre-stimulated and 7. gondii infected cells with
human interferon y (IFN y) (300 U/ml) (Merck, Darmstadt, Germany, #117001) and 7.
gondii infected cells only were employed. After 48h incubation, proliferating
toxoplasmas were labeled with 0.3 uCi/well of tritiated uracil (*H-U; 5 mCi, Hartmann
Analytic, Braunschweig, Germany, #ART1782) (Pfefferkorn & PFEFFERKORN, 1977).
After 28 — 30 hours of incubation, plates were frozen at -20°C overnight. Cells were then
thawed and harvested (Basic96 Harvester; Zinsser Analytic, Skatron Instruments,
Northridge, CA, USA), purified with glass fiber filters (Printed Filtermat A 102 mm X
258 mm; PerkinElmer, Waltham, MA, USA) and dried at 130 °C for 15 — 20 minutes.
Dried filters were then wrapped into transparent plastic covers, dunked with 10 mL

scintillation cocktail (Betaplate Scint; PerkinElmer, Waltham, MA, USA, #1205-440),
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sealed and then loaded into metal cassettes and the incorporation of *H-uracil into the
RNA of proliferating toxoplasmas was measured using a B-counter, a liquid scintillation
counter that measure the Cherenkov radiation (Betaplate Liquid Scintillation Counter
1205; LKB-WALLAK, Melbourne, Australia). All data sets were normalized to 100% of
the positive control. The dose-response curves of the compounds were fitted by means of
the statistics software GraphPad PRISM™ (Version 9.5.1; San Diego, CA). The minimal
concentrations of compounds required for 50% inhibition of the parasite (ICso values)

were determined by non-linear regression analysis.

5.3.5 Cytotoxicity assays

The method based on the reduction of the tetrazolium dye MTT [3- (4,5-dimethylthiazole-
2-yl)-2,5-diphenyltetrazolium bromide] to its purple insoluble formazan by mitochondrial
NAD(P)H-dependent cellular oxidoreductase enzymes in living cells, previously
described by Mosmann (Mosmann, 1983) was employed to assess the cytotoxic effects
of the examined DXR inhibitors on the host cells, as previously described (Klischan et
al., 2023; Mazzone et al., 2022; Merkt et al., 2021). Briefly, Hs27 cells were cultured in
96-well plates at a concentration of 5x10%well in Iscove’s modified Dulbecco’s medium
(IMDM, Gibco—Thermo Fisher Scientific, Waltham, MA, USA, #12440053) with a
volume of 100 pL per well and incubated at 37°C overnight. Then, eleven two-fold
serially diluted concentrations of the investigated compounds ranging from 200 to 0.09
uM were prepared and added to each well. Hs27 cells were then incubated for 24 hours
in humidified atmosphere of 5 % CO2 in air. Controls included, wells containing medium
alone without cells (blank), untreated Hs27 cell, DMSO (negative control) and
staurosporine (0.031, 0.062, 0.125, 0.25, 0.5, 1 uM) (Merck, Darmstadt, Germany,
#S4400) as apoptosis inducer (Belmokhtar, Hillion, & Ségal-Bendirdjian, 2001) were
employed. After incubation time, the culture media was replaced with 100 uL of DMEM
medium without phenol (Gibco-Thermo Fisher Scientific, Waltham, MA, USA,
#21041025) plus 10 % heat-inactivated fetal bovine serum (FBS Standard, South America
origin, fetal bovine serum, 2um sterile filtered, PAN-Biotech, Aidenbach, Germany,
#P30-3306), and 50 mM 2-mercaptoethanol (Gibco-Thermo Fisher Scientific Waltham,
MA, USA, #21985023). Thereafter, the MTT reagent was added to each well and analysis
conducted following the manufacture instructions (CyQuant MTT Cell Viability Assay
Kit, Thermo Fisher Scientific, Waltham, MA, USA, #V-13154). The absorbance was
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measured at 570 nm on an ELISA microplate reader (TECAN Sunrise, Ménnedorf,
Switzerland) and the percentage of viability was calculated when compared to untreated
control. The data set was subsequently adjusted by applying blank correction. Cell
viability values expressed as percentage of the negative control value were calculated as
follows:

mean absorbance of treated wells — blank

% Cell viability = 100
% Cell viability mean absorbance of negative control — blank x

The cytotoxicity of each compound was expressed as half maximal cytotoxic
concentration (CCso values) against Hs27 cells. These values were calculated by a non-
linear regression using GraphPad PRISM™ statistics software package (Version 9.5.1;
San Diego, CA) plotting the percentage viability against the log of compound

concentrations.
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1 Multiple sequence alignment

Previous studies on P. falciparum, E. coli, and M. tuberculosis showed that the DXR
enzyme is the biological target of the reverse thia and oxa analogues employed in this
study [1-3]. The DXR enzyme of these species have been extensively studied [1, 4-6], but
very less is known for 7. gondii DXR [7]. TgDXR shares an high degree of sequence
similarity with DXRs from other species [7], resulting in an highly conserved catalytic
domain among all species in comparison (Figure S1). 7gDXR sequence is composed of
632 residues. The initial 186 amino acids from the N-terminal region (1 — 186) represent
the bipartite apicoplast targeting peptide, since this extension in only present in the
apicomplexan parasites 7. gondii and P. falciparum [7, 8]. The NADPH binding domain
includes amino acids 187 — 342 and the metal/substrate binding domain (405 — 632)
resulted highly conserved among all the species. Special feature of the 7gDXR is the
linker region ranging from amino acids (343 — 404). Apart of this region, the amino acids
involved in direct contact with the NADH ligand and substrate are strictly conserved

(Figure S1).

10 20 30 40 50 60 70 80 20 100 110
TgDXR ‘!MPLLLFFFFLLLSL\NLPASCASLRGSNLVARLSFLLORKDPSSSRSSLAFV:‘:‘LPDRRAALDLYFSRPASYLFPRSRVASSREWRARSLQFLSGALTAPGVDPAGRPDPLTPALFF 115
PMDXR 1 MKKYIYIYFFFITITINDL- VINNTSKCVS | ERR - KNNAY |
MEDXR
EcDXR

12[] 13[! 140 160 |?D ZUU 210 220

T
TgDXR 116 AKRNAEESSFPGPRGVFHOE TQHSLQPCGVPVGSVNALKEL LRRTEEDPVSSLVSSPASLAPPASPPSTRVKRLVVL T EIAREFPDIFQ\ - VGBAAGGSNLA 226
PDXR 41 - ---- YGIGYNGPDNKITKSRRCKR I KLCKKDL IDIGA| KKP | NVAI FI NI IRECNKIENVFNVKA YV- NKSVN 119
MtDXR 1 --------------------------------- .- ADGRLRVVVL TQA QV | ADNPDRFEVM- - - VGEBAAGGAHLD 52
(220 - - - -MKOLTIL CSTHDVVRHNPEHERM - - - VAVAG- KNVA 40
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TgDXR 227 LLAE] VAAFRPOYVYLG SSKVAELQERLNDHERSAAFPRPR LEL DEGLAELACVPNY | LVSAIVGFK VLPELK LEAGKDV PVFRCLLSTRGLLYGDQE 341
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Supplementary Figure S1. Multiple sequence alignment of the amino acids sequence
of the putative 7. gondii DXR

T¢DXR, T. gondii (NCBI Reference Sequence: XP 018635719.1); PfDXR, P.
falciparum (NCBI Reference Sequence: AAD03739.1); M{DXR, M. tuberculosis (NCBI
Reference Sequence: OHO19719.1) and EcDXR, E. coli (NCBI Reference Sequence:
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WP _302347400.1). Identical amino acids are shaded in dark blue, similar amino acids in
lighter shades. 7gDXR residues are highlighted according to their function: residues
interacting with the NADPH cofactor are highlighted in green, those binding the inhibitor

1 are highlighted in orange. Alignment coloured using Jalview 2.11.2.7.
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Supplementary Table S1. List of the primers used in this work and their parameters

Primer name
TgDXR-del181AA For
TgDXR-del181AA Rev
T7 promoter primer (5')

T7 terminator primer (3')

Sequence
TCCACGCGTGTGAAGAGACTTGTGG
CATATGACGACCTTCGATATGGCCGCTG
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG

185

CG %
56
53.5
40
47

Tm

75.1
76.6
53.2
54.5
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3 Crystal structure parameters and refinement

Supplementary Table S2. Data collection and refinement statistics.

