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Introduction

Le paludisme est une des maladies parasitaires les plus séveres qui affecte particulierement les
populations les plus pauvres de la planéte. Les projets actuels de I’équipe sont centrés sur le
développement de nouveaux médicaments rédox-actifs antiparasitaires ainsi que sur la
compréhension de leur mécanisme d’action. En 2011, I’équipe a découvert une nouvelle série
d’agents antiparasitaires, les 3-benzylménadiones, dont le composé téte de série, appelé
plasmodione, posséde une importante activité antipaludique in vitro mais aussi des effets in vivo
(Figure 1A.).1? La plasmodione a fait I’objet de vastes études de recherche, en chimie organique et
biologique, et en parasitologie. Son profil d’activité antiplasmodial a été investigué dans de
nombreux modeéles cellulaires. Le mécanisme d’action proposé fait intervenir une cascade de
réactions rédox complexe, générant des métabolites actifs sur différentes cibles protéiques
essentielles du globule rouge parasité. La plasmodione agit comme une prodrogue : la 3-
benzoylménadione générée a partir de la plasmodione est supposée étre le métabolite-clé qui entre
dans un cycle rédox fatal au parasite en détruisant I’homéostasie redox des érythrocytes parasités.>*
D’autres métabolites ont été également proposés pour contribuer a 1’activité antipaludique de la
plasmodione selon d’autres modes d’action.
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Figure 1. A. Mécanisme postulé de bioactivation de la plasmodione et B. Synthése de la plasmodione et son métabolite actif 3-
benzoylménadione.

La synthése de la plasmodione et de ses analogues, ainsi que des métabolites actifs de type 3-
benzoylménadione, a été réalisée précédemment au sein du laboratoire. Celle-ci correspond a une
benzylation radicalaire par décarboxylation d’acides phénylacétiques a 1’aide de sels d’argent et de
persulfate d'ammonium, puis a I’oxydation du carbone benzylique a 1’aide de chrome(VI) et d’iode
hypervalent (Figure 1B.). Bien qu’efficace, cette benzylation présentait cependant plusieurs
limitations. Les acides phénylacétiques commerciaux ou faciles a synthétiser ont déja été utilisés
au sein de notre équipe et I’introduction de cycles hétéroaromatiques est tres difficile voire
impossible. Quant a 1’oxydation benzylique, celle-ci a lieu avec de trés faibles rendements et ne
fonctionne pas pour tous les composés. Pour I’ensemble de ces raisons, il est apparu essentiel de
mettre en place de nouvelles méthodologies de synthése pour chacune de ces séries
(benzylménadione et benzoylménadione), afin de pouvoir diversifier au mieux la substitution sur le
fragment benzyle ou benzoyle de ces molécules.

Nous avons donc, au cours de ce travail de thése, développé 3 voies de synthese différentes pour
obtenir des 3-benzoylménadiones, des 3-benzylménadiones et des analogues hétéroaromatiques de
3-benzylmenadiones.

Résultats & discussion

Synthese de nouvelles 3-benzoylménadiones polysubstituées
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Nous avons tout d’abord étudié la possibilité de synthétiser des 3-benzoylménadiones diversement
substituées par acylation de type Friedel-Crafts du 1,4-diméthoxy-2-méthylnaphtalene (Schéma 1).
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Schéma 1. Acylation de Friedel-Crafts du 1,4-diméthoxy-2-méthylnaphtaléne.
Une méthodologie de synthése originale impliquant 1’utilisation d’anhydride trifluoroacétique et
d’acide triflique a été¢ mise en place. Cette réaction fonctionne dans des conditions trés douces et
permet de réaliser directement 1’acylation a partir d’acides benzoiques commerciaux (Schéma 1).
Cette méthode a permis I’accés a des précurseurs de nouvelles 3-benzoylménadiones avec de bons
rendements. Une simple étape de déprotection par oxydation déméthylante a ’aide de nitrate de
cérium et d'ammonium (CAN) permet ainsi d’accéder a de nouvelles 3-benzoylménadiones
diversement substituées (Schéma 2).
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Schéma 2. Déprotection des 3-benzoylménadiones méthylées.

Les propriétés électrochimiques de ces molécules ont été par ailleurs étudiées par voltampérométrie
cyclique (CV) et a ondes carrées (SWV) et ont permis d’évaluer les effets électroniques des
substitutions de la partie benz(o)yle sur le cceur électro-actif 1,4-naphtoquinone et ainsi de
progresser dans la compréhension des mécanismes d’actions des 3-benzoylménadiones dans
’activité antiparasitaire de la plasmodione. Un mécanisme de transfert a 1 et 2 électrons a permis
de rationaliser les relations structure-propriétés rédox mesurées.

Synthése d’outils dérivés des 3-benzoylmeénadiones pour la chimie-click

Par ailleurs, cette nouvelle voie de synthése nous a permis d’accéder a des intermédiaires clés pour
la synthése d’outils pour la chimie « click », appelés PD-ABPP pour plasmodione-derived activity-
based protein profiling probes (Figure 2).
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Figure 2. Photoalkylation des dérivés 3-benzoylménadiones portant une fonction alcyne.

X



Dans ce travail, I’objectif principal était de synthétiser trois dérivés 3-benzoylménadiones portant
des fonctions alcynes impossibles a préparer par les methodologies de synthése développées
antérieurement au sein de I’équipe. Ces outils ont été préparés pour permettre d’aider a identifier
les protéines-cibles interagissant avec les 3-benzoylménadiones dans un cycle rédox a 1’aide d’une
approche dite « click and fish » particuliérement originale.®> En effet, une 3-benzoylménadione a la
particularité de comporter un «cceur» de type benzophénone photoréactif, qui, sous
photoirradiation UV, est susceptible de se lier de maniere covalente avec la(es) cible(s) avec
lesquelles la molécule interagit au sein du parasite (Figure 1A.).° Les fonctions alcynes sont ensuite
capables de participer a une réaction de cyclo-addition catalysée par du cuivre(l) avec une sonde
fluorescente (ou une biotine) portant une fonction azoture, permettant ainsi d’identifier et/ou
d’isoler plus aisément les protéines photoalkylées avec le composé antiparasitaire (Figure 2).

A partir d’intermédiaires obtenus par réaction de Friedel & Crafts, deux analogues de la 3-
benzoylménadione dérivée de la plasmodione ont ainsi été synthétisés : ils comportent chacun un
halogéne (I ou F) en alpha du groupe R électro-attracteur (-CF3 ou NO2) sur le noyau aromatique
de la chaine benzyle pour la post-fonctionalisation. Une fonction alcyne a été directement introduite
par un couplage de Sonogashira sur le premier analogue iod¢ tandis qu’un groupement propargyl a
été introduit par substitution nucléophile sur le second analogue fluoré (Schéma 3). Un analogue de
la 3-benzoylménadione portant une fonction nitro en position 4 du benzoyle a été aussi synthétisé.
En effet, cette substitution par un groupement nitro a permis d’accéder au composé, en série 3-
benzoylménadione, possédant 1’activité antipaludique la plus puissante! mesurée au sein de notre
équipe (Schéma 3).
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Schéma 3. Synthese des outils chimiques dérivés de la plasmodione.

Fonctionnalisation de la ménadione avec des radicaux benzyles générés par
photocatalyse

Durant la deuxiéme année, nous avons tenté d’appliquer la méthodologie de Friedel & Crafts pour
la synthése de 3-benzylménadiones. Cependant les résultats obtenus n’ont pas été a la hauteur de
nos attentes. Nous avons donc réfléchi a une nouvelle voie d’acces de ces 3-benzylménadiones et
nous nous sommes intéressés a la génération de radicaux par photocatalyse a partir de benzyles
électrophiles simples, afin de fonctionnaliser directement le squelette ménadione (Schéma 4).
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Schéma 4. Méthode envisagée pour la fonctionnalisation radicalaire de la ménadione.

Apres plusieurs essais infructueux en utilisant des photocatalyseurs organométalliques, nous avons
porté notre atttention sur une méthode innovante décrite récemment par Melchiorre’ dans laquelle
un catalyseur nucléophile et chromophorique est utilisé (Schéma 5). L’anion dithiocarbonyle peut
former une espéce catalytique photosensible capable de réagir avec notre électrophile. Apres
irradiation et chauffage, la liaison C-S est coupée et le radical benzyle libéré réagit avec la

ménadione.
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Schéma 5. Synthése de la plasmodione par réaction radicalaire photocatalysée.
Dans les conditions décrites par Melchiorre, la plasmodione n’est obtenue qu’avec un rendement
inférieur & 5% (Schéma 5.a). Aprés optimisation des conditions expérimentales, le rendement
obtenu a été augmenté jusqu’a 79% du produit désiré. Ceci a été rendu possible grace a I’ajout d’un
catalyseur ferrique, le Fe(acac)s dont I’utilisation s’est inspirée du mécanisme d’action de la
plasmodione (Figure 1.a. et Schéma 5.b). Dans ce mécanisme d’action (Figure 1.a.), la plasmodione
oxydée est régénérée par transfert d’électron(s) de sa forme réduite vers des cibles ferriques
(methemoglobine). Par ailleurs, de maniere surprenante, en absence du catalyseur de Melchiorre,
des conditions de réaction similaires en présence de Fe(acac)s conduisent a la plasmodione avec un
rendement de 85% (Schéma 5.c).
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Schéma 6. Exemples de benzylation de la ménadione.

Cette réaction a été ensuite élargie a de nombreux bromures de benzyle diversement fonctionnalisés
(Schéma 6). Les groupements électroattracteurs ou électrodonneurs sont tous bien tolérés ainsi
qu’une substitution aux positions ortho, méta ou para, de I’unité benzyle (3a-0). De méme, les
rendements obtenus pour des bromures de benzyle disubstitués sont bons (3p-z). Il a été également
possible d’introduire grace a cette méthodologie un groupement naphtyle ou allyle (3ab et 3ac).

Différentes quinones ont été par ailleurs également testées. Une modification de la substitution en
position 2 de la naphtoquinone est tolérée et permet d’obtenir, avec des rendements acceptables,
des 3-benzylnaphtoquinones diversement substituées en position 2 (4a-g). Des ménadiones
fonctionnalisées en position 5 a 8 du cycle aromatique sont également compatibles avec cette
réaction (4h-j) (Schéma 7).
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Schéma 7. Benzylation de différentes (naphto)quinones fonctionnalisées.

Des études mécanistiques ont été ensuite menées afin de mieux comprendre le mécanisme de cette
réaction (Schéma 8). Nous avons tout d’abord pu démontrer que I’oxygene était indispensable pour
que la réaction puisse avoir lieu, ce qui montre que ce dernier joue un réle important. Des exemples
dans la littérature montrent que la ménadione est photoréduite sous irradiation d’une lumiere bleue
et en présence d’un agent de transfert d’hydrogéne pour former un radical semiquinone (étape 1).8
Ce radical semiquinone peut ensuite réagir avec 1’oxygene dissous en solution pour former un ion
superoxyde O, (étape 2),° qui lui-méme est ensuite capable de réduire le Fe(l11) en Fe(Il) (étape
3).

Xiii



blueLED
420 nm

Photo
RedOx
Cycle
(1)

(o}

oy Q. ‘&O e
o OH
ménadioney ®)
@
OH
o

OH
ménadione, .y

X

jolﬂ
OH
(5)
0,
(2)
ménadione, .y o

Fell @ Fell 2, H20,

2
ménadione (2)62 H202 o
Addition radicalaire 1) '
55 O

(

benzylménadione

(4) )

o of
Schéma 8. Mécanisme proposé

Le Fe(ll) a déja été décrit comme étant capable de réduire la liaisons C-Br de bromures de benzyle
pour former un radical benzyle (étape 4) qui peut ensuite réagir avec la ménadione pour former un
nouveau radical semiquinone benzylé (étape 5).1° Ce dernier peut ensuite directement réagir avec
la ménadione pour régénérer la forme radical semiquinone de celle-ci et conduire au produit final
ou alors initier un autre cycle catalytique (étape 1 ou 2). Une terminaison peut également étre
envisagée par une réaction de transfert d’électron avec le radical terpinéne pour générer aprés un
transfert de proton la 3-benzylménadione ciblée (étape 6).

L’ensemble de mes travaux sur la méthodologie de synthése photo-rédox de 3-benzylménadiones a
été soumis dans un brevet européen (Déclaration d’invention CNRS : 11861-01).

Synthese de benzylménadiones hétéroaromatiques par couplage de Suzuki.

Suite a 1’échec lors de la synthése de dérivés portant un cycle hétéroaromatique sur la partie
benzylique, nous avons opté pour une nouvelle stratégie. Nous nous sommes bases sur un exemple
de la littérature,!* dans lequel, par un couplage pallado-catalysé de Suzuki, des chlorures de
benzyles sont, de maniére efficace, couplés a divers acides boroniques hétéroaromatiques. Pour
celanous avons synthétisé, a partir du 1,4-diméthoxy-2-méthylnaphtaléne et par une réaction de
chlorométhylation, le chlorure de benzyle correspondant (Schéma 9).

OMe OMe

paraformaldéhyde
O e [
- . |
80°C, 3h c
OMe OMe
5 6,81%

Schéma 9. Chlorométhylation du 1,4-diméthoxy-2-méthylnaphtaléne.

Une fois ce substrat obtenu, nous avons réussi a I’engager dans un couplage pallado-catalyse avec
succes pour obtenir avec d’excellents rendements les diarylméthanes correspondants. Ces derniers
ont pu par suite étre trés facilement déprotégés avec du CAN (Schéma 10).
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R = OMe, 8e 69%; 9e 87%
Schéma 10. Synthése d’analogues hétéroaromatiques de 3-benzylménadiones
Les produits de couplages, des naphtoquinones protégées par des groupements méthyles, offrent
des opportunités de fonctionnaliser la nouvelle partie hétéroaromatique. En effet, les ménadiones
sont en géneéral trés sensibles et ne peuvent pas étre utilisées dans des milieux réducteurs ou
basiques. Par exemple, nous avons pu introduire par substitution nucléophile de I’adduit 2-
chloropyrimidine un groupement cyano ou un brome (Schéma 11).

OMe fo)
TMSBr N Br CAN N Br
e o
EtCN N MeCN SN
100°C, 5h t.a, 1h
OMe fo)

e e 94% 96%
o)
N._CN
NaCN, DABCO /NYCN CAN My
_—
e L A
o)

DMSO / H,0 N MeCN

o t.a, 1h
20h ’
50°C, 20 OMe

84% 87%
Schéma 11. Post-fonctionnalisation de la partie hétéroaromatique.
La synthese des analogues hétéroaromatiques des 3-benzylménadiones, portant des hétérocycles
pyridines, ou pyrimidines, a été soumis dans un brevet européen (Déclaration d’invention CNRS :
11861-03).

Conclusion

Durant ce travail de these, nous avons pu développer avec succes plusieurs nouvelles méthodologies
de synthese pour obtenir de nouvelles 3-benzylménadiones antiparasitaires, dont des analogues
hétéroaromatiques originaux, ainsi que des métabolites supposés de ces dernieres, les 3-
benzoylménadiones.

Les 3-benzoylménadiones ont été synthétisées grace a une réaction Friedel-Crafts revisitée
permettant I’acylation, habituellement difficile, de groupement benzoyles fortement appauvris en
électrons. Cette méthodologie a permis de synthétiser toute une série de 3-benzoylménadiones que
nous avons étudiée par électrochimie afin de mieux comprendre 1’influence de la substitution du
groupement benzoyle sur les propriétés rédox de ces quinones. Grace a cette méme méthodologie,
nous avons synthétisé des outils fonctionnels chimiques qui ont pu étre utilisés pour identifier les
protéines avec lesquelles nos composeés antiparasitaires interagissent.

L’un des objectifs a été ensuite de développer une nouvelle voie de synthése complémentaire a
celles utilisées précédemment au sein de 1’équipe pour préparer de nouvelles 3-benzylménadiones
diversement substituées ou portant un hétérocycle. Pour cela, nous avons développé une
méthodologie innovante de benzylation photocatalysée de la ménadione avec des bromures de
benzyle en présence de Fe(lll). Concernant les analogues hétéroaromatiques, ces derniers ont été
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obtenus par couplage pallado-catalysé de Suzuki entre la chlorométhyl-ménadione protégee et des
acides boroniques hétéroaromatiques.

Toutes les 3-benzylménadiones synthétisées par photocatalyse ou par couplage pallado-catalysé ont
été envoyées a I’institut Swiss Tropical and Public Health Institute (Swiss TPH) pour déterminer
leur activité contre les parasites du paludisme, Plasmodium falciparum.
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Chapitre I

1. Le paludisme

Le paludisme (ou malaria) est une maladie due a des parasites du genre Plasmodium transmis a
I’lhumain par I'intermédiaire des piqlres des femelles moustiques de genre Anopheles. En 2019, selon
I’Organisation Mondiale de la Santé (OMS), on estime a prés 229 millions le nombre de cas de
paludisme (contre 238 millions en 2000) ainsi que 409 000 déces (contre 736 000 en 2000). Le
paludisme est endémique dans 87 pays (Figure 1) mais la région Afrique représente a elle seule 94%
des cas recensés et des déces. Les enfants de moins de 5 ans représentent 67% des déceés associés au

paludisme.!

A\ o - Au moins un cas indigéne B  Aucuncas depuis 2000
O cas en 2018-2019 [] Pas de paludisme
0 cas en 2019 Non applicable

Il O cas depuis au moins 3 ans (en 2019) "
Source: © OMS 2020. Tous droits réservés.

Figure 1. Présence et évolution du paludisme dans le monde en 2019. Figure traduite de la Ref. 1

Il existe 5 souches de Plasmodium responsables du paludisme chez les humains P. falciparum, P. vivax,
P. malariae, P. ovale et P. knowlesi. Parmi ceux-ci, P. falciparum est de loin le plus dangereux, et est
majoritairement présent en Afrique. En effet, ce dernier représente plus de 99% des cas de paludisme
dans cette région et est responsable des cas de paludisme sévére ainsi que de complications pendant
les grossesses.? P. vivax est la deuxiéme espéce parasitaire la plus représentée chez 'lhomme et est
responsable de la majorité des cas de paludisme en Amérique du Sud. C'est aussi le parasite pour
lequel la plus grande part de la population mondiale est exposée de I’Amérique centrale et du Sud,
jusqu’en Asie du Sud-Est, ce qui représente plus de 2 milliards d’étres humains.? Les atteintes dues a

P. vivax sont en général bénignes, mais il existe une forme latente du parasite qui, se développant dans

! World malaria report, 2020, Organisation Mondiale de la Santé.

2 M. A. Phillips, J. N. Burrows, C. Manyando, R. H. van Huijsduijnen, W. C. Van Voorhis, T. N. C. Wells, Nat. Rev.
Dis. Primers, 2017, 3, 17050.

3 C. A. Guerra, R. E. Howes, A. P. Patil, P. W. Gething, T. P. Van Boeckel, W. H. Temperley, C. W. Kabaria, A. J.
Tatem, B. H. Manh, I. R. F. Elyazar, J. K. Baird, R. W. Snow, S. I. Hay, Plos Neglect. Trop. Dis. 2011, 4, e774.
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Chapitre I

le foie, peut provoquer une chronicité des symptémes. P. ovale et P. malariae sont quant a eux moins
courants que les deux précédemment cités et provoquent des infections souvent bégnines. Enfin, P.
knowlesi, initialement un parasite de macaques, s’est révélé transmissible a 'homme et peut étre

responsable de cas de paludisme sévére.*

Les groupes de personnes susceptibles d’étre gravement atteintes par le paludisme sont les
nourrissons, les jeunes enfants de moins de 5 ans, les femmes enceintes et de maniere générale les
personnes possédant un systéme immunitaire affaibli ou n’ayant jamais été en contact avec le parasite
auparavant (voyageurs, migrants venant d’une zone non-endémique). Ceci s’explique par le fait que
les résidents des zones endémiques, par exposition répétée, développent une immunité partielle
envers le parasite permettant une disparition des cas sévéres d’infection chez les plus de 5 ans, et a
terme, une disparition des cas symptomatiques et méme de la parasitémie.> Cependant cette

immunité est acquise au détriment d’une surmortalité chez les enfants de moins de 5 ans.?

La chute de I'incidence du paludisme (i.e. nombre de cas pour 1 000 habitants exposés au risque de
paludisme) de 80 en 2000 a 57 en 2019 ainsi que la baisse significative du nombre de décés enregistrés
depuis le début des années 2000 démontrent le succes de I'effort global de lutte contre le paludisme.
Ces progrés sont dus a une multitude de facteurs dont trois principaux : 1) le contrdle du vecteur de
I'infection (le moustique) par utilisation d’insecticides, 2) I'emploi de moustiquaires imprégnées
d’insecticides, et 3) le traitement des cas de paludisme par une combinaison thérapeutique a base
d’artémisinine (ACT).® Cependant, le rythme de la baisse de contamination est en diminution de facon
inquiétante ces derniéres années et de nouvelles souches résistantes a I'artémisinine sont apparues
dans plusieurs régions d’Asie du Sud-Est il y a plus de 10 ans.”® Plus récemment, des souches
résistantes a 'artémisinine ont été détectées indépendamment dans plusieurs régions d’Afrique et
d’Amérique du Sud. De la méme fagon, une résistance des moustiques Anopheles envers les
insecticides a commencé a émerger et bien qu’une étude de I'OMS montre que la protection

engendrée par les moustiquaires imprégnées d’insecticide, grandement utilisées en Afrique, est

4 B. Singh, L. K. Sung, A. Matusop, A. Radhakrishnan, S. S. G. Shamsul, J. Cox-Singh, A. Thomas, D. J. Conway,
Lancet, 2004, 363, 1017-1024.

5> K. Marsh, S. Kinyanjui, Parasite Immunol. 2006, 28, 51-60.

6S. Bhatt, D. J. Weiss, E. Cameron, D. Bisanzio, B. Mappin, U. Dalrymple, K. E. Battle, C. L. Moyes, A. Henry, P. A.
Eckhoff, E. A. Wenger, O. Briét, M. A. Penny, T. A. Smith, A. Bennett, J. Yukich, T. P. Eisele, J. T. Griffin, C. A. Fergus,
M. Lynch, F. Lindgren, J. M. Cohen, C. L. J. Murray, D. L. Smith, S. I. Hay, R. E. Cibulskis, P. W. Gething, Nature,
2015, 526, 207-211.

7 A. M. Dondorp, F. Nosten, P. Yi, D. Das, A. P. Phyo, J. Tarning, K. Lwin, F. Ariey, W. Hanpithakpong, S. J. Lee, P.
Ringwald, K. Silamut, M. Imwong, K. Chotivanich, P. Lim, T. Herdman, S. S. An, S. Yeung, P. Singhasivanon, N. P. J.
Day, N. Lindegardh, D. Socheat, N. J. White, N. Engl. J. Med. 2009, 631, 455-467.

8 A. P. Phyo, S. Nkhoma, K. Stepniewska, E. A. Ashley, S. Nair, R. McGready, C. Moo, S. Al-Saai, A. M. Dondorp, K.
M. Lwin, P. Singhasivanon, N. P. J. Day, N. J. White, T. J. C. Anderson, F. Nosten, Lancet, 2012, 379, 1960-1966.
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Chapitre I

toujours trés élevée,’ il est nécessaire de disposer de nouveaux outils pour lutter de maniére efficace

et diversifiée contre le paludisme.

1.1 Le cycle de vie de Plasmodium falciparum.

P. falciparum suit un cycle de vie complexe partagé entre deux espéces : le moustique et I'étre humain
(Figure 2). Le cycle commence par la morsure d’'un moustique femelle Anopheles et I'introduction
d’une forme infectieuse nommeée sporozoite dans le derme (A). Les sporozoites, mobiles, vont migrer
jusqu’au foie (B) et chacun d’entre eux va se multiplier au sein des cellules hépatiques et former des
schizontes. Aprés quelques jours, les cellules du foie vont se rompre et libérer dans la circulation
sanguine (C) des mérozoites, qui sont les cellules résultantes de la reproduction asexuée du parasite
dans le foie. Lors de la phase sanguine, les mérozoites vont alors envahir les globules rouges pour
entamer un nouveau cycle de reproduction asexuée en passant par les stades anneaux, qui vont
évoluer en stades trophozoites, puis schizontes et aprés éclatement de la cellule, en de nouveaux

stades mérozoites. Ce cycle intraérythrocytaire de P. falciparum dure 48 h.

Phase du moustique Sporozoites
Inoculation

Sporozo'ftesl ds?s P —

glandes salivaires < po— \
{9

Sporozoites

00 de l'intestin

Phase hépatique

Invasion hépatocytaire

\ “ Oocyste Mérozoites
\
%Ookmete ®
D Transmission ‘9@@ .
Méiose au moustique g ®
Phase sexuée plned

Zygot;
d ) Ga/

IS 0@

\_/ .
Gametocytes

Phase sanguine

Figure 2. Cycle de vie de P. Falciparum. Figure copiée et traduite?.

Le nombre de parasites chez I’hGte va alors passer tres rapidement de quelques milliers a plusieurs
millions de stades asexués. A partir d’environ 100 millions de parasites asexués en circulation dans le
sang, I'infection devient symptomatique avec I'apparition de fiévres, de courbatures, de maux de téte,

évoluant en I'absence de traitement chez des personnes fragiles, vers I'inflammation du cerveau, le

9 Implications of insecticide resistance for malaria vector control, 2016, Organisation Mondiale de la Santé.
10'N. J. White, S. Pukrittayakamee, T. T. Hien, M. A. Faiz, O. A. Mokuolu, A. M. Dondorp, Lancet, 2014, 383, 723-
735.



Chapitre I

coma, et la mort. Lors de la phase sanguine, certains parasites vont se développer en forme sexuée,
les gamétocytes, qui vont aussi évoluer du stade | au stade V. Au stade V, les gamétocytes sont matures
et circulants, et peuvent se faire ingérer lors d’un repas sanguin par un moustique. Ce sont les seuls

stades infectants pour le moustique.

Apres ingestion des gamétocytes lors d’un repas sanguin sur un humain infecté (D). Les gamétocytes,
par reproduction sexuée, vont former des zygotes, puis des ookinetes et enfin des ookystes dans les
intestins du moustique. Les ookystes vont libérer des sporozoites qui vont migrer dans les glandes
salivaires du moustique ou ils pourront infecter un étre humain pendant un repas sanguin pour

continuer le cycle.>®

1.2. Les traitements antipaludiques.

L'armoise chinoise, Artemisia annua, connue en Chine depuis deux millénaires a été utilisée en
médecine traditionelle en décoction en Asie. Mais, c’est dans les années 1970, que des chercheurs
chinois extraient le produit actif, baptisé ging hao su (artémisinine). La découverte de I'artémisinine a
valu a la Chinoise, le Dr Tu Youyou, le Prix Nobel de physiologie ou médecine 2015, conjointement avec
I'lrlandais William Campbell et le Japonais Satoshi Omura, découvreurs de I'ivermectine. En Occident,
les traitements chimiothérapeutiques du paludisme ont grandement évolué depuis plus de 400 ans,
de la simple écorce de quinquina broyée jusqu’aux combinaisons thérapeutiques a base d’artémisinine

(ACT), traitement privilégié depuis les années 1990 et recommandé de nos jours par 'OMS. 1

Les quinoléines.

Dés le XVIIeme siécle, la poudre d’écorce de quinquina, un arbuste originaire d’Amérique du Sud, fut
utilisée en médecine en Europe pour traiter le paludisme.’? Ce n’est que 200 ans plus tard que la
substance active de cette écorce, la quinine (Figure 3), fut extraite pour la premiere fois par Joseph
Pelletier et Joseph Caventou.'® C’est & partir de ce moment que la production industrielle de quinine a
commencé et que cette derniere a supplanté I'écorce de quinquina dans le traitement du paludisme.
C'est seulement en 1945, que la premiére synthése totale de la quinine a été publiée par Woodward

et Doering.**

11 A, R. Butler, S Khan, E. Ferguson, J. R. Coll. Physicians Edinb. 2010, 40, 172-177.

12J. Achan, A. O. Talisuna, A. Erhart, A. Yeka, J. K. Tibenderana, F. N. Baliraine, P. J. Rosenthal, U. D’Alessandro,
Malar. J. 2011, 10, 144.

13p, J. Pelletier, J. B. Caventou. Annal. Chim. Phys. 1820, 15, 289-318.

14 R. B. Woodward, W. E. Doering, J. Am. Chem. Soc. 1945, 67, 860-874.

6



Chapitre I
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Figure 3. Structure de la quinine.

L’action antipaludique de la quinine chez P. falciparum est particulierement ciblée sur les érythrocytes
infectés et il agit comme schizonticide. La quinine a été largement utilisée jusque durant les années
1920 ou elle a peu a peu été remplacée par des quinoléines de synthése moins co(iteuses a produire
s . . 15 7’ Y . .
et non dépendantes des cultures de quinquina.™ Ces composés de synthése sont principalement des
aminoquinoléines. On peut citer la plasmoquine ou la rhodoquine, mais le composé le plus important
est certainement la chloroquine (€CQ) qui bien que découverte pour la premiére fois dans les années
1930, puis écartée car jugée trop toxique, a été finalement approuvée et largement utilisée apreés la

seconde guerre mondiale (Figure 4).

HN N~ HNT ONTTS HN N~
X

N N : Q\)j
X OMe X OMe cl N”

plasmoquine rhodoquine chloroquine (CQ)

\
\

Figure 4. Structure de la plasmoquine, de la rhodoquine et de la chloroquine.

L’élucidation du mode d’action de la CQ, est toujours en cours. Il a été démontré que la CQ inhibe la
détoxification de I’'heme, généré par le parasite comme sous-produit toxique formé au cours de la
digestion de I’"hémoglobine durant la phase sanguine de l'infection. L’heme, toxique pour le parasite,
s’accumule dans la vacuole digestive du parasite, fuit dans les membranes du fait de sa lipophilicité, et

participe a I'oxydation des macromolécules, menant a la mort du parasite.’®

La CQ est restée le fer de lance de la lutte contre le paludisme pendant plus de 50 ans et a grandement
contribué, avec l'insecticide dichlorodiphényltrichloroéthane (DDT), aux premieres campagnes de
luttes mondiales contre le paludisme. Cependant, dés les années 50, les premiers cas de résistance

chez P. falciparum ont été identifiés sur le continent américain et en Asie du Sud-Est,'” et malgré un

155, R. Meshnick, M. J. Dobson, Antimalarial Chemotherapy, Chapitre 2, 2001.
16T, E. Wellems, C. V. Plowe, J. Infect. Dis. 2001, 784, 770-776.
7 D.Payne, Parasitol. Today, 1987, 3, 241-246.
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développement lent des souches résistantes a la CQ, ces derniéres ont peu a peu émergé sur tous les

continents.'®

D’autres dérivés de quinolines ont été synthétisés plus tard et utilisés comme antiparasitaires efficaces
contre les souches résistantes a la CQ. On peut notamment citer la méfloquine et I'amodiaquine

(Figure 5).

méfloquine amodiaquine

Figure 5. Structure de la méfloquine et de I'amodiaquine.
La méfloquine est couramment utilisée comme traitement préventif (prophylaxie), notamment pour
des voyageurs dans des zones fortement impactées par les souches résistantes a la CQ. Des souches
parasitaires résistantes a la méfloquine ont rapidement émergé.’® De la méme facon, "'amodiaquine
s’est révélée tres efficace pour lutter contre les souches résistantes a la CQ de Plasmodium. Cette
molécule est cependant susceptible de provoquer des effets secondaires graves chez une faible

proportion de patients.?®

Un autre composé de synthese important est la primaquine (Figure 6), un analogue de la plasmoquine.

