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Résumé de these

1. Infroduction

Les maladies parasitaires a transmission vectorielle

Les maladies parasitaires a fransmission vectorielle (MTVs) sont des maladies causées par
des parasites, fransmis & 'hnomme et/ou da l'animal, par des vecteurs (ou hdtes intermédiaires).
Elles représentent plus de 17 % de I'ensemble des maladies infectieuses au monde et causent
plus de 700 000 déces par an. Elles sont essentiellement répandues dans les zones tropicales et
subtropicales. Elles touchent de maniéere disproportionnée les populations les plus pauvres, et

contribuent également d maintenir la pauvreté [1].

De nos jours, la distribution accrue des MTVs dans le monde est le résultat de nombreux
facteurs tels que I'augmentation du tourisme international, le commerce, l'urbanisation non
planifiée, limmigration, limportation de denrées alimentaires, le mangue de sensibilisation du
public et le non-respect des principes d'’hygiene de base [1,2]. Les grandes épidémies de
maladies d transmission vectorielle ont affecté les populations du monde entier, car elles font
des victimes et chargent les systémes de santé nationaux. En outre, elles peuvent parfois
provoquer des souffrances chroniques chez les victimes, ce qui peut entrainer une
stigmatisation sociale des patients et de leurs familles [2]. Malgré les progrés économiques,
sociaux et technologiques réalisés depuis le 19éme siécle, les maladies & transmission
vectorielle sont toujours considérées comme un probléeme majeur de santé publique, et pas
seulement pour les sociétés impactées. Parmi toutes les maladies parasitaires a transmission
vectorielle, les deux maladies le plus impactantes sont principalement le paludisme (malaria)
et la leishmaniose car elles sont trés infectieuses et les plus répandues au monde et depuis peu
aux pays européens du sud [3.4]. Mes recherches porteront sur la conception et la synthése

de nouvelles molécules a activité antiparasitaire.

Le paludisme et les médicaments utilisés

Le paludisme est une maladie parasitaire transmise par des moustiques femelles du genre
Anopheles. Ces moustiques sont des hobtes intermédiaires infectés par les parasites
Plasmodium, qu'ils fransmettent d 'lhomme et aux animaux lors d'un repas sanguin. Parmi les
cing especes infectant 'homme, P. falciparum, P. vivax, P. ovale, P. malariae et P. knowlesi, les
plus répandues sont P. falciparum et P. vivax. L'espece responsable de I'immense majorité des
déces est P. falciparum. En 2019, le nombre de cas de paludisme aurait dépassé les 220
millions, causant 400.000 déceés, principalement en Afrique [5,6]. Méme si des vaccins sont
actuellement en phase de tests cliniques ou en cours de développement [7]. les

chimiothérapies classiques restent les méthodes principales pour lutter contre le paludisme.



Deux familles de médicaments peuvent étre distinguées: la chloroquine et les dérivés

d'artémisinine (utilisés seuls ou en combinaison avec d'autres agents antipaludiques).

Actuellement, le traitement causé par P. falciparum est une Combinaison Thérapeutique &
base d'Artémisinine (CTA). Il s’agit d'une combinaison d dose fixe de deux médicaments, un
dérivé de I'artémisinine (1.3) (souvent I'artésunate (1.5) ou I'artéméther (1.4)) et un dérivé &
plus longue durée d'action comportant une structure quinoléine (amodiaquine (1.8),
méfloquine (1.9), pipéraquine (1.10)) ou une autre aromatique (pyronaridine (1.13),
luméfantrine (1.11)) (Fig. R.1) [8]. Malheureusement, la résistance émergente a I'artémisinine
qui est le médicament le plus efficace, et en général aux ACTs, s'est maintenant répandue
dans les régions du sud de I'Asie et en Afrique, ce qui rend les perspectives de traitement du

paludisme trés inquiétantes [9].¢!
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Figure R.1. Les médicaments utilisés comme traitements contre le paludisme, dans le cadre des
CTAs.

La résistance principale a I'artémisinine est due a I'habilité de parasites & entrer dans un
état de quiescence pour échapper aux médicaments utilisés. Lors de I'arrét du traitement les
parasites quiescents se réveillent et peuvent proliférer & nouveau [10, 11]. Les projections

épidémiologiques indiquent qu'en 2040, le niveau de résistance parasitaire en Afrique

al La numérotation des composés est exactement la méme que dans la these.



imposera de changer d'arsenal thérapeutique car les médicaments actuellement en
développement ne sont pas adaptés au traitement de parasites quiescents. Pour anticiper
cette situation, il faudra développer des molécules spécifiques, fondées sur la compréhension

de ce mécanisme de résistance par quiescence.

Les cibles mitochondriales chez Plasmodium

La chaine respiratoire mitochondriale joue un réle essentiel a la survie du parasite chez
I'ndte et elle reste active quand les parasites entrent dans leur état dormant. La mitochondrie
contient deux principales cibles enzymatiques essentielles qui sont aussi liées biochimiquement

:le cytochrome bcl et I'enzyme dihydroorotate déshydrogénase (DHODH) [12].

Le cytochrome bcl est un hétérodimere multi-sous-unités localisé dans la membrane
mitochondriale interne. La composition des sous-unités peut varier selon les organismes vivants.
Le cytochrome bc1 posseéde un domaine catalytique contenant trois sous-unités essentielles :
le cytochrome c, le cytochrome c1 et la protéine fer-soufre de Rieske. Bc1 est I'élément clé du
processus de transfert d'électrons mitochondrial brievement décrit comme suit : l'ubiquinol est
oxydé en ubiquinone Qo dans le site oxydatif, ce qui entraine la libération de deux protons
dans l'espace intermembranaire. L'ubiquinone est ensuite réduite en ubiquinol Qi dans le site
réducteur, en reprenant deux protons de la matrice [13]. Dans le parasite, l'ubiquinone oxydée
de bc1 est utilisée par la dinydroorotate déshydrogénase pour générer de I'orotate qui est un
intermédiaire essentiel dans la biosynthése de la pyrimidine. Alors que la plupart d'organismes
utilisent & la fois les voies de novo et de récupération pour générer des pyrimidines, Plasmodium
ne dispose pas des genes nécessaires a ce dernier processus, ce qui fait de la synthése de
novo de la pyrimidine une voie essentielle a sa survie [14]. Pour cette raison, le cytochrome

bcl et I'enzyme DHODH sont deux cibles primordiales de chimiothérapie antipaludique.

L'atovaquone et son mécanisme d’action

L'atovaquone (Fig. R.2, 1.35) est un médicament antipaludique comportant une structure
2-hydroxy-1,4-naphtoquinone (ou lawsone, 1.35), qui cible le complexe cytochrome bcl.
L'atovaguone est utilisée en association avec le proguanil (Malarone) pour le traitement de la
malaria causée par Plasmodium falciparum (y compris P. falciparum/P. vivax résistants & la
chloroquine). C'est un analogue de l'ubiquinone qui agit comme un inhibiteur compétitif du
site Qo du cytochrome bcl [15]. Malheureusement, le développement de mutations
ponctuelles dans le site Qo du cytochrome bc1 du parasite entraine I'émergence rapide de
souches résistantes & l'atovaquone, ce qui réduit considérablement son efficacité

antfipaludique [16].



1,4-naphtoquinone, 1.25 Lawsone, 1.35 Atovaquone, 1.16

Figure R.2. Ll'atovaquone est une molécule antipaludique qui cible le complexe bc1 de la
mitochondrie de Plasmodium.

La leishmaniose et les médicaments utilisés

La leishmaniose est une maladie parasitaire négligée, a transmission vectorielle, causée par
des parasites appartenant d la famille des Trypanosomatidae et au genre Leishmania spp.
Cette maladie infectieuse menace plus de 350 millions de personnes a travers le monde, dans
98 pays, avec 12 millions de cas rapportés chaque année. Lincidence annuelle de la
leishmaniose est estimée a environ 0.2 & 0.4 millions de cas déclarés pour la forme viscérale qui
est une forme l|étale en absence de traitement [17]. La thérapie, dominée durant de
nombreuses années par l'utilisation des médicaments ayant pour base I'antimoine (Sb)comme
traitement de premiére intention, est actuellement peu efficace [18]. Au cours des vingt
derniéres années, plusieurs autres médicaments sont utilisés afin de lutter contre cette maladie
menacante tels que : les antimoniés pentavalents (SbV) (1.18-1.19), la miltéfosine (1.21), la

paromomycine (1.22) et I'amphotéricine B (1.20) (Fig. R.3).
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Figure R.3. Les médicaments utilisés comme traitements contre la leishmaniose.

Malheureusement, une chimiorésistance a été observée et signalée chez des patients

traités par de I'antimoniate de méglumine. L'augmentation alarmante du nombre d'isolats



clinigues résistants de Leishmania major apparus, constitue une menace majeure pour la santé

publique et il est donc indispensable de mettre au point de nouveaux médicaments [19].

Les activités biologiques variées de naphtoquinones

Les naphtoquinones sont largement répandues dans la nature et elles ont été étudiées
depuis I'Antiquité pour leurs activités pharmacologiques. Les naphtoquinones naturelles ont
toujours été une source d'inspiration pour les chimistes qui cherchent & synthétiser de nouvelles
molécules bioactives. A cet égard, de nombreux dérivés synthétiques de la 1,4-naphtoquinone
ont été signalés pour leurs activités antipaludiques [20]-[22] (composés 1.27-1.29),
leishmanicides [23].[24] (composés 1.30-1.31), anticancéreuses [25] (composé 1.32),

antibactériennes [26] (composé 1.33), antivirales [27] (composé 1.34) (Fig. R.4).
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Figure R.4. Quelques exemples de 1,4-naphtoquinones synthétiques avec des activités
biologiques variées.



Un outil des chimistes organiciens vers les composés bioactifs : les réactions multicomposants

Les réactions & composants multiples (RCM) sont des méthodes de synthése qui peuvent
conduire & un seul produit & partir de trois réactifs ou plus, en une seule étape, par le biais
d'une cascade de réactions élémentaires [28]. La popularité des RCMs réside dans la simplicité
et la polyvalence des procédures expérimentales qui ouvrent l'acces d une large gamme de
produits, grGce aux possibilités multiples de combinaisons de réactifs. Le premier exemple
rapporté de ces réactions, la synthése de Strecker d'aminonitriles a partir d'aldéhydes, est
apparue dés 1850 et a été peu apres développée industriellement pour produire de la
méthionine, un acide aminé commun utilisé notamment comme matiére premiéere pour la
synthése de médicaments [29]. Il n'a pas fallu longtemps pour que d'autres RCM basées sur le
carbonyle soient développées. Parmi elles, la réaction célebre de Mannich, qui produit des p-
aminocarbonyles a partir d'un aldéhyde non énolisable, d'une amine primaire ou secondaire
et de formaldéhyde via un intermédiaire iminium [30] et la réaction de Biginelli qui produit des
dihydropyrimidinones & partir d'un aldéhyde, d'un B-cétoester et d'une urée [31]. Cesréactions
produisent des briques de synthése importantes pour la chimie médicinale et la synthése de
produits chimiques hétérocycliques. Parallélement, les RCM basées sur l'isocyanure, faites pour
la premiére fois par Passerini en 1921, sont également devenues un outil dans l'industrie
pharmaceutique afin de former des produits qui contiennent un a-acyloxy amide [32]. Une
autre RCM basée sur la réactivité de lisocyanure est la condensation d'Ugi. Cette réaction
impligue un aldéhyde, une amine, un acide carboxylique et un isocyanure. Elle permet la
préparation rapide de dérivés d'a-aminoacylamides, qui servent essentiellement a la
recherche de candidats de médicaments en générant de vastes bibliotheques de composés
[33].

Les dernieres années une recherche active sur les RCM est développée en raison de la
nature simple de 'approche qui élimine les étapes multiples d'isolation/purification, fournit une
économie d'atomes élevée, limite la génération d'intermédiaires potentiellement toxiques et
minimise les déchets. Les RCM ont émergé comme un outil puissant pour la synthese organique
durable, gagnant un intérét croissant dans la recherche de méthodes respectueuses de

l'environnement car elles peuvent intégrer la plupart de criteres de la chimie verte [28].

Dans ce contexte, nous sommes intéressés a élaborer de familles de molécules portant le
motif 1,4-naphtoquinone en utilisant des nouvelles approches de synthése. Nous aimerions
évaluer ensuite leur activité biologique essentiellement antiparasitaire contre Plasmodium
falciparum et Leishmania donovani. De plus, nous sommes intéressés & étudier in silico les
librairies focalisées obtenues contre les deux cibles mitochondriales de P. falciparum bcl et

DHODH dont la structure de protéines en rayons-X est déja bien connue. Les méthodologies



de synthese que nous souhaiterions mettre en oeuvre sont de type des réactions

mulficomposants impliquant la lawsone.

2. Vers des composés antiparasitaires a l'aide de la réaction domino impliquant la
lawsone

Parmi les classes différentes de quinones, les naphtoquinones et en particulier les
naphtofuroquinones (NFQs) ont suscité un intérét croissant pour leurs activités
pharmacologiques en tant qu'agents antiparasitaires [34-35], antficancéreux [36].
antimicrobiens [37] etc. (Fig. R.5). Ces composés peuvent étre isolés a partir de sources
naturelles ou étre obtenus par des approches de synthése nécessitant de nombreuses étapes
et présentant des rendements médiocres.
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2.14 Avicéquinone B, 2.7
Clsp = 11.7 uM 94% lyse & 0.20 mM in vivo  Clsg = 4 uM Clgo = 0.5 uM /
P. falciparum W2 trypomastigotes human lung cancer cells M. tuberculosis
T. cruzi

Figure R.5. Les naphtofuroquinones possedent des activités biologiques variées.

Les quatre voies principales de synthése des naphtofuroquinones sont présentées dans le

Schéma R.1.

La premiére voie de synthese est basée sur I'addition [1,4] d'énolates de lithium & des 1,4-
naphtoquinones thio-substituées 2.36, conduisant & la formation de la para-
naphtofuroquinone attendue 2.41. Le groupe thio-phenyl en C-2 de la molécule 2.36 joue un
réle crucial pour la détermination de la régiosélectivité de cette réaction. Cependant, cette
voie de synthése utilise des étapes multiples, des temps de réaction longs et des solvants

toxiques donnant un rendement total faible (voie i, Schéma R.1) [38].

La deuxieme méthode fait intervenir le nitrate d'ammonium cérique (CAN) et un alcéne
terminal qui par réaction d'oxydation avec la lawsone permet la formation de liaisons C-C
produisant des dihydronaphtofuroquinones 2.50. Elle nécessite ensuite une étape d'oxydation
supplémentaire afin d'obtenir les naphtofuroquinones attendues 2.7. Cette méthode de

sélectivité peu contrélée, fournit des mélanges de deux produits (voie i, Schéma R.1) [39].

Le couplage de Sonogashira a également été testé afin de construire ce type de motif.

Cette préparation en une étape de naphtofuroquinones a été testée en utilisant



I'nétéroannulation médiée par des métaux de transition tels que Pd ou Cu. Bien que le

couplage de Sonogashira semble idéal en termes d'économie d'atomes, I'efficacité de cette

réaction s'est avérée assez limitée en termes de substitution d'alcynes utilisés. De plus, le temps

de réaction varie de facon importante en fonction de la nature du substituant R (voie ii,
Schéma R.1) [40].
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Schéma R.1. Procédures de synthése des naphtofuroguinones.

Enfin, une méthode proposée par Borgati et al. décrit la synthése sélective de para- et

ortho-naphtofurogquinones en trois étapes a partir de lawsone. Une condensation aldolique

entre la lawsone et des aldéhydes, selon une méthode adaptée de Hooker a donné une série

de 1'-alcenyl-1,4-naphthoquinones 2.53 avec des rendements compris enfre 6% et 81%



(Schéma R.1, voie iv). Les naphthofuroquinones sont préparés ensuite par cyclisation oxydative
a partir de 2.53 en utilisant Hg(OAc)2. Les auteurs ont pu favoriser la formation de l'ortho- (2.54)
ou de la para-naphtoquinone (2.55) en modifiant le temps de réaction de la deuxieme étape.
Lorsque les mélanges réactionnels ont été traités avec HCI 2N pendant 15 min, la formation de
produits cinétiques (ortho) a été favorisée, tandis que la formation de produits

thermodynamiques (para) a été favorisée lors de temps de réaction plus longs (3 h) [34].

Parmi tous les composés synthétisés, la série des para-naphtofuroquinones s'est avérée en
général plus active que la série des ortho-naphtofuroquinones contre Plasmodium falciparum.
La naphtofuroquinone 2.14 (Fig. R.5) a présenté la valeur Clso la plus faible de la série contre la
souche W2, résistante d la chloroquine. En outre, les études de docking décrites proposent que

ces composés agissent comme inhibiteurs du cytochrome bc1 ou de la DHODH [34].

Dans le but d'infroduire également des substituants aminés sur le motif naphtofurane, des
équipes ont également travaillé a I'élaboration de 2-amino-naphtho(2,3-b]furan-4,9-diones.
Teimouri et al. [41] ont rapporté une condensation a trois composants en une seule étape entre
la lawsone, un aldéhyde et un isocyanure d'alkyle a reflux dans du toluene. Plus tard, Jiménez-
Alonso et al. [42] ont décrit une méthode utilisant I'acide éthyléne diamine diacétique (EDDA)

comme catalyseur, réduisant ainsi le temps de réaction.

Dans le cadre de cette these (Chapitre ll), nous avons réalisé une étude détaillée de la
réaction domino entre la lawsone, des aldehydes et des isocyanures. Dans un premier temps,
nous avons effectué une étude en utilisant une réaction modéle entre la lawsone, le 4-
chlorobenzaldéhyde et lisocyanure de tert-butyle dans le but de trouver les conditions
optimales caril n'y a pas d'étude similaire pertinente utilisant la lawsone comme réactif [43].
Les méthodes différentes d'activation testées (méthode classique en reflux, irradiation micro-
ondes et activation thermique) et la variation de tous les parameétres expérimentaux (solvant,
temps de réaction, équivalents des trois réactifs, catalyseur) ont permis de frouver les

conditions optimales pour cette réaction spécifique (Schéma R.2).
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Schéma R.2. Réaction domino modeéle utilisée avec ses conditions optimales.
Les conditions optimales trouvées de cette réaction domino sont : une solution equimolaire

de trois réactifs (lawsone/aldéhyde/isocyanure, 1 :1:1) dans du dichloroéthane (DCE) & 160



°C pendant 2 h sous irradiation micro-ondes, en présence de 10 mol% d'acide
éthylenediaminodiacétique (EDDA) comme catalyseur. Une série de naphtofuroquinones a
été synthétisée en utilisant le méme protocole expérimental et en variant I'aldéhyde et
I'isocyanure. La réaction est compatible avec tous les types d'aldéhydes utilisés
(carbaldéhydes de pipéridine N-substitués, benzaldéhydes portant des substituants électro-
attracteurs ou donneurs, aldéhydes portant des cycles hétérocycliques). Dans certains cas,
pour des aldéhydes pas suffisamment électrophiles, nous avons observé et isolé un autre
produit secondaire issu du seul couplage entre la lawsone et I'isocyanure avec un rendement
entre 40-50 %. |l s'agit des structures des naphtoénaminodiones jamais décrites auparavant,
obtenues en mélange de deux isomeres E et Z dans un rapport 50:50. Ces deux types des
structures ont été confirmés par un set détaillé d'analyses RMN 2D. Tous les produits obtenus

sont présentés dans le Tableau R.1.

Tableau R.1. Liste de produits obtenus en utilisant la réaction multicomposants domino.
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Une librairie focalisée de 19 nouvelles naphtofuroquinones a été ainsi synthétisée. Ces
produits sont obtenus en une seule étape sous irradiation micro-ondes. Bien que présentant
des rendements modérés, la réaction est compléetement sélective, ne fournissant que des
para-naphtofuroquinones diversement substituées. La réaction est aussi frés « flexible »,

permettant I'utilisation d'aldéhydes et d'isocyanures trés variés. Tous les produits ont été isolés



et caractérisés par des techniques spectroscopiques. L'analyse par rayons X (Fig. R.6) et par
RMN 2D de la molécule 2.69 a permis la caractérisation non ambigué de la structure de la
naphtofuroquinone, qui a ensuite été utilisée pour caractériser par analogie tous les produits

obtenus de cette série.

Tous les produits de la série ci-dessus ont été évalués in vitro contre Plasmodium falciparum,
Leishmania donovani et Mycobacterium tuberculosis. Leur affinité pour bc1 et DHODH a été
évaluée in silico par docking. La structure modélisée AlphaFold2 de I'enzyme du cytochrome
Q7HPO3 a été utilisée pour caractériser les interactions prévues entre les composés et la cible
bc1 (PDB Ref : 4PD4). Pour la cible DHODH, la structure cristalline & rayons X de cette enzyme
du Plasmodium falciparum a été extraite de la PDB (Ref : 7L01) avec une résolution adéquate

pour les études de docking. Les résultats les plus intéressants sont résumés dans le Tableau R.2.

En ce qui concerne les activités antipaludiques, la fonction 2-hydroxy de I'atovaquone joue
un réle crucial dans I'interaction de ce médicament avec sa cible bc1, et la modification de
cette interaction est a I'origine de la résistance du parasite d I'atovaquone. La modulation
chimique de cette position peut donc permetire de contourner la résistance a ce
médicament, qui est le cas pour les deux séries de nos molécules synthétisées: les
naphtofurofuinones et énaminodiones. La série de naphtofuroquinones s’est révélée avoir des
valeurs de Clso plus basses ou au méme niveau que la série de para-naphtofuroquinones de
Borgati et al. [34]. La naphtofuroquinone 2.80 et les deux énaminodiones 2.91 et 2.92 ont
présenté les activités les plus intéressantes contre Plasmodium falciparum avec des valeurs de
Clso dans la gamme 1.5-2.5 UM sur la souche F32-ART résistante & I'artémisinine. Il convient
toutefois de noter que les naphtofuroquinones portant le motif N-benzyl pipéridine (2.79, 2.80,
2.85 et 2.90) ont donné les valeurs de Clso les plus intéressantes contre P. falciparum, quelle que
soit la substitution du groupe amino (n-butyl, tert-butyl, cyclohexyl). Ceci est cohérent avec les
études de docking, car les molécules 2.80, 2.85 et 2.90 ont donné de tres bons scores de
docking sur les deux cibles bc1 et DHODH (Tableau R.2).



Figure R.6. La structure par diffraction de rayons-X de monocristaux de la molécule 2.69.

Tableau R.2. Evaluation in vitro et in silico de certaines naphfofuroquinones et naphtho-
énaminodiones synthétisées.

P. L. donovani M. Score Score
falciparum IS a Lv9 IS b tuberculosis | docking docking
Composé F32-ART Intframacroph. H37Rv Pfbc1 PfDHODH
Clso (UM) Clso (M) MIC (pM) | (kcal/mol) | (kcal/mol)
2.79 >10 - 7.0 7.0 > 147 -8.9 -9.4
2.80 2.5 34 - - 9 -12.2 -11.0
2.81 11.0 4.5 9.4 5.8 39 -9.5 -8.2
2.82 6.0 >16 - - > 147 -8.8 -9.0
2.85 3.6 10 - - 17-34 -6.4 -9.3
2.90 4.0 6 - - 18 -10.8 -9.3
a= -7.2 a=-7.0
291 1.4 >36 3.5 >28.5 62-124 a'=-70 a'=-70
a=-7.5 a=-7.1
2.92 1.9 >26 6.3 7.3 > 147 a'=-73 a'=-75
Lawsone >10 - 6.3 7.0 > 147 -6.5 -6.6
Atovaquone 0.001 6000 11.1 3.9 > 147 -12.1 -10.7
Streptomycine - - - - 0.25 - -
Miltéfosine - - 1.5 15.5 - - -

a Contre des cellules Vero. P Contre des cellules Hep GAAT6.

Contre le parasite Leishmania, les composés 2.79 et 2.81 de la famille des
naphtofuroquinones ont des valeurs de Clso inférieures & 10 uM (7 et 9.4 uM respectivement),
ce qui est proche de la Clso du médicament de référence, la miltéfosine (Clso = 1.5 uM). Parmi
les naphto-enaminodiones, la molécule 2.91 s'est avérée trés active contre L. donovani ayant
une valeur de Clso = 3.5 uM et une meilleure valeur d'indice de sélectivité que le médicament

utilisé comme référence.



Contre Mycobacteriun tuberculosis, la plupart de composés de la famile des
naphtofuroguinones sont inactifs. Seulle composé 2.80 a une valeur de MIC inférieure a 10 uM
(9.0 uM), alors le médicament de référence, la streptomycine a une MIC de 0.25 uM (Tableau
R.2). Une modification des substitutions du squelette de ces molécules est donc essentielle pour

améliorer les activités.

3. Synthése des dérivés de lawsone a l'aide de la réaction multicomposants de
Biginelli

La pyrimidine est le constituant le plus important de toute la famille de diazines, car ce
systeme hétérocyclique est tres répandu et essentiel dans des systemes biologiques variés. Le
noyau de pyrimidine est présent dans des vitamines telles que la riboflavine, la thiamine, et
dans des acides nucléiques comme la thymine, la cytosine et I'uracile [44]. Dans le domaine
de la chimie médicinale, les dérivés de la pyrimidine, et spécialement les dérivés de
dihydropyrimidinones (DHPM), sont trés bien connus pour leurs activités thérapeutiques comme

agents antipaludiques [45-47], leishmanicides [48], antimicrobiens [49] etc. (Fig. R.7).
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Figure R.7. Dihydropyrimidinones avec des activités biologiques intéressantes.

Dans le but de synthétiser des molécules ayant une activité biologique potentielle contre
les deux parasites Plasmodium falciparum et Leishmania donovani nous avons cherché &
synthétiser des dérivés tricycliques lawsone-DHPM. Ces motifs DHPM peuvent étre obtenus en

utilisant la réaction multicomposants de Biginelli. Cette réaction résulte de la condensation de



trois composants : un B-cétoester, une urée et un benzaldéhyde pour former le produit cyclisé
4-aryl-3,4-dihydropyrimidine-2(1H)-one (DHPM) [31]. Au cours des dernieres décennies, des
conditions expérimentales variées ont été proposées pour améliorer le rendement de cette
réaction : utilisation de catalyseurs & base d'acides de Bronsted ou de Lewis, de liquides

ioniques (IL), de solvants eutectiques (DES) ou excés de |'un des trois réactifs [50].
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Figure R.8. Dérivés lawsone-DHPM souhaités.

Trois mécanismes sont proposés pour une réaction Biginelli classique : (i) la voie de l'iminium
qui commence par la condensation de 'aldéhyde et de 'urée pour former une licison iminium
C-N, suivie de l'addition nucléophile du p-cétoester; (i) la voie de I'énamine, c'est-a-dire la
réaction de l'urée et du p-cétoester pour former une liaison C-N d'énamine, qui réagit ensuite
avec l'aldéhyde et {iii) la synthése de lintermédiaire de Knoevenagel, ou I'aldéhyde et le B-
cétoester forment une licison C-C avant de réagir avec l'urée (Schéma R.3) [51]. Il convient de
noterici que I'étape déterminant la vitesse de la réaction (RDS) est la formation de la licison C-
N pendant I'étape finale de cyclisation inframoléculaire pour les deux mécanismes (i) et (ii), et
la coupure de la licison C-O pendant la réaction de Knoevenagel pour le mécanisme (iii)
(Schéma R.3). Une préférence pour un de ces trois mécanismes peut apparaitre en fonction
des conditions expérimentales et des substituants des réactifs, ce qui peut favoriser un RDS par

rapport & un autre [51].
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Schéma R.3. Les trois mécanismes proposés pour la réaction de Biginelli.

Pour déterminer les conditions optimales, la réaction de la lawsone avec le 4-
chlorobenzaldéhyde et I'urée a été utilisée comme modele. Nous avons d'abord utilisé des
conditions conventionnelles dans des solvants protiques courants (EtOH). Puis, la réaction a été
conduite dans des liquides ioniques (IL) ou des solvant eutectiques (DES). Ensuite, la réaction a
été activée par irradiation par micro-ondes ou par mécanochimie. Malheureusement, en

aucun cas nous n'‘avons obtenu le dérivé de DHPM souhaité (Schéma R.4).
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Schéma R.4. La réaction modéle utilisée pour mettre en place les conditions optimales.

Au lieu de cela, deux produits ont été obtenus : le produit linéaire de Biginelli (3.43) et le
produit formé par I'addition de Michael entre la lawsone et le benzaldehyde (3.44). Dans ce

dernier cas, l'urée ne participe pas a la réaction (Schéma R.5).
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Schéma R.5. Les produits obtenus lors de la réaction de la lawsone avec le 4-
chlorobenzaldéhyde et I'urée.

C'est la premiere fois qu'un produit non cyclique de la réaction de Biginelli est isolé. Ce

produit 3.43 a été totalement caractérisé par RMN 2D.

En faisant varier les méthodes d'activation, les catalyseurs et le temps de réaction, nous
avons pu favoriser la formation de I'un ou I'autre des produits 3.43 et 3.44. Lors de I'utilisation
de solvants protiques et de DES ou IL, la formation de I'adduit de Michael 3.44 a été favorisée,
conduisant a des rendements de 40-47%. Lorsque la réaction a été activée par des moyens
mécanochimiques, le produit linéaire de Biginelli a été formé exclusivement. Aprés un simple
lavage & I'eau, il a été isolé avec des rendements excellents de 90-95%, en une seule étape,
sans |'ufilisation des solvants organiques et sans purification sur colonne. Les meilleures
conditions sont : les trois réactifs en proportions lawsone/benzaldehyde/urée (1:1:1.5), I'acide
p-toluene sulfonique (20 mol%) comme catalyseur, dans un broyeur planétaire & billes

Pulverisette 7 (2 cycles de 40 min & 800 rom dans une jarre d'oxyde de zirconium).

Ayant en mains les conditions optimales de I'obtention du composé de Biginelli linéaire 3.43,
nous avons exploré le spectre des substrats de cette réaction multicomposants, en utilisant des
benzaldéhydes diversement substitués en position para, et des urées N-substituées. Les résultats

sont présentés dans le Tableau R.3.

Tableau R.3. Les produits Biginelli-linéaires obtenus par activation mécanochimique.
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3.46 F Et 63

3.47 Cl Et 62
3.48 Br Et 70
3.49 [ Et 70
3.50 | NO2 Et 85
3.51 CFs Et 90
3.52 | CHs Et 70
3.54 F n-Bu 81
3.55 Cl n-Bu 85
3.56 Br n-Bu 95
3.57 | NO2 n-Bu 90
3.58 | CFs n-Bu 80

3.60 F | CH.C=CH 83
3.61 Cl | CH2C=CH 73
3.62 Br | CH2C=CH 88
3.63 | NO2 | CH.C=CH 70
3.64 | CF3 | CH.C=CH 82
3.66 Cl | CH2CH20H 80
3.67 | NO2 | CH2CH20H 82
3.68 | CFs CH2CH20OH 80

Dans tous les cas, sous activation mécanochimique, un produit unique a été formé, obtenu
avec des rendements trés bons & excellents (62 & 95 %), a I'état solide, sans utilisation de
solvants et sans nécessité de purification sur colonne. Tous les produits ont été précipités en
utilisant un volume optimal de mélange de solvants (DCM/Et20). La réaction fonctionne bien
lorsque le substituant X de l'aldéhyde porte un groupe attracteur d'électrons. Lorsque X est un
groupe donneur d'électron les produits de la réaction sont instables. La N-substitution de I'urée
ne semble pas inhiber la réaction. Les 21 nouveaux produits linéaires de Biginelli ont été isolés
et compléetement caractérisés par les techniques spectroscopiques usuelles. L'analyse par
diffraction des rayons X sur monocristaux de la molécule 3.61 a complété la caractérisation.
Le fracé ORTEP de cette structure est présenté sur la Figure R.9, indiquant & I'état cristallin une
distance N2-C2 non négligeable et supérieure & 5 A. Nous pensons que c'est un élément

important pour expliquer que I'atome d'azote ne peut pas attaquer le C-OH, caril n'y a pas



de rotations. La cyclisation & I'état solide (dans les conditions mécanochimiques) pour obtenir

le dérivé DHPM désiré est donc impossible.

Figure R.9. La structure par diffraction de rayons-X de monocristaux de la molécule 3.61.

Une étude par calcul DFT de la réaction de cyclisation indique que I'énergie d'activation
de ceftte réaction est trés élevée (AG = + 53 kcal), méme si le produit de Biginelli cyclisé semble
thermodynamiquement plus stable que le produit linéaire [AG (linéaire — cyclisé] = + 12 kcal].
(Schéma R.6). En parallele, des études théoriques par DFT ont étayé nos résultats
expérimentaux concernant le mécanisme proposé pour cette réaction de Biginelli spécifique
impliguant la lawsone.

AG
(kcal/mol)

Schéma R.6. Chemin réactionnel de cyclisation du produit 3.43 calculé par DFT.



Le mécanisme que nous avons proposé est celui qui passe par lintermédiaire de

Knoevenagel.

La cyclisation spontanée étant impossible & I'état solide, nous avons tenté de cycliser en
solution les produits linéaires de Biginelli isolés. Les composés 3.43 et 3.46 ont été choisis pour
cela, afin de contréler que la substitution de I'urée n'affectait pas I'étape de cyclisation en
solution. Malgré toutes nos tentatives, nous n‘avons jamais obtenu le produit dérivé cyclisé de
type DHPM. Nous avons alors tenté d'activer la fonction énolique du motif lawsone en le faisant
réagir avec le chloroformiate de para-nitrophényle. A partir de 3.46, le dérivé cyclique 3.71 a
alors été obtenu avec un rendement de 20 % aprés purification (Schéma R.7). Ce résultat
pourra servir comme base d'étude plus approfondie pour synthétiser une nouvelle série de

molécules cyclisées a partir de la série de produits linéaires de Biginelli.

ZI
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Schéma R.7. Cyclisation du produit 3.4é et formation du carbamate de lawsone 3.71.

Les composés structurellement les plus proches aux produits linéaires de Biginelli sont les
bases de Mannich de la lawsone. Ces composés présentent une activité prometteuse sur L.

pifanoi et, dans une moindre mesure sur P. falciparum (Fig. R.10).

Antipaludique

(o)
l l X OH
N
o H
373 x=H,c
L. pifanoi (formes axéniques) P. falciparum K1
C|50= 1.2-3.2 IJM CISO 1.0-13 HM

Figure R.10. Activités antiparasitaires de dérivés linéaires de la lawsone.

Tous les produits linéaires de Biginelli ont été évalués in silico par docking contre les deux
cibles mitochondriales de Plasmodium falciparum : DHODH et bc1. Des résultats partiels sont
présentés dans le tableau suivant (Tableau R.4). En général, beaucoup de molécules de la

série ont présenté des scores trés négatifs par rapport aux deux molécules de référence :



I'atovagquone et XCV. Cela indique que ces molécules pourraient avoir une bonne affinité sur
les deux cibles : bc1 et DHODH.

Tableau R.4. Quelques résultats de docking de produits linéaires de Biginelli synthétisés.

Score de docking | Score de docking

Molécule DHODH bc1
(kcal/mol) (kcal/mol)
3.43 -7.4 -8.8
3.46 -6.1 -9.1
3.47 -5.9 -8.9
3.55 -7.1 -9.9
3.57 -7.1 -7.3
3.60 -6.4 -6.1
3.66 -6.9 -9.3
3.67 -7.2 -4.7
Atovaquone - -11.3
XCV -11.2 -

Aprés ce premier screening, toute la série de dérivés 3.43-3.68 a été soumise 4 une
évaluation biologique principalement contre de Plasmodium falciparum (souches résistantes
et sensibles a I' ART), Mycobacterium tuberculosis et Leishmania donovani. Malheureusement,
aucune molécule n'a montré des valeurs de Clsg in vitro inférieure & 10 uM contre P. falciparum

et conftre les deux autres cibles.

Ceci nous a conduit & étudier la stabilité de ces composés. Les études effectuées en LC-
MS en phase inverse, en fonction du temps et en présence d'une quantité catalytique
d'acide, ont montré que les composés se décomposent en lawsone, aldéhyde et adduit de
Michael. Nous estimons que la fonction énol pourrait fragiliser en milieu protique la licison C-N,
conduisant a éliminer I'urée. Donc, cette dégradation pourrait étre responsable de la non-

activité ou de la perte d'activité biologique observée.

Dans ce cadre, pour stabiliser ces structures, nous avons cherché a méthyler sélectivement
la fonction énolique de ces dérivés linéaires. Plusieurs réactifs de méthylation ont été testés
(méthylesulfonate de trifluorométhane, iodure de méthyle, fluorure de tétraméthylammonium,
diméthylsulfate). Nous avons réussi & mettre au point un protocole de méthylation sélective en
utilisant du diméthylsulfate dans de I'acétone a reflux, en présence d'un excés de carbonate

de potassium. Les résultats sont résumés au tableau suivant.



Tableau R.5. Produits linéaires de Biginelli sélectivement méthylés.

OH OMe
H H Mest4, K2CO3 H H
N\n,N—R > N__N—-R

acetone, reflux

o o 5 min-2h o o
J J
X X
Composés linéaires de Biginelli 3.72-3.84
Produit X R Rend. (%)

3.71 F Et 60

3.73 Cl Et 73

3.74 Br Et 65

3.75 [ Et 70

3.76 NO2 Et 42

3.77 CFs Et 90

3.78 CHs Et 70

3.79 | OMe Et 63

3.80 F CHC=CH 70

3.81 Cl | CHC=CH 67

3.82 NO2 | CHC=CH 50
3.83 CFs | CH.C=CH 40
3.84 | OMe | CH.C=CH 40

Treize produits méthylés sont obtenus en utilisant cette méthodologie. Des études de RMN
2D du produit 3.71 ont confirmé la sélectivité de la méthylation. Comme prévu, la méthylation
a permis de stabiliser ce type de structures, méme pour les molécules portant de groupes
électro-donneurs. Les études in silico de la série méthylée de Biginelli ont montré que la
méthylation ne modifie pas significativement les scores de docking avec les proteines

mitochondriales bc1 et DHODH. Les résultats sont décrits dans le tableau R.6.



Tableau R.é. Evaluation in vitro et in silico de certains produits de Biginelli linéaires méthylés.

. falciparum L. donovani Sc0fe Sc0fe
) F32-ART Lv9 IS docking docking
Compose Clso (M) Inframacroph. Pfbc1 PfDHODH
Clso (M) (kcal/mol) | (kcal/mol)
3.72 2.8 2.1 5.7 -10.0 -9.1
3.75 4.5 4.5 22.5 -8.3 -9.1
3.77 4.8 1.5 68.5 nd nd
3.80 5.0 1.3 76.3 -8.1 -6.7
3.81 10.0 1.4 69.4 -2.3 -6.3
3.83 6.0 2.1 46.5 nd nd
Atovaquone 0.001 - - -11.3 nd
Miltéfosine - 1.5 15.5 - -

Tous les composés de la série O-méthylée ont une Clso inférieure & 10 uM conftre les souches
de P. falciparum résistantes a I'artémisinine. Les composés 3.72, 3.78 et 3.79 de la famille des N-
éthylurées ont présenté des valeurs de Clso comprises entre 2.8 uM et 3 uM, tandis que le dérivé

N-propargylurée 3.80 a présenté une Clso égale a 5 uM (Tableau R.4).

Surtout, I'ensemble de cette série s'est avérée active contre les amastigotes axéniques et
inframacrophages de L. donovani. Sept (composés 3.72, 3.76, 3.77, 3.79-3.81 et 3.83)
composés ont présenté des valeurs de Clsp (1.2-2.1 yM), du méme ordre que le médicament
de référence qui est la miltéfosine (Clso = 1.5 uM) contre les formes intramacrophagiques du
parasite. De plus, les indices de sélectivité sont au moins deux fois plus élevés que ceux de la
miltéfosine (SI = 15.5) (Tableau R.6). L'activité de cette série contre L. donovani est donc

remarquable.
4. Conclusion

Deux protocoles de réactions multicomposants impliquant la lawsone ont été développés,
afin d'obtenir des dérivés de 1,4-naphtoquinones comme agents antiparasitaires et anti-
infectieux. Des approches de chimie verte ont été appliquées afin de réduire les déchets et
I'utilisation des solvants. Une série de naphtofuroquinones diversement substituées a base de
lawsone a été synthétisée pour la premiére fois, ainsi qu'une série de produits linéaires de
Biginelli. Une nouvelle voie de synthése a été mise au point pour I'obtention de composés
tricycliques lawsone-carbamates. Cette voie peut encore étre optimisée. Tous les composés
synthétisés ont été evalués (ou sont en cours d'évaluation) essentiellement contre Plasmodium
falciparum, Leishmania donovani et Mycobacterium tuberculosis. Une étude de docking
impliquant une approche in silico sur deux cibles mitochondriales de Plasmodium a été

également conduite.
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CHAPTER 1

“General Infroduction”
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1.1 Vector-borne parasitic diseases in humans

Parasites belong to the oldest organisms living on earth. Their presence has even been
confirmed in fossils millions of years old [1]. Parasitism is a type of antagonistic co-existence
between two organisms, the parasite and its host, in which one derives benefits and the other
suffers damage. Evolution through fime permitted parasites to develop mechanism
adaptations to ensure their survival and fransmission. The host is used as a source of nutrients
and as a living environment for the parasite. This kind of intferaction between two organisms
results in pathological states for the host. Epidemiologists estimate that % of living organisms on

the planet are getting infected by parasites [2].

Vector-borne diseases (VBDs) are illnesses caused by parasites, viruses, and bacteria
fransmitted by vectors to humans and/or animals. They account for more than 17% of all
infectious diseases worldwide, causing more than 700.000 deaths annually [3]. They are
common essentially in tropical and subtropical areas, affecting disproportionally the poorest

populations.

The fransmission of VBDs takes place mainly through blood-sucking by the infected vector
which injects pathogens into human hosts during a blood meal, and Iater transmits it into a new
host after the pathogen has been replicated. Once the vector becomes infectious, it is
capable of pathogen fransmission for the rest of its life during each blood meal. Nowadays,
the increased distribution of VBDs is a result of numerous factors such as: an increase in
international tourism, fravel and trade, unplanned urbanization, immigration, import of food,
lack of public awareness, and disregard of basic hygiene principles [2].[3]. Major outbreaks of
vector-borne diseases have affected people all over the world as they claim lives and burden
nafional health systems. Furthermore, sometimes they can cause chronic suffering tfo the
victims, even disability leading to a potential social stigmatization of the patients and their

families [3].

Despite all the economic, social and technological signs of progress during the last century,
VBDs are still considered o be a serious health problem in societies in every part of the world.

A non-exhaustive list of the most important vector-borne parasitic diseases is given below.



Table 1.1. Non-exhaustive list of vector-borne diseases caused by parasites. This table correlates
every disease with the responsible types of parasites, the endemic zone, the vector and the
number of cases reported by World Health Organization [3].

Disease Parasite Vector Endemic zone Cases
number
Wuchereng Africa, Asia, the Caribbean, the

- bancrofti . . i 51 M

Elephantiasis Bruqia s Mosquito Middle East, Pacific Islands, (2018)
9id spp- South America

Malaria Plasmodium Mosauito Africa, South-East Asia, Latin 247 M

spp. 4 America (2022)
Africa, Asia, the Caribbean,

Schistosomiasis Schistosoma Aquatic South America, Corsica, 25T M

spp. snails Southeast Asia (China, (2021)
Indonesia)

River blindness Onchocerca Blackflies | Africa, Brazil, Venezuela, Yemen 220 M

volvulus (2017)
Leishmania Africa, Brazil, Southeast Asia, 700.000 -

Leishmaniasis s Sandflies Eastern Mediterranean, South TM
pp- Europe (2022)
Chogos Tryponospmo Triatome Central and South America 6-7M
disease Cruzi bugs (2022)

Sleeping Trypanosoma . . 700
disease brucei Tsetse flies Africa (2021)

Among all vector-borne parasitic diseases listed above (elephantiasis, malaria,
schistosomiasis, river blindness, leishmaniasis, Chagas and sleeping disease) this thesis is going
to be focused on the elaboration and evaluation of new compounds designed to fight malaria
and leishmaniasis which seem to be the most expanded in fropical and subtropical

populations.

Besides, they seriously threaten the south European countries due to climate change as the
vector can now expand fo regions that were unsuitable for its survival before and they can

benefit from extended periods of high temperatures for their replication [4].

1.2 Malaria

Malaria is a global health problem and one of the most life-threatening infectious diseases
[5]. The World Health Organization (WHO) reported 247 million malaria cases globally in 2022,
an increase of 2 milion cases over the previous two years. Even while the number of cases
decreased between 2000 and 2015 (245 million declined to 230 million across all endemic
countries), they have surged since 2016, reaching a new yearly peak of 13 million cases going
from 2019 to 2020, during the first year of the COVID-19 pandemic [6]. These additional cases
were linked o malaria vital service disruption during the pandemic. In 2021, 84 countries were

identified as malaria endemic, with the majority of them being situated in the world's southern



fropical and subtropical hemisphere. The countries with the most cases are concentrated in

Africa and Latin America (Fig. 1.1).

< Hl One or more indigenous cases B Certified malaria free after 2000
Zero indigenous cases in 2019-2021 [ No malaria
Zero indigenous cases in 2021 Not applicable

—

I 7ero indigenous cases (>3 years) in 2021
Figure 1.1. Malaria endemic countries in 2021 worldwide, all rights reserved to the authors of
[6].

Malaria mortality rate has steadily decreased since 2000, from 897.000 deaths in 2000 to
577.000 deaths in 2015 and 568.000 deaths in 2019. However, malaria deaths escalated to
625.000 in 2020.

Interestingly, the percentage of overall malaria mortality among children under the age of
five has decreased over the last two decades, from 87% in 2000 to 77% in 2015, and has

remained stable since then.

The World Health Organization (WHO) establishes goals and provides constant funding for
research projects with the goal of eliminating disease, improving patient quality of life, and
reducing the social burden. Some of these are the Global Technical Strategy for Malaria 2016-
2030 (GTS) and the Action and Investment to Fight Malaria 2013-2030 (AIM), which demonstrate

the significance and urgency of this global health crisis [6].
1.2.1 Vector

Female Anopheles mosquitoes of 40 distinct species can operate as vectors, fransmitting
the disease to humans and mammals. Malaria-bearing Anopheles mosquitos are found all

across the world [7].
1.2.2 Pathogen: Plasmodium spp.

The most common pathogens responsible for the disease in mammal hosts and

subsequently in humans are the protozoan parasites of the Plasmodium genus. Six species



substantially menace human health namely Plasmodium falciparum, P. vivax, P. ovale curtisi,
P. ovale wallikeri, P. malariae and P. knowlesi. Among them, P. falciparum, mostly found in all
tropical regions, is widely regarded as the most lethal [8] while P. vivax, found almost
everywhere, is the most widespread one as it can survive in extiremely hot climate conditions
[?]. P. ovale and P. malariae are far less prevalent pathogens while P. knowlesi has recently

emerged as a significant cause of severe disease cases mostly localized in southern Asia [10].
Life cycle of Plasmodium

Malaria, like all VBDs, is transmitted through the bite of the parasite infected female
mosquito Anopheles spp. During this blood meal, infected mosquitoes deliver Plasmodium
sporozoites info the blood of the human host (Fig. 1.2, panel A). Within 30-60 minutes,
sporozoites breach the sinusoidal barrier [11] and migrate to the host's liver where they invade
the hepatocytes utilizing surface hepatocyte proteins [12]. While replicating in hepatocytes,
sporozoites construct a particularly dense coat, resulting in the generation of a vacuole known
as merosome (Fig. 1.2, panel B). The merosome develops and explodes over the next 10 days,
eventually releasing 40.000 merozoites per hepatic cell intfo the blood hepatic stream [13].
Once in the bloodstream, unbound merozoites can engage with red blood cell surface

receptors, subsequently binding and invading the erythrocytes (echinocytosis) [12].

A Mosquito blood meal Sporogoenic cycle

i

B Pre-erythrocytic human infection

P. faiciparum ~10 days
P. vivax ~12 days

P. falciparum ~17 days
P. vivax -15 days

’

Endothelial cells

[ T o T o 1T o 1T a1 5
Sporozoite ® Moromifo .

i @
. U} . . ‘;c Movosomo

- ’;'.
o dd ) 1\ « \= ] :
RN Yo 1 >

) |
& | Mldgut epnthehum | {

Wy

$J 5 _] D ! L] |
a> ‘!7 » = ) o
Hepalo:):-'”ﬁr = E 0 Ma:ogamele 7ygol9; \
| Mosquito —- &)

[o] midgut Microgamete
Asexual erythrocytic stage

P. falciparum ~48 hours
P. vivax ~48 hours

Merozolte D Intra-erythrocytic gametocyte development
Schizont i . Uninfected ABC
e \

P falciparum -15 days
P. vivax ~4 days
Stage IV

e Stage 1l Stage I

Dasmiophilic

bodies

Trophozoite

Figure 1.2. Life cycle of Plasmodium falciparum, all rights reserved to the authors of [12].
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The asexual reproductive stage begins in the blood cells, which is associated to the disease's
symptomatic stage (Fig. 1.2, panel C) [14]. Trophozoites mature info schizonts in a ring stage,
causing the red blood cell to burst and new merozoites to be released into the bloodstream
and infect other blood cells. The Plasmodium asexual replication cycle within erythrocytes lasts
36-72 hours, according to the parasite species [14]. Under certain circumstances, parasites can
differentiate into mature gametocytes (Fig. 1.2, panel D) [15]. Gametocytes grow within the
host's bone marrow over a span of 15 days, and once they are fully developed, they enter the
peripheral circulation. Gametocytes gather in skin capillaries where they can be ingested by
the subsequent mosquito vector during a subsequent blood meal [14]. The sporogonic cycle
refers to the parasites' growth inside the mosquito, which occurs inside the insect's stomach.
The resulting diploid zygote, created when the male and female gametes fuse (Fig. 1.2, panel
E). grows intfo an ookinete and then leaves the gut through the epithelium as an cocyst. The
oocysts go through cycles of replication, develop, burst, and release newly born sporozoites
that make their way to the salivary glands of mosquitoes (Fig. 1.2, panel F) [16]. The new

sporozoites can be inoculated in another human host and restart the cycle after 7-10 days.
1.2.3 Symptoms

The intense and synchronous proliferation of Plasmodium parasites into the red blood cells
of the human host results in symptoms manifestation of malaria disease. Depending on the
Plasmodium species, the first symptoms of the disease appear 4-8 days after the first infection.
High fever (40 °oC) can occur on a frequent basis, accompanied by shivering, severe
headaches, diarrhea, vomiting, nausea, perspiration, and a fast femperature decrease and
exhaustion [17]. Intense destruction of red blood cells eventually leads to hemolytic anemia,
hepatitis, and hemoglobinuria. At that point, the symptoms worsen and include dyspneaq,
muscular and spine aches and pains and even neurological dysfunction due fto micro
thromboses in cerebral capillaries. Lack of treatment or resistance to drugs used can lead to
malaria complications which include organ failure (spleen, kidney, and heart), severe anemia,
respiratory distress and eventually death [18]. In addition, infection with P. ovale, P. vivax, or P.
malariae can cause merozoite invasion of erythrocytes to be delayed for weeks, months, or
even years due to the development of dormant liver-resident hypnozoites. Those forms have a
substantially slower metabolism and are sporadically activated, resulting in malaria recurrence
[14].

1.2.4 Malaria treatment: chemotherapy and drug resistance

The drugs currently used to fight against malaria can be classified into three main categories
based on which stage of the Plasmodium life cycle they target. Drugs that impede
Plasmodium spp. invasion or proliferation in the liver have a prophylactic activity. Drugs that

can arrest the red blood cell proliferation stage are very effective and used fo freat



symptomatic malaria. Finally, drugs that inhibit the development of gametocytes or their
proliferafion in the mosquito (including drugs that kill mosquitoes) are called fransmission-

blocking agents and they confribute to the prevention of resistance spread [14].

Nowadays, two drug treatments are recommended by WHO and Medicines for Malaria
Venture (MMV) to combat malaria: chloroquine and artemisinin-based combination therapies
(ACTs). Chloroquine (CQ) (Fig. 1.3, molecule 1.1) was discovered in 1934, as a synthetic
derivative of the natural product quinine (Fig. 1.3, molecule 1.2). Ten years later, it was
employed as an antimalarial agent and it was widely used since it was cheap, commercially
available (Bayer), and effective against almost all Plasmodium species [19]. CQ (1.1) targets
the erythrocyte cycle of the parasites, but it is devoid of significant activity against hepatic

stages [20].

5 4
6 X3
Z
Ccl1”7 N” 2
1
Chloroquine, 1.1 Quinine, 1.2

Figure 1.3. Structures of two historical antimalarials: chloroquine and quinine.

During the erythrocytic stage, into the acidic digestive vacuole of red blood cells, parasites
need to digest the host's hemoglobin and utilize its amino acids as nutrients. During this
digestion, the cofactor of hemoglobin, Fe(ll)-heme is released. Fe(ll)-heme is able to reduce
the dioxygen to highly toxic hydroxyl radicals OHe (ROS). In order to avoid damage by ROS,
the parasite subsequently crystallizes heme intfo redox-inactive hemozoin crystals, in which iron
is in oxidation state (lll), thus nontoxic [21]. The pharmacophore of CQ is the 7-chloro-4-
aminoqguinoline moiety (Fig. 1.3). CQ’'s mechanism of action is connected to its chemical
structure: two basic nifrogen atoms and a plane aromatic moiety. The two basic nitrogen
atoms of CQ have suitable pKa values, allowing CQ to efficiently accumulate into the acidic
food vacuole of the parasite. As a result, CQ interacts with the Fe(ll)-heme by pi-pi stacking
thus prevenfing heme from biocrystallization to hemozoin. The parasite dies due to the

increased load of toxic heme Fe(ll)-heme complex [22].

CQ’'s extensive use resulted in parasite drug resistance in Southeast Asia, South America,
and Africa, and it was spread all over the world. The emerging resistance resulted in its

withdrawal from malaria freatment in 1960s [23].

Fortunately, artemisinin (ART), a natural product isolated from the leaves of a plant used in

Chinese traditional medicine called Artemisia annua, was discovered ten years later (1971) by



Tu Youyou [24]. In 2015, she was awarded the Nobel Prize in Medicine for her contributions to
the fight against malaria [25]. The pharmacophore of ART (Fig. 1.4, molecule 1.3) is the peroxide
bond contained in a 1,2,4-frioxane ring [26]. ART is effective against all Plasmodium species,
including all strains resistant o the drugs in usage in those years [27]. However, solubility issues
and a short half-life in vivo led to the development of a new generation of semi-synthetic ART
derivatives by functionalization of the C-10 position (Fig. 1.4): artemether (1.4), artesunate (1.5),
and artether (1.8), all of which are considered as prodrugs. Dihydroartemisinin (DHA) (1.7) is

the generated active metabolite [28].

Artemisinin, 1.3 Artemether, 1.4

active metabolite

Artesunate, 1.5 Dihydroartemisinin, 1.7 , Artether, 1.6

________________________

Figure 1.4. Structures of arfemisinin and its derivatives.

The mechanism of action of ART has been extensively studied by our team and is associated
to alkylation of heme to prevent hemozoin formation [29],{30]. In detail, ART's peroxide bond
homolysis is promoted by a single electron transfer from the Fe(ll)-heme (Scheme 1.1). This
reductive activation generates an alkoxy radical A. This O-centered radical quickly rearranges
to the alkyl radical B by homolytic cleavage of the adjacent C3-C4 bond. Infermediate B in
turn alkylates inframolecularly all the meso carbons of the heme without regioselectivity,
leading fo the formation of heme-drug adducts C. These adducts are unable to interact to
elongate the crystal any further due to steric hindrance (Scheme 1.1) due to the accumulated
redox-active heme derivatives. As a result, preventing heme crystallization leads to lethal

oxidative stress within the parasite and consequently to its death [31-34].



Scheme 1.1. ART as an heme-alkylating agent, all rights reserved to the authors of [35].

The current treatment recommended by the WHO and MMV is ART combination therapies
(ACTs). This freatment is based on the co-administration of a fixed dose of two drugs: an
artemisinin derivative (for its efficacy and short action) (Fig. 1.4) and a quinoline (e.g..
amodiaquine (1.8), mefloquine (1.9), piperaquine (1.10)) or another aromatic derivative (e.g.,
lumefantrine (1.11), pyrimethamine (1.12), pyronaridine (1.13), tafenoquine (1.14)) possessing
different mechanisms of action and longer half-lives (Fig. 1.5) [27]. The ART derivatives rapidly
slow down parasitemia and thus the symptoms manifestation. When ART is eliminated (1-2
hours), the remaining parasites are exposed to the long-lasting partner drugs well after the end

of the usual 3-day course [35].

ACTs are currently the most effective available treatment. However, extensive use resulted
in parasite resistance to ART, first observed in Cambodia in 2009 [36]. Resistance is now
spreading over East Asia, Africa and south America [37],[38]. ART resistance is responsible for
delayed parasitic clearance and increase in parasite recrudescence [39]. It has been shown
that ART resistance mechanism involves a quiescent stage of Plasmodium: upon treatment,
parasites stop their cell cycle and, after elimination of the drug, “awake” and confinue their
proliferation [40]. When the parasite enters the quiescent/dormant phase, it keeps a minimal

metabolism and is, for example, able to regulate ART-induced oxidative damage [41].
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Figure 1.5. Partner drugs used with artemisinin derivatives as antimalarial freatments (ACTs).