Wavelength

Resolution range

Space group

Unit cell

Total reflections

Unique reflections

Multiplicity

Completeness (%)

Mean I/sigma(I)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

cc*

Reflections used in refinement

Reflections used for R-free

R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms

macromolecules

ligands

186

TgDXR

0.91677

54.97 -2.56 (2.651 -2.56)

P65

159.524 159.524 75.873 90 90 120

67947 (6688)

35325 (3503)

1.9 (1.9)

99.04 (99.54)

11.53 (1.17)

65.83

0.03397 (0.4448)

0.04804 (0.629)

0.03397 (0.4448)

0.999 (0.76)

1 (0.929)

35299 (3500)

1999 (197)

0.1941 (0.3214)

0.2260 (0.3795)

0.966 (0.837)

0.960 (0.804)

6416

6283
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solvent

Protein residues

RMS(bonds)

RMS(angles)

Ramachandran favored (%)

Ramachandran allowed (%)

Ramachandran outliers (%)

Rotamer outliers (%)

Clashscore

Average B-factor

macromolecules

ligands

solvent

Statistics for the highest-resolution shell are shown in parentheses.
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0.022

2.03

96.43

2.95

0.62

0.31

18.58

81.21

81.05

90.29

66.19
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4 DXR SEC-SAXS data
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Supplementary Figure S2. Small-angle X-ray scattering data from DXR apo. A:
CHROMIXS SEC SAXS elution profile. Each frame corresponds to 2 sec exposer time.
B: Scattering data of DXR. Experimental data are shown in black dots, with grey error
bars. The EOM ensemble model fit is shown as red line and below is the residual plot of
the data. The Guinier plot of DXR is added in the right corner. C: p(r) function of DXR
apo offers a Dyax values of 10.44 nm. D: Dimensionless Kratky plot of DXR apo showed
a compact practical. E & F: R, and Dy distribution of DXR apo. Ensemble pool is

shown in grey, selected EOM models are shown in blue.
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4.1 EOM: Ensemble Optimization Method

Protein sequence (monomer) used for EOM.

Black parts are solved in the crystal and were extracted and used as rigid body. Missing
amino acids are shown in green. These were added and orientated from EOM until the

models describes the scattering data.

MGHHHHHHHHHHSSGHIEGRHMSTRVKRLVVLGSTGSIGKSTLEIAREFPDIFQI
VGLAAGGSNLALLAQVAAFRPQYVYLGDSSKVAELQERLNDHERSAAFPRPRL
LLGDEGLAELACVPNYDILVSAIVGFKGVLPTLKALEAGKDVALANKEALVAA
GPVFRCLLSTRGLLYGDQERQDRHERSHRSGDQEGDREEDTDGDRREECDKRR
AKAGQKCGLLLPVDSEHSAIFQALQGVPASCYPPRKLLLTASGGPFRGRTRDEL
EQVTLESALKHPKWSMGAKITIDSATLMNKGLEVIEAHFAFGCPYSSIEVLVHP
QAVIHSAVELRDGATLAQLGLPDMKLPIAYALTWPHRLAAPWSAGVDLTREG
NLTFEKPDLNTFGCLGLAYEAGERGGVAPACLNAANEVAVERFRNKEIGFVDIE
DTVRHVMALQERERDNFSDVSLQDVFDADHWARTAARAFKPR
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Supplementary Table S3. Overall SAXS Data

Data collection parameters

SAXS Device BM29, ESRF Grenoble [9, 10]

Detector PILATUS2M

Detector distance (m) 2.827

Beam size 200 pm x 200 um

Wavelength (nm) 0.099

Sample environment Quartz glass capillary, 1| mm o

Absolute scaling method Comparison with scattering from pure H,O

Normalization To transmitted intensity by beam-stop counter

Scattering intensity scale Absolute scale, cm™

s range (nm™), (s = 4znsin(0)/L) 0.025-5.5

Sample 1-Deoxy-D-xylulose-5-phosphate reductoisomerase

(DXR)

Organism Toxoplasma gondii (ME49)

UniProt ID V5B5Y5

Mode of measurement SEC-SAXS

SEC-Column Superdex 200 increase 10/300

Flowrate (ml/min) 0.5

Injection volume (ul) 300

Temperature (°C) 10

Exposure time (# frames) 2 s (1500 frames)

# frames used for averaging 35

20 mM Tris/HCl, 150 mM NaCl, 40 mM MgCl12, 2%
Protein buffer

glycerol, pH 7.5

Protein concentration (mg/ml) 8.00

Structural parameters

Guinier Analysis (PRIMUS)

1(0) £ 5 (cm™) 54.11 £ 0.033

R, + o (nm) 3.33£0.0032

s-range (nm") 0.140 - 0.387

min < sRg < max limit 0.47-1.29

Data point range 1-49

Linear fit assessment (R?) 0.9996
PDDF/P(r) Analysis (GNOM

5
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1(0) £ 6 (cm™)

R + o (nm)

Dinax (nm)

Porod volume (nm?)
s-range (nm™)

x2 / CorMap P-value

Publications

53.99 £ 0.032
3.31+0.0025
10.44
176.01
0.140 - 5.029
1.207/0.108

Molecular mass (kDa)

From /(0)

From Qp [11]

From MoW?2 [12]

From Ve [13]

Bayesian Inference [14]

From sequence

not determined
105.53
108.24
101.69

104.90
51.81 (monomer), 103.62 (dimer)

Modelling
EOM (Ensemble
Optimization Method)
Constant subtraction 0.007
s-range for fit (Smin — Smax;
nm™) 0.140 — 4.988
No. of representative
structures 3
x?%, CorMap P-value 1.259/0.108
SASBDB accession codes SASDS47
Software
ATSAS Software Version [15] 3.0.5
Primary data reduction CHROMIXS [16]/ PRIMUS [17]
Data processing GNOM [18]
Ensemble modelling EOM [19, 20]
Model visualization PyMOL [21]
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Supplementary Figure S4. Overlay view from the three EOM calculated models.

The rigid body protomers of DXR from the crystal are shown in green and cyan cartoon

representation. The loop region of each protomer is shown in spheres representation. The
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upper model corresponds to a volume fraction of 12 %, the middle on to a volume fraction

of 25 % and the lower one to a volume fraction of 62 %.
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Supplementary Figure S5. In vitro enzymatic inhibition of 7gDXR of investigated
compounds.