OMe

primaquine

Figure 6. Structure de la primaquine.
Cette molécule décrite pour la premiere fois en 1946 a la particularité d’étre efficace contre les
schizontes dormants de P. vivax et P. ovale dans le foie et a été utilisée massivement en Asie du Sud-

Est pour lutter contre P. vivax. Cependant la primaquine montre une grande toxicité envers les

18 R. G. Ridley, Nature, 2002, 415, 686-693.
%K. J. Palmer, S. M. Holliday, R. N. Brogden, Drugs, 1993, 45, 430-475.
20p Olliaro, C. Nevill, J. LeBras, P. Ringwald, P. Mussano, P. Garner, P. Brasseur, Lancet, 1996, 348, 1196-1201.
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populations déficientes en glucose-6-phosphate-déhydrogénase (G6PD), distribuées dans les zones

endémiques au paludisme.??

L’artémisinine et les combinaisons thérapeutiques a base d’artémisinine (ACT)

L'artémisinine (ART) est une molécule isolée de la plante Artemisia annua, une espéce d’armoise
nommeée « quinghao » en Chine. Les premiers récits attestant de I'efficacité du quinghao, sous forme
de soupe ou de poudre, pour traiter les symptémes du paludisme remontent au IV siécle. C’est
pendant la guerre du Vietnam, alors que I'émergence de souches résistantes de P. falciparum était
grandissante en Asie du Sud-Est, que la Chine a commencé a développer un programme antipaludique.
Apres I'échec du criblage massif de milliers de molécules, Tu Youyou s’est intéressée aux techniques
de médecine traditionnelle chinoise afin d’essayer d’identifier un traitement efficace contre le
paludisme. Trés rapidement, les propriétés antipaludiques des extraits de quinghao ont été identifiées
et attestées en 1971 conjointement par un essai clinique sur une trentaine de patients atteints par P.
falciparum ou P. vivax et le traitement de singes et de rongeurs. En 1972, le composé actif de cet extrait
a été isolé et nommé artémisinine (ginghaosu en chinois) et approuvé en 1986 comme médicament.
L’artémisinine est une lactone sesquiterpénique possédant un groupement endopéroxy. Dans le méme
temps, divers composés hémisynthétiques de I'artémisinine, plus efficaces dans le traitement du

paludisme, ont été identifiés : la dihydroartémisinine, I'artésunate et I'artémether (Schéma 1).

artémether

alkylation
—_—
O
: i r 0
réduction HJd O /oH
—_—
(0}
. o) . OH  acylation
H: H: — OH
artémisinine (ART) dihydroartémisinine @)
o O

H :

artésunate

Schéma 1. Structure de I'artémisinine et de ses dérivés.

La dihydroartémisinine est considérée comme le métabolite clé de I'artémisinine in vivo. La réduction
du pont endopéroxyde de ces composés a mené a une inhibition compléte de I'activité antipaludique,

indiquant que cette fonction joue un réle clé dans le mécanisme d’action de ces composés.?

21 3) E. A. Ashley, J. Recht, N. J. White, Malar. J. 2014, 13, 418; b) G. K. John, N. M. Douglas, L. von Seidlein, F.
Nosten, J. K. Baird, N. J. White, R. N. Price, Malar. J. 2012, 11, 280.
22y, Tu, Angew.Chem. Int. Ed. 2016, 55,10210-10226.
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L’artémisinine et ses dérivés se montrent également trés efficaces pour traiter les atteintes liées aux
souches résistantes a la CQ et d’autres antipaludiques. Les dérivés de I'artémisinine sont aujourd’hui

utilisés en majorité, possédant une bien meilleure biodisponibilité orale que cette derniére.

Tres rapidement, les dérivés d’artémisinine ont été administrés en combinaison thérapeutique avec
d’autres traitements antipaludiques (ACT). En effet, utilisés en monothérapie, les propriétés
pharmacocinétiques de ces composés endoperoxides, dont le faible temps de demi-vie dans
I’organisme, ont conduit a des échecs de traitements. Les ACT ont I'avantage de compenser ce faible
temps de demi-vie avec d’autres molécules antipaludiques et de ralentir également I'’émergence d’'une
résistance croisée des parasites.?® Les ACTs sont désormais les traitements favorisés par I'OMS,

I'artésunate est par exemple utilisé en combinaison avec la méfloquine ou I'amodiaquine.

Malgré cela, une résistance aux dérivés d’artémisinine a rapidement commencé a émerger,
particulierement en Asie du Sud-Est au Cambodge.” ® Cependant, il est déja observé que cette
résistance s’étend a court terme dans d’autres régions, et tout particulierement en Afrique, ou les ACTs
sont désormais utilisés communément.?* Les parasites « résistants » a 'artémisinine rentrent en
dormance, au stade anneau, pendant le traitement antipaludique, favorisant I'apparition de
gamétocytes circulants et la transmission des parasites aux moustiques. L'OMS préconise donc de
développer de nouvelles molécules tuant les anneaux dans le cycle intraérythrocytaire et les

gamétocytes afin de bloquer la transmission parasitaire.?®

L’atovaquone.

L'atovaquone est le résultat de plusieurs décennies de recherche de nouveaux traitements
antipaludiques de la classe des quinones et plus particulierement les 2-hydroxynaphtoquinones
(Figure 7).%6 Cette molécule posséde une activité antipaludique contre les parasites de stades sanguins
supérieure a la CQ ou aux dérivés d’ARTs.?” L’atovaquone inhibe sélectivement la chaine de transport
des électrons mitochondriale du parasite sans interférer avec celle de I’'h6te. Pour cela, il peut se lier
au site d’oxydation de I'ubiquinol, forme réduite de la co-enzyme Qo ubiquinone, et empéche sa
réoxydation. Ce cycle rédox est indispensable chez le parasite pour la formation des orotates, a partir

de la dihydroorotate par I'enzyme dihydroorotate déhydrogenase (DHOD), et la biosynthése des

B R. T. Eastman, D. A. Fidock, Nat. Rev. Microbiol. 2009, 7, 864-874.

24 A, Uwimana, E. Legrand, B. H. Stokes, J.-L. Mangala Ndikumana, M. Warsame, N. Umulisa, D. Ngamije, T.
Munyaneza, J.-B. Mazarati, K. Munguti, P. Campagne, A. Criscuolo, F. Ariey, M. Murindahabi, P. Ringwald, D. A.
Fidock, A. Mbituyumuremyi, D. Menard, Nat. Med. 2020, 26, 1602-1608.

25 A, Hott, M. S. Tucker, D. Casandra, K. Sparks, D. E. Kyle, J. Antimicrob. Chemother. 2015, 70, 2787-2796.

26 3) A. T. Hudson, A. W. Randall, M. Fry, C. D. Ginger, B. Hill, V. S. Latter, N. McHardy, R. B. Williams, Parasitology,
1985, 90, 45-55. b) L. G. Haile, J. F. Flaherty, Ann. Pharmacother. 1993, 27, 1488-1494.

27 K. McKeage, L. J. Scott, Drugs, 2003, 63, 597-623.
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pyrimidines. L'inhibition de la biosynthése des pyrimidines, briques de départ a la synthese de I’ADN,
méne & un arrét du développement chez les parasites.”® Ce mode d’action a pu é&tre prouvé en
démontrant que des parasites transgéniques exprimant une dihydroorotate déhydrogenase (yDHOD)
de levure, qui utilise le fumarate comme co-facteur au lieu de I'ubiquinone, expriment une résistance

a I'atovaquone.?

A. B.

mitochondria
atovaquone

2Cytc 2Cytc2t
; conlll;ljlex : +2H* OH H H H
CoQ CoQH, ,
L oY
DHOD CI

dihydro- orotate ~—» pyrimidines

orotate
type 1A

yDHOD cl proguanil
fumarate succinate

cytosol atovaquone

00

Figure 7. A. Schéma du transport d’électron mitochondrial visé par I'atovaquone chez P. falciparum. L'expression du géne
codant pour le géne ydhod de levure permet au parasite de court-circuiter le transport d’électron basé sur I'ubiquinone et
de devenir résistant a I'atovaquone. Schéma copiée de la Ref 39. B. Structure de I'atovaquone et du proguanil.

Un an apres le lancement de I'atovaguone en monothérapie, des souches de Plasmodium ont
rapidement montré une résistance au traitement en raison de mutations sur le géne codant pour le
complexe bcl (complexe Il de la chaine de transport des électrons de la mitochondrie). Tres
rapidement, la recherche d’un partenaire antipaludique dans des tests de combinaison avec
I’'atovaquone a abouti a la sélection du proguanil, un autre antipaludique, qui montre une synergie en
utilisation combinée avec I'atovaquone. C’est cette association, atovaquone-proguanil qui est utilisée
exclusivement en bithérapie. Récemment, il a cependant été montré que les parasites résistants a
I’'atovaquone (mutés au niveau du gene bcl) ne peuvent pas se reproduire efficacement chez le
moustique ce qui empéche la réplication rapide des souches résistantes a |'atovaquone chez le
moustique.®® En d’autres mots, la résistance a I'atovaquone bloque la transmission des parasites chez
le moustique, et donc les parasites résistants a I'atovaquone ne peuvent pas étre transmis a un autre

mammifére ou a ’lhomme.

2 G. L. Nixon, D. M. Moss, A. E. Shone, D. G. Lalloo, N. Fisher, P. M. O’Neill, S. A. Ward, G. A. Biagini, J. Antimicrob.
Chemother, 2013, 68, 977-985.

2 H. J. Painter, J. M. Morrisey, M. W. Mather, A. B. Vaidya, Nature, 2007, 446, 88-91.

30 C. D. Goodman, J. E. Siregar, V. Mollard, J. Vega-Rodriguez, D. Syafruddin, H. Matsuoka, M. Matsuzaki, T.
Toyama, A. Sturm, A. Cozijnsen, M. Jacobs-Lorena, K. Kita, S. Marzuki, G. I. McFadden, Science, 2016, 352, 349-
353.
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2. La plasmodione et les 3-benzylménadiones comme candidats-
médicaments antipaludiques potentiels.

2.1 Les 1,4-naphtoquinones.
Les 1,4-naphtoquinones (NQ) sont une classe de composés rédox-actifs présents au sein de nombreux
produits naturels et synthétiques et présentant de nombreuses activités biologiques de type
anticancéreuse® ou bien, comme nous avons pu le voir avec I'atovaquone, antiparasitaire.3? Cette
activité biologique est trés souvent reliée a leurs propriétés rédox, les NQs sont capables d’accepter 1
ou 2 électrons et le potentiel de réduction est grandement influencé par les substituants portés par le

coeur électroactif (Schéma 2).33

. o
0 0 o)
) — O =
— O
o] o o)
© o

Schéma 2. Equilibre rédox des NQs.
Parmi les NQs, on peut notamment citer la famille des vitamines K. La vitamine K; et le vitamine K;
sont des molécules naturelles synthétisées, respectivement, par les plantes et les bactéries de la flore
intestinale. Quant a la vitamine Kz, aussi appelée ménadione, c’est une 1,4-naphthoquinone

synthétique méthylée en position 2 (Figure 8).

Oprny ey O

vitamine Kj vitamine K, vitamine K3 (ménadione)
Figure 8. Structure des vitamines K.

Il'a été montré que les NQs sont des substrats efficaces pour inhiber les glutathion réductases humaine
(hGR) et de P. falciparum (PfGR).3* Au début du projet, en 2005, I'intérét des molécules ciblant les deux
GR du globule rouge parasité était lié au fait que les globules rouges parasités montraient une
concentration plus élevée en glutathion réduit (GSH) et un flux de formation trés important en

glutathion disulfure (GSSG) produit a cause de la digestion de 'hémoglobine de I’'h6te par le parasite,

31 C. E. Pereyra, R. F. Dantas, S. B. Ferreira, L. P. Gomes, F. P. Silva-Jr, Cancer Cell. Int. 2019, 19, 207.

320. P.S. Patel, R. M. Beteck, L. J. Legoabe, Eur. J. Med. Chem. 2020, 210, 113084.

33 p. Sidorov, |. Desta, M. Chessé, D. Horvath, G. Marcou, A. Varnek, E. Davioud-Charvet, M. Elhabiri,
ChemMedChem, 2016, 11, 1339-1351.

34 E. Davioud-Charvet, S. Delarue, C. Biot, B. Schwébel, C. C. Boehme, A. Miissigbrodt, L. Maes, C. Sergheraert, P.
Grellier, R. H. Schirmer, K. Becker, J. Med. Chem. 2001, 44, 4268-4276.
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qui produit aussi un intense stress oxydant. Le GSSG produit est re-réduit une réaction catalysée par

la PfGR a I'aide de NADPH (éq 1).

GSSG + NADPH + H* — 2 GSH + NADP™* (catalysée par GR) (éq.1)

Cette réaction est inhibée par les NQs qui agissent comme des substrats subversifs de la GR et

consomment ainsi le NADPH de la cellule (éq. 2) en présence d’oxygéne moléculaire (éq. 3).%

2NQ + NADPH + H* - 2NQ ™+ NADP* + 2 H* (catalysée par GR) (éq.2)
NQ™ 4+ 0, - NQ+ 0; (éq.3)
Plusieurs dérivés alkylés de la ménadione ont été ainsi synthétisés et testés comme substrats
subversifs des deux GRs. Notamment des molécules duales portant également des motifs quinoléines

pour augmenter la pénétration des molécules finales dans le parasite.3* 36

Aucune toxicité accrue liée a I'inhibition de la hGR n’était attendue car la majorité des cellules nucléées
chez I’h6te peuvent controler le flux GSSG/GSH, méme en présence d’un inhibiteur réversible de hGR.
Par contre, le globule rouge n’étant pas une cellule a noyau qui peut compenser rapidement la
destruction de I’'homéostasie rédox, la présence d’un inhibiteur de la hGR entraine du stress oxydant,
condition hostile pour le développemnt parasitaire. La meilleure illustration est donnée par les
humains porteurs de mutations en G6PD qui ont des globules rouges qui produisent naturellement du
stress oxydant du fait d’un flux plus faible en NADPH. Ces mémes porteurs peuvent etre infectés par
le parasite du paludisme mais feront des acces palustres beaucoup moins importants que les porteurs
du géne gbpd sain (non déficients en G6PD) car le milieu hostile induit par le stress oxydant dans leurs

érythrocytes est suffisant pour ralentir la progression de I'infection parasitaire.

C'est ce raisonnement qui a été a l'origine de la stratégie de I'équipe : mimer les effets des mutations
naturelles en G6PD avec des inhibiteurs des deux GRs qui agissent comme substrats subversifs en

produisant du stress oxydant dans le globule rouge parasité mais pas dans les globules rouges sains.

35 C. Biot, H. Bauer, R. H. Schirmer, E. Davioud-Charvet, J. Med. Chem. 2004, 47, 5972-5983.
36 W. Friebolin, B. Jannack, N. Wenzel, J. Furrer, T. Oeser, C. P. Sanchez, M. Lanzer, V. Yardley, K. Becker, E.
Davioud-Charvet, J. Med. Chem. 2008, 51, 1260-1277.
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2.2. La plasmodione.

Suite a ce travail de prospection, mon équipe d’accueil a développé une chimie basée sur la ménadione
en introduisant de la diversité structurale et a pu identifier une série de 3-benzylménadiones (BMd)
possédant une activité antipaludique in vitro de I'ordre du bas nanomolaire contre P. falciparum

(Figure 9).>’

o) ICso (nM)a
R
OO |nime
R=F;79
R =NO,; 46
3-benzylménadione (BMd) cQ =110

Figure 9. Structure des BMds et leur activité antipaludique in vitro comparée a celle de la chloroquine (CQ). 2Les valeurs des
ICso ont été calculées sur des souches de P. falciparum Dd2 en utilisant le test basé sur I'incorporation de 3H-hypoxanthine.

Comme nous pouvoir le voir sur la Figure 9, la BMd fonctionnalisée par un trifluorométhyle en position
para du groupement benzyle (i.e. 3-[4-(trifluoromethyl)benzyl]-menadione) est le composé possédant
la meilleure activité in vitro (ICso : 29 nM). Ce composé a été nommé plasmodione (PD) et a été

extensivement étudié par I'équipe pendant ces derniéres années.

Le profil détaillé de I'activité antipaludique de PD sur la phase sanguine de P. falciparum in vitro a
révélé : (i) une activité antipaludique importante sur la forme asexuée de P. falciparum sur des souches
résistantes a différents médicaments (Figure 10) mais aussi sur les gamétocytes précoces, (ii) un profil
toxicologique s(r pour une utilisation humaine, (iii) une activité importante contre les anneaux intra-
érythrocytes, (iv) une efficacité aussi rapide que celle de I'artémisinine, (v) un faible potentiel de
développement d’une résistance médicamenteuse et (vi) un effet synergique avec divers médicaments

déja sur le marché, dont la déhydroartémisinine.®

37 7. Miiller, L. Johann, B. Jannack, M. Briickner, D. A. Lanfranchi, D. H. Bauer, C. Sanchez, V. Yardley, C.
Deregnaucourt, J. Schrével, M. Lanzer, R. H. Schirmer, E. Davioud-Charvet, J. Am. Chem. Soc. 2011, 133, 11557-
11571.

38 K. Ehrhardt, C. Deregnaucourt, A.-A. Goetz, T. Tzanova, V. Gallo, P. Arese, B. Pradines, S. H. Adjalley, D. Bagrel,
S. Blandin, M. Lanzer, E. Davioud-Charvet, Antimicrob. Agents Chemother. 2016, 60, 5146-5158.
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3 plasmodione
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Figure 10. Activités antipaludiques in vitro de PD, la CQ et la quinine contre différentes souches résistantes de P. Falciparum
originaires d’Asie, d’Afrique et d’Amérique du Sud. Les résultats sont présentés sous forme d’ICsp avec un intervalle de
confiance de +95% pour de 3 a 5 expériences indépendantes du test basé sur I'incorporation de 3H-hypoxanthine. Figure
copiée de la Ref 38.

Cependant, les tests d’activité sur P. berghei et le modéle murin montrent une activité modérée in
vivo, ce qui suggére une biodisponibilité faible de la molécule, ou bien une métabolisation et
élimination rapide. C’'est pour ces raisons qu’il a été nécessaire de développer de nouveaux dérivés de

PD plus adaptés.

2.3. Mode d’action de la plasmodione.

L’atovaquone et la PD sont toutes les deux des NQs avec des structures similaires mais des propriétés
rédox tres différentes. Il a été démontré que les deux molécules n’ont pas le méme mécanisme
d’action pour inhiber la croissance des parasites. Tout d’abord, contrairement a PD et aux dérivés de
ménadiones, I'atovaquone n’est pas un bon substrat de la GR humaine ou de P. falciparum® 3 cause
de ses potentiels redox tres différents a ceux de la PD. La PD est une molécule oxydante au contraire
de I'atovquone. Cette différence de mécanisme s’accompagne aussi d’effets phénotypiques tres
distincts : la PD entraine un retard dans la progression du cycle parasitaire sur 48 h, et ceci est accru
sur 96 h : les parasites meurent en montrant des formes anneaux pycnotiques ou abbérantes (avec
plusieurs noyaux) suggérant une mort par stress oxydant.?® De plus, en utilisant les parasites
transgéniques de Painter et al.,®® qui expriment la yDHOD, insensibles & I’atovaquone, les mémes
parasites restent toujours trés sensibles a la PD dans le bas nM. Ceci suggére que la PD n’interagit pas

avec le complexe lll de la chaine de transfert d’électrons comme le fait I'atovaquone.

39D. A. Lanfranchi, D. Belorgey, T. Miiller, H. Vezin, M. Lanzer, E. Davioud-Charvet, Org. Biomol. Chem. 2012, 10,
4795-4806.

40 K Ehrhardt, E. Davioud-Charvet, H. Ke, A. B. Vaidya, M. Lanzer, M. Deponte. Antimicrob. Agents Chemother.
2013, 57,2114-2120.

15



Chapitre I

Un mécanisme d’action impliquant les propriétés rédox de PD a donc été proposé sur I’hypothese que
le stress oxydant intense produit dans le globule rouge produira des réactions d’oxydation sur toute
molécule exogéne. La bioactivation de la PD a donc été proposée comme étant une cascade de
réactions rédox passant par: (i) une oxydation benzylique de la PD vers la 3-benzoylménadione
correspondante (PDO), (ii) la PDO est ensuite réduite par le couple NADPH/PfGR ou tout autre enzyme,
(iii) la forme réduite de PDO est réoxydée par la méthémoglobine (metHb) et génere continuellement
de I'(oxy)hémoglobine (Hb) non digestible pour le parasite, (iv) ce processus augmente également la
formation de dérivés réactifs de I'oxygene provoquant des dégats cellulaires, (v) la forme réduite de
PDO est proposée pour former par couplage oxydatif phénolique la benzoxanthone correspondante
qui inhibe la formation de de beta-hématine (hémozoine synthétique), de facon aussi puissante que la

CQ, dans un test in vitro (Figure 11).*

NADPH, H* NADP*
e
o o o O
O‘ O CF; (i) CF; CF; (o] CF;
— O Co T >, O
) HO
oxydation [O] I
o benzylique o O o o
Plasmodione (PD) [O] PDO,, PDO,cq benzoxanthone
= metabolite Il

Il n
inhibition de Hb(Fe') o |metHb(FeT)
la formation PFIX(Fe') PFIX(Fe') formation de |,
de I'hémozoine I'hémozoine et
et arrét du développement développement \'
du parasite [01 du parasite
Cont 25h
—. 1l
% 0, 0, Hb(Fe")/ y
RERE metHb(Fe'") "
1 25n HOp  --iiniss = ferrylHb(Fe'V=0)

destruction/
: reduction
\J

élimination des globules rouges ... __.

, g dépot d’'hémicrome
infectés par phagocytose

dans les globules
rouges infectés

Figure 11. Mécanisme hypothétique du mode d'action de la plasmodione.

Il a également été montré que le méthyle en position C-2 du cceur ménadione et I'unité benzylique
sont indispensables a I'activité antipaludique des dérivés BMds. Ceci renforce I’hypotheése d’une
oxydation benzylique in situ.3” Similairement, un dérivé méthylé sur les positions 2’ et 6’ de la chaine
benzylique perd son activité antipaludique, un tel dérivé ne pouvant pas former la benzoxanthone

correspondante (résultats non publiés).

41 M. Bielitza, D. Belorgey, K. Ehrhardt, L. Johann, D. A. Lanfranchi, V. Gallo, E. Schwarzer, F. Mohring, E. Jortzik,
D. L. Williams, K. Becker, P. Arese, M. Elhabiri, E. Davioud-Charvet, Antioxid. Redox Signal. 2015, 22, 1337-1352.
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3. Syntheése de naphtoquinones fonctionnalisées.
La diversité structurale des BMds peut étre divisée en 2 sous parties, la partie « Ouest » qui comprend
les fonctionnalisations du cceur ménadione et la partie « Est » concernant la chaine benzylique (Figure
12).
R

X =/
partie "Ouest” || || partie "Est"
N

S

o)

Figure 12. Partie "Ouest" et "Est" des 3-benzylménadiones.

Dans cette 3™ partie, nous allons revenir sur les efforts de synthése précédemment effectués au sein
du laboratoire pour introduire de la diversité structurale, non seulement sur les BMds antipaludiques
gue ce soit pour la partie « ouest » ou « est », mais aussi sur certains métabolites supposés, dont les
3-benzoylménadiones. Enfin un article de revue a été réalisé durant cette thése pour faire I'inventaire

des réactions radicalaires d’alkylation des quinones décrites récemment dans la littérature.

Jusqu’a maintenant, la voie privilégiée pour la synthése des BMds est la réaction de Kochi-Anderson,
via les conditions décrites par Jacobsen et Torsell.*? Cette réaction de décarboxylation radicalaire a
I’avantage de former efficacement la plasmodione a I'échelle multi-gramme en une seule étape a partir
de la ménadione et de I'acide 4-(trifluorométhyl)phénylacétique (Schéma 3). Un mécanisme détaillé

de cette transformation est explicité dans la revue Partie 3.3 de ce Chapitre.

o AgNO; (0.3 équiv.) o

+
Ho 85 G, 351
(0] T (0]

1 équiv. 2 équiv. plasmodione, 80%

Schéma 3. Synthese de la plasmodione par la réaction de Kochi-Anderson.

Cette méthodologie a été appliquée dans le laboratoire pour la synthése efficace de centaines de
dérivés de PD. Cependant, tous les acides phénylacétiques complexes ne sont pas commerciaux et leur
synthése peut s’avérer fastidieuse. L'introduction directe de cycle hétéroaromatique par cette réaction

3

s’est révélée difficile, voire impossible dans une grande majorité de cas,*® alors que ces motifs

présentent des propriétés physicochimiques intéressantes en chimie médicinale, incluant notamment

42 3) N. Jacobsen, K. Torssell, Acta Chem. Scand. 1973, 27, 3211-3216. b) J. Goldman, N. Jacobsen, K. Torssell,
Acta Chem. Scand. 1974, 28b, 492-500. c) J. M. Anderson, J. K. Kochi, J. Am. Chem. Soc. 1970, 92, 1651-1659.

43 D, A. Lanfranchi, E. Cesar-Rodo, B. Bertrand, H.-H. Huang, L. Day L, L. Johann, M. Elhabiri, K. Becker, D. L.
Williams, E. Davioud-Charvet, Org. Biomol. Chem. 2012, 10, 6375—6387.
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une solubilité accrue dans les milieux aqueux par rapport aux cycles aromatiques carbonés.** ** Un
autre frein a cette synthese est que les dérivés de ménadione commerciaux sont trés peu nombreux
(la ménadione et la 5-hydroxy-ménadione appelée plumbagine). La synthése de dérivés de
ménadiones fonctionnalisées a donc fait I'objet de nombreux développements au sein de I'équipe.
Dans un second temps, nous nous intéresserons a la synthése des dérivés 3-benzoylménadiones et
enfin nous avons écrit une mini-revue recensant les méthodes récentes d’alkylations radicalaires de

quinones.

3.1. Synthése de ménadiones fonctionnalisées.

Au cours de ces derniéres années, deux stratégies générales de syntheses ont été mises en place dans
I’équipe pour obtenir un grand nombre de dérivés de la ménadione incluant des analogues azotés
(Schéma 4).

R
\( R = Me azaménadiones produit de départ : a-tétralones
Sy ouH 1 étape 4 exemples - 4 étapes
) 4 exemples, 21-43% rendement global ~29%
NO
STRATEGIE NAPHTOL
ou
O 8 O
OMe M 7 X (il oH Q
|
~  + Bry | <:IR£| — N = N
6% [0x] L L
T™MSO™ o) 5 0 -
ou hydroxyménadiones produit de départ : propiophénones
1 étape 2 exemples - 5 étapes
" “ 2 exemples, 86-91% rendement global ~9%
o=
\ (di)méthylménadiones
2 étapes
STRATEGIE DIELS-ALDER 5 exemples, 40-70%

Schéma 4. Stratégies Diels-Alder et Naphtol.

Celles-ci ont été appelée stratégie « Diels-Alder/hétéro-Diels-Alder » et « Naphtol ». Comme leur nom
I'indique, (i) la stratégie « Diels-Alder » repose sur une réaction de Diels-Alder entre une
bromoquinone et un dieéne pour former en une ou deux étapes les (aza)ménadiones correspondantes
et (ii) la stratégie naphtol, qui passe par un naphtol intermédiaire clé de la stratégie éponyme pour

former la quinone aprés oxydation en para a partir de tétralones ou de propiophénones (Schéma 4).*>

45

4T, ). Ritchie, S. J. F. Macdonald, R. J. Young, S. D. Pickett, Drug Discov. Today, 2011, 16, 164-171.
45 E. Cesar Rodo, L. Feng, M. Jida, K. Ehrhardt, M. Bielitza, J. Boilevin, M. Lanzer, D. L. Williams, D. A. Lanfranchi,
E. Davioud-Charvet, Eur. J. Org. Chem. 2016, 1982—-1993.
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Stratégie Diels-Alder.
La formation régiosélective de dérivés de la ménadione repose sur [l'utilisation de deux
méthylbenzoquinones comme diénophiles (2-bromo-5-méthylbenzoquinone et 2-bromo-6-

méthylbenzoquinone).

Une synthése précédemment décrite®® a été optimisée dans mon équipe, au niveau des étapes de
I’élimination de HBr et de diméthylamine, aprés cycloaddition entre la quinone halogénée et le dérivé
azadienepour obtenir les azaménadiones désirées avec des rendements modérés. L’exces d’anhydride
acétique (Acy0) utilisé a pour but de piéger la diméthylamine formée pour éviter des réactions

secondaires (Schéma 5).%2

R O O
= N
\C . Br Acy0 (exces) R~ | R = H, 43%
R = Me, 21%
N MeCN N ’
N 5 ta,2h I
1.3 équiv. 1 équiv.
R O (@]
= N
N
\E . Ac,0 (exces) _ | R=H, 36%
= [
N : MeCN PN R = Me, 23%
N ' ta,2h
<N 0 @ 0

Schéma 5. Synthese d'azaménadiones par réaction d’aza-Diels-Alder.

Le diene de Danishefsky réagit similairement avec les bromoquinones pour former en une seule étape,
apres cycloaddition, élimination de HBr et de méthanol, des hydroxyménadiones avec de tres bons
rendements (Schéma 6).% Il est & noter I’ajout de pyridine qui est capitale pour éviter la dégradation
totale du cycloadduit si HBr n’est pas piégé par cette base (les autres bases partipent a la degradation

de la menadione formée).

e) O
OMe ( )
pyridine (1.5 équiv. 7. = 6-OH. 86%
-OH, A
Z  + B | = Ho | 7-OM, 91%
S CH,Cl, 6% ‘
TMSO . h
o ta, 8 o)

2 équiv. 1 équiv.

Schéma 6. Synthese d'hydroxyménadione par réaction de Diels-Alder.

Enfin, plusieurs ménadiones mono ou diméthylées ont été obtenues en 2 étapes a partir du pipéryléne,

I'isoprene et du 2,3-diméthyl-1,3-butadiene qui réagissent avec les quinones bromées sous catalyse

46 C. Morin, T. Besset, J.-C. Moutet, M. Fayolle, M. Bruckner, D. Limosin, K. Becker, E. Davioud-Charvet, Org.
Biomol. Chem. 2008, 6, 2731-2742.
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acide pour former le cycloadduit correspondant. Ce dernier est ensuite oxydé a I’aide de DDQ pour

former la ménadione méthylée correspondante (Schéma 7).%

i) ZnBr, (1.2 équiv.) Rendement global
CH,Cl, ., O
/ ta, 16 h DDQ (1 équiv.) 3 _~ 5-Me, 55%
el +mrf Mol el 6-Me, 70%
AN ii) pyridine (2 équiv.) 14-dioxane 2 XX 7-Me, 57%
o CH.CI 1 8-Me, 70%
10 équiv. ta 24 ﬁ 0 o 6,7-diMe, 40%

1 équiv.
Schéma 7. Synthese de (di)méthylménadiones par réaction de Diels-Alder.

Stratégie naphtol.
La stratégie naphtol repose sur la formation en plusieurs étapes de méthylnaphtols fonctionnalisés qui
sont ensuite oxydés sélectivement en ménadiones. Pour cela, deux classes de molécules simples et

commerciales ont été utilisées afin d’obtenir des ménadiones fonctionnalisées en position 6 et 7.

En partant d’a-tétralones, les méthylnaphtols correspondants sont synthétisés en 3 étapes successives
via condensation du formiate d’éthyle, aromatisation de I'alcool correspondant a I'aide de DDQ et
enfin réduction de I'aldéhyde vers le méthyle final. La principale limitation de cette synthése est
notamment le faible nombre d’a-tétralones commerciales (Schéma 8).%
formiate d'éthyle (2 équiv.) Q@ OH
= tBUOK (2 équiv.) = =
R | R |

Toluene X
-5°C

83-99%

Rendement global

R = 6-OMe, 51%
R = 7-OMe, 36%
R = 6,7-diOMe, 45%
R = 7-F, 44%

DDQ (1 équiv.)
1,4-dioxane
r.t

i) chloroformiate
d'éthyle (1.2 équiv.)