Conversely, due to the quiescence, many parasite functions are slowed down or stopped
and several parasite targets “disappear”. Consequently, ART resistant Plasmodium parasites
are also multi-resistant to available drugs. There are currently no drugs efficient to target

dormant parasites. It is thus important to develop novel antimalarial agents.
1.2.5 Plasmodium mitochondrial targets

In that respect, extensive attempts have been made to find new compounds with novel
and selective modes of action in order fo combat malaria. During the last two decades, there
has been a surge of inferest in two major categories of Plasmodium molecular targets:
epigenetics [42] and mitochondrial [43],[44]. Epigenetics generally contribute to the regulation
of gene expression resulting to P. falciparum phenotypic plasticity which in turn promotes its
proliferation into the host [45]. While it is thought to be a novel antimalarial target, it will not be

the focus of this thesis.

The Plasmodium mitochondrion was suggested as a potential anfimalarial target in 1985 by
Hudson et al., focusing primarily on the electron fransport chain (ETC), which has reduced
function, when the pathogen is in mammalian erythrocytes [46]. ETC in Plasmodium is generally
composed by three integral membrane enzyme complexes: complex I, lll (or cytochrome bcl)
and IV [47]. While ETC remains active during Plasmodium asexual proliferation in the host, even
into quiescent/dormant parasites, it does not conftribute to ATP production, like in every other

eukaryotic cell. Rather, ETC serves only one metabolic function: the regeneration of ubiquinone



(Q), which is required in turn as an electron acceptor for dihydroorotate dehydrogenase
(DHODH), an essential enzyme for parasite’s pyrimidine biosynthesis [48]. Thus, both
biochemically related cytochrome bcl (cyt bcl) [49] and DHODH [50] are considered to be

two major druggable antimalarial targets against Plasmodium.

Cytochrome bcl (cyt bcl) is one of the three primary respiratory enzyme complexes
centered in Plasmodium's inner mitochondrial membrane. It contains three subunits in its core
catalytic domain: cytochrome c, cytochrome c1, and the Rieske Fe-S protein [51]. Cyt bc1 is
essential for ETC mitochondrial function. Briefly, in the oxidative site (Qo) ubiquinol (QH2) is
oxidized to ubiquinone (Q) and four protons are released intfo the intermembrane area.
Ubiquinone (Q) is in turn reduced in the reductive site (Qi), by using two protons from the maitrix,
to ubiquinol (QH2)[49].[52]. Heme plays the role of electron transfer co-factor. Ubiquinone (Q)

is then used by dihydroorotate dehydrogenase (DHODH) to generate orotate [48] (Fig. 1.6).

dihydroorotate orotate

dihydroorotate’

dehydrogenase | [/

Mitochondrial Matrix H,O

Figure 1.6. The electron fransport chain in P. falciparum mitochondrion, all rights reserved to the
authors of [49].

Cytochrome bc1 has been isolated and completely characterized by X-ray crystallography
from mitochondria from various species, notably bovine [53], chicken [54], yeast [55],
photosynthetic bacterium Rhodobacter [56], etc., with excellent resolutions. However, cyt bcl

crystallographic structure of Plasmodium is not yet reported in the literature.

Pyrimidines are used as precursors for DNA and RNA biosynthesis in every cell and are
acquired either by de novo synthesis (from amino acids) or by salvaging preformed pyrimidine
bases or nucleosides [57]. While both pathways are active in human hosts, Plasmodium lacks
the pyrimidine salvage enzymes. DHODH catalyzes the fourth step of Plasmodium's de novo
pyrimidine biosynthesis. Dinydroorotate substrate is oxidized to orotate (Fig. 1.6) by using the Q
co-enzyme (coQ), generated by cyt bcl, as a co-factor [48]. Plasmodium's DHODH enzyme
has been isolated and completely characterized by X-ray crystallography with excellent

resolution [58].



Thus, inhibiting one or both mitochondrial targets, either cyt bc1 or DHODH, would compel
the parasite to collapse either due to respiratory chain dysfunction or inability to biosynthesize

the precursors for its DNA required for its proliferation.
1.2.6 Atovaquone: a bc1 inhibitor

Plasmodium's sensitivity in maintaining its mitochondrial membrane potential led to the
development of the commercial drug Malarone (GlaxoSmithKline GSK) [27]. Malarone was
marketed in the 2000s and proved to be very effective due to the combination of two drugs:
atovaguone (1.16) and proguanil (1.17) (Fig. 1.7). Atovaguone (ATQ), a 2-hydroxy-1,4-
naphthoquinone derivative, is a competitive inhibitor of the natural substrate ubiquinone (Q,
1.15, Fig. 1.7) of cytochrome bc1 and serves as a competitive inhibitor in the Qo site (Fig. 1.6),
therefore blocking the mitochondrial ETC [59]. The second drug proguanil, when combined
with atovaquone, has been shown to collapse the mitochondrial membrane potential, and
thus lower the concentration of atovaquone below the effective dose [48].
Atovaquone/proguanil is still used today for medicinal malaria prophylaxis [60] and as an
alternative treatment in chloroquine-resistant malaria cases [61]. However, reported mutations

in the Qo site of cyt bc1 resulted in parasite’s resistance to atovaquone, reducing the drug's

efficacy [62].
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Figure 1.7. Structure of ubiquinone, atovaguone and proguanil.

1.3 Leishmaniases

Leishmaniases are a group of neglected fropical parasitic VBDs. This group of infectious
diseases threaten more than 350 million of people around the globe (at risk of infection), in 98
countries with more than 12 million new cases reported by the WHO annually [63]. In general,
fropical and subtropical countries, along with the southern European countries next to the

Mediterranean basin are mainly affected by leishmaniases (Fig. 1.8).
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Figure 1.8. Leisnmaniases endemic countries (in red) in 2021 worldwide, reported by the WHO
[63].

Leishmaniases can be categorized in three types: visceral leishmaniasis (VL), cutaneous
leishmaniasis (CL) and mucosal leishmaniasis (ML). VL is mostly known as kala-azar and is fatal
in 95% of cases, if left untreated. The new annual cases are estimated around 50.000-90.000
worldwide, mostly concentrated in Brazil, East Africa and India. CL is the most common form of
the disease and is mostly found in America, the Mediterranean countries and Asia. ML is most
prevalent in Bolivia, Ethiopia, Brazil and Peru. Many new cases (600.000-1 million) of both CL

and ML are reported to affect these regions annually [63].

Visceral leishmaniasis (VL) or kala-azar is the second most fatal fropical and subtropical
disease after malaria and ranks seventh in terms of total number of years lost to premature
death and years lost to disability [64],[65]. It affects the poorest populations (children and
adults) with 20.000 to 30.000 deaths steadily reported each year, but only five to ten percent

of patients eventually die because of complications or co-infections [66].

1.3.1 Vector

Phlebotomus and Lutzomyia, two of the approximately 100 genera of dipteran sandflies
insects, can serve as vectors for the spread of this infectious disease. While Lutzomyia is primarily
found in the New World (Central and South America), Phlebotomus is only found in the Old
World (Europe, Asia, and Africa) [67]. They inhabit either woodlands and forests, or savannas
and deserts [68].

1.3.2 Pathogen: Leishmania spp.

The protozoan parasites of the Leishmania genus, which can further be subdivided into the
subgenera Leishmania and Viannia, depending on the parasite's development into the
digestive fract of the sandfly vector, are the pathogens causing disease in mammal hosts. 22

out of about 30 species in total, can infect mammals and subsequently humans, namely, L.



donovani, L. infantum, L. mexicana, L. fropica, L. major, L. aethiopica, and L. viannia [69]. Each
species has a distinct preference for a particular region. For instance, L. donovani (VL) is
primarily a child-infecting pathogen that is widespread in East Africa (Sudan, Ethiopia, Somalia,
and Kenya) and South Asia (Bangladesh, Nepal, and India) [70]. L. infantum (CL) is most

frequently found in the Mediterranean basin, the Middle East, and Latin America [71].
Life cycle of Leishmania spp.

Leishmaniases are transmitted to humans and mammals through the bite of the parasite
infected female phlebotomine sandflies. During this blood meal the infected sandflies inject
the Leishmania parasites info the mammal host through their proboscis. The parasites are in a
metacyclic form, called promastigotes [2]. The promastigotes injected in the skin of the human
host are quickly phagocytosed by resident macrophages and other type of mononuclear
phagocytic cells. Inside these cells, they are subsequently fransformed info fissue-stage
amastigote forms (Fig. 1.9) and multiply by simple cell-division inside a formed vacuole [72]. The

macrophage in turn gets destroyed after extensive parasite’s proliferation.

S
N
=

Macrophage

Mammalian host
stages

Bone marrow

Spleen Liver

Figure 1.9. Life cycle of Leishmania spp., all rights reserved to the authors of [74].

The released amastigote forms can be phagocytosed by a nearby macrophage and tfravel

the entire reticulo-endothelian system (spleen, liver, or bone marrow) via blood vessels.
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Depending on the parasite species, the host, and other factors, the infection at this stage could
result in symptoms manifestation of the disease (CL or VL) [73]. The infected tissues suffer severe
damage. When another sandfly gets in contact with the corresponding infected tissue
(lymphoid organs or blood parasitemia), gets in turn infected with free amastigotes.
Amastigotes undergo numerous stages of modification before converting to procyclic
promastigotes, and they then continue to proliferate in the insect's midgut [74]. After migrating
to the salivary glands of the sandfly, they convert info contagious metacyclic promastigotes in

order to restart the cycle during the following blood meal [75].
1.3.3 Symptoms

The disease could cause any symptoms, or it could be severe and potentially fatal for all
three types. Cutaneous leisnmaniasis or white leprosy (CL) is the most prevalent type. It can
cause skin ulcers on various body parts, including the neck, face, and legs, which can grow
over time and burst to leave an open wound. After a few months, the wound heals, and if there
is no co-infection, there is no pain [2]. Mucosal leishmaniasis or espundia (ML) is much more
persistent and exhibits nasal, oral or pharyngeal symptoms. If left untreated, it could lead to
throat, nose and lips deformation [76]. Finally, visceral leishmaniasis or black fever (VL)
symptoms include nausea, weight loss, fever, anemia and hepatosplenomegaly. 80-90% of
untreated patients die within 1-2 years because of internal organs failure (e.g., spleen, liver)
[77].

1.3.4 Leishmaniases treatment and drug resistance

The treatment should be adapted each time to the type of leishmaniasis and to the host.
Generally speaking, pentavalent antimonial complexes, such as sodium stibogluconate (1.18)
and meglumine antimoniate (1.19), have been used for more than 50 years as first line drugs
[78](Fig. 1.10). The Sb(V) derivative acts as a pro-drug and is further modified into Sb(lll) in the
host's macrophages or into the parasite itself. Both Sb oxidation states lead to parasite killing
by inhibiting either the glycolysis and other metabolic pathways or by acting as selective

frypanothione reductase inhibitors [79],[80].

However, the extensive use of these drugs led quickly to emergence of parasite resistance
[81]. In that respect, amphotericin B (amB, 1.20) was then used as an alternative although it
found to be toxic. AmB targets the binding of the promastigote fo the host's macrophage [82].
Miltefosine (1.21) is the first oral treatment ever used against VL. While it is very efficient to
decreasing the parasites proliferation into the host by interfering with the biosynthesis of
phospholipids, its severe side effects and toxicity prevent it from being used as a first-line
freatment [83]. Two other drugs used alone or in combination with others acting as parasite’s

mitochondrial inhibitors are paromomycin (1.22) [84] and pentamidine (1.23) (Fig. 1.10) [85].
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Figure 1.10. Drugs used against leishmaniases.

Thus, there are major problems in terms of efficacy, toxicity and serious side effects of
leishmaniases chemotherapy. Therefore, more research should be done to discover new and

safer leishmanicidal agents since there is currently no vaccine [69] for the disease.

1.4 Naphthoquinones and the lawsone scaffold

Quinones are natural products and play a crucial role in several living organisms including
plants, animals, and microorganisms. Also, they can act as fransporters of electrons in essential
cellular biochemical pathways as for example the respiratory chain in mitochondria [86].
Quinones are fully conjugated cyclic diketones and they can be divided into three main
categories based on the type of aromatic system associated to the quinone ring:
benzoguinones (1.24) (benzene ring), naphthoquinones (1.25) (naphthalene ring), and

anthraquinones (1.28) (anthracene ring) (Fig. 1.11).

It should be noted that the different positions of the two carbonyl groups 1,2 or 1,4 leads to
different isomers with notably different physicochemical properties and consequently different

pharmacological activities [87].
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Figure 1.11. Basic cores of the quinone family.

Among all these categories, this thesis will be focused on the synthesis and biological
evaluation of naphthoquinone derivatives. Naphthoquinones are widely distributed in nature
[88] and they have been extensively studied both for their dying properties and
pharmacological activities attributed to their redox potential [89]. Natural naphthoquinones
have always been an inspiration for organic chemists aiming to synthesize novel bioactive
molecules. In that respect, numerous synthetic 1,4-naphthoquinone derivatives have been
reported for their antiplasmodial [?0]-[92] (compounds 1.27-1.29), leishmanicidal [93],[94]
(compounds 1.30-1.31), anficancer [87] (compound 1.32), antibacterial [95] (compound 1.33),
antiviral [96] (compound 1.34) activities (Fig. 1.12).
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Figure 1.12. Examples of synthetic 1,4-naphthoquinones with various biological activities.



One of the simplest and most significant products of this family that can be used as starting
material is 2-hydroxy-1,4-naphthoguinone also known as lawsone (1.35, Fig. 1.13) or

hennotannic acid.

..................

o AP
o
I

Figure 1.13. Lawsone (2-hydroxy-1,4-naphthoquinone) structure.

Originally isolated from the leaves of the henna plant (Lawsonia spp., Lythraceae), lawsone
is a natural pigment called Nature Orange é. In India, Africa, Egypt, and the Middle East, henna
extracts have been used as a cosmetic dye for hair, fingernails and skin (fattoos, makeup) and
as a commercial pigment (leather, silk, wool) since ancient times [97]. In addition, henna
extracts have been extensively used in fraditional medicine to freat infected wounds,
headaches, fever, bronchitis, lumbago, syphilis, ophthalmia, sores and amenorrhea [98].
Henna is still cultivated and commercially used today, and there are even reports about its

customary use in religious rituals [99].

Lawsone (1.35) can exist in three tautomeric forms in equilibrium theoretically: the most
stable 1,4-naphthoguinone (a), the 1,2-naphthoguinone (b) and the least stable 1,2,4-
naphthotrione (¢) (Fig. 1.14) [100]. The inframolecular hydrogen bond formation between
carbonyl C-1 and H-2 could explain the stability of 1.35 a. The experimental pKa value of

lawsone is reported to be 3.98 [100].
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Figure 1.14. Tautomeric forms of lawsone.

This scaffold has been involved in various types of reactions [98], such as dimerizations, free
radical alkylations, Michael and Mannich additions, C-3 and O-2 alkylations, etc., in order to
access biologically active compounds. However, its involvement in multicomponent reactions
in either its enol or keto form (active methylene) is not well established in the literature up to

date.



1.5 Multicomponentreactions

Traditionally, organic syntheses rely on a sequence of reactions between two components
following a linear synthetic scheme of adding steps in order to obtain a final product.
Multicomponent reactions (MCRs), also known as fandem or domino reactions, are one-pot
reactions employing more than two starting compounds and result in products that contain
the majority of the starting compounds atoms [101](Fig. 1.15). Compared to the traditional total
syntheses, they offer a plethora of benefits, including improved selectivity, safety, mild
conditions, high bond forming index (multiple C-C, C-N, and C-O bond formations in just one
synthetic tfransformation), atom economy, efficiency (one step synthesis vs sequential multistep
synthesis), convergence, and sustainability (improved yields, shorter reaction times, and less

waste production).
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Figure 1.15. The concept of multicomponent reactions vs traditional linear synthesis, all rights
reserved to the authors of [102].

1.5.1 The history of MCRs

It would be possible that multicomponent reactions existed prior to life on this planet.
Adenine, one of the DNA and RNA bases of all living creatures, is believed to be formed by five
HCN molecules, each of which plays a crucial role [103]. Many MCRs are named reactions,
well-known by the name of the researcher who first developed them. They could be divided in
two main categories: isocyanide and carbonyl based. The first MCR ever discovered was by A.
Streckerin 1850 [104]. It is a three-component condensation between ammonia, an aldehyde

and hydrogen isocyanide leading fo a-cyano amines, which can be consecutively hydrolyzed

fo amino acids (Scheme 1.2, reaction 1). This one-pot approach served as a starting point for
further development of isocyanide based MCRs. Isocyanides are great candidates for MCRs
because of their zwitterionic structure, which makes them susceptible to irreversible ring closure
reactions, aromatization, and electrophilic addition [102]. In that respect, M. Passerini [105]

reported the three-component reaction between ketones, isocyanides and carboxylic acids



to give a-acyloxy amides (Scheme 1.2, reaction 2). I. Ugi [106] developed the first four-

component condensation between an amine, ketone or aldehyde, isocyanide and a
carboxylic acid leading to bis-amides (Scheme 1.2, reaction 3). K. Groebke [107], C. Blackburn
[108] and H. Bienaymé [109] worked towards the synthesis of imidazo-annulated pyridines,
pyrazines and pyrimidines by using a three-component condensation between an aldehyde,

an isocyanide and ortho-amino pyridine (Scheme 1.2, reaction 4).
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Scheme 1.2. Representative examples of isocyanide based MCRs.

S. Heck and A. Ddmling [110] synthesized highly functionalized thiazoles by developing a one-
pot reaction between an imine, an isocyanide and thio-carboxylic acid (Scheme 1.2, reaction
5). Orru and his research group [111] developed a three-component condensation between

an aldehyde, an isocyanide and a primary amine leading to substituted imidazolines (Scheme



1.2, reaction 6). Every year, more and more MCRs are reported in the literature, but isocyanide-
based MCRs are probably the most documented because they make it possible to synthesize

a variety of scaffolds, including highly functionalized amides and any type of heterocycles.

The carbonyl based MCRs were found to be equally useful to access to a variety of scaffolds
by employing an amino component. A. Hantsch reported the first multficomponent reaction of
this category in 1882 [112]. Symmetric dihydropyridines were synthesized by a three-
component condensation of 2 equivalents of 1,3-diketone, an aromatic aldehyde, and

ammonia (Scheme 1.3, reaction 7).
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Scheme 1.3. Representative examples of carbonyl based MCRs.

A few years later, P. Biginelli [113] established a very efficient synthetic protocol to access to
dihydropyrimidinone scaffolds using a three-component reaction between a urea, and
aldehyde, and an active methylene compound (Scheme 1.3, reaction 8). C. Mannich [114] in
turn developed a three-component condensation between an aldehyde, an amine (primary

or secondary) and an a-methylene ketone to give B-amino substituted ketones (Scheme 1.3,

reaction 9). Inspired by the Mannich reaction, A. Petasis [115] proposed an alternative



multicomponent reaction by replacing the a-methylene ketone component with a vinyl

boronic acid to yield stereoselective tertiary allyl amines (Scheme 1.3, reaction 10). Last but not
least, M. Betti and co-workers [116] reported the efficient synthesis of ortho-aminobenzyl
phenols by developing accordingly a three-component condensation between an aldehyde,
an amine and a phenol (Scheme 1.3, reaction 11). All these MCRs represent just a small
example of all MCRs, including their variations, reported in the literature and their number is
growing steadily. It is undeniable that MCRs enable fast and simple preparation of a sizable
liorary of molecules (e.g., heterocycles) or critically important synthons (e.g., olefines) in a single

step in a sustainable manner.
1.5.2 MCRs and Medicinal Chemistry

In recent years, a significant progress has been made in terms of identifying new druggable
biological targets. The speed of these discoveries led to the development of combinatorial
chemistry, as a useful tool for the generation of new drug-like molecules needed for structure-
relationship studies (SARs) [117]. In that respect, the MCRs approach, permitting the generation
of diverse compound libraries in a rather short period of time, has inevitably attracted massive
interest in drug discovery. The unique features of MCRs make them excellent candidates to
generate huge libraries of molecules by just varying the chemical nature of one component
[118]. For example, the variation of a single component of Heck-Démling reaction can lead to
the generation of completely different heterocyclic systems [118] (Scheme 1.4). This fact could

permit the acceleration of the hit assessment and thus the lead identification.
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Scheme 1.4. Examples of different heterocycles generated by Heck-D&mling MCR.



Meanwhile, the onset of structure diversity could even result in the exploration and
expansion of the chemical space, providing researchers with novel feasible small molecular

weight bioactive compounds [119].

To conclude, MCRs have emerged as an efficient, green, and cost-effective alternative for
multi-step synthesis of biologically active compounds. As a result, they could be a very useful
tool in drug design and discovery, with a significant impact on each stage including lead

discovery, lead optimization, and pre-clinical phase development.

1.6  Objectives

Malaria and leisnmaniases are two widely-spread infectious vector-borne diseases caused
by parasites, affecting millions of people world-wide each year. While chemotherapy seems to
be the only way to freat infected individuals, the emergence of parasite multidrug resistance
has significantly reduced the efficacy of the maijority of currently available drugs. This fact,
along with serious secondary effects and toxicity issues of current treatments, leads the
scientific community to search for new compounds. These compounds will be either able to
target in a better and safer way already known biological pathways essential for parasite

survival or exhibit activities to novel essential targets.

Atovaguone (ATQ), a 2-hydroxy-1,4-naphthoquinone/lawsone derivative, is a commercially
available and FDA-approved antimalarial drug. Besides, as mentioned before, lawsone
derivatives have also been reported to be promising leishmanicidal agents. In that respect, the
research project of this thesis will first address the elaboration of novel focused libraries of
lawsone derivatives, aiming to identify products active against parasitic diseases. These

syntheses will preferably be carried out via multicomponent reactions (MCRs).
Thus, the synthetic goals are:

1st objective: Development of a new MCR methodology employing lawsone in isocyanide-

based domino reaction under microwave conditions (Chapter II).

2nd objective: Development of a Biginelli MCR employing lawsone under mechanochemical

activation (Chapter lll).

Then, each family of compounds will be biologically evaluated in vitro against P. falciparum,
L. donovani and other pathogens. The measured activities in the P. falciparum case will be
compared to in silico docking of the molecules against two relevant targets of Plasmodium
mitochondrion: cyt bc1 and DHODH.
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2.1 Introduction

In this chapter, the importance of the naphthofuroquinone scaffold will be emphasized, and
many previous efforts toward its elaboration will be presented. The first synthetic approach to
a multicomponent domino reaction between lawsone, various aldehydes, and alkyl
isocyanides under microwave irradiation will be reported. This synthetic methodology leads to
a series of naphthofuroquinones with fair yields. Meanwhile, direct condensation between
lawsone and the corresponding isocyanide occurs when less electrophilic aldehydes are used,
leading to the formation of naphthoenaminones. All series of obtained products will be
biologically evaluated against Plasmodium falciparum, Leishmania donovani and other
pathogens. The in vifro results will be reported along with an in silico study against both

mitochondrial targets of P. falciparum cytochrome bc1 and DHODH enzyme.

2.1.1 Naphthofuroquinones and biological activities

Among naphthoquinones, there is one category called naphthofuroquinones (NFQs): @
fricyclic 1,4- or 1,2-naphthoquinone bearing a fused furan ring. Compounds contfaining this
type of scaffold were first identified and isolated from natural products. One of the first
publications reporting naphthofuroguinones was published in the early 70s. Mathieson and
Thomson while searching the different kinds of spinochrome pigments in different species of
sea urchins, reported the identification of compounds responsible for their color (Fig. 2.1,
molecule 2.1) [1]. Tyler reported in 1988 that the lapacho tea, a natural herb that had been
used for years [2] was found to contain biologically active compounds of the
naphthofuroquinone family. Steinert et al. reported [3] in 1995 that substituted NFQs were the
main guinone compounds in both methanolic and aqueous exiracts of the inner bark of
Tabebuia avellanedae (Bignoniaceae), which was used for the tea infusion (Fig. 2.1, molecules
2.2, 2.3 and 2.4). Thereupon, many different groups around the world have isolated NFQs from
natural sources in order to discover, study, and confirm new potential biological properties. This
research led to semi-synthetic and fully synthetic series of derivatives of the
naphthofuroquinone family, allowing a further exploration of the spectrum of their potential

biological activities.
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Figure 2.1. The first identified structures of naphthofuroquinones in natural products.



To begin with, compounds of the NFQ family have shown interesting antimicrobial activities.
The synthetic compound DFC2 (Fig. 2.2, 2.5) exhibited promising antimycobacterial activity
(ICs0 = 0.5-0.9 uM) against drug-resistant strains of Mycobacterium tuberculosis. This compound
had lower cytotoxicity and better selectivity than the clinically used anfi-tuberculosis drug
isoniazid, but its mechanism of action remains unknown [4]. The natural compound N12D (Fig.
2.2, 2.6) displayed an ICso (ICs0 = 3-6 uM) lower than oxacillin, which was used as reference
drug, against drug-resistant strains of Staphylococcus aureus. Compound 2.6 (N12D) was able
to penetrate bacteria biomembrane barriers and hence inhibited biofilms formation. Further
studies proved that N12D mode of action was due to bacterial wall damage and disturbance

of the gluconeogenesis pathway [5].

Many NFQ derivatives exhibited also anti-cancer properties. Some representative but not
exhaustive examples can be cited. Takano et al. reported in 2009 [6] the synthesis of four series
of naphthoquinones in order to evaluate them against different human tumor cell lines. Among
all families of compounds, the NFQ family was found to be the most active and the one
exhibiting tumor specificity by inducing early apoptotic markers. Several subsequent studies
have shown that this simple NFQ motif was responsible for anti-tumoral activities. Prateep et al.
[7] developed a research program focused on natural product Avicequinone-B (Fig. 2.2, 2.7).
This compound exhibited early (48 h) anti-proliferative activity (ICso = 4 uM) in human lung
cancer cells and was able to overcome cancer metastasis. More recently (2021), Alimeida et
al. reported a new synthetic anfitumor NFQ (Fig. 2.2, CNFD, 2.8) displaying anti-cancer activity
against MCF-7 human breast adenocarcinoma cells (ICso = 0.98 uM for 48 h incubation). Very
promising antfi-tumoral effects were observed when CNFD was tested in vivo using a murine

model [8].

Various studies focused on NFQ family have contributed to discovering enzyme inhibitory
activities. For instance, the semi-synthetic avicequinone-C derivative 2.9, (Fig. 2.2, 2.9)
displayed 22-fold more potent inhibitory activity of steroid 5a-reductase (ICso = 0.20 uM) than
the natural avicequinone-C substrate (ICso = 4.5 uM). The bioproduction of hormones linked o
androgenic ilinesses like prostate cancer and scalp hair loss may be balanced as a result of
this enzyme inhibition [?]. Compound 2.10 displayed excellent inhibitory activity against various
receptors of tyrosine kinases family (e.g.. EGFR, VEGFR2, FGFR1 and PDGFRb). This activity was

linked to antiangiogenic action [10].
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Figure 2.2. Examples of naphthofuroquinones exhibiting biological activities. MRSA stands for
multidrug-resistant strains S. aureus.

Antiparasitic activities of NFQs

The antiparasitic activities of NFQs have been extensively investigated by many research
groups. Again, some representative examples can be cited, without being exhaustive. Goulart
et al. reported in 1997 [11] one of the first antiparasitic studies targeting the trypomastigote
forms of Trypanosoma cruzi, parasite responsible for Chagas disease, and the observed activity
was associated with the redox potentials of the tested compounds. Ortho-NFQs (N12D
derivatives, Fig. 2.2) were able to eradicate the frypomastigote forms of T. cruzi remaining into
experimentally infected mice blood (94-100% lysis at 0.20-0.50 mM after 24 h) (Fig. 2.3, 2.6 and
2.11a-b). Later, Molfetta ef al. [12] of the same research group, reported docking and
molecular dynamic simulation studies suggesting that the activity of NFQs might be due fo
inhibition of human glutathione reductase (GR) or parasitic trypanothione reductase (TR).

However, additional in vitro inhibitory tests should be carried out to support this hypothesis.

Exploiting the metabolic pathways that are essential for the parasite's survival in the host is
one strategy to create targeted antileishmanial drugs. A well-established target used for
rafional drug design is the thiol-redox metabolism involving trypanothione and trypanothione
reductase redox system, which is essential for Leishmania survival, giving rise to the
development of parasite selective TR inhibitors [13]. Venkatesan et al. [14] conducted in 2010

a virtual screening of different families of tricyclic quinone derivatives against the TR of



Leishmania infantum, once its crystallographic structure was available, aiming to predict their
possible binding mode in TR target. A majority of the molecules of the ortho- and para-NFQ
series (Fig. 2.3, 2.7 and 2.12a-c, 2.6 and 2.13a-b) exhibited favorable binding interactions in the
FAD binding domain of the active site of TR. The authors estimated that this binding could
impede FAD orientation towards the active site of the enzyme, thus leading to TR inhibition.
However, new series of NFQs should be synthesized and evaluated in vitro to confirm these in

silico results and support this mode of action.

Last but not least, the antiplasmodial activity of NFQs was specially investigated and
reported. For example, Durdn-Lengua et al. reported [15] the synthesis and in vitro biologicall
evaluation of a small library of furan-substituted NFQs. Among all synthesized compounds, 2.7
was found the most active of the series exhibiting an ICso value of 1.2 uM (SI = 47) against the
Dd2 chloroquine (CQ) resistant Plasmodium falciparum strain, and an ICso value of 1.5 uM (Sl =
38) against the 3D7 CQ-sensitive P. falciparum strain. This study revealed that potential alkyl-
substitutions to the furan ring could be beneficial to the antiplasmodial activity. In 2017, Borgafi
et al. [16] synthesized 3 different series of naphthoquinones bearing various substituents to the
furan ring. Among all 28 synthesized compounds, 16 were ortho- and para-NFQ, and all
contributed to parasitemia reduction ranging between 45-90% at 25 ug/mL against the W2 CQ-
resistant P. falciparum. In general, para-NFQs were found to be more effective than ortho-NFQS
and ortho-NFQs were more cytotoxic (against Hep G2A16 cells) and less selective. Compounds
2.14 and 2.15 (Fig. 2.3) were the most potent of the series exhibiting the lowest ICso values, 11.7
MM and 18.8 uM respectively against P. falciparum (W2 strain), compared to an ICso of 0.28 uM
for CQ which was used as reference drug. The para-NFQ derivatives displayed favorable
binding energies when molecular docking was performed on Plasmodium enzyme targets,
cytochrome bcl and dihydroorotate dehydrogenase (DHODH) enzyme. The authors
concluded that an aryl moiety or an alkyl group linked o the furan ring of NFQs had a positive
effect on binding and thus on activities. The authors [16] suggested that further research should

be conducted towards the discovery of novel active antiplasmodial molecules.
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Figure 2.3. Anfiparasitic activities of ortho- and para-naphthofuroquinones.



2.1.2 The synthetic procedures leading to naphthofuroquinones (NFQs)

Due fo their potential as anti-infectious agents, NFQs have undergone a great deal of
synthetic effort towards their elaboration. Some synthetic pathways have been proposed

without considering lawsone functionalization.
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Scheme 2.1. Towards NFQ elaboration without using lawsone functionalization (part 1).



The first one was reported by Koyanagi et al. [17] in 1994 (Scheme 2.1, pathway A.1) using
phthalic anhydride (2.16) inverse addition to 3-lithiofuran (2.17) previously prepared from the
corresponding 3-bromofuran, leading to (3-furanoyl)benzoic acid (2.18). Treatment of 2.18 with
an excess of LDA led to the target NFQ 2.7 via a dilithium salt intermediate 2.20. This two-step
synthesis initiated by a selective lithiation of 2.18 and subsequent rearrengement afforded 2.7
in 8% total yield. In an effort to address the issue of carbonyl substitution of the furan ring, the
same research group proposed esterification of the benzoic acid 2.18 before acetylating in C-
2 position, followed by the same cyclization procedure (Scheme 2.1, pathway B.1), thus leading
to 2.3 with 12% overall yield [18]. For heteroatom furan functionalization, the same research
group proposed the infroduction of a frimethyl-silyl moiety at C-2, which could enable this
position for electrophilic substitutions (Scheme 2.1, pathway C.1). Thus, 2.7 was submitted to
Kraus and Man reductive methylation, leading to intermediate 2.24 with excellent yield.
Treatment of 2.24 with butyl-lithium and chlorotrimethylsilane led to 2.25 which after oxidation
provided the key synthon 2.26 [19]. The trimethyl-silyl group could be transformed into a
halogen or a nitro group. In spite of high yields, this synthetic pathway requires linear multi-step
synthesis, long reaction times, use of inert atmosphere and very sensitive chemicals, which

makes this protocol hard to scale-up. In addition, furan C-2 substitution seemed very limited.
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Scheme 2.2. Towards NFQ elaboration without using lawsone functionalization (part ll).

The second synthefic strategy was not focused on the naphthofuran ring construction.
Instead, it made use of conveniently already substituted dihydronaphthofurans as starting point
(Scheme 2.2, pathway D.1) [20]. The starting compound 2.29 was first subjected to a Vilsmeier-

Haack oxidation, followed by a Baeyer-Villiger reaction [21], giving rise to the phenolic



derivative 2.31 which was subsequently methylated. The methylated product 2.32 was
subjected to the same series of reactions, leading to the para-dimethylated key intfermediate
2.34 which, after dehydrogenation and oxidation, gave the target NFQ 2.12a with 9% total
yield. In addition, addressing the general scope of the reaction, the authors concluded that C-

2 furan substituents other than carbon linear chains would probably not be tolerated.

Other synthetic approaches have been developed employing lawsone or its derivatives.
One of the very first attempts on constructing the NFQ ring system was reported by Kang ef al.
in 1998 [22]. It involves regioselective addition of lithium enolates 2.37 in the presence of
hazardous HMPA to thio-substituted lawsone derivatives 2.36 (Scheme 2.3, pathway A.2). This
air-oxidation reaction led to intfermediates 2.39 with low to good yields (32-76%).
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Scheme 2.3. Synthetic routes leading to NFQs, starting from lawsone derivatives (part |).

The fransformation of 2.39 fo target compounds 2.41 was successful after a two-steps
procedure: bromination in acidic media followed by cyclization in the presence of EtaN in
benzene (45%), providing compounds 2.41 with total yields ranging between 14% and 34%. A.2
pathway was more efficient when R2 = Ph, indicating that it could not be used as a broad
procedure for a wide range of substrates, despite the advantage of the regioselectivity
provided by the -SPh lawsone substituent of 2.36 used during the first oxidation step. Another
one-pot strategy was based on using the transition metal-mediated hetero-annulation
sequence reported by Kobayashi et al. [23]. 3-lodolawsone (3.42) was submitted to a

Sonogashira coupling with various terminal alkynes and led in one step to a small library of NFQs

2



244 (Scheme 2.3, pathway B.2). However, the authors could not avoid the competitive
autoxidative coupling of terminal alkynes used as reagents. So, considerable amounts of 1,3-
butadiynes CHC =C-C=CH were formed as byproducts, explaining the low yields of the
desired NFQs.

A very common synthetic strategy leading to NFQ structures is the [3+2] cycloaddifions of 2-
hydroxy-1,4-naphthoquinones (lawsone and lawsone derivatives) with various reagents
mediated by ammonium cerium (IV) nitrate (CAN). Kobayashi et. al [24] reported this
cycloaddition of lawsone derivatives with alkenes or phenylacetylene (Scheme 2.4, pathway
C.2, i). However, the authors obftained a mixture of ortho- (2.46) and paro-
dihydronaphthoquinones (2.47) instead of the desired NFQ structures. The yields and product
rafios were dependent on the substitution of the alkene involved. This was due to the
stabilization of the generated naphthoquinone radical owing to CAN oxidation, and the
stabilization ability of the carbocation infermediate. So, reactions with fully substituted alkenes

were favored.

In 2000, Lee et al. reported [25] the use of 1,3-butadienes instead of alkenes. This reaction
provided similar mixtures of the corresponding ortho- (2.48) and para-dihydronaphthoquinones
(2.49) without increasing the yields. The single advantage of this approach was that it allowed
a different spectrum of substitution on the dihydrofuran ring (Scheme 2.4, pathway C.2, ii). The
same research group succeeded in ameliorating this protocol by replacing 1,3-butadienes
with phenyl vinyl sulfides when carrying out this CAN mediated cycloaddition [26] (Scheme 2.4,
pathway C.2, iii). In this case, lawsone conversion reached complefion and led to the
expected mixture of the corresponding ortho- (2.48) and para-dihydronaphthoquinones (2.49)
which were separated and consecutively oxidized, leading to the target NFQ structures 2.7
and 2.6 with decent overall yields (36% and 42% respectively). In a follow-up work, the same
procedure was applied to the synthesis of a series of angularly fused
benzonaphthofuranoquinone derivatives [27]. To conclude, CAN-mediated cycloaddition
reactions were not very effective at elaborating the target NFQ structures and they presented
several limitations, including complex reaction mixtures and additional oxidation steps carried

out under harsh conditions.
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Scheme 2.4. Synthetic routes leading to NFQs, starting from lawsone derivatives (part l).

An alternative approach was proposed by Hagiwara et al. [28]. Lawsone was reacted with
3.4-dibromobutan-2-one and DBU excess in THF, leading to a mixture of 2-acyl
dihydronaphthofuroquinone 2.52 and the desired para-NFQ 2.3 with 28% yield (Scheme 2.5,
pathway D.2). The advantage of this methodology was the ability of efficient conversion of the
undesired intermediate 2.52 into the target NFQ 2.3 by conventional oxidatfion using

manganese dioxide.
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Finally, a more efficient two-step approach for the selective synthesis of a small library of C-
2 alkyl- or aryl-substituted ortho- and para-NFQs was established by Borgati et al. in 2017 [16]
(Scheme 2.6, pathway F.2). First, lawsone was submitted to an aldol condensation with allyl-
aldehydes, producing crucial intermediate 2.53 in yields ranging between 32-91%. The desired
naphthofuroquinones 2.54 and 2.55 were obtained after oxidative cyclization with Hg(OAc)a.
The formation of ortho- (2.54) or para-NFQ (2.55) could be favored by altering the reaction
fime in the second step. Products were isolated with fair overall yields. The kinetic product
ortho-NFQ 2.54 formation was favored when the reaction mixture was exposed to HCI 2N for
15 minutes, while the thermodynamic products para-NFQ 2.55 were formed when the reaction

mixture was treated with the same acidic solution for a longer period of fime (3 h).
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Scheme 2.6. Synthetic protocol towards a selective synthesis of a library of ortho- and para-
NFQs.

Many efforts have been dedicated to the infroduction of amino-substituents to the
naphthofuroquinone structures for further functionalization of NFQs. Wu et al. [29] reported the

freatment of lawsone with iodobenzene diacetate, leading to phenyl-iodonium intermediate



2.56 which was consecutively coupled with propargyl alcohol for ring closure (Scheme 2.7,
pathway [). The resulting alcohol derivative 2.57 was further oxidized by pyridinium
chloroformate and the obtained furanyl-aldehyde 2.58 was then submitted to reductive
amination, to give 2-methylamino-substituted NFQ 2.59 with overall yield 9 %. A short and direct
synthesis by coupling the desired amino group to the NFQ structure in a deep eutectic mixture
of sorbitol and metformin hydrochloride was also developed [30]. In that respect, lawsone was
submitted to react with B-nifrostyrenes 2.60 and ammonium acetate leading to a series of 2-
methylamino-NFQs 2.61 with yields ranging between 47-79% (Scheme 2.7, pathway ll). Despite
this one step green approach demanding shorter reaction times and affording acceptable
yields of target products, amelioration of the reaction substrate scope is still needed, since the
use of with B-nitrostyrenes allowed only the infroduction of a C-3 phenyl substituent on the furan

rng.
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Scheme 2.7. Infroducing amino substituents to NFQ structures.

Teimuri et al. in 2007 reported the synthesis of 2-amino-3-alkyl/aryl-naphthofuroquinones via
a one-pot multicomponent domino reaction (MCR) between 2-hydroxy-1,4-naphthoquinone
(lawsone), isocyanides, and aldehydes, providing the advantage of forming three bonds (two
C-C bonds and one C-O bond) in a single step via a [3+1+1] furan annulation strategy [31].
This MCR domino condensation was carried out in toluene, under reflux, and produced the
desired 2-amino-NFQs 2.62 with yields varying between 40% and 60% in most cases (Scheme
2.8). This reaction seemed to folerate both aliphatic and variously substituted aromatic

aldehydes along with alkyl and aryl isocyanides. However, longer reaction times (up fo 48 h)



were needed when reacting with aryl isocyanides. Aiming to make it both economically and
environmentally friendly, the same reaction mixture was carried out in water. It provided similar
results in shorter reaction times (2 h) and yields ranging between 60-75% [32]. However, the use
of highly lipophilic aromatic isocyanides was not folerated. Additionally, the use of
ethylenediamine-N,N-diacetic acid (EDDA) as a catalyst in refluxing toluene, resulted in

reaction completion after only 30 min., with slightly better product yields (57-97%) [33].

(o]

o
O‘ on j\ PhMe, reflux,4-48h O O H
- .+ e, refiux,4- N—R
+ C=N—R / 2
T HT R 2 T DDA, 15:92% 0 NN e
o

R ! iR; 1 H, CHj, alkyl, Ar
lawsone aldehyde isocyanide 2,62 720 =¥ YL A TERTY

R2 Cy, alkyl, Ar, naphthyl
Scheme 2.8. The multicomponent cascade reaction between lawsone, various aldehydes and
isocyanides.

On a mechanistic point of view, the formation of 2-amino-NFQs 2.62 via this 3-component
cascade reaction is initiated by a Knoevenagel condensation between lawsone and the
corresponding aldehyde, producing the electron deficient conjugated enone intermediate
2.65. Then, the electron-deficient heterodiene moiety of Knoevenagel adduct 2.65 reacts with
the isocyanide via a [4+1] cycloaddition, to afford an iminolactone intermediate 2.66 which,

after rearrangement, leads to the 2-amino-naphthofuroquinone 2.62 (Scheme 2.9).

(o] (o]
W °© o o
—_— —_— [— .
‘) ‘ f-Q‘H < X ~
:0: H
o K 265 O R
Ry
lawsone aldehyde 2.63 Knoevenagel intermediate
o lsocyanlde
O
N R2—> ‘ /
\ H
265 0 R, 2660 K 2620 R
4 + 1 cycloaddition iminolactone

Scheme 2.9. The proposed mechanism of domino multicomponent reaction between lawsone,
an aldehyde and an isocyanide.

As the naphthofuroquinone family exhibits a very wide spectrum of biological activities,
including antiparasitic ones, we intended to synthesize a focused library of variously substituted
2-amino-naphthofuroquinones. A multicomponent reaction methodology is the most efficient

way compared to previously reported synthetic pathways towards NFQs.



2.2 Results and discussion
2.2.1 Chemistry - Synthesis

2.2.1.1. Reaction conditions for optimization studies

For this purpose, the reaction between lawsone, 4-chlorobenzaldehyde (or para-
chlorobenzaldehyde) and tert-butyl isocyanide was studied as a model reaction (Table 2.1). 4-
chlorobenzaldehyde was selected as a highly electrophilic aldehyde due to its electron
withdrawing substituent and ferf-butyl isocyanide belonged to the pool of hindered alkyl
isocyanides that provided excellent results (over 80% vyields) when this three-component
reaction was first studied by Teimouri ef al [31]. For every opfimization experiment (0.4 mmol
scale), the reaction mixture was controlled by thin layer chromatography TLC) and stopped
when no further evolution was observed. The solvent was removed by evaporation under
reduced pressure. A sample of the crude residue was analyzed by 'H NMR fo calculate
lawsone conversion and yield of expected product. Subsequently, the desired product 2.69
was obtained pure after medium pressure column chromatography on silica gel (40 g), using

hexane/ethyl acetate (9:1) as eluent (“PuriFlash” system). The results are reported in Table 2.1.

First of all, the reaction was carried out according fo the conditions reported by Teimouri ef
al. [31]. An equimolar mixture of the three component (lawsone/aldehyde/ isocyanide 1:1:1)
was refluxed in toluene for 4 h without any catalyst (Table 2.1, entry 1). In our hands, the
conversion of lawsone was 31 %, and the desired naphthofuroquinone 2.69 was isolated in 22%
yield after chromatography. When the same reaction was carried out under the same
condifions but with 10 mol% ethylenediamine-N,N-diacetic acid (EDDA) as a catalyst, both

lawsone conversion and yield of 2.69 were doubled (Table 2.1, entry 2).

As the catalyst plays an important role, we then checked if it impacted the duration of the
reaction. In that respect, the reaction was repeated and stopped after 2 h (Table 2.1, entry 2).
However, the obtained results showed that after 2 h of reaction, lawsone conversion and
isolated product yield were slightly, but not significantly, higher in the presence of EDDA (Table
2.1, enfry 3). Conversely, when the reaction was repeated in refluxing toluene catalyzed by
10% mol EDDA with both para-chlorobenzaldehyde and Bu-isocyanide in slight excess with
respect to lawsone (1.2 equiv.), lawsone conversion reached 90% in 2 h (Table 2.1, entry 4).
Although, these conditions resulted in a quite complicated reaction mixture, in comparison
with all the previous attempts (Table 2.1, entries 1-3). The target 2-aminonaphthofuroquinone

2.69 was isolated with 30% yield, after two consecutive chromatographies.



Table 2.1. Opftimization studies of experimental conditions for the model domino reaction
between lawsone, 4-chlorobenzaldehyde and tert-butyl isocyanide.

(o]
. . H
Domino model reaction :
o OxH o H eopa o
OH O H
O‘ . + C_ENLé catalyst, solvent O‘ / N—é
<]
Cl (o]
lawsone 4-chlorobenzaldehyde 'Bu-isocyanide
2.67 2.68 2.69 cl
. Yield
Reaction Equiv Lawsone 249
Entry | Method hn.1e (lawsone/2.67/2.68) Catalyst | Solvent corlversmn "
(min.) (%)
(%)
1 Reflux 240 1:1:1 - PhMe 31 22
2 Reflux 240 1:1:1 EDDA PhMe 75 42
3 Reflux 120 1:1:1 EDDA PhMe 34 26
4 Reflux 120 1:1.2:1.2 EDDA PhMe 90 30
5 Imadiation 1, 45 1211 EfsN DCE 12 1
(bw)
¢ | Imadiation 60 1111 EtaN DCE 45 40
(w)
7 | Imadiation 60 1111 EDDA  DCE 60 59
(w)
g | [Imadiation -, 4y 1211 EDDA  DCE 85 65
(bw)
g | Imadiation |, 4, 1:1.5:1 EDDA = DCE 100 66
(Luw)
1o | Thermal 60 101 EN | DCE 70 57
activation
7 | Thermal 60 1741 EDDA = DCE 72 60
activation
g | Thermal 60 1:1.5:1 EDDA = DCE 100 59
acftivation

* Calculated on TH NMR spectrum of the crude mixture.
** Isolated yield, calculated on the starting amount of lawsone used.

Microwave-assisted (MWA) multicomponent reactions (MCRs) are one of the most effective
methods for synthesizing biologically active heterocyclic molecules. These reactions are
purposefully used to produce a variety of heterocycles as well as numerous point structure
functionalization. High yields, shortened reaction times, selectivity, atom economy, and easier
purification are the most highlighted advantages of microwave-assisted MCRs [34]. Such
approach has recently been reported for the reaction between embelin (2,5-dihydroxy-3-
undecyl-1,4-benzo-quinone, 2.70), various aldehydes and isocyanides [35]. The authors
conducted an optimization study between embelin (2.70), 4-nitrobenzaldehyde (2.71) and
tert-butyl isocyanide (2.68) aiming fo favor the first step of Knoevenagel condensation by

varying all reaction conditions such as the solvent (ethanol, toluene, acetonitrile, 1,2-



dichloroethane), the catalyst (EDDA, triethylamine, proline), the temperature (150-180 °oC), the
reaction time (cycles of 15-30 min.) and the ratio of three reactants (Scheme 2.10). In their
case, the best yield (70%) of target product 2.72 was obtained when an equimolar three-
reactant mixture in 1,2-dichloroethane (DCE) was irradiated at 180 oC for 15 min under 10% mol
EDDA catalysis. In addition, lawsone has never been reported to undergo such a reaction

under microwave irradiation.

(o)
H
H N

o oM o M eppa
OH
10 . + _CENLé catalyst, solvent=
NO,
embelin 4-nitrobenzaldehyde 'Bu-isocyanide
2.70 271 2.68 2.72

NO,

Scheme 2.10. Model reaction used for optimization studies under microwave irradiation of
domino three-component reaction involving embelin [35].

An equimolar reaction mixture of lawsone, 2.67 and 2.68 in DCE was reacted under
microwave irradiation (2 cycles x 15 min, af 160 °C, 6 bars, 300 W) in the presence of 10% mol
EtsN (Table 2.1, entry 5). Despite a low conversion of lawsone (12%), the expected product was
easily isolated from the reaction mixture at 11% yield, meaning that the reaction was very
selective. When the irradiation time was extended up to 60 min. (Table 2.1, entry 6), it provided
better lawsone conversion (45%) and better isolated yield of 2.69 (45%). When the catalyst EtsN
was changed for EDDA (Table 2.1, enfry 7), the reaction provided even more befter lawsone
conversion (60%) and isolated yield for 2.69 (59%). Afterwards, the irradiation fime of the same
equimolar mixture of lawsone, 2.67 and 2.68 in DCE, catalyzed by 10% mol EDDA was extended
to 2 cycles x 60 min (Table 2.1, entry 8) leading to the best lawsone conversion (85%) and
isolated yield (65%) of the desired 2-amino-naphthofuroquinone 2.69 reported until now. Finally,
when reacting with 4-chlorobenzaldehyde in excess (1.5 equiv. vs 1 equiv. before) (Table 2.1,
entry 9), full conversion of lawsone was achieved. However, the isolated yield of 2.69 did not
increase significantly (66%). In fact, the isolation of 2.69 was problematic since the desired

product was eluted very close to the unreacted aldehyde.

Finally, the reaction was thermally activated by using an Anfon Paar apparatus Monowave
50. An equimolar reaction mixture of lawsone, 2.67 and 2.68 in DCE, catalyzed by 10% mol EtsN,
was heated for 1 h (182 °C, 15 bar) (Table 2.1, entry 10). For this reaction mixture, thermal
activation provided better lawsone conversion (70%) in comparison to microwave irradiation
(45%) (Table 2.1, entry 6), and consequently better yield of 2.69 (57% vs 40% under microwave
iradiation). However, switching EtsN to EDDA under the same reaction conditions did not

significantly increase either lawsone conversion (up to 72%) or yield of 2.69 (60%) (Table 2.1,



enfry 11). Moreover, the conversion of lawsone was complete in the presence of 4-
chlorobenzaldehyde in excess (1.5 equiv.) (Table 2.1, entry 12). However, as observed before
(Table 2.1, entry 9), the purification of the expected 2.69 was complicated and, consequently,
its isolated yield as pure product was 59%. Again, a significant amount of the product was

eluted as a mixture containing unreacted aldehyde.

Taking everything info consideration, model reaction activation under microwave
iradiation and monowave heating conditions provided both better conversion of starting
lawsone and better isolated yields of the product 2.69, compared to conventional refluxing
conditions. Indeed, the addition of 4-chlorobenzaldehyde in excess forced the Knoevenagel
condensation and lawsone conversion was complete in every case. However, the excess of
aldehyde resulted in making the isolation of the desired 2-amino-naphthofuroquinone 2.69
quite complicated and did not pillar atom economy, thus it could not be preferred as ideal
reaction conditions. Surprisingly, EDDA catalysis provided better selectivity and yields under
microwave irradiation, which was not the case under thermal activation as EDDA and EfsN

catalysis made no difference.

As a conclusion, the most efficient reaction conditions in terms of reaction time, atom
economy, solvent use, catalysis, and purification convenience were those depicted in entry 7,
Table 2.1 microwave iradiation of an equimolar reaction mixture (lawsone/4-
chlorobenzaldehyde/tert-butyl isocyanide 1:1:1) in 1,2-dichloroethane for 1 h, catalyzed by 10

mol% ethylenediamine-N,N-diacetic acid.
2.2.1.2. Structure characterization of model compound 2.69

The chemical structure of compound 2.69 was unambiguously determined by NMR analyses
in CDCls af 298K ('H, 13C, COSY and HMBC). All TH and 13C signals were assigned based on
chemical shifts (6, ppm), spin-spin coupling constants, splitting patterns and signal intensities.
The 'H and 13C assignments of 2.69 are summarized in Table 2.2. 'TH NMR spectrum exhibited all
expected signals (6, ppm) for all different protons of naphthoquinone ring system as well as the
aromatic protons of 4-chlorophenyl moiety and the alkyl protons of tert-butyl substituent (Table
2.2). The characteristic proton NH, was detected at 4.82 ppm as a singlet. Concerning the
naphthoquinone ring: H-5 and H-8 signals appeared as doublet of doublets at 8.02 ppm and
8.17 ppm respectively and H-6 and H-7 appeared as triplet of doublets at 7.61 ppm and 7.69
ppm respectively. For the 4-chlorophenyl moiety, the 2 magnetically equivalent protons H-2b
could be distinguished from 2 magnetically equivalent protons H-3b by COSY. The methyl
groups of protons H-11, H-12, and H-13 of terf-butyl substituent of 2.69 appeared at 1.50 ppm
(PH).

The 13C resonance data revealed 18 resonances in total corresponding to all differently

hybridized carbons of molecule 2.69 (Table 2.2). All four sp2? carbons belonging to the basic



scaffold of naphthoquinone ring C-5, C-6, C-7 and C-8 were found at 126.6 ppm, 132.5 ppm,
133.9 ppm and 126.3 ppm respectively, while all quaternary carbons provided less intense but
unambiguous signals in the aromatic region: C-4a at 133.3 ppm and C-8a at 133.2 ppm (Table
2.2). In addition, the attribution of both carbonyl groups C-4 and C-9 was based on a detailed
NMR study previously performed by Borgati et al. [36]. As in their case, the HMBC correlation
between H-3 and C-4 allowed unambiguous assignment of C-4. Similarly, carbonyl C-? and C-
4 were detfected at 169.6 ppm and 182.0 ppm, respectively. Concerning the furan ring
structure, C-9a, C-3a, C-3 and C-2 were detected at 144.2 ppm, 130.4 ppm, 130.4 ppm and
159.4 ppm, respectively. A downfield signal at 54.3 ppm was attributed to the quaternary C-
10, while all -CHs groups (C-11, C-12, C-13) appeared as a very infense unique signal at 30.2
ppm (Table 2.2).

Table 2.2. 'H and 3C NMR data assignments of compound 2.69 in CDCls at 298K, at 400 MHz
and 101 MHz respectively.

—— TH-TH COSY correlation

7 NI1H.13¢C HMBC correlation

'H and/or 13C numbering * H chemical shift (ppm) 13C chemical shift (ppm)

c-2 - 159.4
C-9a - 144.2
c-9 - 169.6
C-8a - 133.2
CH-8 8.17 (dd, J=7.6 Hz, J=1.0 Hz) 126.3
CH-7 7.69 (td, J=7.6 Hz, J=1.0 Hz) 133.9
CH-6 7.61 (td, J=7.5 Hz, J=1.3 Hz) 132.5
CH-5 8.02 (dd, J=7.5 Hz, J=1.3 Hz) 126.6
C-4a - 133.3
C-4 - 182.0
C-3a - 130.4
C-3 - 99.1
C-1a - 133.4
CH-2b 7.44 (m) 130.9
CH-3b 7.47 (m) 129.3
C-4b - 133.7
CH-3b 7.47 (m) 129.3
CH-2b 7.44 (m) 130.9
NH 4.82 (s) -
C-10 - 54.3
CHa-11,12,13 1.50 (s) 30.2

* JUPAC rules are used for 'H and 13C numbering of 2.49.



COSY correlations revealed the neighboring pair of protons H-5/H-6, H-6/H-7, H-7/H-8 and H-
2b/H-3b of the 4-chlorophenyl ring. Among all HMBC correlations presented in Table 2.2, the
correlation between NH and C-2 provides an unambiguous proof of the furan cyclization,
along with the correlation between H-2b and C-3. In addition, the HMBC correlations between
H-5 and C-4 on one hand, and H-8 and C-9 on the other hand, provided extra proofs of the

assignment of carbonyl groups of the para-naphthofuroquinone 2.69.

para-NFQ ortho-NFQ
(0]

QLI
e

2.69 cl

Obtained product Never obtained

Figure 2.4. Para-naphthoquinone 2.69 was selectively obtained.

Compound 2.69 was recrystallized in methylene chloride (DCM). X-ray diffraction
spectroscopy (Mo-K radiation) was used to analyze the resulting single crystals, which
appeared as deep violet platelets (Fig. 2.5). This molecule crystallized in the P21/n space group.
All atoms of all three rings (furan and naphthoquinone) of NFQ moiety shared the same plane.
In addition, the quaternary carbon atom of the terf-butyl group (C-10) was found practically
coplanar with the furan ring system (C-6b/C-1/C-3/C-2), while the para-chlorophenyl aromatic
ring displayed a dihedral angle of 44.2° with the furan ring. This result suggests that diversifying
the C-3 and C-2 substituents of the furan ring could play a role to optimize interaction of
molecule 2.69 with the binding site of the target bc1 and/or DHODH of P. falciparum, since C-
2 and C-3 may be two structural points offering intferactions extension and exploration of the
cavity info the binding site. Moreover, it should be mentioned that the distance between both
oxygen atoms O2 and O1 could favorize a potential metal coordination as the dihedral angle
(O-1/ C-2/N-1/C-10) was measured having the value of 16.3°.



Figure 2.5. X-ray structure of compound 2.69.