The enzymatic inhibitory activity of 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), 6 (F), 7 (G), 8 (H),
9 (J) and 10 (K) were determined by enzymatic assays in vitro. Experiments were
conducted in 96 well plates at 30 °C containing 100 nM of purified 7gDXR protein in
dimeric state, 100 pM of NADPH and 4 mM of MgCl: as cofactors, 100 uM of DXP as
substrate in50mM Hepes buffer (pH 7.5) containing 50 pg/mL of bovine serum albumin
(BSA). The investigated compounds were tested in serial dilution 1:2. Data shown are
from the means of three independent experiments each performed in duplicate (n = 6) +

S.D. ICso of each compound are shown.
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Supplementary Figure S6. Anti-toxoplasma activity and cytotoxicity on human
fibroblasts Hs27 of the investigated compounds. The inhibitory activities of 1 (A), 2
(C),3(E),4(G),51),6(L)7(N)8((P)9(R) 10 (T) were determined by the 7. gondii
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in vitro inhibition assay via the [°H]-uracil incorporation into the RNA of the parasite.
Cytotoxicity of 1 (B), 2 (D), 3 (F), 4 (H), 5 (K), 6 (M) 7 (0) 8 (Q)9 (S) 10 (U) were
measured by MTT assays on human fibroblasts Hs27. Data shown are from the means of
three independent experiments each performed in duplicate (n = 6) £ SEM. ICso + S.D.

and CCsp values of each compound are shown.
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3.5.1 Inhibitors of 1-deoxy-D-xylulose 5-phosphate
reductoisomerase: Unpublished data

Manuscript in preparation. Submission expected: 2024

Pivaloyloxymethyl (POM) esters of fosmidomycin derivatives as prodrugs

In the investigation in chapter 3.5, a significant disparity between the ICs, values of the
reverse thia and oxa analogues of FSM for the inhibition of the parasite proliferation and
their activity on inhibiting the enzymatic activity of the TgDXR enzyme was observed,
exhibiting only a reduced efficacy in the biological level. This divergence could be attributed
to the anionic nature of the phosphonic moiety that could limit the drug uptake and its
membrane permeability (Knak et al., 2022).

A strategy to address the permeability challenges, arising from the high negative charge of
the phosphonate moieties at physiological pH, is to shield this moiety using a variety of
protective groups producing prodrugs (Greene & Wuts, 1999). Prior to reach their target,
these inactive molecules undergo to enzymatic cleavage of the protecting groups, leading to
the release of the active molecules, which can subsequently interact with their targets (Rautio
et al., 2008). This strategy could enhance the permeability through the biological obstacles
and, additionally, enhancing the bioavailability 7z w0 (Heidel & Dowd, 2019).
Pivaloyloxymethyl (POM) esters are widely used as prodrugs of phosphonate containing
compounds (Hecker & Erion, 2008). Moreover, several studies of POM-esters of FSM
analogues report the enhancement of permeability and consequent potency for M. tuberculosis
(Jackson et al., 2014) and P. falciparum growth inhibition (K. Briicher et al., 2015; X. Wang et
al., 2018; Xu Wang et al., 2023).

Thus, four novel derivatives of FSM and their respective POM esters were successfully
synthesised (Figure 11) and evaluated their inhibitory activities on the TgDXR enzyme and

their anti-toxoplasma capacity.
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Figure 11: The novel free-phosphonate compound and their POM esters

Chemical structures of the novel fosmidomycin derivatives MAMK 89, MAMK 150, MAMK 145 and CBK
52 and their POM esters MAMK 136, MAMK 151, MAMK 149, and MAMK 169 are shown. Molecules were
synthesised by Mona A. Abdullaziz.

Enzymatic inhibition assays

The four free-phosphonate compounds and their POM ester counterparts were tested for
their anti-toxoplasma capacity. Experiments were performed as described in the Material and
Method section in chapter 3.5. All the free-phosphonate compounds exerted high potency
on inhibiting the TgDXR enzyme, with ICs ranging from 3.24 — 12.26 uM, with the
compounds MAMK 89 and CBK 52 exerting the highest activities (T'able 2 and Figure 12).
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The POM esters, showed only weak or no inhibition activity, perhaps because they are too

bulky to interact with the active site of TgDXR (K. Briicher et al., 2015)

Parental (free phosphonate)

Compound  ICs (uM)
MAMK 89 3.24+1.19
MAMK 150 417 £ 1.00
MAMK 145 12.26 + 0.66

CBK 52 3.83+1.01
Fosmidomycin  1.03 + 0.21

Ki (uM)

1.35
1.74
5.11

1.60
0.43

POM esters (prodrugs)

Compound

MAMK 136
MAMK 151
MAMK 149

MAMK 169

ICso (uM)

35.96 + 7.72

41.60 + 5.71
> 100

> 100

Ki (uM)
15.01
17.36
> 100

> 100

Table 2: In vitro enzymatic inhibitory activity (ICso and K; values) of the investigated compounds

against TgDXR

Values shown in the table represent the means of three independent experiments each done in duplicate (7 =

6) +SD.
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Parental (free phosphonate) POM esters (prodrugs)
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Figure 12: In vitro enzymatic inhibition of 7gDXR of the investigated compounds
The enzymatic inhibitory activities of MAMK 89 (A), MAMK 136 (B), MAMK 150 (C), MAMK 151 (D),
MAMK 145 (E), MAMK 149 (F), CBK 52 (G), MAMK 169 (H), Fosmidomycin (FSM) (J) were determined

by enzymatic assays iz vitro conducted in 96 well plates at 30 °C containing 100 nM of purified TgDXR protein
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in dimeric state, 100 uM of NADPH and 4 mM of MgCls as cofactors, 100 uM of DXP as substrate in 50mM
HEPES buffer (pH 7.5) containing 50 pg/ml. of bovine serum albumin (BSA). The investigated compounds
were tested in different concentration ranges. Data shown are from the means of three independent

experiments each performed in duplicate (# = 6) £ SEM. ICsq of each compound are shown.

Anti-T. gondii proliferation assay

After the evaluation at the enzymatic level, I commenced the investigation on testing the free
phosphonate and the POM esters for their ability to inhibit T. gondii proliferation using the
[’H]-uracil incorporation assay on T. gondii MEA49 detailed in the Material and Methods
section of chapter 3.5. As shown in Figure 13 and Table 3 the free-phosphonate
compounds MAMK 89, MAMK 150, MAMK 145 and CBK 52 showed low activity within

a concentration of 50 pM.

ns
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[% of control]

¢ [50 puM]

Figure 13: Anti-toxoplasma activity of the investigated free-phosphonate compounds

The inhibitory activities of MAMK 89, MAMK 150, MAMK 145, CBK 52 and Fosmidomycin (FSM) were
determined via the [*H]-uracil incorporation assay on T. gondii treated in vitro with fixed concentration of the
investigated compounds (50 uM). ME49 represent the proliferation of not-inhibited T. gondii (100% control).
Interferon y (IFN ) is used as positive control. Not-infected host cells, were used as control (0% control).
Data shown are from the means of three independent experiments each performed in duplicate (# = 6) £ SEM.
Statistical analysis was performed by the one-way analysis of variance (ANOVA) and Tukey multiple

comparison test. ****P < 0.0001 vs 100% control group (ME49). Ns, not significant.
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The scenario was distinct with the POM esters. MAMK 136, MAMK 151, MAMK 149 and
MAMK 169 showed anti-toxoplasma activity 7z vitro, with 1Cs values ranging from 5.27 —
8.16 uM (Figure 14 and Table 3).
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Figure 14: Anti-toxoplasma activity of the investigated POM ester compounds

The inhibitory activities of MAMK 136 (A), MAMK 151 (B), MAMK 149 (C), MAMK 169 (D), were
determined by the T. gondii in vitro inhibition assay via the [*H]-uracil incorporation into the RNA of the parasite.
Data shown are from the means of three independent experiments each performed in duplicate (# = 6) £ SEM.

ICsp values of each compound are shown.
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Parental (free phosphonate)

Compound ICs (uM)

MAMK 89 > 50
MAMK 150 > 50
MAMK 145 > 50
CBK 52 > 50

Fosmidomycin > 50

Publications

POM esters (prodrugs)

CCs (uM) | Compound

> 100
> 100
> 100
> 100
> 100

MAMK 136
MAMK 151
MAMK 149
MAMK 169

ICs (1M)
6.43 £ 0.8
8.16 + 1.68
5.39 + 0.47
5.27 +1.52

CCa (M)

> 100

> 100

80.56 = 10.54
> 100

Table 3: In vitro activity against 7. gondii ME49 tachyzoites and their cytotoxicity on human
fibroblasts Hs27 of DXR inhibitors.