OH Et;N (1.2 équiv.) OH O
THF, 0°C,1h =

R— | R—-

A ii) NaBH,4 (4 équiv.) AN
ta.,2h
66-72% 62-75%

Schéma 8. Synthese de méthylnaphtols en 3 étapes a partir d'a-tétralones.

L'autre méthode consiste a bromer des propiophénones en position a de la cétone, I’halogene étant
ensuite substitué par I'éthylxanthate de potassium pour obtenir les a-xanthate propiophénones. Ces
composés sont ensuite transformés en tétralones par I'intermédiaire de la procédure de Zard par la
succession d’une addition radicalaire catalysée par le peroxyde de dilauroyle (DLP) et d’une cyclisation

intramoléculaire. L’alcool protégé résultant est ensuite déshydraté en présence d’APTS pour former le
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naphtol correspondant (Schéma 9). Cette synthese permet d’obtenir sélectivement des naphtols
fonctionnalisés en position C-6 ; cependant elle souffre d’'un rendement trés faible sur I'étape de

formation de la tétralone.*®

(0] (0]
Bra (1 équiv.) KSC(S)OEt (1.1 équiv.) R=F 57%
- . )
= o
AcOH Br Acétone s._OEt R Cl, 75%
R ta,2h R R hif
R =F, 99% S
R =Cl, 99% i) vinyl pivalate (2 équiv.)
DLP (5 mol%)
DCE, reflux
ii) DLP (1.2 équiv.)
DCE, reflux
Rendement global OH (o]

APTS (2.9 équiv.)

R =F, 26%
R=F, 14% 6 < R R = Cl, 25%
R=CI, 17% R Toluéne R

reflux, 4h
OPiv

R=F, 98%
R =Cl, 90%

Schéma 9. Synthese de méthylnaphtols en 4 étapes a partir de 6-halogénopropiophénones.

Les naphtols synthétisés par les deux voies de synthése sont ensuite oxydés sélectivement par le

diacétate de iodobenzéne (PIDA) pour former les NQs correspondantes (Schéma 10).%

OH O R = 6-OMe, 65%
- R =7-OMe, 60%
R—/ PIDA (2.1 équiv.) R77/ | R = 6,7-diOMe, 65%
X MeCN/H0 6\ RZIF 05%
ta 1h2 R =6-F, 66%
- O R =6-Cl, 44%

Schéma 10. Oxydation des méthylnaphtols par PIDA.
Synthese directe de 3-benzylménadiones fonctionnalisées sur la partie « ouest » et

« est ».

La stratégie de formation de méthylnaphtol a partir d’a-tétralones a également été exploitée pour
synthétiser par une voie alternative des 3-benzylménadiones fonctionnalisées sur la partie ménadione
et la partie benzyle. A partir de tétralones et via une séquence de condensation du 4-
trifluorobenzaldéhyde, aromatisation et oxydation, les 1,4-naphtoquinones benzylées sont obtenues
avec d’excellents rendements. Celles-ci sont ensuite méthylées par la réaction de Kochi-Anderson pour
former les dérivés 3-benzylménadiones correspondants. Cette derniere étape limite cependant le
rendement global de synthese. Il s’agissait au début de cette these de la seule voie de synthése vers

les BMds, alternative a la benzylation radicalaire directe de ménadiones (Schéma 11).
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4-CFzbenzaldéhyde (1.1 équiv.)

7N KOH (1.2 équiv.) N CF3 RhCl; N CF3
OO
6 ~\F EtOH, t.a., 4h % X EtOH %
reflux, 6h
% OH R = 6-OMe, 87%
Rendement global R = 6-OMe, 99% PIDA (2.1 équiv.)| R=7-F, 90%
R = 7-F, 83% MeCN / H,0 R =6,7-H, 96%
R = 6-OMe, 37% R=6,7-H, 85% -5°C - t.a., 2h
R = 7-F, 45%
R =6,7-H (plasmodione) 36% o acide acétique (5 équiv.) o
AgNO; (0.3 équiv.)
; : \ ‘ CF3  (NH,),S,04 (1.3 équiv.) o \ CF;
I I
6 \F MeCN / H,0 =
85°C,1h
O R=6-0Me, 50% o
R =7-F, 66% R = 6-OMe, 85%
R =6,7-H, 50% R =7-F, 91%
R = 6,7-H, 89%

Schéma 11. Synthese directe de dérivés de plasmodione a partir de tétralones.
3-benzylménadiones fonctionnalisés sur la partie « ouest », activité antipaludique et

perspectives.

Les (aza)ménadiones obtenues par les deux stratégies vues précédemment ont permis de synthétiser,
grace a la réaction de Kochi-Anderson, toute une série de 3-benzyl(aza)ménadiones pour lesquelles
I'activité antipaludique a été déterminée. L’activité des azaménadiones benzylées s’est révélée trés
faible vis-a-vis d’une souche résistante a la chloroquine de P. falciparum. Cependant ces composés ont
montré une activité intéressante contre le parasite Schistosoma mansoni.*®* Concernant la série de
ménadiones fonctionnalisées sur le cycle aromatique de la quinone, les positions 6 et 7 sont les deux
positions qui tolérent des substituants sans une grande perte d’activité antipaludique, avec

notamment la 6-fluoroplasmodione qui affiche une activité semblable a celle de la PD (Figure 13).

o o)
CFs
B
N CF, R
| =
N/
o}
o)

ICs0°
ICso? = 1715 nM 50

R =6-F, 59 nM
R=7-F, 83 nM

o
N CF,
| \ O R = 6-Me, 215 nM
= R =7-Me, 439 nM
I R = 5-Me, 3638 nM

R = 8-Me, 3761 nM
a —
IC50® = >3200 nM Plasmodione = 58 nM

Figure 13. Sélection d'ICso de dérivés de plasmodione modifiés sur la partie "ouest". @3Valeurs rapportées de la Ref 43.
bValeurs rapportées de la Ref 45.

Ces 2 positions se révelent également étre les positions les plus intéressantes a fonctionnaliser sur les

BMds étant donné que les 6 et 7-hydroxyplasmodione sont des métabolites supposés d’élimination in
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vivo de la PD par les cytochromes P450 hépatiques.*” Fonctionnaliser ces positions pourraient donc
permettre d’obtenir un composé moins susceptible d’étre éliminé rapidement de I'organisme. Des
souris traitées par la PD éliminent la molécule majoritairement sous forme de 6-hydroxy-PD et de son

ester glucuronide dans les urines.

Tout le travail réalisé sur la synthése de ces substrats a donc permis de mieux identifier les structures
intéressantes pour le projet médicinal de nouvelles naphtoquinones antipaludiques. En conséquence,
du fait de notre intérét poussé pour les ménadiones fonctionnalisées en position 6, une nouvelle voie
de synthése a partir de propiophénones, plus performante que celle vue précédemment, est en cours

de développement au sein de notre équipe.

3.2. Synthese des 3-benzoylménadiones.

Les 3-benzoylménadiones, métabolites supposés des BMds, ont tout d’abord été synthétisés par
I’oxydation benzylique des BMDs en présence d’acide périodique et de d’oxyde de chrome. Cette
méthode a permis facilement d’obtenir les dérivés benzoyles correspondants. Cependant les
rendements d’oxydation sont au mieux modérés et tous les composés ne sont pas compatibles. Nous
sommes donc limités par les BMds déja accessibles.3” Une autre solution envisagée a été I’addition
d’un organolithien sur un chlorure de benzoyle pour former aprés déprotection la quinone désirée.
Cependant les chlorures de benzoyles sont sensibles a I’eau et ne sont pas tous commerciaux. De plus,
I"utilisation d’un organolithien pourrait limiter les fonctionnalisations compatibles avec ce couplage et

les rendements obtenus par cette méthode sont trés inégaux (Schéma 12).33

O
R HslOs5 (7 équiv.) R 1)BuLi(1 equw)
O‘ // Cro3 (20 mol%) // THF,-78°C 78 c
NS
MeCN t.a. 2) Déprotection Br
O

Rendement Rendement
33-67 % R =H, 76%?
R = CI, OMe, CN, CF3 ... R = 2-F, 16%"

Schéma 12. Les deux voies de syntheses utilisées pour la synthése de 3-benzylménadiones.? Déprotection : CAN (3 équiv.),
MeCN / H,0, t.a. PDéprotection : BBrs (1 équiv.), CH,Cl5, t.a.

En tant que métabolite supposé de la PD et des BMds en général, il est important de développer une
synthése globale de 3-benzoylménadiones pour pouvoir mieux comprendre son interaction avec les
cibles biologiques dans des conditions biomimétiques. Aussi, introduire de la diversité structurale sur
la chalne benzoyle nous permettrait également de mesurer les potentiels d’oxydo-reduction et les

vitesses de réduction par différentes oxydo-réductases parasitaires afin d’établir des relations

47 L. Feng, D. A. Lanfranchi, L. Cotos, E. Cesar-Rodo, K. Ehrhardt, A.-A. Goetz, H. Zimmermann, F. Fenaille, S. A.
Blandin, E. Davioud-Charvet, Org. Biomol. Chem. 2018, 16, 2647-2665.
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structure-activité de ces substrats subversifs. Pour les meilleurs substrats, nous pourrions ainsi

synthétiser les BMds correspondantes pour tester I’activité antipaludique.
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Abstract: 1,4-quinones display unique redox and biological
properties and have multiple applications in a wide array of fields,
including health. Synthesis of diversely-substituted quinone-based
compounds remains difficult and usually consists of multiple step
sequences. Interest in direct C-H radical alkylation of 1,4-quinones
has thus continuously grown over this last decade. These reactions
involve addition of carbon-centered radicals generated from radical
precursors through decarboxylative alkylation, hydrogen-atom

1. Introduction

The 1,4-quinones represent an important class of ubiquitous
compounds in nature, especially in plants, bacteria or fungi. This
scaffold displays exhibits remarkable redox properties due to its
alternating Csp, and Csp bonds and electron-deficient nature
acting as a 1- or 2-electron reversible and efficient redox cycler. It
is responsible for a wide range of biological activities in different
key pathways. Among the numerous examples is the vital role of
the isoprenoid quinone coenzyme Qo (also also called
ubiquinone)™ in cellular bioenergetics, serving as a main cofactor
in the mitochondrial electron transport chain of eukaryotic cells
through aerobic respiration and ATP production. Another example
is the role of vitamin K (Figure 1) involved in the carboxylation
of glutamate residues for the regulation of prominent physiological
mechanisms such as blood coagulation, bone metabolism or
neuroprotection.B!
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Figure 1. Natural and synthetic alkylated 1,4-quinones.

Compounds containing a quinone core also serve as important
building blocks in synthetic chemistry, in various fields, most
notably in medicinal chemistry. For instance, some 1,4-quinones
display potent antimalarial,® antibiotic or anticancer!® activities.

abstraction, or by carbon-halogen bond reduction. Recent
progresses in radical chemistry, including photoredox catalysis, have
provided useful tools for quinone functionalization. This review
describes the recent progress with these methodologies, including
the new promising three-component cascade reactions involving
quinones and alkenes, allowing the preparation of complex
substituted 1,4-quinones in a single step.

Their unique redox properties were shown essential for the design
of quinoidal systems as activable fluorescent probes for biological
imaging.["]

Radical chemistry has existed since the origins of organic
chemistry, when it appeared in the early 19th century. It was
historically considered uncontrollable and chaotic. However, it
has slowly emerged as a major component of organic synthesis
(frequently referred to the renaissance of radical chemistry)®l
thanks to both the development of new methodologies and the
elucidation of radical mechanisms. Due to the remarkable
capacity of quinones to act as efficient radical acceptors,® radical
chemistry has become an essential field in its own right for
molecular functionalization, and many synthetic processes have
been described in literature in the last ten years.

In this review article, we will mainly focus on the very recent
advances in quinone alkylation, since this field has been evolving
very rapidly over the last few years. Arylations and other
functionalization of quinones, partly based on intramolecular
photoredox reactions, have been thoroughly discussed in two
recent reviews, and no significant breakthroughs have been
described since.? For this reason, except few cases, previously
reviewed alkylation processes will not be expanded in further
detail in this report.

decarboxylation

R-COzH
0] 0]
H-atom abstraction [ . ]
R
(0] (0]
C-halogen reduction
R-X
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R-LG [R'} o™~ [O/'\,R ]—»
radical addition R
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Scheme 1. Different methods of radical alkylation reviewed in this article.



Radical alkylation of quinones generally involves the addition of a
carbon-centered radical generated from a radical precursor. The
latter is often activated by an external agent such as a transition
metal, an oxidant or a reductant. Here, we will review the
formation of alkyl radicals generated involves the addition of a
carbon-centered radical generated from, which are currently the
main three processes used for direct functionalization of quinone
with carbon-centered radicals. We will also explore the broad
diversity of three-component cascade reactions involving
quinones and alkenes, which have been extensively developed
very recently, opening the field to the preparation of complex
substituted 1,4-quinones in a single step (Scheme 1).

2. Radical generation by decarboxylation

The most popular and convenient method used to functionalize
quinones is the Kochi-Anderson reaction,** which is a one-step
decarboxylation reaction from carboxylic acids under radical
conditions. It was first described by Anderson and Kochi, who
demonstrated that the oxidative decarboxylation of acids by
peroxydisulfate ion (i.e., persulfate) is markedly accelerated by
the in situ generated Ag(ll), making the AgNO3/(NH,4).S.0s
oxidant system a prerequisite for this reaction.

This procedure was applied for the first time to the alkylation of
1,4-quinones by Jacobsen and Torssell in the early 1970’sl*@ and
has since been particularly well exploited in radical alkylation of
1,4-naphthoquinones. In 1991, Zhang's group explored this
reaction to synthesize a large array of vitamin K derivatives by
direct radical alkylation of vitamin K, also known as
menadione.’S Then, Davioud-Charvet's group applied this
methodology for the introduction of various alkyl-acids and alkyl-
amines into 2-substituted naphthoquinone scaffolds for the
preparation of potential inhibitors of trypanothione reductase of
Trypanosoma cruzi.*¥ This approach is still used by the team for
the benzylation of menadione through decarboxylation of acids,
leading to antimalarial 3-benzylmenadionesl®®%!, or for the
benzoylation of  menadione to prepare  the  3-
benzoylmenadiones.® In a similar approach, Dessolin and co-
workers also described the direct alkylation of naphthoquinones
with amino acids (Scheme 2).1%6]
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Scheme 2. Alkylation of quinones via silver-catalyzed decarboxylation of acids.

This method is still actively used and has even been revisited for
the functionalization of quinones, as demonstrated by Wang’s
team in the gram-scale synthesis of various coenzyme Q
derivatives.[t"]

Also in the same context, Xu and co-workers developed a
decarboxylative cyanoalkylation of heteroarenes and quinones
via iminyl radical and cyclobutyl opening at room temperature. 2!
The authors suggested a mechanism whereby, after
decarboxylation catalyzed by Ag(ll), acetone is released while
liberating an iminyl radical, thus triggering cycle opening to form
a carbon-centered radical (Scheme 3). This cyanoalkyl radical
then undergoes free radical addition to the quinone, followed by
oxidation, resulting in the formation of the cyanoalkylated
guinone. These conditions allowed the efficient functionalization
of coenzyme Q1o or menadione in good yields (Scheme 3).
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Scheme 3. Cyano-alkylation of quinones via cyclobutyl intermediate opening.

Over the last decade, radical generation by decarboxylation has
been continuously revisited,!® including inter alia for the
functionalization of quinones. For example, Lee and co-workers
developed a silver-free Kochi-Anderson-type C-H alkylation of
heteroarenes and quinones using ammonium persulfate in a
mixture of water and DMSO as the sole reagent under mild
temperature conditions allowing for the alkylation of various
naphthoquinones including menadione and lawsone (Scheme
4)_[20]
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Scheme 4. Silver-free radical decarboxylation.

Subsequently, they described an acylation and carbamoylation
version of this procedure.?¥ Although this reaction was shown to
be efficient with heteroaromatic substrates as radical acceptors,
only a few examples of quinone functionalization with moderate
yields have been described (Scheme 5).
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Scheme 5. Silver-free radical acylation and carbamoylation of quinones.

The authors demonstrated that under these specific conditions,
SO, radicals can be generated gently in DMSO in the absence
of any metal catalyst and play a crucial role in the decarboxylation
process. DMSO has been shown to be essential for the reaction,
as the decomposition of the persulfate ion is described as
occurring much more consistently in this solvent. After
decarboxylation, the radical intermediate reacts with the quinone,
which after functionalization is regenerated after single-electron
transfer by S,0¢?" or hydrogen abstraction by SO, (Scheme 6).
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Scheme 6. Proposed mechanism of the silver-free decarboxylation.

Recently, Baxter et al. showed that selectfluor could be used as a
mild alternative to the strong oxidant ammonium persulfate.??!
These conditions allowed the reaction to occur at room
temperature and to lead to selective mono-alkylation of the highly
reactive 1,4-benzoquinone with moderate to satisfactory yields
(Scheme 7.A.). In comparison, the standard AgNO3/(NH4),S20s
system applied to the same 1,4-quinone invariably leads to lower
yield with a majority of polysubstituted compound. The same
research team also found that the Hinig’'s base used as an
additive under the same experimental conditions significantly
improved the reactivity and even afforded the radical process
without any metal additive, although leading in slightly lower yields
(Scheme 7.B.).=
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Scheme 7. Selectfluor-mediated alkylation of 1,4-benzoquinones.

In 2020, the AgNOgs/selectfluor system was used by Qing’s group
to introduce the CF,OAr motif from the corresponding
difluoroacetic acids in various heteroaromatic compounds and the
1,4-naphthoquinone (Scheme 8).24 Noteworthy, the conventional
use of persulfate as an oxidant did not yield any target product,
making selectfluor an useful alternative.

o o AgNOy; (20 mol%) o
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T v cmmom LI
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Scheme 8. Selectfluor-mediated introduction of difluoroalkylethers on 1,4-
naphthoquinone.

3. Radical generation by hydrogen-atom
abstraction

Based on previous work on decarboxylation with the
Ag(l)/selectfluor couple and on formation of a diazabicyclo radical
dication (TEDA?*) after 1-electron reduction or photolysis,
selectfluor was shown to act as an effective hydrogen transfer
agent for the generation of carbon-centered radicals to enable
new bond formation.”® Hence, Baxter's team developed an
original radical benzylation of 1,4-quinones by Csps-H abstraction



starting from toluenes.[?®! Using this process, 1,4-benzoquinones
could be mono-benzylated with good yields. However, arene
bearing electron-withdrawing groups in para-position were found
to be poor coupling partners as illustrated with menadione, which
led to 3-benzylmenadione with moderate yields (Scheme 9).
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Scheme 9. Radical benzylation of quinones via selectfluor-mediated C-H
abstraction.

Quinone benzylation via a Csps-H abstraction has been well
explored in recent years. The early work was developed in 2014
by Duan and coworkers when they reported a copper-catalyzed
benzylation of various coumarins, which turned out to be
compatible with menadione.?” Later, inspired by this method,
Wang's group developed a copper-free oxidative cross-
dehydrogenative coupling between various quinones and
toluenes.?® This reaction proceeds via di-tert-butyl peroxide
(DTBP)-assisted hydrogen-abstraction on the benzylic Csp® to
generate highly reactive benzyl radicals, prone to react readily
with electrophilic quinones. Various quinones, including 2-
substituted-1,4-naphthoquinones and substituted 1,4-
benzoquinones were successfully benzylated by diversely
substituted toluenes (Scheme 10). The main drawback of this
process is likely the use of toluene derivatives in large excess
used both as a reactant and as a solvent, limiting the scope of the
reaction to cheap or easily available starting materials.
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Scheme 10. Radical benzylation of quinones via DTBP-mediated C-H
abstraction.

Noteworthy, a similar process was recently described for the
cyclization of 2-(3-arylpropioloyl)benzaldehydes in the presence
of catalytic copper powder leading to 3-benzylated 2-aryl-1,4-
naphthoquinones.??! Strictly speaking, this process is not a direct
functionalization of quinones but allows the formation of a very
wide range of various 1,4-naphthoquinones in a single step
(Scheme 11).
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Scheme 11. Cascade radical formation of benzylated 1,4-naphtoquinones.

Obviously, radical generation by hydrogen-abstraction has not
been applied to benzylation reactions only. At the end of the 20st
century, Chuang's group studied a direct manganese-mediated
alkylation of various 1,4-naphthoquinones with malonates. In
2016, Lee's group described a direct copper-catalyzed
cycloalkylation using tert-butyl hydroperoxide (TBHP) as
hydrogen-abstraction agent starting from cycloalkanes.! Finally,
Wang’s team extended their benzylation method to the direct
alkylation of quinones using tert-butyl peroxybenzoate (TBPB)
and bismuth(lll) trifluoromethanesulfonate as catalyst.[2
Remarkably, they showed that TBPB could act as a radical methyl
donor allowing the radical methylation of numerous bismuth-
activated quinones in good yields (Scheme 12, Pathway A). On
the other hand, the use of an alkane as a solvent promoted the
corresponding alkylation via hydrogen-abstraction from the
alkane by one of the resulting radicals of the homolytic cleavage
of TBPB (Scheme 12, Pathway B).
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This radical alkylation has been explored very recently by the
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Scheme 13. Dual amination-alkylation of 1,4-naphthoquinone.

Shortly before, Liu's group found that these hydrogen abstraction
methods can also be successfully applied to the coupling of
fluorinated  alcohols to  quinones.*4 In a heated
water/polyfluorinated alcohol mixture, potassium persulfate
decomposes to the sulfate radical (SO,™"), which allows the
hydrogen atom abstraction (HAT) from the polyfluorinated alcohol
to generate a key radical. This latter readily reacts with the
electrophilic quinone, and the corresponding radical adduct is
then converted to the target quinone via a second HAT from the
sulfate radical. This reaction is compatible with a large array of
polyfluorinated alcohols and quinones, including menadione and
lawsone (Scheme 14). The authors also showed that coumarin
and chromone were also suitable radical acceptors.
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Scheme 14. Quinone functionalization with polyfluorinated alcohols.

Regarding other more diversified alkylations, llangovan's team,
who previously published the radical opening of cyclopropanols to
generate alkyl-ketone functionalized quinones,® described in
2020 an original direct functionalization of quinones with
dialkylamides using the AgNO3/TBHP couple.8 In their report,
the authors postulated that the thermically generated tert-butoxyl
radical reacted with the alkylamide, first to generate the N-
acyliminium alkyl radical and subsequently the N-alkyl radical.
This key radical intermediate firstly undergoes a silver-catalyzed
conjugated addition to the quinone, and then the resulting radical
adduct reacts again with the tert-butoxyl radical adduct to
regenerate Ag(l) and the quinone moiety. Although a broad range
of quinones were directly functionalized by dimethylacetamide
(DMA), access to various dialkylamides was however rather
limited (Scheme 15).
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Scheme 15. Silver-catalyzed alkylamidation of quinones.

Shortly after, llangovan's group described a photocatalyzed
version of this reaction, compatible with mono- and di-
alkylamides.®l Eosin Y was used as a photosensitizer,
generating upon blue LED photoexcitation tBuO® via a single-
electron transfer, which then undergoes HAT from the alkylamide.
These conditions allowed alkylation of diversely substituted 1,4-
naphthoquinones in much milder conditions with good yields
(Scheme 16).
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Scheme 16. Photocatalyzed alkylamidation of 1,4-naphthoquinones.

Surprisingly, in the fast-evolving groundbreaking field of
photochemistry over the past decade, this was so far the only
example of functionalization of a quinone by a photosensitive
catalyst.®® Devari and Shah, however, reported in 2016 a
photosensitizer-free alkylation of various electron-deficient
arenes, including few examples of 1,4-naphthoquinones, with
cyclic ethers in the presence of K;S;0s and under light-
irradiation.®® The authors proposed the formation of an electron
donor-acceptor (EDA) complex between S,0s? and the electron-
deficient arene. Upon light irradiation of this EDA complex, S,0s*
undergoes a homolytic cleavage to generate SO,, which,
following HAT with ethers, leads to the formation of a-oxyalkyl
radicals. The latter radicals then react with the quinone and afford,

likely after HAT from SO,™, the alkylated naphthoquinone with
moderate yield (Scheme 17).
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Scheme 17. Photosensitizer-free light-induced alkylation of quinones with cyclic
ethers.

Furthermore, as discussed earlier, most of the described radical
alkylations proceeding by HAT suffer from the use of an excess
of alkyl precursors, making it difficult to functionalize quinones
starting from complex or expensive adducts.

3. Radical generation by C-halogen reduction

Rare examples of alkylation of quinones by dehalogenation of a
radical precursor have been reported. Particularly, Li's group
described the copper-catalyzed alkylation of diverse
heteroarenes, including 1,4-naphthoquinones and coumarins,
with various alkyl halides.“? Cu(acac), and 1,10-phenanthroline
(phen) were combined to form a catalytic system for the reduction
of the C-Br bond and formation of the corresponding alkyl radical.
Under inert atmosphere and intense heating, 1,4-naphthoquinone
and menadione could be alkylated with a-bromo-esters in the
presence of a base, but only two examples have been described
so far (Scheme 18).
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Scheme 18. Copper-catalyzed alkylation of 1,4-naphthoquinones.

Later, the same group described an iron-catalyzed version of this
alkylation process with a greater scope.l* A Fe(ll) catalyst was
added to reduce the C-Br bond to form the corresponding radical
species, in the presence of a base under heating, allowing the
functionalization of diversely 2-substituted naphthoquinones from
various a-bromoesters and benzyl bromides (Scheme 19).
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Scheme 19. Iron(ll)-catalyzed alkylation of quinones.
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In parallel, we have developed in our group the first Fe(lll)-
catalyzed benzylation of 1,4-naphthoquinones (Scheme 20).%2
Based on previous reports about quinone photoreactivity, we
proposed a mechanism where the photoreduction of the starting
menadione is assisted by y-terpinene under blue light irradiation.
The resulting semiquinone radical is then re-oxidized by ambient
oxygen generating superoxide anion radical continuously. This
radical is known to reduce Fe(lll) to Fe(ll), which can then reduce
the C-Br bond of benzyl bromide to generate the corresponding
radical. After benzyl radical addition to menadione, the resulting
benzylated semiquinone is re-oxidized by oxygen or the starting
menadione to continue the redox cycle (Scheme 19). More than
40 examples of diversely substituted 1,4-naphthoquinones were
synthesized with good yields.
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Scheme 20. Iron-catalyzed photoredox benzylation of quinones.
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To date, these are the only examples of direct quinone alkylation
by dehalogenative radical generation. However, as discussed just
below, this method is beginning to be applied in three-
component-reaction with quinones. It is highly likely that this field
will continue to grow exponentially in the coming years, as
halogenated starting materials are common building blocks and
represent an important starting material in organic synthesis.
However, carbon-halogen bond reduction remains difficult,
especially for inactivated alkyl halides, and most of the described
methods are rarely compatible with quinone redox properties (i.e.,
as an oxidant). Nevertheless, recent advances in the abstraction
of halogen atoms (XAT) constitute very promising prospects for
future development. !

4. Cascade three-component alkylation

During the last decade, C-C bond construction via radical
generation from starting olefins has been extensively studied. A
common system used for this purpose is the couple
Fe(lll)/reductant.*l In 2019, Liu’s group developed, using the
Fe(NO3)3.9H,O/NaBH, couple, an efficient free radical alkylation
of quinones with olefins compatible with a large array of quinones
and (a)cyclic olefins, including allylsilanes.® The authors
demonstrated that a hydrogen radical is formed by 1-electron
oxidation of NaBH,. This newly formed radical can then react with
an olefin to form a new C-H bond and a carbon-centred radical,
which in turn can then alkylate a quinone. The mechanism was
suggested from a radical clock experiment where radical
cyclization of a diene via a 6-endo-trig cyclization was observed
(Scheme 21). Furthermore, using NaBD, instead of NaBH, led to
the insertion of deuterium atom into the olefin, confirming that the
reductant is indeed the H/D donor in this reaction.
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Scheme 21. Cascade three-component alkylation of 1,4-naphthoquinones
using the Fe(NOz)3*9H20/NaBH4 couple, with diverse (a)cyclic olefins.

Simultaneously, Liu's team developed a synthesis of
dihydroxybenzofuranes by a three-component oxyarylation of
alkenes using 1,4-benzoquinones and water.*8! This reaction
proceeded in two steps. A first radical alkylation of a carbon-
centred alcohol radical on a quinone generates the corresponding
alcohol-bearing alkylated quinone, followed by reductive
cyclization to form the dihydroxybenzofurane core (Scheme 22,
Pathway A). Liu's team was able to avoid reductive cyclization by
changing the experimental conditions (i.e., switching from a
(NH4)2S20¢/I, system with benzoquinones to a (NH4)2S,0s/CuBr-
system with naphthoquinones (Scheme 22, Pathway B).[*" They
proposed a mechanism whereby the olefin is oxidized by SO,™
giving the alkenyl radical cation, which reacts with water to form a
bridged radical cation complex. After regio-selective opening and
loss of a proton, the new carbon centre radical undergoes radical
addition to the quinone. The resulting radical adduct is then
oxidized by SO, to form the newly alkylated quinone. In the case
of a naphthoquinone (NQ), the reaction stops there, but for a
benzoquinone (BQ), the reaction continues and cyclization
occurs. The authors also noted that the (NH4)2S;0g/l; mixture
reduced BQ to the corresponding dihydroxyquinone which
allowed the reduction of the cyclic cationic intermediate to lead to
the final dihydrobenzofurane.
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R = alkyl or aryl (NHy4)2S,0g (2 equiv.) T (NH4)2S,04 (2 equiv.) R = alkyl or aryl
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Scheme 22. Oxidative alkylation of 1,4-quinones with alkenes.

In recent years, three-component reactions have also been
shown to be effective for the functionalization of 2-amino-1,4-
naphthoquinones. In 2019, Zhang’s group successively reported
two three-component reactions allowing access to complex
substituted  1,4-naphthoquinones.*® On one hand, a-
bromocarboxylates, styrenes and 2-aminonaphthoquinones
reacted in the presence of a catalytic amount of CuCl and 1,1'-
bis(diphenylphosphino)ferrocene (DPPF) added as a ligand

(Scheme, 23.1) and, on the other hand, Togni | reagent,
substituted alkenes and 2-amino-1,4-naphthoquinones were
involved in a reaction with AgOAc and DPPF as catalytic system
(Scheme 23.2). These two reactions are proposed to proceed
through the same mechanism. A first radical intermediate is
generated by single-electron transfer (SET) between the metallic
complex and the radical precursor. Two routes are then plausible;
either this intermediate adds directly to the quinone (path A), or it



undergoes a second SET with the metallic complex to form the
corresponding carbocation (path B), which can be trapped by the
rearrangement product from the starting quinone. In both cases,
an iminium intermediate is formed and the quinone core is
regenerated by deprotonation (Scheme 23.3.). The fact that the
reaction does not proceed if the amino group is replaced by an
alkyl group led authors to prioritize path B, since enamine
isomerization plays an important role in this path, even if, path A
and direct radical alkylation cannot however be excluded.
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Scheme 23. Three-component alkylation of 2-amino-1,4-naphthoquinones.

Under blue-light irradiation, the cascade reaction between
perfluoroalkyl iodides, alkenes and 2-amino-1,4-
naphthoquinones was made possible without photocatalyst as
demonstrated by Rao and co-workers.*? Since 2-amino-
naphthoquinones absorb the blue light wavelengths and no
coupling is observed between the perfluoroalkyl halide and
alkenes in its absence, the authors proposed a mechanism were
the quinone itself acts as a photosensitizer. Indeed, when excited
with a blue LED irradiation, 2-aminonaphthoquinone is proposed
to activate in situ the perfluoroalkyl iodide into its perfluoroalkyl
radical through a SET process. Subsequent addition of the radical
to the alkene leads to a carbon-centred radical, which then
undergoes radical-radical coupling with the quinone radical-cation
affording the targeted compound after deprotonation (Scheme
24). Although limited to 2-amino-1,4-naphthoquinones, these
conditions are tolerant with various styrenes and alkyl-substituted
alkenes in one side and various sized polyfluorinated alkyl chains.
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Scheme 24. Photocatalyzed
aminonaphthoquinones.