2.2.1.3. Substrate scope for domino multicomponent reaction

Having in hand the optimal reaction conditions to obtain compound 2.69 in good yield and
selectivity (entry 7, Table 2.1, Scheme 2.11), the substrate scope of this reaction was then further
explored by modifying both aldehyde and isocyanide reactants. A whole library of various
aldehydes was selected to undergo this multicomponent reaction (variously substituted
benzaldehydes bearing electron-donating and electron-withdrawing groups, aldehydes
bearing heteroaromatic rings and heterocyclic mofifs and N-substituted piperidine
carbaldehydes). Concerning the isocyanide component, three commercially available alkyl-
isocyanides were selected to take part to this domino reaction: tert-butyl-, butyl- and
cyclohexyl- isocyanides. Among them, tert-butyl isocyanide was chosen to react with lawsone
and the whole above-mentioned library of aldehydes while the two other isocyanides were
reacted with a representative example of each aldehyde category, namely 4-
chlorobenzaldehyde, 3,4,5-trimethoxy benzaldehyde, N-methyl indazole-5-carbaldehyde, 2-
nitrofuraldehyde, and N-benzyl-4-piperidine carboxaldehyde, in order to provide the first series
of 2-amino-naphthofuroquinones for an initial screening. The obtained results are summarized
in Table 2.3 and Scheme 2.11.

The reaction between lawsone, tert-butylisocyanide and a variety of aldehydes was carried
out in DCE, and monitored by thin layer chromatography (TLC). It was stopped when lawsone
completely disappeared. The solvent was removed by evaporation under reduced pressure
and the crude reaction mixture was analysed by 'H NMR to determine aldehyde conversion.
Afterwards, all products were isolated by column chromatography on silica gel, using
appropriate mixtures of organic eluents (see Experimental Part). As a reminder, 60% conversion

of para-chlorobenzaldehyde led to 59% vyield of 2.69 meaning that the three-component



domino reaction was exiremely selective (Table 2.3, entry 1). However, traces of a secondary
product were observed (Scheme 2.11). The same by-product was observed when meta-bromo
benzaldehyde reacted with lawsone and tert-butyl isocyanide (Table 2.3, entry 1). Aldehyde
conversion was poor (30%) leading selectively to domino product 2.73 with 30% yield (Table
2.3, entry 2). A side product was isolated with 20% vyield. It was the result of the direct two-

component condensation of lawsone and tert-butyl isocyanide (2.91) (Table 2.3, entry 2).

(0] (0] (o]
OH o o H (o}
- _ + % —
O‘ . R)LH + T=N“R, 10%EDDA DCE _ O‘ )—N-R, | ~ H
1 1-2h, pw "Ry
o) o) Ry
lawsone aldehyde isocyanide naphthofuroquinone enaminodione
2.69-90 2.91-93

Scheme 2.11. The multicomponent domino reaction between lawsone, aldehydes and
isocyanides provided the expected naphthofurogquinone (3-component) and a side product
resulting from condensation of lawsone and isocyanide.

Use of 3.4,5-trimethoxybenzaldehyde instead of para-chlorobenzaldehyde provided a
similar outcome: 60% of aldehyde conversion and 55% yield for NFQ 2.74 (Table 2.3, entry 3).
Surprisingly, 3,4-dimethoxybenzaldehyde provided lower conversion of aldehyde (45%) and
yield of NFQ 2.75 (25%). However, no formation of by-product 2.91 was detected (Table 2.3,
enfry 4).

The ability of aromatic heterocyclic aldehydes to efficiently undergo this MCR reaction was
also investigated. When N-methyl-5-indazole carbaldehyde was allowed to react with lawsone
and terf-butyl isocyanide under microwave irradiafion (Table 2.3, enfry 5) 30% aldehyde
conversion led to product 2.76 with 30% yield after flash column chromatography purification.
In addition, the enaminone product 2.91 was also isolated with 40% yield, which could explain
the low yield of the desired 2.7, since an important part of lawsone reactant was consumed

by this side condensation with the isocyanide to form the enaminone derivative 2.91.

Indole 2-carboxaldehyde was also subjected to this MCR reaction, under the same
experimental conditions. Although the conversion rate was rather high (80%) the expected
product 2.77 issued from the three-component domino reaction was obtained in only 35% yield
after purification, while no enaminone derivative 2.91 was detected (Table 2.3, entry 6).
Replacing it by 2-nitrofuraldehyde resulted in a better selectivity: 20% aldehyde conversion and
isolation of 2.78 with a 19% yield (Table 2.3, entry 7).

The reaction was then studied by using heterocyclic non aromatic aldehydes. Reaction with
N-Boc and N-benzyl piperidine-4-carbaldehydes afforded the target naphthofuroquinone
derivatives 2.79 and 2.80 with 52% and 53% yields, respectively, (Table 2.3, entries 8 and 9) after

purification.



Table 2.3. Structures and isolated yields of the whole list of products obtained by domino
multicomponent reaction between lawsone, aldehydes and isocyanides.
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* Calculated based on 'H NMR spectrum of the crude mixture.
** Calculated based on the starting amount of lawsone used.
nd stands for non-detected.

When fert-butyl isocyanide was replaced by cyclohexyl isocyanide and the
multicomponent reaction was repeated with every corresponding aldehyde, the NFQ
derivatives 2.81, 2.82, 2.83, and 2.85 were obtained with yields ranging between 42 and 46%
and excellent selectivity (Table 2.3, entries 10-12 and 14). The enaminone side product 2.92 was
observed only in the crude reaction mixture of entry 12 (estimated yield 20%). However, its
isolation was impossible because it was unstable during the purification procedure. The
reaction between cyclohexyl isocyanide, lawsone and 2-nitrofuraldehyde provided a sluggish
mixture and the desired domino adduct 2.84 was collected with low vyield (12%) (Table 2.3,

entry 13).

Finally, each representative example of the aldehyde library was chosen to react with
lawsone and n-butyl isocyanide. Reactions involving aromatic aldehydes provided the best
yields of the corresponding NFQs 2.86 and 2.87 (55% and 40%, respectively, Table 2.3, enfries
15-16). No side product was detected. In contrast, when N-methyl-5-indazole carbaldehyde
was used, the formation of the NFQ 2.88 was observed in the reaction mixture (low estimated
yield) (Table 2.3, entry 17). Unfortunately, all purification or recrystallization efforts failed. The
compound seemed to be unstable on silica gel column. On the other hand, the enaminone
2.93 was isolated instead with 50% yield (Z/E ratio = 1:1) (Table 2.3, entry 17). N-benzyl piperidine
carbaldehyde did not offer high conversion (35%) and NFQ 2.90 was obtained with 30% yield
(Table 2.3, entry 19). Unfortunately, the reaction between lawsone, n-butyl isocyanide and 4-

nifrofuraldehyde was sluggish, leading to only 8% yield of target NFQ 2.89 (Table 2.3, entry 18).

To summarize, the substrate scope of the reaction between lawsone, aldehydes and

isocyanides was proved to be very broad. This reaction could tolerate aromatic aldehydes with



electron donating and electron withdrawing groups, and aldehydes bearing heterocycles and
heteroaromatic rings. Among them, 2-nitrofuraldehyde provided the most sluggish reaction
mixtures and thus the lowest yields, most probably because of solubility issues. In addition, a
side reaction was observed between lawsone and the corresponding isocyanide when less
reactive (less electrophilic) aldehydes were used as reactants (especially N-methyl-5-indazole
carbaldehyde). The resulting products of this two-component reaction possessing an
enaminone sfructure were neverreported before. The obtained enaminones were found to be
E/Z mixtures of two isomers in 1:1 ratio (complete 2D NMR study is reported in this Chapter). This
reaction activated under microwave irradiation allowed the selective synthesis of a series of 19
novel para-naphthofuroquinones and lawsone enaminone derivatives with low to fair yields
but in a single step. All three alkyl-isocyanides used were equivalently well tolerated under
these reaction conditions. Reactions with cyclohexyl and n-butyl isocyanide were extremely

selective comparing to fert-butyl isocyanide.

A proposed mechanism for the formation of enaminone products is depicted in Scheme
2.12. The deprotonation of the OH of the enol form of the lawsone reagent (attached to C-2)
initiates the nucleophilic attack on the LUMO (*) orbital of the terminal electrophilic carbon
atom of the isocyanide, resulting in intermediate 2.94. After that, the electron-rich nitrogen
fransfers its free electron pair by forming a double bond with the nucleophilic carbon,
generating the 2.95 keto-intermediate. This carbon of 2.95 in turn deprotonates the neighboring
C-3 to yield the 2.96 enol-intermediate. The double bond changes position and gets attached
directly to the naphthoquinone ring as a result of inframolecular reorganization, leading to the

enaminone products 2.91-2.93.
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Scheme 2.12. Proposed mechanism of two-component reaction between lawsone and
isocyanides.

Enaminone derivatives 2.91 and 2.92 were fully characterized by a full pack of NMR studies
(TH, 13C, COSY and HMBC). Both compounds were found to be a mixture of isomers E and Z in
a 1:1 ratio. All the TH and 13C signals were assigned based on chemical shifts, spin-spin coupling
constants, splitting patterns and signal intensities. 'H and 13C chemical shifts of 2.91a/2.91a’ are
presented in Table 2.4. TH NMR spectras of lawsone enaminone derivatives with aromatic
amines have been recently reported by Olyaei et al [37]. In our case, consistently with Olyaei’s
study, two characteristic downfield signals corresponding to amino NH protons of 2.91a mixture
appeared at 12.07 ppm and 12.22 ppm for 2.91a (Z isomer) and 2.91a’ (E isomer), respectively.
The alkene proton H-1 appeared atf 8.55 ppm for 2.91a (Z isomer) and 8.67 ppm for 2.91a’ (E
isomer) as a doublet. The integrals of these two signals allowed the quantitative determination
of each isomer (almost 50:50). NH and H-1 were proved to be neighbour protons based on
extra evidence provided by COSY correlations. All aromatic protons of the naphthoquinone
structure were found in the expected aromatic region between 7.80-8.27 ppm, most of them

as mulfiplets.

Concerning 13C NMR signals, the three carbonyl groups of the cyclohexanetrione scaffold
were attributed as follows: C-9 at 181.7 ppm for 2.91a (Z isomer) and 182.0 ppm for 2.91a’ (E
isomer), C-8 at 176.8 ppm for 2.91a and 177.5 ppm for 2.91a’, C-10 at 184.5 ppm for 2.91a and
181.9 ppm for 2.91a’.



Table 2.4. 'H and '3C NMR data assignments of 2.91a/2.91a’ in CDCls at 298K.

Mixture Z/E isomers

TH-TH COSY correlation

7 NI{.13C HMBC correlation

TH and/or 13C 13C chemical shift,

TH chemical shift, ppm

numbering ppm
2.91a 2.91a 2.91a 2910’
C-7 - - 108.6 109.3
C-8 - - 176.8 177.5
C-9 - - 181.7 182.0
C-12 - - 132.3 132.3
CH-13 8.18 (m) 8.19 (m) 128.3 127.7
CH-14 7.72 (td, J=7.6 Hz, 7.72 (td, J=7.6 Hz, 1.5 133.3 133.4
1.5 Hz) Hz)

CH-15 7.84 (m) 7.82 (m) 135.6 135.4
CH-16 8.16 (m) 8.27 (m) 126.5 127.3
C-11 - - 134.5 136.3
C-10 - - 184.5 181.9
CH-1 8.55 (d, J=1.5 Hz) 8.67 (d, J=1.5Hz) 157.9 157 .4

NH 12.07 (bs) 12.22 (bs) - -
C-3 - - 56.5 56.5
CHs-4,5,6 1.52 (s) 1.52 (s) 29.6 29.6

*IUPAC numbering is not used here. For the shake of clarity, chemical shifts are reported starting
by the naphthoquinone ring (C-7 to C-10), followed by the alkene chain.

The keto form of these naphthoquinone derivatives was confirmed by comparing it to its
enol form which would display an expected C-OH signal around 156-160 ppm (Figure 2.6, C-2
of 3-alkenyl-2-hydroxy naphthoguinones) [38]. Thus, C-8 of 2.91a/2.91a’ was unambiguously
aftributed to a carbonyl group (Figure 2.6, C-8 of naphthoenaminones, Table 2.4). In addition,
the enedione sequence C-1/C-7/C-8 and C-1/C-7/C-10 was confirmed by attributing C-7 at
108.6 ppm for 2.91a and 109.3 ppm for 2.91a’and C-1 at 157.9 ppm for 2.91a and 157.4 ppm
for 2.91a’. This result provided strong evidence of the keto form of this derivative. In fact, in the
enol form, C-7 should be found downfield shifted by Aé = 8-12 ppm (Figure 2.6, C-3 was found
at 118 ppm and C-1a af 135 ppm on 3-alkenyl-2-hydroxy naphthoquinones structures). A

significant difference between E and Z isomers was assessed by HMBC correlations. In fact, H-



1 was correlated to C-8 for 2.91a’ (E isomer) but not for 2.91a (Z isomer). The assignment for the

mixture 2.92a/2.92a’ was carried out by analogy.

in CDCI3* in DMSO-dé* in CDClI3*

(o]
o 156 ppm 177-178 ppm

183 ppm
) OH 129 ppm
N
~
R; R4
181 ppm O 118 ppm 135 ppm 182-184 ppm O 109 ppm 157 ppm
Naphthofuroquinones 3-alkenyl-2-hydroxy Naphthoenaminones

Naphthoquinones

Figure 2.6. Comparative study of 13C NMR chemical shifts for three different naphthoquinone
derivatives: naphthofuroquinones, 3-alkenyl-2-hydroxy-naphtho-quinones and naphtho-
enaminones.

2.3 Biological and in silico evaluation of the synthesized series

All synthesized products were biologically evaluated in vitro against Plasmodium falciparum,
Leishmania donovani, Mycobacterium tuberculosis, Staphylococcus aureus, and
Pseudomonas aeruginosa. The chemosensivity tests against P. falciparum were conducted by
our own team under the supervision of Dr. Francoise-Benoit Vical (UPR 8241 CNRS LCC and
Inserm ERL 1289). The biological evaluation against L. donovani was conducted at the Faculty
of Pharmacy of the University of Paris-Saclay under the supervision of Prof. Philippe M. Loiseau
(“Chémothérapie antiparasitaire: Biomolécules, conception, Isolement, Synthése"”, UMR 8076
CNRS BioCIS). The antimicrobial evaluation against M. tuberculosis, S. aureus and P. aeruginosa
was conducted at the Lazzaro Spallanzani Institute of the Department of Biology and
Biotechnology of the University of Pavia (ltaly) under the supervision of Prof. Maria Rosalia
Pasca.

As a complement of antimalarial evaluation in vitro, docking studies were also conducted
by Dr. Alfonso T. Garcia-Sosa at the Institute of Chemistry, Department of Molecular Technology
of University of Tartu (Estonia). In this study, the docking of each new compound in the potential
mitochondrial targets of P. falciparum, namely cytochrome bcl and dihydroorotate
dehydrogenase (DHODH), was carried out. The binding site was determined and the
evaluation of molecules interactions with the binding site was associated to their docking

scores.

2.3.1 Activities against P. falciparum and in silico studies
The anfiplasmodial activity was evaluated against the F32-ART strain of P. falciparum. This
strain is artemisinin resistant; it has been selected in our laboratory after 144 intermittent and

increasing doses of the drug. The antiplasmodial activity at two doses (1 uyM and 10 uM, in



tfriplicate) was, first, established using the SYBR Green | Dye-Based Fluorescence Assay. For
molecules able to inhibit more than 50% of parasite growth at 10 uM, the precise ICso values
were then determined [39],[40]. The molecules exhibiting the best antiplasmodial activities
were tested on Vero cells fo determine their cytotoxicity CCso. Their selectivity index (SI) was
calculated as the ratio of cytotoxicity to activity CCso/ICso. Both elementary synthons lawsone
and 3-iodolawsone and the reference drug atovaquone were evaluated for comparison. The
obtained results are summarized in Table 2.5.

Table 2.5. Anfiplasmodial activity and predicted docking scores of naphthofuroquinone and
naphthoenaminone series.

. Docking Docking
P. falciparum cc score score
F32-ART 2 sl
Entry Compound ICs0 (uM) (UM) Pfbc1 PfDHODH
so{H (kcal/mol) | (kcal/mol)
(0]
O H
QI
1 >10 - - -9.7 -6.8
2 >10 - - -7.1 -7.7
3 >10 - - 0.0 -7.0
4 >10 - - -9.2 -8.3
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25 S ‘ 0.001 6 6000 -12.1 -10.7
E cl
atovaquone
o
26 S o] NH 1 - - -8.6 -7.3
W A
MMV007571

27 N-NH 0.073 - - - -11.2

XCV
* CCso = cytotoxicity assay, S| = CCso/ICso.

Three pools of molecules can be distinguished depending on their isocyanide scaffold
(namely, tert-butyl, cyclohexyl and n-butyl). Among NFQs issued from tert-butyl isocyanide
(entries 1-9, Table 2.5), only compound 2.80 carrying a (1-benzyl-piperidin-4-yl) substituent
attached to C-3 exhibited an ICso value lower than 10 uM (ICso = 2.5 uM) and a very good
selectivity index (Sl = 34).

Concerning the NFQs synthesized from cyclohexyl isocyanide, four out of five compounds
(2.81-2.85, entries 10-14, Table 2.5) exhibited ICso values ranging between 3.6 and 11 uM, with
the most potent being NFQ 2.85 (entry 11, Table 2.5). This compound has a particular interest
as it is substituted by two amino groups: an exocyclic (N-cyclohexyl) at C-2 and an endocyclic
(N-substituted piperidinyl ring) attached to C-3 of the furan ring. Compound 2.85 exhibited
promising results in cytotoxicity assay (CCso = 36 yM) and sequentially a selectivity index value
SI=10.

Comparing all molecules of this series (2.81-2.85, entries 10-14, Table 2.5), it appeared that
having an heteroaromatic substituent at C-3 of the naphthofuran ring (e.g.. 2-nitrofuran :
compound 2.84, or N-methyl-5-indazole : compound 2.83) or an aromatic ring bearing an
electron-withdrawing group (compound 2.81) resulted in values of ICsp 210 yM, meaning that
this type of substituents are deleterious for the anfiplasmodial activity. However, a trimethoxy-
substituted (strong electron-donating effect) aromatic ring attached to C-3 of the furan ring
(Table 2.5, entry 11, compound 2.82) provided more encouraging results, with ICso = 6 uM and
SI=16.



Among NFQ issued from n-butyl isocyanide (Table 2.5, entries 15-19), compounds 2.87 (Table
2.5, enfry 16) and 2.90 (Table 2.5, entry 19) exhibited ICso values lower than 10 uM. Compound
2.90, having the same C-3 furan substituent as 2.85 (entry 11, Table 2.5) of cyclohexyl series of
molecules exhibited the lowest ICs value at 4 uM. However, 2.90 is less compelling than
compound 2.85 due to its higher cytotoxicity (CCso= 24 uM) and subsequently weak selectivity
index (SI = 6). Therefore, among all n-butyl NFQ derivatives, compound 2.87 could be more
pharmacologically promising as it exhibits an ICso in the same range as 2.90 but displays a

considerably lower cytotoxicity value (SI > 100 uM).

In the enamino naphthoquinone series, both 2.91 and 2.92 (Table 25, entries 20 and 21)
exhibited the lowest ICso values of the whole series described in this chapter. In fact, 2.91 and
2.92 exhibited ICso values at 1.4 yM and 1.9 uM, respectively, far below, lawsone and 3-
iodolawsone (ICso > 10 and 50 UM, respectively, Table 2.5, entries 22 and 23). In addition, 2.91
and 2.92 have a low cytotoxicity (CCso > 50 uM) and, consequently, very encouraging
selectivity indexes (SI > 36 for 2.91 and SI > 26 for 2.92).

It should be noted that, to the best of our knowledge, this is the first time that the activity of
a naphthoenaminone systems with a dione function has been evaluated against P. falciparum.
These molecules retain the 1,4-naphthoquinone scaffold of atovaquone, but the 2-hydroxy
group is replaced by a ketone group. The 2-hydroxyl functionality of atovaquone has been
considered to be critical for interaction with the bcl complex, and it is supposed that this
interaction is impaired in atovaquone-resistant Plasmodium [41]. While nothing is reported
concerning enaminone derivatives with antiparasitic activities similar naphtho-enaminone
structures have been reported to act as moderate antitumoral agents against Ehrlich ascites
carcinoma (EAC) cells in vitro [42] in a dose-dependent manner. However, bulky (aromatic
and piperidinyl) amino-substituents decreased the antitumoral activity and affected the

cytotoxicity values.

When everything is taken info account, é out of 19 compounds of the 2-amino-
naphthofuroquinone family were found to be 2- to 5-fold more effective against P. falciparum
artemisinin resistant strains than the parent derivative 2.14 reported by Borgati et al. [16] which
exhibited an ICso value at 11.7 yM against P. falciparum chloroquine resistant strains.
Compound 2.14 did not bear any substituent at C-3 of the furan ring and did not contain any
amino group atftached at C-2. The N-benzyl piperidinyl substituent at C-3 resulted in positive
pharmacomodulation because, whatever the amino-substituent at C-2 was, the ICso values of
all molecules containing a N-benzyl piperidinyl substituent at C-3 (2.80, 2.85, and 2.90) were
found lower than 10 yM. As for the naphthoenaminone derivatives 2.91 and 2.92, the
modification of the enol form of 2-hydroxy function to a carbonyl group could be an interesting

way to set up new hits that could overcome Plasmodium atovaguone resistance (Figure 2.7).
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Figure 2.7. This work confributed into varying the furan substitution of NFQ derivatives aiming to
obtain active antiparasitic compounds.

In general, when discussing the structures of NFQ derivatives, a C-2 substitution of the furan
ring with a flexible alkyl amino group could be recommended, while a C-3 substitution with
aromatic or heteroaromatic rings would not be recommended, unless it has a N-benzyl
piperidinyl substituent. However, more data should be collected in order to pave a way
tfowards more active compounds against P. falciparum (Fig. 2.7). In addition, the amino
substituent of naphthoenaminone derivatives could be further explored in order to get

bioactive molecules against quiescent Plasmodium.

Docking studies

Molecular docking studies were conducted against both mitochondrial targets anticipated
fo intferact with all molecules mentioned in this chapter: bcl cytochrome and DHODH of
Plasmodium falciparum in order to support the explanation of the observed biological
activities. First, as far as bc1 target is concerned, the interactions between all molecules and
the P. falciparum target bc1 were determined using the AlphaFold2-modeled structure of the
cytochrome enzyme Q7HPO3 [43]. The X-ray structure of the complex of atovaquone bound in
the catalytic Qo site of bcl in Saccharomyces cerevisiae was exiracted from Protein Data
Bank (PDB: 4PD4) [44]. Its good resolution was suitable for docking studies (3.04 A). The
predicted protein structure's local quality metrics were all rated as being very good. This means
that all amino acid residues near to the binding site region (the central groove inside the a-
helices, next to Tyr 263) exhibited a low position error, according to per-residue confidence
scores (pLDDT) and predicted alignment error (PEA). So, the final predicted model used for

docking of bc1 enzyme was highly confident (Fig. 2.8) [45].



Model Confidence:
W Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)
B Very low (pLDDT < 50)
AlphaFold produces a per-residue confidence

score (pLDDT) between 0 and 100. Some

regions below 50 pLDDT may be unstructured

in isolation.

Figure 2.8. Model confidence for bc1 target used for docking studies. The binding site is
depicted in stick representation.

For the second target dihydroorotate dehydrogenase (DHODH), the target preparation was
much easier. The X-ray crystal structure of P. falciparum DHODH bound with DSM782 (or XCV)
was available in PDB (PDB: 7L01) with a resolution well adapted for docking studies (1.60 A)
[46].[47]. All docking scores of this library of compounds are presented along, with the
biological activities against P. falciparum ART resistant strain in Table 2.5. Atovaquone was used
as positive confrol for docking against bc1 (Table 2.5, entry 25), MMV007571 against both bcl
and DHODH (Table 2.5, entry 26) [48],[49] and XCV (Table 2.5, entry 27) against DHODH, as its
inhibitor [50].

Intfo the bc1 binding site, atovaquone (ATQ) was found to bind in two distinct orientations,
both flipped and unflipped, with primarily hydrophobic interactions stabilizing its pose (docking
score = -12.1 kcal/mol). The non-ionized pose of atovaquone was imposed during the
determination of the binding site box. A hydrogen bond was imposed between ATQ's -OH and
His 242. The naphthoquinone ring, for example, offered hydrophobic interactions with lle 258,
His 242, and Met 133 amino acid residues, while ifs 4-(para-chlorophenyl)cyclohexyl moiety
provided hydrophobic interactions with lle 141, Phe 267, and Tyr 268. The aromatic ring also
allowed for pi-pi stacking with Phe 264. MMV007571 was found to bind at the same part of the
bc1 cavity compared to ATQ, exhibiting a similar interaction map and docking score (docking
score = -8.6 kcal/mol). Its binding pose was stabilized by strong hydrophobic interactions with
the majority of the amino acid residues located info the binding site, namely Glu 261, His 242,
lle 258 and Val 140 (Fig. 2.9).



Info the DHODH binding site, XCV was found to interact with almost every amino acid
residue of the cavity. Its binding pose was stabilized by using substantial hydrogen bonds
formed by two amino groups of XCV structure with His 185 and by the carbonyl group of XCV
structure with Arg 265 residue (docking score =-11.2 kcal/mol). Besides, the rest of the structure
provided strong Van der Waals interactions with Lys 229, Phe 227, Glu 182 and Phe 188 residues.
However, when ATQ was subjected to interact with DHODH binding site, no matter its excellent
binding score (-10.7 kcal/mol), the compound was not able to bind deep enough into the

cavity. As aresult, the naphthoquinone ring is partially outside of the cavity (Fig. 2.10).

Lawsone and 3-iodolawsone (Table 2.5, entries 23-24) exhibited almost the same docking
scores against both mitochondrial targets bc1 and DHODH, meaning that C-3 substitution with
a bulky group (e.g. halogen iodine) would not be expected to affect the binding affinity.
However, comparing to ATQ and XCV, lawsone and its 3-iodo derivative were found to bind
just at the entrance of the cavity, explaining their low docking scores and their deceiving in

vitro activity.

Molecule 2.80 (Table 2.5, entry 9) of the terf-butyl series of the NFQ series exhibited the best
docking scores (< -11 kcal/mol) against both bc1 and DHODH targets, values which were
comparable to both positive controls atovaquone and XCV. These results align well with its
reported biological activity since 2.80 had the lowest ICso value among all NFQs synthesized
herein. Compound 2.80 was found to bind into bc1 target flipped while presenting less intense
hydrophobic interactions compared to ATQ. The naphthoguinone ring exhibited hydrophobic
interactions with Phe 267 and Tyr 268 residues while partially was situated outside of the binding
site. However, the N-benzyl piperidinyl moiety significantly contributed to binding by extending
the hydrophobic interactions of this molecule with Glu 137, Met 133, lle 141 and Glu 261
residues, showing the importance of furan C-3 substitution to cavity exploration into bcl. The
amino C-2 furan substituent equally offered extension of hydrophobic interactions with the key
amino acid residue Glu 261. In DHODH 2.80 was found to bind at the same part of the cavity
as ATQ but less deep than the natural ligand XCV. Again, an important part of the NFQ ring
was found to be solvent exposed and the bulky 2-amino substituent was found too big fo enter
the cavity due to steric hindrance. However, the naphthoquinone ring of 2.80 exhibited
important hydrophobic interactions with the key amino acid residues Phe 188, Leu 187, just like
in XCV case. The C-3 furan substituent was found to play an important role in the exploration

of the cavity as it offered strong hydrophobic interactions with Gly 535, Tyr 168 and Met 536.
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Figure 2.9. Binding modes and interactions for selected compounds in the binding site of bcl.

All amino-cyclohexyl NFQ derivatives (2.81-2.85, Table 2.5, enfries 10-14) except 2.83
exhibited very favorable docking binding scores with both P. falciparum bcl complex and
DHODH. This result could support the proposal that the C-3 furan substituent should not bear an
heteroaromatic ring, since it contributes to interactions inhibition with both bc1 and DHODH
binding sites. Compound 2.85 (Table 2.5, entry 14) could probably bind to DHODH rather than
bcl complex; in fact, it exhibited a low docking score against bc1 (-6.4 kcal/mol), compared
to atovaquone (-12.1 kcal/mol). Finally, all n-butyl NFQ derivatives showed favorable docking
scores against both targets probably because the n-butyl chain provided with very strong
hydrophobic interactions with amino acids of the enzyme sites. Compound 2.90 (Table 2.5,
entry 19), which exhibited the lower ICso value among all n-butyl NFQs, displayed favorable

docking poses against both mitochondrial targets and good (< -9 kcal/mol) docking scores.
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Figure 2.10. Binding modes and interactions for selected compounds in the binding site of
DHODH.

In the enaminone series (compounds 2.91-2.92, Table 2.5, entries 20-21), the E and Z isomers
of each compound exhibited similar binding scores against both targets. For instance,
compound 2.92a’ was found to bind af the same part of the cavity of bc1 mitochondrial target,
just like ATQ. The naphthoquinone ring of the compound was however flipped and had a
different orientation. It exhibited strong hydrophobic interactions with Phe 264, lle 141, Gly 137
and Trp 136 residues while the linear amino substituent contributed to the expansion of
hydrophobic interactions with Pro 255, GIn 132, lle 258 and Met 133. Similar results were
obtained when 2.92a’ was docked against DHODH target. The compound was located at the
same part of the binding site compared with XCV. With improved predicted docking scores at
the hydrated binding site compared to the non-hydrated, compound 2.92a' in particular was
predicted to make effective use of bridging water molecules [51] in the DHODH binding site.
That was found to be the case of natural DHODH inhibitor XCV (Fig. 2.10). The naphthoquinone



ring contributed to binding pose stability with strong hydrophobic interactions with two keys
amino acid residues Leu 187 and Phe 188. The linear amino substituent extended the
hydrophobic interactions with Glu 181, Glu 182 and Cys 184 and the NH group confriouted with
a hydrogen bond formation with the neighbor amino acid His 185 in DHODH.

Swiss-ADME [52] was used to calculate the ADME properties of all compounds. Each
compound of the series met Lipinski's rule of five for bioavailability, and the majority additionally
safisfied the lead-likeness according to the Ghose, Veber, Egan, and Muegge filters [53]. PAINS

warning [54] was inevitable due to the naphthoquinone scaffold.

After taking everything intfo account, the favorable multitarget binding of these compounds
and their drug-likeliness could provide further inspiration regarding the synthesis of novel
(variously substituted) naphthofuroquinone and naphthoenaminone series as potential

antiplasmodial hits.

2.3.2 Activities against L. donovani

The anfileishmanial activity of synthesized series was assessed in vitro against L. donovani
LV? axenic amastigotes and inframacrophage amastigotes forms. Shortly, SYBR Green method
first established the leishmanicidal activity against L. donovani axenic amastigotes forms [55].
The compounds exhibiting ICso values lower than 10 uM were further evaluated against
inframacrophage amastigote forms. Cytotoxicity was evaluated on RAW 264.7 macrophages
using the resazurin method [56]. The cytotoxicity determination method was then used to
choose the appropriate compound doses for further investigation on the L. donovani
inframacrophage amastigote model. Macrophages were infected with L. donovani axenic
amastigotes with 10 parasites per macrophage. The percentage of infected macrophages
was about 80%, and the mean number of amastigotes per infected macrophage was 4 to 5in
the unfreated controls [55]. The impact of the compounds is expressed as a percentage of
inhibifion of parasite growth, as assessed by the SYBR Green incorporation technique. Results
are reported as ICso values. Miltefosine was used as reference drug. The obtained results are

summarized in Table 2.6.



Table 2.6. Leishmanicidal activity of the whole series synthesized herein against L. donovani LV9
axenic amastigote and inframacrophage amastigote forms.

L. donovani L. donovani
axenic inframacrophage CCso sI
Entry Compound amastigotes amastigotes (M)
ICs0 £ SD (UM) ICs0 (UM)
1 > 100 - - -
2 50.9+t4.4 - - -
3 > 100 - - -
4 493+53 - - -
5 > 100 - - -

276
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4.0
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* CCso= cytotoxicity assay, Sl = CCso/ICs0. CCso was evaluated against macrophage RAW 264.7
mouse monocyte cell lines.



Among all tert-butyl series of NFQ derivatives (enfries 1-9, Table 2.6) only compound 2.79
(entry 8, Table 2.6) carrying a N-Boc piperidinyl substituent aftached to C-3, exhibited an ICso
value lower than 10 uM (ICso = 7.0 uM) against L. donovani inframacrophage amastigote forms.
With a cytotoxicity value at CCso = 49.2 uM, this compound exhibited an acceptable selectivity
index of 7. Most molecules of the terf-butyl family such as 2.73, 2.75, 2.77 and 2.80 exhibited
inhibitions against L. donovani axenic amastigote forms with ICso values in the range 29-51 uM

which did not justify further investigation on the inframacrophage parasites.

Concerning the cyclohexyl series of NFQs, compound 2.81 (Table 2.6, entry 10) exhibited
promising ICso values against both axenic amastigote (ICso = 7.0 uM) and intramacrophage
(ICs0 = 9.4 uM) forms. This molecule exhibited a CCso value on macrophages at 54 uM, thus
attributing it a Sl close to 6. However, in general, derivatives of the n-butyl series cases
(molecules 2.86 and 2.87, entries 15 and 16 respectively) the compounds were found to have
ICs0 values higher than 40 pyM against axenic forms, values which did not justify further

exploration.

Despite all results obtained for the NFQ series, lawsone (entry 22, Table 2.6), 3-iodolawsone
(entry 23) and both naphthoenaminones 2.91-2.92 (entries 20-21, Table 2.6) and atovaquone
(entry 24, Table 2.6) were found active against both L. donovani forms axenic and
inframacrophage amastigotes. They exhibited ICso values comparable to miltefosine during
the first screen. Remarkably, compound 2.91 was found fo be the most active, with the same
ICs0 value as miltefosine against axenic amastigote forms (ICso = 3.0 yM) (enfries 20 and 25,
Table 2.6, for 2.91 and miltefosine, respectively). Against intframacrophage amastigote forms,
the activity of 2.91 was also comparable to that of miltefosine (ICso = 3.5 uM and 1.5 uM for 2.91
and miltefosine, respectively). Noteworthy, the selectivity of 2.91 for L. donovani with respect
to macrophages, was Sl > 28, twice the value of the clinically used miltefosine. Compound 2.92
displayed a similar pharmacological profile as lawsone (ICso = 6.3 uM) against macrophage

amasstigote forms and reasonable selectivity index (SI = 7.3 uM).

Thus, the naphthoenaminone derivatives could be promising as leishmanicidal agents.
These results indicate that substitution of lawsone at C-3 by enamines or other kind of
substituents may significantly decrease the cytotoxicity of the compounds and, consequently,
improve their leishmanicidal selectivity. So, this series deserves further investigation. Both 2.91

and 2.92 should undergo in vivo evaluation against L. donovani /BALB /c mouse model.



2.3.3 Activities against other pathogens

Activities against various microorganisms

The anfimycobacterial activity (MICs) of the synthesized series was assessed in vitro against
M. tuberculosis H37Rv using the resazurin reduction microplate assay method [56].
Mycobacterial cultures were established for each compound at two different concentrations.
Cultures without containing any compound and any inoculum were prepared and used as
negative controls. Mycobacterial viability was evaluated after 24 h of incubation with resazurin
and was measured by cytofluorometry. The impact of the potential drugs is expressed as a
percentage of decrease in M. fuberculosis growth and is reported as an ICso value, calculated

from experimental MIC (ug/mL). Streptomycin was used as the positive confrol (ICso = 0.4 uM).

The anfibacterial activity against S. aureus ATCC25923 and P. aeruginosa PAO1 was
evaluated by determining MICs in Mueller-Hinton Broth Il cation adjusted by the 2-fold
microdilution method. The microftiter plates were incubated at 37 °C for 24 hours, and growth
was measured using the resazurin method [56]. The MIC was defined as the lowest drug
concentration that prevented the color change from blue to pink, which indicated bacterial
growth. Ciprofloxacin (ICso = 3 uM) was used as positive control against S. aureus and against

P. aeruginosa (ICso = 0.5 uM). Some representative results are presented in Fig. 2.11.

The majority of compounds of this library exhibited ICso values higher than 150 uM against
M. tuberculosis. Among all tested compounds, three compounds bearing the N-benzyl
piperidinyl motfif displayed modest antitubercular activities (2.80, 2.85 and 2.90, Fig. 2.11).
Compound 2.80 had an ICsp value of 9 uM and compounds 2.81, 2.84, 2.85 and 2.90 exhibited
ICs0 values in the range 18-39 uM, while the reference drug streptomycin displayed ICso = 0.4
MM in the same conditions. So, further tuning of the substitution pattern of the NFQ scaffold
should be done to improve activity. It would be recommended to start by fusing an aromatic
ring, imitating molecule DFC2 (2.5, Fig. 2.2) aiming to enhance any potential antimycobacterial

activities.
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Figure 2.11. Representative examples of NFQs and their antimicrobial actfivities.

Unfortunately, the whole series described herein was found to be inactive against P.
aeruginosa PAQOT1 as they exhibited ICso values higher than 150 uM, while the reference drug
ciprofloxacin exhibited ICso equal to 0.5 uM. Two compounds exhibited moderate anfibacterial
activities against S. aureus ATCC25923 with ICso values below 150 yM. Compounds 2.80 and
2.84 (Fig. 2.11) exhibited ICso values equal to 72 uM and 39 uM, respectively. However, further
studies should be done in order to reach to a safe conclusion concerning how the structural
modification of amino-NFQs could potentially enhance the antibacterial activity of these

compounds.

2.4 Conclusion and Perspectives

Chemistry-Synthesis

A multicomponent domino reaction involving lawsone, various aldehydes, and alkyl-
isocyanides was established and optimized using microwave irradiation. This protfocol was used
to synthesize a novel series of 19 variously substituted 3-amino-naphthofuroquinone derivatives
with yields ranging between 19% and 59% (compounds 2.69-2.90). In parallel, two
naphthoenaminones (compounds 2.91 and 2.92) were isolated as a Z/E mixture (50/50) as a
result of the two-component direct condensation between lawsone and the corresponding
commercially available isocyanides, with yields of 40% and 50%, respectively. Neither these

naphthoenaminone structures had been reported before, either this way of synthesizing them.



As a next step, the reaction should be further studied under thermal activation in order to
evaluate the substrate scope and especially if it could provide less complicated reaction

mixtures and shorter reaction times.

In some cases, while aldehyde’s conversion was very high, the yields of NFQs were low to
good because of solubility and purification problem:s. In that respect, efforts should be oriented
towards finding the appropriate purification conditions in order to favor the isolation of the
target 3-amino-naphthofuroquinone with high purity. A recrystallization of the desired product
could be also an option in a scale-up model, when the reaction mixture is enriched to the
target NFQ.

Concerning the substrate scope of the multicomponent domino reaction, the reaction was
found to tolerate a wide spectrum of aldehyde reactant (aromatic aldehydes bearing either
an electron donatfing or an electron withdrawing group, heteroaromatic aldehydes and N-
piperidinyl carbaldehydes). However, only three commercially available alkylisocyanides were
used (fert-butyl, butyl and cyclohexyl isocyanides). Thus, developing a larger and more
variable isocyanide library could be a priority in order to add further points to the chemical

space exploration.

In thisregard, many studies have been dedicated to developing new libraries of isocyanides
for use in MCRs. Thanks to the group of Prof. D&mling ongoing projects, libraries with a wide
structural diversity are now accessible [57]. This group recently reported the synthesis of a library
of isocyanides, based on formamide dehydration. Isocyanides are obtained in high yields, with
increasing safety, scalability, and significantly reducing chemical waste (Scheme 2.13). This
methodology allows the synthesis of cyclic, acyclic, aliphatic, bulky, aromatic, amino-acid
derived isocyanides substituted with a great variety of functional groups such as halogens,
boronic esters, ethers, esters, hydroxy, polyamines and tertiary amines. In addition, this method
can be applied to optically active substrates. As far as heterocycles containing isocyanide
scaffolds are concerned, the authors observed that these products were unstable, but they

should be generated in situ [58].
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Scheme 2.13. General synthesis of variously substituted isocyanides.

Finally, a study should be carried out in order to further opfimize the unusual formation of
naphthoenaminones issued from the condensation of lawsone and the used alkyl-isocyanide.
Besides, more synthetic methodologies should be established, giving the access to this type of

structures. To the best of our knowledge, there is only one publication mentioning the synthesis



of naphthoenaminone derivatives in two steps starting from lawsone (Scheme 2.14). The
methodology is based on reaction of lawsone with N,N-dimethylformamide dimethyl acetal,
providing infermediate 2.97. Reaction of 2.97 with a primary or a secondary amine can lead
to the target compounds 2.98 with total yields ranging between 18-32% [42]. This could be a

starting point for further development and exploration of the substrate scope.
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Z/E mixture

Scheme 2.14. Reported synthesis of naphthoenaminone derivatives.

Biological activities

Among the NFQ family, compounds 2.80, 2.85 and 2.90, bearing the N-benzyl piperidinyl
substituent attached to C-3 of the furan ring were found to have the lowest ICso values (2.5 -
4.0 uM) against the P. falciparum ART resistant strain F32-ART, and acceptable selectivity index
values (in the range 6-34) (Fig. 2.12). Derivative 2.79, bearing a N-Boc piperidinyl substituent at
C-3 of the furan ring, exhibited the lowest ICso value (7.0 uyM) against L. donovani amastigote
forms of this NFQ series (Fig. 2.12).

3-amino-naphthofuroquinones :

‘ P NH / NH / NH / NH
2.79 2.80 © 2.85 290 ©

L. donovani P. falciparum P. falciparum P. faIc:parum
ICs50 = 7.0 pM Boc IC50 = 2.5 uM ICsp = 3.6 UM ICs0 = 4.0 pM
SI=7 Sl =34 SI=10 SI=6

naphthoenaminones :

(o] (o]
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2.9 2.92

L. donovani P. falciparum P. falciparum L. donovani
ICs0 = 3.5 UM ICg5 = 1.4 uM IC50 = 1.9 yM IC50 = 6.3 UM

Sl > 28 SI> 36 SI> 26 SI>7

Figure 2.12. Antiparasitic activity. Selected compounds exhibiting the smallest ICso values
against P. falciparum and L. donovani.



Based on the observed activities, substitution at C-3 by a N-piperidinyl group afforded
encouraging antiparasitic activities. As a next step, the piperidinyl group could be changed
for a cyclohexyl-Ar in order to mimic the atovaquone structure. Compounds like 2.79, bearing
the N-Boc piperidinyl motif could also be used as the starting point of a new series. N-Boc
piperidinyl could be used as a linker, after N-deprotection allowing further structure
modification by coupling with other reagents in order to generate a novel 3-amino-
naphthofuroquinone library. Besides, alkyl C-2 amino substituents (isopropyl, monoterpenes,
etc.) should be preferred in order to improve the interaction in DHODH and bc1 cavities, and

to achieve better antiparasitic activities.

Finally, a very large and syntheftically feasible 3-amino-naphthoguinone series could be
designed as a next step by varying either the aldehyde and isocyanide counterparts. This series
could be docked against both P. falciparum mitochondrial targets cytochrome bcl and
DHODH. In interface with the obtained docking scores, we then could prioritize the synthesis of

the compounds exhibiting the most promising interactions with both binding sites.
2.5 Experimental part

2.5.1 Materials and methods

Reagents and solvents were purchased from Sigma Aldrich, TCI, Alfa Aesar and Fluorochem
and used as received. Microwave irradiation reactions were performed in a CEM Discover SP
Microwave Model 909150 / SN: DC 9208 apparatus. The A monowave 50 thermic reactor was
from Anton Paar. Thin layer chromatography (TLC) was performed on silica gel 60 F254 plates
(Merck). The compounds and the reaction mixtures were visualized on the TLC plates by
iradiation with UV light.

For Flash Column Chromatography, a PuriFlash XS520Plus system was used with PF-30SIHP-
JP-FO040 columns. When PE/A™ is mentioned in the Experimental Part, A*stands for the mixture
of solvents DCM/AcCOEt (8:2).

TH and 3¢ NMR spectra were recorded on a Bruker Avance | 300 MHz (300 MHz for 'H and
75 MHz for 13C), or a Bruker Avance lll Nanobay 400 MHz (400.0 MHz for 'TH and 101 MHz for 13C),
or a Bruker Avance 600 MHz (600 MHz for TH and 151 MHz for 13C) equipped with a 5 mm triple
resonance inverse Z-gradient probe (TBI 'H, 31P, BB). NMR samples were prepared by dissolving
10-20 mg of each compound in 600 pL of CDCls or DMSO-ds. Chemical shifts (6) for TH and 13C
are relative to TMS as external standard, using 'H (residual) or 13C chemical shifts of the solvent
(6 =7.26 ppm for CDClsz and 2.50 ppm for DMSO-ds). Coupling constants (J) are given in Hz. All
H and 13C signals were assigned on the basis of chemical shifts, spin-spin coupling constants,
splitting patterns, and signal intensities, by using 'H-TH COSY45, 'H-13C HSQC, and H-13C HMBC



experiments. Gradient-enhanced H COSY45 was performed by including 8 scans per
increment. 'H-13C correlation spectra using a gradient-enhanced HSQC sequence (delay was
optimised for 'Jcn of 145 Hz) was obtained with 16 scans per increment. Gradient-enhanced
HMBC experiment was performed allowing 62.5 ms for long-range coupling evolution (64

scans). Typically, 2048 12 data points were collected for 256 1 increments.

High resolution mass spectrometry (HRMS) analyses were carried out on an XevoG2QTof

(Waters) using electrospray ionization (ESI).

The X-ray diffraction analysis of a single crystal was collected on a Bruker Kapa Apex I
diffractometer equipped with a 30 W air-cooled microfocus source using MoKa radiation (A =
0.71073 A). The SHELXS-97 software was used to analyze the structure.

Melting points were determined using a Stuart SMP3 apparatus and the obtained values are
not corrected. UV-visible spectra of selected compounds (CH2Cl2 solutions af 0.01 or 0.02
mg/mL) were recorded in solufion, from 200 fo 800 nm on a Cary 3500 spectrophotometer.
Infrared spectra of selected compounds as powders, were measured using the Perkin ElImer

Frontier MIR/FIR spectrometer.

2.5.2 Synthetic protocols

Microwave irradiation procedure

A suspension of lawsone (0.4 mmol) in 1,2-dichloroethane (7 mL) was charged with the
corresponding aldehyde (0.4 mmol), isocyanide (0.4 mmol) and 10 mol% of EDDA. The reaction
mixture was then stirred and irradiated (200 W, 7 bar) for 1-4 h at 160°C unfil completion of the
reaction (monitored by TLC). The solvent was removed under vacuum and the residue was
diluted in DCM. The organic phase was washed with 5 wt% NaHCOs agueous solution, water
and brine. The organic layer was dried over Na2SOy, filtered, and evaporated under reduced

pressure. The obtained products were then purified by flash column chromatography (FCC).

Conventional procedure

A mixture of lawsone (0.6 mmol) in toluene (10 mL) was charged with the corresponding
aldehyde (0.6 mmol), isocyanide (0.6 mmol) and 10 mol% of EDDA. The resulting suspension
was stired under reflux overnight until completion of the reaction (monitored by TLC). The
solvent was removed under vacuum evaporation and the residue was diluted in DCM. The

organic phase was then washed with 5 wi% NaHCOs aqueous solution NaHCOs, water, and



brine. The organic layer was dried over Na2SO, filtered, and evaporated under reduced

pressure. The obtained crude products were then purified by FCC.
2.5.3 Compounds characterization

2-(tert-butylamino)-3-(4-chlorophenyl)naphtho[2,3-b]furan-4,9-dione (2.69)

The compound was synthesized by following the above-mentioned microwave procedure
(0.23 mmol of lawsone). Reaction time 2 cycles x 60 min. Aldehyde conversion 70%. FCC with

Hex/AcOEt (9:1) to yield 50 mg (59%) of product (violet solid, m.p. 237-239 °C).
Rt (Hex/AcOEt 9:1) = 0.18.

TH NMR (400 MHz, CDCl3) § 8.17 (dd, J = 7.6, 1.0 Hz, 1H), 8.02 (dd, J = 7.6, 1.0 Hz, TH), 7.69 (id, J
=7.5,1.3Hz 1H), 7.61 (td, J = 7.5, 1.3 Hz, 1H), 7.49 — 7.34 (m, 4H), 4.82 (s, TH), 1.50 (s, 9H).

13C NMR (101 MHz, CDCls) & 182.0 (C=0), 169.6 (C=0), 159.4 (C), 144.2 (C), 133.9 (CH), 133.7
(C), 133.4 (C), 133.3 (C), 132.5 (CH), 130.9 (2 x CH), 130.4 (C), 129.3 (2 x CH), 128.8 (C), 126.6
(CH), 126.3 (CH), 99.1 (C), 54.3 (C), 30.2 (3 x CH3).

HRMS calculated for C2oH19CINO3 + [M+H]* = 380.1053 found 380.1058.

3-(3-bromophenyl)-2-(tert-butylamino)naphtho[2,3-b]furan-4,9-dione (2.73)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 4 cycles x 60 min. Aldehyde conversion 30%. FCC with

cyclohex/AcOEt (9:1) to yield 50 mg (30%) of the product as a violet solid (m.p. 193-194 °C).

Rf (cyclohex/AcOEt 9:1) = 0.26.



TH NMR (400 MHz, CDCl3) & 8.14 (dd, J = 7.6, 0.9 Hz, 1H), 8.01 (dd, J = 7.6, 0.9 Hz, H), 7.68 (id, J
= 7.5, 1.4 Hz, 1H), 7.60 (dt, J = 7.5, 1.4 Hz, 2H), 7.46 (ddd, J = 7.9, 1.9, 1.1 Hz, 1H), 7.42 - 7.36 (m,
1H), 7.30 (1, J = 7.9 Hz, TH), 4.86 (s, TH), 1.50 (s, 9H).

13C NMR (101 MHz, CDCl3) 6 181.7 (C=0), 169.6 (C=0), 159.4 (C), 144.1 (C), 133.8 (CH), 133.2
(C), 132.5 (C), 132.4 (CH), 132.4 (CH), 130.8 (CH), 130.4 (CH), 130.3 (C), 128.1 (CH), 126.5 (CH),
126.2 (CH), 122.9 (C), 98.7 (C), 54.2 (C), 30.1 (3 x CHa).

HRMS calculated for C22H19BrNOs + [M+H]* = 424.0548 found 424.0548.

2-(tert-butylamino)-3-(3,4,5-frimethoxyphenyl)naphtho[2,3-b]furan-4,9-dione (2.74)

The compound was synthesized by following the above-mentioned microwave procedure (0.3
mmol of lawsone). Reaction time 2 cycles x 60 min. Aldehyde conversion 60%. FCC with

Hex/AcOEt (7:3) to yield 66 mg (55%) of the product as a violet solid (m.p. 218-220 °C).
Rt (Hex/AcOEt 7:3) = 0.23.

TH NMR (400 MHz, CDCl3) 6 8.15 (dd, J = 7.6, 1.0 Hz, 1H), 8.02 (dd, J = 7.6, 1.0 Hz, H), 7.67 (id, J
= 7.5, 1.3 Hz, 1H), 7.59 (d, J = 7.5, 1.3 Hz, TH), 6.72 (s, 2H), 4.98 (s, TH), 3.90 (s, 3H), 3.89 (s, 6H),
1.50 (s, 9H).

13C NMR (101 MHz, CDCl3) 6 181.9 (C=0), 169.4 (C=0), 159.6 (C), 153.6(C), 144.0 (C), 137.7 (C),
133.8 (CH), 133.4 (2C), 132.3 (CH), 130.4 (C), 126.5 (CH), 126.1 (CH), 125.6 (C), 106.7 (CH), 100.5
(C), 61.0 (CHs), 56.4 (2 x CHs), 54.1 (C), 30.2 (3 x CHa).

HRMS calculated for CasH2sNOg + [M+H]* = 436.1760 found 436.1761.

2-(tert-butylamino)-3-(3,4-dimethoxyphenyl)naphtho[2,3-b]furan-4,9-dione (2.75)

The compound was synthesized by following the above-mentioned microwave general

procedure (0.4 mmol of lawsone). Reaction time 2 cycles x 60 min. Aldehyde conversion 45%.



FCC with petroleum ether (PE)/AcOEt (8:2) to yield 35 mg (25%) of the product as a violet solid
(m.p. 226-228 °C).

Rf (Hex/AcOEt 8:2) =0.17.

TH NMR (400 MHz, CDCls) 6 8.16 (dd, J = 7.6, 0.9 Hz, 1H), 8.03 (dd, J = 7.6, 0.9 Hz, 1H), 7.8 (td, J
=7.5, 1.4 Hz 1H), 7.59 (td, J = 7.5, 1.4 Hz, TH), 7.06 (d, J = 1.9 Hz, TH), 7.03 - 6.92 (m, 2H), 4.93 (s,
1H), 3.93 (s, 6H), 1.49 (s, 9H).

13C NMR (101 MHz, CDCls) § 182.0 (C=0), 169.3 (C=0), 159.7 (C), 149.3 (C), 148.8 (C), 143.9 (C),
133.8 (CH), 133.5 (C), 133.4 (C), 132.3 (CH), 130.6 (C), 126.5 (CH), 126.2 (CH), 122.7 (C), 121.5
(CH), 113.3 (CH), 111.6 (CH), 100.6 (C), 56.2 (CHa), 56.1 (CHa), 54.1 (C), 30.2 (3 x CHa).

HRMS calculated for C24H24NOs + [M+H]* = 406.1654 found 406.1655.

2-(tert-butylamino)-3-(1-methyl-1H-indazol-5-yl)naphtho[2,3-b]furan-4,9-dione (2.76)

The compound was synthesized by following the above-mentioned alternative conventional
procedure (0.5 mmol of lawsone). Reaction time 48 h. Aldehyde conversion 30%. FCC with
PE/A* (5:5) and then PE/A* (4:6) 1o yield 60 mg (30%) of the product as a blue-violet solid (m.p.
219-221 °C).

Rr (PE/A 4:6) = 0.32.

TH NMR (400 MHz, CDCls) § 8.13 (dd, J = 7.6, 1.1 Hz, 1H), 7.99 = 7.90 (m, 2H), 7.75 (d, J = 0.8 Hz,
1H), 7.66 (td, J = 7.5, 1.3 Hz, 1H), 7.56 (td, J = 7.5, 1.3 Hz, 1H), 7.49 — 7.40 (m, 2H), 5.11 (s, TH), 4.04
(s, 3H), 1.50 (s, 9H).

13C NMR (101 MHz, CDCls) 6 182.0 (C=0), 169.0 (C=0), 159.8 (C), 143.8 (C), 139.3 (C), 133.7 (CH),
133.5 (C), 133.3 (C), 132.9 (CH), 132.2(CH), 130.8 (C), 128.6 (CH), 126.4 (CH), 126.1 (CH), 124.3
(C), 122.3 (C), 121.6 (CH), 109.4 (CH), 100.7 (C), 54.1 (C), 35.6 (CH3), 30.1 (3 x CHa).

HRMS calculated for C24H2oN3O03 + [M+H]* = 400.1661 found 400.1659.



2-(tert-butylamino)-3-(1H-indol-2-yllnaphtho[2,3-b]furan-4,9-dione (2.77)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 80%. FCC with
cyclohexane/AcOEt (9:1) to yield 50 mg (35%) of the product as a blue solid (m.p. 219-220 °C).

Rt (cyclohexane/AcOEt 9:1) = 0.24.

TH NMR (400 MHz, CDCls) 6 11.37 (s, 1H), 8.14 (dd, J = 7.6, 1.3 Hz, 2H), 7.70 (td, J = 7.5, 1.4 Hz, 1H),
7.63 (td, J = 7.5, 1.4 Hz, TH), 7.55 (d, J = 7.8 Hz, 1H), 7.50 (dd, J = 8.1, 0.6 Hz, 1H), 7.24 — 7.18 (m,
1H), 7.13=7.06 (m, TH), 6.40 (d, J = 1.4 Hz, TH), 5.46 (s, TH), 1.63 (s, 9H).

13C NMR (101 MHz, CDCls) 6 183.6 (C=0), 168.9 (C=0), 159.4 (C), 143.7 (C), 135.4 (C), 134.4 (CH),
133.2 (C), 132.9 (C), 132.4 (CH), 129.5 (C), 128.8 (C), 128.6 (C), 127.1 (CH), 126.2 (CH), 122.5
(CH), 120.3 (CH), 119.8 (CH), 111.4 (CH), 97.5 (CH), 93.5 (C), 54.7 (C), 30.1 (3 x CHa).

HRMS calculated for C24H21N203 * [M+H]* = 385.1552 found 385.1553.

2-(tert-butylamino)-3-(5-nifrofuran-2-yllnaphtho[2,3-b]furan-4,9-dione (2.78)
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The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction time 2 cycles x 60 min. Aldehyde conversion 20%. FCC with

PE/DCM (4:6) to yield 45 mg (19%) of the product as a purple solid (m.p. 274-276 °C).
Rf (PE/DCM 3:7) = 0.21.

TH NMR (400 MHz, CDCls) 6 8.16 (dd, J = 14.5, 7.2 Hz, 2H), 7.77 = 7.64 (m, 3H), 7.48 (d, J = 3.9 Hz,
1H), 6.97 (s, TH), 1.63 (s, 9H).