Values shown in the table represent the means of three independent experiments each done in duplicate (# =

6) + S.D.

Cytotoxicity assays

I further investigated the cytotoxic effects of T. gondii host cells for all compounds, in order

to address the selectivity of their anti-toxoplasma activity. The experiments were performed

as described in the Material and Methods section in chapter 3.5. All the examined compounds

showed low or no cytotoxic effect on human fibroblasts Hs27, indicating the selectivity of

their activity (Figure 15).
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Figure 15: Effect of the investigated phosphonate and POM ester compounds on the viability of
human fibroblasts Hs27

Cytotoxic effect of MAMK 89 (A); MAMK 136 (B); MAMK 150 (C); MAMK 151 (D); MAMK 145 (E);
MAMK 149 (F); CBK 52 (G); MAMK 169 (H); Fosmidomycin (I); against human cell lines Hs27 as

208



Publications

determined by MTT assay. 100% growth control DMSO, 0% growth control staurosporine. Values shown in

the figures represent the means of three independent experiments each done in duplicate (z = 6) = SEM.
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4 Additional Unpublished Work

4.11In vitro evaluation of a Histone Deacetilase Inhibitor
(HDACG,) library against Toxoplasma gondii

Compound 1Cso (uM) CCsp (uM)
LAK 39 0.20 > 200
LAK 41 0.02 > 200
YAK 31 0.04 > 200
LAK 17 > 50 -
BBK 69 1.12 > 200

MPK 409 0.03 > 200
LAK 67 0.11 > 200
LAK 86 > 50 -
LAK 88 > 50 B,
LAK 88 > 50 -
LAK 107 > 50 B,
LAK 110 > 50 -
LAK 121 > 50 -
FFK 29 > 50 -

MPK 187 > 50 -

MPK 472 0.59 > 200

MPK 541 0.19 174.33

MPK 576 > 50 -
YAK 545 > 50 -

MPK 508 0.99 > 200

MPK 807 > 50 -
KSK 75 > 50 -
YAK 448 5.61 > 200
YAKS577 > 50 -
YAK 576 0.9 125.66

LAK- ZnfD > 50 -
LAK119 > 50 -
LAK 31 > 50 -

LMK 179 2.46 -
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LMK 174
HP7 Hy
KSK 23
KSK 17
KSK 25
KSK 29
KSK 81
KSK 83
KSK 119
LAK 21
LAK 37
LAK 65
YAK 40
YAK 61
YAK 63
YAK 70
MPK 406
MPK 415
BLK 195
MPK 377
YSKK 74
YSKK 43
YAK 466
YAK 477
YAK 483
MPK 803
KSK 43
LAK 29
YAK 77
YAK 320
FFK 22
FFK 23
VWK 408
FFK 70
FFK 85
LAK 40

1.32
0.93
0.42
0.54
0.5
0.36
0.72
0.83
1.48
0.21
0.58
0.21
0.036
0.047
0.45
0.42
1.86
0.44
0.66
> 3.89
0.53
0.84
0.84
0.061
0.92
<0.115
< 0.105
0.37
2.9
<0.19
1.27
0.63
0.44
0.19
0.31
0.81
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> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 180
> 200
> 200

105.99
> 200
> 200
166
71
> 200
> 200
> 200

> 200
> 200
> 200
> 200
> 200
> 200
> 200



Additional Unpublished Work

SAHA 0.026 > 200
Panobinostat 0.001 92.33
Nexturastat A 0.22 > 200

Pyrimethamine 0.06 > 100

Table 4: Anti-toxoplasma activity and cytotoxicity against human fibroblasts Hs27 of HDACI against
T. gondii

Molecules synthesised by members of the research group of Prof. Dr. Thomas Kurz.
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5 Discussion

The treatment for human toxoplasmosis faces various limitations. Therapy is mostly relying
on the use of antifolates, based on the inhibition of the folate metabolic pathway of the
parasite at specific steps. The most effective chemotherapeutic of this class in PYR, a DHFR
inhibitor widely used for the treatment and prophylaxis of toxoplasmosis. As the
administration of PYR alone results usually ineffective, it is often combined with
sulphonamides (especially SDZ), that inhibit the DHPS enzyme in the same pathway for a
synergistic effect that increases drug efficacy. Moreover, PYR is an unspecific inhibitor,
unable to distinguish between parasite and host enzymes, resulting in off-target toxicity and
severe adverse effects. In addition, the raise of drug resistances and the absence of a vaccine
for the medical prevention emphasize the urgent need for novel therapeutic alternatives
(Dunay et al.,, 2018; Montazeri et al., 2018; Y. Zhang et al., 2022).

With the aim to identify new drug candidates that might address the critical need for novel
chemotherapeutics for the treatment of toxoplasmosis, a screening of different mini-libraries
of NPs, NPs analogues and NPs-inspired molecules was performed to assess their inhibitory
activity on inhibiting the proliferation of T. gondii tachyozoites of the ME49 strain, a type 11
strain which is the predominant type associated with human infection (F. G. Araujo & Slifer,
2003). Molecular, cellular, structural biology, and biochemical approaches were employed for

the elucidation, evaluation and characterization of their mechanism of action.

Natural products from the endophytic fungus Paraboeremia selaginellae
Endophytes are endosymbiont microorganisms, often fungi or bacteria, that colonize plants
for all or part of their life cycle establishing an interaction with their host, without causing a
disease (Gouda, Das, Sen, Shin, & Patra, 2016). Likewise, endophytes can have an essential
defence role against pathogens for their hosts, i.e. releasing secondary metabolites. These are
biologically active substances that could provide protection directly, through their intrinsic
antibiotic activity, or indirectly, triggering the mechanisms of defences of the host or
promoting its growth (Alvin, Miller, & Neilan, 2014). Thus, endophytes in general, and
especially fungal endophytes, have gathered a high interest for drug discovery due to their
enormous potential as source of structurally diverse NPs that could serve a potential leads
(Aly, Debbab, & Proksch, 2011). With the raise of antimicrobial resistance (AMR) and the
emergency for novel antibiotics, nowadays fungal endophytes are still playing a crucial role
in natural product drug discovery (Gakuubi, Munusamy, Liang, & Ng, 2021; Tiwari & Bae,
2022).
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Hence, with the aim to identify NPs with anti-toxoplasma activity, the endophytic fungus
Paraboeremia selaginellae (P. selaginellae) from the ornamental plant Philodendron monster was
investigated for its potential as a source of anti-toxoplasma agents (chapter 3.1) (Mazzone et
al., 2022). After the isolation and purification of eight NPs from solid rice cultures, six of
them could be identified which showed an anti-toxoplasma activity (Figure 16), with low or
no cytotoxicity in different human cell lines and no activity in gram-positive, gram-negative

representatives and Mycobacterium tuberculosis (VL. tuberculosis).

OH OH
0 OH /@o OH 0 OH
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Figure 16: Natural products isolated from the endophytic fungus P. selaginella with anti-toxoplasma
activity

Diphenyl ethers NK-A 17¢233 (1), 1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-
(ACI) (2) and cyperin (3); bioxantracenes ES-242-1 (4) ES-242-3 (5); and lactones 55,65-phomalactone (6) and

methyltriaceticlactone (7). Molecules isolated by Viktor E Simons.