R
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NHzAr %

three-component  alkylation of  2-

Recently, Jin’s group exploited the emerging field of electron
donor-acceptor (EDA)® complexes in visible-light-mediated
reactions.Y The authors reported a tandem cyclization-arylation
of inactivated alkenes with 2-amino-1,4-naphthoquinones. N-allyl-
2-bromo-2,2-difluoroacetamides and N,N,N',N",N"-pentamethyl-
diethylenetriamine (PMDETA) were demonstrated to form EDA
complexes. Under blue light irradiation, a dehalogenation is
observed leading to the formation of the difluoroalkyl radical which
in turn undergoes intramolecular cyclization to afford a cyclic
radical. This intermediate is then immediately trapped by the
guinone to generate, after hydrogen abstraction from the amino
radical cation, the targeted coupling product (Scheme 25).
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Scheme 25. Visible-light mediated tandem cyclization-arylation of alkenes with
2-amino-1,4-naphthoquinones.

To the best of our knowledge, this constitutes, with Shah’s radical
alkylation with cyclic ethers (see above),*® the only example of
quinone functionalization with EDA complexes. These two reports
undoubtedly open a new field of exploration for the
functionalization of quinones.

5. Conclusion

Herein, we have reviewed most of the recent advances in radical
alkylation of quinones. As demonstrated by the work described
the survey, many advances have been made in recent years,
opening up promising and interesting prospects despite the
complexity of combining classical organic chemistry with
quinones due to their unique electrochemical properties. We are
convinced that this craze for the functionalization of quinones will
intensify in the coming years, allowing even more breakthroughs
in this field because, as we have shown, many of the methods
described are still limited in diversity and efficiency but constitute
a fertile ground for future discoveries.
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Chapitre I

5 points a retenir de I'article de revue.

1)

2)

3)

4)
5)

La fonctionnalisation de quinones par voie radicalaire connait un intérét croissant depuis les 5
derniéres années, y compris la benzylation des quinones et de la ménadione.

Les réactions de décarboxylation radicalaire de précurseurs sont encore a ce jour une des
méthodes les plus efficaces pour alkyler des quinones.

Un grand intérét est porté pour les réactions de couplage C-H entre les carbones Sp? et les
quinones par abstraction d’atome d’hydrogéne (HAT). Cependant ces réactions nécessitent
toujours un exces du réactant alkyle correspondant.

Générer un radical par déhalogénation est trés peu utilisé pour fonctionnaliser des quinones.
De plus en plus de réactions catalysées par la lumiere visible sont développées pour alkyler

des quinones.
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Chapitre I

4. Objectifs de recherche.

Les objectifs de recherche au cours de cette thése sont multiples et sont notamment centrés sur de
nouvelles méthodes de synthése de 3-benzylménadiones et de métabolites supposés de type 3-
benzoylménadione ainsi que sur une meilleure compréhension des modes d’actions antiparasitaires

de ces composés.
Ce manuscrit se découpe en 3 grands axes :

e i) Développement d’'une nouvelle méthode de synthése de 3-benzoylménadiones afin de
faciliter I'accés a des sondes chimiques photoréactives ; ii) Prouver le concept de sondes
chimiques pour identifier les adduits 3-benzoylménadiones-protéines formés sous
photoirradiation UV afin de développer dans le futur des études ABPP pour étudier le profil

protéomique (interactome) des 3-benz(o)ylménadiones dans les parasites vivants.

e Exploitation des propriétés photochimiques de la ménadione et des 3-benzylménadiones pour
développer respectivement une nouvelle méthode de benzylation des quinones et démontrer

I’oxydation benzylique des 3-benzylménadiones sous photoirradiation.

e Développement d’'une méthode de synthese pour préparer efficacement des analogues

hétéroaromatiques de la plasmodione.
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Chapitre II. Synthese de 3-benzoylménadiones par
réaction Friedel-Crafts, étude de leurs propriétés
rédox et applications pour la synthese de sondes

chimiques photoréactives.






Chapitre I1

1. Développement d’une nouvelle méthodologie d’acylation de Friedel-
Crafts pour la synthése de 3-benzoylménadiones.

1.1. Introduction

Ma thése a débuté dans I'’équipe quand un post-doctorant, Leandro Cotos étudiait la possibilité de
développer un variant de Friedel-Crafts pour synthétiser les 3-benzoylménadiones. Pendant plusieurs
mois, j'ai exemplifié les différentes conditions sous sa supervision, Puis, j’ai poursuivi la stratégie, seul,
lorsque Léandro Cotos a poursuivi un autre projet sur la synthése de fluorophores au sein de I'équipe.
Dans le but de développer une méthode de synthese générale aux 3-benzoylménadiones, métabolites
supposés des 3-benzylménadiones, mais aussi d’ouvrir la voie a la synthese d’outils chimiques dérivés
de ces derniéres qui sera détaillée dans la partie 2 de ce chapitre, une réaction de Friedel-Crafts entre
le 1,4-diméthoxy-2-méthylnaphthaléne et des dérivés d’acides benzoiques a été imaginée. L’adduit de
Friedel-Crafts correspondant pourrait ensuite étre modifié par diverses réactions ou directement

déprotégé pour obtenir les 3-benzoylménadiones (Schéma 13).

OMe
acylation
de OMe o)
Friedel-Crafts
2 =
OMe  C— S — SR
NN NN

synthétisé
o OMe O © O
grosse quantité
o déprotection
. post-modification ﬁ (CAN)

2 OMe 0

X N
\”/O “3 , /I
o i — i

builidings-blocks
communs
et commerciaux

Schéma 13. Schéma rétrosynthétique imaginé pour la synthese de 3-benzoylménadiones fonctionnalisées.

Une des conditions que nous avons fixées pour cette méthode, est que celle-ci devait étre compatible
avec la plus grande diversité de substituants aromatiques sur la partie benzoyle, incluant les
substituants fortement électroattracteurs tels que les groupements trifluorométhyle ou nitro. Or, les
réactions d’acylations de Friedel-Crafts classiques, décrites entre des chlorures d’acyles et des arenes
ne fonctionnent pas ou peu avec des chlorures d’acyles benzoiques appauvris en électrons. Ceci a été
confirmé avec nos essais préliminaires entre le 1,4-diméthoxy-2-méthylnaphthalene et le chlorure
d’acyle dérivé de l'acide 3-fluoro-4-nitrobenzoique tres appauvri en électron. Comme attendu, le

produit d’acylation n’a pu étre obtenu qu’en trés faible quantité (14% de rendement, Schéma 14).
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OMe
AICI3 (1.1 equiv.) NO,
OO chhloroethane OO O E
80°C,16 h
OMe O

1.5 equiv. 1 equiv. 149,

Schéma 14. Essai de réaction de Friedel & Crafts « classique » entre un chlorure d’acyle et le 1,4-diméthoxy-2-
méthylnaphthaléne.

D’autre part, a partir d’acides benzoiques, la méthode d’acylation assistée par le chlorure cyanurique
décrite par Kangani® n’a donné aucun résultat a température ambiante comme rapporté et une
augmentation de la température conduit a I'obtention d’'un mélange complexe de produits. L’acylation
de Friedel-Crafts par le couple anhydrique trifluoroacétique et acide trifluoroacétique (TFAA/TFA), déja
utilisée sur des systémes semblables,*”® est uniquement compatible avec les acides benzoiques non
appauvris en électron et aucune trace d’acylation n’a pu étre observée avec des acides benzoiques

nitrés (Schéma 15).

7R TFA / TFAA
3 exemples
_7R0
oflux 16 45-76%

OMe O
1 equiv.
1.5 equiv. R # groupement électroattracteur

OMe

N .
| (1.6 equiv.)
oA™Y

1) Pyridine (1 equiv.)

OMe
NO, CH,Cl, OMe TFA I TFAA NO,
COC Q0™ T oy
E 2) AICl3 (1t.2 equiv.) reflux, 16 h

+
OMe O r NO, OMe O

pas de conversion HO pas de conversion

o)

1 equiv.

Schéma 15. Essais préliminaires d’acylation de Friedel-Crafts entre le 1,4-diméthoxy-2-méthylnaphthaléne et des acides
benzoiques.

Pour parer a ce défaut, nous avons réussi a mettre au point une méthode d’acylation de Friedel-Crafts

compatible avec une grande variété de substituants dont des groupements fortement

électroattracteurs. Cette réaction a I'avantage d’avoir lieu a température ambiante et repose sur le

48 C. 0. Kangani, B. W. Day, Org. Lett. 2008, 10, 2645-2648.
49 3) B. S. Joshi, Q. Jiang, T. Rho, S. W. Pelletier, J. Org. Chem. 1994, 59, 8220-8232; b) M. Buccini, M. J. Piggott,
Org. Lett. 2014, 16, 2490-2493.
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systéme acide triflique et anhydride trifluoroacétique (TFOH/TFAA). Grace a ce procédé nous avons pu
accéder a une grande variété de 3-benzoylménadiones difficiles d’acces. Le mécanisme proposé pour
cette réaction inclut notamment la formation de I'intermédiaire triflate de trifluoroacétyle (TFAT), tres
réactif, permettant de former un acyle trifluoroacétate. Sous la supervision de Mourad Elhabiri, co-
directeur de ma thése, j’ai également étudié les propriétés électrochimiques de ces composés par
voltampérométrie cyclique (CV) et a ondes carrées (SWV). Ceci nous a permis de proposer un
mécanisme probable de réduction a 1 puis 2 électrons de ces molécules impliquant une forte influence
de I'unité benzoyle (et donc de sa functionalisation par divers substituants) sur les propriétés rédox du
cceur électroactif, notament sur les valeurs des potentiels de réduction a 2 e, E%/3, qui s’étendent sur
une large gamme de potentiels rédox (500 mV) selon la substitution du groupement benzoyle (Schéma

16).

18 exemples

OMe (@]
QMe TfOH (0.5 équiv.)

TFAA (2 équiv.) CAN (2.1 équiv.)
SegrvCl
I DCM MeCN / H20 (3:1)
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F3C\S// )J\
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1) "ig"
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—OCH,
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—1
—H
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NO,
—CF,

@)
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N
=)

44 42 10 08 -06 -0.4 -0.2
Potential (V vs. Ag/AgCl (3M KCI)

Schéma 16. Méthode d’acylation de Friedel-Crafts mise en place pour la synthése de 3-benzoylménadiones.

Cette méthodologie nous a également permis de synthétiser efficacement des sondes chimiques pour
I’étude du mécanisme d’action de la plasmodione et de ses métabolites dont nous discuterons de

maniere détaillée dans la partie 2 de ce chapitre.
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A Mild and Versatile Friedel-Crafts Methodology for the Diversity-
Oriented Synthesis of Redox-Active 3-Benzoylmenadiones with
Tuneable Redox Potentials

Leandro Cotos,? Maxime Donzel,@ Mourad Elhabiri,*[® and Elisabeth Davioud-Charvet,*

Abstract: A series of highly diversified 3-aroylmenadiones was
prepared by a new Friedel-Crafts acylation variant/oxidative
demethylation strategy. A Mild and versatile acylation was
performed between 1,4-dimethoxy-2-methylnaphthalene and
various activated/deactivated benzoic and heteroaromatic
carboxylic acids, in the presence of mixed trifluoroacetic
anhydride and triflic acid, at room temperature and air. The 1,4-
dimethoxy-2-methylnaphthalene-derived benzopheno-nes were
isolated in high yield, and submitted to oxidative demethylation
with  cerium  ammonium  nitrate to  produce = 3-

Introduction

1,4-Naphthoquinones (NQs) are redox-active compounds
widespread in all areas of life, synthesized in microorganisms and
plants used in traditional medicine as secondary bioactive
metabolites.!! They are well represented in numerous natural
products with biological activities (e.g. antibiotic, anticancer,
antiparasitic) and are generated in many vital metabolic
processes.? Structurally, the NQ core, in its oxidized form (NQox),
is responsible for its redox properties owing to its ability to accept
one or two electrons. In the presence of oxygen, the resulting
dihydro-naphthoquinone (NQrq) can transfer 1 or 2 electrons in
reactions regenerating the NQox form, and releasing reactive
oxygen species.Pl Numerous NAD(P)H-dependent flavoproteins
of the oxido-reductase family reduce NQs, and these latter were
described as redox-cyclers or “subversive substrates” of these
flavoenzymes (Figure 1). A well-known example is menadione
(2-methyl-1,4-naphthoquinone or vitamin K3). In particular, 3-
benzoylmenadiones (1) were proven to be highly oxidative
compared to the parent menadiones® and proposed to be the
active principles of potent antimalarial 3-benzylmenadiones.!®
Variation of the substitution pattern at the west or east parts of the
electroactive core of NQs®? 7 & modulates the electrochemical
properties and thus both their biological and pharmacokinetic
activities.

Benzoyl-1,4-naphthoquinones are also privileged scaffolds in
medicinal chemistry.l® 71 From a synthetic point of view, they are
valuable molecular templates in drug discovery to produce lead
compounds or crucial intermediates in multistep synthesis to build
complex natural products (Figure 1).! As such, 2-benzoyl-NQs

[a] Dr. L. Cotos, M. Donzel, Dr. M. Elhabiri, Dr. E. Davioud-Charvet,
Laboratoire d'Innovation Moléculaire et Applications (LIMA),
UMR7042 CNRS-Unistra-UHA, European School of Chemistry,
Polymers and Materials (ECPM), 25, rue Becquerel, F-67087
Strasbourg, France. E-mail : elhabiri@unistra.fr;
elisabeth.davioud@unistra.fr

Supporting information for this article is given via a link at the end of
the document.

benzoylmenadiones. All 1,4-naphthoquinone derivatives were
investigated as redox-active electrophores by cyclic voltammetry.
The electrochemical data recorded on 3-acylated menadiones are
characterized by a second redox process, the potentials of which
cover a wide range of values (500 mV). These data emphasize the
ability of the reached structural diversity at the 3-aroyl chain of these
electrophores to fine-tune their corresponding redox potentials.
These properties are of significance in the context of antimalarial
drug development and understanding of the mechanism of
bioactivation/action.

have been reported as key intermediates for the synthesis of 7H-
benzo[c]xanthen-7-ones,'% or advanced precursors to obtain the
complex polycyclic 1,4-dioxygenated xanthone aglycone, IB-
00208.° These key moieties have also defined a smart strategy
in the total 4 step-synthesis of the naturally occurring red pigment
radermachol,*Yimproving the previous synthetic scheme.!*2

menadione is an
electroactive core
west
aromatic
part

-
NAD(P)H, H*

NAD(P)*

east
(o} aromatic
part

3-benzoylmenadiones (1) (R = Me)

OMe
OMe

Me

(o]
OMe o
o

OH

(0] (]

xanthone IB-00208 tetracyclic core
from 2-benzoyl-NQ

MeO
Me

R1
) [o]
0. R
radermachol 0

from 2-benzoyl-NQ

R 0 R

synthetic 7H-benzo[c]xanthen-7-ones
from 2-benzoyl-NQ (R = H) or

3-benzoylmenadiones (1) (R = Me)

Me'

Figure 14. Natural and synthetic menadione derivatives polysubstituted at the
aromatic ring including menadione (2-methyl-1,4-naphthoquinone).
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Scheme 1. Synthesis of 3-benzoylmenadione derivatives 1 (R = Me) starting from 1,4-dimethoxy-2-methyl-naphthalene 3 and benzoic acids 4.

One of the strategies to build 2-benzoyl-1,4-naphtoquinone
moieties is based on the generation of the 2-benzoyl-1,4-dihydro-
naphthalene; this hydroquinone is readily oxidized into the target
quinone moiety. Photo-Friedel-Crafts acylation of NQs with a
large stoichiometric excess of aromatic aldehydes provided the 2-
benzoyl-dihydro-naphthalene derivatives (Scheme 1).1*%! Previous
work of the group to synthesize 3-benzoylmenadione derivatives
1 was based on the formation of a carbanion after i) bromination
of the reduced and protected form of menadione, that is,. the 1,4-
dimethoxy-2-methylnaphthalene, ii) halogen/metal exchange,
followed by iii) addition of benzoyl chloride to give 2-benzoyl-3-
methyl-1,4-dimethoxy-naphthalene derivatives 2, and finally, iv)
oxidative demethylation by cerium ammonium nitrate (CAN,
Scheme 1).5b104]

The Friedel-Crafts acylation process is widely used to
synthesize benzophenones moieties (Scheme 1). From the
original version® based on the use of AICI; in stoichiometric
amount with a benzoyl chloride at high temperature, the
corresponding acylium cation is formed, allowing an electrophilic
aromatic substitution (SgAr) by the corresponding aromatic
nucleophile. In this scenario, HClg and toxic aluminium metal
waste are generated. Several improvements were further
described, for example, solvent-free conditions made the process
greener when Znl®l or zZnOE" are used as Lewis acids.
Alternatively, us of a Brgnsted acid to activate the aroyl chloride
was reported using a catalytic amount of the non-toxic
perfluorinated acid resin Nafion-H!8l, trifluoromethanesulfonic
acid (or triflic acid, TFOH)!*® and bis(trifluoromethylsulfonylimino)-
trifluoromethanesulfonic acid.?” Combination of Lewis and
Brgnsted acids was also shown to be an efficient acylation
method when using benzoy! chlorides.?Y Benzoyl chlorides are
known to be substrates for benzoyltriflate generation, providing
excellent acylating agents.’ To render the process more
efficient, benzoic acids can be used as acylating reactants to
avoid the use of chlorinated reagents. Methanesulfonic acid
appeared in literature to perform acylations in combination with
other reagents, such as Eaton’s reagent (P,0s)?%, alumina®¥ or
graphite.?® Also, P,Os?% and the combination P,0s/SiO,?" was
applied to activated and deactivated benzoic acids, and
methanesulfonic anhydride® was shown to promote acylation of
aryl and alkyl carboxylic acids in metal- and halogen free

conditions. Most of the cited methodologies required dry
conditions, high temperatures, or pre-activation of the reagents.
Nevertheless, noticeable progress has been made by using
trifluoroacetic ~ anhydride  (TFAA)®I  or trifluoroacetic
acidftrifluoroacetic anhydride (TFA/TFAA),IEBY  ynder mild
heating conditions and air moisture, to allow SeAr of activated and
non-strong deactivated benzoic acids, depending on the
nucleophilicity strength of the aromatic compound.

Taking the acylation of 1,4-dimethoxy-2-methylnaphthalene 3
by several activated and (strongly) deactivated benzoic/
heteroaromatic carboxylic acids 4 as a model reaction to
incorporate a new pattern of substitution at C-3 position of
menadione, we developed a versatile Friedel-Crafts acylation
variant to produce the benzophenone intermediates in mild
conditions, i.e. air moisture and room temperature, in moderate to
excellent yields (Scheme 1). In a second step, the diversified 3-
benzoylmenadiones 1 were almost quantitatively produced after
demethylation/oxidation with CAN. All the final compounds were
evaluated in term of their electrochemical properties by cyclic
voltammetry. Thus, the incorporation of the broad structural
diversity in the 3-acylated chain of menadione brought new
insights for the understanding of the bioactivation/action
mechanisms and the structure-electroactivity relationships of this
important new electrophore series at the origin of the potent
antimalarial activity of 3-benzylmenadiones.

Results and Discussion
Preliminary Study

Previous strategies developed in the team to obtain
polysubstituted 3-benz(o)ylmenadiones at both aromatic parts,
that is, west (quinonic moiety) and east (benzoic core), were
based on the Kochi-Anderson reaction shown in Scheme 2.[6 7]
Phenylacetic acids in the presence of a catalytic amount of silver
salt with stoichiometric excess of an oxidant (peroxodisulfate)
undergo radical decarboxylation upon heating. The resulting
benzyl radical specifically thus undergoes a nucleophilic radical
addition to menadione core at the C-3 position, generating the
corresponding 3-benzylmenadione. In the next step, 3-
benzoylmenadiones 1 were produced by benzylic oxidation using
CrOs/HsIOg reagent system. (€l



A first straightforward pathway to synthesize 3-
benzoylmenadiones 1 was investigated by a silver(l)-catalyzed
decarboxylation reaction® between menadione and a-
ketoaromatic acids 5 according to the reaction shown in Scheme
2. To do so, starting a-keto acids 5a and 5a’ had to be prepared,
first, by a described method®? and were obtained with 80 and
98%, respectively. When the Kochi-Anderson reaction conditions
were applied to menadione and a-ketoaromatic acids 5, an acyl
radical was generated, producing directly the 3-
benzoylmenadione derivatives 1a and 1a’ in 45% and 41% yield,
respectively (Scheme 2).
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5a' 80% R;=H, R,=OMe

acetophenones

Scheme 2. Kochi-Anderson reactions used to synthesize 3-benz(o)yl-
menadiones, in particular 3-benzoylmenadiones 1a and 1a’.

However, these strategies to build the 3-benzoylmenadione
1 core have several drawbacks that prevent them from providing
a widely diversified chemical library. Phenylacetic and a-
ketoaromatic acids are not widely commercially available. The
synthesis of phenylacetic acids from benzaldehydes! and
benzoic acids4 are not very convenient for building a chemical
library because it involves multiple steps, long reaction times, and
expensive reagents with non-versatile protocols to achieve their
production. In the next step, the benzylic oxidation with
CrO3/Hsl0¢ proceeded with low to moderate yields along with
many side products and high toxicity toward the environment.® In
parallel, the synthesis of 3-benzoylmenadiones (e.g. la, 1a’,
Scheme 2) from a-ketoaromatic acids 5 resulted in poor yields.
The use of the Kochi-Anderson reaction showed incompatibilities
with hydroxyl® and amino™ groups, and low efficiency to
introduce pyridine rings."

Firstly, the direct functionalization of the
benz(o)ylmenadione skeleton has proven to be difficult due the
presence of the C2 methyl group attached to the quinone moiety,
which is highly base-sensitive. Secondly, the functionalization of
the benz(o)ylmenadione derivatives through the 1,4-dihydro- or
1,4-dimethoxy-3-methyl-2-benz(o)yl-naphthalene intermediates
was found difficult to handle (Scheme 3). On the one hand, the
1,4-dimethoxy groups of the benzyl intermediate were
demethylated by using proton assistance as previously described
with the benzylic oxidation using CrOs/HslOs (or oxone) as
reagents; thus, formation of several side products was observed
(Scheme 3). On the other hand, in contact with trace oxygen (i.e.
despite an argon atmosphere), the produced 2-benzoyl-1,4-

dihydro-3-methylnaphthalene intermediate was quickly oxidized
into its quinone form before methylation occurred (Scheme 3).
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3-benzoylmenadiones 1 before methylation  2-benzoyl-3-methyl-1,4-dimethoxy-
(KOH, Me,S0y4) naphthalene intermediates 2

Scheme 3. Side-reactions occurring via the 1,4-dihydro- or 1,4-dimethoxy- 2-
methylnaphthalene intermediates.

Preliminary Friedel-Crafts Reaction Study

In this work, our objective was to develop a chemical library
of structurally diversified electroactive 3-(hetero)aroylmenadiones
1 after incorporation of polysubstituted (hetero)aromatics moieties
and to modulate their redox characteristics. Diversity-oriented
synthesis (DOS) implies the generation, under efficient and
versatile procedures, of functionally diverse small-molecules
acting as chemical modulators.B% In the new strategy reported
herein, diversity at the east aromatic part of 3-benzoylmenadione
was achieved by using a large array of readily commercially
available benzoic and heteroaromatic carboxylic acids as starting
materials. Benzoic acids and heteroaromatic carboxylic acids are
acylating substrates for the Friedel-Crafts reaction. The west
aromatic part of the 3-benzoylmenadione 1 core was introduced
via its 1,4-dimethoxy-2-methylnaphthalene precursor 2 upon the
Friedel-Crafts acylation. In the next step, the diversified 3-
benzoylmenadiones 1 were generated upon selective oxidative
demethylation using CAN (Scheme 4).

“\/R Friedel- o

Crafts

OMe COOH OMe O o o
3 benzoic or (hetero)  2-aroyl-3-methyl- 3-benzoylmenadione
aromatic 1,4-dimethoxy- derivatives 1

carboxylic acids 4 naphthalene

intermediates 2

Scheme 4. Synthesis of 3-(hetero)aroylmenadione derivatives 1 based on
Friedel-Crafts acylation/oxidative demethylation.

The key point is the development of a Friedel-Crafts acylation
reaction, which allows electrophilic aromatic substitution from
activated or deactivated benzoic and heteroaromatic carboxylic
acids under mild conditions, thus promoting an easy experimental
protocol, for example,. no air moisture-sensitive reagents, no high
temperatures, activating the acylating agents in situ. The
TFA/TFAA reagent system has been reported to be an efficient
practical system to achieve the SgAr under mild heating
conditions, in open air with air moisture compatibility. As was
reported, this methodology proceeds with non-strongly
deactivated and activated benzoic acids 4 (Scheme 5), depending
on the nucleophicity of the aromatic nucleophile. Owing to the
high electronic density of 1,4-dimethoxy-2-methylnaphthalene 3,
we first started the screening from activated benzoic acids 4a-c to

R

B OMe ___ R
\ «.__.." oxidative
demethylation



generate the 2-benzoyl-3-methyl-1,4-dimethoxy-naphthalene
intermediates 2a-c with moderate to good yields (Scheme 5). The
mechanism of the reaction likely proceeds through the in situ
generation of the mixed anhydride, .that is, an acyltrifluoroacetyl
intermediate,®® formed between the benzoic acid and TFAA. This
intermediate is activated by the proton of TFA to promote the
formation of the corresponding acylium cation. Subsequently,
SeAr of 1,4-dimethoxy-2-methylnaphthalene 3 produced the
corresponding  2-benzoyl-3-methyl-1,4-dimethoxy-naphthalene
derivatives 2a-c. Then, following oxidative demethylation by CAN,
the 3-benzoylmenadiones 1 were generated in excellent yields.
Notably, CAN oxidation is sensitive to the electronic density of the
aromatic ring.

___0 4ac 4a-c
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OMe O
overnlght
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2-methyl-naphthalene 3

OMe OMe OMe
oodeoode s
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X . oo
Cl F
OMeO OMeO
2c 45% 2d 0%

Scheme 5. Preliminary study on the Friedel-Crafts reaction to build 2-acylated
3-methyl-1,4-dimethoxy-naphthalene derivatives 2a-c.

In the 2-benzoyl-3-methyl-1,4-dimethoxy-naphthalene 2a two
pairs of 1,4-dimethoxy moieties are present. Nevertheless, the
most electronically rich naphthalene moiety (west aromatic part)
promotes faster oxidation than the phenyl fragment (east aromatic
part), and only the desired 3-benzoylmenadione 1a was obtained.

When the TFA/TFAA reagent mixture was applied to strongly
deactivated benzoic acids, such as 3-fluoro-4-nitrobenzoic acid
(4d), the targeted compound 2d was not obtained (Scheme 5).
Even by increasing the temperature and with longer time of
reaction, the acyltrifluoroacetate intermediate was likely not
formed with strongly deactivated benzoic acids, despite the
presence of the electronically rich aromatic nucleophile, that is,
1,4-dimethoxy-2-methylnaphthalene. Therefore, we directed our
acylation study by screening reagents able to activate (strongly)
deactivated benzoic acids, such as 4d (Scheme 5), under mild
heating conditions and with air moisture, to achieve a versatile
methodology.

Development of an Optimized Friedel-Crafts Variant

In very specific applied cases, the use of TfOH/TFAA in an
equimolecular mixture was used in biological chemistry
applications for ferrocenel”l and (D)-biotin*® acylations.
Surprisingly, this reagent system was never applied to perform
SeAr with deactivated aromatic carboxylic acids. Once TfOH and
TFAA are combined, the strong trifluoroacetyl agent, that is,

trifluoroacetyl triflate (TFAT), is assumed to be generated.% We
investigated the acylation of 1,4-dimethoxy-2-methylnaphthalene
by 3-fluoro-4-nitrobenzoic acid and monitored the progression of
the reaction by TLC upon addition of TFAA (4 mL) and TfOH (2
equiv. in 10 mL of dichloromethane) to the reaction mixture at 0°C
in open air, and then the reaction was performed at room
temperature without dry conditions (Table 1, entry 1).

The formation of the targeted compound was clearly evidenced
after one hour of reaction, and the desired diarylketone
intermediate was isolated in 73 % yield after overnight reaction at
room temperature. The effect of TfOH on the acylation reaction
was then investigated by adding different amounts of TfOH (Table
1, entries 1-4). A catalytic amount of TfOH (0.1 equiv.) provided
the product only in trace amounts (entry 4), and the unreactive
starting materials were mainly observed in the crude mixture by
NMR spectroscopy. Increasing the TfOH amount up to 20%
allowed the reaction to proceed, but with less than 50%
conversion and in low yield (entry 4). Finally, by adding 0.5 equiv.
of TfOH, full conversion was achieved and the benzophenone
was isolated in 82% yield (entry 2). Reducing the quantity of TFAA
up to 2 equivalents (entry 5) with the optimized TfOH amount (0.5
equiv.) afforded the product with the same yield and with a much
cleaner reaction crude. Furthermore, we checked that TFAA or
TFAT did not react with 1,4-dimethoxy-2-methylnaphthalene in
the absence of the benzoic acid. An excess of 1.5 equiv. of 1,4-
dimethoxy-2-methylnaphthalene was required toward benzoic
acid because it enhanced the rate of the reaction under these
conditions to observe completion of the reaction overnight. Thus,
with an easy defined experimental procedure, these experimental
conditions at room temperature allowed us to build a wide variety
of 2-benzoyl-3-methyl-1,4-dimethoxy-naphthalene derivatives 2a-
u, including those from strongly deactivated benzoic acids,
through an efficient Friedel-Crafts acylation variant (Scheme 6).
In the next step, the corresponding 3-aroylmenadiones la-u
diversified at their east aromatic part were prepared following
CAN oxidation with moderate to good yields (72-97%) in the
majority of the cases (Scheme 6).

Table 1. Optimization of the model Friedel-Crafts reaction
conditions with 1,4-dimethoxy-2-methylnaphthalene 3@ and 3-
fluoro-4-nitrobenzoic acid 4d™®!,

OMe
3-fluoro-4-nitro- NO
OO benzmc acid 4d OO O 2
TfOH I TFAA
OMe overnight OMe O
1,4-dimethoxy- 2d
2-methylnaphthalene 3
Entry TfOH (equiv.) TFAA (equiv.) Yield (%)
1 2 53 73
2 0.5 53 82
3 0.2 53 50
4 0.1 53 trace
5 0.5 2 82

[a] 1.5 equiv., [b] 1.0 equiv., [c] yield after purification.
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3-benzoylmenadione derivatives (1,_,)

OMe OMe OMe OMe
L) O O O Qoo oo g
Cl F
OMe O OMe OMe O OMe O OMe O OMe O
2a 82% (78/22/0) 2b 77% 2c 82% (78/14/8) 2d 82% 2e 72%
1a 63% 1b 85% 1c 87% 1d 75% 1e 74%
OMe OMe OMe
e OO X OO WA Q)
NO, NO,
OMe O OMe O OMe O OMe O I OMe O
2f 76% 2g 45% 2h 67%* 2i 27% (32/68/0) 2j 47% (63/27/10)
1f 95% 1g 83% 1h 90% 1i 83% 1j 97%
OMe OMe OMe OMe
I I l Br I I l F CF, E ‘ g CF3 O O O
‘ ‘ g CF3
OMe O OMe O OMe O OMeO F OMe O
2k 72% (72/17/11) 2| 58% (74/8/18) 2m 77% (86/3/11) 2n 80% 20 75% (72/14/14)
1k 97% 11 85% 1m 93% 1n 72% 10 94%
OMe OMe OMe OMe OMe
NH, NH, N__CF; CF3
= =
IOy ULy O U K JHIoeEe
s o N N N
OMe O OMe O OMe O OMe O OMe O OMe O
2p 58% (54/40/6) 2q 18% (23/46/31) 2r 45%** (54/46/0) 2s 48%** (72/14/14) 2t 1%** 2u traces**

1p 74% 1q 89% I - 1s 90

% 1t - 1u --

Scheme 6. Scope of the Friedel-Crafts reaction variant between 3-methyl-1,4-dimethoxy-naphthalene 3 and benzoic acids, heteroaromatic carboxylic acids 4 with
base-sensitive moieties. The ratio between the formed Friedel-Crafts products acylated at C-2, C-6 or C-7 was deduced from a regioisomeric analysis based on
carbonyl signals of 3C NMR spectra of the reaction crude. *: 1.5 equiv. of TFOH was used and the reaction duration was 48h. **: upon addition of 4 equiv. of a

mixture TFOH/TFAA (1:1). Abbrev.: The product code of the desired product is 1a-u;

for regioisomer 2 (position C-7, vide infra).