13C NMR (151 MHz, DMSO-dé, 100 °C) & 180.0 (C=0), 168.7 (C=0), 159.6 (C), 149.8 (C), 143.4
(C), 133.7 (CH), 132.5 (CH), 132.1 (C), 131.8 (C), 127.6 (C), 125.9 (CH), 125.1 (CH), 123.5 (C),
114.7 (CH), 110.8 (CH), 87.4 (C), 54.0 (C), 28.8 (3 x CHa).



HRMS calculated for C20H17N206 * [M+H]* = 381.1087 found 381.1090.

tert-butyl 4-(2-(tert-butylamino)-4,9-dioxo-4,9-dihydronaphtho[2,3-b]furan-3-yl) piperidine-1-
carboxylate (2.79)
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The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 95%. FCC with

PE/AcCOEt (8:2) to yield 95 mg (52%) of the product as a violet ail.
Rt (PE/ACOEt 8:2) = 0.22.

TH NMR (400 MHz, CDCl3) 6 8.15 - 8.09 (m, 1H), 8.04 (d, J = 8.8 Hz, 1H), 7.67 (td, J = 7.5, 1.5 Hz,
1H), 7.61 (1d, J = 7.5, 1.5 Hz, TH), 4.24 (s, 2H), 2.99 (tt, J = 12.4, 3.6 Hz, 1H), 2.80 (t, J = 11.9 Hz, 2H),
1.95 (qd, J = 12.7, 4.3 Hz, 2H), 1.68 = 1.61 (m, 2H), 1.50 (s, 9H), 1.46 (s, 9H).

13C NMR (101 MHz, CDCl3) § 182.6 (C=0), 169.7(C=0), 158.5 (C), 155.1 (C), 144.5 (C), 133.7 (CH),
133.3 (C), 133.2 (C), 132.4 (CH), 131.3 (C), 126.5 (CH), 126.1 (CH), 105.2 (C), 79.7 (C), 60.5 (C),
54.3 (C), 32.5 (2 x CHa), 30.4 (3 x CHa), 30.2 (2 x CH2), 28.6 (3 x CHa).

HRMS calculated for CasH3zasN20s * [M+H]+ = 453.2389 found 453.2383.
3-(1-benzylpiperidin-4-yl)-2-(tert-butylamino)naphtho[2,3-b]furan-4,9-dione (2.80)

va

o}
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o

The compound was synthesized by following the above-mentioned microwave procedure (0.3
mmol of lawsone). Reaction time 1 cycle x 60 min. Aldehyde conversion 21%. FCC with

DCM/MeOH/Et3N (98:2:1) to yield 70 mg (53%) of the product as a violet solid (m.p. 168-170 °C).

Ri (DCM/MeOH/EfsN 98:2:1) = 0.35.



TH NMR (400 MHz, CDCl3) § 8.15 (dd, J = 7.6, 1.0 Hz, 1H), 8.07 (dd, J = 7.6, 1.0 Hz, 1H), 7.68 (id, J
=7.5,1.4Hz, 1H), 7.62 (td, J = 7.5, 1.4 Hz, TH), 7.43 = 7.29 (m, 5H), 4.64 (s, 1H), 3.62 (s, 2H), 3.05 (d,
J=10.2 Hz, 3H), 2.18 = 2.07 (m, 4H), 1.72 (d, J = 12.6 Hz, 2H), 1.47 (s, 9H).

13C NMR (101 MHz, CDCls) & 184.1 (C=0), 183.0 (C=0), 169.2 (C), 158.9 (C), 133.7 (CH), 133.6
(C), 133.3 (C), 132.2 (CH), 131.5 (C), 129.5 (CH), 128.4 (2 x CH), 127.3 (CH), 126.4 (2 x CH), 126.1
(CH), 63.4 (CHa), 54.3 (C), 54.2 (2 x CH2), 32.0 (2 x CH2), 30.4 (3 x CHa), 29.8 (CH).

IR (cm-1): 1183 (C-O), 1201 (C-N), 1396 and 1460 (CHs), 1532 (ArH), 1558 (ArH), 1560 (ArH), 1631
(C=0), 1634 (ArH), 1672 (C=0), 3316 (N-H).

HRMS calculated for CasH31N203 * [M+H]* = 443.2335 found 443.2333.

3-(4-chlorophenyl)-2-(cyclohexylamino)naphtho[2,3-b]furan-4,9-dione (2.81)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 50%. FCC with
PE/AcOEt (9:1) to yield 74 mg (46%) of the product as a violet solid (m.p. 187-189 °C).

Ri (PE/ACOEt 9:1) = 0.33.

TH NMR (400 MHz, CDCls) 6 8.16 (dd, J = 7.6, 1.0 Hz, 1H), 8.01 (dd, J = 7.6, 1.0 Hz, 1H), 7.68 (td, J
= 7.5, 1.3 Hz, 1H), 7.60 (td, J = 7.5, 1.3 Hz, 1H), 7.47 — 7.33 (m, 4H), 4.82 (d, J = 8.3 Hz, 1H), 3.82
(ddd, J = 10.3, 8.2, 4.0 Hz, TH), 2.13-2.01 (m, 2H), 1.82—1.70 (m, 2H), 1.70 — 1.59 (m, 2H), 1.42 (i,
J=183,4.7 Hz, 2H), 1.32 - 1.17 (m, 2H).

13C NMR (101 MHz, CDCls) § 182.0 (C=0), 169.5 (C=0), 159.1 (C), 143.5 (C), 133.9 (CH), 133.6
(C), 133.4 (C), 133.2 (C), 132.4 (C), 131.1 (C), 130.8 (2x CH), 129.2 (2 x CH), 128.7 (C), 126.6 (CH),
126.3 (CH), 97.6 (C), 52.5 (CH), 34.0 (2 x CH2), 25.4 (CH2), 24.8 (2 x CHa).

HRMS calculated for C24H21CINO3 * [M+H]* = 406.1210 found 406.1206.



2-(cyclohexylamino)-3-(3,4,5-trimethoxyphenyl)naphtho[2,3-b]furan-4,9-dione (2.82)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction time 2 cycles x 60 min. Aldehyde conversion 45%. The crude
product was purified by FCC with cyclohex/AcOEt (8:2) to yield 77 mg (42%) of the product as
a blue solid (m.p. 163-165 °C).

Rt (cyclohex/AcOEt 8:2) = 0.25.

TH NMR (400 MHz, CDCls) 6 8.15 (dd, J = 7.6, 1.0 Hz, 1H), 8.02 (dd, J = 7.6, 1.0 Hz, 1H), 7.68 (td, J
=7.5,1.3Hz, 1H), 7.59 (td, J = 7.5, 1.3 Hz, H), 6.73 (s, 2H), 4.94 (d, J = 8.5 Hz, 1H), 3.90 (s, 3H), 3.89
(s, 6H), 2.08 (dd, J = 12.1, 3.0 Hz, 2H), 1.80 — 1.70 (m, 2H), 1.69 = 1.59 (m, TH), 1.50 — 1.36 (m, 2H),
1.33-1.12 (m, 4H).

13C NMR (101 MHz, CDCls) § 182.0 (C=0), 169.3 (C=0), 159.3 (2C), 153.6 (C), 143.3 (C), 137.7
(C), 133.8 (CH), 133.4 (C), 133.3 (C), 132.3 (CH]), 131.1 (C), 126.5 (CH), 126.2 (CH), 125.5 (C),
106.8 (2 x CH), 99.0 (C), 61.0 (CH3), 56.4 (2 x CHa), 52.4 (CH), 34.0 (2 x CH2), 25.4 (CH2), 24.8 (2 x
CHo).

HRMS calculated for C27H2sNO¢ + [M+H]* = 462.1917 found 462.1917.

2-(cyclohexylamino)-3-(1-methyl-1H-indazol-5-yl)naphtho[2,3-b]furan-4,9-dione (2.83)

The compound was synthesized by following the above-mentioned alternative conventional
procedure (0.5 mmol of lawsone). Reaction time 24 h. Aldehyde conversion 40%. The crude
product was purified by FCC with PE/A* (5:5) and then PE/A* (4:6) to yield 85 mg (40%) of the
product as a blue-violet solid (m.p. 158-160 °C).

Rt (PE/A 5:5) = 0.13.



TH NMR (400 MHz, CDCl3) & 8.15 (dd, J = 7.6, 0.9 Hz, 1H), 8.01 = 7.93 (m, 2H), 7.76 (s, 1H), 7.67 (td,
J=7.5,13Hz 1H),7.58 (td, J = 7.5, 1.3 Hz, 1H), 7.48 (dt, J = 17.5, 5.1 Hz, 2H), 5.09 (d, J = 8.4 Hz,
1H), 4.06 (s, 3H), 3.93 - 3.78 (m, 1H), 2.13 = 2.00 (m, 2H), 1.83 = 1.69 (M, 4H),1.32 = 1.07 (m, 4H).

13C NMR (101 MHz, CDCl3) § 182.1 (C=0), 169.0 (C=0), 159.5 (C), 143.1 (C), 139.3 (C), 133.8 (CH),
133.6 (C), 133.2 (C), 132.9 (CH), 132.2 (CH), 131.5 (C), 128.7 (CH), 126.4 (CH), 126.2 (CH), 124.3
(C), 122.3 (C), 121.6 (CH), 109.4 (CH), 99.2 (C), 52.5 (CH), 35.7 (CH3), 34.0 (2 x CHa), 25.4 (CH2),
24.9 (2 x CHy).

HRMS calculated for C26H24N303 + [M+H]* = 426.1818 found 426.1809.

2-(cyclohexylamino)-3-(5-nitrofuran-2-yl)naphtho[2,3-b]furan-4,9-dione (2.84)
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The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 54%. FCC with
PE/DCM (2:8) to yield 25 mg (12%) of the product as a purple solid (m.p. 163-165 °C).

Rt (PE/ACOEt 3:7) = 0.21.

TH NMR (400 MHz, CDCl3) & 8.20 (d, J = 3.8 Hz, 1H), 8.18 = 8.12 (m, 1H), 7.78 = 7.67 (m, 2H), 7.49
(d, J = 4.0 Hz, 1H), 7.38 (d, J = 3.8 Hz, 1H), 7.07 (d, J = 4.5 Hz, 1H), 3.81 (dddd, J = 14.5, 10.5, 8.3,
4.0 Hz, TH), 2.01 = 1.91 (m, 2H), 1.88 — 1.74 (m, 4H), 1.72 - 1.61 (m, 2H), 1.54 (dd, J = 13.7, 6.0 Hz,
2H).

13C NMR (151 MHz, DMSO-dé, 100 °C) 6 180.1 (C=0), 175.8 (C=0), 159.4 (C), 149.6 (C), 147.9
(C), 142.7 (C), 137.9 (C), 133.7 (CH), 132.5 (CH), 132.1 (C), 125.1 (CH), 125.8 (CH), 125.1 (CH),
114.7 (CH), 111.0 (CH), 85.9 (C), 52.7 (CH), 31.8 (2 x CHa), 24.5 (CHa), 23.2 (2 x CHa).

HRMS calculated for C22H19N20g * [M+H]* = 407.1243 found 407.1243.



3-(1-benzylpiperidin-4-yl)-2-(cyclohexylamino)naphtho[2,3-b]furan-4,9-dione (2.85)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction time 2 cycles x 60 min. Aldehyde conversion 60%. FCC with
DCM/MeCH (98:2) and then DCM/MeOH (95:5) to yield 84 mg (45%) of the product as a blue-
violet solid (m.p. 221-223 °C).

Rt (DCM/MeOH 98:2) = 0.11.

TH NMR (400 MHz, CDCls) 6 8.12 (dd, J = 7.6, 1.0 Hz, 1H), 8.02 (dd, J = 7.6, 1.0 Hz, 1H), 7.65 (td, J
=7.5,1.4Hz, 1H), 7.57 (td, J = 7.5, 1.4 Hz, 1H), 7.37 = 7.26 (m, 5H), 5.27 — 5.16 (m, 1H), 3.87 — 3.72
(m, TH), 3.56 (s, 2H), 3.31 = 3.18 (m, TH), 3.02 (d, J = 11.1 Hz, 2H), 2.15 (dd, J = 15.0, 7.3 Hz, 2H),
2.08 - 1.92 (m, 4H), 1.80 = 1.59 (m, 4H), 1.48 — 1.35 (m, 2H), 1.34—1.11 (m, H).

13C NMR (101 MHz, CDCls) § 183.4 (C=0), 168.4 (C=0), 159.1 (C), 142.5 (C), 137.7 (C), 133.8 (C),
133.8 (CH), 133.2 (C), 132.3 (C), 131.9 (CH), 129.6 (2 x CH), 128.4 (2x CH), 127.4 (CH), 126.3 (CH),
126.1 (CH) , 102.5 (C), 63.5 (2 x CH2), 54.1 (CH2), 52.9 (CH), 34.1 (2 x CH), 30.8 (CH), 29.7 (2 X
CHy), 25.5 (CH2), 25.0 (2 x CHa).

IR (cm-1): 1098 (C-0O), 1220 (C-N), 1453 (CHa), 1468 (CHz), 1528 (ArH), 1562 (ArH), 1579 (ArH), 1637
(C=0), 1638 (ArH), 1675 (C=0), 3277 (N-H).

HRMS calculated for C3oH3zsN203 * [M+H]* = 469.2491 found 469.2486.

2-(butylamino)-3-(4-chlorophenyl)naphtho([2,3-b]furan-4,9-dione (2.86)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 3 cycles x 60 min. Aldehyde conversion 55%. FCC with
Hex/AcOEt (85:15) to yield 84 mg (55%) of the product as a violet solid (m.p. 167-169 °C).



Rf (Hex/AcOEt 8:2) = 0.30.

H NMR (400 MHz, CDCl3) 6 8.18 - 8.14 (m, 1H), 8.02 (d, J = 8.6 Hz, 1H), 7.69 (td, J = 7.5, 1.4 Hz,
1H), 7.61 (td, J = 7.5, 1.4 Hz, TH), 7.42 (s, 4H), 4.93 (t, J = 5.9 Hz, 1H), 3.52 (td, J = 7.1, 6.1 Hz, 2H),
1.73=1.52 (m, 3H), 1.46 - 1.37 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDCls) & 182.00 (C=0), 169.6 (C=0), 159.7 (C), 143.4 (C), 133.9 (CH), 133.6
(C), 133.3 (C), 133.2 (C), 132.5 (CH), 131.1 (C), 130.8 (2 x CH), 129.2 (2 x CH), 128.7 (C), 126.6
(CH), 126.3 (CH), 97.4 (C), 43.3 (CHa), 32.3 (CHa), 20.1 (CHa), 13.9 (CHa).

HRMS calculated for C22H19CINO3 * [M+H]* = 380.1053 found 380.1061.

2-(butylamino)-3-(3,4,5-trimethoxyphenyl)naphtho[2,3-bjfuran-4,9-dione (2.87)

The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction time 4 cycles x 60 min. Aldehyde conversion 45%. FCC with
Hex/AcOEt (7:3) to yield 69 mg (40%) of the product as a dark blue oil.

Rr (Hex/AcOEt 7:3) = 0.21.

TH NMR (400 MHz, CDCls) 6 8.16 (dd, J = 7.6, 0.9 Hz, 1H), 8.03 (dd, J = 7.6, 0.9 Hz, 1H), 7.68 (td, J
=7.5,1.4Hz, 1H), 7.60 (td, J = 7.5, 1.4 Hz, 1H), 6.73 (s, 2H), 5.05 (1, J = 5.9 Hz, 1H), 3.91 (s, 3H), 3.90
(s, 6H), 3.52 (dd, J = 13.2, 7.0 Hz, 2H), 1.64 (dt, J = 19.8, 7.5 Hz, 2H), 1.41 (dq, J = 14.6, 7.4 Hz, 2H),
0.96 (, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCls) & 182.0 (C=0), 169.4 (C=0), 160.0 (C), 153.6 (2 x C), 143.3 (C), 137.7
(C), 133.8 (CH), 133.4 (C), 133.3 (C), 132.3 (CH), 131.2 (C), 126.6 (CH), 126.2 (CH), 125.5 (C),
106.8 (2x CH), 98.8 (C), 61.0 (CHa), 56.4 (2 x CHs), 43.2 (CH2), 32.3 (CHa), 20.1 (CH2), 13.8 (CHa).

IR (cm-1): 1124 (C-O), 1412 (CHa), 1355 and 1454 (CHa), 1539 (ArH), 1584 (C=0), 1600 (C=0),
3323 (N-H).

HRMS calculated for CasH2sNOg + [M+H]* = 436.1760 found 436.1759.



2-(butylamino)-3-(5-nitrofuran-2-yl)naphtho[2,3-b]furan-4,9-dione (2.89)
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The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 10%. FCC with
PE/DCM (3:7) to yield 16 mg (8%) of the product as a purple oil.

Rt (PE/DCM 3:7) = 0.12.

TH NMR (400 MHz, CDCls) & 8.20 — 8.09 (m, 2H), 7.72 (dad, J = 14.5, 7.5, 1.1 Hz, 3H), 7.48 (d, J =
40 Hz, TH), 6.76 (1, J = 6.6 Hz, TH), 3.72 (dd, J = 12.9, 6.9 Hz, 2H), 1.85 — 1.72 (m, 2H), 1.42 - 1.29
(m, 2H), 1.03 (1, J = 7.3 Hz, 3H).

13C NMR (151 MHz, DMSO-dé, 100 °C) & 180.1 (C=0), 168.5 (C=0), 160.2 (C), 149.6 (C), 142.5
(C), 133.7 (CH), 132.4 (CH), 132.1 (C), 131.9 (C), 128.6 (C), 125.8 (CH), 125.1 (CH), 124.0 (C),
114.8 (CH), 111.1 (CH), 85.6 (C), 42.2 (CH2), 30.7 (CH2), 18.8 (CH2), 12.9 (CHa).

HRMS calculated for C20H15N20¢ - [M-H]-= 379.0930 found 379.0923.
3-(1-benzylpiperidin-4-yl)-2-(butylamino)naphtho[2,3-b]furan-4,9-dione (2.90)
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The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 35%. FCC with
DCM/MeCH (99:1) and then DCM/MeOH (97:3) to yield 45 mg (30%) of the product as a blue-
violet oil. Rt (DCM/MeOH 97:3) = 0.22.

TH NMR (300 MHz, CDCl3) 6 8.15 - 8.09 (m, 1H), 8.03 (dd, J = 7.5, 1.2 Hz, 1H), 7.66 (td, J=7.5, 1.5
Hz, 1H), 7.58 (td, J = 7.5, 1.5 Hz, 1H), 7.37 = 7.27 (m, 5H), 5.08 (s, 1H), 3.57 (s, 2H), 3.49 (dd, J = 13.1,
7.0 Hz, 2H), 3.23 (1, J = 12.2, 3.9 Hz, 1H), 3.02 (d, J = 11.3 Hz, 2H), 2.14 (1, J = 10.9 Hz, 2H), 1.97 (qd,
J=12.4,3.2Hz, 2H), 1.79 = 1.67 (m, 2H), 1.67 — 1.57 (m, 2H), 1.41 (dq, J = 14.4, 7.3 Hz, 2H), 0.96 (t,
J=7.3Hz, 3H).



13C NMR (101 MHz, CDCl3) 6 183.4 (C=0), 168.4 (C=0), 159.7 (C), 142.5 (C), 137.8 (C), 133.8 (C),
133.8 (CH), 133.2 (C), 132.3 (C), 132.0 (CH), 129.6 (2 x CH), 128.4 (2x CH), 127.4 (CH), 126.3 (CH),
126.1 (CH), 102.2 (C), 63.5 (CH2), 54.1 (2 x CH2), 43.6 (2 x CH2), 32.4 (CH2), 30.9 (CH2), 30.0 (CH),
20.1 (CH2), 13.9 (CHa).

HRMS calculated for CasH31N203 * [M+H]* = 443.2335 found 443.2334.
3-((tert-butylamino)methylene)naphthalene-1,2,4(3H)-frione (2.91)
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The compound was synthesized by following the above-mentioned microwave procedure (0.4
mmol of lawsone). Reaction fime 2 cycles x 60 min. Aldehyde conversion 30%. FCC with

Hex/AcOEt (7:3) and then Hex/AcOEt (1:1) to yield 40 mg (40 %) of the product as a yellow

solid (m.p. 169 °C decomposition).
Rf (Hex/AcOEt 1:1) = 0.42.

TH NMR (300 MHz, CDCls) 6 12.17 (s, TH), 12.04 (s, 1H), 8.65 (d, J = 14.9 Hz, 1H), 8.54 (d, J = 15.0
Hz, TH), 8.29 — 8.21 (m, TH), 8.16 (ddt, J = 7.2, 2.8, 1.4 Hz, 1H), 7.77 (td, J = 7.6, 1.5 Hz, 1H), 7.8
(tdd, J=7.6, 6.2, 1.5 Hz, TH), 1.49 (s, 9H).

13C NMR (75 MHz, CDCl3) 6 181.7 (C=0), 181.6 (C=0), 177.7 (C=0), 157.7 (CH), 157.2 (CH), 135.1
(CH), 134.9 (CH), 134.2 (C), 133.1 (CH), 133.0 (CH), 132.9 (C), 128.1 (CH), 127.6 (CH), 127.1 (CH),
126.6 (CH), 109.6 (C), 109.0 (C), 56.1 (C), 56.0 (C), 29.6 (3 x CHs).

IR (cm-'): 1348 and 1428 (CHa), 1561 (ArH), 1562 (ArH), 1594 (C=0), 1611 (C=0), 1659 (C=0),
1668 (ArH).

HRMS calculated for C1sH16éNO3 + [M+H]* = 258.1130 found 258.1132.
3-((butylamino)methylene)naphthalene-1,2,4(3H)-trione (2.92)
(o}
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The compound was synthesized by following the above-mentioned alternative procedure (0.5
mmol of lawsone). Reaction time 24 h. Aldehyde conversion 22%. FCC with PE/A* (5:5) and
then PE/A* (4:6) to yield 129 mg (50%) of the product as a yellow solid (m.p. 159 °C,

decomposition).



Rs (PE/A 4:6) = 0.20.

"H NMR (400 MHz, CDCls) & 11.72 (s, TH), 11.58 (s, 1H), 8.54 (d, J = 14.5 Hz, 1H), 8.42 (d, J = 14.5
Hz, 1H), 8.20 (d, J =7.7 Hz, 1H), 8.15-8.08 (m, 1H), 7.75 (t, J = 7.5 Hz, 1H), 7.67 (t, J = 7.5 Hz, TH),
3.58 (dq, J =13.8, 6.7 Hz, 2H), 1.78 —= 1.64 (m, 2H), 1.42 (dq, J = 14.7, 7.4 Hz, 2H), 0.95 (td, J = 7.2,
2.6 Hz, 3H).

13C NMR (75 MHz, CDCl3) § 181.6 (C=0), 181.5 (C=0), 177.8 (C=0), 162.0 (CH), 161.5 (CH), 135.1
(CH), 134.9 (CH), 134.1 (C), 133.2 (CH), 133.1 (CH), 132.8 (C), 128.1 (CH), 127.7 (CH), 127.2 (CH),
126.7 (CH), 109.8 (C), 109.2 (C), 51.1 (CH2), 32.1 (CH2), 19.7 (CHa), 13.6 (CHa).

HRMS calculated for Ci5H1sNO3 + [M+H]* = 258.1130 found 258.1134.

2.5.4 Computational and docking experiments

The AlphaFold2 predicted structure of the protein bcl of Plasmodium falciparum was
downloaded from the European Bioinformatics Institute website and preprocessed with
PrepWizard [Schrédinger LLC. 2021] to add hydrogens, minimize structure, and resolve
ionization states and clashes. The binding site was specified in analogy to structure 4pd4 from
the PDB.

The X-ray crystal protein structure (7101, Resolution = 1.60 A) for Pf DHOHD was downloaded
from PDB and preprocessed with PrepWiz [Schrodinger LLC. 2021] both with and without water
molecules. Co-factors (flavin mononucleotide (FMN) and orotic acid (ORO)) were kept in the
structure. The co-crystallized natural ligand DSM782 (N-(1-(5-cyano-1H-pyrazol-3-yl)ethyl)-3-
methyl-4-(1-(6-(trifluoromethyl) pyridin-3-yl)cyclopropyl)-1H-pyrrole-2-carboxamide, XCV) was

also extracted and re-docked (self-dock) for comparison and used as positive control.

All compounds were importfed as SMILES or drawn; energy minimized with Maestro
[Schrodinger LLC. 2021], and then processed with LigPrep [Schrédinger LLC. 2021] for assigning
tautomers, and ionization states around pH 7 +/- 2. The synthesized compounds and known
inhibitors were used as confrols. Molecules were docked info the binding site of bc1 using Glide
XP [Schrédinger LLC. 2021], including aromatic hydrogens as donors, halogen acceptors, and

other settings.

The input file is provided below:

FORCEFIELD OPLS_2005

GRID_CENTER -1.9900714545454548, 7.686090977272727, 9.326240250000001

GRIDFILE glide-grid_AF-Q7_2.zip



HBOND_ACCEP_HALO True

HBOND_DONOR_AROMH True

INNERBOX 12,12, 12

OUTERBOX 29.189783718905936, 29.189783718905936, 29.189783718905936
RECEP_FILE glide-grid_AF-Q7_2.maegz

Molecules were also docked info the binding site of DHODH, as defined by the co-
crystallized ligand inhibitor XCV, in several runs using both the crystallographic waters as well

as without them.

The input file is provided below:
EPIK_PENALTIES False
EXPANDED_SAMPLING True
FORCEFIELD OPLS_2005
GRIDFILE glide-grid_4_nowats.zip
HBOND_ACCEP_HALO True
HBOND_DONOR_AROMH True
INCLUDE_INPUT_RINGS True
LIGANDFILE todock.sdf
POSTDOCK_XP_DELE 0.5
PRECISION XP

WRITE_XP_DESC False
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3.1 Infroduction

In this chapter, many attempts will be presented concerning the synthesis of derivatives
containing the 3,4-dihydropyrimidinone scaffold (DHPM). This scaffold can be easily accessed
via a Biginelli three-component reaction between a urea, an aldehyde and lawsone,
contributing as the active methylene substrate. The importance of this structure will be
emphasized, regarding its contribution to a variety of biological activities. The developed
synthetic methodology used herein, leads to a series of non-cyclized DHPM compounds never
reported before, that we named Biginelli-linear products. Their stability will be discussed and
optimized. The biological activity of obtained products will be evaluated against Plasmodium
falciparum, Leishmania donovani and other pathogens. The in vitro results are reported, along
with an in silico study against the two mitochondrial targets of P. falciparum: cytochrome bcl
and dihydroorotate dehydrogenase (DHODH).

3.1.1 3,4-Dihydropyrimidinones exhibit diverse biological activities

Heterocyclic compounds have been the focus of significant attention for their diverse
synthetic potential and infriguing pharmacological activities. Pyrimidine, a key heterocyclic
moiety, is one such compound. The pyrimidine scaffold is essential to life as it forms part of
vitamins such as riboflavin (3.1), thiamine (3.2), and folic acid (3.3) and is a vital building block
for DNA, as it is incorporated into the bases thymine (3.4), cytosine (3.5), and uracil (3.8) (Fig.
3.1, panel A) [1]. As a result, drugs that incorporate the pyrimidine ring, may possess excellent
pharmacological properties. Analogues of this essential six membered heterocyclic 1,3-
dinitrogen fragment are also bioactive compounds, among them the 3,4-dihydropyrimidinones
(DHPMs) (Fig. 3.1, panel B).

A quite extensive study has been conducted during the last two decades in order to
elaborate 3,4-dihydropyrimidinone derivatives aiming to enhance antiplasmodial activity and
reverse drug resistance of Plasmodium. October et al. [2] reported the synthesis of DHPM

hybrids with chloroquine (CQ) linked via an amide bond generated by a terminal diamine.
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Figure 3.1. Pyrimidine is an essential scaffold for living organisms as a building block of vitamins
and DNA bases.

The most active hybrid of the series (molecule 3.7, Fig. 3.2) exhibited an ICs value in the
range 16-51 nM against P. falciparum 3D7 CQ-sensitive strains with a therapeutic index (Tl) over
300. In addition, 3.7 displayed a low ICso value in the range 2-9 nM against CQ-resistant strain
K1 of Plasmodium falciparum, with a satisfactory therapeutic index higher than 2000. As the
majority of hybrids of the same family were found to be more potent against CQ-resistant strains
than CQ itself, the authors asserted that it could be due to DHPM moiety intfroduction. Due to
the presence of a 4-amino-7-chloroquinoline in 3.7, the proposed mechanism of action of this

molecule was probably p-hematin inhibition.

Moreover, several DHMP derivatives without 4-aminoquinoline moiety (3.8-3.10) were found
active against CQ-resistant strains, suggesting the value of the DHPM moiety to inhibit the P.
falciparum asexual blood stage proliferation [3]. Nine compounds exhibited ICso values in the
range 30 nM-1.8 uM. Molecules 3.8 (ICs0 = 30 nM), 3.9 (ICs0 = 200 nM) and 3.10 (ICsp = 300 nM)
depicted in Fig. 3.2 are characteristic examples of the above-mentioned structures. However,
it was not mentioned if they were capable to reverse parasite resistance. The same research
group reported some years later other DHPM-CQ hybrids with both moieties being afttached
together through a triazole linker. Nonetheless, the switch of the linker and/or the removal of
C-6 aryl substituent decreased the antiplasmodial activity [4], [5]. The most interesting
compound of this series was 3.11 (Fig. 3.2) that exhibited low parasitemia inhibifion (35%) at 1
MM against asexual stages of P. falciparum. Rodrigues Rogerio et al. reported the synthesis of a
series of 3,4-dihydropyrimidinone derivatives [6]. Three out of nine compounds exhibited ICso
values varying between 1.8 uM and 3.2 M, with the most potent being compound 3.12 (Fig.
3.2), when evaluated in vitro against P. falciparum W2 CQ-resistant strains. The same

compound was evaluated in vivo using P. berghei infected mice and presented 60% of



parasitemia reduction after eight days of oral freatment at the daily dose of 30 mg/kg. This
work clearly suggested the importance of mono para-substituted aryl group at C-6 of 3,4-
dihydropyrimidinone ring for antfiplasmodial activity, since differently positioned aryl

substituents (ortho, meta and multi-substitution) resulted in ICso values higher than 20 uM.
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Figure 3.2. 3,4-dihydropyrimidinone derivatives as antfiplasmodial agents.

In contrast, there are few studies in the literature reporting the leishmanicidal activity of
DHPM derivatives. Compound 3.13 (Fig. 3.3) exhibited an ICso value of 23 uyM in vifro against L.
donovani amastigotes; however, further in vivo evaluation against intracardially infected Syrian
golden hamsters (Mesocricetus auratus) was very promising [7]. This molecule diminished
parasitemia up to 93% (at 50 mg/kg) in infected hamsters in a dose dependent manner,
selectively targeting the parasites and not the host cells. Its mechanism of action was related
to parasite mitochondrial membrane dysfunction and was confirmed by inhibition of the
pteridine reductase | (PTR1) enzyme. Compound 3.14 (Fig. 3.3) exhibited an ICso value in the
same range as 3.13 (ICso = 25 uM) in vitro against L. major promastigotes [8]. The interaction of
3.14 with PTR1 studied in silico, indicated that 3.14 exhibited favorable interactions and binding
poses with the proposed target. However, as the authors pointed out, more research is needed

before compound 3.14 can be considered a potent leishmanicidal agent.
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Figure 3.3. 3,4-Dihydropyrimidinone derivatives with various biological activifies.

In addition, the DHPM scaffold has been accounted for antitubercular activities. 3.15 (Fig.
3.3) exhibited potent activities (ICso = 0.05 uM) and excellent selectivity index (SI > 500), even
better than the reference drug isoniazid (ICso = 0.22 yM) upon in vitro evaluation against M.
tuberculosis H37Rv [?]. The authors demonstrated that the DHPM-pyrazolyl fragment was

essential for the biological activity.

Very recently, a series of 3,4-dihydropyrimidinone derivatives was evaluated in vivo against
male type 2 diabetic rafs [10]. The obtained results were quite promising as molecule 3.16 (Fig.
3.3) was able to inhibit hyperglycemia in a dose dependent manner (22% at 50 mg/kg after 7
days), while the referenced drug (gliclazide) presented 48% anti-hyperglycemic activity in vivo

under the same conditions. However, the mechanism of action is yet unknown.

Furthermore, the cytotoxic activity of DHPM derivatives has been evaluated. Such an
example is compound 3.17 (Fig. 3.3) exhibiting compelling activities against multiple cancer
cell lines [11]. Compound 3.17 inhibited the growth of NCI-H460, SK-MEL-5, and HL-60 (TB)
cancer cell lines by 88%, 86%, and 85%, respectively, at 10 uM concentration, without
cytotoxicity to normal cells. Further enzyme inhibition assays demonstrated that the activity of
this compound could be associated with the inhibition of cell signaling pathway factors such
as mMTOR (ICso =0.64 uM) and VEGFR-2 (ICs0 = 1.97 uM), suggesting a pro-apoptotic activity and

cell cycle arrest at G2/M phase.



The antibacterial properties of 3,4-dihydropyrimidinones have also been reported. For
example, compounds 3.18 and 3.19 (Fig. 3.3) displayed remarkable activities against multidrug
resistant hospital isolates bacteria (from patients) [12]. 3.18 exhibited an ICso value of 0.55 uM
against multi-resistant S. aureus and 3.19 a fairly comparable value against both S. aureus and

E. faecium while maintaining cell viability.

To summarize, molecules containing the DHPM scaffold own an extremely broad range of

biological activities [1].

3.1.2 One step synthesis of 3,4-dihydropyrimidinones: The Biginelli reaction

Even if the synthesis of DHPM-1,4-naphthoquinone hybrids remains challenging, many efforts
have been made to synthesize the 3,4-dihydro-pyrimidinone (DHPM) scaffold efficiently. The
Biginelli reaction, instigated by Pietro Biginelli in 1893 [13], is one of the most extensively used
multicomponent reactions for the synthesis of heterocyclic compounds. It is a three-
component condensation reaction between an aldehyde, an active methylene compound

and a (thio)jurea, under acidic catalysis.

Discovery

P. Biginellicombined the results obtained from earlier studies by R. Behrend [14] and H. Schiff
[15] to develop a multicomponent one-pot protocol. Behrend investigated the reaction
between urea and ethyl acetoacetate providing the ethyl B-carbamido adduct 3.20. Schiff
reported the reaction of urea with benzaldehyde providing the benzal-bisurea (3.21) (Scheme
3.1). Some years later, Biginelli observed that the same heterocyclic DHPM product 3.22 was
synthesized when 3.20 was allowed to react with benzaldehyde and when 3.21 was submitted
to reaction with ethyl acetoacetate under the same experimental conditions. This would mean
that both 3.20 and 3.21 formations were reversible, and the reaction between all three resulting
compounds in solution (urea, ethyl acetoacetate, and benzaldehyde) leads to the same

DHPM adduct regardless of the order in which they are added together.



R. Behrend P. Biginelli

NH, H
(0] o HNAO n
JI 8, solvent _HCl(cat)
+ —_—
HN™ NH, f— N "EOH, reflux. N"'
EtO” ~O o™ Xo
urea ethyl acetoacetate 3.20 3. 22
NH,
H. Schiff
0 o O)\NH EtO H o
Py . y 8 solvent HCI (CC“ )
—_——
HN™ 'NH, ~ il EtOH, reflux
O™ 'NH, OEt
urea benzaldehyde 3.21
P. Biginelli
o} o N__o
) y _HCl(cat) | Y
HN™ “NH, * "EtOH, reflux. © NH
OFEt
urea benzaldehyde ethyl acetoacetate 3.22

Scheme 3.1. The discovery of the three-component Biginelli reaction.

Mechanistic studies

The mechanism of this simple-to-handle reaction has been a debate for many generations
of chemists worldwide. Biginelli proved that there were four possible ways to synthesize the
target DHPM scaffold: i) a three-component reaction between urea, benzaldehyde and ethyl
acetoacetate, i) reaction between benzal-bisurea (3.21, Scheme 3.1) and ethyl
acetoacetate, iii) reaction between ethyl B-carbamidocrotonate (3.20) and benzaldehyde
and consequently iv) reaction between the Knoevenagel intermediate (formed by
benzaldehyde and ethyl acetoacetate) and urea. Many research groups have conducted
numerous studies to propose and validate the mechanistic pathway of this multicomponent

condensation.

The first explanation was proposed by Folkers and Johnson [16] in 1933, when they
synthesized all expected intermediates and involved them in the reaction with the third
component. All the four potential combinations mentioned above (i-iv) were investigated.

Their extended study resulted in three possible reaction pathways (Scheme 3.2, A.1-C.1).
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Scheme 3.2. The first mechanisms proposed for the Biginelli reaction in 1933 by Folkers and

Johnson.

Briefly, the synthesis of benzal-bisurea 3.21 intermediate followed by its reaction with the

enolic form of ethyl acetoacetate resulted in the formation of the desired DHPM, passing

through an uncharged Biginelli-linear intermediate 3.25, which was never isolated (Scheme 3.2,

pathway A.1). Similarly, the reaction of urea with ethyl acetoacetate led to the enamine



intermediate 3.20, which afforded the DHPM derivative after condensation with benzaldehyde
(Scheme 3.2, pathway B.1). Finally, a third combination was benzaldehyde reacting with ethyl
acetoacetate to provide the Knoevenagel intermediate 3.29, which led to the same DHPM
3.22, but with lower yields, via a 3.25 Biginelli-linear intermediate (Scheme 3.2, pathway C.1).
The authors emphasized the need for acidic catalysis (without acid, the reaction did not yield
the desired DHPM) and the fact that urea was probably reacting first either with benzaldehyde

or ethyl acetoacetate, meaning that the C.1 pathway did not seem probable.

In contrast, the work of Sweet and Fissekis [17] strongly supported an initial stage involving
an acid-catalyzed aldol condensation between the aldehyde and ethyl acetoacetate
(Scheme 3.3). This hypothesis was supported by the formation of a carbenium intermediate
3.32 which was subsequently aftacked by ureq, leading fo the Biginelli-linear intfermediate 3.25.
This intermediate led after inframolecular cyclization to DHPM 3.22. This cyclization was
suggested to be the rate-determining step (RDS) of the reaction. In addition, the authors
suggested that the ability of the already synthesized Knoevenagel compounds to form DHPMs

after reaction with urea, strongly supports their proposed mechanism.
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Scheme 3.3. Mechanism focused on Knoevenagel infermediate proposed for the Biginelli
reaction in 1973 by Sweet and Fissekis.

However, Kappe [18] investigated the mechanism of Biginelli condensation in CDsOH under
slightly acidic catalysis (HCI), o monitor the formation of any type of intermediate by 'H/13C
NMR spectroscopy. This follow-up work completely rejected both the Knoevenagel (Scheme
3.2, pathway C.1) and enamine (Scheme 3.2, pathway B.1) pathways. All experimental data
were in favor of a mechanism involving an iminium 3.23 as the key intermediate which, after
reaction with ethyl acetoacetate, led to 3.22 DHPM formation (Scheme 3.4). The author
suggested that passing from the iminium intermediate to the Biginelli-linear 3.25 was the rate-

determining step.
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Scheme 3.4. Mechanism proposed by Kappe: the iminium route of the Biginelli reaction.

Experimental tandem MS experiments (ESI-MS/MS) and Density Functional Theory (DFT)
calculations [19] carried out by De Souza et al. supported Kappe's conclusions. This work
demonstrated that the iminium mechanism for the Biginelli reaction is the most kinetically and
thermodynamically favorable. In addition, various precursors and intermediates related fo the
iminium mechanism were detected using ESI-MS. The so-called Knoevenagel mechanism

seemed o be the slowest and least favorable among the three.

Additional calculations employing the Artificial Force Induced Reaction method (AFIR) by
Puripat et al. [20] were applied to search for all potential mechanistic pathways for the Biginelli
reaction. The authors concluded that 1) a second urea molecule could be beneficial
catalyzing nearly every step of the reaction; 2) the substitution pattern of the aryl ring of the
aldehyde has little impact on the reaction; and 3) the rate-determining step (RDS) is the C-N
bond formation during the final inframolecular cyclization step for iminium and enamine
infermediates mechanisms, and the C-O bond cleavage for the Knoevenagel intermediate

mechanism.

To sum up, over the years, three mechanisms have been proposed for this cascade
reaction, each is characterized by the formation of a specific intermediate: enamine, iminium,
or Knoevenagel (summarized in Scheme 3.5). Although all three mechanisms remain
theoreftically feasible, the RDS can vary significantly depending on the reaction conditions, the

natfure and substitution of the reactants and acid catalysts.
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Catalysts

Catalysts have an important impact in the Biginelli reaction. Their role has been extensively
studied, optimized, and varied over the years. A vast spectrum of catalysts has been used in
order to improve the yields of DHPMs [21]. Numerous acid catalysts such as hydrochloric acid
(HCI) [13], sulfuric acid (H2S04) [22], hypophosphorous acid (H3sPO2) [23], p-toluene sulfonic acid
(p-TSA) [24]. Lewis acids (gallium (ll) halides) [25], transition metal halides (CuClz2) [26], chiral
phosphoric acids [27], etc. have been used, aiming to reduce both reaction time and
chemical waste. Bipiperazine-metal complexes [28], nanocatalysts such as ZnO nanoparticles
[29]. ionic liquids [30], deep eutectic solvents [31], enzymes [32], photocatalysts [33] and even
bioorganic waste [34] have been reported to catalyze the Biginellireaction providing excellent
yields, depending on the substrates used. However, this topic is still under intense investigation

aiming to develop greener, more efficient and less energy consuming synthetic fechnologies.
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Substrate scope

The Biginelli reaction has been used extensively because of the rich structural variety of
DHPM structures that can be obtained [35] (Fig. 3.4), which are dependent on its three building
blocks, namely an aldehyde, urea, and an active methylene compound. The aldehydesrange
from commercially available aliphatic, aromatic, heterocyclic, heteroaromatic, and
organometallic derivatives to sugars. Various mono- or di-substituted ureas or thioureas with
different aromatic, alkyl, benzyl, and heterocyclic groups are well tolerated. As far as the active
methylene compounds are concerned, linear or cyclic 1,3-dicarbonyl compounds bearing
aryl, alkyl and heterocyclic rings have been reported to participate in the Biginelli reaction.
Nevertheless, the literature does not provide strong evidence of 1,4-naphthoquinones

involvement as Biginelli substrates.
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Figure 3.4. The wide substrate scope of the Biginelli reaction.

3.1.3 Multi-step synthesis of fused 3,4-dihydropyrimidinone-1,4-naphtho-quinones
Despite several references to bioactive fused pyrimidinone based heterocyclic derivatives

[36], examples of naphtho-DHPM hybrids or derivatives are scarce. This could be due to their

complicated synthesis. Aiming to access a library of 1,4-naphthoquinone pyrimidinone-fused

hybrids Kim et al. established a multistep synthetic protocol [37] (Scheme 3.7).
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Scheme 3.7. Multistep synthesis of naphthoquinone-pyrimidinone derivatives.

The commercially available 1,4-dihydroxy-2-naphthoic acid (3.34) was first subjected to
total methylation (both phenol and acid functional groups), using dimethyl sulfate under reflux
conditions. The resulting methyl ester was then brominated by N-bromosuccinimide (NBS) and
subsequently hydrolyzed under basic profic conditfions, resulting in a dimethylated carboxylic
acid 3.35. The acid function was activated via oxalyl chloride and allowed to react with a series
of variously substituted primary amines, leading to infermediate amides 3.36, with yields ranging

between 80% and 97%. Amination of the bromo-substituted aromatic carbon of 3.36 allowed



ring closure to provide 3.38 infermediate with very good yields (82-86%). Finally, the desired
fused pyrimidine-1,4-naphthoquinone derivatives 3.39 were obtained after oxidation by ceric

ammonium nifrate (CAN), with overall yields between 28% and 45% (5 steps).

Despite the good overall yields provided for the synthesis of the target hybrid compounds
3.39. the reaction times are quite long, and they require the careful use of chemicals like

triphosgene, toxic and highly flammable oxalyl chloride, and corrosive CAN reagent.

So, as the DHPM family exhibits a very wide spectrum of biological activities, including
antfiparasitic ones, we intended to synthesize a focused library of DHPM-naphthoquinone
derivatives via a multicomponent Biginelli reaction methodology. In that respect, the reaction

between lawsone, benzaldehydes and (alkyl)ureas was investigated.

3.2 Results and discussion (Part 1)

After taking info consideration the pharmacological importance of the DHPM scaffold and
the possibility of synthesis by one-step multicomponent Biginelli reaction, we aimed to
synthesize a series of fused heterocyclic naphthoquinones DHPM-NFQ hybrids potentially active
against P. falciparum, L. donovani, and other pathogens.
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Figure 3.5. Fused heterotricyclic naphthoquinones.

3.2.1 Chemistry - Synthesis

3.2.1.1 Reaction conditions optimization studies

First of all, the reaction between lawsone, 4-chlorobenzaldehyde (or para-
chlorobenzaldehyde) (3.40) and urea (3.41) was investigated as a model reaction to establish
an efficient synthetic protocol (Table 3.1). The reaction was carried out under conventional
conditions (acidic catalysis in common profic solvents), and also in ionic liquids (ILs) and deep
eutectic solvents (DES). Different activation methods of the reaction were also investigated,

such as microwave irradiation and mechanochemical activation.



For every optimization experiment, the reaction mixture was collected after completion
(lawsone consumption) and adequately treated to remove the solvents (if necessary) and
catalysts. A sample of the crude residue was analyzed by 'H NMR spectroscopy to evaluate
both the aldehyde conversion and products yield. Surprisingly, the expected cyclized DHPM
product 3.42 was never obtained. The products of this reaction were found to be a non-
cyclized Biginellicompound 3.43 and a Michael adduct 3.44. 3.43 is a three-component linear
product of the Biginelli reaction. 3.44 is the two-component product issued from direct aldol
condensation between 1 equiv. of 4-chlorobenzaldehyde and 2 equiv. of lawsone probably

via the formation of the Knoevenagel intermediate. The results are summarized in Table 3.1.

First, initial efforts were inspired by Patel’s et al. recently reported protocol for the synthesis
of DHPMs [38]. The authors reported the same reaction between lawsone, 4-
chlorobenzaldehyde, and urea catalyzed by 0.5% zinc acetate (Zn(OAc)2) in ethanol (EtOH)
aft room temperature, providing DHPM 3.42 in excellent yield (93%).

However, in our hands, while this protocol was repeated (Table 3.1, entry 1) many times, the
formation of DHPM was not observed. Instead, the Michael adduct 3.44 was collected in 45%
yield after precipitation, matching very well with aldehyde conversion (50%), indicating that

the reaction was selective.

Table 3.1. Optimization studies of experimental conditions for the model Biginelli reaction
between lawsone, 4-chlorobenzaldehyde and urea.

Biginelli model reaction :

What was expected:

O~_H
(o]
OH
o catalyst, E
* * H NJ\NH X
2 2 (solvent)
o Cl
lawsone 4-chlorobenzaldehyde vurea
3.40 3.41
What was delivered:
Os_H Q
(o]
H
OH (o] N
+ . J\ catalyst, E
HN™ "NH;  (solvent)
o Cl
lawsone 4-chlorobenzaldehyde urea Biginelli-linear

3.40 3.41 343 ¢



Yield

A Equiv. A : -
Entry Activation method Temperature Reachc?n time (lawsone/ Catalyst solvent 3.40 conversion Yield 3.43 3::4
(°C) (min.) (%) (%)
3.40/3.41)
(%)
1 solution rt overnight 1:1:1 0.5% EtOH 50 - 45
9 - In(OAC)2
2 reflux 80 overnight 1.2:1.2:1 10% H3PO2 EtOH 50 35 15
3 IL 80 120 1:1:1 IL [HNMP]HSO4 60 fraces 47
4 IL 80 300 1:1:1 IL BMI.NTF2 84 fraces 46
5 DES 80 60 1:2:1 DES Choline 40 20 30
chloride/Urea
6 DES 70 60 AR DES Choline chioride/ 35 i 30
Chloroacetic acid
iradiation (uw) 160 2 x 60 1.2:1.2:1 10% H3PO2 EtOH 2 fraces -
. .. . 20%

8 iradiation (uw) 160 60 1:1:1 o-TSA CHsCN 8 5 -
Mechanochemistry . ) )

9 MMA400 (30 Hz) - 2 x 40 1:1:1 10% H3PO2 50 30
Mechanochemistry . 20% ) )

10 MMA400 (30 Hz) - 2 x 40 1:1:1 o-TSA 50 45
Mechanochemistry . 20% ) )

11 MMA400 (30 Hz) - 2 x40 1:1:1.5 o-TSA 70 55
Mechanochemistry . 20% ) )

12 P7 (800 rom) - 2 x40 1:1:1.5 o-TSA 95 90

*Calculated based on TH NMR  spectrum of the crude mixture after work up.

** Isolated yield, calculated based on the starting amount of lawsone used.



No fraces of any Biginelli products (3.42 and 3.43) were found when the crude reaction
mixture was analyzed by 'H NMR and mass spectroscopy. When the amount of catalyst was
increased up to 20%, no significant changes were observed. Patel's protocol [38] was repeated
several times because it was one of the few that used lawsone as an active methylene
compound in the Biginelli reaction. In our hands, the cyclized DHPM was never obtained, as
mentioned before. After reviewing carefully their work, we can nofice that the NMR
characterization of some of the reported DHMP compounds was either incomplete or
ambiguous. We suppose that the authors possibly did not report the exact experimental

protocol.

When the model reaction mixture was heated under reflux in EfOH and catalyzed by 10
mol% hypophosphorous acid (HsPOz2) [23] with both lawsone and para-chlorobenzaldehyde in
slight excess (1.2 equiv. of each with respect to urea) (Table 3.1, entry 2), no DHPM was formed
either. Biginelli-linear 3.43 was isolated from the reaction mixture as the major product with 35%
yield, while Michael’s adduct 3.44 formation was evident (isolated with 15% yield). Variation of
the catalyst (CuClz, HCI, H2SO4, p-TSA, CHsCOOH, L-Tyr, silica) and/or excess of reactants did

not change the result of the reaction in solution.

Faced to this failure, our attention was turned to ILs and DES, because such media have
been reported to be beneficial in Biginelli reaction catalysis and activation. lonic liquids have
been reported to stabilize some reactive intfermediates in the Biginelli reaction [39]. DES were
chosen because they have similar physicochemical properties to ionic liquids and are more
eco-compatible and easier to synthesize [40],[41]. Among various ionic liquids, homemade 1-
methyl-2-pyrrolidonium hydrogen sulfate {[HNMP]HSO4} [42] and commercially available 1-
butyl-3-methylimidazolium bis(trifluoromethane-sulfonyl)imide {BMI.NTF2} [30] were tested.
Reaction in these IL media (Table 3.1, entries 3 and 4) did not afford any Biginelli-type
compounds. Instead, Michael adduct 3.44 was found to be the major product, obtained in 46-
47% vyield in these cases. This protocol using {{HNMP]HSO4}, reported by Patil et al. [42] was
repeated multiple times, because it is one of the very rare protocols involving lawsone in the
Biginelli reaction. Sonication activation of the reaction was also tested as an alternative (same
conditions as entry 3). The reaction mixture ended up by solidification as described by the
authors [42]. However, in our hands, the obtained solid corresponded to the Michael adduct
3.44 and not to the desired DHPM as they claimed. Then, two DES media were chosen and
prepared according to the literature. When the reaction was carried out in choline
chloride/urea [43], the Biginelli-inear compound 3.43 was obtained in 20% yield (Table 3.1,
entry 5), along with 3.44 (30%). However, when choline chloride/chloroacetic acid [44] was
used as the reaction medium (Table 3.1, eniry 6), only compound 3.44 was obtained in 30%

yield.
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The reaction was also tested under microwave irradiation (Table 3.1, enfries 7 and 8). Under
these conditions, only 2% and 8% of aldehyde conversion and only traces or <5% of compound
3.43 were detected in the reaction mixtures. Faced to these disappointing results, many
modifications including catalyst (CHsCOOH, p-TSA, HsPOz2), temperature (80-180 °C), reaction
time, and solvent (EfOH, CH3CN, IL) were carried out. These afttemps failed to improve the
reaction outcome and yield, leading always to compound 3.43 with a maximum yield of 5%,

among unreacted starting materials.

Finally, the reaction was activated using mechanochemical means. When operating an
equimolar mixture of all three components with 10% HsPO2 as the catalyst, in a vibratory ball
mill (MM400) at a frequency of 30 Hz for two successive runs of 40 min each, compound 3.43
was obfained in 30% yield along with unreacted starting compounds (Table 3.1, entry 9).
Modification of the catalyst for p-TSA (20%) [45] increased the yield of 3.43 up to 45% (Table 3.1,
entry 10). Moreover, when urea was in excess (1.5 equiv. with respect to lawsone) the yield of
3.43 was improved up to 55% (Table 3.1, entry 11). The Biginelli-linear product 3.43 was obtained
pure by precipitation in a minimum volume of the mixture DCM/Et20 (1:2). Importantly, when
operating with the planetary ball mill Pulverisette 7 (P7) instead of the vibratory mill MM440,
compound 3.43 was obtained in an excellent 90% yield (Table 3.1, entry 12) and purification
occurred by simply washing with water to remove the urea excess and catalyst. Remarkably,
under mechanochemical activation, the Michael adduct 3.44 was never formed, and the
Biginelli-inear compound 3.43 was, in all cases, the unique product of this multicomponent

reaction, proving its selectivity.
3.2.1.2 Structure characterization of model compound 3.43

The chemical structure of compound 3.43 was unambiguously aftributed thanks to TH, 13C
NMR and 2D 'H-TH correlated spectroscopy (COSY) and 'H-13C heteronuclear multiple bond
correlation (HMBC) NMR analyses in DMSO-ds at 298K. All TH and 13C signals were assigned
based on chemical shifts (6, ppm), spin-spin coupling constants, splitting patterns and signal
intensifies. The 'H and 13C assignments of 3.43 are summarized in Table 3.2. The 'TH NMR spectrum
exhibited all expected signals (6, ppm) for all different protons of naphthoquinone ring system
as well as the aromatic protons of 4-chlorophenyl moiety. The characteristic proton H-? was
found at 6.40 ppm as a doublet, coupled with its neighbor NH proton which was detected at
6.82 ppm. The 13C resonance data exhibited 16 signals in total, that were non-ambiguously
assigned. The 13C-TH HMBC experiment showed correlation between H-9 and NH, C-2, C-3, C-
4 and C-10 allowing to unambiguously assign the peaks at 155.8 ppm and 158.0 ppm to C-2

and C-10, respectively.
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Table 3.2. 'H and 3C NMR data assignments of compound 3.43 in DMSO-dé at 298K.

— TH -'H COSY correlation
cl ~— 'H -13C HMBC correlation i

TH/13C numbering | 'H chemical shift (ppm) | 3C chemical shift (ppm)

C-1 - 181.3
c-2 - 155.8
C-3 - 122.6
C-4 - 184.1
C-4a - 130.8
CH-5 7.80 (m) 125.8
CH-6 8.03 (m) 134.8
CH-7 7.90 (m) 133.4
CH-8 7.94(dd, J=7.6, 1.4 Hz) 125.7
C-8a - 130.1
CH-9 6.40 (d, J = 9.8 Hz) 46.3
c-10 - 158.0
NH 6.82 (d, J = 9.8 Hz) -
NH2 5.88 (bs) -
C-1b - 141.8
CH-2b 7.32 (m) 127.7
CH-3b 7.32 (m) 128.0
C-4b - 131.8

*1TH and 13C numbering of 3.43 do not follow IUPAC rules.
3.2.1.3 Substrate scope for the mechanochemically activated Biginelli-type reaction

After establishing the optimal reaction conditions (Table 3.1, entry 12) to obtain compound
3.43, the substrate scope of this Biginelli-type reaction was explored. Lawsone was submitted
to reaction with various para-substituted benzaldehydes, bearing either electron donating or
electron withdrawing substituents, and N-alkylated urea derivatives, namely N-ethyl, N-butyl,
N-propargylurea and 2-hydroxyethyl urea. A rafio 1:1:1.5 of the three reactants
lawsone/benzaldehyde/urea was operated in a planetary ball mill (P7), catalyzed by 20 mol%
p-TSA, while the number of runs was optimized for each case (reported in the Experimental

Part). The obtained results are summarized in Table 3.3.
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Table 3.3. Structures and isolated yields of products obtained by this Biginelli-type reaction
between lawsone, benzaldehydes and N-alkylureas.

o (o) H o
OH
(o)
OO L5, & Ok
HN™ N o-TSA i
o X (cat.) 0
lawsone benzaldehyde urea Biginelli-linear
X
3.43-3.68
Entry | Product X R Yield * (%)
1 3.43 Cl H 90
2 3.45 OMe H 60**
3 3.46 F CH2CHs 63
4 3.47 Cl CH2CHs 62
5 3.48 Br CH2CHs 70
6 3.49 | CH2CHs 70
7 3.50 NO- CH2CH3s 85
8 3.51 CFs CH2CHs 90
9 3.52 CHs CH2CHs 70
10 3.53 OMe CH2CHs 60**
11 3.54 F CH2CH2CH2CHs 81
12 3.55 Cl | CH2CH2CH2CH3s 85
13 3.56 Br CH2CH2CH2CHs 95
14 3.57 NO2 | CH2CH2CH2CHs 90
15 3.58 CFs | CH2CH2CH2CHs 80
16 3.59 OMe | CH2CH2CH2CH3s 70**
17 3.60 F CHC==CH 83
18 3.61 Cl CHC==CH 73
19 3.62 Br CHC==CH 88
20 3.63 NO2 CHC==CH 70
21 3.64 CFs CHC==CH 82
22 3.65 OMe | CH.C==CH 70**
23 3.66 Cl CH2CH20H 80
24 3.67 NO2 CH2CH20H 82
25 3.68 CFs CH2CH20H 80

* Isolated yield of target compound.