The experimental results of diphenyl ethers, bioxanthracenes and lactones highlighted the
specificity and selectivity of their inhibition of T. gondii proliferation and, additionally, that
they may have a wide therapeutic window that could minimize the risk of adverse effects 7
vivo. Since no one of the tested compounds reached an 1Cs value in the nanomolar range as
the current treatment in clinical use PYR, these results could be a starting point for employing
a semi-synthetic approach for the identification of more potent derivatives. This approach
would be suitable especially for the diphenyl ethers (Figure 16), due the absence of

stereocenters in their structure and their low molecular weight. These molecules have the
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same scaffold as triclosan, an NP with a broad-spectrum antibacterial and antifungal property
which is widely used in consumer products (Fang et al., 2010), Triclosan was shown to act
as an inhibitor of the microbial enoyl reductase (Fabl) in a microbial lipid biosynthetic
pathway (McMurry, Oecthinger, & Levy, 1998). Considering the structural similarities, the
diphenyl ethers 1, 2 and 3 might have a common target with triclosan.

More structural complex molecules are bioxantracenes, where interestingly the ICs of 4 and
5 were comparable with the previously reported ICsq values for the inhibition of Plasmodium
Sfalciparum (P. faleiparum), suggesting maybe that they may share the same mode of action and
the same target in apicomplexans. Phomalactone (6) is a widely spread secondary metabolite
that has been isolated in several genus encompassing Phoma (Hussain et al., 2014), Nigrospora
(J. C. Kim, Choi, Park, Kim, & Cho, 2001), Xi/aria (Jiménez-Romero, Ortega-Barria, Arnold,
& Cubilla-Rios, 2008), Aspergillus (Komai et al., 2003), VVerticillium (Khambay, Bourne,
Cameron, Kerry, & Zaki, 2000). A wide spectrum of bioactivities have been reported
(Khambay et al., 2000; Komai et al.,, 2003; Krasnoff & Gupta, 1994) including a weak
antimalarial activity (Jiménez-Romero et al., 2008). In the present study, it is reported for the
first time the isolation of 6 from the genus Selaginellae and its more effective anti-toxoplasma
capacity zn vitro (1Cso 5.13 pM) than its reported activity on the apicomplexan P. faliparum
(ICs0 84.32 uM) (Jiménez-Romero et al., 2008). This finding emphasizes that the strategy of
repurposing previously identified substances with anti-apicomplexan activity remains a
powerful tool for the anti-toxoplasma drug discovery. Indeed, the modes of action of
bioxantracenes, biphenyl ethers and lactones on T. gondii remain still unknown and in-depth
investigations in this issue are needed. The discovery of their targets could be beneficial for
the drug optimisation process and additionally for potential target-oriented syntheses

strategies.

Indolo[3,2-a2] phenazines

Indolo[3,2-a]phenazines are pootly investigated penta-heterocycles wherein a carbazole
moiety is fused with a phenazine moiety (Figure 17) (K. S. Kumar et al., 2017; Pramanik &
Ghatak, 2022; Rinderspacher, 2013; Shoker, Ghattass, Fettinger, Kurth, & Haddadin, 2012;
Yang et al., 2022). Very few synthetic strategies have been proposed for this class of
compounds, such as carbonyl cyclocondensation approaches (Shoker et al., 2012; Teuber &
Staiger, 1954) or the acid-catalysed cycloisomerization of indole-substituted 3-
ethynylquinoxalines (K. S. Kumar et al,, 2017). The only proposed pharmacological

assessment for indolophenazines is their potential as anti-cancer agents as inhibitor of the
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NAD(P)H quinoneoxido reductase (NQO1) 7z silico (Nolan, Timson, Stratford, & Bryce,
20006) and their cytotoxic proprieties against the two cancer cell lines TZM-BL (human
cervical carcinoma cells) and A549 (human lung carcinoma cells) 7z vitro (K. S. Kumar et al.,
2017). In this study (chapter 3.2), a gold-catalysed 1,2-silyl migratory cycloisomerization of
3-(TMS)ethynyl quinoxalines and subsequent one-pot 7pso-iodination Suzuki coupling for the
synthesis of 6-aryl-indolo[3,2-a]phenazines was proposed which resulted in moderate to
good yields. The combined presence of a donor (carbazole) and an acceptor (phenazine)
moiety serves as luminophore, conferring intriguing photophysical proprieties to these
molecules, where their emission colour and the yield of their fluorescent quantum can differ
depending on their substituents. Donor-acceptor moieties are commonly found within
scaffolds of NPs, such as in berberine (Rajapakse et al., 2023). The latter is a penta-
heterocyclic NP, belonging to the protoberberine group of benzylisoquinoline alkaloids,
featuring electron-donating methylenedioxy and methoxy groups and an electron-accepting
isoquinolium moiety (Rajapakse et al., 2023), such exhibiting structural similarities to

indolophenazines (Figure 17).
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8H-indolo[3,2-a]phenazine berberine hemisulfate

Figure 17: The penta-heterocyclic structures of 8 H-indolo[3,2-2]phenazine and berberine hemisulfate

in comparison.

Several pharmacological activities have been reported for berberine, such as anti-microbial,
anti-cancer, anti-inflammatory, anti-depressant, analgesic, anti-protozoal (A. Kumar et al.,
2015), including anti-toxoplasma (Krivogorsky, Pernat, Douglas, Czerniecki, & Grundt,
2012) activities. In light of these prior findings, the investigation of the anti-toxoplasma
activity of seven selected synthetic indolo[3,2-4|phenazines was performed (Merkt et al.,
2021). The results showed that all investigated molecules strongly inhibited T. gondii
proliferation 7z vitro, with the phenyl (ICso 0.73 uM) and p-tolyl (ICso 0.67 uM) substituted
derivatives (Figure 18) showing 1Cs) values lower than berberine (ICso 0.94 uM).
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Figure 18: Most active indolo[3,2-2]phenazines of the first cohort against 7. gondii
8-methyl-6-phenyl-8 H-indolo[3,2-a|phenazine (8) and 8-methyl-6-(p-tolyl)-8 H-indolo|[3,2-a]phenazine (9).

Molecules were synthesised by Franziska K. Merkt.

These findings established indolo[3,2-a|phenazines as novel anti-toxoplasma agents, and
additionally, compounds with phenyl and p-tolyl moieties bound to the phenazine core-
structure as promising leads for future drug optimisation studies. Regrettably, all the
investigated compounds demonstrated cytotoxic effects on human fibroblasts Hs27 starting
from 5 uM. Moreover, some compounds presented limited solubility in water, emphasizing
the need of analogues with a broader therapeutic window and improved pharmakinetics.
Thus, was commenced a systematic process with the objective to identify novel leads
characterized by a superior profile, featuring lower cytotoxicity in human host cells, enhanced
solubility in water, improved potency and with good synthetic yields. In total, fifteen novel
derivatives were synthesised, with a diverse pool of substituents with electron withdrawing
or electro donating abilities in position 6 and with or without halogen substitution in position
11 (chapter 3.2.1). Thus, the novel derivatives were screened for their activity against 1. gondi
proliferation and their cytotoxic effects on the human host fibroblasts Hs27. Compound
LHP 091 (10), featuring the electron-rich thiophen-2-yl moiety in position 6 (Figure 19),
exhibited the most promising profile with ICsy of 1.36 uM against T. gondii accompanied by

no cytotoxic effects toward the host cells at a concentration up to 100 uM.
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10

Figure 19: Chemical structure of the indolo[3,2-2]phenazine lead compound LHP 091
8-methyl-6-(thiophen-2-yl)-8 H-indolo[3,2-a|phenazine (10). The molecule was synthesised by Larissa K.E

Hinz.