In parallel, an analysis of the regioisomers was performed by *C
NMR spectroscopy from the crude of the reaction to quantify their
nature and the corresponding ratio formed during the acylation
reaction (Scheme 6, and the Supporting Information for details
from page S13) by integrating the carbonyl signals of the
acylated compounds.i9 After isolation and purification of each
regioisomer from the crude of the reactions to produce 2i, 2p,
and 2q, it was possible to attribute the carbonyl signals of each
isolated regioisomers upon their *C NMR analysis. Their
structures were found to correspond to the acylated products in
position C-6 (regioisomer 1) or C-7 (regioisomer 2) of the 1,4-
dimethoxy-2-methylnaphthalene core. The new experimental
conditions led to improved (or similar) yields of the acylation
products 2a-2c with respect to the previously reported cases
using the non-deactivated benzoic acids depicted in Scheme 5.
In the case of 2c with a Cl atom in the meta position, the yield

la-u-regl stands for regioisomer 1 (position C-6, vide infra), and la-u-reg2

was improved from 45 to 82 % vyield. The acylation reaction was
observed to be sensitive to steric effects when a bulky group is
adjacent to the carboxylic acid (ortho), like in the example 2i
where the desired benzophenone is obtained in low yield (27%),
supporting the formation of another regioisomer isolated in 71 %
yield, by acylation of the 1,4-dimethoxy-2-methylnaphthalene in
position C-6. With halogens (1, Br, F) in para, benzophenones 2j-
2k-2| were produced in moderate to good yields (47-72-58%,
respectively), with a regioselectivity of about 70%. With a Cl atom
in meta position, the corresponding benzophenone 2c was
obtained in 82% vyield with minor regioisomers. Examples with
deactivated benzoic acids, incorporating strong electron-
withdrawing groups (NO; and CFs3) in para or meta, combined or
not with other functionalities (iodo or fluoro), provided excellent
yields and regioselectivity. The example 2h, where a strong
deactivated benzoic acid including CF; (para) and NO, (meta),



has to be highlighted with the resulting 67% vyield of the isolated
benzophenone upon addition of 1.5 equivalents of TfOH,

confirmed by the observation of only one carbonyl signal in
the crude of the **C NMR spectrum. The use of non-activated
heteroaromatic carboxylic acids, like 2-thiophene carboxylic acid
or 2-furoic acid, led to acylated products 2p and 2q incorporating
thiophene and furan moieties in the east aromatic part (Scheme
6), with moderate to low yields of the desired product. However,
in both cases, that is, 2p and 2q, and also in the case of 2i, the
formation of regioisomers was obtained in higher proportions,
probably due to steric effects. However, benzophenone 2q was
obtained with easier experimental conditions compared with the
reported reaction using polyphosphoric acid at high
temperature.” Direct introduction of acid-sensitive moieties like
amino group, pyridine and pyrimidine rings could be achieved
after addition of 4 equivalents of a mixture TfOH/TFAA (1:1).
Examples 2r and 2s incorporate an amino group in para in the
aromatic and pyridine moieties. The excess of generated TFAT
allowed the transient protection of the amino group through a
trifluoroacetyl amide group. Consequently, in both cases,
moderate yields were obtained with low regioselectivity. The
trifluoroacetyl amide group was removed in basic conditions. A
pyrimidine fragment incorporating CF3 was introduced in product
2t formed in 11% yield but no regioisomer was detected. With the
CF3 group in the same position located in the pyridine fragment,
only traces of product 2u were observed. Although the oxidative
demethylation by CAN produced the 3-acylated menadiones la-
1g in 63-97% yields (Scheme 6), two nitrogen-based
benzophenones (2r-2t) led to complex mixtures under these
deprotection conditions.

Mechanistic Insight

Based on our present results and a literature report, a possible
acylation reaction pathway is depicted in Scheme 7, with the
reaction between the 1,4-dimethoxy-2-methylnaphthalene and a
substituted benzoic acid representative. The mechanism of the
reaction is proposed to proceed through the formation of an
acyltrifluoroacetyl intermediate from benzoic acid, promoted by
the in situ generation of the reactive trifluoroacetyl triflate (TFAT)

R\\
0|
X

benzophenone derivative

intermediate 1": N
the enolic tautomeric form stabilized by
conjugation increases the lability of H

Scheme 7. Putative mechanism of the Friedel-Crafts variant reaction.

reagent, generated by mixing TfOH and TFAA. TFAT was indeed
described as more reactive than TFAA.BY In this scenario, the
acyltrifluoroacetyl intermediate might be formed for deactivated
benzoic acids. During the process of trifluoroacetylation, one
molecule of TfOH is produced, which, owing to its excellent proton
donor properties, efficiently activates the acyltrifluoroacetate at
low temperature and promotes the formation of the acylium
cation, allowing the SgAr of 1,4-dimethoxy-2-methylnaphthalene.
Upon acylation, the intermediate 2’ (Scheme 7), which is in
equilibrium with the enolic form (more stable by conjugation), is
generated. The OH-enol function likely allowed the regeneration
of TfOH and, then release of the targeted benzophenone
derivative. In situ TFAT formation from TfOH and TFAA was
supported by reacting the costly and highly unstable commercial
TFAT with 1,4-dimethoxy-2-methylnaphthalene and 3-fluoro-4-
nitrobenzoic acid, under the same experimental conditions of the
herein described Friedel-Crafts acylation variant. The reaction
afforded the desired benzophenone in 77% yield (Scheme 8).

OMe
O 2ol
1.5 equiv. F;C— S o CF; OMe
OMe O 1.5 equiv. OO O NO,
+ NO, DCM F
0°C tort
HOYQ:F 1 . overnight OMe O
5 equiv. 10 77%

Scheme 8. TFAT as the key reagent for Friedel-Crafts acylation of 1,4-
dimethoxy-2-methylnaphthalene by the deactivated 3-fluoro-4-nitrobenzoic
acid.

Redox Properties

We will herein discuss the electrochemical data of our
homogenous series of 3-acylated-menadiones (Scheme 6).
These redox-active compounds only differ by the substitution
pattern of their aroyl subunit on the east part of the molecule, thus
providing evidence for the key role of this moiety (electronic and
steric effects) on the redox modulation of the NQ core.
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Scheme 9. Proposed mechanism for the consecutive 1-electron transfers centred on 3-benzoylmenadiones derivatives.

Table 2. Electrochemical data measured using cyclic voltammetry (CV)® and Square Wave Voltammetry (SWV)®! for all 3-benzoylmenadione derivatives
examined in this work. Solvent: DMSO; | = 0.1 M n-BusNPFg, v = 200 mV s%. (E1z (V), AE (mV), AE12 = EY12-E?12 (V)

Quinone Carbonyl Nitro group
group
Elya(AE)A E%112(AE) E312(AE)A E*2(AE)™ ES12(AE)A AE
Cpds E1y2° E2y,l° E315% E412? ESy2"! Elip _1‘;2 2
V(mv)e [V(mv)]& V(mv)e [V(mv)]&l V(mv)@
[V] [b] [\/] [b] [V] b [\/] [b] [V] [b] N)
" ;‘Z@Tiﬁﬁ' 16 -0.47(92) -1.19(72) 0.72
la -0.529(90) / -0.526(78 “1.131(94) / -1.128(87
( -0).505 ) : —1).106 ©n br ) ) 0.601
1b -0.467(90) / -0.463(73) ~1.172(88) / -1.166(73) ] ] 0.700
-0.447 -1.147 -1.610 :
1c -0.444(88) / -0.445(73) 1.152(92) /-1.157(82) | -1.638(85) _ ] 0712
-0.427 -1.139 -1.594 :
1d -0.418(125) / -0.409(91) | -0.773(99)/-0.778(97) br -1.002(102) / -0.997(61) | -1.285(111)/-1.273(85) 0.286
-0.469 -0.755 0.977 -1.249 :
1le -0.412(92) / -0.413(77) ~0.812(96) / -0.808(77) ~1.178(105) / -1.22 (92) - 0.399
-0.390 -0.789 -1.484 -1.192 :
1f -0.409(89)/ -0.408(86) -0.942(95)/ o 945(86) b -1.148(96) / -1.140(74) -
r 0.533
-0.385 -0.9 -1.128
19 -0.419(82) / -0.422(76) -0.948(60) / o 938(52) or ~1.28(86) / -1.291(67) 0519
-0.396 -0.933 -1.24 :
1h -0.387(94) / -0.403(78) -0.822(87) / -0.826(32) nd / -0.985(52) -1.182(84) / -1.24(72) 0.436
-0.362 -0.798 -1.728 -0.952 -1.158 :
1i -0.434(80) / -0.425(76) ~1.056(76) / -1.055(70) ] ] 0,634
-0.404 -1.038 -1.615 :
1 -0.455(90) / -0.444(77) ~1.110(96) / -1.094(77) _ ] 0.656
-0.435 -1.091 -1.573 :
1k -0.450(88) / -0.449(64) 1.134(92) / -1.131(73) ] ] 0678
-0.424 -1.102 -1.613 :
1 -0.457(90) / -0.451(74) ~1.196(92) / -1.192(80) ] ] 0.743
-0.433 -1.176 -1.624 :
-0.431(87) / -0.417(80) ~1.021(86) / -1.005(80)
m -0.397 -0.984 -1.87 - - 0.587
1nl] Eired = -0.45 Eored = -1.065 nd - - na
-0.423(90) / -0.420(74) ~1.055(94) / -1.053(80)
1o -0.397 -1,029 -1.607 - - 0.632
-0.462(96) / -0.460(79) | -1.168(100)/ -1.168(79) - -
1p -0.489 -1.202 -1.750 0.713
19 -0.468(100) / -0.464(82) | -1.159(92)/-1.211(76) -1.631 0.601
-0.447 -1.135 -1.577 :
-0.488(88) / -0.485(70) | -1.093(102)/-1.117(79) - -
1s -0.466 -1.069 -1.953 0.603

[a] CVs and [b] SWVs measured in DMSO with 0.1 M n-BusPFs electrolyte support at 25°C. v = 200 mV s}; reference electrode = KCI(3 M)/Ag/AgCl; working
electrode = glassy carbon disk of 0.07 cm? area. E'1/» and E?y,, are related to the quinone-centred redox processes, E%12 is related to the carbonyl benzoy! unit while
E*112 and E®12 characterize the nitro-centred redox processes. br = broad. nd = not determined. na = not applicable. [b] Measured at v = 500 mV s. The values in
italics correspond to measurements at 50 mV s,



The redox potentials of the substituted 3-aroyl-menadiones 1
(Table 2 and Figures S1-19 in the Supporting Information) were
measured by cyclic voltammetry (CV) and square wave
voltammetry (SWV, Table 2) at 23 + 1 °C by using a glassy carbon
(GC) working electrode in DMSO solvent and tetra-n-
butylammonium hexafluorophosphate (n-NBusPFs) as the
supporting/inert electrolyte. The electrochemical properties
measured by SWV were found to be in good agreement with
those measured by CV (Table 2). Furthermore, the data recorded
for 1f, 1g, 1h and 1a were found to be in excellent agreement with
those measured in a previous communication.®!

Irrespective of the substitution pattern of the aroyl subunit, no
alteration of the global electrochemical profile of the NQ core was
observed. Two consecutive one-electron quasi-reversible waves
(E'pc — E*pa ~80-125 mV and E?,c — E%,, ~ 72-100 mV) were
systematically observed under our experimental conditions. NQ
reduction indeed occurs by two successive one-electron
transfers. The monoradical-anion NQ* is formed in the Epc
reduction step, and is then reduced to its related dihydro-
naphthoquinone dianion NQ? in a second Ep step. The 3-
benzoylmenadiones la-s examined in this work were not
subjected to any inter- or intramolecular proton transfers and
therefore the electrochemical properties were considered to be
strictly associated to the successive formation of the two anionic
reduced species.

In addition to these consecutive one-electron transfers, a third
(i.e. in some cases as for 1h and 1d, a fourth redox wave is also
observed) redox wave at potential value E3;;, of about -1 to -1.2 V
was also observed for the nitro-benzoyl-menadiones 1d, le, 1f,
1g and 1h (Figures S4-S8, S19 in the Supporting Information and
Table 2). These additional redox signals most likely result from
the reduction of the nitro function.”? Finally, a last weak, broad
and ill-defined wave was often observed at much more negative
values (E31, >> -1.5 V) and was attributed to oxidation/reduction
processes centered on the benzoyl carbonyl unit (Figure 2).
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Figure 2. CV (blue) and SWV (black) profiles of 1e (1.40 mM) measured in
DMSO with 0.1 M n-BusPFs electrolyte support at 25°C. v = 50 mV s'; reference
electrode = KCI(3 M)/Ag/AgCl; working electrode = glassy carbon disk of 0.07
cm? area.

Compound 1n bearing a 2’-fluoro substituent stands in an
interesting contrast with the other systems. Reduction at 1 (or 2)
electrons afforded an anionic species which can rapidly trigger (at
the time scale of the electrochemical experiment) a nucleophilic
substitution, at the 2’-position, leading to a benzoxanthone
product (Figure 1).%I Increasing the voltage sweep rate up to 5

V (Figure S14 in the supporting information) indeed allowed us to
evidence in the first cycle the characteristic reduction peaks of the
benzoquinone unit which then faded completely in the following
cycles as a result of the reaction.

Combining previously published data™ with the present ones,
a clear relationship between the half-wave potentials of the first
(E'12) and second (E%,) electrochemical processes can be
proposed (Figure 3Figure ). Exceptions have been, however,
observed for the 2’-substituted benzoyl-menadiones (i.e., steric
effect) or proton-donor substituent such as 4’-OH.®! This feature
suggests that the substituents borne by the benzoyl core induce
sizeable electronic effects both on the NQ unit or on its one-
electron reduced semi-quinone, NQ™. With respect to the first
redox process (E'j;;) of 4’-substituted benzoyl-menadiones, the
gap in potential was, however, measured to be only about 80 mV
between the menadione substituted with a methoxy group® in the
4' position and that substituted with a nitro group at the same
position (1e). This likely suggests weak to no influence of the
benzoyl substitution pattern on the first electron transfer of the
naphthoquinone redox active core. It is noteworthy, that under its
oxidized state, the NQ is poorly conjugated with its benzoyl
counterpart.
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Figure 3. Variation of E?2 (V, second redox step) as a function of Ety (V, first
redox step). v = 200 mV s*; reference electrode = KCI(3 M)/Ag/AgCl; working
electrode = glassy carbon disk of 0.07 cm? area; auxiliary electrode = Pt wire.
The dashed line is only provided as a guide for the eyes. ® Data taken from ref
Bl @ Data from this present work. ® Compound with particular behaviour (e.g.
2’-substituted or 4’-OH benzoylmenadiones, see text).

By contrast, a marked impact of the 4’-benzoyl substitution can
be observed on the second electron transfer leading to the
dihydro-naphthoquinone dianion NQ?. Interestingly, the gap in
potential amounts to up 500 mV between the menadione
substituted with a carboxylic group in the 4' position®® and that
substituted with a nitro group at the same position (1e, Figure 4).
To rationalize this behaviour, we therefore hypothesized that
upon the first one electron reduction of the benzoylmenadiones,
the radical is stabilized by the benzoyl carbonyl unit thus allowing
electronic communication between the redox-active NQ core and
the benzoyl subunit (Scheme 9). Consequently, the second one-
electron transfer leading to the dihydro-naphthoquinone dianion
NQ?% is thus highly sensitive to the nature of the benzoyl
substitution (Figure 4 and Figure S1-S19). Within this series of
molecules, the presence of the benzoyl carbonyl function thus
allows significant modulation over a large potential (~ 500 mV)



span for the oxidant character of the semi-quinone NQ™ while
slightly affecting that of the NQ analogue (~ 80 mV). These
properties are of significant importance in the context of
antimalarial drug development and understanding of the
mechanism of action of the early lead plasmodione. !
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Figure 4. SWV profiles of compound cited as 3k in ref 1%l (1.06 mM, 4’-CN),
compound cited as 3l in ref.[%] (1.03 mM, 4-OCHs), 1l (1.38 mM, 4’-F), 1j (1.20
mM, 4’-1), compound cited as 3h in ref.[?] (1.19 mM, 4’-H), compound cited as
3f in ref.5! (0.94 mM, 4-COOH), 1e (1.40 mM, 4-NO2), 1m 1.16 mM, 4'-CFs)
measured in DMSO with 0.1 M n-BusPFs electrolyte support at 25°C. v = 200
mV s; reference electrode = KCI(3 M)/Ag/AgCl; working electrode = glassy
carbon disk of 0.07 cm? area.

Bioactivation through redox-cycling of NQ mediated by one-
or two-electron transferring oxido-reductase enzymes is an
oxygen-dependent process (Scheme 10).“¢1 Under aerobic
conditions, we previously showed that both major cytosolic
NADPH-dependent glutathione reductases (and possibly other
reductases) from P. falciparum-parasitized red blood cells
participate in a futile redox cycle in which the production of the
protonated NQH* species from NQ is rapidly back-oxidized to its

*: hGR or PfGR

1.| bioactivation
(or another reductase)

NADPH, H* NADP*

parent compound, NQ, at near diffusion-limited rates.[® Oxygen
and methemoglobin(Fe®*), the major hemoglobin catabolite and
nutriment generated in Plasmodium parasites, play the role of
one-electron acceptors from the semi-quinone NQH'. Upon 1-e~
and 2-e~-reduction, NQH® and NQH; react rapidly with O, to
regenerate the non-toxic parent prodrug, NQ, superoxide radicals
and hydrogen peroxide as by-products. Therefore, our
expectation is that under aerobic conditions, NQH" per se does
not contribute significantly to killing the cells, as it has been
observed for plasmodione by the absence of toxicity against
various human cell lines.®! This bioactivation process was also
reported for the anticancer quinonic mitomycin C.*3 It is well
documented that, while the concentration of O in arterial blood is
approximately 13%, O, concentrations below 7.5% are found in
most organs to which Plasmodium-parasitized red blood cells
sequester, including the bone marrow, brain, and liver.*
Therefore, in the hypoxic conditions where malaria parasites can
survive, the half-life of NQH" might be extended, allowing it to
participate in several metabolic transformations, such as the
benzylic oxidation (Scheme 10). Thus, after transport to the
parasitic compartment, NQH* can undergo further reduction by
other key-protein targets to produce the toxic NQH, (Scheme 10).
The observed parasite killing might be therefore attributable to the
combined flux from both one- and two-electron reducing
pathways generating the protonated NQH® and NQH, species,
which undergo a series of spontaneous rearrangements (in
particular, phenolic oxidative coupling to form the
benzoxanthones, see structures of 7H-benzo[c]xanthen-7-ones
from Figure 1).2° By changing the molecular diversity at the
benzoyl chain of 3-benzoylmenadiones la-u our data showed
that this aroyl substitution can markedly alter the redox properties
of the NQ electrophore and thus modulate the second one-
electron transfer leading to the dihydro-naphthoquinone NQH.
species. This toxic species resulting from 3-benzoylmenadiones
1 is likely generated in situ in parasites from the antimalarial 3-
benzylmenadione prodrugs and significantly contributes to the
antimalarial activity.
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Scheme 10. Proposed mechanism of action of antimalarial 3-benzylmenadione prodrugs generating toxic 3-benzoylmenadione 1 metabolites in P. falciparum-
parasitized red blood cells. The first one-electron transfer leading to the semi-quinone NQH" is proposed to be involved in the drug bioactivation (step 1.) while the
second one-electron transfer leading to the dihydro-naphthoquinone NQH2 might be responsible for parasite killing (step 2). For the sake of clarity, only the 1-e™-
reduced NQ species were drawn. Abbrev.: hGR: human glutathione reductase; PfGR: P. falciparum glutathione reductase.



Conclusions

We have developed a mild and convenient Friedel-Crafts
variant for acylation of 1,4-dimethoxy-2-methylnaphthalene by
diversely substituted activated or deactivated benzoic and
(hetero)aroyl acids, by using the TfOH/TFAA reagent system
through mild conditions (room temperature, overnight, air
moisture). The Friedel-Crafts reaction is a very useful reaction to
prepare benzophenones derivatives, and the application of a
versatile and mild protocol, suitable for any starting substituted
benzoic acid, to produce diversely functionalized benzophenone
derivatives in satisfactory yields, renders this reaction attractive
for organic synthesis and medicinal chemistry. Thus, this new
variant allowed us to obtain a broad library diversity, both in terms
of molecular structure of 3-acylated menadiones and function —
expressed here by tuneable E%, values spanning over a broad
range of redox potentials (500 mV). Because the antimalarial 3-
benzylmenadiones are thought to be activated through a cascade
of redox reactions via the 3-benzoylmenadiones 1, the library
diversity will allow us to subtly modulate the
physico(electro)chemical properties of our lead antimalarial
agents, which is a crucial step in any drug discovery program.

Experimental Section

Detailed descriptions of experimental procedures, data on product
characterization including spectral data and *H and **C NMR spectra of all
new compounds are given in the Supporting Information.

Typical Procedure for preparing 2-(2,5-dimethoxyphenyl)-2-
oxoacetic acid (5a) or 2-(3,5-dimethoxyphenyl)-2-oxoacetic acid (5a’)

A round bottom flask which had been flushed with argon was charged with
2,5-dimethoxyacetophenone (5 mL, 31.6 mmol), SeO2 (7.01 g, 63.2
mmol), and pyridine (16 mL). The solution was heated at 120 °C. The
temperature gradually dropped to 90°C over 1 h and was heated for an
additional 4h. The solution was concentrated by rotary evaporator until a
small amount of liquid was present. The black selenium residue was rinsed
several times with ethyl acetate. The combined organic layers were
transferred to a separatory funnel containing 0.1 M HCI (100 mL). The
aqueous layer was extracted three times with ethyl acetate. The aqueous
layer was discarded, and the organic layers were combined and extracted
several times with saturated aqueous NaHCOz. The aqueous layers were
combined, adjusted to pH 1 with conc. HCI, and extracted three times with
ethyl acetate. The final organic layers were dried over Na:SO4 and
concentrated, producing the 2-(dimethoxyphenyl)-2-oxoacetic acid 5a or
5a’.

General procedure of the for the Silver(ll)-Catalyzed Kochi-Anderson
reaction between menadione and a-keto carboxylic acids

A mixture of menadione (131 mg, 0.50 mmol), 2-oxopropionic acid (133
mg, 1.51 mmol), silver(l) nitrate (34 mg, 0.20 mmol), and potassium
persulfate (484 mg, 1.79 mmol) in acetonitrile (2 mL) and H20 (6 mL) was
heated at 70 °C for 3 h. The reaction mixture was diluted with ethyl acetate
(100 mL), washed with water (3 x 50 mL), dried (Na2SOas), and
concentrated in vacuum. The crude product was purified by column
chromatography over silica gel (20 g; ethyl acetate/hexane, 1:15) followed
by recrystallization (ethyl acetate/hexane) to give 1a or 1a’.

General procedure for the Friedel-Crafts acylation using the reagent
mixture TFA-TFAA.

1,4-dimethoxy-2-methylnaphthalene (1.0 mmol) and 3-chlorobenzoic acid
(0.66 mmol) were mixed to a solution of TFAA (2 mL). Then, TFA (1 mL)
was added and the mixture was heated under reflux for overnight. When
the time described for the reaction finished, the system was cold down and
water (10 mL) was added steadily. At that point, ethyl acetate (3 x 50 mL)
was added, and the organic layers were combined, dried over magnesium
sulfate. The solid was discarded by filtration, and the excess of the solvent
removed under reduced pressure. The crude was absorbed on silica gel
and purified by flash chromatography by using toluene-cyclohexane as
eluent system.

General procedure for the Friedel-Crafts acylation using the reagent
mixture TFOH-TFAA

1,4-dimethoxy-2-methylnaphthalene (1.5 mmol) and benzoic acid (1
mmol) were dissolved in dichloromethane (0.2 M). At 0°C, TFAA (2 mmol)
was added. After stirring for 10 minutes, TfOH (0.5 mmol) was added
cautiously and the reaction mixture was allowed to warm up slowly to room
temperature and stirred for 16h. Then, the reaction was quenched by an
aqueous saturated NaHCOs solution and the aqueous phase was
extracted three times by dichloromethane. The combined organic phases
were dried over MgSO4 and the solvent was removed under reduced
pressure. The reaction crude was purified by silica gel chromatography by
using a mixture of cyclohexane and toluene as eluent to afford analytically
pure Friedel & Crafts products.

General procedure fo oxidative demethylation

2-Aroyl-3-methyl-1,4-dimethoxy-naphthalene derivative 2 (1 mmol) was
dissolved in stirring MeCN (3 mL). Then, at room temperature, CAN (2.1
mmol) dissolved in water (2 mL) was added drop by drop. The mixture was
stirred at room temperature during 1h. Then, most of the organic solvent
was removed under reduced pressure and the aqueous phase was
extracted three times with dichloromethane. Combined organic layers
were dried over MgSQO4 and the solvent was removed under reduced
pressure. Purification by silica gel chromatography was performed by
using cyclohexane/EtOAc as eluent.
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Chapitre I1

5 points a retenir de I'article

1)

2)

3)

4)

5)

Mise en place d’une méthode de benzoylation de Friedel & Crafts entre un aréne riche en
électron et des acides benzoiques portant une grande diversité de groupements
électrodonneurs ou électroattracteurs.

Réaction régiosélective en I'absence d’encombrement stérique important.

Obtention d’une série de 3-benzoylménadiones aprés déprotection des produits de Friedel &
Crafts.

Caractérisation des propriétés rédox des 3-benzylménadiones par voltampérométrie cyclique
(CV) et a ondes carrées (SWV).

Rationalisation de I'effet des substituants des unités benzoyles sur les potentiels rédox des 3-

benzoylménadiones.
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Chapitre I1

2. Applications de la méthode d’acylation de Friedel-Crafts pour la
synthése de sondes ABPP.

2.1. Objectifs et travaux préliminaires.

L’acylation de Friedel-Crafts vue précédemment nous a permis d’obtenir efficacement en une seule
étape les précurseurs nécessaires a I'élaboration de sondes chimiques. Leur synthéese est détaillée dans

I'article présenté dans la partie 2.2 de ce chapitre (Figure 15).

O O /
> | QL)
QI O QU Q) i
(6] (6]

O O benzophénone
(0] (0] (0]
O s oo o ac
0/\\\ O/\\\ X
(0] (0] (0] (0] (0] (0]

Figure 15. Structure des sondes chimiques synthétisées pour ce projet et de leur coeur "benzophénone like".

Les 3-benzoylménadiones ont la particularité de porter dans leur structure un motif « benzophénone-
like », ou wune vraie benzophenone aprés réduction des 3-benzoylménadiones en
dihydronaphtoquinone. Afin de concevoir des sondes pour étudier le profil protéomique des parasites
traités par les benzoylménadiones, métabolites de la PD, nous avons envisagé I’hypothése selon
laquelle le motif soit photoréactif, et que, sous irradiation UV, la sonde puisse se lier aux cibles avec
lesquelles elle interagit. Ainsi, la fonctionalisation de ces sondes devenait minimaliste puisqu’elle
nécessitait I'introduction de fonctions alcynes seulement sur le squelette 3-benzoylménadione, sans
ajout d’un motif benzophénone qui aurait pu modifier I'affinité de la 3-benzoylménadione pour sa
cible. Les fonctions alcynes avaient le réle d’étiquette pour marquer les photo-adduits par une réaction
de cyclisation de type CuAAC (réaction click, ou couplage au cuivre azide-alcyne) afin d’isoler/d’enrichir
les adduits par une technique dite de « click & fish ». Cette hypothése a été validée par notre équipe

et les résultats ont été publiés dans I'article présenté ci-dessous.

En plus de la synthése des sondes chimiques, j'ai pu réaliser la preuve de concept préliminaire
d’alkylation de ces dernieres 3-benzoylménadiones avec un partenaire-modele, la N-acetylmethionine
methyl ester (nMet). Pour cela, nous nous sommes inspirés des travaux de I'équipe de Guy Ourisson
dans lesquelles le couplage de divers acides aminés protégés et la benzophénone ont été étudiés.”® Le
mécanisme supposé de ce couplage est le suivant : la benzophénone, excitée sous photoirradiation

par lumiere UV, va procéder a I'abstraction d’un hydrogene (HAT) de I'acide aminé, les deux radicaux

S0 E. Deseke, Y. Nakatani, G. Ourisson, Eur. J. Org. Chem. 1998, 243-251.
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Chapitre I1

obtenus pouvant ensuite procéder a un couplage intramoléculaire (Schéma 17). Dans la réaction
modele mise au point au laboratoire, le choix du partenaire nMet s’est fait sur la réactivité connue de
la méthionine, acide aminé le plus réactif au sein des protéines, pour réagir avec la benzophénone

dans les études de photomarquage d’affinité ou les études ABPP.

hv HAT
— e
360 nM NWQJ\ _
o \[r L ©

O
O R

couplage H Q
HO \R ©O O O ' \erW')J\O/
/O N)k dH © R
o H

Schéma 17. Mécanisme proposé du couplage photocatalysé de la benzophénone et des acides aminés protégés.

Ainsi, nous avons pu évaluer la possibilité de réaliser ce type de couplage entre une 3-
benzoylménadione et un acide aminé modeéle avant de réaliser les expériences avec des protéines.
Nous avons réalisé I'étude préliminaire avec la 3-benzoylménadione fonctionnalisée par un
groupement nitro en position para du benzoyle et la méthionine protégée nMet. J'ai pu ensuite

analyser les milieux réactionnels par RMN.

D’apres les travaux de Guy Ourisson vus précédemment, le nMet peut étre couplé avec une
benzophénone sur les 2 positions en a du soufre.”® Les réactions ont été menées dans des tubes en
verre dans |'acétonitrile sous irradiation UV et pendant 24h a l'intérieur d’une armoire ventilée a 16
°C. Lors du premier essai, sous atmosphere d’air ambiant, nous n’avons observé la formation d’aucun
produit de couplage (Tableau 1, Entrée 1), cependant la méme réaction sous atmospheére d’argon nous
a permis d’observer par analyse du spectre RMN des traces de nouveaux produits (Tableau 1, Entrée
2). Apres de nombreux essais, nous avons pu déterminer qu’il était préférable de travailler en
conditions diluées et avec un exceés de méthionine (Tableau 1, Entrée 5). Les adduits de
photocouplages n'ont pas été isolés, mais un produit possédant la méme masse a été détecté par
spectroscopie de masse haute résolution, confirmant la formation d’un adduit de 3-benzoylménadione
et nMet. Ces résultats ont ensuite été repris par Bogdan Cichocki et Vrushali Khobragade,
respectivement post-doctorant et doctorante dans notre laboratoire, et ont été optimisés et étendus
a toutes les sondes chimiques synthétisées et a différents partenaires de la photoirradiation (peptides
modeles et deux protéines modeles de type GR). Ces derniers ont pu également mettre au point les

conditions de la réaction de cyclisation « click » optimisée entre les sondes alcynes et divers azotures.
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Tableau 1. Essais préliminaires de couplages par photoirradiation entre une 3-benzoylménadione et un acide aminé.

o}
NO,
9069 0
NO,
° 0 ~ L
—_—

Ne t MeCN
S 16°C, 24h oMo N4
AcHN OMe
0 AcHN OMe
nMet 0
Masse exacte: 549.1302 (MNa*)
Masse détectée : 549.1301
Entrée Concentration (mol/L) nMet (équiv.) Argon Conversion (%)?