** Non purified TH NMR estimated yields.

Every reaction mixture was conftrolled by thin-layer chromatography (TLC) after every run,
and it was stopped when both lawsone and benzaldehyde were fully consumed or when there
was no more evolution. The obtained residue was washed with water to remove urea excess
and catalyst. The crude reaction mixture was then analyzed by 'H NMR. All products were
purified by crystallization in a minimum volume of a mixture of organic solvents, DCM/Et20 in
the majority of cases. No column chromatography was necessary for purifications of any

reaction mixture mentioned herein.
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The reaction between lawsone, N-ethylurea, and a variety of para-substituted aldehydes
was first studied. In all cases where the benzaldehyde was substituted with a halogen atom
(Table 3.3, entries 3-6) or a methyl group (Table 3.3, entry 9), the non-cyclized products 3.46-
3.49 and 3.52 were obtained in 62-70% yields, along with unreacted starting compounds. When
p-nitrobenzaldehyde or p-trifluoromethyl benzaldehyde were used, the yields of the expected
products 3.50 and 3.51 increased up to 85% and 90%, respectively (Table 3.3, entries é and 7,
respectively). No side products were obtained. So, the selectivity of the reaction providing
Biginelli-inear derivatives was higher than 95%.

When N-ethylurea was changed to N-butylurea, the conversion of both starting materials in
deficit (benzaldehyde and lawsone) reached completion. All target compounds 3.54-3.58
(Table 3.3, entries 11-15) were obtained with yields ranging between 80% and 95%. Once more,

a unigue major product was identified, and no side products were formed.

Similar results were obtained when N-propynylurea/N-propargylurea was subjected to this
Biginelli-type reaction with lawsone and various para-substituted benzaldehydes. The
corresponding products 3.60-3.64 (Table 3.3, entries 17-21) were obtained after crystallization,
with yields ranging between 70% and 88%. Finally, 2-hydroxyethylurea was also chosen to
undergo this three-component reaction. The expected products 3.66-3.68 (Table 3.3, entries
23-25) were obtained in 80%-82% yield, no matter the para-substituent of the benzaldehyde
used, namely -Cl, -NO2 or -CFs.

3.2.1.4 X-ray diffraction analysis of compound 3.61

Among all the compounds mentioned above, single crystals of 3.61, suitable for analysis by
X-ray diffraction were obtained. Crystallization was achieved in a mixture of dichloromethane
and methanol (3:1). The obtained single crystals appeared as yellow platelets, and exhibited
a triclinic P-1 space group under Mo-Ka radiation (A = 0.71073 /Z\). Inspection of the structure
indicated dihedral angles of 19.7¢ for O-3/0-2/C-3/C-11, 9.2¢ for C-2/C-3/C-11/N-1, 83.6° for C-
4/C-3/C-11/N-1, and 79.5¢ for C-3/C-11/N-1/C-12, meaning that the three components of the
molecule (urea, naphthoquinone, and 4-chlorophenyl rings) did not share planarity. All
hydrogen bonds, N-1/H-1, N-2/H-2, O-3/H-3, and C-11/H-11, had consistent values. Finally, it is
worth mentioning the long distance between the remote atoms N-2/C-2 (d = 5.3 A) and N-2/0-
3 (d = 5.8 A). This could potentially explain the non-formation of the cyclized Biginelli DHPM

when using lawsone (Fig. 3.6).
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Figure 3.6. X-ray structure of compound 3.61.

3.2.1.5 The reaction with p-anisaldehyde / p-OMe benzaldehyde

As mentioned in the Table 3.3 (enfries 2,10,16 and 22), when the reaction was carried out
with p-anisaldehyde, no matter the urea component used, a complicated mixture was
obtained. TH NMR of all crude mixtures indicated the formation of the Biginelli-linear
compounds 3.45, 3.53, 3.59 and 3.65, (estimated yield between 60% and 70%), along with the
Michael adduct and other unidentified compounds. All attempts for isolation by crystallization
or flash column chromatography failed. So, all reaction mixtures were subjected to semi-

preparative reversed phase HPLC. All reaction mixtures exhibited the same analytical profile.

The freatment of compound 3.65 (Table 3.3, entry 22) is presented herein as an example.
When the crude reaction mixture of 3.5 was analyzed by LC-MS (gradient of
water/acetonitriie, 0.1 vol% formic acid), the data collected (Fig. 3.7, panel A) were in
agreement with what was observed after the 'TH NMR analysis. The Biginelli-linear 3.65 was
found to be the major product (70%, eluted af t = 6.1 min) along with three other peaks at t =
4.4, 5.3 and 7.7 min. The product eluted at t = 7.7 min was identified by coupled LC/MS to be
the Michael adduct (3.69) (25% by 'H NMR) (m/z = 466.5). The other two peaks remained
unidentified as they did not correspond to any starting compound, potential intfermediate of
the Biginelli reaction or the DHPM itself. The product 3.65 was successfully isolated from the
reaction mixture (Fig. 3.7, panel B). However, when the isolated fraction was analyzed again
after 30 min, under the same experimental conditions (Fig. 3.7, panel C), the formation of two
new peaks at t = 4.4 and 5.2 min was evident. Interestingly, the same purified collected fraction

had a different profile after 2 h (Fig. 3.7, panel D). In fact, the Michael adduct 3.69 was
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reformed and the obtained chromatogram was similar to the one corresponding to the crude

mixture before purification (Fig. 3.7, panel A).
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Figure 3.7. HPLC reversed phase (column C-18) chromatograms (A-D) for compound 3.65 by
using a gradient of H20+0.1% HCOOH/ CH3CN+0.1% HCOOH as the mobile phase and
detection at 254 nm.

It was supposed that the formation of the Michael product was induced by the presence of
acid under the HPLC conditions. So, the same semi-prep. reversed phase purification was
repeated for a newly synthesized reaction mixture of compound 3.65 by using gradient of
water/acetonitrile containing 0.1% of diethylamine (DEA). The Biginelli-linear 3.65 was found to
be the major product (80%, eluted at t = 3.2 min.) along with two other peaks att=3.0, and 0.9
min. The product eluted at t = 3.0 min was identified by coupled LC/MS to be the Michael
adduct 3.69 (m/z = 466.5) (Fig. 3.8, panel A). The other two peaks remained unidentified as they
did not correspond to any starting compound or intermediates, peaks reported in acidic media
(Fig. 3.7, panel A), potential infermediate of the Biginellireaction or the DHPM itself. Compound
3.65 was successfully isolated (Fig. 3.8, panel B) and remained stable for a longer period of time
(at least 24 h) (Fig. 3.8, panel C). The Michael adduct 3.65 was isolated as pure product with
25% yield by recrystallization.
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Figure 3.8. HPLC reversed phase (column C-18) chromatograms (A-D) for compound 3.65 by
using a gradient of H20+0.1% DEA / CH3CN+0.1% DEA as the mobile phase and detection at
254 nm.

After taking all experimental data into consideration, two main products were synthesized
under all tested experimental conditions: the so-called Biginelli-inear product and ifs
corresponding Michael adduct. To the best of our knowledge, it is the first time that a Biginelli-
linear compound was isolated, which unfil now was supposed to be an intfermediate of the
classical Biginellireaction. It is also important to point out that this is the single compound issued

from the mechanochemical reactions performed.

In addition, it should be noticed that the Biginelli-linear compound was not stable under
acidic conditions and was fransformed fo the Michael adduct. This reaction probably involves
reversible equilibrium reactions affording the Knoevenagel intermediate. This Knoevenagel
intermediate could be formed either directly from the reaction between lawsone and the
corresponding aldehyde, either by decomposition of reactive infermediates, allowing it to

react with a second equiv. of lawsone, leading to the stable Michael adduct.

3.2.1.6 Cyclization attempts of Biginelli-linear 3.43 and 3.46 in solution

As spontaneous cyclization of Biginelli-linear products was found to be challenging in solid
state, many attempts of cyclization were carried out in solution, to benefit from bond rotations.
Both compounds 3.43 and 3.46 were chosen to undergo the cyclization studies in order o
control that urea substitution was not affecting the cyclization step. For compound 3.46,
attempts are summarized in Table 3.4, while for compound 3.43 three attempts have been
made, namely in EtOH, {{[HNMP]HSO4} (IL medium) and choline chloride/chloroacetic acid
(DES medium).
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Table 3.4. Cyclization attempts of Biginelli-inear compounds 3.43 and 3.46.

OH
H H Solvent
N._N-R —X>»
cat.

X

X 3.43:R=H,X=Cl 3.44: X =ClI
346 :R=Et X=F Michael adduct 3.70: X =F
Activation | Temperature Reaction Yield of
Entry P time Catalyst Solvent Michael
method (°C) .
(min.) (%)
. . 0.5%
1 solution rt overnight 7n(OAC)2 EtOH -
2 IL 80 60 IL [HNMP]HSO4 40-45
Choline
3 DES 70 180 DES chloride/ <5
Chloroacetic
acid
4 iradiation 160 30 CHsCOOH CH3CQOH <5
(Lw) (glacial)
5 Fafon's rt 180 Faton’s MeSO:H .
reagent reagent

When compounds 3.43 and 3.46 were introduced in EfOH (protic conditions), catalyzed by
In(OAcC)2 [38] (Table 3.4, entry 1), no reaction was observed, even with long reaction times
(overnight), and the starting compounds were recovered unchanged. When compounds 3.43
and 3.46 were infroduced in the homemade IL medium {[HNMP]HSO4} [42], no cyclization was
observed either (Table 3.4, entry 2). The corresponding Michael adducts 3.44 and 3.70 were
isolated as major products with 40% and 43% vyield, respectively, after crushing the reaction

mixture into ice and collecting the precipitates, as indicated in the literature [42].

Cyclization attempts in the homemade DES medium choline chloride/chloroacetic acid
[44] afforded less than 5% of Michael adducts 3.44 and 3.70 (estimated by TH NMR analysis of
the crude mixture) among unreacted starting compounds (Table 3.4, entry 3). No DHPM
formation was observed. Harsh cyclization conditions such as microwave irradiation in glacial
acetic acid applied to 3.46, provided a very complicated and quite unstable reaction mixture
(Table 3.4, entfry 4). The starting 3.46 was enfirely decomposed, while the corresponding
Michael adduct 3.70 was detected in the crude reaction mixture with less than 5% estimated
yield. Finally, the same reaction catalyzed by Eaton’s reagent [46] (phosphorus pentoxide P20s

in methanesulfonic acid ratio 1/10) afforded an unstable reaction mixture in which no product
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could be identified after numerous purification efforts and spectroscopic analyses (Table 3.4,
enfry 5). Nonetheless, for these two latter attempts (unstable reaction mixtures) the
decomposition of the starting Biginelli-inear compound was obvious as all three counterparts
(lawsone, urea, benzaldehyde) were identified in the reaction mixtures by 'TH NMR and mass

spectroscopy analyses.

3.2.1.7 Theoretical studies

Without aiming to undergo an extensive theoretical study concerning all possible
mechanisms of this reaction and all potential intermediates that could be in equilibrium, and
taking info account the Michael formation, we wished to explain the experimental results by
using a preliminary (density functional theory) DFT modeling [47-49]. This study was conducted
by Dr. Jean-Marc Sotiropoulos and Prof. Philippe Carbonniere at the « Institut des Sciences
Analytiques et de Physico-Chimie pour I'Environnement et les Matériaux » (CNRS-IPREM), of

Université de Pau et des pays de I' Adour (UMR 5254), in France.

The results of DFT calculations in the gas and/or liquid phases (protfic solvent) cannot be
immediately transferred to solid state issues. Nonetheless, these results may provide valid
insights info the energies involved in the process as well as the activation energy gaps. It is
essential fo note that the Biginelli-linear compound could not be cyclized by any experimental

means via mechanochemical activation.

In comparison to conventfional reaction conditions, mechanochemical reactions can
produce unexpected products or product ratios. As an example, Gonnet ef al. studied the
elucidation of the Diels-Alder reaction kinetics between diphenylfulvene and maleimide [50a].
Later, based on DFT calculations, Sakai, Gonnet et al. reported the origin of mechanochemical
selectivity in a Diels-Alder model reaction. They concluded that application of a mechanical
force canresult in lowering the activation barrier on one pathway (endo-type), but not on the

other (exo-type) [50b].

During our study, the initial step of the reaction was considered to be the addition of lawsone
to the benzaldehyde. Both para-substituted benzaldehydes bearing either an electron
withdrawing (4-chlorobenzaldehyde) or an electron donatfing group (p-OMe benzaldehyde)
were studied and demonstrated similar energy profiles, no matter the type of the substituent.
A preliminary DFT modeling in gas phase, using the B3LYP functional coupled with a 6-
31+G(d,p) Gaussian basis set and accounting for dispersion (D3), when using p-
chlorobenzaldehyde, displayed the energy profile depicted into scheme 3.8. The nucleophilic
aftack of lawsone to the carbonyl group of the aldehyde, led to an initial hydrated
infermediate B with rapid kinetics (driving force step). The calculated activation energy for B

formation was found to be AG = 21.43 kcal/mol (20.96 kcal/mol for p-OMe) while the energy
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level of the intermediate itself was placed at 8.47 kcal/mol (9.78 kcal/mol for p-OMe). Slow
dehydration of B (rate determining step) demanded the respectable amount of 39.49 kcal/mol
(39.27 kcal/mol for p-anisaldehyde) as activation energy, passing through the very reactive
infermediate C, placed atf 47.96 kcal/mol (49.05 kcal/mol for p-OMe), which was subsequently

transformed into the stable expected Knoevenagel intermediate D (Scheme 3.8).
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Scheme 3.8. DFT calculations of the Knoevenagel intermediate pathway.

Two potential reaction pathways can emerge starting from Knoevenagel intermediate D
(Scheme 3.9). The first pathway involves its reaction with another equiv. of lawsone with an
activation energy AG = 24.25 kcal/mol (27.79 kcal/mol for p-OMe). This leads to the formation
of a significantly stable fri-ketone Michael derivative F placed at 4.11 kcal/mol (6.48 kcal/mol
for p-OMe) which converts to the far more stable enol form G placed at -15.35 kcal/mol (-12.67
kcal/mol for p-OMe) (driving force step). The second pathway involves the reaction between
D and urea. In this case, the expected Biginelli-linear product | can be formed, placed at -8.61
kcal/mol (5.11 kcal/mol for p-OMe). The calculated activation energy for I formation was found

to be AG = 18.01 kcal/mol (20.11 kcal/mol for p-OMe).
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Scheme 3.9. DFT calculations for Michael adduct formation and Biginelli-inear product via
Knoevenagel intermediate.

Afterwards, the DFT calculations were repeated taking info account the effect of ethanol
(protic conditions) as solvent, by using the conductor-like polarizable continuum model (C-
PCM) [51]. The obtained results were similar to the model used in gas phase, explained above.
The protic polar solvent (EtOH) was also considered in this study and did not seem to
significantly modify neither the energy barrier responsible for Michael adduct formation (AG =
25.0 kcal/mol) nor the energy activation barrier responsible for Biginelli-linear product formation

(AG =20.0 kcal/mol). These findings are in agreement with all the obtained experimental data.

To conclude, the proposed mechanism for the Biginelli reaction between 2-hydroxy-1,4-
naphthoquinone (lawsone), para-substituted benzaldehydes, bearing either an electron
donating or an electron withdrawing group, and urea could support a mechanism via the
Knoevenagel intermediate formation. Two potential pathways could be in competition in
solution (protic solvents, ILs, DES): lawsone or urea addition to the Knoevenagel intermediate.
The lawsone addition, leading tfo the Michael adduct, seems to be less energeftically favored
than the three-component reaction (urea addition) even if the Michael adduct is much more
stable than the Biginelli-linear product. Finally, it seems that Biginelli-linear products bearing
benzyl substituents at C-3 with electron donating groups (4-OMe) are in general significantly
less thermodynamically stable when comparing them to benzyl substituents at C-3 with
electron withdrawing groups (4-Cl). Compound’s 3.43 lowest energy (4-Cl) was estimated to
be equal to -8.61 kcal/mol, while compound’s 3.45 lowest energy (4-OMe) was placed at +5.11

kcal/mol.
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Energy profile for the cyclization of Biginelli-linear to DHPM derivative

The cyclization step of the model Biginelli-linear 3.43 to the desired DHPM final product was
also evaluated using the same DFT model in gas phase (Scheme 3.10). The activation energy
for this cyclization was found to be AG = 53.28 kcal/mol (AG = 53.48 kcal/mol for p-OMe).

A G
(kcal/mol)

Scheme 3.10. DFT calculations for cyclization pathway of 3.43.

Even if the cyclized desired DHPM product was significantly more thermodynamically stable
than the non-cyclized linear molecule 3.43, placed at -11.52 kcal/mol (-12.34 kcal/mol for p-
OMe), it is needed to overcome a huge energy barrier at + 53 kcal. Thus, this inframolecular
condensation is not favorable. In addition, the DFT model suggested that the structure of
Biginelli-inear products carries restrictions. In fact, the calculated structure of 3.43 aligned with
the obtained X-ray structure of 3.61 derivative. Indeed, the amido substituent of 3.43 (and 3.61)
at C-3is located very far and opposite to carbon C-2 which is supposed to attack. As a result,
even if we can consider that by mechanochemical friction we can transfer energy to the
Biginelli-inear derivative, the amount is not enough for the cyclization to take place, even if

the cyclized structure is thermodynamically favored (-11.52 kcal/mol).
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3.2.1.8 Cyclization of Biginelli-linear 3.46 via activation of the 2-hydroxy function

Taking info account all the previous failed cyclization attempts, new methodologies needed
to be elaborated focusing on the activation of the enol functional group of the Biginelli-linear
derivatives. Para-nitrophenyl chloroformate was selected for the 2-hydroxy activation, a well-
known methodology used in nucleoside synthesis. In that respect, N-ethylurea substituted
derivative 3.46 was chosen to react with para-nitrophenyl chloroformate in pyridine at room
temperature [52]. As no product formation was observed, the reaction was repeated under
reflux in pyridine for 2 h. The latter led to an unstable reaction mixture due to the decomposition
of the starting compound (evidenced by 'H NMR and mass spectroscopy). Neither the
corresponding DHPM, nor the expected carbonate ester was formed. After a few more
afttempts, compound 3.4é6 was submitted to reaction with para-nitrophenyl chloroformate in
dry dichloromethane (DCM) with excess of EfsN, at ambient temperature, overnight [53].
Gratifyingly, the cyclized derivative 3.71 was obtained in 20% yield after semi-prep. reversed

phase HPLC purification (scheme 3.11).
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Scheme 3.11. Cyclization of 3.46 into the naphtho-carbamate 3.71.

To the best of our knowledge, it is the first time that an ureido-bearing 1,4-naphthoquinone

carbamate is synthesized, paving the way for further developments of this synthetic approach.
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The structure of compound 3.71 was confirmed by 2D-NMR analyses at 298 K in CDCls. All H
and 13C signals were assigned based on the chemical shifts, spin—spin coupling constants,
splitting patterns, and signal intensities by using 'H-TH COSY, 'H-13C HSQC, and 'H-13C HMBC

experiments. The 'H and 13C chemical shifts of 3.71 are given in Table 3.5.

Table 3.5. 'H and 3C NMR data assignments of compound 3.71 in CDCls at 298K.

= TH - TH COSY correlation
TH - 13C HMBC correlation

'H/13C numbering | 'H chemical shift (ppm)  3C chemical shift (ppm)

C-1 176.3

C-2 147.6

C-3 123.3

C-4 180.9

C-4a 131.3

CH-5 8.05 (m) 127.0

CH-6 7.79 (m) 135.0

CH-7 7.90 (m) 134.6

CH-8 8.17 (m) 127.1

C-8a 131.3

CH-9 6.84 (s) 52.6

C-1b 134.0
CH-2b 7.44 (m) 129.5 (d, J = 8.0 Hz)
CH-3b 7.03 (m) 116.3 (d, J = 21.0 Hz)
C-4b 163.0 (d, J = 248.0 Hz)
C-10 148.5

C-11 151.3

NH 8.41 (1, J = 5.6 Hz)

a=3.33 (m)

CH-12 0=3.37 (m] 36.3
CH-13 1.17 (t,J = 7.3 Hz) 14.7

*1H and 13C numbering of 3.71 do not follow IUPAC rules.

The TH NMR spectrum revealed some significant features: the NH showed up as a broad
friplet at 8.41 ppm, indicating a coupling to the nearby CH2 group, as demonstrated by the
COSY experiment, while H-? was found at 6.84 as a sharp singlet, indicating that it had no
neighbor protons. The rigidity of the structure caused the protons He-12 and He-12 o appear as
diastereotopic, and they demonstrated coupling with both their neighbors CHs and NH. For
each type of carbon, the 13C resonance data revealed a total of 19 signals, their aftribution

enabled the non-ambiguous structure identification of 3.71.
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The signals at 176.3 ppm and 180.9 ppm were attributed to the two carbonyl groups of the
naphthoquinone ring, while the urea carbon C-11 resonated at 151.3 ppm. The newly formed
carbamate carbonyl C-10 signal appeared at 148.5 ppm. The 3C-'H HMBC experiment
contributed to the identification of all long-range couplings between protons and carbons. In
addition, the correlation of H-9 with all carbons C-2, C-3, C-4, C-10, C-1b, C-2b, C-3b, and C-
11 as well as the revelation of the relevantly different dislocated chemical shifts values for H-9
and C-9 between 3.71 (H-9 at 6.84 ppm and C-9 at 52.6 ppm) and starting compound 3.46 (H-
9 at 6.54 ppm and C-9 at 49.0 ppm) permitted the unambiguous structure confirmation of the

cyclized naphtho-carbamate derivative 3.71.

3.3 Biological and in silico evaluation of the Biginelli-linear series

Although the Biginelli-inear series was not infended to be our objective, the biological
activities of these new molecules were investigated. Related compounds, 2-hydroxy-1,4-
naphthoquinone derivatives bearing C-3 substituted amino moieties, particularly known as
lawsone Mannich bases, have been reported in the literature (Fig. 3.9, compounds 3.72), and
their antfiplasmodial activities against P. falciparum CQ-sensitive (3D-7) and CQ-resistant (RKL-
2) and multidrug resistant (K1) strains were evaluated [54],[55]. The most promising among them
retained ICsp values between 1.0 uM and 1.3 uM, better than CQ which was used as reference.
However, the mechanism of action of these compounds was not known. The ethyl-amino
substituent at C-3 was found to be an important feature for the observed activity, while the
better combination of the side chains R1 and Rz is still under investigation [56].

In addition, similar naphthoquinone derivatives with a urea moiety have recently been
reported to exhibit leishmanicidal activities with ICso values between 1.2 uM and 3.2 uM against
L. pifanoi axenic amastigote forms, and selectivity index values ranging between 2.3 and 3.3
[57] (Fig. 3.9, compounds 3.73). Their ICso values were comparable to the parent MBC-132 (ICso
= 0.5 uM and SI = 5.1) (Fig. 3.8), a well-known L. donovani GSK-3s inhibitor. However, their

proposed mechanism of action, namely inhibition of glutathione reductase GSK-3, was not

proved.
Antiplasmodial Leishmanicidal Our work:
(o} (o) o o
H Cl
X e, COLR - TR i
N— N_ _N—R
R, HJLFIIH HJI\OMe \n/
O R, o) R o) o
3.72 3.73 MBC-132 3.43-3.68
P. falciparum L. pifanoi (axenic forms) L. pifanoi (axenic forms) IC50=? X
IC5=1.0-1.3uM IC50=1.2-3.2puM IC50=0.5 uM

Figure 3.9. Lawsone Mannich bases and their antiparasitic activities.
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3.3.1 In silico evaluation against mitochondrial targets of P. falciparum

The in silico evaluation of the following synthesized series was conducted by me during my
intfernship (2 months) in the Institute of Chemistry, Department of Molecular Technology (Tartu,
50411, Estonia) while supervised by Dr Alfonso Garcia-Sosa. The Biginelli-linear series was first
submitted to anin silico screening against both mitochondrial targets of P. falciparum bc1 and
DHODH in order to verify if there could be any potential interactions between them. For bcl
target, the cytochrome enzyme Q7HPO3, isolated from the X-ray complex structure of
atovaguone in the catalytic Qo site of bc1in Saccharomyces cerevisiae (PDB: 4PD4) was used
[58]. As it did not belong to P. falciparum parasite, it was AlphaFold2 modeled. The final
predicted model used for docking of bc1 was highly confident (See Chapter 2 for more details).
For DHODH target, the X-ray crystal structure of the enzyme bound with XCV of P. falciparum
was available in PDB (PDB: 7L01) with very good resolution and was used as such [59] (See

Chapter 2 for more details).

Atovaguone (ATQ) was used as positive control for docking against bc1 (Table 3.6, entry 22)
and XCV (Table 3.6, entry 23) against DHODH, as its inhibitor. Both ATQ and XCV were used
exactly as found into the binding site of the corresponding mitochondrial target without
generating extra ionization forms and isomers after auto-docking. The most favorable binding
pose of the naphthoquinone structure for ATQ and all molecules of the series was found to be
its ionized tautomeric form presented in Fig. 3.10. The ligand-protein system was completely
free to reach the most energetically favorable pose, without imposing any restrictions. During
this study, water molecules were completely removed before docking for both targets. The
interactions of ATQ were similar to those of MMV007571 (See Chapter 2) in both targets. The
naphthoquinone ring of ATQ and the whole series of molecules was found to bind in ifs

tautomeric form to both targets (Table 3.6).

ATQ Biginelli-linear series

Figure 3.10. Optimal structure found for binding into the bc1 binding site.

Intfo bcl, precisely, the naphthoguinone ring of ATQ exhibited strong hydrophobic
interactions with Met 133, lle 141 and lle 258. The cyclohexyl moiety contributed to strong
hydrophobic interactions with lle 141 and Phe 264, while the para-chlorobenzyl substituent was

placed out of the binding site (solvent exposed). In DHODH binding site, XCV formed substantial
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hydrogen bonds with Arg 265 and His 185 and displayed strong polar interactions with Cys 184

and His 185. However, the CFs substituent was placed out of the binding site (solvent exposed).

All docking scores of this library of compounds are presented in Table 3.6.

Table 3.6. In silico evaluation of Biginelli-linear series: predicted docking scores of compounds
against bc1 and DHODH mitochondrial targets of P. falciparum.

Docking score | Docking score

Entr Combound Pfbc1 PfDHODH
y P (kcal/mol) (kcal/mol)
(0]
OH
904
N\H/NHZ
Cl
3.43
(o]
OH
904
N\n/NHz
2 o] O (o} -9.1 -5.2
OMe
3.45
(o]
OH
QL x
N\n/Nv
3 o O o -9.1 -6.1
F
3.46
(o)
OH
4eeN
N\n/N\/
Cl
3.47
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5 -6.7 -4.9
6 -5.6 -8.6
7 -8.7 -6.4
8 -9.4 -6.0
9 -6.7 -6.8
10 -10.0 -7.1

Cl

3.55
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Cl
3.61
(o]
QI
H H =
N_N_Z
hig
(©) i o
Br
3.62
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-7.3

-8.0

-6.1

-6.9
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-7.1

-6.9

-6.4

-6.6
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20

21

22
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-9.3

-11.3

-5.8

-5.9

-6.9

-7.2

-10.1



23 - -11.2

A generated library of decoys [60],[61] that was downloaded from Maestro Schrodinger
was used to assess the obfained docking scores. The naphthoquinone derivatives with the
highest docking scores (more negative) out of the entire set of molecules were re-docked with
this library of 1000 drug-like molecules (decoys). The most active compounds of all
naphthoquinone families for the bc1 target were ranked in the top 10%, passing the decoys
test. The most active compounds of all naphthoquinone families for DHODH received a 19%
fop score, which was also acceptable. ATQ and XCV were both ranked even higher,
belonging to less than top 5% of all molecules tested. This proves that the docking methodology

used was reliable and did not produce any false positives.

All 2-hydroxy-1,4-naphthoquinone derivatives were docked into the binding site of bc1 and
DHODH, and their anticipated interactions revealed comparable binding modes and
interaction partners as compared to the known inhibitors ATQ and XCV. In addition, the whole
series of molecules was found capable to enter the binding site, even in cases when the
docking scores were not quite favorable. Five families of molecules can be distinguished,
characterized by the urea side chain substitution: urea (no substituent), ethyl, butyl,

propynyl/propargyl and 2-hydroxyethyl urea-naphthoquinone derivatives.

o P. falciparum cyt bc1 mitochondrial target:

Generally speaking, against bc1 target, all except propargyl urea derivatives (Table 3.6,
entries 14-18) bearing a 4-halogen substituted phenyl ring at C-3 exhibited the higher (more
negative) docking scores. This can be accounted for the naphthoquinone ring's numerous
potent hydrophobic and pi-pi stacking interactions with the bcl binding site. For example,
compounds 3.43 (urea derivative), 3.46 (ethyl urea derivative) and 3.66 (2-hydroxyethyl urea
derivative) (Fig. 3.11) exhibited comparable docking scores (Table 3.6, entries 1, 3 and 19,
respectively) and quite similar binding poses to atovaquone at the same position of the cavity

and very strong hydrophobic interactions with the bc1 target.
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However, it should be noted that the naphthoquinone ring of these three derivatives had a

different orientation in comparison to ATQ while entering the binding site. This orientation

favored an exira pi-pi stacking of the naphthoquinone ring of compound 3.43 and 3.66 with

Phe 264 residue (Fig. 3.11). In addition, for compound 3.66, the ferminal hydroxy group is able

to form a hydrogen bond with Leu 271.

The butyl-urea derivative 3.55 (Table 3.6, entry 10) exhibited the best (-10 kcal/mol) docking

score of the whole series against bc1. This result was consistent with the fact that 3.55 exhibited

a very similar binding pose to that of ATQ and it entered into the binding site having the same

orientation. That permitted strong hydrophobic interactions with all neighbor amino acid

residues and pi-pi stacking interactions with Phe 264 and Tyr 126 (Fig. 3.11).
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Figure 3.11. Binding modes and interactions for selected compounds in the binding site of bc1.

The desired DHPM structure was also evaluated in silico. Compound 3.42 (Table 3.6, entry
21) exhibited an acceptable docking score (-8.2 kcal/mol) against bc1 mitochondrial target
of P. falciparum. 3.42 had the same orientation as atovagquone while entering the binding site
and displayed a similar binding pose. The 3,4-dihydropyrimidinone ring offered and extra pi-pi

stacking with Tyr 268, in addition to a variety of strong hydrophobic interactions with all amino

acid residues (Fig. 3.12).
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Figure 3.12. Binding modes and interactions for compound 3.42, compared to atovaquone in
the binding site of bcl.
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o P. falciparum DHODH mitochondrial target:

Generally speaking, against DHODH target, the butyl-urea series of Biginelli-linear derivatives
3.54-3.59 (Table 3.6, entries 9-13) presented the most promising (more negative) docking scores
compared to the other families of molecules. Concurrently, the para-phenyl substituent
seemed not to play a crucial role for this family of compounds as its modification made no
difference regarding the obtained docking scores. A similar tfrend was observed for the 2-
hydroxyethyl urea family of Biginelli-inear compounds 3.66-3.87 (Table 3.6, entries 19-20) as well
as for the 4-halogen phenyl substituted 3.60-3.62 of propargyl-urea family (Table 3.6, entries 14-
16).

This can be accounted for the naphthoquinone ring's numerous potent hydrophobic
interactions and hydrogen bond formations with the corresponding residues into the DHODH
binding site. For example, compounds 3.43 (urea derivative), 3.46 (ethyl-urea) and 3.55 (butyl-
urea) (Fig. 3.13) exhibited comparable docking scores (Table 3.6, entries 1, 3 and 10,
respectively) and were all located at the same part of DHODH binding site. However, it was
another part of the cavity, right next to XCV's binding site. Conspicuously, the naphthoquinone
ring seemed to play a crucial role in binding and it exhibited strong hydrophobic interactions
with His 185, Arg 265, Phe 227 and Tyr 168 residues (molecule 3.43, Fig. 3.13).
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Figure 3.13. Binding modes and interactions for selected compounds in the binding site of
DHODH.
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Withal, a small part of the molecule (4-Cl phenyl substituent) was found exposed to the solvent.
Urea substitution either with ethyl (3.46, Figure 3.11) or butyl (3.55, Fig. 3.13) side chains seemed
to push further the molecule to the exterior of the binding site. As a result, a part of the

hydrophobic interactions of the naphthoquinone rings of the structures was lost.

Only the derivatives of 2-hydroxyethyl urea appeared to have a nearly identical position in
the binding site than XCV, the inhibitor of DHODH. For instance, 3.66 demonstrated
comparable interactions with XCV and explored the binding site deeper. The naphthoquinone
ring of compound 3.66 contributed significant van der Waals interactions with Asp 228, Lys 229,
Asn 230, and other nearby amino acid residues, as well as pi-pi stacking with Lys 229. Along
with two additional hydrogen bonds that two carbonyl groups of the lawsone scaffold formed
with Lys 229 and Asn 230, the terminal hydroxy group formed a long-range hydrogen bond with
Asp 186 to further stabilize this pose (Fig. 3.13).

The desired DHPM structure was evaluated against DHODH. Compound 3.42 (Table 3.6,
entry 21) exhibited an excellent docking score (-10.0 kcal/mol) against DHODH mitochondrial
target of P. falciparum, even better than the whole Biginelli-linear series (docking scores around
-7.0 kcal/mol). 3.42 found to share the major part of XCV's binding site. The naphthoquinone
ring offered both hydrophobic and van der Waals interactions with His 185, Cys 184 and Leu
531. The 3,4-dihydropyrimidinone ring contributed to additional hydrophobic interactions with
the other part of the cavity (Fig. 3.14).

3.42

A o
uy s
1 8 s

o Charged (negative) Polar Distance —e Pi-cation

o Charged (positive) o Unspecified residue = H-bond — Salt bridge
Glycine Water * Halogen bond Solvent exposure
Hydrophobic Hydration site Metal coordination

o Metal X Hydration site (displaced) e—e Pi-Pi stacking

Figure 3.14. Binding modes and interactions for compound 3.42, compared to XCV in the
binding site of DHODH.

To sum up, this unique series of Biginelli-inear naphthoquinone derivatives could work as

cytochrome bc1 inhibitors as the whole series, except for propargyl-urea naphthoquinone
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derivatives, exhibited comparable docking scores to the reference drug ATQ. For DHODH,
among all families of compounds, the 2-hydroexyethyl-urea naphthoquinone derivatives were
able to share a similar binding map with XCV. Finally, a potential cyclized DHPM family of
naphthoquinones could act both as bc1 and DHODH inhibitors, targeting both mitochondrial

targets at the same time.

Consequently, all Biginelli-linear series were worth being biologically evaluated against P.
falciparum, L. donovani and other pathogens in order to further investigate their potential as

anti-infectious agents.

3.3.2 Biological evaluation of Biginelli-linear series

Activities against P. falciparum

The promising docking scores obtained for the maijority of the Biginelli-linear series against
both P. falciparum mitochondrial targets bc1 and DHODH encouraged a further in vitro
evaluation. The antiplasmodial activity of the synthesized series was evaluated by our own
team (see Chapter 2) at three doses (0.1 uM, 1T yM and 10 uM) against the artemisinin resistant
strain of P. falciparum F32-ART. Unfortunately, the whole series of Biginelli-linear compounds
3.43-3.68, along with all isolated Michael adducts 3.44 and 3.69 exhibited ICso values higher
than 10 uM. Thus, they are considered inactive against P. falciparum. The carbamate derivative

3.71 will be biologically evaluated against P. falciparum in the near future.

Activities against L. donovani

The antileishmanial activity of synthesized series was evaluated in vitro against L. donovani
LV9 axenic amastigote and inframacrophage amastigote forms (see Chapter 2 for
methodology). The majority of the series of Biginelli-linear compounds along with isolated
Michael adducts 3.44 and 3.69 exhibited ICso values higher than 15 uM against both forms of
Leishmania parasites. Miltefosine was used as the reference drug and exhibited the ICso values
of 3.0 uM and 1.5 yM against axenic amastigotes and inframacrophage amastigotes,
respectively (SI = 15.5). Three compounds (3.51, 3.67 and 3.68) of the Biginelli-linear library
exhibited ICso values less than 16 uM and 4 uM against axenic and inframacrophage
amastigotes, respectively (Fig. 3.15). Compounds 3.51 and 3.68 bearing a parao-
tfrifluoromethylphenyl substituent exhibited ICso values equal to 4 uM and 9.6 pM against L.
donovani axenic amastigotes, respectively. The same compounds had even better ICs values
against inframacrophage amastigotes, namely 1.6 pM for 3.51 and 3.2 uM for 3.68. 3.51
exhibited an excellent selectivity index (Sl = 64), meaning that it was 4-fold times safer than
miltefosine and equally active. Compound 3.68 had a selectivity index (S| = 14.3) comparable

tfo miltefosine. Finally, compound 3.67 exhibited an ICso value of 15.8 uM and 2.4 uM against
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axenic and inframacrophage amastigotes, respectively (SI=12.8). However, further studies are
required before any conclusions can be drawn about the pharmacophore of this class of
compounds and what would be the right combination of side chains (urea substitution) and

phenyl substituent.

Biginelli-linear lawsone derivatives:

L. donovani L. donovani L. donovani

amastigotes CFs amastigotes NO, amastigotes CF3

axenic : ICg5p = 4 yM axenic : IC5p = 15.8 yM axenic : IC5p = 9.6 UM
inframacrophage : IC5, = 1.6 y4M  inframacrophage : IC5, = 2.4 yM inframacrophage : IC5, = 3.2 yM
Sl =64 SI=128 SI=143

Figure 3.15. The most active compounds of the Biginelli-linear series against L. donovani.

The biological evaluation of the carbamate derivative 3.71 against L. donovani LV9 axenic

amasstigotes forms is currently in progress.

Activities against M. tuberculosis

The antimycobacterial activity (MICs) of the synthesized series was evaluated in vitro
against M. fuberculosis H37Rv (see Chapter 2 for methodology). Unfortunately, the whole series
of Biginelli-inear compounds 3.43-3.68, along with all isolated Michael adducts 3.44 and 3.69
exhibited ICso values higher than 100 uM. Thus, they are considered inactive against M.
tuberculosis. In addition, the carbamate naphthoquinone derivative 3.71 exhibited an ICso
value higher than 81 uM after a preliminary screening against M. abscessus ATCC-19977.
Compared to bedaquiline which was used as reference drug and had an ICso at 3.6 uM, 3.71
was therefore considered inactive. As a result, there was no further in vitro evaluation against

M. tuberculosis H37Rv.

Antimicrobial activities

A potential antibacterial activity was investigated against various Gram-positive and Gram-
negative bacteria such as E. coli ATCC-25922, S. aureus ATCC-29213, K. pneumoniae BAA-1705,
A. baumannii BAA-1605, and P. aeruginosa ATCC-27853. This evaluation was carried out at the
Division of Microbiology, Central Drug Research Institute, under the supervision of Dr Sidharth
Chopra (CSIR-CDRI, Lucknow 226031, Uttar Pradesh, India). All tests and MIC determinations
were carried out according to already established protocols [62]. Levofloxacin was used as a

reference drug for the whole screening against all above mentioned bacterial strains.
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Unfortunately, almost the entire series of Biginelli-linear compounds 3.43-3.68, along with all
isolated Michael adducts 3.44 and 3.69 exhibited ICso values higher than 160 uM. Thus, they are
considered inactive against all bacteria. Only Biginelli-linear derivative 3.49 bearing an ethyl-
urea side chain and a para-iodophenyl substituent exhibited the lowest ICso at 34 uM against

S. aureus, while the reference drug levofloxacin displayed an ICsoequal to 0.35 uM.

Overall, it was discovered that the Biginelli-linear series was ineffective against almost all
examined pathogens. Taking info account the problems with stability in solution, and
disappointing biological activities in vifro, the lack of activity of these compounds may be
caused by their decomposition intfo the cell media during the in vifro tests. Since docking
revealed that they could bind to both DHODH and bc1 mitochondrial targets of P. falciparum,

a method for stabilizing these structures was worth being developed.

3.4 Results and discussion (Part Il)

The first part of the chapter demonstrated that the Biginelli-linear compounds exhibited
stability problems in aqueous slightly acidic and less in basic conditions. Their decomposition
leads to Michael adducts formation and starting compounds.

That may be the main reason why these compounds did not exhibit any interesting
biological activities. The enol form of these compounds could be responsible for this aqueous
instability. Therefore, in parallel to cyclization studies (Part 1), our interest was also focused on
deactivating the enol function of lawsone moiety, by alkylating the 2-hydroxy group.

The methyl group is the smallest existing alkyl group, a well-known and high-impact
substifuent that has the potential to gently produce small changes in terms of molecular
weight, lipophilicity, and possibly biological activity without significantly altering the binding
properties of the Biginelli-linear series [63].

Previous work (Part I): This work (Part I1):

(o]
OH OMe
O e QI b
Y Y

ZT

X
3.43-3.68 Methylated derivatives
INACTIVE ! More stable

Figure 3.16. Blocking the enol function of lawsone moiety of Biginelli-linear series by methylation.
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3.4.1 Chemistry - Synthesis of O-methylated Biginelli-linear compounds

3.4.1.1 Reaction conditions for optimization studies

Given that the Biginelli-inear products had three potential positions that could be
methylated (2-OH and both NH of the urea scaffold), an effective and selective methylation
protocol had to be established in order to prevent multiple methylated side products.
Compound 3.46 was chosen for all methylation studies. All attempts were made in solution, by
varying both the methylating agent and the base required for 2-OH deprotonation-activation.
All reactions were conftrolled by TLC and stopped when they were complete or there was no
more evolution. Afterwards, the crude reaction mixtures were collected after a rapid aqueous
freatment (work up), analyzed by TH NMR and mass spectrometry. The results are summarized
in Table 3.7.

Cheng et al. [64] made extensive use of the rather unusual methylating agent
tetramethylammonium fluoride (TMAF) in their attempts to find a way for chemoselective
methylations of aromatic and heteroaromatic amides, amines, phenols, and alcohols. Their
conftrol experiments demonstrated that TMAF could provide the methyl transfer source and
fluoride itself could act as the required base. The authors came to the conclusion that using
foluene as a solvent could be beneficial for the purification process because the excess of
TMAF used in the reaction as well as the byproduct MesNHF could be easily removed by

precipitation in foluene once the reaction was complete.

Table 3.7. Selective methylation attempts of Biginelli-inear compound 3.46.

(o] (0]
OH OMe
O‘ n n Methylating agent‘ O‘ H H
\n/ ~ Base, Solvent N\H/NV
Qa” a
346 ¢ 372 ¢
. Reaction s
Entry Methylating Base  Solvent Temperature time Yield
agent (°C) (h) (%)
1 MesNF - PhMe 100 3 -
2 MesNF py PhMe 100 3 -
3 Mel NaH DMF 0-40 overnight fraces
4 TfOMe n-Buli THF -78 4 -
5 TfOMe n-Buli THF 0 4 traces
6 Me2SO4 K2COs | acetone reflux 0.5 60 **

* Estimated yield based on 'H NMR analysis of the crude mixture. ** Isolated yield.
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However, when this methylation protocol was repeated for 3.46 (Table 3.7, entfry 1), only
decomposition of the starting compound was observed. Nothing was changed by the addition

of 1 eq. of pyridine (Table 3.7, entry 2).

The same outcome was obtained when the methylating agent was changed for methyl
iodide (Mel) in the presence of NaH in DMF [2], (Table 3.7, entry 3). Moreover, traces of the
expected O-methylated product were found among other poly-methylated products, after
extracting the crude reaction mixture in AcOEt. This methodology was not further optimized
because the reaction was very sluggish and thus might favor the formation of undesirable

byproducts.

A variation of Evans protocol was also tested aiming to selectively methylate 3.46 [65]. 3.46
was subjected to react with methyl friflate in THF, activated by n-Buli at very low temperature
in order to impede the decomposition of starting materials (Table 3.7, entry 4). Under these
conditions, no reaction was observed at -78 oC and the starting compound was fully
recovered. When the same reaction was repeated at 0 °C for 4 hours, only tfraces of the desired
product 3.72 along with unreacted 3.46, were found in the crude reaction mixture, controlled
by TH NMR and mass spectroscopy (Table 3.7, enfry 5). A complex reaction mixture was
produced by varying the temperature (between rt and 50 °C) and the reaction fime (6 hours
and overnight), but this did not increase the yield of the desired O-methylated 3.72 because a

part of the initial 3.46 was decomposed.

After a thorough search in the literature regarding naphthoquinones and their reactions,
only one very old methylation protocol was found to be well adapted for lawsone (and other
families of quinones), developed by Rao et al. [66]. The authors subjected lawsone to react
with 1.8 equiv. of dimethyl sulfate (Me2SOs4) and 6.3 equiv. potassium carbonate (K2COs) in
anhydrous refluxing acetone for 3 hours. Then, 2-methoxy-1,4-naphthoquinone was isolated
(83% yield) after recrystallization in benzene. The same methodology was followed for the
selective methylation of the Biginelli-linear 3.46. Indeed, reaction of 3.46 with the same raftio of
Me2SO4 (1.8 equiv.) and K2COs (6.3 equiv.) to the one reported by Rao et al. led to the mono-
methylated product 3.72 after 30 min of reaction (Table 3.7, enfry 6). The reaction was
monitored by TLC and was stopped when the starting 3.4é6 was fully consumed. While the
mono-methylated product was the major product of this reaction, however traces of potential
N-methylated products were detected in the crude reaction mixture (estimated yield of
byproducts 20%). Finally, the desired 3.72 was isolated with 60% yield from the reaction mixture

by filtiration, and was recrystallized in DCM.
3.4.1.2 Structure characterization of monomethylated compound 3.72

The chemical structure of compound 3.72 was unambiguously determined by using a full

pack of H, 13C NMR and 2D 'H-'H homonuclear correlated spectroscopy (COSY) and nuclear
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Overhauser enhancement spectroscopy (NOESY) and 'H-13C heteronuclear multiple bond
correlation (HMBC) NMR analyses in CDCls at 298 K. All TH and 13C signals were assigned based
on chemical shifts (6, ppm), spin-spin coupling constants, splitting patterns and signal intensities.

The TH and 13C assignments of 3.72 are summarized in Table 3.8.

Table 3.8. 'H and 3C NMR data assignments of compound 3.72 in CDCls at 298 K.

— TH -1H COSY correlation
F ~— 'H -13C HMBC correlation F
~— 'H -13C NOESY correlation

'H/13C numbering | 'H chemical shift (ppm) | 13C chemical shift (ppm)

C-1 - 181.6
c-2 - 157.3
C-3 - 131.9
C-4 - 186.1

C-4a - 131.8

CH-5 8.00 (m) 126.3

CH-6 7.74 (m) 134.2

CH-7 7.73 (dd, J = 5.8, 3.3 Hz) 133.8

CH-8 8.06 (m) 126.4

C-8a - 131.4

CH-9 6.63 (bs) 48.5

C-10 - 157.2
CHa-11 3.26 (q,J =7.2 Hz) 35.6
CHs-12 1.16 (t, J = 7.2 Hz) 15.4
CHa-13 4.26 (s) 62.0

NH 6.82 (d, J = 10.1 Hz) -

NHEY 5.88 (bs) -

C-1b - 163.5 (d, J = 2.7 Hz)
CH-2b 7.38 (m) 127.9 (d, J = 8.2 Hz)
CH-3b 7.00 (m) 115.4 (d, J = 21.2 Hz)

C-4b - 161.9 (d, J = 246.0 Hz)

*TH and 13C numbering of 3.72 do not follow IUPAC rules.
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TH NMR spectrum exhibited all expected signals (6, ppm) for all different protons of
naphthoquinone ring system as well as the aromatic protons of 4-fluorophenyl moiety. The
desired methyl group protons H-13 was found at 4.26 ppm as a singlet. H-9 was found at 6.63
ppm coupled with its neighbor proton NH which was found at 6.82 ppm. The 13C resonance
data revealed 19 signals in total, allowing the non-ambiguous structure identification of 3.72.
The methyl group resonated at 62.0 ppm. Finally, the 3C-H HMBC experiment permitted to
identify of all long-range couplings. The experiment showed correlation between H-9 and
carbonyl group C-4, and between methyl protons H-13 and C-2. Meanwhile, the 13C-1H NOESY
experiment further confirmed that the methylation occurred at O-2 and not in another position

existing in equilibrium as methyl protons H-13 were correlated to C-8, C-? and C-2b.

3.4.1.3 Synthesis of a small library of O-methylated Biginelli-linear derivatives

Since this protocol provided both selectivity and acceptable yield, it was used for the
methylation of selected products of the Biginelli-linear series. Every reaction mixture was
monitored by TLC, and it was stopped when the starting compound was fully consumed or
there was no more evolution. The crude reaction mixtures were analyzed by ™H NMR
spectroscopy to verify if any secondary products were formed. The reaction mixtures were
filtered to remove K2COs excess, and medium pressure flash column chromatography
(PuriFlash) was used to separate the desired O-methylated product from the crude filtrate.
Many attempts were made in order to improve the green character of this step. In principle,
crystallization was a good way to purify the target compound. However, recrystallization could
not be used as a general purification method as in many recrystallized compounds an amount
of dimethyl sulfate was present (10-15%). For that reason, the method used for the purification
of all final compounds was by medium pressure flash column chromatography. All the results
are summarized in Table 3.9.

All N-ethyl substituted Biginelli-linear derivatives were methylated. The N-ethyl compounds
bearing a 4-halogen or methyl substituted phenyl ring attached to C-3 led to the
corresponding methylated derivatives 3.72-3.75 and 3.78 with yields ranging between 60% and
73% (Table 3.9, entries 1-4 and 7, respectively). The methylafion was complete for all
compounds 3.72, 3.73, 3.78, 3.73 and 3.75 in 15 min-20 min. The mono-methylation of the p-
nifrophenyl derivative 3.76 was sluggish with a 42% yield at 90 min. The quite opposite was
observed for para-trifluoromethyl derivative which were complete in 5 min., with an excellent
90% yield.

Afterwards, selected N-propargyl substituted Biginelli-linear derivatives were subjected to
selective methylation. Contrary to the N-ethyl series, these reactions needed generally more
than 1 h to reach completion, because of delocalization of the electrons of the enol function

of the lawsone moiety. In terms of yields, the para-halogen phenyl substituted derivatives 3.80
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and 3.81 (Table 3.9, entries 9-10) were obtained in the same range as the corresponding N-
ethyl ones 70% and 67%, respectively. Compounds 3.82 and 3.83 bearing strong electron
withdrawing groups such as NO2 (Table 3.9, entry 11) and CFs (Table 3.9, entry 12) were
obtained with lower 50% and 40% yields, respectively.

Table 3.9. Selective methylation of selective Biginelli-linear products.

(o} (o}
OH OMe
H H M ,
(LI e tesowrcon | [ 5
\n/ acetone, reflux \n/
(o) l (o] 5 min-2h lo) (o)
X X
Biginelli-linear 3.72-3.84
Reaction time
Entry | Product X R Yield (%)
(min.)
1 3.72 F CH2CHs 60 60
2 3.73 Cl CH2CHs 60 73
3 3.74 Br CH2CHs 15 65
4 3.75 | CH2CHs 15 70
5 3.76 NO2 CH2CHs 90 42
6 3.77 CF3 CH2CHs 5 90
7 3.78 CHs CH2CHs 60 70
8 3.79 OMe CH2CHs 60 63
9 3.80 F CH2C=CH 90 70
10 3.81 Cl CH2C=CH 90 67
11 3.82 NO2 | CH.C=CH 120 50
12 3.83 CF3z | CH.C=CH 90 40
13 3.84 OMe | CHC=CH 45 40

* |solated yield after FCC purification.

Even though the main product of these reactions was the desired mono-methylated one,
the reaction was quite sluggish and was stopped before it was fully completed, to prevent the
formation of unwanted N-methylated byproducts, explaining the low yields for these two

cases.
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As already mentioned before (Part |, Chapter 3), the purification of the Biginelli-linear
derivatives bearing a para-methoxy (p-OMe) phenyl substituted system, was difficult. In that
respect, the crude reaction mixture was used as such for the subsequent methylation. All crude
reaction mixtures containing p-OMe phenyl substituted Biginelli-inear derivatives underwent H
NMR and mass spectroscopic analyses, which revealed that they are 55-65% enriched with the
desired Biginelli-inear methylated product. The desired products 3.79 and 3.84 were easily
isolated after flash column chromatography with 63% and 40% yield, respectively. It should be
noted that the methylated compounds were found to be stable while passing through a silica

gel column under usual purification conditions.

All O-methylated Biginelli-linear derivatives were stable both as powders and in solution at
room temperature and light exposition for two months. Decomposition of the solids was seen
only at temperatures higher than 180 oC. The hypothesis of blocking the enol function of
lawsone moiety of Biginelli-linear derivatives by methylation was thus proven to be correct and

resulted in the synthesis of much more stable molecules.

3.5 Biological and in silico evaluation of the O-methylated series

All O-methylated products were biologically evaluated against P. falciparum, L. donovani,
M. tuberculosis, Gram positive and negative bacteria and other pathogens. In addition, all
compounds were in silico evaluated against two mitochondrial targets of P. falciparum:
cytochrome bcl and dihydroorotate dehydrogenase (DHODH) enzyme by docking each
molecule to both binding sites of the targets. The binding site was determined and the
evaluation of molecules interactions with the binding site was associated to their docking

scores.

3.5.1 Activities against P. falciparum in vitro and in silico studies

The antiplasmodial activity of the —-OMe series was assessed against the F32-ART strain of P.
falciparum, at two doses (1 uM and 10 uM) (see Chapter 2). The precise ICso values of the
compounds were then determined using a chemosensitivity experiment for molecules
inhibiting more than 50% of parasite growth at 10 uM. Atovagquone (ATQ) and DHA were used

as reference drugs. The obtained in vitro results are summarized in Table 3.10.

Blocking the enol function of lawsone moiety of Biginelli-linear derivatives by methylation,
led to ICso values lower than 10 uM against P. falciparum for the whole series of methylated
compounds. More precisely, two families of methylated Biginelli-inear compounds can be

distinguished: the N-ethyl and N-propargyl urea substituted derivatives.

Among N-ethyl-urea family of methylated Biginelli-inear compounds, compound 3.72

(Table 3.10, entry 1), containing a para-fluorophenyl moiety exhibited the lowest ICso value (ICso
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= 2.8 uM) of the whole N-ethyl urea substituted family and of the entfire methylated series in

general.

Table 3.10. Antiplasmodial activity and predicted docking scores of methylated Biginelli-linear
series.

P. falciparum | Inhibition D:fgr'gg Dggcl,(:gg
Entry Compound F32-ART (%) Pfbc1 PfDHODH

ICs0 (UM) atlpM 1 cal/mol) | (keal/mol)

OMe

o
w
3O
N =T
o=
22X
N
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4e¢s
N\n/N\/
2 o) O o) 5.5 6 -8.9 -8.7
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o
OMe
LIk 8
N\n/N\/
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nd

nd

15

4.8

nd

nd

25

3.0

-6.5

-7.3

17

3.0

-6.7

-8.1

5.0

-6.3

-2.7

15

10.0

o

-6.2

-8.2

10.0

11
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12 6.0 0 nd nd
13 5.0 21 -9.4 -6.5
14 0.003 95 nd nd
15 0.001 85 -11.3 nd
16 -NH nd nd nd -11.2

N
Nl )—c=n

XCV
* nd stands for non-determined.

However, when fluorine was substituted with another halogen (Table 3.10, enfries 2-4,
molecules 3.73-3.75) or a strong electron withdrawing group (Table 3.10, entries 5-6, molecules
3.76-3.77) the ICso values were higher, ranging from 4.0 to 5.5 yM. Conversely, when fluorine
was changed for an electron donating group with an inductive (Table 3.10, entry 7, molecule
3.78) or mesomeric effect (Table 3.10, entry 8, molecule 3.79), the ICso values remained almost
the same to 3.0 uM for both 3.78 and 3.79, when compared to 3.72.

Concerning the N-propargyl urea family of methylated Biginelli-linear compounds, the
fluoro-containing derivatives 3.80 (Table 3.10, entry ?) and 3.83 (Table 3.10, enfry 12) exhibited
the lowest ICso value of the family, found at 5.0 uM for 3.80 and 6.0 uM for 3.83. Compound 3.84
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(Table 3.10, entry 13), which contained an electron donating group with a mesomeric effect,
namely para-methoxyphenyl, had an ICso value of 5.0 uM, which was very similar to the ICso
values of the fluoro-containing derivatives 3.80 and 3.83. Adversely, compounds containing a
para-chloro (Table 3.10, entry 10, molecule 3.81) or para-nitrophenyl (Table 3.10, entfry 11,
molecule 3.82) moieties exhibited the highest ICso values of the series equal to 10.0 uM for both
compounds. For the whole series of tested compounds, inhibition of parasitemia at 1uM did not
exceed 20%.

In silico screening

The methylated Biginelli-linear series was submitted to an in silico screening against both
mitochondrial targets of P. falciparum bcl and DHODH in order to check their potential
interactions with these two targets (See Chapter 3 — Part | for more details). Atfovaquone (ATQ)
was used as positive control for docking against bcl (Table 3.10, entry 14), and XCV (Table
3.10, entry 15) against DHODH. All docking scores of this library of compounds are presented in
Table 3.10.