The improved solubility in water and the efficient yield in the synthesis process, established
10 as our new lead compound. Given that zz vitro parameters may not accurately reflects the
more complex scenario zz vivo, it is an imperative to investigate in the future the activity,
safety and pharmacokinetic / pharmacodynamic profile of the lead compound 10 7 vivo, in
a 1. gondii infection mouse model. Moreover, the mechanism of inhibition of indolo|[3,2-
alphenazines on T. gondii proliferation remains elusive. Natural and synthetic phenazines have
demonstrated to possess intriguing wide range of biological activities (Yan et al., 2021),
including antiplasmodial activity (Makgatho et al., 2000). As mechanism of actions, a dual
inhibition of topoisomerase I and II and radical scavenging activity has been proposed, which
could enable these molecules to act on a wide range of microorganisms and cancer cells
(Serafim, Bernardino, Freitas, & Torres, 2023). Thus, it would therefore be interesting to
explore these possible modes of action in T. gondii. Additionally, given the interesting
photophysical properties of indolo[3,2-4|phenazines, which allow them to emit
luminescence, the exploitation of this propriety as a tool for molecule localization at the
cellular level and monitoring protein interactions could be an interesting strategy for the
target identification. In addition, another promising strategy to exploit the photophysical
properties of indolo[3,2-4]phenazines involves a photo cross-linking approach combined
with FPLC/HPLC MS (fast protein liquid chromatography/high-petformance liquid
chromatography with mass spectrometry) (Kozoriz et al., 2023), which could allow the
identification of their biological target in the parasite. Finally, comparison between the
mechanism of action of berberine and indolo[3,2-4]phenazines would be intriguing.
Therefore, a viable strategy to isolate and selectively identify the target proteins of both

molecules would be the derivatisation of berberine and indolo[3,2-a]phenazines by affixing
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a biotin tag and subsequent affinity purification with streptavidin pull-down, where the
purified proteins can be identified by MS (Tabana, Babu, Fahlman, Siraki, & Barakat, 2023).
Another alternative that could allow the identification of receptor size or confirmation of
target binding candidates would be the far Western blot, a rapid method to detect receptor-

ligand interactions (Peng, Ramatchandirin, Pearah, & He, 2023).

Biflavones

Flavones are a class of flavonoids that is widely distributed as secondary metabolites in plants,
playing a central role in the adaptation of plants to their environment by exercising several
functions, including plant signalling and defence (Andersen & Markham, 2005). These
molecules are based on a 2-phenylchromen-4-one (2-phenyl-1-benzopyran-4-one) backbone.
Due to their variety of biological activities, the scaffold of flavones has been deeply
investigated in medicinal chemistry for structure-activity relationships studies. These studies
generated the synthesis and the development of semi-synthetic or total synthetic derivatives,
showing a wide range of applications such as anti-inflammatory, anti-oxidant, anti-cancer
and antimicrobial activities (M. Singh, Kaur, & Silakari, 2014). Flavone dimers, termed
biflavones, have shown interesting bioactivities with potential for drug discovery (Chen et
al., 2019; Menezes & Diederich, 2019), particularly the antiprotozoal and anticancer activity
of non-C2-symmetric biflavones (H. P. Kim, Park, Son, Chang, & Kang, 2008; Y. M. Lin et
al., 1999; Yu et al, 2017). The 8,8"-biflavones are a less studied type of symmetrical
biflavones. NP cupressuflavone (CUF), a dimer of two monomeric units of apigenin (Murti,
Raman, & Seshadri, 1967), has been little studied for its antioxidant and antimicrobial activity
(Al-Sayed & Abdel-Daim, 2014; Al-Sayed, Gad, El-Shazly, Abdel-Daim, & Nasser Singab,
2018). Since different bioactivities have been reported for the monomeric unit apigenin
(Imran et al., 2020; Salehi et al., 2019), and in some cases, dimers have been shown to exhibit
higher potency than their monomeric counterpart (Frank et al., 2015; W. Zhang et al., 2008),
in chapter 3.3 the investigation focused on the synthesis and biological evaluation of
monomeric flavones and dimers. Specifically, the aim of the study was to propose a modular
and scalable approach for the synthesis of a diversity-oriented library of 8,8-biflavones,
followed by the biological evaluation of their anti-toxoplasmic activity, their cytotoxic effects
on human fibroblasts (Hs27) and malignant (Hela) cell lines, and their antioxidant capacity,
including the comparison of the bioactivities of monomeric and dimeric molecules (Klischan
et al., 2023). The synthesis of a mini-library of 14 flavones and 13 of the corresponding

biflavones was performed in excellent yields, without the need for chromatographic isolation.
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Overall, biological investigations showed the potential of this library as anti-toxoplasma, anti-
cancer and anti-oxidant agents, with the 8,8"-biflavones having a significantly increased
potency compared to their monomeric counterparts. 4-NMe;-substituted biflavone (11)
(Figure 20) showed to be the most potent in the mini-library for both its anti-toxoplasma
activity and anti-cancer capacity with comparable 1Cs, values, making it a lead compound for

future investigations.

~
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Figure 20. Chemical structure of the 8,8'-biflavone lead compound
2,2'-bis(4-(dimethylamino)phenyl)-5,5'-dimethoxy-7,7"-dimethyl-4 H,4' H-[8,8'-bichromene]-4,4'-dione (11).
The molecule was synthesised by Moritz K. T' Klischan.

Additionally, compound 11 showed no cytotoxic effects of the host-human fibroblasts Hs27
cells, demonstrating high selectivity and a potentially wide therapeutic window, that are
excellent proprieties for the future investigation in 7z vzvo in mouse models. The mechanism
of action remains still unknown, and due the wide range of bioactivities of flavones, it may
be possible that it executes interactions with multiple targets in the microorganism, leading
to a strong potency. Fishing strategies, based on proteome-based affinity chromatography
followed by high-resolution mass spectrometry analysis, could be interesting approaches for
the simultaneously identification of multiple targets. In summary, our investigation highlights
that nature is still a major source of scaffolds with diverse bioactivities, and continues to
inspire medicinal chemistry for the optimisation of potential novel leads for drug

development.
Bichalcones

Chalcones are naturally occurring secondary metabolites belonging to the family of

flavonoids widely distributed throughout the plant kingdom (Rozmer & Perjési, 2016). They
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have a 1,3-diaryl-2-propen-1-ones skeleton, existing as open-chain precursors for the
biosynthesis of flavonoids and isoflavonoids, including flavones (N. Jiang, Doseff, &
Grotewold, 2016; Rudrapal et al., 2021). For decades, chalcones have attracted the attention
of medicinal chemistry research, especially in the fields of synthesis and drug discovery, due
to the simplicity of their scaffolding and their wide range of bioactivity, earning them the
appellation of “privileged scaffold in medicinal chemistry” (Zhuang et al., 2017). Amongst
these bioactivities, chalcones were shown to possess potential anti-parasitic effects (Diaz-
Carrillo et al., 2018; Gonzilez et al., 2020; Montes-Avila, Diaz-Camacho, Sicairos-Félix,
Delgado-Vargas, & Rivero, 2009; Sinha et al., 2019), including activity against 1. gondii (AL-
Hilli, Ghazzay, Hasan, Al-Kelaby, & Zarka, 2021; Ghazzay, Hasan, DeliKhudhair, & Abbas,
2023; L. Jiang et al., 2022; Si et al., 2018). Bichalcones, are a less investigated sub-class of
chalcones, that were shown to possess anti-protozoal activity (Mihigo, Mammo, Bezabih,
Andrae-Marobela, & Abegaz, 2010), particularly as antimalarial agents (Dominguez et al.,
2013; Ram, Saxena, Srivastava, & Chandra, 2000; Sharma et al., 2018). Bichalcones consist
of two monomeric subunits connected by distinct linkers. In particular, A-A'-bichalcones
have only been scarcely explored in terms of synthesis and for their bioactivity profile. The
synthetic approaches that have been proposed are lacking scalability (Li, Nehira, Hagiwara,
& Harada, 1997; G.-Q. Lin & Zhong, 1997), a crucial value in natural product synthesis
approaches (Kuttruff, Hastgate, & Baran, 2014). Moreover, some studies reported increased
potency of bichalcones compared to their respective monomer counterparts (Pereira, Silva,
Ribeiro, Silva, & Fernandes, 2023). As monomeric chalcones and A-A'-bichalcones represent
essential synthetic intermediates in the construction of the flavones and 8-8 biflavones
described in this thesis (see chapter 3.4), further investigation was based on the 7 witro
assessment of these previously synthesised intermediates within the mini-library. This
involved 7n vitro screening for their anti-toxoplasma activity and their cytotoxic profile in the
human host fibroblasts Hs27, as part of a comparative analysis of the dimeric A-A'-
bichalcones with their monomeric counterparts. As result, the dimeric A-A'-bichalcones
exhibited a notable increase in potency compared to their monomeric counterparts.
Especially, the bichalcone 12, with a benzene moiety as the B-ring and a methyl group (Me)
at R (Figure 21), exhibited the highest potency and selectivity, being the only NP in the series
with an ICs in the nanomolar range. Notably, the bichalcone 13 with a methoxy group at R
(Figure 21) showed a substantial decrease in potency, highlighting the importance of the