1 0,01 1 Non n.d.
2 0,01 1 Oui traces
3 0,1 (Saturé) 1 Oui 4
4 0,1 (Saturé) 4 Oui 10
5 0,02 5 Oui 20
6 0,02 10 Oui 15

aLa conversion a été déterminée en comparant les intégrations des pics RMN des nouveaux produits formés et de la 3-
benzoylménadione de départ.

Egalement, en étudiant I'oxydation benzylique de la plasmodione (chapitre suivant), nous nous
sommes rendus compte que la photoirradiation UV, conduisait non seulement a la photoréduction de
la naphtoquinone en dihydroquinone, mais aussi a I'insertion d’oxygene au sein de la chaine benzyle.
Ainsi, en partant d’'une simple 3-benzylménadione portant une fonction alcyne, notre stratégie
devenait extrémement simplifiée : la photoirradiation UV d’une sonde 3-benzylménadione ‘clickable’
permet de générer une 3-benzoylménadione « clickable » dans le milieu réactionnel en présence d’un
partenaire H-donneur (comme une protéine). Nos sondes 3-benzylménadione « clickables » ont été
baptisées (pro-)ABPP (comme prodrogues) car elles fonctionnent comme des précurseurs de
benzophénone photoréactives, utiles dans des applications ABPP pour étudier I'interactome de la PD.
Dans ce travail, j’ai investigué les conditions d’oxydation benzylique d’'une sonde 3-benzylménadione

‘clickable’ (molécule 11) sous photoirradiation UV et analysé les conditions optimales par RMN.

L'ensemble de ces travaux sur la conception de sondes chimiques basées sur le squelette 3-

benz(o)ylménadiones a été publié dans JACS*V.
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2.2. Article 3.

A Class of Valuable (Pro-)Activity-Based Protein Profiling
Probes: Application to the Redox-Active Antiplasmodial
Agent, Plasmodione

Bogdan Adam Cichocki, Vrushali Khobragade, Maxime Donzel, Leandro Cotos, Stephanie Blandin,
Christine Schaeffer-Reiss, Sarah Cianférani, Jean-Marc Strub, Mourad Elhabiri, Elisabeth Davioud-
Charvet

JACS™ accepted article, 11 Mars 2021, publié en ligne le 15 Avril 2021.

doi: 10.1021/jacsau.1c00025

65






Downloaded via 130.79.67.244 on April 15, 2021 at 12:48:43 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

HoO®S6

A Class of Valuable (Pro-)Activity-Based Protein Profiling Probes:
Application to the Redox-Active Antiplasmodial Agent,
Plasmodione

Bogdan Adam Cichocki,” Vrushali Khobragade,# Maxime Donzel, Leandro Cotos, Stephanie Blandin,
Christine Schaeffer-Reiss, Sarah Cianférani, Jean-Marc Strub, Mourad Elhabiri,
and Elisabeth Davioud-Charvet*

Cite This: https://doi.org/10.1021/jacsau.1c00025 I: I Read Online

ACCESS ‘ [l Metrics & More | Article Recommendations ‘ @ Supporting Information
Plasmodione (PD) is a potent antimalarial redox-active drug 2 C like" protein adduct )
. . . . . RS R via classical protein CH-insertion
acting at low nM range concentrations on different malaria parasite stages. In (I f
this study, in order to determine the precise PD protein interactome in o I

. . . ! lasmodione PD (R=CF;)
parasites, we developed a class of (pro-)activity-based protein profiling probes i (proJABFP H,c:be“’

(ABPP) as precursors of photoreactive benzophenone-like probes based on
the skeleton of PD metabolites (PDO) generated in a cascade of redox

reactions. Under UV-photoirradiation, we clearly demonstrate that benzylic 0
O‘l .I:%‘

hv

oxidation of 3-benzylmenadione 11 produces the 3-benzoylmenadione probe 8

7, allowing investigation of the proof-of-concept of the ABPP strategy with 3- U7 s

benzoylmenadiones 7—10. The synthesized 3-benzoylmenadiones, probe 7 n 2" state of ‘

with an alkyne group or probe 9 with -NO, in para position of the benzoyl ABPF probes 710
chain, were found to be the most efficient photoreactive and clickable probes. via photoreduction, oxidative coupling

& nucleophilic attack

In the presence of various H-donor partners, the UV-irradiation of the

photoreactive ABPP probes generates different adducts, the expected

“benzophenone-like” adducts (pathway 1) in addition to “benzoxanthone” adducts (via two other pathways, 2 and 3). Using
both human and Plasmodium falciparum glutathione reductases, three protein ligand binding sites were identified following
photolabeling with probes 7 or 9. The photoreduction of 3-benzoylmenadiones (PDO and probe 9) promoting the formation of
both the corresponding benzoxanthone and the derived enone could be replaced by the glutathione reductase-catalyzed reduction
step. In particular, the electrophilic character of the benzoxanthone was evidenced by its ability to alkylate heme, as a relevant event
supporting the antimalarial mode of action of PD. This work provides a proof-of-principle that (pro-)ABPP probes can generate
benzophenone-like metabolites enabling optimized activity-based protein profiling conditions that will be instrumental to analyze the
interactome of early lead antiplasmodial 3-benzylmenadiones displaying an original and innovative mode of action.

activity-based protein profiling, antimalarial, 3-benz(o)ylmenadione, CuAAC, electrophile, photoaffinity labeling,
photoredox, quinone

Cu(I)-catalyzed alkyne—azide cycloaddition (CuAAC) “click”
reaction, also known as the seminal Huisgen reaction adapted
for biological chemistry and proteomics purposes.”® The
ABPP probe is based on three essential functional chemical
elements: (1) a recognition group—drug/metabolite that has
affinity to specific proteins defined as interactome; (2) a
reactive group—either electrophilic or photoreactive feature
that favors cross-linking or covalent binding of the probe to the

To decipher drug modes of action (MoA), chemical strategies
for functional proteomics have been developed in the recent
years with the activity-based protein profiling (ABPP) being
one of the most specific.’ This unbiased and alternative
methodology to identify drug or drug metabolite interactors in
diverse organisms has successfully detected protein partners of
miscellaneous biomolecules®™* (see the pioneering work from
Cravatt et al. and then from Bogyo et al., with the first reports
about serine hydrolase inhibitors). ABPP allows monitoring January 22, 2021
and dissecting a drug interactome from complex proteomes in
their native forms. This is achieved by the design and synthesis
of small drug-activity-based probes that can react with the
protein targets. The selective separation of the drug—protein
adducts from the whole proteome is made possible by the
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Figure 1. (A) Bioactivation of plasmodione (PD 1): Upon internalization in the parasite, plasmodione PD (1) is proposed to generate the drug
metabolite PDO,, (2) by benzylic oxidation (step @), the 3-benzoylmenadione (benzoylMD), which, under its oxidized form, possesses a
photoreactive benzophenone-like moiety (indicated in red). This metabolite is further reduced (step @) and under its reduced form (3) takes part
in oxidoreductase-mediated redox-cycling (step @), leading to ROS-induced parasite death. In addition, the generation of a third metabolite,
namely the benzo[c]xanthen-7-one (benzoxanthone, PDO-BX) derivative (4), has been envisioned as one possible metabolite generated through
an oxidative phenolic coupling reaction from the 1-electron-reduced benzoyIMD (3) radical (step ®). Significantly, PDO,.4 (3) exists in different
mesomeric species, but for the clarity of the scheme, only one species is shown. (B) Plasmodione-activity based probes (PD-ABPP): The common
scaffold of the PD-ABPP probes 7—11 is a photoreactive 3-benzoylmenadione, functionalized by different electron-withdrawing groups in para-
position (-CF; or -NO, or -alkyne) affecting their photoreactivity. 3-Benzylmenadiones (such as 1, 5, 11) are not photoreactive per se, while probes
6—11 in the benzoylMD series are photoreactive. (C) ABPP strategy: This approach is aimed at identifying drug activity-based protein profiling in
living parasites incubated with a parent PD-ABPP precursor designed as (pro-)PD-ABPP. The (pro-)PD-ABPP probe is released upon
bioactivation through the benzylic oxidation. In this paper, our aim is to showcase the proof-of-concept by starting the work from the
benzoylmenadione derivatives (metabolites and ABPP probes). Upon UV irradiation, covalent cross-linking of PD-ABP to its potential targets is
expected to occur. Further, a reporter click reaction between the probe-derived alkyne and the fluorescent rhodamine azide or biotin azide reveals
successful cross-linking of probe to peptides and GRs as protein models, which can be analyzed by SDS PAGE and/or LC-MS/MS. Identification
of the site where the ABPP probe was bound to both GRs was investigated and discussed.

target(s); (3) a reporter group/tag (e.g, alkyne or azide)
enabled to react in the click reaction with a partner (e.g., azide
or alkyne) that is functionalized either by a fluorophore for
visualization of the drug—protein adducts or a affinity

chromatography tag for enrichment and identification of the
adduct.” An additional advantage in the ABPP field is the
enlargement of the variety of chemical probes that trap
representatives of various enzyme classes and can be utilized in

https://doi.org/10.1021/jacsau.1c00025
JACS Au XXXX, XXX, XXX—=XXX



proteome studies. In the case of the flavin-dependent
oxidoreductase family, the design of clickable ABPP probes
was limited to the cytochrome P450,° 2-oxoglutarate oxy-
genases,9 and amine oxidases.'""! According to the literature,
several proteomics studies have been conducted with ABPP
probes for the detection of drug targets in P. falciparum.lz*16

NAD(P)H-dependent flavoenzymes from the malarial
parasites have been proposed as possible targets of
plasmodione, an early antimalarial lead compound (PD, 3-
[4-(trifluoromethyl)benzyl]-menadione, 1, Figure 1).'” Initial
studies have focused on the chemical reactivity of the 3-
benzylmenadione core, and of its key putative metabolites, the
3-benzoylmenadiones, which were shown in vitro to act as
effective subversive substrates of recombinant glutathione
reductases from human (hGR) and P. falciparum (PfGR).
GR is a homodimeric NADPH-dependent FAD-containing
enzyme (GR; EC 1.8.1.7) that belongs to the family of
NADPH-dependent oxidoreductases. GR catalyzes the reduc-
tion of glutathione disulfide (GSSG):

NADPH + H" + GSSG = NADP" + 2 GSH (eq 1). Ac-
cording to previous studies, suicide-substrates such as
fluoroM;, a fluoromethylmenadione derivative, inactivates
GSSG reduction by hGR but not naphthoquinone reduction,
thus suggesting that naphtoquinone reduction occurs at a
different site than GSSG reduction, possibly near the flavin,
close to the NADPH binding site, as previously posmlated.]8

Subversive substrates inhibit GSSG reduction activity
because they are reduced by the NADPH-reduced flavin
enzyme species, thus preventing electrons to flow normally
from NADPH to GSSG. In the presence of natural oxidizers,
for example, oxygen or methemoglobin(Fe®*) (metHb),
naphthoquinone reduction was demonstrated to be reversible
for PD and its key metabolite, the 3-benzoylmenadione
(PDO,,, compound 2), starting a redox-cycling process
(Figure 1A). Reduced benzoylmenadiones can efficiently
transfer one electron to metHb, and the redox cycle constantly
regenerates the benzoylmenadione under its oxidized form at
the expense of the NADPH pool.'” MetHb is a critical nutrient
for Plasmodium crucial for its growth (e.g, at the trophozoite
stage) while Hb(Fe®) is not digestible.” The shift in metHb/
Hb(Fe*) balance during redox-cycling results in metHb
depletion and parasite growth arrest. From PD, the
NADPH-dependent oxidoreductase-promoted redox-cycling
also produces a continuous flux of reactive oxygen species
(ROS) and toxic metabolites, including the reduced 3-
benzoylmenadione (PDO,.q; compound 3) (i.e., via 1-electron
transfer) along with hemoglobin degradation catabolites
identified as membrane-enriched hemichromes. The latter
are known to act as biomarkers of red blood cell (RBC)
senescence and to trigger early phagocytosis by macrophages.
Hence, PD activation via PDO-mediated redox-cycling most
likely results in the specific removal and clearance of the
parasitized RBCs (pRBC).*"*!

Furthermore, during metHb digestion, toxic heme is
released into the acidic food vacuole of the parasite. To
detoxify free heme, the parasite converts it into a nontoxic
insoluble hemozoin biocrystal. We previously proposed that
PD bioactivation in pRBCs, possibly by GR, generates a key
metabolite—the benzoxanthone 4 (PDO-BX) (Figure 1A) via
a cascade of redox reactions and oxidative phenolic coupling.
In turn, PDO-BX can firmly interact with free heme and is thus
suggested to prevent heme crystallization leading to parasite
death.'”*

Finally, in yeast, the mitochondrial type II NADPH-
dehydrogenase Ndel, was found to be the main target
responsible for PD redox-cycling, with GR and two other
oxidoreductases (Mcrl and Lpdl) being minor targets.”
Taken together, these observations and the current model for
PD MoA suggest that, once generated, PD metabolites could
(i) redox cycle with several oxidoreductases, which may vary
according to parasite developmental stage, generating oxidative
stress; and/or (ii) disturb key parasite processes such as
hemozoin formation. Additionally, the abundance of proteins
expressed in parasites is variable and depends on the parasite
stages. Thus, during any ABPP study, actual drug targets
expressed in traces would be difficult to distinguish from
unspecific labeled but abundantly expressed proteins recovered
in the HPLC MS/MS analysis. The focus of the present study
was therefore to design a series of relevant and specific PD-
ABPP probes, to define standardized conditions for their use
and establish a proof-of-concept of their application with
isolated proteins such as hGR and PfGR as models (Figure
1C). Here, for the first time, we report that 3-benzylmena-
diones are photoreactive and, as (pro-)activity-based protein
profiling probes ((pro-)ABPP), can be used for ABPP
applications.

The 3-benzoylmenadione probe generates a benzophenone-
like moiety upon photoreduction, a step that mimics the
reductive bioactivation drug pathway catalyzed by a
flavoenzyme in the living cell.

Diversely substituted benzophenone-like and BX adducts
were produced in the presence of different partners via original
photoredox pathways that have not been previously described.
The successful photoaffinity labeling of both GRs not only
allowed the identification of naphthoquinone binding sites in
GR structure but also revealed an alkylation process of the
toxic heme by PDO-BX, generated upon PD redox-cycling
with hGR, which is likely a relevant event contributing to PD
MoaA.

Our original strategy for designjns the PD-ABPP is leveraged
from the postulated MoA of PD."” PD was suggested to act as
a prodrug generating in situ a key metabolite, PDO, upon PD
bioactivation (j.e., benzylic oxidation) (Figure 1A). Interest-
ingly, PDO possesses in its structure the 2-benzoyl-1,4-
naphthaledione group that could behave as a 2-benzonaph-
thone precursor.”® Therefore, we assumed that the redox-active
PD-derived benzoylmenadione, under its reduced state, might
have an intrinsic photoreactive benzophenone-like structure
per se and thus permit the spontaneous covalent trapping of
targets upon photoirradiation. Such probes might show high
spatiotemporal control of targeted enzyme recognition/
alkylation and drastically lower nonspecific binding. Interest-
ingly, no additional bulky photoreactive group was introduced
into the PD metabolite structure. Furthermore, the newly
designed ABPP probes 7—11 (Figure 1B) were functionalized
in the benz(o)yl chain, by a reporter alkyne group known to
bring minimal structural and electronic perturbation.

To validate the hypothesis of the intrinsic photoreactivity
properties attributed to the benzophenone-like structure, we
first studied the 3-benz(o)ylmenadione derivatives in model
photochemical reactions. We compared the photoreactivity of
the previously reported PD analogue 3-benz(o)ylmenadione
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Figure 2. Mass spectrometric analysis of the photochemical reaction mixtures. Field-desorption mass spectrometry (FD-MS) analyses of the
photochemical reaction mixtures of (panel A) the 3-benzoylmenadione 6 or (panel B) the 3-benzylmenadione 5 derivatives, in the presence of the

diprotected methionine nMet.

Scheme 1. Synthesis of the 3-Benzoylmenadiones 7—10 (Paths A and B) through the Friedel—Crafts Reaction Variant®' and
the 3-Benzylmenadione 11 (Path C) through the Kochi—Anderson Reaction®?,*
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“Reaction conditions: (i) 1. SnCI, cc HCI, EtOH, rt, 2 h, 2. Me,SO, acetone, KOH, MeOH, 60 °C, 4 h; (ii) TfOH/TFAA, DCM, and A. 4-
iodobenzoic acid 7a, or 3-iodo-4-(trifluoromethyl)benzoic acid 8a, B. 4-nitro-3-fluorobenzoic acid 9a, or 3-fluoro-4-(trifluoromethyl)benzoic acid
10a, 0 °C then rt, 16 by (iii) Cul, Pd(PPh,),CL, NEt, tt, 16 h, HC = C-TMS; (iv) TBAF, THF, rt, 1.5 h; (v) CAN, H,0/MeCN, tt, 3 h; (vi)
K,CO; DMF, propargylic alcohol, 60 °C, 24 h; (vii) 4-iodophenylacetic acid, AgNO; Na,5,04 MeCN/H,0, reflux, 4 h.

5—6 pair'’ (Figure 1B) upon photoirradiation at 350 nm
(Figure 2) in comparison with benzophenone (Figure S1) to
evaluate whether the keto group of the benzoyl chain is
essential for photoreaction. For this, we used N-acetyl-
methionine methyl ester (N-Ac-Met-OMe, shortened as
nMet) as a partner model, in accordance with previous studies

demonstrating that methionine and its N-Ac-Met-OMe
derivative are predominantly alkylated at the side-chain in @-
position to the sulfur.”*** The products of the photoreaction
were analyzed by field desorption-mass spectrometry (FD-
MS). As observed in Figure 24, the insertion product of the 3-
benzoylmenadione derivative 6 and nMet displayed a mass
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peak at m/z = 526.2. Under the same photoirradiation
conditions, the photoreactive benzophenone generated the
insertion product with nMet as attested by the presence of
mass peaks at m/z = 387.2 (M") and 369.2 (M'-H,0) (Figure
§1). No major insertion product was observed for the 3-
benzylmenadione derivative § (Figure 2B), demonstrating that
the 3-benzoyl chain is essential for the photoreactivity of the
benzoylmenadione derivative 6.

Interestingly, probe 6 appears to be photochemically reactive
per se, even in the absence of a prereduction step in the
presence of the NADPH/GR. The 3-benzoyl-dihydronaph-
thoquinone is likely generated by photoreduction upon
pho1:oirraclia.ti0n,23’26 thus allowing formation of the insertion
product. At first glance, we neglected the small peaks appearing
at m/z = 321.1 and 323.1 suggesting the formation of trace
photoproducts upon photoirradiation of the 3-benzylmena-
dione 5, which were finally attributed to both oxidized and
reduced species of the 3-benzoylmenadione 6 (Figure 2, black
box). This observation was confirmed later when we used the
most photoreactive 3-benzylmenadione ABPP probe 11 per se
to investigate the generation of photoproducts upon UV-
photoirradiation.

Using FD-MS under the same experimental conditions with
3-benzoylmenadiones, we were able to observe the insertion
product of the benzoylmenadione 6 with a p-nitro-benzoyl
derivative but not with benzoylmenadione 12 with a carboxylic
acid group in para- to the benzoyl ring (data not shown). This
result might be explained by the fact that the carboxylate form,
which predominates in neutral aqueous solution, is not an
electron-withdrawing group (EWG) but rather a donor or even
neutral®’ group; some photochemical decarboxylations were
also reported.” Thus, the promising photochemical properties
of probe 6 convinced us to design the new PD-ABPP probes
7—11 (Figure 1B) functionalized by different EWGs in para-
position of the benz(o)yl chain and an additional reporter
group (i.e., alkyne prone to be reactive with azides in the click
reaction). Noteworthy is that the p-alkyne group can be
considered both as the reporter group for the CuAAC reaction
but also an EWG to favor the formation of an insertion
product upon photoi1rrac:liati0n.29’30

Each of the 3-benzoylmenadiones alkyne derivatives 2, 4, 6,
and 8 was synthesized using as a key step, the Friedel—Crafts
acylation, recently described by our team.”" Using the electron-
rich 1,4-dimethoxy-2-methylnaphthalene (i.e., aromatic nucle-
ophile) and readily available synthetic benzoic acids (7a—10a)
(i.e., acylating agent) as starting materials, this reaction variant
allowed us to prepare the corresponding 2-benzoyl-14-
dimethoxynaphthalene intermediates (7b—10b) in mild
conditions. These are key intermediates, to achieve, in a few
additional steps the desired chemicals probes described in
paths A and B (Scheme 1). The four benzoyl-1,4-dimethoxy-2-
methylnaphthalenes 7b—10b were obtained with 47%, 66%,
82% and 67% vyield, respectively. It is worth mentioning that
without the Friedel—Crafts reaction variant, the 3-benzoylme-
nadiones functionalized by an alkyne group could not have
been produced easily (i.e., see the different synthetic pathways
discussed previously).”’

A Sonogashira pallado-catalyzed coupling allowed the
trimethylsilane (TMS)-protected alkyne insertion, starting
from the iodinated aromatic compounds 7b—8b, to obtain

efficiently intermediates 7c—8c. These were successively
deprotected in 7d—8d, first with TBAF and then by cerium
ammonium nitrate (CAN) to afford both desired alkynated 3-
benzoylmenadiones 7—8 upon oxidative demethylation. For
the synthesis of alkynes 9¢ and 10c, propargyl alcohol was first
submitted to a nucleophilic aromatic substitution reaction on
the electron-poor fluorinated aromatic intermediates 9b and
10b, leading to the targeted quinones 9 and 10 after oxidative
demethylation with CAN.

ABPP probe 11 in the benzylmenadione series was
synthesized according to path C in a five-step route starting
from the Kochi—Anderson reaction®” (Scheme 1). First, 3-
benzylmenadione 1la (80%) was produced by addition to
menadione of a benzyl radical generated from 4-iodophenyl-
acetic acid by decarboxylation in the presence of silver salts’
catalysis and stoichiometric amounts of the Na,S,04 oxidant.
Owing to the incompatibility of the methyl group of 11a in
basic medium, it was not possible to introduce the alkyne
moiety directly on the quinone by palladium cross coupling
reaction. Consequently, the benzylmenadione 1la was first
reduced with SnCl, in acid medium to the corresponding 2-(4-
iodobenzyl)-3-methylnaphthalene-1,4-diol intermediate, which
was protected (after a quick crystallization step under
nitrogen) by methylation using dimethylsulfate to produce
the 2-(4-iodobenzyl)-1,4-dimethoxy-3-methylnaphthalene in-
termediate 11b (56%). Then, the iodo derivative 11b was
submitted to the Sonogashira pallado-cross coupling reaction,
using ethynyl(trimethyl)silane in excess. This reaction
successfully promoted the formation of the TMS-protected
alkyne 1lc in excellent yield (90%). The TMS group was
removed from 11c by TBAF to obtain the free terminal alkyne
11d (97%), and the 1,4-quinone moiety was recovered by
oxidative demethylation following addition of CAN in
acetonitrile (ACN)/water mixture to obtain in good yield
(66%) the targeted 3-benzyl-[4'-alkynyl]-menadione 11.

These PD-ABPP probes have been primarily designed to
highlight both the binding sites and elucidate the protein
interactome of PD in living cells. Additionally, considering the
originally studied glutathione reductases from the pRBC unit,
the reduction site of subversive substrates is a matter of debate
(discussed in ref.**), even if menadione was observed to bind
to various cavities of the crystal structure of the human
enzyme.** Before testing the cross-linking ability of these
ABPP probes, we undertook the evaluation of their inhibition
capabilities with the human GR in 1 mM GSSG reduction
assays (in 2% ACN instead of 1% DMSO). We observed that
the probes 7, 8, 9, and 10 behaved as potent GR inhibitors,
with IC, values of 0.60, 0.80, 0.58, and 0.85 uM, respectively;
these values are in the same range as those previously observed
for 6 and 12 (0.4 and 0.7 uM, respectively).'” Thus,
functionalization did not decrease the inhibitor activity in
comparison to effective 3-benzoylmenadiones.

Photoreactivity of the PD-ABPPs was evaluated under the
same photoreaction conditions used for the model reaction
between nMet and probe 6 (vide supra). We observed that
among the five PD-ABPP, the photoreaction preferably
occurred with probes 6, 7, and 9 bearing -NO, or alkyne
(strong to moderate EWG) in para-position in accordance
with yields of starting probe consumption and photoproduct
formation, calculated from the 'H NMR spectra (Table 1,
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Table 1. Photoirradiation of N-Acetyl Methionine Acid
Methyl Ester (nMet) and Probes 6, 7, and 9

residual

& (ppm)/signal shape for each probe and
probe:formed

photogenerated product from "H NMR

probe spectra products (ratio)
6 8.07 (dd)/8.04 (dd) 69:31
7 7.60 (dd)/7.38 (dd) 75:28
9 7.51 (dd)/7.40 (dd) 61:39

“Ratio of residual probe and formed coupling products is based on
the integration of the corresponding signal in the 'H NMR spectra of
the crude reaction mixtures.

Figures $2—54). For probes 8, 10, and benzophenone, the 'H
NMR data did not allow the calculation of the yields of probe
consumption or formed products because the signals were
either too small or combined with other signals. The CF,
group is known to be a strong EWG group, such as -NO, and
even more than an alkyne grciup27 but the mesomeric effect,
inherent to both of the latter groups, can stabilize more
efficiently a ketyl radical generated by photoreduction, than the
inductive effect of a -CF; group. Additionally, we determined
the absorption spectrophotometric characteristics (&™ and
™) of all PD-ABPP probes 7—11 along with probe 6 (Figure
SS; at the photoirradiation A4 of 350 nm, all the PD-ABPP
probes are characterized by weak n—z* transitions). On the
basis of these data, we can conclude that benzoylmenadione
probes are photoreactive per se and can be used to covalently
trap targets in an ABPP approach.

Starting from the prior observation of the generation of trace
amounts of oxidized and reduced benzoylmenadione species
upon photoirradiation of the parent 3-benzylmenadione, we
investigated the reaction to produce the most efficient
photoreactive probe 7 from the parent prodrug, the 3-
benzylmenadione 11. Since it is well-known that the
dihydronaphthoquinone is favorably generated via the semi-
quinone by photoreduction of the naphthoquinone in
iso}-)ropam;)l,35 we submitted the benzylmenadione probe 11
to UV-irradiation in this solvent under bubbling of oxygen.
After 72 h of irradiation, the formation of the corresponding 3-
benzoylmenadione was clearly observed, as attested, for
example, by monitoring the deshielding of the alkyne proton
seen in the NMR spectra (Figures 3, S6, for the full-scale 'H
NMR spectrum). The same reaction in a 1:1 mixture of ACN
and water only afforded traces of the species oxidized at the
benzylic position. To overcome the poor solubility of probe 11
in both systems, a 1:1 mixture of dichloromethane and
isopropanol was selected, and these conditions were shown to
be optimal with a full conversion of the initial 3-
benzylmenadione 11 to the 3-benzoylmenadione 7 upon
photoirradiation. The aerobic benzylic oxidation mechanism
likely involves intermediate hydroperoxidation.’® However, the
low quantity of 3-benzoylmenadione generated during the
photoirradiation of 3-benzylmenadione in an ACN/water
mixture prevented any detailed study on the optimization of
the conditions for effective photoalkylation followed by the
click reaction. This condition is not physiological, but we could
demonstrate herein that naphthoquinone reduction by a
flavoenzyme (e.g, both GRs) can be substituted by UV-
photoactivation in the presence of oxygen. Notably, the
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Figure 3. Overlay of the "H NMR spectra in the 2.8—3.4 ppm area of
(A) pure probe 11 and reaction mixtures of 3-benzylmenadione probe
11 in various solvents after 72 h of UV-photoirradiation at 350 nm:
(B) in a 1:1 H,O:MeCN system; (C) in iPrOH; (D) in a 1:1
CH,Cl,:iPrOH system; (E) pure 3-benzoylmenadione probe 7.

benzylic oxidation might occur in living cells during enzymic
catalysis with flavoenzymes in a hydrophobic environment like
membrane lipid bilayers or a hydrophobic protein core. For
this reason, the following study was carried out using 3-
benzoylmenadione-based ABPP probes (instead of 3-benzyl-
menadione-based ABPP probes) to optimize the methodology
and strengthen the ABPP approach.

The click (CuAAC) reaction is crucial for the analysis of
complex proteomes because it allows the grafting of a
pulldown-tag to the cross-link adducts. Subsequent adduct
enrichment through the affinity purification enhances correct
peptide identification during MS analysis. The ABPP probes
7—10 were predicted to have different click reaction reactivity
depending on the position of the alkyne on the phenyl ring and
the length of the linker connecting them (via O—CH, or
directly attached). To assess the influence of both factors on
the ABPP properties and select the best probe in model click
reactions, we first evaluated the PD-ABPPs reactivity with the
commercially available and fluorescent rhodamine azide (RA)
(Figure S7C). RA was used to develop and improve the
reaction conditions by varying Cu(I) ligands (TBTA, THPTA,
or BCDA) and/or the reductants (NaASc and TCEP) that are
essential for the efficiency of the CuAAC reaction (Figure
S7A,B). The yields of the CuAAC reactions were determined
by LC-MS analysis (Figures $8—S15).

During the development of an optimized protocol for the
click reaction, we identified several factors, which surprisingly
have greater than anticipated influence on the effectiveness of
the click reaction with ABPP probes 7—10. Although well-
known, the influence of these factors has not been sufficiently
emphasized and described in the literature and has led us to
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Figure 5. Probe 9 forms photoadducts with GSH in aqueous ACN conditions. (A) Chromatogram using absorption detection at 200—600 nm
obtained by LC-MS analysis of reaction mixture containing GSH (3 mM) without ABPP probe upon 8 min UV irradiation. Glutathione disulfide
(GSSG, RT = 4 min) is formed in the reaction by oxidation of GSH (RT = 4.25). (B) Under the conditions described in (A), 200—600 nm
chromatogram is depicted after LC-MS analysis of reaction mixture containing probe 9 (600 #M) and 3 mM GSH upon UV irradiation for 8 min
(n = 4). Multiple peaks corresponding to different GSH and GSSG adducts (different cross-linking site, GSH and GSSG fragments, double cross-
linking) are visible in the chromatograms. Peak corresponding to mass of photo-cross-linked adduct of full GSH and probe 9 is highlighted in red
box (RT = 33.5 min). (C) Left panel — Extracted ion chromatogram of m/z = 618.16 Da from reaction in (B). Right panel — Fragmentation
pattern of the selected peak in (B) spectrum showing adduct m/z at 681.16 Da. ECG — amino acid letter code of GSH. Peaks on the right side
from m/z = 308.08 originate from probe 9-derived BX-SG fragmentation, on the left side from GSH fragmentation.

carry out a detailed fundamental investigation of each of the
partners of the CuAAC reaction (vide infra). Additional
observations, troubleshooting and click reaction optimization
steps are described in the Supporting Information.