When tested in silico, compound 3.72 (Table 3.10, entry 1, ICso = 2.6 uM) exhibited the best
(more negative) docking scores against both mitochondrial targets bcl and DHODH.
Concerning bc1 target, selective methylation allowed 3.72 to inferact with the bc1 binding site
by binding a little deeper into the cavity and being rotated compared to ATQ (Fig. 3.17). 3.72's
naphthoquinone ring exhibited hydrophobic interactions with His 242, lle 258, Pro 260 and Met
133, as seen in ATQ binding as well. While the OMe group only provided light hydrophobic
interactions with neighbor amino residues in the binding site, it forced the naphthoquinone ring
to flip and fit better to the cavity of bc1 compared to the non-methylated 3.46 (Fig. 3.11). The
same orientation in binding was retained no matter the p-phenyl substituent of the methylated
N-ethyl urea substituted compounds. Forinstance, compound 3.79 (Table 3.10, entry 8) bearing
an electron donating group exhibited similar binding poses to 3.72 in P. falciparum bc1 binding
site (Fig. 3.17). The naphthoquinone ring of 3.79 exhibited strong hydrophobic interactions with
all key-amino acid residues of bcl such as ATQ and offered an addifional strong hydrogen

bond between carbonyl C-4 and Glu 261.
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Figure 3.17. Binding modes and interactions for compound 3.72 and 3.79, compared to ATQ in
the binding site of bcl.

Concerning DHODH target, selective methylation allowed compound 3.72 to inferact with
the binding site slightly deeper than the inhibitor XCV. While methylation had no effect on the
binding mode of 3.72 when compared to non-methylated 3.46 (Fig. 3.13), it did extend the
hydrophobic interactions of the naphthoguinone ring with Asp 169 (Fig. 3.18). The N-ethyl urea
and para-fluorophenyl substituents, on the other hand, were placed outside of the binding site.
In conftrast fo the bc1 target, where other para-phenyl substituents of methylated N-ethyl urea
derivatives had no effect on the orientation of the corresponding compound into the binding
site, it was critical in DHODH. For example, compound 3.79 (Table 3.10, entry 8) with a p-OMe
phenyl substituent (Fig. 3.18) had a very different interaction map with DHODH compared to
XCV (Fig. 3.18), as 3.79 was only partially in contact with the binding site. Furthermore, unlike in
the case of 3.72, the naphthoquinone ring of 3.79 did not provide any hydrophobic interactions
with the binding site but exhibited very strong Van der Waals and polar interactions with Asn
239, Lys 229, and Asp 226 as long as a hydrogen bond with Lys 229 residue. In addition, urea’s
carbonyl group provided a strong hydrogen bond with Asn 230, which added stability. Even
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though the N-ethyl-urea substituent was found to be rotated in comparison to 3.72, it was sfill
found to be outside of the binding site.
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Figure 3.18. Binding modes and interactions for compound 3.72 and 3.79, compared to XCV in
the binding site of DHODH of P. falciparum.

A preliminary docking study of some putative fully methylated Biginelli-linear derivatives was
also conducted for comparison purposes. In fact, when the Biginelli-linear compounds were
fully methylated, they ended up losing binding affinity with both P. falciparum mitochondrial
targets due to steric hindrance. Their docking scores were found to be significantly lower when
compared to the unmethylated and selectively O-methylated series. For instance, the fully
methylated derivative of 3.72 (Fig. 3.19, panel A) was forced to flip in order to fit info the bcl
binding site.
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Figure 3.19. Binding modes and interactions for a fully methylated Biginelli-linear derivative in
both bc1 (panel A) and DHODH (panel B) targets.

As a result, an important part of the naphthoquinone ring could no longer participate in
hydrophobic interactions, explaining the relatively low (less negative) docking score of -6.4
kcal/mol against bc1, compared to -10.0 kcal/mol prior to full methylation (Table 3.10, enfry 1,
molecule 3.72). The situation was even worse for binding to DHODH. The fully methylated
derivative of 3.72 (Fig. 3.19, panel B) did not appear to change orientation as it approached
the binding side, but almost the entire structure was unable to enter the cavity, explaining the
obtained docking score of -5.2 kcal/mol compared to -9.2 kcal/mol prior to full methylation

(Table 3.10, entry 1, molecule 3.72).

In conclusion, while the unmethylated Biginelli-linear parent molecules were found o be
inactive against P. falciparum, the entire series of selectively O-methylated Biginelli-linear
compounds exhibited ICso values lower than 10 uM. Among them, compound 3.72 had the
lowest ICso value at 2.8 uM and the deepest docking scores against both P. falciparum
mitochondrial targets bc1 and DHODH. In addition, 10 out of the 13 compounds exhibited ICso

values lower than 5 uM. In comparison to the N-propargyl family of compounds, it appears that
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N-ethyl substitution of the urea moiety provided better activities. Besides, N-ethyl should be the
longest carbon chain attached to urea moiety because longer carbon chains could prevent
the molecules to enter both bc1 and DHODH binding sites. As for the para-phenyl substituent
could be either F among all electron withdrawing groups or OMe from electron donating
groups. These findings were consistent with previously published work, and further substituent
modulation is required to achieve better activities. Finally, additional docking studies indicated
that the majority of these compounds may act as both bcl and DHODH inhibitors of P.
falciparum, thereby targeting both mechanisms simultaneously. This could be considered a

benefit when developing compounds to combat multi-drug resistance.

3.5.2 Activities against L. donovani

The leishmanicidal activity of synthesized series was assessed in vitro against L. donovani LV9
axenic amastigotes and inframacrophage amastigotes forms (see Chapter 2 for
methodology). Shortly, first the leishmanicidal activity against L. donovani axenic amastigotes
forms was evaluated. The compounds exhibiting ICso values lower than 10 uM were further
evaluated against inframacrophage amastigote forms. Cytotoxicity was evaluated on RAW
264.7 macrophages. Miltefosine was used as reference drug. The obtained results are

summarized in Table 3.11.

Table 3.11. Leishmanicidal activity of O-methylated Biginelli-linear series.

L. donovani L. donovani
axenic inframacrophage CCso N
Entry Compound amastigotes amastigotes (UM)
ICs0 2 SD (UM) ICs0 (UM)

H
N
1 o O o 42+1.5 2.1 12.2 5.7
F

H
N
2 OO 5013 7.5 >100 | 13.4
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5.4+0.6

29+0.2

2.7+0.3

7.5%27
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9 2.6+0.3 1.3 > 100 | 76.3
10 4.1+£1.2 1.4 > 100 | 69.4
11 59+0.5 7.2 >100 | 134
12 3.0+£0.2 2.1 > 100 | 46.5
13 55+£1.1 > 100 >100 nd
OMe
3.84
14 Miltefosine 3.0 1.5 - 15.5

*nd stands for non-determined.

The whole series of 13 novel O-methylated Biginelli-linear derivatives 3.72-3.84 was found to
be active (ICso values lower than 10 uM) against both amastigotes forms, axenic and

inframacrophage, of L. donovani in contrast to the non-methylated series (Chapter 3, Part I).

Among the N-ethyl urea family of compounds, the derivatives bearing a para-phenyl

substituted moiety with strong electron withdrawing groups such as NO2 for 3.76 (Table 3.11,
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entry 5) and CFs for 3.77 (Table 3.11, entry 6) exhibited excellent ICso values (1.2 uM and 1.5 uM,
respectively) against inframacrophage amastigote forms, very similar to miltefosine (ICso = 1.5
WUM). In addition, they were found to be at least 4-fold times more selective (SI =82 for 3.76 and
68.5 for 3.77) than the reference drug (SI = 15.5). Among all (para)halogen-phenyl substituted
derivatives, the para-fluorophenyl compound 3.72 (Table 3.11, entry 1) exhibited an ICso value
equal to 2.1 yM against inframacrophage amastigotes, similar to 3.7é6 and 3.77, and a Sl 2.5-
fold fimes lower (SI = 5.7) than miltefosine (Table 3.11, entry 14). However, when the halogen
substituent was modified to Cl or Br (compounds 3.73 and 3.74, Table 3.11, enfries 2-3) the ICso
values increased up to 7.5 uM and 7.0 uM, respectively, while the SI were found to be very
similar (SI = 13.4 and 14.3, respectively). Compound 3.75 (Table 3.11, enfry 4) exhibited an ICso
value at 4.5 yM against inframacrophage amastigotes and a Sl of 22.5. Surprisingly, among the
N-ethyl urea derivatives bearing a para-phenyl substituted moiety with electron donating
groups 3.78 and 3.79 (Table 3.11, entries 7-8), compound 3.79 exhibited an excellent ICs and
Sl value at 1.5 uM and 67.1, respectively, compared to miltefosine. However, the change of
OMe group of 3.79 for Me (compound 3.78) led to a significant decrease concerning both the

activity (ICso = 8.9 uM) and selectivity (SI = 11.3) values.

Among the N-propargyl urea family of compounds, the para-halogen phenyl substituted
derivatives 3.80-3.81 (Table 3.11, entries 9-10) and the CFs substituted derivative 3.83 (Table
3.11, entry 12) exhibited similar ICso values 1.3 uM, 1.4 uM and 2.1 uM, respectively. The S| for
these compounds ranged between 46.5-76.3, meaning that all three compounds were at least
3-fold times more selective than miltefosine, used as reference (SI = 15.5). Compound 3.82
(Table 3.11, entry 11) exhibited an ICso value at 7.2 uM and Sl equal to 13.4. Finally, compound
3.84 (Table 3.11, entry 13) exhibited a very promising ICso value of 5.5 yM against axenic

amastigotes, but was found to be inactive against inframacrophage amastigote forms.

To sum up, the entire O-methylated series of the Biginelli-inear derivatives was found to be
active (ICso lower than 10 uM) against both axenic and intramacrophage amastigote forms of
L. donovani, which was not the case for the previous non-methylated compounds. In
comparison to the reference drug miltefosine, 11 out of 13 compounds were found to be at
least 2-fold times more selective, indicating that the series is not toxic to the host cells. However,
further studies need to be done in order to understand the factors that could influence the
leishmanicidal activity as obviously the electronic effects are noft sufficient. That could help fo
reach a safe conclusion concerning the optimum combination of urea and phenyl substituents

of this series of compounds.

3.5.3 Activities against various microorganisms
A potential antimicrobial activity was investigated against various Gram-positive and Gram-
negative bacteria such as E. coli ATCC-25922, S. aureus ATCC-29213, K. pneumoniae BAA-1705,

A. baumannii BAA-1605, and P. aeruginosa ATCC-27853. Levofloxacin was used as a reference
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drug for the whole screening against all above mentioned bacterial strains. The
antimycobacterial activity (MICs) of the synthesized series was assessed in vitfro against M.
tuberculosis H37Rv. Streptomycin was used as positive control (see Chapter 3-Part | for

methodology).

The entire series was found to be inactive against bacteria E. coli, K. pneumoniae, A.
baumannii and P. aeruginosa with ICso values higher than 100 uM, in comparison to
levofloxacin which exhibited ICso values ranging from 0.04 to 11.1 uM, depending on the
bacterial strain. The activities of 3.72-3.84 were only moderate against M. tuberculosis and S.
aureus. Four out of the thirteen compounds were found to be interesting against M. fuberculosis
with ICso values lower than 100 uM. Compound 3.75 (Fig. 3.20), belonging to N-ethyl substituted
family of methylated Biginelli-linear derivatives, exhibited the lowest ICso value (20.4 uM),
nevertheless 20-fold times higher than that of streptomycin (ICso = 0.43 uM). Compounds 3.81
and 3.83 (Fig. 3.20) of N-propargy! urea substituted family exhibited ICso values of 48.9 uM and
45.2 UM, respectively, 40-fold higher than streptomycin. This preliminary activity screening did

not encourage further cytotoxicity evaluation.

Five of the thirteen compounds exhibited ICso values lower than 100 uM against S. aureus,
while ICso value of the reference drug levofloxacin was 0.35 uM. Compound 3.75, exhibited the
lowest ICso value (65.3 uM), nonetheless 60-fold higher than that of levofloxacin. The remaining
four compounds 3.72, 3.74, 3.80, and 3.81 had ICso values ranging from 72.2 to 83.7 uM. This
preliminary activity screening did not justify further cytotoxicity investigation. However, more
results are required to provide reliable conclusions about structure-relationship for this type of

molecules.

O-methylated qulnelll linear lawsone derivatives:

OMe OMe 0 e
H H
N N N
3.83

M. tuberculosis M. tuberculosis €l M. tuberculosis CF3
ICs0=20.4 UM s qureus IC5o = 48.9 pM IC50 = 45.2 uM

ICs0 = 65.3 UM
Figure 3.20. Selected examples of methylated Biginelli-inear compounds with antimicrobial
activities.
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3.6 Conclusion and Perspectives

Chemiistry-Synthesis

A multicomponent Biginelli reaction involving lawsone, various para-substituted
benzaldehydes and (alkyl)ureas was extensively studied under various conditions namely,
profic solvents, ILs, DES and in solid state. The expected 3,4-dihydropyrimidone products
(DHPMs) were never obtained. While the reaction in solution (or ILs or DES) provided the
corresponding two-component Michael adducts issued from the aldol condensation between
2 equiv. of lawsone and 1 equiv. of benzaldehyde, in solid state the three-component reaction
was favored instead. The optimal three-component reaction under mechanochemical
activation afforded a series of 21 novel Biginelli-linear lawsone derivatives 3.43-3.68 with yields
ranging between 60% and 90%, without needing column chromatography purification.
Noteworthy, such Biginelli-linear compounds were never isolated before as they were

supposed to be intermediates of the classic Biginelli reaction.

In that respect, many efforts were made in order to cyclize compounds 3.43 and 3.46 in
solution. Surprisingly, the desired DHPM products were never obtained and the corresponding
Michael adducts were again isolated as major products, indicating a mechanism passing
through the formation of the Knoevenagel infermediate. Our proposed mechanistic pathway
was supported by DFT studies. Besides, further cyclization attempts by activating the 2-hydroxy
function of 3.46 led to the unique carbamate lawsone derivative 3.71. This was also the first

ever reported synthesis of a naphtho-carbamate bearing a urea moiety.

On the other hand, in order to avoid the instability and decomposition of these compounds
in acidic aqueous solution, important for in vitro tests, a selective O-methylation of the enol
function of Biginelli-linear derivatives was established. 13 selectively methylated products of the
Biginelli-linear series 3.72-3.84 were efficiently obtained with yields ranging between 40% and

90%. The compounds were found to be stable in solution, confirming our hypothesis.

As a next step, the cyclization step leading to the carbamate formation should be optimized
and the substrate scope of this reaction should be studied in order to pave the way for the
synthesis of a small library of variously substituted naphtho-carbamates bearing a (alkyljurea

scaffold.

In addition, the Biginelli reaction involving lawsone should be further explored. More
catalysts and conditions should be screened aiming to obtain the desired DHPM products both
in solution and in solid state. Besides, this study could be further extended to other 1,3-diketone

scaffolds, possessing an active methylene function, such as dimedone and/or syncarpic acid.
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Finally, computational DFT calculations could be used in solid state by using our obtained X-
ray data of isolated Biginelli-linear compounds in order to better understand the mechanism

and the limits of this three-component reaction under mechanochemical conditions.

Biological activities

The entire Biginelli-linear series 3.43-3.68 (enol system) was found to be inactive against P.
falciparum, L. donovani and other pathogens probably due fo compounds’ instability underin
vifro conditions. However, that was not the case for the selectively O-methylated analogues

3.72-3.84.

The entire methylated series exhibited ICso < 10 uM against P. falciparum ART-resistant strains.
Compounds 3.72, 3.78, and 3.79 of the N-ethyl urea family exhibited ICso values ranging
between 2.8 yM and 3 uM, while the N-propargyl urea derivative 3.80 exhibited an ICso equal
to 5 uM (Fig. 3.21).

O-methylated Biginelli-linear lawsone derivatives:

(o]
OMe OMe OMe
H H
QK
(o} o
3.77 O
P. falciparum F L. donovani L. donovani N L. donovani CF3
|C50 2.8 uM |C50 2.1 MM |C50 1.2 MM |C50 1.5 UM
SI=5.7 SI=82 Sl =685
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OMe OMe
i QOCH
) Gl "
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P. falciparum  CH, P. falciparum Qme L. donovani P. falciparum g L. donovani
|C50 =3 HM |C50 =3 MM IC50 =1.5 l.lM |C50 =5 IJM |C50 =13 IJM
SI=67.1 SI=763

Figure 3.21. Antiparasitic activity. Selected compounds exhibifing the smallest ICso values
against P. falciparum and L. donovani inframacrophage amastigote forms.

Concerning the activities against L. donovani, the whole O-methylated series of Biginelli-
linear compounds was found to be active against both axenic and inframacrophage
amastigotes of the parasite. Seven (compounds 3.72, 3.76, 3.77, 3.79-3.81 and 3.83) (Fig. 3.21)
out of thirfeen compounds in total exhibited ICso values (1.2-2.1 uM) in the same range with the
reference drug miltefosine (ICso = 1.5 yM) against inframacrophage amastigotes. Interestingly,
the selectivity indexes were found to be at least 2-fold times higher than that of miltefosine (SI
= 15.5) (Fig. 3.21). This first screening could be a great start fo design and synthesize more

efficient leishmanicidal agents. However, further studies are needed in order to understand
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which factors (substfitution pattern, lipophilicity, electron effects, etfc.) influence both the

activity and cytotoxicity.

As a next step, the efficiency of a one-pot two-step reaction should be tested. In that way,
knowing the fragility of the enol function, a two-step approach might lead directly to novel O-

methylated derivatives, thus enhancing the substrate scope.

The role of the O-alkyl group for these series should be further examined. Replacing it by
longer linear or conjugated carbon chains and aromatic substrates could provide further
insights concerning activity. Also, the side alkynes (such as molecule 3.80) could be subjected
in click reactions with azides in order to generate a new library of 1,2,3-triazole-naphthoquinone
conjugates, as such derivatives have already been reported for their antiparasitic activities [67-
69].

Last but not least, the stability of Biginelli-inear and methylated Biginelli-linear molecules in
vifro should be examined. A good starting point for this could be to introduce these
compounds in different ionic and buffer solutions (acid, basic and neutral) at 37 «C and control

their degradation profile by LC-MS and/or UV-vis.

The mode of actfion of the most promising compounds in both terms of activity and

selectivity of the O-methylated series should be investigated and proved.

3.7 Experimental Part

3.7.1 Materials and methods

Reagents and solvents were purchased from Sigma Aldrich, TCI, Alfa Aesar and Fluorochem
and used as received. Microwave irradiation reactions were performed in a CEM Discover SP
Microwave Model 909150 / SN: DC 9208 apparatus. Mechanochemical reactions were
performed by using a Retsch Mixer Mill MM400 with 10 mL zirconium oxide jar with 5.8 g of
zirconium oxide balls (2 balls, 5 mm diameter each) and a Fritsch Planetary Micro Mill
PULVERISETTE 7 with 20 mL zirconium oxide jar with 14.7 g of zirconium oxide balls (5 balls, 10 mm
diameter each). Thin layer chromatography (TLC) was performed on silica gel 60 F254 plates

(Merck

Purifications by medium-pressure chromatography were carried out using a PuriFlash
XS520Plus system with PF-30SIHP-JP-FO040 columns.

The HPLC analysis was conducted by using the following system: detector 2998 and a binary
pump Waters 2545 in combination with a C18 column (XBridge Sum 150mm x 19 mm). Water
with 0.1% HCOOH and CH3CN with 0.1% HCOOH (or 0.1% DEA) were employed as solvents A

and B with a flow rate of 20 mL/min. The elution was followed by UV detection at 260 nm.
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H and BC NMR spectra for the reported compounds were recorded on a Bruker Avance |
300 MHz (300 MHz for 'H and 75 MHz for 13C), or a Bruker Avance Il Nanobay 400 MHz (400.0
MHz for 'H and 101 MHz for 13C), or a Bruker Avance 600 MHz (600 MHz for 'H and 151 MHz for
13C) equipped with a 5 mm friple resonance inverse Z-gradient probe (TBI 'H, 3P, BB). NMR
samples were prepared by dissolving 10-20 mg of each compound in 600 uL of CDClz or DMSO-
ds. Chemical shifts (6) for 'H and 13C are relative to TMS as external standard, using 'H (residual)
or 13C chemical shifts of the solvent (6 = 7.26 ppm for CDCls, 3.31 ppm for MeOD, and 2.50 ppm
for DMSO-ds). TMS was used as external reference for 'TH and 13C NMR spectras while CFCls for
1PF spectras. All TH and 13C signals were assigned on the basis of chemical shifts, spin-spin
coupling constants, splitting patterns, and signal intensities, and by using 'H-TH COSY45, 1H-13C
HSQC, and H-13C HMBC experiments. Gradient-enhanced 'H COSY45 was performed by
including 8 scans for per increment. H-13C correlation spectra using a gradient-enhanced
HSQC sequence (delay was opfimised for 'Jcn of 145 Hz) was obtained with 16 scans per
increment. Gradient-enhanced HMBC experiment was performed allowing 62.5 ms for long-
range coupling evolution (64 scans were accumulated). Typically, 2048 12 data points were

collected for 256 t1 increments.

High resolution mass spectrometry (HRMS) analyses were carried out on a XevoG2QTof

equipment (Waters) using electrospray ionization (ESI).

The X-ray diffraction of single crystals was collected on a Bruker Kapa Apex Il diffractometer
equipped with a 30 W air-cooled microfocus source using MoKa radiation (A = 0.71073 A). The

SHELXS-97 software was used to analyze the structures.

Melting points were determined using a Stuart SMP3 apparatus and the obtained values are
not corrected. UV-visible spectra of selected compounds (CH2Cl2 solutions af 0.01 or 0.02
mg/mL) were recorded from 200 to 800 nm on Cary 3500 spectrophotometers (see supporting
information). Infrared spectra of selected compounds were measured using the Perkin EImer
Frontier MIR/FIR spectrometer and reported in the experimental part. The samples were used

as such (powders).

3.7.2 Synthetic protocols and compounds characterization
Synthesis of Michael adduct 3.44

A mixture of lawsone (1.5 mmol), urea (1.5 mmol) and 4-chlorobenzaldehyde (1.5 mmol) in 2
mL ionic liquid [HNMP]*[HSO4]- media was stired at 80 oC for 30 min, untfil it furned into a red
solid. Then, iced water was added and the resulting suspension stayed under vigorous stirring
for 10 min. The red solid was isolated by filtration and washed with excess of water. Afterwards,
the crude product was purified by recrystallization in EtOH to afford 332 mg of 3.44 as a yellow-
orange solid (yield 47%, mp 180-182 °C).
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3,3'-((4-chlorophenyl)methylene)bis(2-hydroxynaphthalene-1,4-dione), (3.44)

Rf (Hex/AcOEt 1:1) = 0.12.

TH NMR (400 MHz, CDCls) & 8.10 (dd, J = 7.6, 1.5 Hz, 4H, H5 and Hé), 7.76 (td, J = 7.6, 1.5 Hz, 2H,
H8), 7.70 (td, J = 7.6, 1.5 Hz, 2H, H7), 7.23 (m, 4H, H2b and H3b), 6.15 (s, TH, H9), 3.49 (s, 2H, OH).

13C NMR (101 MHz, CDCls) 6 184.5 (2 x C=0, C4), 181.4 (2x C=0, C1), 154.6 (2 x C-OH, C2), 137.1
(C, Clb), 135.3 (2x CH, Cé), 133.4 (2x CH, C7), 132.9 (2x C, C4a), 132.6 (C-Cl, C4b), 129.8 (2 x
CH, C5), 129.6 (2x C, C8a), 128.5 (2 x CH, C8), 127.4 (2 x CH, C3b), 126.5 (2 x CH, C2b), 122.3 (2
x C, C3), 37.6 (CH, C9).

HRMS calculated for C27H1406Cl- [M - H]-= 469.0479; found 469.0481.
Characterization of Michael adduct 3.69 (isolated out of the crude reaction mixture of 3.65)

3,3'-((4-methoxyphenyl)methylene)bis(2-hydroxynaphthalene-1,4-dione), (3.69)

selses
pe

OMe
Yellow solid (mp 222-223 °C).

Rf (ACOEt) = 0.12.

TH NMR (DMSO, 300 MHz) 6 3.69 (s, 3H), 5.94 (s, TH), 6.75 (d, 2H, J = 8.7 Hz), 7.14 (d, 2H, 8.7 Hz),

7.77 (dt, 2H, J = 7.5,1.5 Hz), 7.82 (dt, 2H, J= 7.5, 1.5 Hz), 7.92 (dd, 2H, J = 7.5, 1.5 Hz), 7.98 (dd, 2H,
J=7.5,1.5Hz).

13C NMR (DMSO-dé, 75 MHz) & 183.7 (2 x C=0), 181.3 (2 x C=0), 157.3 (2 x C-OH), 155.9 (2 x
C),134.7 (2x CH), 133.2 (2 x CH), 132.7 (2x C), 132.2 (2x C), 129.9 (2x CH), 129.4 (2 x CH), 126.1
(2x CH), 125.6 (2x C), 113.1 (2x CH), 54.9 (C), 37.3 (CH).
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HRMS calculated for CagHi1707 [M - H]-= 465.0974; found 465.0984.

General synthetic protocol for the mechanochemical synthesis of Biginelli-type linear lawsone

derivatives

Lawsone (1.0 equiv, 2.2 mmol), 4-substituted-benzaldehyde (1.0 equiv, 2.2 mmol), urea or N-
alkylated urea (1.5 equiv, 3.3 mmol) and p-toluenesulfonic acid (pTSA) (0.2 equiv, 0.44 mmol)
were added in a 20 mL zirconium oxide jar with 14.7 g of zirconium oxide balls (5 balls, 10 mm
diameter each). The reaction was operated in a planetary ball milling Pulverisette 7 at 800 rom
(2 cycles x 40-60 min, 1 x pause 10 min). Afterwards, the reaction mixture was either scratched
out of the jars either recovered by dissolving it in MeOH. If needed, the solvent was removed
under vacuum. The collected residue was dissolved in dichloromethane. The organic phase
was washed with water and brine. The organic layers were collected, dried over Na2SOs,
filtered, and evaporated under reduced pressure. The obtained crude products were then
purified by crystallization in dichloromethane/diethyl ether or dichloromethane/methanol. The

products were isolated as solids after filfration and washing with Et20.

Biginelli-linear lawsone derivatives characterization

3-[(4’-chlorophenyl)methylurea]-2-hydroxynaphthalene-1,4-dione, (3.43)

The compound was synthesized by following the above-mentioned general procedure (2.2
mmol of lawsone scale). Ball milling for 2 cycles x 40 min. The crude product was purified by
crystallization in DCM/E20 to yield 710 mg (?0%) of the target product as a yellow solid (mp
137-139 °C).

Rf (DCM/MeOH 9:1) = 0.11.

TH NMR (400 MHz, DMSO) & 8.03 — 7.99 (m, 1H, Hé), 7.94 (dd, J = 7.6, 1.4 Hz, 1H, H8), 7.87 - 7.83
(m. TH, H7), 7.83 = 7.78 (m, TH, H5), 7.36 — 7.29 (m, 4H, H2b and H3b), 6.81 (d, J = 9.8 Hz, TH, NH),
6.40 (d, J = 9.8 Hz, TH, H9), 5.90 (bs, 2H, NH2).

13C NMR (75 MHz, DMSO) & 184.1 (C=0, C4), 181.3 (C=0, C1), 158.0 (NH-C=0O, C10), 155.8 (C-
OH, C2), 141.8 (C, C1b), 134.8 (CH, C6), 133.4 (CH, C7), 131.8 (C-Cl, C4b), 130.8 (C, C4a), 130.1
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(C, C8a), 128.0 (2 x CH, C3b), 127.7 (2 x CH, C2b), 125.8 (CH, C5), 125.7 (CH, C8), 122.6 (C, C3),
46.3 (CH, C9).

HRMS calculated for CigHi12N204CI- [M - H]-=355.0486; found 355.0486.

3-[(4’-fluorophenyl)methyl-(N'-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.46)

The compound was synthesized by following the above-mentioned general procedure (1.5
mmol of lawsone scale). Ball milling for 2 cycles x 60 min. The crude product was purified by
crystallization in DCM to yield 350 mg (63%) of the target product as a yellow solid (mp 172-174
°C).

Rf (Hex/AcOEt 1:1) = 0.11.

TH NMR (400 MHz, MeOD) & 8.04 (it, J = 7.4, 1.0 Hz, 2H), 7.77 (td, J = 7.5, 1.5 Hz, 1H), 7.73 (td, J =
7.5,1.5Hz, 1H), 7.45—7.38 (m, 2H), 7.04 - 6.96 (m, 2H), 6.54 (s, TH), 3.16 (q, J = 7.2 Hz, 2H), 1.10 (1,
J=7.2Hz, 3H).

13C NMR (101 MHz, MeOD) 6 186.0 (C=0), 182.7 (C=0), 163.2 (d, J = 244.4 Hz, C-F), 160.3 (NH-
C=0), 156.9 (C-OH), 139.3 (d, J = 3.0 Hz, C), 135.7 (CH), 134.3 (CH), 133.8 (C), 131.5 (C), 129.2
(CH), 129.1 (CH), 127.1 (d, J =25.3 Hz, 2 x CH), 123.9 (C), 115.8 (d, J = 22.2 Hz, 2 x CH), 49.0 (CH),
35.8 (CHo), 15.7 (CHs).

19F NMR (376 MHz, MeOD) 6 -118.61 (m, J = 9.5 Hz).

HRMS calculated for C20H1sN204F* [M + H]* = 369.1251; found 369.1245, for C20H17N204NaF + [M
+ Na]+ = 391.1070; found 391.1064.

3-[(4’-chlorophenyl)methyl-(N’-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.47)
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The compound was synthesized by following the above-mentioned general procedure (1.5
mmol of lawsone scale). Ball milling for 2 cycles x 40 min. The crude product was purified by
crystallization in DCM/MeQOH/Et20 to yield 358 mg (62%) of the target product as a yellow solid
(mp 168-170 °C).

Rf (Hex/AcOEt 3:7) = 0.10.

TH NMR (300 MHz, MeOD) & 8.04 (td, J = 7.5, 2.2 Hz, 2H, H5 and Hé), 7.75 (dtd, J = 7.5, 1.7 Hz, 2H,
H7 and H8), 7.42 — 7.33 (m, 2H, H2b), 7.31 = 7.19 (m, 2H, H3b), 6.55 (s, TH, H9), 3.16 (q, J = 7.2 Hz,
2H, H11), 1.10 (1, J = 7.2 Hz, 3H, H12).

13C NMR (75 MHz, MeOD) &6 186.0 (C=0, C4), 182.6 (C=0, C1), 160.2 (NH-C=0, C10), 156.9 (C-
OH, C2), 142.1 (C, C1b), 135.8 (CH, C¢), 134.3 (CH, C7), 133.7 (C, C4a), 133.5 (C-Cl, C4b), 131.5
(C, C8a), 129.3 (2 x CH, C2b), 128.9 (2 x CH, C3b), 127.2 (CH, C5), 127.0 (CH, C8), 123.7 (C, C3),
48.9 (CH, C9), 35.8 (CHa, C11), 15.7 (CHs, C12).

HRMS calculated for C2ooH1sN204CI+ [M + H]* = 385.0955; found 385.0949, for C20H17N204sNaCl + [M
+ Na]+ = 407.0775; found 407.0769.

3-[(4’-bromophenyl)methyl-(N'-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.48)

Br

The compound was synthesized by following the above-mentioned general procedure (1.3
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM/E20 to yield 391 mg (70%) of the target product as a yellow solid (mp
187-189 °C).

Rf (Hex/AcOEt 3:7) = 0.10.

TH NMR (300 MHz, MeOD) & 8.07 — 7.98 (m, 2H), 7.75 (dd, J = 7.5, 1.6 Hz, 2H), 7.46 — 7.38 (m, 2H),
7.35-7.28 (m, 2H), 6.53 (s, 1H), 3.16 (q, J = 7.2 Hz, 2H), 1.10 (f, J = 7.2 Hz, 3H).

13C NMR (101 MHz, DMSO) 6 184.2 (C=0), 181.3 (C=0), 157.2 (NH-C=0), 155.8 (C-OH), 142.3 (C),
134.8 (CH), 133.4 (CH), 131.7 (C), 130.8 (2 x CH), 130.1 (C), 128.1 (2 x CH), 125.8 (C), 125.7 (C),
122.5 (C-Br), 119.3 (C), 46.4 (CH), 34.1 (CH2), 15.6 (CHa).

HRMS calculated for C2o0H18N204Br+ [M + H]* = 429.0450; found 429.0446, for C2oH17N20O4NaBr + [M
+ Na]+ = 451.0269; found 451.0264 with consistent isotopic profile.
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3-[(4’-iodophenyl)methyl-(N'-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.49)

The compound was synthesized by following the above-mentioned general procedure (1.3
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM/Ef20 fo yield 433 mg (70%) of the target product as a yellow solid (mp
186—188 °C).

Rf (Hex/AcOEt 1:9) = 0.29.

H NMR (400 MHz, MeOD) 6 8.07 —8.00 (m, 2H), 7.77 (td, J =7.5, 1.6 Hz, 1H), 7.72 (td, J = 7.5, 1.6
Hz, 1H), 7.64 - 7.58 (m, 2H), 7.22 - 7.14 (m, 2H), 6.52 (s, 1H), 3.16 (g, J =7.2Hz, 2H), 1.09 (t,J=7.2
Hz, 3H).

13C NMR (101 MHz, MeOD) & 185.9 (C=0), 182.6 (C=0), 160.2 (NH-C=0), 157.1 (C-OH), 143.3 (C),
138.4 (2 x CH), 135.8 (CH), 134.3 (CH), 133.8 (C), 131.6 (C), 129.5 (2 x CH), 127.2 (C), 127.0 (C),
123.6 (C), 92.5 (C-1), 49.1 (CH), 35.8 (CHz), 15.7 (CHa).

HRMS calculated for CooHi1gN2O4l* [M + H]* = 477.0311; found 477.0315, for C20H17N20sNal + [M +
Na]* = 499.0131; found 499.0133.

3-[(4’-nitrophenyl)methyl-(N'-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.50)

O
OH
H H
(o) ! (0]
NO,

The compound was synthesized by following the above-mentioned general procedure (1.5
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM/Et20 to yield 504 mg (85%) of the target product as a yellow-orange solid
(mp 183-185 °C).

Rf (Hex/AcOEt 3:7) = 0.09.
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TH NMR (400 MHz, MeOD) 6§ 8.19 -8.13 (m, 2H), 8.06 (dd, J=7.5, 1.4 Hz, 1H),8.02 (dd,J=7.5,1.4
Hz, 1H), 7.81 =7.71 (m, 2H), 7.66 — 7.61 (m, 2H), 6.67 (s, 1H), 3.17 (g, J =7.2Hz, 2H), 1.11 (t,J=7.2
Hz, 3H).

13C NMR (101 MHz, MeOD) 6 185.8 (C=0), 182.5 (C=0), 140.1 (C), 157.5 (NH-C=0), 151.3 (C-OH),
148.2 (C), 135.8 (CH), 134.4 (CH), 133.7 (C), 131.6 (C), 128.3 (2 x CH), 127.2 (CH), 127.1 (CH),
124.4 (2 x CH), 123.0 (C), 49.1 (CH), 35.8 (CHa), 15.7 (CHa).

HRMS calculated for C2oH1sN3Os* [M + H]* = 396.1196; found 396.1193, for C20H17N3OsNa + [M +
Na]* = 418.1015; found 418.1009.

3-[(4’-trifluvoromethylphenyl)methyl-(N'-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.51)

(o]
OH
H H
O‘ N\n/N\/
(o] l (0]
CF;

The compound was synthesized by following the above-mentioned general procedure (1.0
mmol of lawsone scale). Ball milling for 1 cycle x 45 min. The crude product was purified by
crystallization in DCM/MeQOH/Et20 to yield 376 mg (90%) of the target product as a yellow solid
(mp 166-168 °C).

Rf (Hex/AcOEt 1:1) = 0.08.

TH NMR (400 MHz, DMSO) & 8.04 - 7.99 (m, 1H), 7.96 = 7.91 (m, 1H), 7.82 (dtd, J = 17.8, 7.5, 1.5 Hz,
2H), 7.65 (d, J = 8.7 Hz, 2H), 7.55 — 7.48 (m, 2H), 6.75 (d, J = 9.7 Hz, 1H), 6.53 (m, 2H), 3.08 - 2.95
(m, 2H), 0.99 (t, J = 7.2 Hz, 3H).

13C NMR (101 MHz, DMSO) & 184.1 (C=0), 181.3 (C=0), 157.3 (NH-C=0), 156.0 (C-OH), 147.7 (C),
134.8 (CH), 133.4 (CH), 131.7 (C), 130.2 (C), 127.0 (d, J = 33.3 Hz, C), 126.6 (2 x CH), 125.9 (CH),
125.7 (CH), 124.9 (q, J = 3.9 Hz, 2 x CH), 124.4 (q, J = 272.7 Hz, CFs), 122.3 (C), 46.7 (CH), 34.1
(CH2), 15.5 (CHa).

19F NMR (282 MHz, DMSO) 6 -60.69.

HRMS calculated for C21H18N204Fst [M + H]*=419.1219; found 419.1219 with consistent isotopic

profile.
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3-[(4’-tolyl)methyl-(N'-ethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.52)

(o]
OH
H H
(o) ! (0]
CH,

The compound was synthesized by following the above-mentioned general procedure (2.0
mmol of lawsone scale). Ball milling for 2 cycles x 60 min. The crude product was purified by
crystallization in DCM to yield 510 mg (70%) of the target product as a yellow solid (mp 175-177
°C).

Rf (ACOE) = 0.21.

TH NMR (300 MHz, MeOD) & 8.02 (1, J = 7.5 Hz, 2H), 7.79 — 7.66 (m, 2H), 7.28 (d, J = 8.1 Hz, 2H),
7.08 (d, J = 8.1 Hz, 2H), 6.52 (s, 1H), 3.16 (q, J = 7.2 Hz, 2H), 2.27 (s, 3H), 1.10 (f, J = 7.2 Hz, 3H).

13C NMR (101 MHz, MeOD) 6 186.1 (C=0), 182.7 (C=0), 160.4 (NH-C=0), 156.5 (C-OH), 140.1 (C),
137.5 (C), 135.7 (CH), 134.3 (CH), 133.8 (C), 131.5 (C), 129.9 (2x CH), 127.2 (2 x CH), 127.2 (CH),
126.9 (CH), 124.4 (C), 49.3 (CH), 35.8 (CH2), 21.0 (PhCHa), 15.7 (CHa).

HRMS calculated for C21H21N204* [M+H]* = 365.1501; found 365.1499, for C21H20N204Na * [M +
Na]+ = 387.1321; found 387.1320.

3-[(4’-fluorophenyl)methyl-(N’'-butyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.54)

OH
~ N\
b

The compound was synthesized by following the above-mentioned general procedure (1.4
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM to yield 450 mg (81%) of the target product as a yellow solid (mp 172-174
°C).

Rf (Hex/AcOEt 3:7) = 0.12.

TH NMR (400 MHz, MeOD) 6 8.04 (ddd, J = 8.9, 7.4, 1.8 Hz, 2H), 7.75 (dfd, J = 19.6, 7.4, 1.5 Hz, 2H),
7.42 (dd, J = 8.6, 5.3 Hz, 2H), 7.03 - 6.95 (M, 2H), 6.54 (s, 1H), 3.12 (f, J = 7.0 Hz, 2H), 1.50 - 1.41 (m,
2H), 1.41 = 1.29 (m, 2H), 0.92 (f, J = 7.3 Hz, 3H).
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13C NMR (101 MHz, MeOD) 6 185.9 (C=0), 182.7 (C=0), 163.2 (d, J = 244.4 Hz, C-F), 160.4 (NH-
C=0), 157.1 (C-OH), 139.3 (d, J = 3.0 Hz, C), 135.7 (CH), 134.3 (CH), 133.9 (C), 131.6 (C), 129.2
(CH), 129.1 (CH), 127.1 (d, J = 24.2 Hz, 2 x CH), 123.9 (C), 115.8 (d, J = 22.2 Hz, 2 x CH), 49.0 (CH),
40.7 (CHa), 33.4 (CH2), 21.0 (CHa), 14.1 (CHa).

19F NMR (282 MHz, DMSO) 6 -117.01.

HRMS calculated for C2H2oN204F+ [M+H]+=397.1564; found 397.1564, for C22H21N2O4FNa + [M +
Na]* = 419.1383; found 419.1379.

3-[(4’-chlorophenyl)methyi-(N'-butyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.55)

The compound was synthesized by following the above-mentioned general procedure (1.5
mmol of lawsone scale). Ball milling for 2 cycles x 45 min. The crude product was purified by
crystallization in DCM/E20 fo yield 526 mg (85%) of the target product as a yellow solid (mp
160—-162 °C).

Rf (Hex/AcOEt 3:7) = 0.16.

TH NMR (400 MHz, MeOD) 6 8.09 - 7.98 (m, 2H, H5 and Hé), 7.77 (td, J = 7.5, 1.6 Hz, TH, H8), 7.72
(td, J =7.5,1.6 Hz, TH, H7), 7.41 = 7.36 (m, 2H, H2b), 7.29 — 7.24 (m, 2H, H3b), 6.54 (s, TH, H9), 3.13
(t,J = 7.0Hz 2H, H11), 1.49 — 1.41 (m, 2H, H12), 1.40 = 1.29 (m, 2H, H13), 0.92 (t, J = 7.3 Hz, 3H,
H14).

13C NMR (101 MHz, DMSO) 6 184.1 (C=0O, C4), 181.3 (C=0, C1), 157.4 (NH-C=0, C10), 155.9 (C-
OH, C2), 141.9 (C, Clb), 134.7 (CH, Cé), 133.4 (CH, C7), 131.8 (C, C4a), 130.8 (C-Cl, C4b), 130.1
(C, C8a), 128.0 (2 x CH, C2b), 127.7 (2 x CH, C3b), 125.8 (CH, C5), 125.7 (CH, C8), 122.5 (C3),
46.4 (CHz, C11), 39.7 (CH, C9), 32.0 (CH2, C12), 19.5 (CH2, C13), 13.7 (CHs, C14).

HRMS calculated for C22H22N204Cl+ [M+H]*=413.1268; found 413.1268, for C22H21N204CINa + [M
+ Na]* = 435.1088; found 435.1085.
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3-[(4’-bromophenyl)methyl-(N’-butyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.56)

Br
The compound was synthesized by following the above-mentioned general procedure (1.3
mmol of lawsone scale). Ball miling for 1 cycle x 60 min. The crude product was purified by
crystallization in DCM/E20 fto yield 564 mg (95%) of the target product as a yellow solid (mp
165-167 °C).

Rf (Hex/AcOEt 3:7) = 0.11.

TH NMR (400 MHz, MeOD) & 8.08 — 8.00 (m, 2H), 7.78 (td, J = 7.5, 1.6 Hz, 1H), 7.73 (td, J = 7.5, 1.6
Hz, TH), 7.45 - 7.39 (m, 2H), 7.36 — 7.29 (m, 2H), 6.53 (s, 1H), 3.13 (1, J = 7.0 Hz, 2H), 1.51 = 1.41 (m,
2H), 1.39 = 1.27 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, MeOD) & 186.0 (C=0), 182.6 (C=0), 160.4 (NH-C=0), 156.9 (C-OH), 142.7 (C),
135.8 (CH), 134.3 (CH), 133.8 (C), 132.3 (2x CH), 131.6 (C), 129.3 (2 x CH), 127.2 (CH), 127.0 (CH),
123.6 (C-Br), 121.4 (C), 49.1 (CH), 40.7 (CHa), 33.4 (CH2), 21.0 (CH2), 14.1 (CHa).

HRMS calculated for Ca2H22N204Brt [M+H]+=457.0763; found 457.0764, for C22H21N204BrNa * [M +
Na]+ = 479.0582; found 479.0586.

3-[(4’-nitrophenyl)methyl-(N'-butyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.57)

NO,

The compound was synthesized by following the above-mentioned general procedure (1.4
mmol of lawsone scale). Ball miling for 1 cycle x 50 min. The crude product was purified by
crystallization in DCM/Et20 to yield 534 mg (90%) of the target product as a yellow-orange solid
(mp 175-177 °C).

Rf (Hex/AcOEt 3:7) =0.12.
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TH NMR (400 MHz, MeOD) 6 8.21 —8.13 (m, 2H), 8.07 (dd, J = 7.1, 1.7 Hz, 1H), 8.05 - 7.98 (m, TH),
7.76 (dtd, J = 17.6, 7.5, 1.4 Hz, 2H), 7.68 — 7.58 (m, 2H), 6.67 (s, 1H), 3.14 (t, J = 7.0 Hz, 2H), 1.52 -
1.42 (m, 2H), 1.40 — 1.30 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, MeOD) 6 185.7 (C=0), 182.6 (C=0), 160.3 (C), 157.7 (NH-C=0), 151.4 (C-OH),
148.2 (C), 135.8 (CH), 134.4 (CH), 133.8 (C), 131.6 (C), 128.3 (2 x CH), 127.2 (CH), 127.1 (CH),
124.4 (2 x CH), 123.0 (C), 49.2 (CH), 40.8 (CHz), 33.4 (CHz), 21.0 (CHz), 14.1 (CHa).

HRMS calculated for CaoH22N3Os* [M+H]* = 424.1509; found 424.1511, for C22H21N3OsNa + [M +
Nal* = 446.1328; found 443.1328.

3-[(4’-trifluoromethylphenyl)methyl-(N'-butyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.58)
OH
4eeN
N \n/ N~

CF;

The compound was synthesized by following the above-mentioned general procedure (2.0
mmol of lawsone scale). Ball milling for 2 cycles x 60 min. The crude product was purified by
crystallization in cold Et20 to yield 714 mg (80%) of the target product as a yellow solid (mp
156—-158 °C).

Rf (Hex/AcOEt 1:1) = 0.24.

TH NMR (400 MHz, MeOD) & 8.04 (ddd, J = 12.4, 7.4, 1.8 Hz, 2H), 7.81 = 7.70 (m, 2H), 7.58 (s, 4H),
6.64 (s, TH), 3.14 (f, J = 7.0 Hz, 2H), 1.51 = 1.41 (m, 2H), 1.41 = 1.30 (m, 2H), 0.92 (1, J = 7.3 Hz, 3H).

13C NMR (101 MHz, MeOD) 6 185.9 (C=0), 182.6 (C=0), 160.4 (NH-C=0), 157.2 (C-OH), 148.0 (C),
135.8 (CH), 134.4 (CH), 133.7 (C), 131.6 (C), 130.0 (d, J = 34.1 Hz, C), 127.8 (2 x CH), 127.3 (CH),
127.0 (CH), 126.1 (q, J = 4.0 Hz, 2 x CH), 125.7 (g, J = 271.7 Hz, CF3), 123.4 (C), 49.2 (CH), 40.7
(CH2), 33.4 (CHa), 21.0 (CH2), 14.1 (CH).

19F NMR (282 MHz, MeOD) 6 -63.87.

HRMS calculated for C23H20N204 Fs- [M - H]-= 445.1375; found 445.1377.
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3-[(4’-flucrophenyl)methyl-(N’-propargyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.60)

Oy 4 _»

The compound was synthesized by following the above-mentioned general procedure (1.4
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM to yield 440 mg (83%) of the target product as an olive-colored solid (mp
180-182 °C).

Rf (Hex/AcOEt 3:7) = 0.18.

TH NMR (400 MHz, MeOD) 6 8.04 (i, J = 7.7, 1.2 Hz, 2H), 7.75 (dtd, J = 18.9, 7.5, 1.6 Hz, 2H), 7.45 —
7.38 (m, 2H), 7.04 — 6.96 (m, 2H), 6.55 (s, TH), 3.91 (1, J = 2.3 Hz, 2H), 2.53 (1, J = 2.5 Hz, TH).

13C NMR (101 MHz, MeOD) 6 186.0 (C=0), 182.6 (C=0), 163.2 (d, J = 244.4 Hz, C-F), 159.7 (NH-
C=0), 156.7 (C-OH), 139.0 (d, J = 3.0 Hz, C), 135.8 (CH), 134.3 (CH), 133.7 (C), 131.5 (C), 129.2
(CH), 129.1 (CH), 127.1 (d, J = 26.3 Hz, 2 x CH), 123.7 (C), 115.8 (d, J = 21.2 Hz, 2x CH), 81.7 (C),
71.9 (CH), 49.1 (CH), 30.3 (CHa).

19F NMR (376 MHz, MeOD) 6 -118.51.
HRMS calculated for C21H1sN204F * [M + H]* = 379.1094; found 379.1095.

3-[(4’-chlorophenyl)methyl-(N'-propargyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.61)

The compound was synthesized by following the above-mentioned general procedure (1.5
mmol of lawsone scale). Ball milling for 2 cycles x 40 min. The crude product was purified by
crystallization in DCM to yield 432 mg (73%) of the target product as a yellow solid (mp 180-182
°C).

Rf (Hex/AcOEt 3:7) = 0.16.
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TH NMR (400 MHz, MeOD) & 8.03 (ddd, J = 8.8, 7.5, 1.6 Hz, 2H, H5 and Hé), 7.74 (dtd, J = 18.7, 7.5,
1.6 Hz, 2H, H7 and H8), 7.42 — 7.33 (m, 2H, H2b), 7.31 = 7.22 (m, 2H, H3b), 6.55 (s, TH, H9), 3.91 (t,
J=23Hz 2H, H11), 2.53 (f, J = 2.5 Hz, TH, H13).

13C NMR (101 MHz, MeOD) & 185.9 (C=0, C4), 182.5 (C=0, C1), 159.7 (NH-C=0, C10), 157.0 (C-
OH, C2), 141.9 (C, Clb), 135.8 (CH, Cé), 134.3 (CH, C7), 133.7 (C, C4a), 133.6 (C-Cl, C4b), 131.5
(C, C8a), 129.3 (2 x CH, C3b), 128.9 (2 x CH, C2b), 127.2 (CH, C5), 127.0 (CH, C8), 123.5 (C, C3),
81.7 (C, C12), 71.9 (CH, C13), 49.0 (CH, C9), 30.3 (CH2, C11).

HRMS calculated for C21H1sN204Cl + [M+H]* = 395.0799; found 395.0798.

3-[(4’-bromophenyl)methyl-(N'-propargyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.62)
OH
H H
O‘ N \n/ N \///

Br
The compound was synthesized by following the above-mentioned general procedure (2.0
mmol of lawsone scale). Ball milling for 2 cycles x 60 min. The crude product was purified by

crystallization in DCM/Et20 to yield 770 mg (88%) of the target product as a yellow solid (mp
176=178 °C).

Rf (Hex/AcOEt 3:7) = 0.20.

TH NMR (300 MHz, DMSO) 6 11.82 (bs, 1H), 8.03 = 7.99 (m, 1H), 7.98 = 7.91 (m, 1H), 7.82 (did, J =
7.5, 1.6 Hz, 2H), 7.50 — 7.43 (m, 2H), 7.29 — 7.20 (m, 2H), 6.94 — 6.83 (m, 2H), 6.41 (d, J = 9.9 Hz, TH),
3.81 (dt, J = 5.4, 2.7 Hz, 2H), 3.06 (t, J = 2.5 Hz, TH).

13C NMR (101 MHz, MeOD) 6 185.9 (C=0), 182.5 (C=0), 159.7 (NH-C=0), 156.9 (C-OH), 142.4 (C),
135.8 (CH), 134.4 (CH), 133.7 (C), 132.3 (2 x CH), 131.5 (C), 129.3 (2 x CH), 127.3 (CH), 127.0 (CH),
123.4 (C), 121.5 (C-Br), 81.7 (C), 71.9 (CH), 49.1 (CH) 30.3 (CHa2).

HRMS calculated for C21H1sN204Br + [M+H]* = 439.0293; found 439.0288.
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3-[(4’-nitrophenyl)methyl-(N'-propargyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.63)
OH
H H
SeeNT

NO,

The compound was synthesized by following the above-mentioned general procedure (1.4
mmol of lawsone scale). Ball milling for 2 cycles x 40 min. The crude product was purified by
crystallization in DCM/Et0 to yield 398 mg (70%) of the target product as a brownish solid (mp
170-172°C).

Rf (Hex/AcOEt 3:7) = 0.14.

TH NMR (400 MHz, MeOD) & 11.88 (bs, 1H), 8.22 —8.12 (m, 2H), 8.09 - 8.05 (m, 1H), 8.05-7.99 (m,
1H), 7.81 = 7.71 (m, 2H), 7.65 — 7.60 (m, 2H), 6.68 (s, TH), 3.93 (dd, J = 3.7, 2.5 Hz, 2H), 2.55 (t, J =
2.5 Hz, TH).

13C NMR (101 MHz, MeOD) & 185.8 (C=0), 182.4 (C=0), 159.6 (NH-C=0 C), 157.2 (C-OH), 151.0
(C), 148.2 (C), 135.8 (CH), 134.5 (CH), 133.6 (C), 131.6 (C), 128.3 (2x CH), 127.3 (CH), 127.1 (CH),
124.4 (2 x CH), 122.8 (C), 81.6 (C), 72.0 (CH), 49.2 (CH), 30.3 (CHo).

HRMS calculated for C21H1sN3Os * [M+H]* = 406.1039; found 406.1037.

3-[(4’-trifluoromethylphenyl)methyl-(N'-propargyl)-ureaj-2-hydroxynaphthalene-1,4-dione,
(3.64)

S

CF;

The compound was synthesized by following the above-mentioned general procedure (1.0
mmol of lawsone scale). Ball milling for 2 cycles x 40 min. The crude product was purified by
crystallization in DCM to yield 351 mg (82%) of the target product as a yellow solid (mp 169-171
°C).

Rf (Hex/AcOEt 7:3) = 0.06.

TH NMR (400 MHz, DMSO) & 8.03 - 8.00 (m, 1H), 7.95-7.92 (m, 1H), 7.82 (did, J = 18.3, 7.5, 1.6 Hz,
2H), 7.65 (d, J = 8.0 Hz, 2H), 7.51 (dd, J = 8.0, 0.9 Hz, 2H), 6.96 (d, J = 9.2 Hz, TH), 6.92 (, J = 5.6 Hz,
1H), 6.52 (d, J = 9.2 Hz, TH), 3.85 - 3.80 (m, 2H), 3.07 (t, J = 2.5 Hz, TH).
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13C NMR (101 MHz, DMSO) & 184.0 (C=0), 181.3 (C=0), 156.9 (NH-C=0), 156.3 (C-OH), 147.4 (C),
134.7 (CH), 133.4 (CH), 131.8 (C), 130.2 (C), 127.1 (d, J = 39.4 Hz, C), 126.5 (2 x CH), 125.9 (CH),
125.7 (CH), 125.0 (g, J = 3.0 Hz, 2 X CH), 124.4 (q, J = 231.7 Hz, CF3), 121.9 (C), 82.2 (C), 72.8 (CH),
46.8 (CH), 28.8 (CHa).

19F NMR (376 MHz, DMSO) 6 -60.73.

HRMS calculated for C22H14N204 F3- [M-H]-= 427.0906; found 427.0902.

3-[(4’-chlorophenyl)methyil-(N-2-hydroxyethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.66)

The compound was synthesized by following the above-mentioned general procedure (1.4
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM/MeOH/Et20 to yield 449 mg (80%) of the target product as a yellow-
orange solid (mp 85-87 °C).

Rf (Hex/AcOEt 3:7) = 0.08.

'TH NMR (300 MHz, MeOD) 6 8.05-7.95 (m, 2H, H5 and Hé), 7.72 (dtd, J = 7.5, 1.6 Hz, 2H, H7 and
H8), 7.43 - 7.35 (m, 2H, H2b), 7.30 - 7.23 (m, 2H, H3b), 6.56 (s, 1H, H?), 3.58 (t, J = 5.6 Hz, 2H, H11),
3.26 (t, J =5.6 Hz, 2H, H12).

13C NMR (101 MHz, MeOD) &6 185.9 (C=0, C4), 182.5 (C=0, C1), 160.5 (NH-C=0, C10), 156.8 (C-
OH, C2), 142.0 (C, C1b), 135.8 (CH, Cé), 134.3 (CH, C7), 133.7 (C, C4a), 133.5 (C-Cl, C4b), 131.5
(C, C8a), 129.2 (2 x CH, C2b), 128.9 (2 x CH, C3b), 127.2 (CH, C5), 127.0 (CH, C8), 123.7 (C, C3),
62.6 (CHa2, C12), 49.0 (CH, C9), 43.5 (CHa, C11).

HRMS calculated for C2oH1sN20sCl - [M-H]-= 399.0748; found 399.0750.
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3-[(4’-nitrophenyl)methyl-(N-2-hydroxyethyl)-urea]-2-hydroxynaphthalene-1,4-dione, (3.67)
(o}

OH
O8N
o
(@] i (o]
NO,

The compound was synthesized by following the above-mentioned general procedure (1.4
mmol of lawsone scale). Ball milling for 2 cycles x 50 min. The crude product was purified by
crystallization in DCM/MeQOH/Et20 to yield 472 mg (82%) of the target product as a yellow solid
(mp 184-186 °C).

Rf (Hex/AcOEt 3:7) = 0.08.

TH NMR (400 MHz, DMSO) 6 8.16 (d, J = 8.7 Hz, 2H), 8.02 (d, J = 7.0 Hz, 1H), 7.94 (d, J = 7.0 Hz, TH),
7.89 = 7.77 (m, 2H), 7.56 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 9.4 Hz, TH), 6.69 (bs, TH), 6.55 (d, J = 9.4
Hz, 1H), 3.42 — 3.33 (m, 2H), 3.09 (f, J = 5.1 Hz, 2H).