smaller methyl group for the anti-toxoplasma activity.
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Figure 21. Chemical structures of bichalcones 12 and 13
(2E,2°E)-1,1"-(2,2" 4,4 -tetrahydroxy-6,6 -dimethyl-[1,1 -biphenyl]-3,3 "-diyl)bis(3-phenylprop-2en-1-one) (12)
and (2E,2"E)-1,1"-(2,2",4,4 -tetrahydroxy-06,6 -dimethoxy-[1,1"-biphenyl]-3,3 "-diyl)bis (3-phenylprop-2en-1-
one) (13). Molecules were synthesised by Moritz K. T Klischan.

Since initially racemic mixtures were screened, the focus was redirected on the synthesis of
both enantiomers of compound 12 followed by their biological evaluation, with the aim of
identifying potential variations in potency and selectivity between them related to their
absolute configuration. The enantiomers were also compared with the racemic mixture. After
synthesizing enantiomers S, and R, of 12 (Figure 22), yielding 83% and 76%, respectively,
the anti-toxoplasma evaluation revealed a two-fold increase in the activity of enantiomer Ra-

12 (IC5 0.10 uM) compared to S,-12 (ICs, 0.31 puM).
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Figure 22: Chemical structures of enantiomers R.-12 and S,-12

Molecules were synthesised by Moritz K.'T Klischan and Julian Greb.

With an ICs value of R.-12 comparable to that of the racemic mixture, it indicates that Ra-
12 is the eutomer. Furthermore, the comparison with the ICs, of the standard treatment PYR
ICs 0.22 uM) underscores the potential of R.-12 as a novel anti-toxoplasma agent. As future
prospects, it is crucial to identify the target of the biflavone R.-12 and to elucidate the

mechanism of action of A-A'-bichalcones, an elusive sub-class of flavonoids that has not
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been thoroughly explored for its biological potential and for their target in apicomplexa.
Moreover, exploring the binding interactions with crystallography or docking analysis of
stereoisomers R.-12 and S.-12 with their target and understanding the reasons behind the
higher potency of R.-12 would be intriguing. Since the racemic mixture showed to be slightly
more active than the pure enantiomer R.-12, both enantiomers may exhibit a synergistic
effect, involving agonistic binding to the same receptor, or interactions with other biological
targets leading to a cooperative effect. Furthermore, the effect of pharmacokinetics could be
crucial. However, these aspects warrant further investigation which is beyond this thesis. In
this regard, it could be speculated that a potential target of bichalcone 12 for future deeper
investigation could be the T. gondii silent information regulator 2 (SIR2), an NAD-dependent
histone deacetylase (HDAC) belonging to the protein family of sirtuins (Imai, Armstrong,
Kaeberlein, & Guarente, 2000). SIR2 was found to be a transcriptional regulator of mating-
type loci, telomeres and ribosomal DNA in mammalian cells (Guarente, 2011; Haigis &
Sinclair, 2010). While performing a structure-based virtual screening for the identification of
novel modulators or inhibitors of sirtuins, Karaman ez a/. identified that rhuschalcone IV and
a rthuschalcone I analogue inhibited human sirtuins SIRT-1 and SIRT-2 (Karaman et al,,
2018). Given the structural similarities between rhuschalcone and the bichalcone 12 from
our library (Figure 23), combined with the high degree of similarity between the humans
and the parasite sirtuin proteins, it could be speculated that T. gondiz SIR2 could be a potential

target for bichalcone 12.
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Rhuschalcone I: R = OH

Figure 23: Chemical structures of bichalcone 12 and rhuschalcones IV and I
Comparison of chemical structures of the lead bichalcone 12 from our library and rhuschalcone IV and I

investigated by (Karaman et al., 2018)

Unfortunately, the docking analysis did not resulted into a stable protein-ligand complex

which might explain the inhibitory properties of the enantiomers S, and R. of 12 on T. gondii
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SIR2. Thus, further investigations 7z vitro are necessary to validate this speculation. The
expression of a recombinant 1. gondii SIR2 and the subsequent 7z vitro investigation through
an enzymatic assay wherein the enantiomers R.-12 and S.-12 are tested against 1. gondiz SIR2,
and crystallography analysis of the T. gondii SIR2 in complex with the enantiomers, could be

crucial to explore and to verify this hypothesis.

Reverse hydroxamate-based inhibitors of 1-deoxy-D-xylulose 5-phosphate
reductoisomerase

The 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway for the biosynthesis of
isoprenoids has gathered high interest as a novel target for antimalarial, antibacterial and
herbicidal effects (N. Singh, Chevé, Avery, & McCurdy, 2007). The MEP pathway is absent
in humans and animals, which use the mevalonate (MVA) pathway for the biosynthesis of
isoprenoids. The MEP pathway is exclusively present in eubacteria, plants and eukaryotic
parasites such as Apicomplexans, including T. gondii. In this microorganism, the MEP
pathway is located within the apicoplast (Rodriguez-Concepcion, 2004), a subcellular
organelle responsible for essential metabolic pathways for the parasite (Kloehn et al., 2021a).
The 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) enzyme, the second in the
cascade of the MEP pathway, catalyzes the isomerization and the NADPH-reduction
processes, transforming the substrate 1-deoxy-D-xylulose 5-phosphate (DXP) into MEP. As
the rate-limiting enzyme of the pathway, it is referred to as a key enzyme (N. Singh et al.,
2007). Hence, extensive research has been conducted on the DXR enzyme, and several
crystal structures of the protein from various microorganisms have been reported
(Henriksson et al., 2007; Reuter et al., 2002; Ricagno et al., 2004; Umeda et al., 2011).
Unfortunately, the T. gondii DXR crystal structure remains still elusive. Fosmidomycin (FSM)
(Figure 24), a natural product from the genus S#epromyces, composed of a phosphonic acid
group linked to N-formylated moiety by a propyl linker, has been found to be a potent
inhibitor of the DXR enzyme, gathering an high interest in drug development, especially as

antimalarial (Knak et al., 2022).
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Figure 24: Chemical structure of the natural product fosmidomycin (FSM)