To improve the performance of the CuAAC reaction, we
applied the generally used CuSO,-THPTA-TCEP (copper
source-ligand-reductant) trio in a 1:1:1 ratio. According to the

yield of the optimized click reaction (Figure S10B), the
sequence of probe efficiency (i.e., 2 h reaction) was determined
as follows: probe 7 with -p-alkyne (58.8% yield) > probe 9
with -p-NO, and m-O-CH,-alkyne (12.8% yield) > probe 10
with -p-CF; and m-O-CH,-alkyne (2.9% yield) > probe 8 with
-p-CF; and m-alkyne (2.2% yield). The CuAAC reaction
efficiency can be directly correlated with the probe structure

https://doi.org/10.1021/jacsau.1c00025
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Scheme 2. Chemical Analysis of the Insertion Products upon Photoirradiation of the ABPP Probe 9 with Glutathione (GSH)

by Mass Spectrometry”
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and the resulting three factors: steric effects around the alkyne
group, aqueous solubility of the probe and EWG properties of
the aryl side groups (See Supporting Information, section
“Click reaction optimization and troubleshooting”).

Additionally, in a click reaction with probe 7, we compared
the generally used THPTA ligand with another Cu(I) ligand,
the bathocuproinedisulfonic acid (BCDA)*’ in various
conditions of the (copper source—ligand—reductant) trio
both in water and in PBS buffer (Tables S1 and S2).

With this optimization study, we could conclude that
phosphate ions can inhibit the CuAAC reaction and that this
problem can be solved by lowering the phosphate buffer
concentration and increasing copper/ligand ratio with respect
to TCEP (Figure 4). Under these newly designed experimental
conditions, we demonstrated that probe 7 can be clicked with
an efficiency as high as in water without increasing
concentrations of the reductant. BCDA is fully compatible
with this click reaction conditions in PBS buffer (Table S2,
R28—R30). Furthermore, it is preferred over THPTA in
oxygen-free conditions.**

Finally, we analyzed the click reaction of probe 7 with
biotin-azide (BA), which is used to enrich tagged adducts by
interaction with streptavidin. Despite changing the cosolvent of
the reaction medium from DMF to ACN, the Cu(I)
cycloaddition of BA had a similar pattern in triazole formation
efficiency as RA (R32—39 vs R40—48; Tables S3 and S4).
Thus, we conclude that our optimized click conditions are also
compatible with an efficient labeling of alkynes with the biotin

tag.

Based on nMet-PD-ABPP cross-linking data, we chose probes
7 and 9 to further explore the cross-linking ability of the
ABPPs toward a peptide model. Additionally, this allowed us
to determine the peptide adduct behavior (mass shift,
fragmentation) during MS analysis, which is a crucial
parameter to facilitate detection in proteomic analysis. The

GSH and P52C peptides were chosen as models for cross-
linking. GSH was selected as a model peptide because of its
commercial availability, simple structure, high solubility in
water, and relevance in the context of our model approach.
P52C is a 16 amino-acid-peptide covering the pseudoactive site
of the trypanothione disulfide oxidoreductase from T. cruzi.”’

To assess the photoactivation of ABPPs in more
physiological conditions, cross-linking with GSH or P52C
was performed in a water:organic solvent mixture (H,0:ACN,
1:1, v/v). These conditions were different from those used for
the cross-linking conditions with nMet (vide supra) where
pure ACN solvent was used. However, we observed that the
probe solubility is significantly limited in aqueous ACN
solutions (Figure S16). The observed solubility properties of
the probes followed this sequence (from the less to the most
soluble): probe 10 < probe 8 = probe 7 < probe 9. Since probe
9 was the most water-soluble ABPP probe and displayed the
highest cross-linking efficiency with nMet, we used it as a
binding partner for GSH. We found that although reagent
concentrations were lowered (from mM to uM), we were still
able to identify a significant fraction of GSH/GSSG-probe
adducts after overnight photoirradiation (Figure SA,B).

MS/MS analysis of the most prominent product (681.16 Da,
retention time (RT) = 33.5 min) revealed that this adduct has
apparently lost two hydrogens (expected M-2H) compared
with the initially expected mass of the photoalkylated peptide
(Scheme 2, pathway 1). However, MS fragmentation of this
adduct revealed no further alteration from predicted peptide
fragmentation patterns (Figure SC). Similarly, cross-link
adducts have been detected for P52C (Figure S17).

A more rational explanation for the apparent loss of two
hydrogen atoms of the observed probe 9-GSH adduct could
stem from the second pathway (Scheme 2) upon photo-
irradiation of probe 9 in the presence of GSH. After
photoreduction, an intramolecular process, much faster
because it is entropically favored, leads to the benzoxanthone
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formation. Several studies have clearly exemplified the
photoreduction of quinones and subsequent intramolecular
cyclization of a phenoxy radical,** ** which effectively
occurred in the presence of a H-donor. It is important to
note that in these experiments, GSH can act as both reductant
and H-donor.

Phenolate radical in position C-4 of the diradicaloid reduced
intermediate promotes the intramolecular oxidative phenolic

coupling. The methyl group in ortho to the free phenolate
radical of the resulting benzoxanthone possesses a very labile
-H, which releases a benzoxanthone-derived enone owing to
the favored energetically structure. The electrophilic enone
undergoes Michael addition with GSH leading to the
benzoxanthone adduct (theoretical m/z = 681.16) in perfect
agreement with the observed mass peak at m/z = 681.16. It is
worth highlighting that the initial photoirradiation of probe 6

https://doi.org/10.1021/jacsau.1c00025
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Scheme 3. Mechanism of Formation of Both Observed Insertion Products (Blue Box) via Pathway 3 upon Photoirradiation of

the ABPP Probe 9 with Glutathione”
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with nMet did show an additional mass peak (m/z = 524.1),
albeit with lower intensity, in the FD-MS spectrum (Figure
2A), attesting to the expression of two pathways occurring in
the photochemical reaction.

Indeed, additional MS/MS analysis of the GSH adduct
revealed that the generated probe fragment is benzoxanthone
and that it was bound to the peptides at the sulfur atom of the
cysteine residue (Figures 6C, S18). Consequently, a major
formed probe species with the retention time of 40.2 min and
m/z = 376.08 (identical to the probe 9 mass) found after
photoirradiation was identified as the benzoxanthone (Figure
6B,C). This compound was not detected in the nonirradiated
control (Figure S19A) or after 10 min of irradiation (Figure
6A), suggesting that prolonged photoreduction time is
necessary to generate the cyclization product. Additionally,
the newly found species underwent deprotonation overtime
forming the predicted and reactive enone of pathway 2 (m/z=
374.07) (Figures S20, S21E). Incubation of synthesized PDO-
BX with GSH confirmed the BX reactivity toward free thiol of
GSH (Figures S22A, S22B, $23).

Interestingly, although no benzoxanthone is formed after 10
min of UV-irradiation of PD metabolite PDO,,, or probe 9,
with GSH, the reactions also gave rise to adducts missing two
hydrogen atoms (Figures 6A, $22C). MS/MS analysis
identified this compound as a 2-(S-glutathionyl-substituted-
methyl)-3-(benzoyl)-1,4-naphthoquinone (shortened as 2-
(GS-methyl)-PDO or 2-(GS-methyl)-probe 9) (Figures

§24A, §25). Surprisingly, the 2-(SG-methyl)-9 is not present
upon overnight irradiation of probe 9 and GSH, suggesting
that the species is an intermediate formed in the synthesis of 9-
BX-SG, according to pathway 3 (Scheme 3).

To further support our findings on the occurrence of
pathways 2 and 3 occurrence, we substituted GSH in the
reaction with another nucleophilic agent with a thiol group—
thiophenol. LC-MS showed that already after 10 min of
irradiation of PDO or probe 9, benzoxanthones as well as
adducts lacking two hydrogens were formed (Figures S26,
$27).

However, the suggested pathways are not mutually exclusive
as a more careful LC-MS/MS analysis of the probe 9 reaction
mixtures with GSH or thiophenol revealed that formation of
benzophenone-like adducts occurred as well (Figures 6B,
S24B, S26B, S28). Furthermore, in photoreactions, the nitro
group from probe 9 was photoreduced to an amine,”® which
has given rise to amine-substituted benzophenone adducts and
-(SG-methyl)-9 adducts (Figures 6B, 529, S30).

With that, we demonstrated that probe 9 is able to efficiently
cross-link to a peptide and that the corresponding peptide-
ABPP adducts can be detected by MS analysis.

Importantly, three labeling pathways were evidenced to
occur in the photoirradiation experiments involving the
metabolite PDO,, or probe 9 and GSH, as depicted in
Schemes 2 and 3. Using the LC-MS/MS approach, we were
able to detect the main intermediates and products of the

https://doi.org/10.1021/jacsau.1c00025
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Figure 7. Probe 9 cross-links to hGR (A) MS/MS fragmentation pattern of identified peptides of hGR photoreaction mixture with probe 9. Left
panel — peptide cross-linked at K397 (2893.23 Da = Y393—K416 + 9 - 18 Da; dehydration is common for benzophenone adducts). Right panel —
peptide cross-linked at C234 (2874.23 + 9-BX[NH,] Da). Red circles indicate identified cross-linking sight. (B) Left panel — position of K256—7,
K397 (blue), C234 (orange), Tyr197 (pink), and FAD (yellow) have been marked on the previously reported hGR dimer structure cross-linked to
menadione analogue (red). The substrate binding cleft leading to the catalytic disulfide bridge is visible between K397 and menadione core (orange
triangle). (C) Magnification on C234 (yellow) containing the binding pocket with indicated water molecules (violet balls). Surface of A241 (blue)

and H374 (pink) at pocked opening and V200 (green) in cavity is visible.

pathways: the probe, the benzophenone-like adduct, the 2-
(SG-methyl)-probe adduct, the cyclized probe-BX, the probe-
BX-derived enone, and the probe-BX insertion adduct.

As for photoreduction, the benzoxanthone formation has been
postulated to occur during several cycles of enzymatic (GR)
le-reduction of PDOox (Figure 1A). However, the metabolite
was only indirectly detected by electrochemical measurements
of PDO derivatives due to its minor amount.’’ To prove
definitively that PDO-BX is generated by continuous redox-
cycling of the drug under hGR catalysis, we analyzed such
reaction by LC-MS/MS after 6 h of regular addition of
NADPH. The BX-derived enone could be found in reactions
in open air (Figures S21B, S21C) but not in the deoxidized
control where redox-cycling was not possible due to the
absence of oxidants like oxygen (Figure S21A). This clearly
demonstrates that PDO-BX is indeed a product of PD
metabolite redox-cycling (Figure 1A).

In addition, we investigated similarities in the BX formation
during the redox-cycling processes during photoreduction and
GR catalysis. For this, we irradiated hGR with probe 9 in
oxygen-free conditions. Interestingly, despite the lack of
oxygen, we were able to obtain 9-BX from probe 9 after 10

min of UV-irradiation with hGR (Figure $21D), although this
was not possible in a comparable period of time when GSH
was acting as a nucleophile. This demonstrates that the
presence of the enzyme is enough to accelerate light-induced
formation of 9-BX. Indeed, the UV-photoreduction process
can mimic the reduction of naphthoquinone by NADPH-
reduced enzyme in this pathway, indicating that both processes
might share similarities. Generation of BX from PDO,, or
probe 9 was also possible in the presence of thiophenol after
10 min of photoirradiation. However, the cysteine thiol group
in GSH only led to minor formation of PDO-BX even after
overnight UV-irradiation (Figure S22 compared to $26). The
results obtained with hGR upon irradiation imply that the
protein cysteines might be more reactive than GSH.
Alternatively, the entropic interaction between the naphtho-
quinone and the enzyme might play a mutual influence on each
other upon transferring electrons and kinetically favor
pathways 2—3 following probe binding to a cavity where the
molecular environment favors BX formation.

To test the ability of the probes to interact with protein targets
and to understand the exact probe binding/reduction site in
GR structure we studied the cross-linking pattern of an ABPP

https://doi.org/10.1021/jacsau.1c00025
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Figure 8. Probe 9 cross-links to PfGR. (A) Positions of cross-linked amino acids (K415 — blue, V6 — pink) to probe 9 in the PfGR structure. The
substrate binding cleft leading to the catalytic disulfide bridge and interspace cavity opening is indicated by the orange triangles. (B) Images
picturing the distance between cross-linked K397 in hGR (left panels), K415 in PfGR (right panels), and the interspace cavity opening. Upper
panel — amino acid positions on protein chain. Lower panels — surface density of cavity opening. Blue — cross-linked lysine; Green and violet —

amino acids of the cavity opening.

probe with GR upon photoirradiation. Enzymatic inhibition
assays proved that the ABPP probes series (e.g., probes 9 and
6) with a EWG (i.e, NO,) in para-position to the benzoyl
moiety possess the highest inhibitory potency toward hGR
among all probes. Furthermore, considering the better
solubility and photoreactivity of probe 9, we selected it as
the best ABPP probe for studies with model proteins hGR and
PfGR.

Mass spectrometry analysis confirmed probe 9-hGR or
-PfGR adduct formation. Similarly to GSH cross-linking, the
adduct m/z suggested the formation of GR-probe products
such as benzophenone-type adduct (+376 Da) and 9-BX or 2-
(S-methyl)-9 (+374 Da) adducts as well as species with
reduced nitro group (346.11 and 344.10 Da)(Figure S31).

Importantly no significant cross-linked peptides (Mascot score
>30) have been identified during MS analysis of UV-irradiated
negative control BSA incubated with 9 and the UV-irradiated
GRs alone.

Interestingly, the cross-linking sites associated to 9-BX or 2-
(S-methyl)-9 were found in sites distinct from the active
cysteines. Alkylation of GR was pinpointed at Lys residues
whose intrinsically nucleophilic e-amines confer important
roles. Beyond cysteines, lysines represent a source for covalent
probe development, and several studies on epigenetics in vivo
have started to identify and map the Lys ligand ability of the
human proteome.”® We can assume that the highly electro-
philic BX-derived enone might be attacked by the intrinsically
nucleophilic lysine e-amine (Scheme 3). Furthermore, Lys

https://doi.org/10.1021/jacsau.1<00025
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cross-linking would explain why this amino acid is miscleaved
after trypsin digestion in a large portion of identified peptide
adducts (Figure S31). Similar cleavage blocking has been
reported in MS studies when Lys is targeted by electrophiles
and supports our correct identification of the adducts.*®

Analysis by MS/MS of the probe 9-cross-linked peptide
adducts identified three hGR peptides with high confidence
(Figures 7A, S31A). The identification of these adducts several
times confirms that the probe 9 can be used as a photoreactive
ABPP probe to bind to target proteins. The involved binding
site between K255 and T257 on peptide E253-R272 is located
on the exposed surface of the protein, away from the protein
catalytic centers, in this apparently nonfunctional region.
However, the two other identified binding sites lie in known
functionally related regions.

The cross-linking position (K397) of peptide Y393—K416
does not reside in known binding pockets of hGR (Figure
7A,B). Interestingly, the binding locus correlates to previous
enzyme kinetic analyses performed with 3-benzoylmenadiones
exhibiting uncompetitive GR inhibition.'” Indeed, it is
localized in the interface domain, known to mediate the
dimerization of the protein. The domain is crucial for GR
activity as the enzyme is not active as a monomer. Additionally,
in the interface domain, at the 2-fold symmetry axis of the
homodimeric protein, a cavity is present, which was reported
to bind numerous GR inhibitors, such as 2-methyl-1,4-NQ_
(menadione),* 6-hydroxy-3-oxo-3H-xanthene-9-propionic
acid," a series of 10-arylisoalloxazines,"” and $-(2,4-
dinitrophenyl) glutathione.* The cavity does not have a
direct connection with the NADPH or FAD binding sites. It is
linked to the external surface of the protein and to the GSSG
binding site by two pairs of short channels. The channel pair
openings, which are located in the catalytic center, emerge at
the bottom of the V-shaped catalytic crevices in close
proximity to the redox-active disulfide bridges. Significantly,
in total, 41 amino acids of both subunits participate to line the
GSSG binding site in hAGR.* It was suggested that compounds
docked in the cavity® could either trigger structural changes
disturbing the dimer stability leading to decrease of enzyme
activity or interfere with the redox potential of the flavin.

Interestingly, the amino acids of the channel opening (403-
FTPMYH-408) are present in the identified peptide where
K399 was alkylated by probe 9, however, separated by a
distance of 19—25 A from the identified cross-link site and
9.5—19 A from the active Cys in the GSSG binding site. It is
possible that the original interaction site does not overlay with
the alkylation site especially considering the reactivity of Lys
toward BX. In line, when probe 9 was cross-linked with PfGR,
instead of hGR, the peptide that was identified with the highest
confidence (I1411—K431)(Figure S31B) is the exact homolo-
gous region of peptide Y393—K416 in hGR (Figure S31A).
Moreover, compared with hGR, the suggested part cross-linked
to the probe in this peptide (411-IYESKFT-417) contains a
K415 to S402 substitution, which lies in proximity to the
channel opening (Figure 8A,B). K415 was miscleaved during
trypsin digestion indicating the exact probe modification site at
this amino acid. Strikingly, the peptide sequence prior to the
cavity is conserved between PfGR and hGR with a high degree
of identity emphasizing the importance of this region™ (Figure
8).

The amine generated upon nitro group reduction in the 9-
BX[NH,]-peptide $S225—K247 adduct was localized on the
free cysteine Cys234 lying in proximity to enzyme’s catalytic

center where FAD is reduced by NADPH, especially very close
to the ultraconserved tyrosine 197. Tyrl97 serves as gate
keeper of cofactor access to FAD because of its ability to flip
and block NAPDH positioning near FAD.*

Structural analysis shows that Cys234 is part of a sizable
pocket that extends into it all the way from the surface near the
side chain of Ala 241 (Figure 7C). The pocket lies in a
relatively accessible region, which directly interacts with a
network of water molecules. Since the pocket is partly lined
with nonpolar side chains, this could allow the naphthoqui-
none to displace the water molecules and gain access to
Cys234. Trapping of the probe could additionally be bolstered
by intrinsic reactivity of the 9-BX toward cysteine. In fact,
Cys234 might have promoted the formation of 9-BX via
pathways 2 or 3 (Schemes 2 and 3). When testing the
orthologous Plasmodium enzyme PfGR, cross-linking with
probe 9 did not occur at the homologous peptide, probably
because of the lack of cysteine in this region in comparison to
the equivalent in hGR. Of note, the pocket does not appear to
have direct access to Tyrl97 as it is additionally blocked by
Val200 or Cys234 itself. Nevertheless, Cys234 and especially
the surrounding cavity represent an interesting target for future
PD MoA investigation. A clearer picture of its importance
should be studied in the future by generating hGR mutants for
enzyme kinetics and drug binding/reduction evaluation.

Having established the cross-linking and click conditions for
the probes as well as selection of the most efficient ones for
ABPP, we tested their labeling capability of proteins on hGR.
Cross-linking with 9 and subsequent click reaction allowed for
efficient RA attachment on hGR (Figure S$32). Similarly,
tagging with BA after cross-linking with 7 or 9 followed by
pull-down with avidine of labeled adducts proves the ability of
the probes to target and isolate proteins (Figure 9). Both

Control +10puM 9
(Noprobe) | +10WM7 | +10uM9 |, 55 ;1 ppO
2% | 50% 2% | 50% 2% | 50% 2% | 50%
(kDa) 1nput | Elution | Input| Elution |Input| Elution |Input| Elution
70
55 — Y — — e —

o

35

Figure 9. Pull-down of hGR labeled with ABPP probes 7 and 9 and
clicked with biotin tag. SDS-PAGE gel stained with Coomassie is
pictured. For each reaction, 2% of the reaction before pulldown and
50% of the elution after avidin binding were loaded on the gel. *GR is
localized at the height of the 55 kDa marker band. M — marker.

tagging reactions of probe 9 with RA and BA are competitive
toward nonclickable drug analogues (6 in RA and PDO in BA
labeling), demonstrating the specificity of the labeling.
Altogether, we evidenced that both the cross-linking and
click reaction of our probes can be combined for the ABPP
strategy.

The plasmodione-derived benzoxanthone is a strong electro-
phile with relevant meaning for the antiplasmodial plasmo-
dione. The PDO-BX 4 has already been proposed to be a key
PD metabolite (Figure 1A).***' Previously, we evidenced the
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Figure 10. ESI-MS and CID-MS analysis of PDO-BX 4-heme complexes. (A) ESI mass spectrum (exit potential: 120 V) of a 1:1 mixture of 50 yuM
heme and 50 M PDO-BX 4 in H,O/CH;CN (5/95) — 1% formic acid. (B) Stability responses of the BX 4-heme (at m/z = 960.2 and at 975.3),
AQ:-heme (at m/z = 971.3) and CQ-heme (at m/z = 935.4) complexes obtained by CID-MS experiments. ESI-MS*; 120 V < fragmentor< 400 V
with 20 V increments. (C) Proposed molecular structure of iron™-hematin species alkylated by the BX 4 and comparison between simulated and

observed mass signatures of species A and D.

formation of a PDO—hematin complex by binding titrations.”’
Having demonstrated the electrophilic nature of the BX 4-
derived enone, we used a collision-induced dissociation
tandem mass spectrometry (CID- MS) methodology to
characterize the complex in detail.®' In particular, two intense
PDO-BX—heme adducts at m/z = 960.2 ([heme+PDO]") and
m/z = 9753 (formally [Heme+BX 4-H+O0]*) were clearly
detected (Figure 10A). The first BX 4—heme adduct at m/z =
960.2 corresponds to a 7—x complex. This feature is assessed
by the weak dissociation voltage DV, (150 V) and the absence
of a residual complex at high fragmentor voltage (Figure 10B).
In addition, the z-stacking in the PDO—hematin complex
might be strengthened by additional interactions such as
hydrogen bonding between the propionate of the heme side
chain®* and the phenol in PDO-BX and Fe"" axial coordination
of the BX carbonyl unit (Figure 10C, species A). It is
noteworthy that PDO-BX can be oxidized (E,, = —50 mV and
—208 mV) through its phenolic moiety and might undergo an
exchange of electron(s) with the tightly bound Fe'' heme. The

intramolecular PDO — Fe'™ heme le- transfer is favored by

hydrogen bonding™” and generates a carbon radical at the BX
core (Figure 10C, species B).

The concomitantly formed Fe"' heme from species B binds
O,, and the resulting species C (Figure 10C) might be attacked
by the nucleophilic a-keto carbon radical®® of the tightly
bound BX, ultimately leading to hematin meso-alkylation®* by
PDO-BX, as suggested from the CID-ESI-MS experiments
(second adduct at m/z 975.3). It is noteworthy that the DV,
value of this second PDO—heme adduct is markedly increased
(+32 V), and a significant amount of the complex is observed
at high fragmentor voltage, which is therefore indicative of a
very stable heme adduct (~5% for PDO—heme adduct and
~7% for the antimalarial drug amodiaquine (AQ)—heme
adduct used as reported reference). In this experiment (Figure
10B), the antimalarial chloroquine (CQ), known to be a
reversible heme binder did not show a residual covalent adduct
at high fragmentor voltage. Similarly, when probe 9 was UV-
irradiated with GSH, the formed benzoxanthone was
demonstrated to be reactive toward heme, when added to
the reaction, leading to the generation of the adduct 9-BX—
heme and its hydrated version (Figure $33). Together with the
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CID-MS experiments, this proves that the previously observed
PDO-BX—heme complex is covalently linked to heme through
the reactive enone alkylation. The structural signature of this
alkylated hematin product is tentatively proposed in species D
(Figure 10C), following reaction of the quinone methide
radical at the meso-position of the tetrapyrrole and release of a
water molecule, as already demonstrated for artemisinin.>*
This suggested that the heme alkylation product has to be
regarded as the result of the formation of a key carbon radical
generated from a redox-active agent in redox-driven bio-
activation processes and a relevant reaction to the MoA
occurring in the parasite in vivo.

Such contribution needs more detailed investigations to
understand the MoA of the redox-active lead animalarial PD.
Interestingly, the data obtained with PDO-BX are reminiscent
of the hypothesized formation of xanthones to explain the
potentiation of antimalarial activities of polyhydroxylated
benzophenone derivatives tested in the presence of Fenton
catalysts upon catalysis of redox-active metals such as Fe'l.>>*
In the present study, upon oxidative phenolic coupling of
PDO, 4 BX releases a powerful electrophile that can be
attacked by the nucleophilic species present in the reaction,
GSH, the terminal e-amine group of lysine-like K397 in hGR,
or heme.

To validate the applicability of ABPPs in parasites, we then
evaluated the antimalarial activity of the five newly synthesized
3-benz(o)ylmenadione-based ABPP probes (7—11, Table 2).

Table 2. IC,, Values for 3-Benz(o)ylmenadione Derivatives
Determined from Growth Inhibition Assays with Highly
Synchronized P. falciparum Strain Dd2

ICsy
P. falciparum hMRC-5
series compound Dd2*¥ (nM) (uM)°
3-benzoylmenadiones 6 513 + 287 24.0
7 1806 + 302 20.5
8 2993 + 750 25.8
9 417 + 222 42.2
10 >5000 294
3-benzylmenadiones 11 49 £ 15 >64.0
plasmodione 20+ 5 >32.0d

“Three independent experiments with the SYBR green assay (mean +
SD). “The P. falciparum Dd2 strain is sensitive to DHA (IC5, DHA =
0.7 £ 0.2), to methylene blue (IC;; MB = 7 + 0.3), and resistant to
chloroquine (ICs; CQ = 189 + 12) “Toxicity values against human
fibroblasts hMRC-5 were determined by using reported protocols.'”
Nalue from ref 17.

The potent antimalarial activities of plasmodione 1, its nitro
analogue 5 and the PDO-BX 4 were already reporhf:d.”’20 As
previously observed and despite being the likely key
metabolites of 3-benzylmenadiones, the 3-benzoylmenadiones
do not display a high antimalarial activity, with an IC;, of ca.
10—50-fold higher than the corresponding 3-benzylmena-
diones.'”*" This may be explained by the very poor
internalization of 3-benzoylmenadione metabolites in pRBCs
when given externally. Indeed, similar to the 3-benzoylmena-
dione metabolite PDO, probes 6—10 (Figure 1) are more
polar and planar than the 3-benzylmenadiones (PD, probes 5
and 11), likely reducing their ability to be internalized in
parasites, and in accordance with the same observation in the

yeast model.”” To act as the key active principle of the prodrug

PD, the metabolite has thus to be generated in situ in the
parasite before it can efficiently cycle with NAD(P)H-
dependent reductases. With respect to the ABPP properties
studied in the click reaction and under photoirradiation, we
observed that probes 7 and 9 are the most efficient probes to
be used in photolabeling of plasmodione targets.

This result has motivated the synthesis of a first PD-ABPP,
probe 11, in the 3-benzylmenadione series. Probe 11 (Figure
1) displayed an ICg, value comparable to that of PD regardless
of substitution of the CF; function at the para-position by an
alkyne group. On the basis of our studies on the photo-
reactivity and clickability of 3-benz(o)ylmenadione-based
ABPP probes, probe 11 is selected for future PD interactome
analysis as the most efficient prodrug in killing parasites with a
similar IC;, value as the value of PD and because it is expected
to generate the most photoreactive probe 7 upon bioactivation
in living Plasmodium parasites.

Herein, we have presented the design and the synthesis of
specific (pro-)PD-ABPP probes based on the postulated MoA
of the antimalarial prodrug PD. We have studied the influence
of different EWGs in the 3-benzoylmenadione series on the
photoreaction effectiveness of the ABPPs as well as the probes’
“clickability” properties. This allowed us to select probes 7 and
9 as the most effective tools for the ABPP approach.
Optimization of the ABPP methodology (e.g, click in PBS
with Cu™:BCDA:TCEP (5:1:1)) has been successfully
demonstrated by hGR photolabeling with probe 7 or 9 and
subsequent pull-down of labeled protein adducts. Interestingly,
labeling of different nucleophilic amino acids in distinct regions
of hGR and PfGR will open new directions to study GR
mutants of these different residues in the context of drug
development. Finally, using UV-photoirradiation, we provide
evidence that (pro-)ABPP probe 11 can indeed be photo-
oxidized in 3-benzoylmenadione-derived ABPP probe 7. While
these conditions are not physiological, this result further
supports the current model for PD activation and MoA.
Additionally, by correlating the efficiency of (pro-)ABPP with
their antimalarial activity, we concluded that the (pro-)PD-
ABPP probe 11 should be the most effective one to be used in
parasite cultures to identify the PD interactome by proteomics
analysis. Identifying PD targets will be essential to further
optimize the properties of this compound series and to design
more active and target-specific derivatives.

Beyond the investigated plasmodione-based tools, we believe
that the concept of (pro-)ABPP can be further expanded as a
generalizable and emerging strategy to investigate redox-active
drugs with various biological properties (e.g, anticancer,
antibiotic, antiviral, antiparasitic) to identify new protein
targets, while noting that other warheads than menadione are
also possible.

Linking drug effects from complex reactions to killing
processes/targets in parasites is one of the most challenging
steps when studying the MoA of any drug. When the latter is a
redox-activable prodrug it is even more difficult because a wide
range of metabolites can be generated in trace amounts during
redox bioactivation. One solution dealing with this quantity
limit is the development ABPP probes based on already known
drug metabolites, keeping in mind that the method addresses a
common limitation of exogenously added probe, which does
not necessarily mimic the endogenous generation of an active
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principle from a prodrug in the target living cell. Therefore, to
circumvent this limitation, we designed a series of photo-
reactive prodrugs, which upon UV irradiation generate the
same drug metabolites as those formed through redox
bioactivation, and we put this concept into practice using the
antimalarial agent plasmodione. Besides this applied and deep
investigation about an antiplasmodial early lead agent, we
believe that understanding the various parameters influencing
the CuAAC reaction, for example, Cu(I) preincubation
reaction with reductant and ligand, organic solvent, reductant
and ligand ratios, pH, buffer dilution, salts, counter-anions, is
essential for the success of the CuAAC strategy. The interplay
between these elusive factors is key in the setting up of the
optimization of the CuAAC reaction, as demonstrated by our
findings.

Reactions were irradiated either with a 365 nm light generated by a
UV monochromator of 1000 W intensity for 8 to 10 min or with a
350 nm light generated by eight RPR-3500A lamps of 200 W with a
Rayonet photochemical reactor overnight at a distance of 3 cm from
the light source.

First, 50 mg of 2-(4-ethynylbenzyl)-3-methylnaphthalene-1,4-dione
11 and 2 mL of the appropriate solvent were added in a tube. The
mixture was agitated and bubbled with oxygen during 30 min. Then,
under a positive pressure of oxygen, the tube was placed in a Rayonet
photochemical reactor and irradiated at 350 nm for 72 h. The
resulting mixture was extracted with dichloromethane if necessary,
and the solvent was removed under reduced pressure. The reaction

crude was directly analyzed by NMR spectroscopy.

The photochemical reaction of N-acetyl-methionine methyl ester (N-
Ac-Met-OMe, shortened as nMet) with benzophenone and benz(o)-
ylmenadione 6 was carried out in a pyrex tube (filter for hv < 300 nm)
at a final concentration of 0.1 M at a final concentration of 0.1 M in
ACN. The reaction was irradiated at § °C for 24 h in a Rayonet
reactor (at 350 nm). Finally, the reaction was analyzed by field-
desorption mass spectrometry (FD-MS), as seen in Figure 2. FD-MS
of the reactions was performed at Heidelberg University according to
a published protocol with a JEOL JMS-700.

The €™ and 4™ of all the PD-ABPP were first analyzed by UV—vis
absorption spectrophotometry in the A region >300 nm (Figure S5).
It is noteworthy to mention that the 7—7* transitions are below 300
nm for all PD-ABPP probes. In addition to the intense absorption
below 300 nm (7—7z*), the maximum of absorption A™*(7z—n*
transitions) is about 340 nm for probes 7, 8, 9, 11; 320 nm for probes
8 and 10; and 350 nm for benzophenone with low intense absorption
(n—z* transitions) centered at about 400 nm. For all probes, we
selected 350 nm (Rayonet, 24 h) or 365 nm (1000 W hv
monochromator, 2 min, at room temperature) wavelengths as the
light excitation sources for studying the corresponding photoreaction
because of the proximity of A™**(n—a* transitions) of the probe and
the low probability of damaging the protein.