13C NMR (101 MHz, DMSO) 6 183.9 (C=0), 181.2 (C=0), 157.5 (NH-C=0), 156.2 (C-OH), 151.0 (C),
146.1 (C), 134.8 (CH), 133.4 (CH), 131.7 (C), 130.1 (C), 127.0 (2 x CH), 125.9 (C), 125.7 (C), 123.3
(2 x CH), 121.9 (C), 60.7 (CH2), 46.7 (CH), 42.3 (CH2).

HRMS calcd for C2oH1sN3O7 * [M+H]* = 412.1145; found 412.1141.

3-[(4’-trifluoromethylphenyl)methyl-(N-2-hydroxyethyl)-urea]-2-hydroxynaphthalene-1,4-dione,
(3.68)

CF;3

The compound was synthesized by following the above-mentioned general procedure (2.0
mmol of lawsone scale). Ball milling for 2 cycles x 60 min. The crude product was purified by
crystallization in DCM to yield 690 mg (80%) of the target product as a yellow solid (mp 167-169
°C).

Rf (ACOEt) = 0.05.
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TH NMR (300 MHz, DMSO) & 11.82 (bs, 1H), 8.06 — 7.99 (m, 1H), 7.94 (dd, J = 7.5, 1.6 Hz, 1H), 7.83
(dtd, J = 7.4, 1.6 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 9.0 Hz, 1H),
6.69 (1, J = 6.1 Hz, 1H), 6.52 (d, J = 9.0 Hz, TH), 3.48 — 3.25 (m, 2H), 3.09 (m, 2H).

13C NMR (75 MHz, DMSO) & 184.0 (C=0), 181.3 (C=0), 157.5 (NH-C=0), 156.1 (C-OH), 147.8 (C),
134.7 (CH), 13.4 (CH), 131.8 (C), 130.2 (C), 127.0 (d, J = 31.5 Hz, C), 126.6 (2 x CH), 125.9 (CH),
125.7 (CH), 125.0 (q, J = 3.8 Hz, 2 x CH), 124.8 (g, J = 272.1 Hz, CF3), 122.3 (C), 60.7 (CHa), 46.7
(CH), 42.2 (CHa).

HRMS calculated for C21H1sN20s F3- [M-H]-= 433.1011; found 433.1020.
Synthesis of Michael adduct 3.70

Compound 3.43 (1.3 mmol) was added in 3 mL ionic liquid [HNMP]*[HSO4]- media and was
stired at 80 °C for 60 min, until it furned intfo a brown solid. Then, iced water was added and
the resulting suspension stayed under vigorous stirring for 10 min. The red solid was isolated by
filtration and washed with excess of water. Afterwards, the crude product was purified by
recrystallization in EfOH and washed with cold (0 °C) Et20 to afford 238 mg of 3.70 as an orange
solid (yield 40%, mp 202-204 °C).
3,3'-((4-fluororophenyljmethylene)bis(2-hydroxynaphthalene-1,4-dione), (3.70)

ceGes
pe

F

Rf (Hex/AcOEt 1:1) = 0.11.

TH NMR (400 MHz, DMSO) & 8.00 = 7.96 (m, 2H), 7.94 - 7.91 (m, 2H), 7.80 (dtd, J = 18.9, 7.4, 1.5 Hz,
4H), 7.29 = 7.22 (m, 2H), 7.04 - 6.95 (m, 2H), 5.98 (s, TH).

13C NMR (101 MHz, DMSO) & 183.5 (2x C), 181.3 (2x C), 160.5 (d, J = 243.8 Hz, C-F), 156.6 (2x C),
137.0 (d, J = 3.1 Hz, C), 134.6 (2 x CH), 133.1 (2x CH), 132.2 (2x C), 129.9 (2x C), 129.8 (d, J = 8.2

Hz, 2 x CH), 126.0 (2x CH), 125.6 (2 x CH), 123.0 (2x C), 114.2 (d, J = 21.4 Hz, 2 x CH), 36.94 (CH).

HRMS calculated for Co7H1506F [M-H]-= 453.0774; found 453.0781.
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Cyclization: Synthesis of lawsone carbamate 3.71

EtsN (1.75 mmol, 2.2 equiv) was added dropwise in a suspension of linear Biginelli compound
3.46 (0.80 mmol, 1 equiv) in 10 mL anhydrous DCM under inert argon atmosphere. To the
providing red solution, a solution of para-nitrophenyl chloroformate (0.9 mmol, 1.1 equiv) in 5
mL anhydrous DCM was added dropwise. Bubbling was observed during the addition at this
step. The reaction stayed under stirring at rt, overnight under inert argon atmosphere. The end
of the reaction was controlled by TLC. The solvent was then removed under pressure and the
residue was dissolved in AcOEt. The organic phase was then washed successively with 5%
aqgueous solution of citric acid, water and brine. The organic phase was collected, dehydrated
by Na2SOy, filtered and condensated until dry. The crude product was first purified by PuriFlash
column chromatography by using Hex/AcOEt (8:2) followed by Hex/AcOEt (7:3) as isocratic
systems of eluents. The product was obtained pure after a second semi-prep HPLC purification
(the byproduct p-nitrophenol has the same Rf and was 90% pure after the first attempt) by
using a C18 column and a gradient system of 0.1% HCOOH.H20/ 0.1% HCOOH.CH3CN as eluent
at 20% yield as yellow ail.

N-Ethyl-4-(P-fluorophenyl)-2,9, 10-trioxo-3,4-dihydro-10H,9H,2H- 1-oxa-3-azaanthracene-3-
carboxamide, (3.71)

Rf (Hex/AcOEt 8:2) = 0.20.

TH NMR (400 MHz, CDCls) & 8.41 (f, J = 5.6 Hz, 1H), 8.20 — 8.13 (m, 1H), 8.08 = 8.01 (m, 1H), 7.81 -
7.73 (m, 2H), 7.49 — 7.40 (m, 2H), 7.08 — 6.98 (m, 2H), 6.84 (s, TH), 3.42 = 3.22 (m, 2H), 1.17 (t, J =
7.3 Hz, 3H).

13C NMR (101 MHz, CDCls) & 180.9 (C=0), 176.3 (C=0), 163.0 (d, J = 248.0 Hz, C-F), 151.3 (NH-
C=0), 148.5 (N-(C=0)-0), 147.5 (C-O), 135.0 (CH), 134.6 (CH), 134.0 (C), 131.3 (C), 130.7 (C),
129.5 (d, J = 8.0 Hz, 2 x CH), 127.1 (CH), 127.0 (CH), 123.3 (C), 116.3 (d, J = 21.0 Hz, 2 x CH), 52.6
(CH), 36.3 (CHa), 14.7 (CHa).

HRMS calculated for C21H1sN20sF - [M - H]-= 394.0965; found 399.0969.
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General synthetic protocol for selective methylation of Biginelli-type linear lawsone derivatives

A solution of the corresponding Biginelli-linear derivative (1.0 equiv, 0.5 mmol) in anhydrous
acetone (5 mL) at 30 °C was charged with potassium carbonate (6.3 equiv, 3.2 mmol) and the
color changed immediately from yellow to deep red. After 5 min. of stirring, the reaction
mixture was charged with dimethyl sulfate (2.0 equiv, 1.0 mmol) and the system was set on
reflux. Afterwards, the reaction mixture was allowed to cool to room temperature and the
potassium carbonate excess was filtered out. The providing white solid was thoroughly washed
with 50 mL of acetone. The filtrate was collected and the solvent was evaporated under
reduced pressure. The obtained crude products were then purified by PuriFlash column
chromatography by using Hex/AcOEt as gradient and/or isocratic systems of eluents, while
silica gel columns were used as static phase. The desired methylated products were obtained

pure with good yields.

3-[(4’-fluorophenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.72)

The compound was synthesized by following the above-mentioned general procedure (0.22
mmol of starting compound scale). Reaction fime 60 min. The crude product was purified by
crystallization in 3 mL DCM to yield 50 mg (60%) of the target product as a yellow solid (mp
186—188 °C decomposition).

Rf (Hex/AcOEt 7:3) = 0.10.

TH NMR (300 MHz, CDCls) 6 8.08 — 8.01 (m, 1H), 8.01 = 7.94 (m, 1H), 7.71 (dd, J = 5.8, 3.3 Hz, 2H),
7.39 = 7.33 (m, 2H), 6.97 (s, 2H), 6.61 (s, TH), 6.19 (s, TH), 4.23 (s, 3H), 3.24 (q, J = 7.2 Hz, 2H), 1.14
(t, J = 7.2 Hz, 3H).

13C NMR (101 MHz, CDCl3) 6 186.1(C=0), 181.6 (C=0), 163.6 (d, J = 2.7 Hz, C), 161.9 (d, J = 246.0
Hz, C-F), 157.3 (C-OMe), 157.1 (NH-C=0), 134.2 (CH), 133.8 (CH), 131.9 (C),131.8 (C), 131.4 (C),
127.9 (d, J = 8.2 Hz, 2 x CH), 126.4 (CH), 126.3 (CH), 115.4 (d, J = 21.2 Hz, 2 x CH), 62.0 (OCHs),
48.5 (CH), 35.6 (CHa), 15.4 (CHa).

HRMS calculated for C21H20N204F [M+H]* = 383.1407; found 383.1411.
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3-[(4’-chlorophenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.73)

The compound was synthesized by following the above-mentioned general procedure (0.31
mmol of starting compound scale). Reaction fime 60 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (7:3) and then with Hex/AcOEt (6:4) to yield 90 mg (73%) of the

target product as a yellow solid (mp 213-125 °C decomposition).
Rf (Hex/AcOEt 6:4) = 0.17.

TH NMR (400 MHz, CDCls) 6 8.02 (dd, J = 5.8, 3.3 Hz, TH, H5), 7.95 (dd, J = 5.8, 3.3 Hz, 1H, Hé), 7.72
—7.65 (m, 2H, H7 and H8), 7.31 (d, J = 8.6 Hz, 2H, H2b), 7.23 (d, J = 8.6 Hz, 2H, H3b), 6.62 (d, J =
10.1 Hz, TH, H9), 6.24 (d, J = 10.1 Hz, TH, NH), 4.70 (t, J = 5.5 Hz, 1H, NHEt), 4.22 (s, 3H, H13), 3.23
(@,J=7.2Hz, 2H, H11), 1.12 (1, J = 7.2 Hz, 3H, H12).

13C NMR (101 MHz, CDCl3) 6 186.0 (C=0, C4), 181.7 (C=0O, C1), 157.5 (C-OMe, C2), 157.4 (NH-
C=0, C10), 139.7 (C, C1b), 134.3 (CH, Cé), 133.8 (CH, C7), 132.9 (C, C4a), 132.2 (C-Cl, C4b),
131.8 (C, C8a), 131.5 (C, C3), 128.7 (2x CH, C3b), 127.7 (2x CH, C2b), 126.5 (CH, C5), 126.3 (CH,
C8), 62.1 (OCHs, C13), 48.5 (CH, C9), 35.6 (CHa, C11), 15.4 (CH3, C12).

HRMS calculated for C21H20N204Cl+ [M+H]* = 399.1112; found 399.1112.

3-[(4’-bromophenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.74)

Br

The compound was synthesized by following the above-mentioned general procedure (0.23
mmol of starting compound scale). Reaction time 15 min. The crude product was purified by
PuriFlash FCC with gradient eluent Hex/AcOEt (6:4) to Hex/AcOEt (3:7) to yield 66 mg (65%) of
the target product as a yellow solid (mp 220-222 °C decomposition).

Rf (Hex/AcOEt 3:7) = 0.26.
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TH NMR (400 MHz, CDCl3) & 8.06 - 8.00 (m, 1H), 7.98 = 7.93 (m, 1H), 7.73 - 7.66 (m, 2H), 7.43 — 7.36
(m, 2H), 7.29 = 7.22 (m, 2H), 6.60 (d, J = 10.1 Hz, 1H), 6.19 (d, J = 10.1 Hz, TH), 4.58 (1, J = 5.5 Hz,
1H), 4.23 (s, 3H), 3.23 (q, J = 7.2 Hz, 2H), 1.13 (1, J = 7.2 Hz, 3H).

13C NMR (101 MHz, CDCl3) & 186.0 (C=0), 181.7 (C=0), 157.5 (C-OMe), 157.3 (NH-C=0), 140.2
(C), 134.3 (CH), 133.9 (CH), 132.1 (C-Br), 131.9 (C), 131.7 (2x CH), 131.5 (C), 128.1 (2x CH), 126.5
(CH), 126.4 (CH), 121.1 (C), 62.1 (OCHa), 48.6 (CH), 35.6 (CHz), 15.5 (CHa).

HRMS calculated for C21H20N204Br+ [M+H]* = 443.0606; found 443.0597.

3-[(4’-iodophenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.75)

The compound was synthesized by following the above-mentioned general procedure (0.31
mmol of starting compound scale). Reaction time 15 min. The crude product was purified by
PuriFlash FCC with gradient eluent Hex/AcOEt (7:3) to Hex/AcOEt (3:7) to yield 108 mg (70%) of

the target product as a yellow solid (mp 217-219 °C decomposition).
Rf (Hex/AcOEt 6:4) =0.17.

TH NMR (300 MHz, CDCls) 6 8.08 = 8.02 (m, 1H), 8.02 - 7.93 (m, 1H), 7.73 - 7.65 (m, 2H), 7.63 - 7.57
(M, 2H), 7.13 (d, J = 7.8 Hz, 2H), 6.59 (d, J = 9.7 Hz, TH), 6.14 (d, J = 9.7 Hz, TH), 4.23 (s, 3H), 3.23
(,J =7.2Hz, 2H), 1.13 (f, J = 7.2 Hz, 3H).

13C NMR (101 MHz, CDCl3) & 186.0 (C=0), 181.7 (C=0), 157.5 (C-OMe), 157.3 (NH-C=0), 140.9
(C), 137.6 (2 x CH), 134.3 (CH), 133.9 (CH), 132.0 (C), 131.8 (C), 131.5 (C), 128.3 (2 x CH), 126.5
(CH), 126.4 (CH), 92.7 (C-I), 62.2 (OCHs), 48.7 (CH), 35.6 (CHa), 15.5 (CHs).

HRMS calculated for C21H20N2041* [M+H]* = 491.0468; found 491.0460.
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3-[(4’-nitrophenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.76)

(o)
OMe
H H
OO
(o) l (0]
NO,

The compound was synthesized by following the above-mentioned general procedure (0.30
mmol of starting compound scale). Reaction tfime 90 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (6:4) and Hex/AcOEt (3:7) to vyield 52 mg (42%) of the target

product as a yellow-orange solid (mp 212-214 °C decomposition).

Rf (Hex/AcOEt 1:1) = 0.16.

TH NMR (300 MHz, CDCl3) § 8.18 = 8.11 (m, 2H), 8.08 —8.01 (m, 1H), 7.99 - 7.93 (m, 1H), 7.76 - 7.68
(M, 2H), 7.58 — 7.53 (m, 2H), 6.76 (d, J = 10.0 Hz, 1H), 6.19 (d, J = 10.0 Hz, 1H), 4.54 (t, J = 5.6 Hz,
1H), 4.29 (s, 3H), 3.26 (g, J = 7.2 Hz, 2H), 1.15 (f, J = 7.2 Hz, 3H).

13C NMR (75 MHz, CDCls) 6 185.9 (C=0), 181.5 (C=0), 157.7 (C-OMe), 157.1 (NH-C=0), 148.8
(C), 147.1 (C-NO3), 134.5 (CH), 134.1 (CH), 131.7 (C), 131.5 (C), 131.0 (C), 127.1 (2 x CH), 126.7
(CH), 126.4 (CH), 123.9 (2 x CH), 62.4 (OCHs), 48.7 (CH), 35.7 (CHa), 15.5 (CHa).

HRMS calculated for C21H20N3Os [M+H]* = 410.1352; found 410.1345.

3-[(4’-trifluoromethylphenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.77)

(o}
OMe
H H
O‘ N\n/N\/
(o] l (o]
CF;

The compound was synthesized by following the above-mentioned general procedure (0.15
mmol of starting compound scale). Reaction time 5 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (6:4) and Hex/AcOEt (1:1) to yield 54 mg (?0%) of the target

product as an orange solid (mp 206—-208 °C decomposition).

Rf (Hex/AcOEt 1:1) = 0.28.
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TH NMR (400 MHz, CDCl3) & 8.06 - 8.00 (m, 1H), 7.97 = 7.91 (m, 1H), 7.72 = 7.64 (m, 2H), 7.55 - 7.46
(m, 4H), 6.72 (d, J = 10.0 Hz, TH), 6.30 (d, J = 10.0 Hz, 1H), 4.75 (1, J = 5.5 Hz, 1H), 4.24 (s, 3H), 3.30
~3.18 (m, 2H), 1.13 (1, J = 7.2 Hz, 3H).

13C NMR (101 MHz, CDCls) § 185.9 (C=0), 181.6 (C=0), 157.6 (C-OMe), 157.4 (NH-C=0), 145.2
(C), 134.4 (CH), 133.9 (CH), 131.8 (C), 131.5 (C), 129.4 (d, J = 32.6 Hz, C), 128.5 (q, J = 163.2 Hz,
CFs), 126.6 (2x CH), 126.5 (CH), 126.3 (CH), 125.6 (q, J = 3.9 Hz, 2 x CH), 122.9 (C), 62.2 (OCHa),
48.7 (CH), 35.6 (CHa), 15.5 (CHa).

19F NMR (376 MHz, CDCls) § -62.5.

HRMS calculated for C22H20N204F3 [M+H]* = 433.1375; found 433.1379.

3-[(4’-methylphenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.78)

(o]
OMe
H H
K 5
(o) l (0]
CH,

The compound was synthesized by following the above-mentioned general procedure (0.41
mmol of starting compound scale). Reaction tfime 60 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (6:4) and Hex/AcOEt (1:1) to yield 109 mg (70%) of the target

product as a yellow solid (mp 217-219 °C decomposition).

Rf (Hex/AcOEt 6:4) = 0.23.

TH NMR (400 MHz, CDCls) 6 8.04 - 7.99 (m, TH), 7.99 = 7.94 (m, 1H), 7.69 - 7.65 (m, 2H), 7.31 - 7.25
(m, 2H), 7.08 (d, J = 7.8 Hz, 2H), 6.60 (d, J = 10.2 Hz, TH), 6.21 (d, J = 10.2 Hz, 1H), 4.64 (f, J = 5.6
Hz, TH), 4.20 (s, 3H), 3.22 (q, J = 7.3, 2H), 2.28 (s, 3H), 1.12 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDCl3) 6 186.1 (C=0), 181.8 (C=0), 157.5 (C-OMe), 157.4 (NH-C=0), 137.9
(C), 136.8 (C), 134.2 (CH), 133.7 (CH), 133.0 (C), 132.0 (C), 131.5 (C), 129.3 (2 x CH), 126.4 (CH),
126.3 (CH), 126.2 (2 x CH), 62.0 (OCHs), 48.9 (CH), 35.6 (CHa), 21.1 (CHa), 15.5 (CHa).

HRMS calculated for C2oH23N204 [M+H]+=379.1658; found 379.1653.

225



3-[(4’-methoxyphenyl)methyl-(N'-ethyl)-urea]-2-methoxynaphthalene-1,4-dione, (3.79)
OMe
H H
4Ny

OMe
The compound was synthesized by following the above-mentioned general procedure (0.26
mmol of starfing compound scale). Reaction time 60 min. The crude product was recrystallized
in 5 mL DCM to yield 66 mg (63%) of the pure target product as a yellow solid (mp 213-215 °C

decomposition), after filtration.
Rf (Hex/AcOEt 1:1) = 0.20.

TH NMR (400 MHz, MeOD) & 8.06 — 7.96 (m, 2H), 7.79 = 7.73 (m, 2H), 7.32 = 7.22 (m, 2H), 6.91 = 6.79
(m, 2H), 6.52 (s, TH), 4.14 (s, 3H), 3.75 (s, 3H), 3.16 (q, J = 7.2 Hz, 2H), 1.09 (f, J = 7.2 Hz, 3H).

13C NMR (101 MHz, MeOD) 6 186.4 (C=0), 182.9 (C=0), 160.2 (C-OMe), 159.1 (NH-C=0), 135.3
(CH), 134.8 (CH), 134.4 (C), 134.3 (C), 133.1 (C), 132.9 (C), 128.4 (2x CH), 127.1 (CH), 127.0 (CH),
123.7 (C), 114.8 (2 x CH), 62.1 (OCHs), 55.7 (OCHa), 49.1 (CH), 35.8 (CH2), 15.7 (CHa).

HRMS calculated for C2oH23N205 [M+H]+ = 395.1607; found 395.1608.

3-[(4’-fluoromethylphenyl)methyl-(N’-propargyl)-urea]-2-methoxynaphthalene-1,4-dione,
(3.80)

The compound was synthesized by following the above-mentioned general procedure (0.32
mmol of starting compound scale). Reaction fime 20 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (7:3) and Hex/AcOEt (6:4) to yield 88 mg (70%) of the pure target

product as a yellow solid (mp 196-198 °C decomposition).

Rf (Hex/AcOEt 6:4) = 0.30.
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TH NMR (400 MHz, CDCls) & 8.06 — 8.00 (m, 1H), 8.00 = 7.95 (m, TH), 7.70 (dd, J = 5.7, 3.3 Hz, 2H),
7.39 = 7.30 (m, 2H), 7.01 = 6.92 (m, 2H), 6.62 (d, J = 10.1 Hz, TH), 6.36 (d, J = 10.1 Hz, 1H), 4.80 (1, J
= 5.5 Hz, 1H), 4.23 (s, 3H), 4.01 (ddd, J = 5.5, 2.6, 0.8 Hz, 2H), 2.21 (t, J = 2.5 Hz, TH).

13C NMR (101 MHz, CDCls) 6 186.0 (C=0), 181.7 (C=0), 162.1 (d, J = 252.5 Hz, C-F), 157.4 (C-
OMe), 156.7 (NH-C=0), 136.5 (d, J = 3.0 Hz, C), 134.4 (CH), 133.9 (CH), 132.0 (C), 131.9 (C), 131.5
(C), 128.1 (CH), 128.0 (CH), 126.5 (d, J = 14.1 Hz, 2 x CH), 115.5 (d, J = 21.2 Hz, 2 x CH), 80.5 (C),
71.6 (CH), 62.1 (OCHz), 48.7 (CH), 30.4 (CHa).

19F NMR (376 MHz, CDCls) & -115.6 (m, F).

HRMS calculated for C22H1sN204F [M+H]*=393.1251; found 393.1248.

3-[(4’-chloromethylphenyl)methyl-(N'-propargyl)-urea]-2-methoxynaphthalene-1,4-dione,
(3.81)

The compound was synthesized by following the above-mentioned general procedure (0.30
mmol of starting compound scale). Reaction fime 20 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (7:3) and Hex/AcOEt (6:4) to yield 82 mg (67%) of the pure target

product as a yellow solid (mp 210-212 °C decomposition).
Rf (Hex/AcOEt 7:3) = 0.17.

TH NMR (400 MHz, CDCls) 6 8.06 —8.00 (m, 1H, H5), 7.98 — 7.93 (m, TH, Hé), 7.72 - 7.66 (m, 2H, H7
and H8), 7.34 - 7.29 (m, 2H, H2b), 7.25 - 7.22 (m, 2H, H3b), 6.62 (d, J = 10.0 Hz, 1H, H9), 6.38 (d, J
=10.0 Hz, 1H, NH), 4.88 (t, J = 5.5 Hz, 1H, NHR), 4.23 (s, 3H, H14), 4.01 (ddd, J = 5.5, 2.6, 0.8 Hz, 2H,
H11),2.21 (t, J = 2.5 Hz, TH, H13).

13C NMR (101 MHz, CDCl3) 6 185.9 (C=0, C4), 181.7 (C=0, C1), 157.5 (C-OMe, C2), 156.7 (NH-
C=0, C10), 139.4 (C, C1b), 134.4 (CH, Cé), 133.9 (CH, C7), 133.1 (C, C4a), 131.8 (C-CI, C4b),
131.7 (C, C8ay), 131.5 (C, C3), 128.8 (2x CH, C3b), 127.7 (2x CH, C2b), 126.6 (CH, C5), 126.4 (CH,
C8), 80.5 (C, C12), 71.6 (CH, C13), 62.2 (OCHs, C14), 48.7 (CH, C9), 30.4 (CH2, C11).

HRMS calculated for C22H1sN204Cl [M+H]* = 409.0955; found 409.0958.
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3-[(4’-nitromethylphenyl)methyl-(N'-propargyl)-ureaj-2-methoxynaphthalene-1,4-dione, (3.82)

NO,

The compound was synthesized by following the above-mentioned general procedure (0.37
mmol of starting compound scale). Reaction time 120 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (7:3) and Hex/AcOEt (1:1), both isocratic, to yield 78 mg (50%) of

the pure target product as a yellow solid (mp 206—208 °C decomposition).
Rf (Hex/AcOEt 6:4) = 0.25.

TH NMR (400 MHz, CDCls) 6 8.16-8.11 (m, 2H), 8.08 =8.01 (m, TH), 7.98 — 7.93 (m, 1H), 7.75 - 7.49
(m, 2H), 7.59 = 7.52 (m, 2H), 6.76 (d, J = 9.9 Hz, TH), 6.41 (d, J = 9.9 Hz, TH), 4.91 (f, J = 5.6 Hz, TH),
4.29 (s, 3H), 4.03 (ddd, J = 5.6, 2.5, 1.1 Hz, 2H), 2.23 (1, J = 2.5 Hz, TH).

13C NMR (101 MHz, CDCls) 6 185.8 (C=0), 181.5 (C=0), 157.6 (C-OMe), 156.6 (NH-C=0), 148.5
(C), 147.2 (C-NO3), 134.6 (CH), 134.1 (CH), 131.6 (C), 131.5 (C), 130.6 (C), 127.2 (2 x CH), 126.7
(CH), 126.4 (CH), 123.9 (2x CH), 80.3 (C), 71.8 (CH), 62.4 (OCHs), 48.8 (CH), 30.5 (CHa).

HRMS calculated for C22H1sN3Os [M+H]* = 420.1196; found 420.1193.

3-[(4’-trifluoromethylphenyl)methyl-(N’-propargyl)-ureaj-2-methoxynaphthalene-1,4-dione,
(3.83)

CF;

The compound was synthesized by following the above-mentioned general procedure (0.23
mmol of starting compound scale). Reaction fime 20 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (7:3) and Hex/AcOEt (6:4), both isocratic, to yield 41 mg (40%) of

the pure target product as a yellow solid (mp 218-220 °C decomposition).

Rf (Hex/AcOEt 7:3) = 0.15.
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TH NMR (400 MHz, CDCls) & 8.07 - 8.02 (m, 1H), 8.00 = 7.95 (m, 1H), 7.74 - 7.68 (m, 2H), 7.58 — 7.47
(m, 4H), 6.71 (d, J = 10.0 Hz, 1H), 6.35 (d, J = 10.0 Hz, TH), 4.75 (t, J = 5.6 Hz, 1H), 4.27 (s, 3H), 4.02
(ddd, J = 5.6, 2.6, 0.8 Hz, 2H), 2.23 (1, J = 2.6 Hz, TH).

13C NMR (101 MHz, DMSO) & 184.4 (C=0), 181.0 (C=0), 158.1 (NH-C=0), 156.8 (C-OMe), 146.7
(C), 134.3 (CH), 134.0 (CH), 131.5 (C),130.7 (C), 127.3 (d, J = 32.3 Hz, C), 126.5 (2 x CH), 126.0
(CH), 125.6 (CH), 127.4 (q, J = 255.5 Hz, CFs), 125.1 (q, J = 3.9 Hz, 2x CH), 122.9 (C), 82.1 (C), 72.9
(CH), 61.5 (OCHa), 46.9 (CH), 28.8 (CH2).

HRMS calculated for C2sH1sN204Fs [M+H]* = 443.1219; found 443.1215.

3-[(4’-methoxymethylphenyl)methyl-(N'-propargyl)-urea]-2-methoxynaphthalene-1,4-dione,
(3.84)

OMe
The compound was synthesized by following the above-mentioned general procedure (0.51
mmol of starting compound scale). Reaction time 45 min. The crude product was purified by
PuriFlash FCC with Hex/AcOEt (7:3) and Hex/AcOEt (6:4), both isocratic, fo yield 80 mg (40%) of

the pure target product as a yellow solid (mp 209-211 °C decomposition).
Rf (Hex/AcOEt 6:4) = 0.31.

TH NMR (400 MHz, CDCls) 6 8.05-8.00 (m, TH), 8.00 -7.96 (m, 1H), 7.72-7.66 (m, 2H), 7.33-7.28
(m, 2H), 6.86 = 6.79 (m, 2H), 6.57 (d, J = 10.2 Hz, TH), 6.29 (d, J = 10.2 Hz, T1H), 4.69 (t, J = 5.6 Hz,
1H), 4.22 (s, 3H), 4.01 (ddd, J = 5.6, 2.6, 1.1 Hz, 2H), 3.75 (s, 3H), 2.21 (t, J = 2.6 Hz, TH).

13C NMR (101 MHz, CDClz) 6 186.1 (C=0), 181.8 (C=0), 158.9 (NH-C=0), 157.3 (C), 156.7 (C-
OMe), 134.3 (CH), 133.8 (CH), 132.7 (C), 132.5 (C), 132.0 (C), 131.5 (C), 127.6 (2 x CH), 126.4
(CH), 126.4 (CH), 114.1 (2 x CH), 81.7 (CH), 71.5 (CH), 62.1 (OCHs3), 55.4 (OCHs3), 48.9 (CH), 30.4
(CH2).

HRMS calculated for C23H20N20sNa [M+Na]+=427.1270; found 427.1269.
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3.7.3 Docking experiments

The AlphaFold2 predicted structure of the protein bcl of Plasmodium falciparum was
downloaded from the European Bioinformatics Institute website and preprocessed with
PrepWizard and treated and minimized as already described in Chapter 2 (Experimental Part)
FORCEFIELD OPLS_2005.

The X-ray crystal protein structure for Plasmodium DHODH was downloaded from PDB (7L01),
preprocessed and minimized as already described in Chapter 2 (Experimental Part)
FORCEFIELD OPLS_2005.

The binding sites for both receptors were generated as described in Chapter 2 (Experimental
Part).

All molecules were docked into the binding site of both targets DHODH, in several runs using
both the crystallographic waters as well as without them. The docking scores reported in this

chapter’s tables are without waters.
Ligand preparation (LigPrep)

All compounds were imported as drawn and energy minimized with Maestro [Schrodinger LLC.
2021].

FORCEFIELD OPLS_2005

GENERATE POSSIBLE STATES pH 7 £ 2 True
EPIK PENALTIES False

INCLUDE ORIGINAL STATE True

DESALT True

GENERATE TAUTOMERS True

GENERATE STEREOISOMERS True (15 per ligand max.)

Docking (GlideDock)
FORCEFIELD OPLS_2005
SCALING FACTOR 0.80
PARTIAL CHARGE CUTOFF 0.15

PRECISION XP True
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LIGAND SAMPLING FLEXIBLE True

INPUT RING CONFORMATION True

EPIK PENALTIES True

EXPANDED SAMPLING True

DISTANCE DEPENDENT DIELECTRIC CONSTANT 4.0

MAX NUMBER OF MINIMIZATION STEPS 100

H BOND HALOGEN ACCEPTOR True

H BOND AROMATIC DONOR True

RMS 0.5

MAX ATOMIC DISPLACEMENT 1.3 A
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4.1 General Conclusion

This thesis was focused on the design and synthesis of novel naphthoquinone derivatives as
potentfial antiparasitic agents. In that respect, commercially available 2-hydroxy-
naphthoquinone (lawsone) was employed in multicomponent reactions aiming to provide

new 1,4-naphthoquinone families in one step.

First, a multicomponent domino reaction using lawsone, aldehydes, and alkyl-isocyanides
was established and optimized under microwave irradiation. The reaction tolerated very well
a very wide substrate scope of aldehydes. A novel series of 19 3-amino-naphthofuroquinone
derivatives was obtained with yields ranging from 19% to 59%. In parallel, the direct two-
component condensation between lawsone and alkyl isocyanides led to ftwo
naphthoenaminone compounds never reported before, isolated as a Z/E mixture, with yields

between 40% and 50%. Thus, our first synthetic objective was successfully accomplished.

The second synthetic objective was focused in a multicomponent Biginellireaction involving
lawsone, para-substituted benzaldehydes, and (alkyljureas. The reaction was studied under
various conditions including protic solvents, ionic liquids (ILs), deep eutectic solvents (DES), and
in the solid state (mechanochemical activation). The classic 3,4-dihydropyrimidone Biginelli

products (DHPMs) were never obtained.

In solution, ILs, and DES, the reaction predominantly yielded two-component Michael
adducts resulting from the aldol condensation between lawsone and benzaldehyde.
However, a remarkable shift occurred in the solid state, favoring the three-component
reaction. Mechanochemical activation, led to the synthesis of 21 novel Biginelli-linear lawsone
derivatives with good yields ranging from 60% to 90%. All cyclisation efforts (in solution, by
grinding) failed to afford the desired DHPM derivatives. This outcome made us to investigate
the mechanistic pathway of this reaction leading to the Biginelli-inear compounds which were
initially considered to be intermediates of the classic Biginelli reaction. We suggested that
lawsone reacts first with the aldehyde, affording a Knoevenagel infermediate which is further

aftacked by the (alkyl)jurea.

Finally, selected Biginelli-linear compounds were selectively methylated affording 13 novel
compounds with yields ranging from 40% to 90%. These methylated derivatives were found to

be stable in solution, in contrast with their precursors.

In essence, this work did not only unveiled novel synthetic pathways and compounds but

also provided valuable insights intfo the mechanistic intricacies of the Biginelli reaction,
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contributing to the advancement of organic chemistry and offering potential solufions for

enhancing the chemical space of the naphthoquinone family.

Among all the synthesized compounds mentfioned herein, the naphthofuroquinones,
obtained through the domino reaction, exhibited the highest ICso values against both
Plasmodium falciparum ART-resistant strains (ICso values 2.5-10 uyM) and L. donovani
inframacrophage amastigotes. These results agree with the reported results in the literature.
However, the two novel naphthoenaminone compounds were active against both parasites

and exhibited very good selectivity indexes.

The Biginelli-linear family of compounds was found fo be inactive against every pathogen.
The more stable O-methylated derivatives exhibited the lowest ICso values among all families
of compounds mentioned herein. The O-methylated Biginelli-linear series had ICso values
ranging from 2.8 uM to 10 yM against Plasmodium falciparum ART-resistant strains. This family of
compounds was found to be very promising against L. donovani intramacrophage
amastigotes and had ICso values ranging between 1.5 uM and 10 uM and very good selectivity
indexes (Sl 5.7-82), in the majority of cases better than the reference drug miltefosine (ICso = 1.5
MM and SI = 15.5).

239



ANNEXES



241



1. Crystallographic data for compound 2.69

Table A1: Crystallographic Data of compound 2.69

C2oH18CINO3

M= 379.82 Dx=1.361 Mg m=3

Monoclinic, P2i/n

Hall symbol: -P 2yn Mo Ka radiation, A = 0.71073 A

a =12.024 (3) A Cell parameters from 2329 reflections
b =13.290 (3) A 6 =2.3-25.0°

c=12.093 (3) A u=0.23 mm-!

p=106.410 (7)° T=100K

V =1853.6 (8) A3 Platelet, purple

=4 0.15 x 0.08 x 0.02 mm

F(000) = 792

Table A2: Data collection

Bruker Kappa APEX I
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator
wW— scans

Absorption correction: multi-scan

[c.f. r.n. blessing, acta cryst. (1995), a51, 33-

38]
Tmin = 0.619, Tmax = 0.745

30237 measured reflections

3298 independent reflections

Table A3: Refinement
Refinement on F2

Least-squares matrix: full

1726 reflections with [ > 20(l)

Rint = 0.214
Bmax = 25.1°, Bmin = &o

h=-13 14
k=-15 15
I=-14 14

Standard reflections: 0

Hydrogen site location
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R[F2 > 25(F2)] = 0.072

WR(F2) = 0.131

S=1.05
298 reflections

250 parameters

0 restraints

H atoms treated by a mixture of
independent and constrained refinement

w = 1/[0?(Fo?) + (0.0439P)2]
where P = (Fo2 + 2F:2)/3

(A/O)mox = 0.003
Apmex =0.30 /&’3
Apmin==0.35 e A-3

Extinction correction: none

Table A4: Fractional atomic coordinates and isotropic or equivalent isotropic

displacement parameters (AQ)

X

C1 0.6627 (3)
C2 0.8746 (3)
C2B 0.5713 (3)
H2B 0.588857
C3 0.7844 (3)
C3A 0.8409 (3)
C3B 0.4570 (3)
H3B 0.396526
C4 0.7954 (4)
C4A 0.8852 (3)
C4B 0.4320 (3)
C5 0.8478 (4)
H5 0.767422
C58B 0.5182 (3)
H58 0.499327
Cé 0.9283 (4)
H6 0.902575
CéB 0.6333 (3)
H6B 0.692983
c7 1.0453 (4)
H7 1.099856

Y
0.3403 (2)

0.2953 (3)
0.3148 (3)
0.290713
0.3340 (2)
0.3652 (3)
0.3233 (3)
0.305861

0.4095 (3)
0.4305 (3)
0.3576 (3)
0.4643 (3)
0.473253
0.3821 (3)
0.404239

0.4850 (3)
0.506584
0.3743 (3)
0.392326

0.4743 (3)
0.490817

243

z Uiso™/Ueq
0.2385 (3) 0.0180 (9)
0.2663 (3) 0.0166 (9)
0.2838 (3) 0.0186 (10)
0.360812 0.022*
0.3056 (3) 0.0163 (9)
0.4200 (3) 0.0166 (9)
0.2206 (3) 0.0187 (9)
0.253430 0.022*
0.5108 (3) 0.0180 (9)
0.6234 (3) 0.0170 (9)
0.1084 (3) 0.0171 (9)
0.7153 (3) 0.0222 (10)
0.706528 0.027*
0.0593 (3) 0.0208 (10)
-0.018459 0.025*
0.8203 (3) 0.0268 (11)
0.883803 0.032*
0.1241 (3) 0.0200 (10)
0.090515 0.024*
0.8330 (3) 0.0239 (10)
0.904291 0.029*
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C8
H8
C8A
c9
C9A
Ci10
CIll
HI1TA
H11B
H11C
C12
H12A
H12B
H12C
Ci3
H13A
H13B
H13C
N1

H1
Ol
02
o3
Cll

1.0833 (4)
1.163988
1.0039 (3)
1.0478 (4)
0.9577 (3)
0.9638 (3)
0.9866 (4)
1.022274
1.038990
0.913155
1.0741 (4)
1.056429
1.131203
1.105793
0.9151 (4)
0.843550
0.972059
0.898411
0.8709 (3)
0.796 (3)
0.9792 (2)
1.1529 (2)
0.6930 (2)
0.28725 (9)

0.4398 (3)
0.431756
0.4166 (3)
0.3733 (3)
0.3488 (3)
0.1904 (3)
0.0963 (3)
0.115292
0.051435
0.061455
0.2512 (3)
0.311770
0.210376
0.270686
0.1611 (3)
0.122456
0.120031
0.222048
0.2526 (2)
0.235 (3)
0.30454 (17)
0.36154 (18)
0.42649 (18)
0.36933 (8)

0.7422 (3)
0.751668
0.6368 (3)
0.5425 (3)
0.4422 (3)
0.1371 (3)
0.2120 (3)
0.292489
0.186125
0.205438
0.1512 (4)
0.103225
0.127421
0.232234
0.0108 (3)
0.000801
~0.012933
~0.036667
0.1642 (3)
0.126 (3)
0.3465 (2)
0.5533 (2)
0.4989 (2)
0.02686 (9)

0.0232 (10)
0.028*
0.0173 (9)
0.0188 (9)
0.0168 (9)
0.0227 (10)
0.0377 (12)
0.057*
0.057*
0.057*
0.0345 (12)
0.052*
0.052*
0.052*
0.0301 (11)
0.045*
0.045*
0.045*
0.0222 (8)
0.027*
0.0198 (7)
0.0240 (7)
0.0225 (7)
0.0307 (3)

Table A5: Atomic displacement parameters (AQ)

Cl
C2
C2B
C3
C3A

U
0.019 (3)
0.018 (3)
0.024 (3)
0.014 (3)
0.020 (3)

U2
0.010 (2)
0.011 (2)
0.013(2)
0.014 (2)
0.010 (2)

U
0.023 (2)
0.017 (2)
0.019 (2)
0.020 (2)
0.019 (2)
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U]Q

~0.0005 (18)
~0.0013 (18)
-0.002 (2)
~0.0016 (18)
0.0001 (19)

U13

0.002 (2)
~0.001 (2)
0.007 (2)
0.004 (2)
0.0042 (19)

y23

~0.0043 (17)
0.0002 (17)
~0.0049 (17)
0.0003 (17)
0.0034 (18)
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C3B
c4
C4A
C4B
C5
C5B
Cé
C6B
c7
c8
C8A
C9
C9A
C10
Cll
C12
C13
NT
Ol
02
03
el

0.013 (3)
0.023 (3)
0.019 (3)
0.013 (2)
0.022 (3)
0.024 (3)
0.032 (3)
0.025 (3)
0.030 (3)
0.018 (3)
0.021 (3)
0.023 (3)
0.020 (3)
0.022 (3)
0.047 (3)
0.026 (3)
0.038 (3)
0.015 (2)
0.0159 (17)
0.0147 (18)
0.0177 (19)
0.0202 (7)

0.019 (2)
0.010 (2)
0.010 (2)
0.012 (2)
0.018 (2)
0.017 (2)
0.021 (2)
0.015 (2)
0.019 (2)
0.018 (2)
0.010 (2)
0.009 (2)
0.017 (2)
0.020 (2)
0.029 (3)
0.034 (3)
0.030 (3)
0.028 (2)

0.0193 (14)
0.0260 (16)
0.0234 (15)
0.0336 (6)

0.022 (2)
0.021 (2)
0.020 (2)
0.021 (2)
0.024 (2)
0.019 (2)
0.026 (3)
0.021 (2)
0.017 (2)
0.029 (3)
0.018 (2)
0.024 (2)
0.015 (2)
0.028 (2)
0.038 (3)
0.048 (3)
0.027 (2)
0.022 (2)
0.0218 (15)
0.0290 (16)
0.0254 (16)
0.0314 (6)

Table A6: Geometric parameters (A, °)

C1—C2B

C1—CéB

C1—C3

C2—N1

C2—O01

C2—C3

C2B—C3B

C2B—H2B

1.402 (5)
1.402 (5)
1.462 (5)
1.349 (4)
1.360 (4)
1.398 (5)
1.375 (5)
0.9500

C6—Hé6
C6B—HéB
C7—Cs8
C7—H7
C8—C8A
C8—H8
C8A—C9
C9—02

245

~0.0020 (18)
0.001 (2)
0.0015 (18)
0.0007 (18)
~0.0004 (19)
0.002 (2)
0.000 (2)
-0.002 (2)
0.002 (2)
0.0027 (19)
~0.0028 (19)
-0.001 (2)
0.0019 (19)
-0.002 (2)
0.008 (2)
-0.007 (2)
-0.002 (2)
-0.0011 (17)
0.0014 (13)
0.0006 (14)
0.0020 (13)
0.0039 (5)

0.9500
0.9500

0.001 (2)
0.005 (2)
0.003 (2)
~0.0039 (19)
0.003 (2)
0.000 (2)
0.006 (2)
0.009 (2)
~0.002 (2)
0.000 (2)
0.001 (2)
0.005 (2)
0.006 (2)
0.009 (2)
0.014 (3)
0.019 (2)
0.016 (2)
0.0040 (17)
0.0014 (14)
0.0026 (14)
0.0045 (14)
~0.0041 (5)

1.382 (5)

0.9500

1.394 (5)

0.9500

1.500 (5)

1.243 (4)

~0.0057 (18)
0.0057 (17)
0.0027 (17)
~0.0066 (18)
0.0000 (19)
0.0000 (17)
~0.0001 (19)
0.0004 (18)
~0.0026 (18)
0.0072 (19)
0.0046 (17)
0.0039 (18)
~0.0021 (17)
~0.0037 (18)
0.000 (2)
~0.014 (2)
~0.006 (2)
~0.0077 (16)
~0.0016 (12)
0.0030 (13)
~0.0038 (12)
~0.0022 (5)
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C3—C3A
C3A—C9A
C3A—C4
C3B—C4B
C3B—H3B
C4—03
C4—C4A
C4A—C5
C4A—C8A
C4B—C5B
C4B—Cl1
C5—Cé

C5—H5
C5B—C6B
C5B—HS5B
C6—C7
C2B—C1—Cé6B
C2B—C1—C3
C6B—C1—C3
N1—C2—O1
N1—C2—C3
01—C2—C3
C3B—C2B—Cl
C3B—C2B—H2B
C1—C2B—H2B
C2—C3—C3A
C2—C3—C
C3A—C3—CI
C9A—C3A—C3
C9A—C3A—C4
C3—C3A—C4
C2B—C3B—C4B

1.421 (5)
1.371 (5)
1.481 (5)
1.382 (5)
0.9500

1.220 (4)
1.505 (5)
1.385 (5)
1.403 (5)
1.372 (5)
1.748 (4)
1.389 (5)
0.9500

1.388 (5)
0.9500

1.378 (6)
117.2 (4)
122.8 (3)
120.0 (4)
118.4 (3)
129.6 (4)
112.0 (3)
122.2 (4)
118.9

118.9

103.6 (3)
125.7 (3)
130.7 (3)
109.0 (3)
119.4 (3)
131.6 (4)
118.6 (4)

C9—C9%A
C9A—OI1
C10—NI1
C10—C12
C10—CI1
C10—C13
CI1—HIT1A
CI1—HI118B
Cl1—HI11C
C12—HI12A
C12—H128B
C12—H12C
C13—HI3A
C13—H13B
C13—H13C
NT1—H1
C8—C7—H7
C7—C8—C8A
C7—C8—H8
C8A—C8—H8
C8—C8A—CH4A
C8—C8A—C9
C4A—C8A—C9
02—C9—C9A
02—C9—C8A
C9A—C9—CB8A
C3A—C9A—O01
C3A—C9A—C9
O1—C9A—C9
N1—C10—C12
N1—C10—CI11
C12—C10—CI11
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1.418 (5)
1.385 (4)
1.498 (5)
1.521 (5)
1.523 (5)
1.523 (5)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.92 (4)
119.9
120.3 (4)
119.8
119.8
119.2 (3)
118.9 (4)
121.9 (3)
124.7 (3)
122.3 (4)
113.0 (3)
109.1 (3)
128.6 (3)
122.3 (3)
111.3 (3)
110.0 (3)
111.4 (3)



C2B—C3B—H3B
C4B—C3B—H3B
O3—C4—C3A
O3—C4—CH4A
C3A—C4—CA4A
C5—C4A—CB8A
C5—C4A—CH4
C8A—C4A—CA4
C5B—C4B—C3B
C5B—C4B—Cl1
C3B—C4B—CI1
C4A—C5—Cé
C4A—C5—H5
C6—C5—H5
C4B—C5B—CéB
C4B—C5B—H5B
Cé6B—C5B—HS5B
C7—C6—C5
C7—Cé—Hé
C5—C6—Hé6
C5B—CéB—CI
C5B—Cé6B—H6B
C1—C6B—HéB
C6—C7—C8
C6—C7—H7

120.7
120.7
124.0 (4)
121.0 (3)
115.1 (4)
120.0 (4)
118.2 (4)
121.8 (3)
121.5 (4)
119.2 (3)
119.3 (3)
119.8 (4)
120.1
120.1
119.5 (3)
120.2
120.2
120.5 (4)
119.8
119.8
121.0 (4)
119.5
119.5
120.1 (4)
119.9

Table A7: Hydrogen-bond geometry (A, °)

D—H- A
N1—H1 02

C12—H12B O3
C12—H12C O]
C13—H13A 02

N1—C10—C13 105.1 (3)
C12—C10—C13  109.0 (3)
Cl11—C10—C13  109.9 (3)
Cl10—C11—H11A  109.5

C10—CI11—H11B  109.5

HITA—C11—H11B  109.5

C10—CI11—H11C  109.5

HITA—C11—H11C 109.5

H11B—C11—H11C  109.5

C10—CI12—HI12A  109.5

C10—CI12—H12B  109.5

H12A—C12—H12B  109.5

C10—C12—H12C  109.5

H12A—C12—H12C  109.5

H12B—C12—H12C  109.5

C10—C13—HI13A  109.5

C10—C13—H13B  109.5

H13A—C13—H13B  109.5

C10—C13—H13C  109.5

H13A—C13—H13C 109.5

H13B—C13—H13C  109.5

C2—N1—C10 126.8 (3)
C2—N1—H]1 109 (2)
C10—N1—H]1 116 (2)
C2—O1—C9A 106.3 (3)
D—H He-A

0.92 (4) 2.13 (4)

0.98 2.63

0.98 2.37

0.98 2.55
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DA
2.997 (4)
3.535 (5)
2.984 (5)
3.348 (5)

Dt A
157 (3)
153

120

138
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CI3—HI13A ---Ogii 0.98 2.64 3.367 (5) 131

N1—H1 ---O2 0.92 (4) 2.13 (4) 2.997 (4) 157 (3)
C12—H12B--O3i 0.98 2.63 3.535 (5) 153
C12—H12C Ol 0.98 2.37 2.984 (5) 120
C13—H13A 02 0.98 2.55 3.348 (5) 138
C13—H13A --O3i 0.98 2.64 3.367 (5) 131

Symmetry codes: (i) x=1/2, =y+1/2, z=1/2; (i) x+1/2, =y+1/2, z=1/2; (iii) ~x+3/2, y=1/2, =z+1/2.

Figure A1: Crystallographic structure of compound 2.69

2. Crystallographic data for compound 3.461

Table A8: Crystallographic data for compound 3.61

C21H15CIN2O4 F(000) = 408

Mr = 394.80

Triclinic, P-1 Dx=1.412 Mg m-3

Hall symbol: -P 1

a=9.5285 (15) A Mo Ka radiation, A = 0.71073 A
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b =10.8463 (17) A

Cell parameters from 9921 reflections

c=10.9208 (16) A 6 =2.536.9°
a=94.939 (9)° M =0.24 mm-!
B=113.931 (8)° T=100K

y =110.838 (8)° Block, yellow

V =928.4(3) A3 0.18 x 0.10 x 0.04 mm
=2

Table A9: Data collection

Bruker Kappa APEX I
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator
wW— scans

Absorption correction: multi-scan
[c.f. r.h. blessing, acta cryst. (1995), a51, 33-

38]
Tmin = 0.715, Tmax = 0.743

39871 measured reflections

3787 independent reflections

Table A10: Refinement
Refinement on F2

Least-squares matrix: full

R[F2> 20 (F2)] = 0.035

787 reflections

259 parameters

0 restraints

3423 reflections with | > 25(l)

Rint = 0.056
Omax = 26.4°, Omin = &o

h=-11 11

k=z13 13

I==-13 13

Standard reflections: 0

Hydrogen site location: mixed

H atoms treated by a mixture of
independent and constrained refinement

w = 1/[0?(Fs2) + (0.0353P)2 + 0.7665P]
where P = (Fo2 + 2F:2) /3

(A/O)mox = 0.001
APmax = 0.37 e /&_3
Apmin==0.36 e A-3

Extinction correction: none
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Table A11: Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A 2)

Cl
ClA
C2
C2A
H2A
C2B
H2B
C3
C3A
H3A
C3B
H3B
C4
C4A
C5
Cé
Hé
C7
H7
C8
H8
c9
H?
C10
Cll
H11
Ci12
Ci3
H13A

X

0.3609 (2)
0.23661 (17)
0.26302 (18)
0.28821 (18)
0.311460
0.2024 (2)
0.165706
0.31583 (18)
0.30604 (19)
0.340146
0.2207 (2)
0.197475
0.48788 (18)
0.2734 (2)
0.58968 (18)
0.74895 (19)
0.793074
0.8434 (2)
0.951875
0.7817 (2)
0.847850
0.6228 (2)
0.579389
0.52745 (18)
0.20248 (18)
0.083392
0.11935 (18)
0.0812 (2)
0.052177

y
0.02555 (15)

0.41456 (14)
0.11018 (14)
0.39958 (15)
0.323348
0.52667 (16)
0.537336
0.22860 (14)
0.49471 (16)
0.483567
0.62329 (17)
0.699683
0.28985 (14)
0.60568 (16)
0.20848 (15)
0.26095 (16)
0.348431
0.18490 (18)
0.220730
0.05743 (18)
0.006794
0.00428 (16)
~0.083127
0.07983 (15)
0.30243 (14)
0.232258
0.26723 (14)
0.23991 (16)
0.295479
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VA

0.66677 (17)
0.67006 (15)
0.63711 (15)
0.80487 (15)
0.824861
0.64309 (16)
0.551427
0.60102 (14)
0.91028 (16)
1.001701
0.74746 (18)
0.728155
0.61690 (14)
0.88002 (16)
0.64490 (14)
0.65075 (16)
0.635773
0.67863 (18)
0.681819
0.70184 (17)
0.721574
0.69611 (16)
0.711441
0.66773 (15)
0.55341 (14)
0.519429
0.30524 (15)
0.06734 (16)
0.002098

Uiso™/Ueq
0.0198 (3)
0.0144 (3)
0.0146 (3)
0.0170 (3)
0.020*
0.0221 (3)
0.026*
0.0143 (3)
0.0200 (3)
0.024*
0.0255 (4)
0.031*
0.0152 (3)
0.0214 (3)
0.0162 (3)
0.0219 (3)
0.026*
0.0263 (4)
0.032*
0.0244 (3)
0.029*
0.0206 (3)
0.025*
0.0163 (3)
0.0143 (3)
0.017*
0.0149 (3)
0.0220 (3)
0.026*
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H13B
Cl4
Cl1bs
H15
N1
N2
Ol
02
O3
O4
Cl
H1
H2
H3

-0.025638
0.1942 (2)
0.2841 (3)
0.349 (3)
0.20678 (15)
0.15434 (17)
0.01213 (13)
0.54967 (13)
0.12003 (13)
0.29957 (18)
0.30280 (6)
0.299320
0.240808
0.097110

0.160747
0.18894 (17)
0.1478 (2)
0.109 (2)
0.35434 (12)
0.32243 (13)
0.14886 (10)
0.40855 (10)
0.06443 (10)
~0.08393 (13)
0.72832 (5)
0.424210
0.402761
~0.008350

Table A12: Afomic displacement parameters (A2)

Cl
ClA
C2
C2A
C2B
C3
C3A
C3B
C4
C4A
C5
Cé
C7
C8
Cc9

Un
0.0230 (8)
0.0137 (6)
0.0138 (6)
0.0172 (7)
0.0327 (9)
0.0166 (7)
0.0184 (7)
0.0379 (9)
0.0176 (7)
0.0212 (8)
0.0159 (7)
0.0181 (7)
0.0162 (7)
0.0216 (8)
0.0226 (8)

U22

0.0160 (7)
0.0130 (4)
0.0144 (7)
0.0186 (7)
0.0198 (7)
0.0128 (7)
0.0271 (8)
0.0193 (8)
0.0142 (7)
0.0215 (8)
0.0176 (7)
0.0227 (8)
0.0340 (9)
0.0331 (9)
0.0214 (8)

ys33

0.0266 (8)
0.0157 (7)
0.0150 (7)
0.0169 (7)
0.0178 (7)
0.0140 (7)
0.0148 (7)
0.0271 (8)
0.0112 (6)
0.0194 (7)
0.0120 (6)
0.0211 (8)
0.0264 (8)
0.0204 (8)
0.0184 (7)
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0.046118 0.026*
0.04345 (17) 0.0265 (4)
0.0222 (2) 0.0393 (5)
0.004 (2) 0.047*
0.43586 (12) 0.0153 (3)
0.20854 (13) 0.0228 (3)
0.27472 (11) 0.0189 (2)
0.61017 (11) 0.0204 (2)
0.64617 (11) 0.0175 (2)
0.68741 (18) 0.0427 (4)
1.01386 (4) 0.03234 (13)
0.454280 0.016 (4)*
0.236869 0.027 (5)*
0.666970 0.049 (7)*
i iE U2
0.0095(6)  0.0154(7)  0.0098 (6)
0.0041 (5)  0.0076 (6)  0.0040 (5)
0.0047 (5)  0.0075(6)  0.0034 (5)
0.0086 (6)  0.0084 (6)  0.0066 (6)
00136 (7) 00129 (7)  0.0085 (6)
0.0056 (6)  0.0081 (6)  0.0036 (5)
00102 (6)  0.0078 (6)  0.0049 ()
00168 (7) 00179 (7)  0.0089 (7)
0.0038 (6)  0.0072 (6)  0.0028 (5)
0.0075(6) 00103 (6)  -0.0011 (6)
0.0042 (6)  0.0069 (6)  0.0017 (5)
0.0043 (6)  0.0099 (6)  0.0041 ()
0.0082(7)  00111(7)  0.0033 (7)
00167 (7)  0.0079 (6)  0.0032 (7)
0.0109 (6)  0.0092 (6)  0.0042 (6)
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C10 0.0174 (7)
C11  0.0169 (7)
C12 0.0159 (7)
C13  0.0244 (8)
C14 0.0326 (9)
C15 0.0527 (12)
N1 0.0178 (¢)
N2 0.0269 (7)
Ol  0.0197 (5)
02  0.0193(5)
03 0.0168 (5)
O4  0.0432(8)
Cll 0.0392 (3)

0.0168 (7)
0.0132 (6)
0.0143 (7)
0.0228 (8)
0.0263 (8)
0.0508 (12)
0.0118 (6)
0.0155 (6)
0.0148 (5)
0.0143 (5)
0.0146 (5)
0.0293 (7)
0.0333 (2)

0.0149 (7)
0.0136 (7)
0.0167 (7)
0.0154 (7)
0.0190 (8)
0.0378 (11)
0.0151 (6)
0.0168 (6)
0.0192 (5)
0.0240 (6)
0.0260 (6)
0.0906 (12)
0.0249 (2)

Table A13: Geometric parameters (A, °)

C1—04
Ci1—Ci10
C1—C2
C1A—C2B
C1A—C2A
CIA—CI1
C2—03
C2—C3
C2A—C3A
C2A—H2A
C2B—C3B
C2B—H2B
C3—C4
C3—CI1
C3A—CA4A
C3A—H3A
C3B—C4A
C3B—H3B

1.2090 (19)
1.478 (2)
1.494 (2)
1.392 (2)
1.395 (2)
1.5243 (19)
1.3226 (17)
1.359 (2)
1.389 (2)
0.9500
1.390 (2)
0.9500
1.461 (2)
1.520 (2)
1.381 (2)
0.9500
1.382 (2)
0.9500

Cé6—C7
Cé6—Hé
C7—C8
C7—H7
Cc8—C9
C8—H8
c9—CI10
C9—H9
CI11—NI1
Cl1—H11
Ci12—O01
Cl12—N2
CI12—N1
CI13—N2
C13—Cl14
CI3—HI3A
C13—H13B
C14—C15
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0.0067 (6)  0.0086 (6)
0.0056 (5)  0.0081 (6)
0.0076 (6)  0.0084 (6)
0.0055 (6)  0.0100 (6)
0.0084 (7)  0.0137 (7)
0.0323 (11)  0.0311 (10)
0.0032 (5)  0.0091 (5)
-0.0018 (5)  0.0115 ()
0.0022 (4)  0.0108 (4)
0.0022 (4)  0.0109 (5)
0.0065 (4)  0.0136 (4)
0.0251 (6)  0.0499 (8)
0.01861 (19)  0.01478 (19)

1.390 (2)

0.9500

1.387 (3)

0.9500

1.387 (2)

0.9500

1.393 (2)

0.9500

1.4551 (17)

1.0000

1.2329 (17)

1.3554 (19)

1.3658 (19)

1.453 (2)

1.469 (2)

0.9900

0.9900

1.185 (3)

0.0028 (5)
0.0054 (5)
0.0056 (5)
0.0053 (6)
0.0097 (6)
0.0232 (9)
0.0052 (5)
0.0028 (5)
0.0048 (4)
0.0071 (4)
0.0105 (4)
0.0403 (7)
~0.00284 (17)
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C4—-02

C4—C5
C4A—ClI1
C5—C6
C5—CI10
04—C1—CI10
04—C1—C2
Ccio—C1—C2
C2B—C1A—C2A
C2B—C1A—CI11
C2A—CI1A—CI1
03—C2—C3
O3—C2—Cl1
C3—C2—C1
C3A—C2A—CI1A
C3A—C2A—H2A
CI1A—C2A—H2A
C3B—C2B—CI1A
C3B—C2B—H2B
CIA—C2B—H2B
C2—C3—C4
C2—C3—Cl11
C4—C3—Cl1
C4A—C3A—C2A
C4A—C3A—H3A
C2A—C3A—H3A
C4A—C3B—C28B
C4A—C3B—H3B
C2B—C3B—H3B
02—C4—C3
02—C4—C5
C3—C4—Cb

1.2336 (18)
1.493 (2)
1.7471 (16)
1.390 (2)
1.397 (2)
123.43 (14)
118.54 (14)
118.02 (13)
118.54 (13)
121.32 (13)
119.88 (12)
120.66 (13)
117.10 (12)
122.23 (13)
120.86 (14)
119.6
119.6
121.37 (14)
119.3
119.3
119.32 (13)
120.83 (13)
119.73 (12)
118.94 (14)
120.5
120.5
118.47 (14)
120.8
120.8
120.34 (13)
120.36 (13)
119.28 (12)

Cl15—H15
N1—H1
N2—O3
N2—H2
O3—H3
Cc9—C8—C7
C9—C8—H8
C7—C8—H8
Cc8—C9—CI0
C8—C9—H?9
C10—C9—H9
C9—C10—C5
C9—CI10—CI
C5—CI10—CI
N1—C11—C3
NI—C11—CI1A
C3—CI11—CIA
NT—C11—H11
C3—CI11—HI11
CIA—CI1—HI1
O1—C12—N2
O1—CI12—NI1
N2—C12—N1
N2—C13—C14

N2—C13—H13A
C14—CI3—HI13A
N2—C13—H13B
C14—C13—H13B
H13A—C13—H13B
C15—C14—CI13
C14—CI15—H15
CI12—NI1—CI1
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0.93 (2)
0.8641 (12)
5.8051 (18)
0.8774 (13)
0.8191 (10)
119.70 (15)
120.2
120.2
119.57 (15)
120.2
120.2
120.85 (14)
119.60 (13)
119.51 (13)
112.29 (12)
111.12 (11)
113.62 (11)
106.4
106.4
106.4
121.76 (13)
123.41 (13)
114.79 (12)
113.73 (14)
108.8
108.8
108.8
108.8
107.7
179.05 (18)
176.0 (15)
120.22 (12)



C3A—C4A—C3B
C3A—C4A—CI1
C3B—C4A—Cl1
C6—C5—CI0
C6—C5—C4
C10—C5—C4
C5—C6—C7
C5—Cé6—Hé6
C7—C6—Hé6
C8—C7—C6
C8—C7—H7
C6—C7—H7

Figure A2: Crystallographic structure and crystal lattice of compound 3.61.