224



Discussion

Due to its low bioavailability and its short plasma half-life, medicinal chemistry is directed
on the synthesis of more stable and potent derivatives (Knak et al., 2022). Reverse
hydroxamate-based inhibitors of DXR have shown their potential as potent antimalarial,
antibacterial and antitubercular agents (Karin Briicher et al., 2012; Kunfermann et al., 2013;
Lienau et al., 2019). Thus, the aim of this investigation (see chapter 3.5) was the expression
and the purification of a recombinant truncated 1. gondii DXR (1gDXR) and the biochemical
characterization as well as the determination of the structure of TgDXR and its configuration
through crystallographic and small-angle X-ray scattering (SAXS) analysis. As no DXR
inhibitors have been described with anti-toxoplasma activity, the aim was to assess the 2z vitro
inhibitory activity of previously investigated 3-thia and 3-oxa isosters of reversed hydroxamic
acid analogues of FSM (Karin Bricher et al., 2012; Kunfermann et al., 2013; Lienau et al.,
2019) (Figure 25), against the activity of TgDXR, and biologically, against the proliferation
of T gondi.
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Figure 25: Chemical structures of fosmidomycin and the investigated reverse [(-thia and B-oxa
analogues of fosmidomycin
Compounds were previously investigated by (Karin Briicher et al., 2012; Kunfermann et al., 2013; Lienau et al.,

2019).
Here, the first crystal structure of the TgDXR enzyme was presented in complex with FSM

and the co-factor NADPH. Overall, the structure of the NADPH-FSM complexed enzyme

was similar to the ones described before from M. tuberculosis, E. coli and P. falciparum
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(Henriksson et al., 2007; Umeda et al., 2011; Yajima et al., 2007). NADPH bound in a similar
way as in the other DXR proteins. The binding pattern of the adenine and pentose phosphate
moieties of NADPH is consistent with the ones observed in the DXR enzyme of Escherichia
coli (E. coli) (Mac Sweeney et al., 2005). In contrast, the nicotinamide ring of NADPH exhibits
orderliness in the FSM complex (Figure 26).
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Figure 26: Detailed view of the active site of 7gDXR

(A) Binding interactions of TgDXR amino acids residues and NADP (green); (B) Binding interactions of
T¢DXR amino acid residues and FSM (grey). NADP and FSM are indicated with red arrows; (C) The amino
acid sequence of the truncated Hisio-TgDXR and its domains: N-terminal dinucleotide domain (blue), additional
loop (red), connective domain (orange), flexible loop (light grey) and C-terminal four-helix bundle (dark green).
Binding interactions of NADP (green) and FMS (grey) in the amino acids sequence are highlighted. Figure
created by Prof. Dr. Sander H.J. Smits.

Regarding the inhibition mode of FSM it can be noted that the hydroxamic acid moiety of
FSM binds to the side-chain of Glu231 and to the backbone nitrogen of Ser25 (Figure 26).
Unfortunately, no magnesium ion was observed in the crystal. In addition, due their
flexibility, the long linker (from amino acids 182 -632) and the N-terminal domain with the
histidine tag were not visible in the electron density map derived from the diffraction data of
the crystal structure analysis. Therefore a SAXS analysis was performed. Here the structure
including the missing parts could be completed, and additionally, the SAXS analysis revealed
that in solution T¢gDXR is in a dimeric state. Of note, a tendency could be found for B-thia

FSM analogues to exert an increased potency than the cognate 3-oxa FSM analogues which
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could be observed on both the enzymatic and the biologic level. This tendency was also
observed against the E. /i DXR and M. tuberculosis DXR in previous investigations
(Kunfermann et al., 2013). Their crystal structures revealed that the interaction of the sulphur
atom with the conserved Met298 of the flexible loop of the DXR enzymes play a crucial role
on improving potency (Behrendt et al., 2011; Kunfermann et al., 2013). In particular, in this
study, compound 17 (Figure 25), a reverse [3-thia-analogue with 3,4 halogen substitutions at
the phenyl moiety, showed the highest potency against the enzymatic activity and against T.
gondii proliferation. The enhanced lipophilicity and electronegative properties resulting from
the 3,4-dichlorophenyl substitution may play a pivotal role in augmenting cellular uptake (T.
Haemers et al., 2006). It was observed that the 1Cs for the inhibition of T. gondii parasite
proliferation is much higher compared to the inhibition at the enzymatic level. This is
perhaps due to the permeability barrier posed by the lipophilic membranes, impeding a
compound originating from the extracellular space of the host cell from reaching the DXR
enzyme in the 1. gondii apicoplast (J. Kloehn, C. E. M. Lacour, & D. Soldati-Favre, 2021b)
where halogenated molecules might easier translocate (Timothy Haemers et al., 2006). Thus,
novel potent and more lipophilic DXR inhibitors, capable to over cross the several
hydrophobic membranes and reach the target at the apicoplast are needed for the future.
Opverall, these findings demonstrate that the T¢gDXR enzyme is a druggable target for the
future investigation into anti-toxoplasma agents. The crystal structure of T¢DXR holds
promise for aiding in future docking analyses, facilitating the modelling of more potent
inhibitors. Henceforth, crystallographic analyses on complexes of TgDXR with reverse [3-
thia-analogues of FSM would be of significant interest. Those analyses would provide close
insights on the binding interactions with the target, allowing for a comparison with FSM,
and additionally, a comparative assessment into their interaction with other protein
homologues.

To address the permeability issues related to the phosphonic acid moiety, which could limit
the cellular uptake and decrease its potency for inhibition of parasite proliferation, a second
screening of novel five phosphonate compounds and their corresponding POM-esters was
commenced. The aim was to identify POM-prodrugs with improved lipophilicity that are
able to cross the biological membrane barriers better than their respective free-phosphonate
compounds, thus undergoing bioactivation and subsequently reaching the T¢gDXR enzyme,
leading to an enhanced anti-toxoplasma activity zz vitro (chapter 3.5.1). Our findings showed
that all the examined free-phosphonate compounds present a DXR inhibitor activity at the

enzymatic level, and low or no activity on the inhibition of the proliferation of the
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intracellular parasite. On the other hand, all the investigated POM-esters showed anti-
toxoplasma activity and low or no activity on the enzymatic level, clearly suggesting a
prodrug activity (Walther, Rautio, & Zelikin, 2017). Further investigations are needed for the
validation of the prodrug activities especially 7z wivo. Metabolomics through ion
chromatography-mass spectrometry (IC-MS) on the MEP pathway of POM-esters treated
T. gondii, associated with stability tests of the free-phosphonate compounds and POM-esters,
could provide enhanced insights and understanding of the activity of POM-esters for the

future 7z vivo investigation in a mouse model.

228



Concluding Remarks

6 Concluding Remarks

Opverall, the outcomes of this thesis comprise a variety of molecules from different natural
and synthetic sources, ranging from isolated NPs, derivatives of NPs to fully synthetic
molecules that draw inspiration from natural scaffolds (Figure 27). These findings
confirmed the pivotal role of Nature in the drug discovery for novel anti-toxoplasma leads.
The chemical diversity and unique structures of NPs are often associated with a diverse array
of bioactivities that may remain undiscovered. Thus, drug repurposing of already known
NPs, is still a viable, cost-effective and rapid strategy for the only scarcely explored field of
anti-toxoplasma drug discovery. The recent advances in artificial intelligence (AI), HTS and
the availability of modern large databases, such as sequence data, coupled with the almost
inexhaustible reservoir of natural products, could synergistically enhance the repurposing
approach. Additionally, the comprehensive understanding of novel therapeutic targets,
through crystallography and other biochemical methods, can support the structure-based
optimization of already known NPs, leading to the synthesis and development of more
potent and stable derivatives. In conclusion, the findings gained through this thesis will
hopefully support the future preclinical research for the discovery of anti-toxoplasma drugs.
Lead structures developed and tested within this work can now be tested in 7z vivo T. gondii

infection animal models.
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Figure 27: T. gondii under the scope: summary of the compound classes investigated
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Chemical structures representativs of fosmidomycin derivatives, natural products from the endophytic fungus
P. selaginellae, biflavones, bichalcones and indolo[3,2-a]phenazines investigated in this dissertation for anti-
toxoplasma activities are shown.

Created with BioRender.com.
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