121.82 (14)
118.92 (12)
119.25 (12)
119.20 (14)
120.27 (13)
120.52 (13)
119.73 (15)
120.1

120.1

120.95 (15)
119.5

119.5

CI12—N1—H1
CI1—NI1—H1
C12—N2—C13
C12—N2—03
C13—N2—03
C12—N2—H2
C13—N2—H2
O3—N2—H2
C2—O3—N2
C2—03—H3
N2—O3—H3
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116.63 (13)
115.77 (12)
121.29 (12)
11.26 (8)
120.59 (9)
118.38 (13)
118.60 (13)
114.94 (9)
60.54 (8)
114.04 (11)
144.89 (9)




3. ADME properties for synthesized compounds (generated by SwissADME)

Atovaquone (for comparison)

LiKoRe Y

«l

LIPS

FLEX SIZE

IHEATL POLAR

INSOLL

SMILES  Clecce{ce!)C1CCC(CCT)C1=Cl0)e2e(C(=0)C1=0)ccec?

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

MNum. rotatable bonds
Mum. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (ILOGP)
Log Py, (XLOGP3)
Log Py, (WLOGF)
Log Py, (MLOGP)
Log Py, (SILICOS-IT)

Consensus Log Py,

Physicochemical Properiies

C22H19CIO03

366.84 gimol

26

12

0.27

2

3

1

102.61

5437 A®
Lipophilicity

2.98

523

535

328

5.19

441

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

EBBE permeant

P-gp subsirate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

255

‘Water Solubility

-5.62

8.82e-04 mg/ml ; 2.41e-06 mol/l
Moderately soluble

-6.12
2. 78e-04 mg/ml ; 7.58e-07 mol/l
Poorly soluble
-6.97
3.97e-05 mg/ml ; 1.08e-07 mol/l
Poorly soluble
Pharmacokinetics
High
Yes
No
Yes
Yes
Yes
No
Yes
-4.82 cmis
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
Mo; 1 violation: XLOGP3=5
085
Medicinal Chemistry
2 alerts: imine_one_A, quinone_D
1 alert: diketo_group
Mo; 2 violations: MW=350, XLOGFP3=3.5
407



3.1 Naphthofuroquinones

Compound 2.69

e

LIPQ

FLEX

CH:

INGATL

INSOLU

SMILES Cleicce{cc!)clc{oc2e1C(=0)c1ccccc1 C2=0)NC(C)C)C

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond accepiors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (LOGP)
Log Py, (XLOGP3)
Log Pyy, (WLOGF)
Log Pyy, (MLOGP)
Log Py, (SILICOS-IT)

Consensus Log Py,

Compound 2.73

e

Physicochemical Properties

C22H18CINO3

379.84 g/mol

27

17

018

3

3

1

106.23

58.31 A=
Lipophilicity

336

5.82

5.40

299

5.66

465

LiPc

FLEX

INSATU

INSCLU

SMILES Brclecce(ct)cic{oc2e1C({=0)c1c(C2=0)ccect)NC{C)C)C

Formula

Molecular weight

Num. heavy atoms

MNum. arom. heavy atoms
Fraction Csp3

MNum. rotatable bonds
Mum. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

LOD Py (ILOGP)
LOD Py, (XLOGP3)
LoD Py (WLOGP)
LOQ Py, (MLOGP)
LOD Py (SILICOS-IT)

Consensus Log Py,

Physicochemical Properies

C22H18BrNO3

42429 gimol

27

17

018

3

3

1

108.92

50.31 A2
Lipophilicity

345

5.89

5.50

310

5.70

473

Log 5 (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

EEBE permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log 5 (SILICOS-IT)
Solubility
Class

Gl absorption

BEE permeant

F-gp subsirate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log Ky, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility
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Water Solubility

-6.13

2.82e-04 mo/ml ; 7.42e-07 mol/l
Poorly soluble

-6.84
5.54e-05 mo/mil ; 1.45e-07 mol/l
Poorly soluble
-8.79
6.16e-07 mg/mi ; 1.62e-09 mol/l
Poorly soluble
Pharmacokinetics
High
Yes
No
Yes
Yes
Yes
No
Yes
-4.48 cmis
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
No; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: gquinone_A
0 alert

No; 2 violations: MW=350, XLOGP3=3.5

3.80

Water Solubility

-6.45

1.51e-04 mg/ml ; 3.55e-07 mol
Poorly soluble

-6.91
5.23e-05 mg/ml ; 1.23e-07 mol
Foorly soluble
-8.99
4.36e-07 mg/ml ; 1.03e-09 mol/
Poorly soluble
FPharmacokinetics
High
No
No
Yes
Yes
Yes
No
No
-4.71 cmis
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
No; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: guinone_A
0 alert

No; 2 violations: MW=350, XLOGP3=3.5

385



Compound 2.74

INGATL

PO

INSCLU

SMILES COc1cc(cc(c10C)OC)cic{ioc2e1C(=0)c1ccccc1C2=0)NC(C)C)C

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py (LOGP)

Log Py, (XLOGP3)
Log Py (WLOGP)
Log Py, (MLOGP)
Log Py (SILICOS-IT)

Consensus Log Py,

Physicochemical Properiies

C25H25N0G

435.47 gimol

32

17

0.28

1

i}

1

120,69

87.00 A=
Lipophilicity

379

5N

477

1.50

523

408

Compound 2.75

SMILES COcilecc{cec10C)eic{oc2eiC{=0)c1ccccc1C2=0)NC{C)(C)C
Physicochemical Properiies

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (LOGP)

Log Py, (XLOGP3)
Log Py, (WLOGP)
Log Py, (MLOGP)
Log Py, (SILICOS-IT)

Consensus Log Py,

FLEX

EATL

C24H23NO5

405.44 gimol

30

17

0.25

5

5

1

114.20

77T A
Lipophilicity

361

5.14

476

1.83

515

410

LIPC

INSCLU

Water Solubility
Log S (ESOL) 5.76
Solubility 7.63e-04 mg/ml ; 1.75e-06 moll
SIZE Class Moderately soluble
Log S (Al -6.68
Solubility 9.08e-05 ma/ml ; 2.09e-07 moll
Class Poorly soluble
roer  Log S (SILICOSAT) 851
Solubility 1.35¢-06 mg/mi ; 3.10e-09 mol/l
Class Foorly soluble
Pharmacokinetics
Gl absorption High
BEE permeant No
P-gp substrate No
CYP1A2 inhibitor No
CYP2C1% inhibitor Yes
CYP2C9 inhibitor Yes
CYP2D6 inhibitor No
CYP3A4 inhibitor Yes
Log K, (skin permeation) -5.33 cmis
Druglikeness
Lipinski Yes; 0 violation
Ghose Yes
Veber Yes
Egan Yes
Muegge No: 1 violation: XLOGP3=5
Bioavailability Score 0.55
Medicinal Chemistry
PAINS 1 alert: guinone_A
Brenk 0 alert
Leadlikeness No; 2 violations: MW=350, XLOGP3=3.5
Synihetic accessibility 420
Water Solubility
Log S (ESOL) 568
Solubility 3.45e-04 mg/ml ; 2.08e-06 mol/l
SIZE Class Moderately soluble
Log S (Ali) -6.52
Solubility 1.23e-04 mgiml ; 3.03e-07 mol/l
Class Poorly soluble
poLs:  Log S (SILICOS-IT) 841
Solubility 1.58e-06 mg/mil ; 3.91e-09 mol/l
Class Poorly soluble
Pharmacokinetics
Gl absorption High
EEB permeant No
P-gp substrate No
CYP1A2 inhibitor Yes
CYP2C19 inhibitor Yes
CYP2C9 inhibitor Yes
CYP2D6 inhibitor No
CYP3A4 inhibitor Yes
Log KF (skin permeation) -512 cmis
Druglikeness
Lipinski Yes; 0 violation
Ghose Yes
Veber Yes
Egan Yes
Muegge No; 1 violation: XLOGP3=5
Bioavailability Score 0.55
Medicinal Chemistry
PAINS 1 alert: quinone_A
Brenk 0 alert
Leadlikeness No; 2 violations: M\W=350, XLOGP3=3.5
Synthetic accessibility 4.04
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Compound 2.76

iHeO&

LrPQ

FLEX

NH
XCHI INSATU
HE

CH,

INSOLU

SMILES O=C1c2c(c(oc2C(=0)c2c1cccc2)NC(C)(C)Clelecc2e(ct)cnn2C

Physicochemical Properties

Formula C24H21N303
Molecular weight 399.44 g/mol
Num. heavy atoms 30
Num. arom. heavy atoms 20
Fraction Csp3 021
Num. rotatable bonds 3
Num. H-bond acceptors 4
Num. H-bond donors 1
Molar Refractivity 115.77
TPSA HAEYS
Lipophilicity
Log Py (ILOGP) 312
Log Py (XLOGP3) 484
Log Py (WLOGP) 463
Log Py (MLOGP) 223
Log Pypy (SILICOSHT) 447
Consensus Log Pojy 386
Compound 2.77
| §cXerY
LIPO
FLEX
WSATU
INSCLU

SMILES 0O=C1c2c{oc{c2c2ec3c{[nH]2)ccec3)NC(C)(C)C)C(=0)c2cicccec2

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Mum. H-bond accepiors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (ILOGP)
Log Py, (XLOGP3)
Log Py, (WLOGP)
Log Py, (MLOGP)
Log Py (SILICOS-IT)

Consensus Log Py

Physicochemical Properties

C24H20N203

384.43 gimol

29

20

0.7

3

3

2

113.07

75.10 A*
Lipophilicity

n

5.36

5.22

223

5.57

434

SIZE

POLAR

SI7E

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOSHT)
Solubility
Class

Gl absorption

BBB permeant

P-gp substrate

CYP1AZ2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K (skin permeation)

Lipinski
Ghose
Veber
Egan
Muegge

Bioavailability Score

PAINS
Brenk
Leadlikeness

Synthetic accessibility

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorpfion

BEE permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2CY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

258

Water Solubility
-5.66
8.72e-04 mg/ml ; 2.18e-086 moll

Moderately soluble

-6.19

2 56e-04 mg/ml ; 6.41e-07 molll
Poorly soluble

-8.23

2.33e-06 mg/ml ; 5.83e-09 mol/l
Poorly soluble
Pharmacokinetics

High

530 cm/s
Druglikeness

Yes; 0 violation

0.55
Medicinal Chemistry
1 alert: quinone_A
0 alert
No; 2 violations: MW=350, XLOGP3>3.5
387

Water Solubility

-5.01

4. 70e-04 mg/ml ; 1.22e-06 mol/l
Moderately soluble

-5.69
7.84e-05 mg/mil ; 2.04e-07 moll
Poorly soluble
-9.06
3.37e-07 mg/ml ; 8.77e-10 moll
Poorly soluble
Pharmacokinetics
High
No
Yes
Yes
Yes
Yes
No
Yes
-4.84 cmfs
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
No; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: guinone_A
0 alert
No; 2 violations: MW=350, XLOGP3=3.5
3.93



Compound 2.78

LIPC

FLEX

INSATL

INSOLU

S7E

POLAR

SMILES 0=Clc2c({c{oc2C(=0)c2ciccec2)NC{C)(CIC)c1coe(ol)[N=](=0)[0-]

Physicochemical Properties

Formula C20H16MN206
Molecular weight 380.35 g/mol
Num. heavy atoms 28
Num. arom. heavy atoms 16
Fraction Csp3 0.20
Num. rotatable bonds 4
Num. H-bond acceptors 6
Num. H-bond donors 1
Molar Refractivity 102.30
TPSA 118.27 A=
Lipophilicity
Log Py, (LOGP) 231
Log P, (XLOGP3) 4.46
Log Py, (WLOGF) 424
Log Py, (MLOGP) 147
Log Py (SILICOS-IT) 224
Consensus Log Py, 288
Compound 2.79
i EclerY
LFG
FLEX
o}zn INSATU
)r CH,
H,E
TH,
NSO

SMILES 0=C(N1CCC(CC1)cic{oc2c1C(=0)cTceccc1 C2=0)NC(C)

(C)C)OC(C)(CIC

Physicochemical Properties

Formula

Molecular weight

Mum. heavy atoms

MNum. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Mum. H-bond acceptors
MNum. H-bond donors
Molar Refractivity

TPSA

Log Py, (ILOGP)

Log Py, (XLOGP3)
Log Py, (WLOGP)
Log Py, (MLOGP)
L0g Py, (SILICOSHT)

Consensus Log Py,

C26H32N205

452 .54 g/mol

33

1

0.50

6

5

1

130.42

88.85 A®
Lipophilicity

421

499

481

227

448

415

SIFE

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOSAIT)
Solubility
Class

Gl absorption

BEB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2CY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log KP (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS
Brenk

Leadlikeness
Synihetic accessibility

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorpfion

BEE permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

259

Water Solubility

-51T7

2.59e-03 mg/ml ; 6.81e-06 mol/l
Moderately soluble

-6.66

8.26e-05 ma/ml ; 2.17e-07 mol/l

Poorly soluble

6.77

6.49e-05 mg/ml ; 1.71e-07 mol/l

Poorly soluble

Pharmacokinetics

High

No

No

Yes

Yes

Yes

No

Yes

-5.45 cmis
Druglikeness

Yes; 0 violation

Yes

Yes

Yes

Yes

055

Medicinal Chemistry
1 alert: guinone_A

2 alerts: nitro_group, oxygen-
nitrogen_single_bond

No; 2 violations: MW=350, XLOGP3=3.5

402

Water Solubility

-5.64

1.04e-03 mg/ml ; 2.29e-06 moll
Moderately soluble

-6.60

1.15e-04 mg/ml ; 2.54e-07 moll

Foorly soluble

-6.99

4.68e-05 mg/ml ; 1.04e-07 mol/l

Poorly soluble

Pharmacokinetics

High

No

Yes

No

Yes

Yes

No

Yes

-5.52 cmis
Druglikeness

‘es; 0 violation

No; 1 violafion: MR=130

Yes

Yes

Yes

0.55

Medicinal Chemistry
1 alert: gquinone_A
0 alert

No; 2 violations: MW=350, XLOGP3=3.5

437



Compound 2.80

L EcXery

SMILES

LIPS

FLEX

NSATU

INSOLU

0=C1c2¢({C3CCN(CC3)Cedcccee)e(oc2C(=0)c2c1 cecc2)NC(C)
(€xc

Physicochemical Properiies

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rofatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log P, (LOGP)
Log P, (XLOGP3)
Log P, (WLOGP)
Log P, (MLOGF)
Log Py, (SILICOSHT)

Consensus Log Py,

Compound 2.81

jifclerYy

C28H30N203

442 55 gimol

33

17

0.36

5

4

T

133.96

62.55 A?
Lipophilicity

3.90

564

492

2.92

557

459

LIPS

NSATU

INSOL

SMILES Clcicecoicc!)c1o(MC2CCCCC2)oc2c1C(=0)ciccccc1C2=0
Physicochemical Properties

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. roiatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (ILOGP)
Log Py, (XLOGP3)
Log Py, (WLOGP)
Log Py, (MLOGP)
Log Py, (SILICOS-IT)

Consensus Log Py,

C24H20CINO3

405.87 g/mol

29

17

0.25

3

3

1

113.69

50.31 A*
Lipophilicity

363

6.65

593

kY]

597

512

SIFE

SIFE

Log S (ESOL)
Solubility
Class

Log 5 (Ali)
Solubility
Class

Log S (SILICOSHT)
Solubility
Class

G| absorption

BEB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log KP (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

Log § (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

BEE permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2CY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

260

‘Water Solubility

-5.19

2.87e-04 mg/ml ; 6.48e-07 molll
Poorly soluble

-6.72
8.48e-05 mg/ml ; 1.92e-07 mol/l
Poorly soluble
-9.02
4.26e-07 mg/ml ; 9.62e-10 mol/l
Poorly soluble
Pharmacokinetics
High
Yes
Yes
No
Yes
Yes
Mo
Yes
-5.00 cmfs
Druglikeness
Yes; 0 violation
Mo; 1 violation: MR=130
Yes
Yes
No; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 aleri: quinone_A
0 alert
MNo; 2 violations: MW=350, XLOGP3>3.5
464

Water Solubility

-6.78

6.71e-05 mg/ml ; 1.65e-07 moll
Poorly soluble

-7.70
8.15e-06 mg/ml ; 2.01e-08 moll
Poorly soluble
-8.99
4.11e-07 mg/mi ; 1.01e-09 mol/
Poorly soluble
Pharmacokinetics
High
No
Yes
Yes
Yes
Yes
No
No
-4.05 cmfs
Druglikeness
Yes; 0 violation
No; 1 violafion: WLOGP=5.6
Yes
No; 1 violation: WLOGP=5.88
No; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: quinone_A
0 alert
No; 2 violations: MW=350, XLOGP3=3.5
389



Compound 2.82

teC&

LPG
FLEX SIZE
HEATU
INSCLU
SMILES 80c1cc(cc(c1OCJOC)cic(NCZCCCCCZ]oc2c1C(:O]c1ccccc1CZ:
Physicochemical Properties
Formula C2TH2TNCE
Molecular weight 461.51 g/mol
Mum. heavy atoms 34
Mum. arom. heavy atoms 17
Fraction Csp3 033
Num. rotatable bonds &
Mum. H-bond accepiors 6
Num. H-bond donors 1
Molar Refractivity 128.15
TPSA 87.00 A®
Lipophilicity
Log Py (ILOGF) 397
Log Py (XLOGP3) 593
Log Py (WLOGP) 530
Log Py (MLOGF) 1.91
Log Py (SILICOSHT) 551
Consensus Log Fupy, 452
Compound 2.83
LIFS
FLEX SIZE
HEATL
X
N/N\“CH,
INSOLU

SMILES 0=C1c2c(c(0c2C(=0)c2c1cccc2)NC1CCCCC1)el coc2e(el jenn2C
Physicochemical Properties

Formula

Molecular weight

Mum. heavy atoms

Mum. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Mum. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (LOGP)
Log Py, (XLOGP3)
Log Py, (WLOGP)
Log Py, (MLOGP)
Log Py, (SILICOS-T)

Consensus Log Py,

C26H23N303

42548 g/imol

32

20

0.27

3

4

1

123.23

TTA3 A
Lipophilicity

3.34

567

5.16

264

475

431

POLAR

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

BEB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C3 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

Log S (ESOL)
Solubility
Class

Log S (Al)
Solubility
Class

Log S (SILICOSHT)
Solubility
Class

Gl absorption

BBE permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C3 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log KF (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synihetic accessibility

261

‘Water Solubility

-5.41

1.79e-04 mg/mi ; 3.88e-07 mol/l
Foorly soluble

-753
1.36e-05 mg/mi ; 2.94e-08 mol/l
Poorly soluble
-8
9.02e-07 mg/mi ; 1.95e-09 mol/l
Poorly soluble
Pharmacokinetics
High
No
Yes
No
Yes
Yes
No
No
-4.90 cm/s
Druglikeness
Yes; 0 violation
Yes
Yes
Yas
Mo; 1 violation: XLOGF3=5
0.55
Medicinal Chemistry
1 alert: quinone_A
0 alert

Mo; 2 violations: MW=350, XLOGFP3=3.5

431

‘Water Solubility

-6.31

2.06e-04 mg/ml ; 4.85e-07 mol/l
Poorly soluble

-T.05
3.75e-05 mg/ml ; 8.82e-08 mol/l
Poorly soluble
-8.44
1.56e-06 ma/ml ; 3.66e-09 mol/
Poorly soluble
Pharmacokinetics
High
No
Yes
Yes
Yes
Yes
No
No
-4 87 cmis
Druglikeness
‘es; 0 violation
Yes
Yes
Yes
No; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: guinone_A
0 alert

No; 2 violations: MW=350, XLOGP3=3.5

4.00



Compound 2.84

o0&

LIPC

S17E

0° meATU POLAR

INSCLU

SMILES [O-]IN+](=0)c1cee(o1)e1c(NC2CCCCC2)oc2e1C{=0)cIcccee C2=0
Physicochemical Properties

Formula C22H18N206
Molecular weight 406.39 gimol
Mum. heavy atoms a0
Num. arom. heavy atoms 16
Fraction Csp3 0.27
Num. rotatable bonds 4
Mum. H-bond acceptors [i]
Num. H-bond doners 1
Molar Refractivity 10077
TPSA 118.27 A*
Lipophilicity
Log Py, (ILOGP) 276
Log Py, (XLOGP3) 5.28
Log Py, (WLOGP) 478
Log Py, (MLOGF) 1.61
Log Py (SILICOSHT) 2.54
Consensus Log Py, 338
Compound 2.85
L EcTere
LIPS
D
O‘ ° ; FLEX SIZE
e
o
N
INSATL FOLAR
INSCLU
0=C1¢2c{C3CCN(CC3)Cedcccce3)c(oc2C(=0)c2e 1 cecc2)NCICCT
SMILES cet
Physicochemical Properiies
Formula C30H32N203
Molecular weight 468.59 g/mol
Num. heavy atoms 35
Mum. arom. heavy atoms 17
Fraction Csp3 0.40
Num. rotatable bonds 5
Mum. H-bond acceptors 4
Num. H-bond donors 1
Molar Refractivity 14143
TPSA 62.55 A
Lipophilicity
Log Py, (LOGP) 411
Log Py, (XLOGP3) 6.47
Log P (WLOGP) 5.46
Log Pgp, (MLOGP) 330
Log Pypy, (SILICOS-IT) 583
Consensus Log Py, 503

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

BBE permeant

P-gp subsirate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C3 inhibitor
CYP2D8 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

FAINS
Brenk

Leadlikeness
Synthetic accessibility

Log S (ESOL)
Solubility
Class

Log 5 (Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

BBB permeant

P-gp subsirate

CYP1A2 inhibitor
CYP2CA19 inhibitor
CYP2CSY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log Kp (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bicavailability Score

FAINS

Brenk

Leadlikeness
Synthetic accessibility

262

‘Water Solubility

-5.82

6.20e-04 mg/mi ; 1.53e-06 moll
Moderately soluble

-7.51
1.24e-05 mg/mi ; 3.06e-08 mol/l
Poorly soluble
-6.97
4.33e-05 mg/ml ; 1.07e-07 mol/l
Poorly soluble
Pharmacokinetics
Low
No
No
Yes
Yes
Yes
No
Yes
-5.03 cmi's
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
Mo; 1 violation: XLOGF3=5
0.55
Medicinal Chemistry
1 alert: quinone_A

2 alerts: nitro_group, oxygen-
nitrogen_single_bond

Mo; 2 violations: MW=350, XLOGF3=3.5
41

Water Solubility

-6.85

6.61e-05 mg/mi ; 1.41e-07 mol/l
Poorly soluble

-758
1.24e-05 mg/ml ; 2.64e-08 mol
Poorly soluble
-9.22
2.85e-07 mg/mi ; 6.08e-10 mol/l
Poorly soluble
Pharmacokinetics
High
No
Yes
No
Yes
Yes
Yes
Yes
-4.56 cm/fs
Druglikeness
Yes; 0 violation
No; 1 violation: MR=130
Yes
Yes
Mo; 1 violation: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: quinone_A
0 alert
No; 2 violations: MW=350, XLOGP3=3.5
481



Compound 2.86

LiKole -y

SMILES CCCCNcioc2e(ciciece(cel)CC=0)c1e(C2=0)ceect
Physicochemical Properiies

HEATU

Formula C22ZH18CINO3

Molecular weight 379.84 g/mol

Mum. heavy atoms 27

Mum. arom. heavy atoms 7

Fraction Csp3 018

Num. rotatable bonds 5

Mum. H-bond acceptors 3

Num. H-bond donors 1

Molar Refractivity 106.19

TPSA 59.31 A*

Lipophilicity

Log Py, (LOGP) 3.50

Log FPypy (XLOGP3) 6.09

Log F s, (WLOGF) 5.40

Log Py, (MLOGP) 2.99

Log Py (SILICOS-IT) 599

Consensus Log Py, 479
Compound 2.87

SMILES CCCCNcloc2e(cicdcc{OC)c(c(c1)OC)OCIC(=0)c1c(C2=0)ccee
Physicochemical Properties

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond accepiors
Num. H-bond donors
Molar Refracfivity

TPSA

Log Py, (ILOGF)
Log Py, (XLOGP3)
Log Py, (WLOGP)
Log Pyy, (MLOGP)
Log Pyy, (SILICOSHT)

Consensus Log Py

C25H25N06

435.47 g/mol

32

17

028

8

6

1

120 65

87.00 A
Lipophilicity

393

537

477

150

556

423

Log S (ESOL)
Solubility
Class

Log S {Ali)
Solubility
Class

Log S (SILICOS-IT)
Solubility
Class

Gl absorption

BBE permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2CY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

Log 5 (ESOL)
Solubility
Class

Log 5 (Ali)
Solubility
Class

Log S (SILICOS-T)
Solubility
Class

Gl absorption

BEE permeant

P-gp subsirate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2CY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log KF (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS
Brenk

Leadlikeness

Synthetic accessibility

263

Water Solubility

-6.17

2.58e-04 mg/ml ; 6.80e-07 mol/l
Poorly soluble

-r12
2.91e-05 mg/ml ; 7.65e-08 mol/l
Poorly soluble
-9.18
2.50e-07 mg/ml ; 6.59e-10 mol/l
Poorly soluble
Pharmacokinetics
High
Yes
No
Yes
Yes
Yes
No
‘Yes
-4.29 cmfs
Druglikeness
Yes; 0 violation
Yes
‘Yes
‘Yes
Mo; 1 violation: XLOGP3=5
055
Medicinal Chemistry
1 alert: quinone_A
0 alert

Mo; 2 violations: MW=350, XLOGP3=3.5

377

Water Solubility

-5.79

7.09e-04 ma/ml ; 1.63e-06 mol/l
Moderately soluble

-6.95
4.88e-05 mg/ml ; 1.12e-07 moll
Poorly soluble
-8.90
5.48e-07 mg/ml ; 1.26e-09 mol/l
Poorly soluble
Pharmacokinetics
High
No
No
No
Yes
Yes
No
Yes
-5.14 cmfs
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
Mo, 1 violation: XLOGF3=5
0.55
Medicinal Chemistry
1 alert: quinone_A
0 alert

Mo; 3 violations: MW=350, Rotors=7,
XLOGP3=35

418



Compound 2.88

L EcTerY
LIPO
N /cn.
" FLEX SIZE
"
\—\_ INSATU POLAR
CH,
INSOLU
SMILES CCCCNcloc2c(ciclcec3e(c1)enn3C)C(=0)c1c(C2=0)ccect
Physicochemical Properties

Formula C24H21N303

Molecular weight 399.44 g/mol

Num. heavy atoms 30

Num. arom. heavy atoms 20

Fraction Csp3 021

Num. rotatable bonds 5

Num. H-bond acceptors 4

Num. H-bond donors 1

Molar Refractivity 11573

TPSA 7713 A2

Lipophilicity

Log Py (LOGP) 3.24

Log Pyjy (XLOGP3) 511

Log Py (WLOGP) 4.63

Log Pgjw (MLOGP) 223

Log Py (SILICOS-T) 480

Consensus Log Pojw 4.00
Compound 2.89

[i§clerY

LIPC
FLEX SI7E
INSATU POLAR
INSCLU

SMILES CCCCNcioc2e({cictecc(o1)[N+](=0)[0-])C(=0)c1c(C2=0)cccel

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Mum. rotatable bonds
Mum. H-bond accepiors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (ILOGP)
Log Py, (XLOGP3)
Log Py, (WLOGF)
Log Py, (MLOGP)
Log Py, (SILICOSHT)

Consensus Log Py,

Physicochemical Properiies

C20H16N206

380.35 g/mol

28

16

0.20

6

6

1

102.27

118.27 A
Lipophilicity

243

472

424

147

256

3.03

Log S (ESOL)
Solubility
Class

Log S (Ali}
Solubility
Class

Log S (SILICOS-IT)
Solubility

Class

Gl absorption

BBB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D& inhibitor
CYP3A4 inhibitor

Log Kp (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synthetic accessibility

Log 5 (ESCL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log 5 (SILICOS-IT)
Solubility
Class

G| absorption

BBB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C% inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS
Brenk

Leadlikeness
Synthetic accessibility

264

Water Solubility

570

7.9%e-04 mg/ml ; 2.00e-06 mol/l
Moderately soluble

-6.47

1.34e-04 mg/ml ; 3.36e-07 mol/l
Poorly soluble

862

9.47e-07 mag/ml ; 2.37e-09 moll
Poorly soluble
Pharmacokinetics

High

-5.11 emis
Druglikeness

Yes; 0 violation

No; 1 violation: XLOGP3=5
0.55

Medicinal Chemistry

1 alert: quinone_A

0 alert

Mo; 2 violations: MW=>350, XLOGP3>3.5
387

Water Solubility

-5.20

2.41e-03 mg/ml ; 6.33e-06 mol/
Moderately soluble

-6.93

4.44e-05 mg/ml ; 1.17e-07 mol/

Foorly soluble

-7.16

2.64e-05 mg/ml ; 6.932-08 mol/

Poorly soluble

Pharmacokinetics

High

No

No

Yes

Yes

Yes

No

Yes

-b.27 cmis
Druglikeness

Yes; 0 violation

Yes

Yes

Yes

Yes

0.55

Medicinal Chemistry
1 alert: guinone_A

2 alerts: nitro_group, oxygen-
nitrogen_single_bond

No; 2 violations: MW=350, XLOGP3=3.5
399



Compound 2.90

j EcXerYy

LIPG

o
O‘ P > L
o

NEATL POLAR

INSOLU

SMILES CCCCNcloc2e{c1C1CCN(CC1)Cclcccccl)C(=0)c1c{C2=0)ccec

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond accepiors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py, (LOGP)
Log Py, (XLOGP3)
Log Py, (WLOGF)
Log Py, (MLOGP)
Log Pyy, (SILICOS-IT)
Consensus Log Py,

Physicochemical Properties

C28H30N203

442 55 gimol

33

17

036

7

4

1

133.93

62.55 A
Lipophilicity

404

591

492

292

5389

a74

3.2 Naphthoenaminones

Compound 2.91
i KcXerYy
,C%N =
HiC H

LPO

FLEX SIZE

INSATU FOLAR

INSOLU

SMILES ~ O=C1C(=0)C(=CINC(C)(C)C)VC(=0)c2c fecce?

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py (LOGP)
Log Py (XLOGP3)
Log Pyjy (WLOGP)
Log Pojy (MLOGP)
Log Pojy (SILICOSHT)

Consensus Log Pyjw

Physicochemical Properties

C15H15NO3

257.28 g/mol

19

6

0.27

2

3

1

71.32

63.24 A2
Lipophilicity

2.00

273

1.91

0.47

2.86

1.99

Log 5 (ESCL)
Solubility
Class

Log 5 (Al)
Solubility
Class

Log S (SILICOSAT)
Solubility
Class

Gl absorption

BBB permeant

P-gp subsirate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2CY inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log Ky, (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk

Leadlikeness
Synihetic accessibility

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-T)
Solubility
Class

Gl absorption

BBB permeant

P-gp substrate

CYP1AZ inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2DE inhibitor
CYP3A4 inhibitor

Log Kp (skin permeation)

Lipinski
Ghose
Veber
Egan
Muegge

Bioavailability Score

PAINS
Brenk

Leadlikeness

Synthetic accessibility

265

‘Water Solubility

-6.23

2.63e-04 mo/ml ; 5.94e-07 moll
Poorly soluble

-7.00
4 45e-05 mg/mi ; 1.01e-07 moli
Poorly soluble
941
1.73e-07 mg/ml ; 3.91e-10 mol/l
Poorly soluble
Pharmacokinetics
High
Yes
Yes
No
Yes
Yes
Yes
Yes
-4.80 cmis
Druglikeness
Yes; 0 violation
Mo, 1 violafion: MR=130
Yes
Yes
Mo; 1 violafion: XLOGP3=5
0.55
Medicinal Chemistry
1 alert: quinone_A
0 alert
Mo, 2 violations: MW=350, XLOGP3=3.5
4.66

Water Solubility

-3.26

1.42e-01 mg/ml ; 5.54e-04 molll
Soluble

=371

4.99e-02 mg/ml ; 1.94e-04 molll
Soluble

-4.47

8.74e-03 mg/ml ; 3.40e-05 molil
Moderately soluble
Pharmacokinetics

High

Yes

No

-593 cmis
Druglikeness

Yes; 0 violation

Yes

Yes

Yes

Yes

0.55

Medicinal Chemistry
1 alert: imine_one_A

3 alerts: diketo_group, michael_acceptor_1,
michael_acceptor_4

Yes
299



Compound 2.92

iteO&

LPO

FLEX SIZE

INSATU POLAR

INSOLU

SMILES ~ CCCCNIC=CH\C(=0)C(=0)c2e(C1=0)ccec?

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

MNum. rotatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py (LOGP)
Log Pojy (XLOGP3)
Log Py (WLOGP)
Log Pojy (MLOGP)
Log Pojy (SILICOSAT)

Consensus Log Pyjw

Physicochemical Properties

C15H15NO3

257.28 g/mol

19

6

027

4

3

1

71.28

63.24 A2
Lipophilicity

2.03

3.00

1.91

0.47

3.18

212

3.3 Biginelli-linear series

Compound 3.43

Log S (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOST)
Solubility
Class

Gl absorption

BBB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log Kp (skin permeation)

Lipinski
Ghose
Veber
Egan
Muegge

Bioavailability Score

PAINS
Brenk

Leadlikeness

Synthetic accessibility

266

Water Solubility

-3.29

1.30e-01 mg/ml ; 5.07e-04 mol/l
Soluble

-3.99

2.62e-02 mg/ml ; 1.02e-04 mol/l
Soluble

-4.86

3.55e-03 mg/ml ; 1.38e-05 mol/l
Moderately soluble
Pharmacokinetics

High

Yes

No

Yes

Yes

-5.74 cmis
Druglikeness

Yes; 0 violation

0.55
Medicinal Chemistry
1 alert: imine_one_A

3 alerts: diketo_group, michael_acceptor_1,
michael_acceptor_4

Yes
298



Compound 3.45

Compound 3.46
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Compound 3.47

Compound 3.48
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Compound 3.49

Compound 3.50
L KoXerY

SMILES

FLEX

INSOLU

CCNC(=0)NC({C1=C(0)C(=0)c2c(C1=0)cccc2)cicec(cct)

[N+](=0){0-]
Physicochemical Properties

Formula C20H17N306
Molecular weight 395.37 g/mol
Num. heavy atoms 29
Num. arom. heavy atoms 12
Fraction Csp3 0.15
Num, rotatable bonds 7
Num. H-bond acceptors 6
Num, H-bond donors 3
Molar Refractivity 10454
TPSA© 141.32 A

Lipophilicity
Log Py, (ILOGP) © 1.99
Log Pon (XLOGP3) & 270
Log Pory (WLOGP) © 252
Log Posw (MLOGP) & 0.12
Log Py (SILICOS-IT) & 0.49
Consensus Log Posy & 156

Log S(ESOL) ©
Solubility
Class @

Log S(Al) &
Solubility
Class ©

Log S(SILICOSHT) @
Solubility
Class @

Gl absorption ©*

BBB permeant @

P-gp substrate ©

CYP1A2 inhibitor ©
CYP2C19 inhibitor ©
CYP2C9 inhibitor ©
CYP2D6 inhibitor ©
CYP3A4 inhibitor &

Log K;, (skin permeation) ©

Lipinski &

Ghose ©

Veber &

Egan @

Muegge
Bioavailability Score ©/

PAINS ©
Brenk ©

Leadlikeness &
Synthetic accessibility ©

269

Water Solubility

-384

5.76e-02 mg/ml ; 1.46e-04 molAl
Soluble

-5.32

1.89e-03 ma/ml ; 4.78e-06 molAl

Moderately soluble

-5.39

1.59e-03 mg/ml ; 4.03e-06 moli

Moderately soluble
Pharmacokinetics

Low

No

Yes

No

No

Yes

No

No

-6.79 cm/s

Druglikeness

Yes; 0 violation

Yes

No; 1 violation: TPSA>140

No; 1violation: TPSA>131.6

Yes

0.56

Medicinal Chemistry

1alert: quinone_A ©

2 alerts: nitro_group, oxygen-
nitrogen_single_bond ©

No; 1 violation: MW=350
370



Compound 3.51

Compound 3.52

teO@

LPQ

FLEX size

INSATU POLAR

INSOLU

SMILES  CCNG(=0)NC(C1=C(0)C(=0)c2c(C1=0)cccc2)etcce(ce1)C

Physicochemical Properties

Formula

Molecular weight

Num. heavy atoms

Num. arom. heavy atoms
Fraction Csp3

Num. rotatable bonds
Num. H-bond acceptors
Num. H-bond donors
Molar Refractivity

TPSA

Log Py (LOGP)
Log Py (XLOGP3)
Log Pojy (WLOGP)
Log Posy (MLOGP)
L0 Pojy (SILICOS-T)

Consensus Log Pgpy

C21H20N204

364.39 g/mol

27

12

0.19

6

4

3

100.69

95.50 A2
Lipophilicity

243

323

292

1.23

3.15

2.59

Log § (ESOL)
Solubility
Class

Log S (Ali)
Solubility
Class

Log S (SILICOS-T)
Solubility
Class

Gl absorption

BBB permeant

P-gp substrate

CYP1AZ inhibitor
CYP2C18 inhibitor
CYP2CS inhibitor
CYP2D8 inhibitor
CYP3A4 inhibitor

Log Kp (skin permeation)

Lipinski

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS
Brenk
Leadlikeness

Synthetic accessibility

270

Water Solubility
-4.07
3.12e-02 mg/ml ; 8 57e-05 mol/l

Moderately soluble

-4.91

4.50e-03 mg/ml ; 1.23e-05 mol/l
Moderately soluble
-6.43

1.36e-04 mg/ml ; 3.74e-07 mol/l
Poorly soluble
Pharmacokinetics

High

Mo

Yes

No

No

Yes

Mo

Yes

6.23cm/s

Druglikeness

Yes; 0 violation

Yes

Yes

Yes

Yes

0.56
Medicinal Chemistry

1 alert: quinone_A

0 alert

No; 1 violation: MW=>350
371



Compound 3.53

Compound 3.54
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Compound 3.55

Compound 3.56

272



Compound 3.57
i EoXerY

SMILES

[N+}(=0){0-]
Physicochemical Properties

Formula C22H21N306
Molecular weight 423.42 g/mol
Num. heavy atoms 31
Num. arom. heavy atoms 12
Fraction Csp3 023
Num. rotatable bonds 9
Num. H-bond acceptors 6
Num. H-bond donors 3
Molar Refractivity 114,16
TPSA® 14132 4%

Lipophilicity
Log Pouy (ILOGP) & 254
Log Popy (XLOGP3) © 358
Log Posy (WLOGP) & 330
Log Pg (MLOGP) & 0.56
Log Pgy, (SILICOSHT) & 1.29
Consensus Log Py, 225

Compound 3.58

FLEX

BSATU

INSOLU

CCCCNC(=0)NC(C1=C{0)C({=0)c2c(C1=0)cccc2)cicec(cct)

SIZE

POLAR

Log S(ESOL) &
Solubility

Class ©

Log S (Ali) &
Solubility

Class ©

Log S (SILICOS-IT) &
Solubility
Class ©

Gl absorption ©

BBB permeant ©*

P-gp substrate ©

CYP1A2 inhibitor ¥
CYP2C19 inhibitor ©
CYP2C9 inhibitor &
CYP2D6 inhibitor &
CYP3A4 inhibitor ©

Log K, (skin permeation) ©/

Lipinski &

Ghose ©

Veber ©

Egan ©

Muegge ©
Bioavailability Score ©

PAINS ©

Brenk @

Leadlikeness

Synthetic accessibility &

273

Water Solubility

-4.41

1.64e-02 mg/ml ; 3.86e-05 mol/l
Moderately soluble

-6.23
2.47e-04 mg/ml ; 5.84e-07 mol/l
Poorly soluble
-6.18
2.80e-04 mg/ml ; 6.62e-07 moll
Poorly soluble
Pharmacokinetics
Low
No
Yes
No
No
Yes
Yes
Yes
-6.34 cr/s
Druglikeness
Yes; 0 violation
Yes
No; 1 violation: TPSA>140
No; 1 violation: TPSA>131.6
Yes
0.56
Medicinal Chemistry
1 alert: quinone_A ©

2 alerts: nitro_group, oxygen-
nitrogen_single_bond ©

No; 3 violations: MW=350, Rotors>7,
XLOGP3»3.5

3.92



Compound 3.59

Compound 3.60
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Compound 3.61

Compound 3.62

275



Compound 3.63

L Ecxer

Log S(ESOL) &

Water Solubility
-3.72

° Solubility 7.65e-02 mg/mi ; 1.89e-04 mold
on FLEA Class © Soluble
O‘ =\n/=\///°. Log S (Ali) & -5.05
° o Solubility 3.61e-03 mg/mi ; 8.89e-06 mol
O Class © Moderately soluble
A oATY Log S (SILICOS-T) © -5.08
U Solubility 3.36e-03 mg/mi ; 8.28e-06 mold
INSOLU Class @ Moderately soluble
" . . b Pharmacokinetics
SMILES gﬁ?(gg)([:&]o)NC(m-C(O)C(-O)c?c(m-0)cccc2)c1ccc(oc1) Gl absorption © o
Physicochemical Properties BBB permeant No
Formula C21H15N306 P-gp substrate © No
Molecular weight 405.36 g/mol CYP1A2 inhibitor & No
Num. heavy atoms 30 CYP2C19 inhibitor ©* No
Num. arom. heavy atoms 12 CYP2CQ inhibitor & Yes
Fraction Csp3 0.10 CYP2D6 inhibitor © No
Num. rotatable bonds 7 CYP3A4 inhibitor © No
Num. H-bond acceptors 6 Log K, (skin permeation) & -7.04 cmis
Num. H-bond donors 3 Druglikeness
Molar Refractivity 107.51 Lipinski & Yes; 0 violation
TPSA © 14132 & Ghose © Yes
Lipophilicity Veber © No; 1violation: TPSA>140
Log Py, (ILOGP) © 2,02 Egan © No; 1 violation: TPSA>131.6
Log Py (XLOGP3) & 244 Muegge & Yes
Log Py (WLOGP) @ 221 Bioavailability Score ©* 0.56
L0g Pony (MLOGP) © 0.27 Medicinal Chemistry
L0g Poyy (SILICOSHT) @ 0.71 PAINS © 1 alert quinone_A ©
Consensus Log Poy, @ 153 Brenk © i"arf;;fg?ag?:&;xz?;:;b ond ©
Leadlikeness © No; 1 violation: MW=350
Synthetic accessibility © 373
Compound 3.64
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Compound 3.65

Compound 3.66
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Compound 3.67

Compound 3.68

278



3.4 Methylated Biginelli-linear series

Compound 3.72

o0&

SMILES CCNC(=0)NC(C1=C(OC)C(=0)c2¢(C1=0)ccce2)cicee(ccl)F

Physicochemical Properties
Formula C21H19FN204
Molecular weight 382.38 g/mol
Num. heavy atoms 28
Num. arom. heavy atoms 12
Fraction Csp3 019
Num. rotatable bonds 7
Num. H-bond acceptors 5
Num. H-bond donors 2
Molar Refractivity 100.00
TPSA 84.50 A2

Lipophilicity

Log Pgyy (ILOGP) 260
Log Pqyy (XLOGP3) 3.30
Log Py (WLOGP) 3.26
Log Py (MLOGP) 1.61
Log Poyy (SILICOS-IT) 360
Consensus Log Popy 287

Compound 3.73

MSATY

Log S(ESOL) @
Solubility
Class

Log S (Ali) &
Solubility
Class

Log S(SILICOS-IT)
Solubility
Class ©

Gl absorption

BBB permeant

P-gp substrate

CYP1A2 inhibitor
CYP2C13 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log K, (skin permeation)

Lipinski ©*

Ghose

Veber

Egan

Muegge
Bioavailability Score

PAINS

Brenk ¢

Leadlikeness
Synthetic accessibility

279

Water Solubility

-4.14

2.74e-02 mg/mi ; 7.16e-05 mol/l
Moderately soluble

-475
6.80e-03 mg/mi ; 1.78e-05 molll
Moderately soluble
-7.01
3.76e-05 ma/ml ; 9.84e-08 mol/l
Poorly soluble
Pharmacokinetics
High
Ne
No
No
Yes
Yes
No
Yes
-6.29 cmis
Druglikeness
Yes; 0 violation
Yes
Yes
Yes
Yes
0.56
Medicinal Chemistry
1 alert: quinone_A
0 alert
No; 1 violation: MW=350
382



Compound 3.74

Compound 3.75
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Compound 3.76

L oxerY

SMILES

uPo

FLEX

BSATU

msow

CCNC{=0)NC(C1=C(OC)C(=0)c2¢(C1=0)ccee2)clceci(cet)

[N+)(=0)}0-]
Physicochemical Properties

Formula C21H19N306
Molecular weight 409.39 g/mol
Num. heavy atoms 30
Num. arom. heavy atoms 12
Fraction Csp3 0.19
Num. rotatable bonds 8
Num. H-bond acceptors 6
Num, H-bond donors 2
Molar Refractivity 108.86
TPSA© 130.32 A7

Lipophilicity
Log Py (ILOGP) © 233
Log Poiw (XLOGP3) © 3.02
Log Pop (WLOGP) © 261
L0g Py (MLOGP) © 034
Log P {SILICOSHT) & 1.03
Consensus Log Poyy @ 1.87

Compound 3.77

Log S(ESOL) &
Solubility
Class ©

Log S (Ali) &
Solubility
Class &

Log S(SILICOSHT) ©
Solubility
Class ©

Gl absorption &

BBB permeant

P-gp substrate

CYP1A2 inhibitor ©
CYP2C19 inhibiter
CYP2C3 inhibitor ©*
CYP2D6 inhibitor ©
CYP2A4 inhibitor 4

Log K;, (skin permeation) &

Lipinski &

Ghose ©

Veber ©

Egan ©

Muegge ©
Bioavailability Score ©*

PAINS ©
Brenk ©

Leadlikeness &
Synthetic accessibility ©

281

Water Solubility

-4.05

3.66e-02 mg/ml ; 8.94e-05 moln
Moderately soluble

-5.42

1.55€-03 mg/ml ; 3.79e-06 mol

Moderately soluble

-6.08

3.37e-04 mg/ml ; 8.22e-07 moll

Poorly soluble

Pharmacokinetics

High

No

No

No

Yes

Yes

Yes

Yes

-6.65 cm/s
Druglikeness

Yes; 0 violation

Yes

Yes

Yes

Yes

056

Medicinal Chemistry
1 alert: quinone_A &

2 alerts: nitro_group, oxygen-
nitrogen_single_bond ©

No; 2 violations: MW=350, Rotors>7
388



Compound 3.78

Compound 3.79
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Compound 3.80

Compound 3.81
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Compound 3.82

Compound 3.83
#HeoO&

SMILES
Physicochemical Properties
Formula C23H17F3N204
Molecular weight 442 39 gimol
Num. heavy atoms 32
Num. arom. heavy atoms 12
Fraction Csp3 017
Num. rotatable bonds 8
Num. H-bond acceptors 7
Num. H-bond donors 2
Molar Refractivity 108.01
TPSA© 8450 A*
Lipophilicity
Log Pon (ILOGP) © 287
Log Posw (XLOGP3) © 383
L0G Posy (WLOGP) © 457
Log Posw (MLOGP) & 217
Log Py (SILICOS-IT) & 451
Consensus Log Py, @ 359

C#CCNC(=0)NC(C1=C(OC)C(=0)c2¢(C1=O)ccce2)et cec(cet)C(F)
FF

Log S(ESOL) &
Solubility
Class ©

Log S (Ali) ©
Solubility
Class @

Log S (SILICOS-T) ©
Solubility
Class @

Gl absorption
BBB permeant
P-gp substrate
CYP1A2 inhibitor &
CYP2C19 inhibitor &
CYP2C9 inhibitor ©
CYP20D6 inhibitor
CYP3A4 inhibitor ©*

Log K, (skin permeation) ©

Lipinski &

Ghose &

Veber ©

Egan ©

Muegge ©
Bioavailability Score ©

PAINS ©
Brenk ©

Leadlikeness ©

Synthetic accessibility ©

284

Water Solubility

-4.75

7.95e-03 ma/mi ; 1.80e-05 mol/l
Moderately soluble

-5.30

2.22e-03 mg/mi ; 5.01e-06 molll
Moderately soluble
-7.26

2.45e-05 mg/ml ; 5.55e-08 molll
Poorly soluble
Pharmacokinetics
High

No

No

Yes

Yes

Yes

No

Yes

-6.28 cm/s

Druglikeness

Yes; 0 violation
Yes

Yes

Yes

Yes

0.56

Medicinal Chemistry

1 alert: quinone_A ©*
1 alert: triple_bond ©*

No; 3 violations: MW>350, Rotors>7,

XLOGP3>3.5
3.98



Compound 3.84
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NOM et prénom: KOUMPOURA Christina
Ecole doctorale : SDM - SCIENCES DE LA MATIERE - Toulouse
Dipléme de doctorat : Chimie-Biologie-Santé

Résumé:

Le paludisme et la leishmaniose sont deux maladies a transmission vectorielle
(MVC) causées par des parasites (Plasmodium et Leishmania respectivement),
transmises a 'nomme par des insectes infectés. De nombreux groupes a travers le
monde sont a la recherche de molécules capables de contourner le probléme
(multi)résistance aux médicaments, des pathogéenes responsables.

Les dérivés de la naphtoquinone ont attiré une attention considérable au cours des
dernieres décennies a cause de l'atovaquone, médicament antipaludique comportant
un fragment 2-hydroxy-1,4-naphtoquinone (ou lawsone), qui cible le complexe
cytochrome bcl dans la mitochondrie de Plasmodium falciparum. Ce motif est
également présent dans des composés actifs contre Leishmania. Nous souhaitons
donc concevoir et développer des composés possédant le motif lawsone qui pourraient
étre actifs contre ces deux parasites.

Notre approche se concentre sur l'utilisation de réactions multicomposants pour
construire des composés a base de naphtoquinone. Dans ce cadre, nous avons étudié
et développé deux réactions multicomposants impliquant la lawsone : la réaction
domino et la réaction de Biginelli. Les conditions optimales pour la réaction domino ont
été recherchées avec succes. Une série de 19 nouvelles naphtofuroquinones et 2
naphto-énaminodiones a été élaborée. Tous les composés ont été évalués in vitro
contre P. falciparum (P.f.) et L. donovani (L.d.). Six composés sont actifs contre P.f. et
trois contre L.d. Les deux naphto-énaminodiones sont actives sur les deux cibles. Les
indices de sélectivité (Sl) varient de 6 a 36. La réaction multicomposant de Biginelli,
faisant intervenir la lawsone, diverses urées et des benzaldéhydes a été etudiée en
solution et par mécanochimie. Seule, I'activation mécanochimique conduit avec des
tres bons rendements aux composés uniques issus du couplage des trois réactifs de
maniére linéaire, ainsi appelés « linéaires de Biginelli ». Ces composés n’ont jamais
été décrits auparavant. Les dihydropyrimidinones de Biginelli, dérivés cycliques
attendus n’ont pas pu étre isolés. Pour expliquer ce résultat, une premiere approche
de calcul théorique a été réalisée. Sur les composés linéaires de Biginelli, une étude
a été menée pour obtenir de maniére sélective les dérivés méthylés de la fonction énol.
Nous avons également jeté les bases d'une réaction de cyclisation originale,
conduisant a des carbamates.

Tous les composeés linéaires de cette série ont été évalués in vitro contre P.f. et L.d.
Les activités contre P.f. sont faibles, les meilleurs étant les composés méthylés (Clso
< 10 yM). Contre L.d., tous les dérivés méthylés sont actifs, car 7/13 ont des Clso < 2
MM, par comparaison avec la miltéfosine (Clso = 1.5 yM) qui est le médicament de
référence.

Tous les composés ont été egalement évalués in silico contre les deux cibles
mitochondriales de P.f. bc1 et dihydroorotate déshydrogénase (DHODH).
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