The reaction conditions are as follows: 1 equiv of PD-ABPP + §
equiv of nMet (i.e,, 100 #L of 20 mM PD-ABPP in ACN + 100 uL of
1000 mM PD-ABPP in ACN), with a total 200 yL volume. The
reaction mixtures were deoxygenated under strict oxygen-free
conditions using argon-vacuum cycles, exposed to photoirradiation,

and then analyzed by "H NMR. The covalently cross-linked products
were confirmed by TLC and NMR analysis.

The inhibition of hGR by ABPP probes 7—10 was evaluated by using
a standard GR assay17 with 100 uM NADPH (Biomol) and 1 mM
GSSG (Serva) in GR buffer (47 mM potassium phosphate buffer, 200
mM KCl, 1 mM EDTA, pH 6.9) at 25 °C in a I mL-cuvette using the
inhibitor concentrations ranging from of 0 to 2 yM. The final
concentration of ACN in the assay was 2%. Initial rates of NADPH
oxidation by *GR (8 mU or 0.85 pmol) was monitored at 340 nm
with a Cary 50 UV—vis absorption spectrophotometer.

For peptide cross-linking, stock solutions of GSH (Sigma) or PS2C
were prepared in 20 mM PBS at pH = 6.9. Stock solutions of PDO 2
or of probe 9 were prepared in pure ACN. For thiophenol cross-
linking, the stock solution of the thiol was prepared in ACN. Then,
the reaction was started by mixing 3 mM of peptide or thiophenol
with 600 4uM 9 or 100 gM 3 in a mixture of 1:1 ACN and 10 mM
PBS in 200 pL volume. The reaction mixtures were deoxygenized by
seven alternative cycles of vacuum and Ar flux in an anaerobic cuvette
with longer argon cycles (15s) than vacuum cycles (<6s) to avoid
ACN evaporation. The mixture was photoirradiated for 10 min or
overnight (O/N), and the next day the solution was analyzed by
HPLC-MS.

For heme alkylation by 9-BX, 1.5 mM heme solution in PBS was
added to the reaction mixture containing GSH and probe 9 at
completion. The resulting mixture was incubated for 2 h and analyzed
by HPLC-MS. Hematin was generated from hemin (Sigma) by
basifying the heme solution with 2 M NaOH.

In the study about cross-linked adduct formation, protein
photoirradiation was performed with a mixture of 6 uM hGR or §
UM PfGR (or BSA - used as negative control) with 6 uM or 5 uM
probe 9, respectively, in 200 uL of 10 mM PBS buffer at pH 6.9 with
2% ACN. Probe solubility in 2% ACN was assessed spectrophoto-
metrically with a Cary 50 absorption spectrophotometer by
monitoring absorbance kinetics of decreasing ABPP probe concen-
trations, starting with 20 M (Figure S16).

In reactions with hGR and the probe, 52.5 yM NADPH was added
to initiate the redox-cycling. The reaction mixture was deoxygenized
by seven alternative vacuum and Ar flux cycles (10 s each) in an
anaerobic cuvette. Subsequently, the mixture was photoirradiated for
8 min, and afterward, 100 pL of 3X Laemmli buffer was added. The
next day, the samples were separated on 10% SDS-Page gels, stained
with Coomassie solution, and destained according to published
protocol.” Protein bands were cut out and subjected to trypsin
digestion and HPLC-MS analysis.

In order to generate 9-BX, 40 uM of probe 9 was allowed to redox-
cycle with hGR and 1.44 mM NADPH. Probe 9 stock solution was
prepared in DMSO and added to the reaction mixture in the presence
of 2% solvent final in 47 mM PBS buffer in 200 uL of total reaction
volume. In the hemoglobin reduction assay, 80 #M methemoglobin
was mixed additionally to the reaction. Redox-cycling was started by
addition of a 6 uL-aliquot of 16 mM NADPH and 4 uM hGR. The
same amount of NADPH was added at regular 2 h-intervals for the
next 6 h. A control sample was deoxygenized by seven vacuum—argon
cycles before first addition of the separately deoxygenized NADPH

solution.

Probe 9 photoreduction in the presence of hGR was achieved by
mixing 100 #M of the probe in 20% ACN with 4 uM hGR in 47 mM
PBS buffer. Samples were deoxygenized by 7 alternative vacuum-Ar
cycles with longer argon cycles (15s) than vacuum cycles (<6s) to
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avoid ACN evaporation. The reaction was UV-irradiated for 10 min
and the mixture was analyzed by HPLC-MS.

For hGR labeling 150 gL of 10 4uM hGR in 12.5 mM PBS (potassium
based) and 2% DMSO was UV irradiated in the presence of 10 M
probe 7 or 9 for 10 min. The reaction was beforehand deoxygenized
by seven alternative cycles of vacuum and Ar flux. In competition
assays 30 uM of probe 6 or PDO was added additionally. After a 10
min photoreduction, 3.3% DMF and 20 uM RA or 10 uM BA was
added. The reaction was deoxygenized a second time, and 0.4% of
deoxygenized SDS was added with a syringe. A click reaction was
initiated by adding a 1:5:1 copper BCDA:CuSO,:TCEP 40 min-long
preincubation mixture to a final concentration ratio of 132:660:132
M, respectively, and final volume of 200 uL. The reaction was
incubated overnight at 30 °C. Reactions containing biotin azide (BA)
were subjected to pull-down, whereas rhodamine azide (RA)
reactions were mixed with 100 uL of 3X Laemmli, heated at 60 °C,
and separated by SDS-PAGE. Gel fluorescence was visualized by
GelDoc EZ imager (BioRad) on a blue tray (excitation = 430—460
nm). The gel was stained by Coomassie staining after fluorescence
analysis.

Biotin-protein adducts were pulled down by binding to avidin agarose
beads (Pierce). Prior to use, the beads were washed five times with 1.5
mL of washing buffer (47 mM sodium based PBS, pH 6.9) and
centrifuged at 5000g for 1 min at RT. Unspecific sites on the avidin
agarose beads were blocked by incubating the beads for 1.5 h at RT
with 0.5 mM BSA. Overnight click reactions were diluted with 47 mM
PBS with 0.3% SDS to 1 mL of volume and incubated for 1 h with
beads at RT. The suspension was washed once with washing buffer +
0.05% Tween20 and once with washing buffer + 1% SDS, as well as
once with washing buffer in-between, before, and after. Subsequently,
the beads were centrifuged at 4500g for 1 min at RT. Bound proteins
were eluted at 96 °C for 10 min with 80 uL of Laemmli buffer. Eluted
proteins were separated on 10% SDS-PAGE gel and stained with
Coomassie stain.

The gel pieces were successively washed with 50 uL of 25 mM
NH,HCO; and 50 4L of ACN (three times) and dehydrated with 100
HL of ACN before reduction in the presence of 10 mM DTT in 25
mM NH,HCO; (1h at 57 °C) and alkylation in the presence of 55
mM iodoacetamide in 25 mM NH,HCQO,. For tryptic digestion, the
gel pieces were resuspended in 2X volumes of trypsin (12.5 ng/uL;
Promega V5111) freshly diluted in 25 mM NH,HCO; and incubated
overnight at 37 °C. The digested peptides were then extracted from
the gel in a buffer containing 34.9% H,0, 65% ACN, and 0.1%
HCOOH, and the excess of ACN was removed by evaporation and
peptides analyzed by nanoLC-MS/MS.

Peptide digests analysis was performed on a nanoACQUITY Ultra-
Performance-LC (Waters, Milford, MA, U.S.A.) coupled to a
TripleTOF 5600+ mass spectrometer (Sciex, Framingham, U.S.A.).
The samples were trapped on a 20 X 0.18 mm, 5 ym Symmetry C18
precolumn (Waters Corp.), and the peptides were separated on a
nanoEase M/Z Peptide BEH C18 Column, 130 A, 1.7 pm, 75 ym X
150 mm (Waters). The solvent system consisted of 0.1% formic acid
in water (solvent A) and 0.1% formic acid in ACN (solvent B).
Trapping was performed during 3 min at § uL/min with 99% of
solvent A and 1% of solvent B. Elution was performed at a flow rate of
300 nL/min, using 1—40% gradient (solvent B) over 35 min at 60 °C
followed by 65% (solvent B) over S min. The mass spectrometer was
operated in positive mode, with the following settings: ion spray
voltage floating (ISVF) 2300 V, curtain gas (CUR) 25 psi, interface
heater temperature (IHT) 75 °C, ion source gas 1 (GS1) 2 psi,
declustering potential (DP) 100 V. Information-dependent acquis-
ition (IDA) mode was used with top S MS/MS scans. The MS scan
had an accumulation time of 250 ms on m/z [400—1250] range and

the MS/MS scans 100 ms m/z [150—1600] range in high sensitivity
mode. Switching criteria were set to ions with charge state of 2—4 and
an abundance threshold of more than 150 counts, and exclusion time
was set at 12 s. IDA rolling collision energy script was used for
automatically adapting the CE. Mass calibration of the analyzer was
achieved using peptides from digested BSA. The complete system was
fully controlled by AnalystTF 1.6 (AB Sciex).

Mass data collected during nanoLC-MS/MS were searched using a
local Mascot server (Matrix Science, London, UK.) against an in-
house-generated protein database composed of protein sequences of
hGR, PfGR and BSA using an in-house database generation toolbox
(https://msda.unistrafr). Searches were performed with selected
modification (on each 20 encoded proteinogenic amino acids either
+375.07 Da (9 or 9-BX), +374.07 Da (9 - 1 Da), +373.06 Da (9-BX)
+357.06 Da (9 — H,0), +356.06 Da (9-BX — OH), +358.07 Da (9 —
OH), +345.10 Da (9-NH,), 343.08 Da (9-BX-NH,) or +327.09 Da
(9-NH, — H,0), trypsin was selected as the enzyme, carbamidome-
thylation of cysteine (+57 Da) and oxidation of methionine (+16 Da)
were set as variable modifications, three miscleavages were tolerated
and mass tolerances on precursor, and fragment ions of 20 ppm and
0.07 Da were used, respectively. Modified peptides were manually
validated. Selected peptides binding sites were visualized, and
distances were calculated on hGR (PDB ID: 3GRS; 2GHS) and
PfGR (PDB ID: 10NF) structure models using Chimera software.*

LC/MS analyses were performed using an Agilent 1100 series LC
coupled to a MicrOTOF-Q_(Bruker Daltonics, Bremen, Germany) or
to a maXis I Q-TOF mass spectrometer (Bruker). The mass
spectrometer was operated in positive mode with a capillary voltage of
4500 V. Acquisitions were performed on the mass range of 200—-1850
m/z. Calibration was performed using the singly charged ions
produced by a solution of Tune mix (G1969—85000, Agilent, U.S.A.).
Data analysis was performed by using Compass DataAnalysis 4.3
(Bruker Daltonics). A cross-linking reaction mixture containing GSH
and PDO 2 (or probe 9) was directly analyzed onto a HPLC
connected to MicrOTOF-Q. Compounds were separated on a
XBridge Peptide BEH C18 column (300 A, 3.5 ym, 2.1 mm X 250
mm) column. The gradient was generated at a flow rate of 250 uL/
min using 0.1% trifluoroacetic acid (TFA) in water for mobile phase A
and ACN containing 0.08% TFA for mobile phase B at 60 °C. Phase
B was increased from $§ to 85% in 4§ min.

Adducts synthesized in photoreactions and selected for fragmentation
were purified by HPLC into specific fractions. Fragmentation of
compounds and standards was performed on a hybrid electrospray
quadrupole time-of-flight mass spectrometer MS (Synapt G2 HDMS,
Waters, Manchester, UK.) coupled to an automated chip-based
nanoelectrospray device (Triversa Nanomate, Advion Biosciences,
Ithaca, U.S.A.) operating in the positive ion mode. The MS analysis
was performed on the Synapt G2 HDMS instrument with external
calibration using the singly charged ions produced by an ES-TOF
tuning mix (G1969—85000, Agilent, U.S.A.). The nanoelectrospray
device (Triversa Nanomate) was set at 1.5 kV on capillary, and the
pressure of the nebulizer gas was 0.55 psi. Selected ions were
fragmented with a collision energy ranging from 5 to 40 eV until
sufficient fragmentation was achieved.

Electrospray mass spectra of heme complexes were obtained with a
Bruker Daltonics MicroTOF spectrometer (Bruker Daltonik GmgH,
Bremen, Germany) equipped with an orthogonal electrospray (ESI)
interface. Calibration was performed using Tuning mix (Agilent
Technologies). CID experiments’' were performed with a capillary
exit (cone voltage) ranging from 120 to 400 V with 20 V
increments.’’ Stock solution of hematin ([Fe"'PPIX (OH,)]** or
[Fe™PPIX (OH)]**) was freshly prepared from hemin (ferriproto-
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porphyrin chloride, [Fe™PPIX (Cl)]**) just before use in 50%
ammonia. Stock solution of benzoxanthone BX 4 (5 mM) was
prepared in ACN, while chloroquine (CQ, 2.91 mM) and
amodiaquine (AQ, 2.28 mM) were prepared in water. Hematin and
the substrate (4 or CQ or AQ) were mixed together in CH;CN/H,0
(50:50 v:v) in order to obtain equimolar concentrations of 100 pM.
Prior to analyses, the samples were further diluted at S0 4M in ACN/
H,0/HCOOH (50:50:1 v:v:v). The sample solutions were then
introduced into the spectrometer source with a syringe pump
(Harvard type S5 1111: Harvard Apparatus Inc., South Natick, MA,
U.S.A.) with a flow rate of § yL-min~". Stability responses of the
heme-drug adducts obtained by ESI-CID experiments were drawn.

Antimalarial activity is represented by IC;, the concentration of
biomolecule at which half of the parasites are killed. The antimalarial
activity of PD-ABPP was evaluated on asexual parasite stages of the
chloroquine-resistant Dd2 strain of P. falciparum. Highly synchronised
young rings (0-3h old)**®® were treated for 72 h with various
concentrations of PD-ABPP. For this, mature schizonts of highly
synchronous parasite cultures were separated using 60% percoll
gradient and the mature segmented schizonts were incubated for 3
hours for reinvasion. Remaining mature stages were then killed with
5% sorbitol and parasitemia adjusted to 0.5% in 1.5% haematocrit.
Each inhibitor was analysed in a three-fold serial dilution in duplicates
in three independent experiments and PD was used as a control.
Parasite replication was assessed by fluorescent SYBR green staining
of parasitic DNA as previously described.®®® After 72 hours, the
parasites were frozen at —80 °C overnight, followed by thawing and
the DNA stained by SYBR green and the fluorescence measured on a
plate reader (Promega) at 591 nm wavelength. For each well, the
signal before adding SYBR green was subtracted to the signal with
SYBR green to eliminate compound fluorescence. The percentage of
surviving parasites compared to controls was determined as follows:
(Fluox-Fluogrpc)/ (Fluoppmso-Fluogrec) ¥100 where Fluoy and
Fluopyso are the mean fluorescence signals of parasites incubated
with compound X or DMSO as a control, and Fluoggpc, the mean
fluorescence signal of infected parasites exposed to high drug
concentrations that kills them all to account for DNA of the starting
parasites in each well (0.5% parasitemia). IC;, values were calculated
using Prism (GraphPad, log(inhibitor) vs normalized response —
Variable slope). Control parasitemia at TO and T72 was determined
by microscopic analysis of Giemsa stained blood smears to verify
parasite stages and multiplication factor.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00025.
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Chapitre I1

5 points a retenir de I'article

1)

2)

3)

4)
5)

Des 3-benzoylménadiones portant une fonction alcyne ont été synthétisées par I'acylation de
Friedel-Crafts développée précédemment comme étape clé.

Le couplage croisé entre les 3-benzoylménadiones photoréactives et des acides aminés
modeles a été réalisé.

La réaction «click » avec les 3-benzoylménadiones portant une fonction alcyne a été
optimisée.

Les 3-benzoylménadiones ont été photoalkylées par les deux GRs modeéles (PfGR et hGR).
Des sites d’interactions covalentes des 3-benzoylménadiones ont été identifiés chez ces 2
enzymes, selon 3 voies d’alkylation différentes, via la formation d’adduits classiques de type
benzophénone, soit de type benzoxanthone, avec les peptides modéles ou les deux GRs

modeéles.
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Chapitre III

1. Développement d’une nouvelle méthode de benzylation des
naphtoquinones.

1.1. Travaux préliminaires.

Apreés le succes de la benzoylation par la réaction de Friedel-Crafts, I'objectif suivant a été de réaliser
cette fois-ci une benzylation de Friedel-Crafts pour fonctionnaliser rapidement le 1,4-diméthoxy-2-
méthylnaphthaléne et former, apres la déprotection oxydante avec CAN, les BMDs. Nous avons
d’abord voulu essayer les conditions précédemment concluantes de I'acylation entre le 1,4-diméthoxy-
2-méthylnaphthaléne et un alcool benzylique, dans I'espoir que celles-ci permettent de réaliser des

alkylations efficaces. Cependant, aucune conversion n’a été obtenue par cette méthode (Schéma 18).

TFAA 2 equiv. OMe
TfOH 0.5 equw OO O NO,
\/©/ T oom
25°C, 16h OMe

pas de produit formé
Schéma 18. Tentative de benzylation par réaction de Friedel & Crafts selon les conditions de Cotos et. Al.

Aprés avoir essayé sans succés d’adapter les travaux de Li pour une alkylation directe des quinones,>!
et de Bode®? pour la synthése de 3-benzyINQs , nous nous sommes intéressés aux travaux de I'équipe
de Joseph Moran sur une réaction de Friedel-Crafts catalysée par I'acide triflique (TfOH) entre des
arénes et des alcools benzyliques trés désactivés dans I’hexafluoroispropanol (HFIP) (Schéma 19. A).>3
Bien que prometteuse et malgré nos nombreux travaux d’optimisation, nous n’avons pas réussi a
adapter cette procédure de sorte a obtenir les produits désirés avec des rendements satisfaisants.
Nous nous sommes tres vite apercus que les adduits benzylés étaient inséparables du 1,4-diméthoxy-
2-méthylnaphthaléne de départ par chromatographie et que nous devions réaliser la déprotection par
le CAN directement sur le produit brut de la réaction afin d’obtenir directement la 3-benzylménadione

déprotégée.

Le 1,4-diméthoxy-2-méthylnaphthaléne étant un aréne riche en électrons, la réaction s’est révélée non
sélective pour la position 3 et sujette a la polyfonctionnalisation. De plus, les conditions optimales pour
une conversion totale sont trés variables en fonction de la substitution de I'alcool benzylique. Avec un
groupement para-trifluorométhyle, 5 min au micro-onde a 100 °C se sont révélés nécessaires, alors
gu’avec un groupement para-fluoro, moins électroattracteur, la réaction a lieu a température

ambiante en moins de 2h. Aucune condition réactionnelle n’a pu étre mise en place pour obtenir la

51X.-L. Xu, Z. Li, Angew. Chem. Int. Ed. 2017, 56, 8196 —8200.
52 G. Schéfer, J. W. Bode, Angew. Chem. Int. Ed. 2011, 50, 10913 —10916.
33 V. D. Vukovi¢, E. Richmond, E. Wolf, J. Moran, Angew. Chem. Int. Ed. 2017, 56, 3085 —3089.
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Chapitre III

benzylation a partir de I'alcool 4-nitrobenzyle. De plus, malgré nos efforts, le rendement global des 2

étapes n’a jamais dépassé les 34% (Schéma 19.B).

A. Travaux originaux de Vukovic et al.

TfOH (10 mol%) EA
“oer + (I ~E [
T

100 °C, 24h
3 équiv. R1
R1 H ou CF3 30 exemples
13-95 % rendement

B. Résultats appliqués a la synthése de 3-benzylménadiones

OMe
1.5 équiv. OO o
) TfOH (20 mol%) OO O meAN O‘ O
oM ThEe MeCNIH,0

ta,1h

R (e}
1 équiv. non isolé .
HO R = CF3 34%; a) MW, 100 °C, 5 min

R =F, 25%; a) r.t, 2h
R = NO,, pas de reaction

Schéma 19. Benzylation de Friedel-Crafts catalysée par I'acide triflique dans I'HFIP.

Pour toutes ces raisons, la voie Friedel-Crafts ne pouvait pas nous permettre d’obtenir une synthese
robuste d’une large variété de 3-benzylménadiones et elle a donc été abandonnée. Nous nous sommes
par conséquent orientés vers une benzylation radicalaire, plus sélective, et qui a longtemps fait ses
preuves avec les conditions de décarboxylation de Kochi-Anderson. L’objectif était donc de trouver de
nouvelles conditions pour générer un radical benzyle a partir d’un précurseur différent des acides
phénylacétiques, mais aussi si possible, un précurseur facilement accessible et peu onéreux (Schéma

20).

(0}
ménadione O‘

(o}

o
Catalyse —
X .
X=Br, OH ect. ... radical benzyle °
3-benzylménadione

Schéma 20. Méthode envisagée pour la benzylation radicalaire de la ménadione.

Les alcools benzyliques remplissant aisément ces conditions, nous nous sommes d’abord intéressés

aux conditions décrites par Ukaji pour la génération de radicaux benzyles a partir de ces derniers en
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présence de manganése et d’un complexe de titane®*. Cependant, nous avons trés vite remarqué que,
les fortes conditions réductrices de cette réaction ne menaient qu’a une réduction partielle de la

ménadione et aucune trace de ménadione benzylée.

Un autre précurseur commun de radicaux alkyles sont les composés halogénés. Avec le renouveau de
la catalyse photoredox depuis la fin des années 2000, plusieurs réactions de benzylation radicalaire
photocatalysées a partir d’halogénures de benzyle ont été décrites.>® Les réactions photocatalytiques
les plus communes sont celles pour lesquelles un photocatalyseur organométallique®” (complexes
d’iridium ou de ruthénium) ou organique®® peut, aprés photoirradiation, étre un médiateur des
transferts d’électrons entre des molécules qui ne réagiraient pas en temps normal. Malheureusement,
plusieurs essais ont été menés sur un systeme incluant la ménadione et le bromure de 4-
(trifluorométhyl)benzyle avec divers photocatalyseurs organométalliques et aucune trace de la
plasmodione désirée ne fut détectée. Similairement a la réaction impliquant les alcools benzyliques,

nous avons remarqué la présence d’espéece hydroquinone de la ménadione.

Désireux de trouver une maniére plus douce et compatible avec la ménadione pour générer des
radicaux benzyles nous avons remarqué les travaux de Paolo Melchiorre et son équipe portant sur la
benzylation de divers accepteurs de radicaux par photocatalyse.®® L'utilisation d’un chromophore
nucléophile comme catalyseur permet de générer un intermédiaire benzylique photosensible apreés
une réaction de substitution nucléophile. Sous photoirradiation, la liaison carbone-soufre est coupée
par rupture homolytique et un radical benzyle libre est formé. Ce dernier peut ensuite réagir avec
divers électrophiles. Le groupement partant peut non seulement étre un halogéne mais aussi un

groupement mésylate ou trifluoroacétate (Schéma 21).

547. Suga, S. Shimazu, Y. Ukaji, Org. Lett. 2018, 20, 7846-7850.

55 a) D. A. Nicewicz, D. W. C. MacMillan, Science, 2008, 322, 77-80; b) M. A. Ischay, M. E. Anzovino, J. Du, T. P.
Yoon, J. Am. Chem. Soc. 2008, 130, 12886—12887; c) J. M. R. Narayanam, J. W. Tucker, C. R. J. Stephenson, J. Am.
Chem. Soc. 2009, 131, 8756-8757.

6 Exemples sélectionnés: a) H.-W. Shih, M. N. Vander Wal, R. L. Grange, D. W. C. MacMillan, J. Am. Chem. Soc.
2011, 132, 13600-13603; b) J. Dong, X. Lyu, Z. Wang, X. Wang, H. Song, Y. Liua, Q. Wang, Chem. Sci. 2019, 10,
976-982; c) E. B. McLean, V. Gauchot, S. Brunen, D. J. Burns, Ai-Lan Lee, Chem. Commun. 2019, 55, 4238-4241;
d) G. Park, S. Y. Yi, J. Jung, E. J. Cho, Y. You, Chem. Eur. J. 2016, 22, 17790 — 17799; e) E. Arceo, I. D. Jurberg, A.
Alvarez-Fernandez, P. Melchiorre, Nat. Chem. 2013, 5, 750-756.

57 C. K. Prier, D. A. Rankic, D. W. MacMillan, Chem. Rev. 2013, 113, 5322-5363.

58 N. A. Romero, D. A. Nicewicz, Chem. Rev. 2016, 116, 10075-10166.

59 B. Schweitzer-Chaput, M.A. Horwitz, E. Beato, P. Melchiorre, Nat. Chem. 2019, 11, 129-135.
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(10 mol%)
5K
S
y-terpinene (1.2 équiv.) GP = Cl. 90%
2.6-lutidine (1.2 équiv.) MeO,C — Br 949
A~ MeO,C._~ GP = Br, 94%
Ph” TGP+ €025 co,Me \(\COzMe P = |, 85%
LEDs bleues, MeCN (0.5M) Ph GP = OMs, 91%
60°C, 24h GP = OCOCF3, 75%
SN,
] HAT
MeO,C._~
i hv ) 257 co,Me MeO.C. oo
Ph" 87 R Ph” \(\ 2Ve
Ph

S
—_—
‘g — N

Schéma 21. Benzylation radicalaire catalysée par un nucléophile chromophorique.
Dans les conditions décrites par Melchiorre, la plasmodione n’est obtenue qu’avec un rendement
inférieur a 5% (Schéma 22.a). Aprés optimisation des conditions expérimentales, le rendement obtenu
a été augmenté jusqu’a 79% de produit désiré. Ceci a été possible grace a I'ajout d’un catalyseur
ferrique, le Fe(acac)s, dont I'utilisation s’est inspirée du mécanisme d’action de la plasmodione
(Schéma 22.b). Par ailleurs, a notre grande surprise, en absence du catalyseur de Melchiorre, des
conditions de réaction similaires en présence de Fe(acac)s; conduisent a la plasmodione avec un

rendement de 85% apres optimisation (Schéma 22.c).
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Br.
T
(10 mol%)

N
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o S
y-terpinéne (1.2 équiv.)

0
a) /©/\Br . O‘ 2.6-lutidine (1.2 équiv.) CFs
FaC
0

LEDs bleues, MeCN (0.5M)
o 60 °C, 24 h

Br.
T
(10 mol%)

N
)\SK

S

<5%

1) Fe(acac); (10 mol%) o

y-terpinene (1.2 équiv.) oF
Br _ Ty . .
) /@/\ . O‘ 2.6-lutidine (1.2 équiv.) O‘ O 3
FaC LEDs bleues, MeCN (0.05M)
O 90°C, 24 h o

79%

O Fe(acac); (10 mol%)

O
y-terpinene (1.2 équiv.)
) /©/\B' . O‘ 2.6-lutidine (1.2 équiv.) CF3
FsC
O

LEDs bleues, MeCN (0.1M)
o 90 °C, 24 h
85%

Schéma 22. Résultats préliminaires de benzylation photoredox.

Cette réaction a pu étre exemplifiée avec divers bromures de benzyles et diverses 1,4-naphtoquinones.
Des études mécanistiques ont également été menées nous permettant de proposer un mécanisme
pour lequel les propriétés photorédox de la ménadione, le fer(lll) et I'oxygene jouent un role clé

(Schéma 23).

i i
oo R

AR R
Z X base, HAT, 90 °C “ =
" ‘ * B ‘ IR " ‘ TR
g r = Cycle X A
o Photo-RedOx 0

40 exemples, 1 étape

Schéma 23. Schéma général de la benzylation photorédox des quinones.
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1.2. Article 4.

A Bioinspired Photoredox Benzylation of Quinones

Maxime Donzel, Mourad Elhabiri, Elisabeth Davioud-Charvet
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A Bioinspired Photoredox Benzylation of Quinones

Maxime Donzel, Mourad Elhabiri, Elisabeth Davioud-Charvet*

Université de Strasbourg—CNRS-UHA UMR7042, Laboratoire d'Innovation Moléculaire et Applications (LIMA) Team
Bio(IN)organic and Medicinal Chemistry, European School of Chemistry, Polymers and Materials (ECPM), 25 Rue

Becquerel, Strasbourg 67087, France

ABSTRACT: 3-Benzylmenadiones were obtained in good yields by using a blue light-induced photoredox process in the presence
of Fe(I1), oxygen and y-terpinene acting as a HAT agent. This methodology is compatible with a wide variety of diversely substituted
1,4-naphthoquinones as well as various cheap, readily available benzyl bromides with excellent functional group tolerance. The
benzylation mechanism was investigated and supports a three-step radical cascade with the key involvement of photogenerated

superoxide anion radical.

Quinones have recently shown a re-gaining interest in
medicinal chemistry, particularly in the field of drug discovery
for new treatments against neglected tropical parasitic diseases
such as malaria. In particular, an early lead 3-benzylmenadione
named plasmodione (i.e., 3-[4-(trifluoromethyl)benzyl]-
menadione) has shown potent and valuable antiplasmodial
activities against several Plasmodium falciparum strains in vitro
and in Plasmodium berghei-infected mouse model.! In recent
years, our team has developed new synthetic methodologies?®
to introduce structural and functional diversity for reaching
more active?® and water-soluble?® antiparasitic analogues, or to
prepare putative metabolites?®®to investigate the mechanism of
action of these drug candidates %, Based on a Kochi-Anderson
radical decarboxylation of acids®®, the former extensively
investigated synthetic route to build 3-benzylmenadiones
suffered from the use of silver salts and peroxodisulfate and was
limited by the availability of phenylacetic acids used as starting
materials.'® 3¢ Since, Lee’s group developed an elegant silver-
free alkylation of quinones (Scheme 1a)* and a growing interest
in benzylated quinones, including plasmodione, has emerged, as
evidenced by the synthetic procedures recently described by
several groups from substituted toluenes by free-radical
generation via hydrogen-atom abstraction using the
selectfluor/Ag(l) pair® or peroxides (Scheme 1b)*¢. Finally,
when carrying out the work described here, Li et al.
concomitantly demonstrated that benzyl radicals could be
generated at high temperature in the presence of iron(ll) and a
base to further react with quinones or coumarins (Scheme 1c)%.

Our initial goal was to overcome the limitations and
drawbacks of silver-catalyzed radical benzylation. To increase
the chemical space available around this promising scaffold of
benzylated quinones, it appeared essential to develop a simple,
robust and efficient strategy to generate, by an eco-friendly
process, benzyl radicals from cheap and easily available
precursors such as benzyl bromides. The latter are common
building blocks in organic chemistry, widely available and
known for their ability to generate after reduction of the C-Br
bond benzyl radical intermediates®*, especially in the emerging
field of photoredox catalysis.”

To this purpose, we first investigated classical benzyl radical

generation via transition metal catalyzed photoredox process.”?
However, all attempts failed because these reactions take place

under reducing conditions, which are not compatible with the
requirement of keeping menadione under its oxidized state.
Then, we considered the original work described by Melchiorre
and his team.®

Scheme 1. Reported benzylation reactions of quinones and this
work.

Previous work : 1
a) Ag salts

Metal-free?
e
HO

o b) Ag salts, Selectfluor®

Peroxide® ¢

¢}

1 step
c) Fe'', oxygen free, A%

o
This work

.“ i
p Photo-RedOx
Cycling o)

1 step

In this report, after an initial nucleophilic substitution on the
electrophilic C-Br position of a benzyl bromide, the newly
formed C-S bond was cleaved under blue light irradiation and
mild heating to generate a benzyl radical, which can readily
react with a radical acceptor. These conditions were first applied
to menadione la acting as a radical acceptor and 4-
trifluoromethylbenzyl bromide 2a to form the targeted model
plasmodione 3a. Detailed NMR analysis of the crude mixture
showed the formation of 3a with a low yield (5%), together with
the starting material under its oxidized (1a) and reduced
(hydroquinone) states (Table 1, Entry 1). Despite this low yield,
this encouraged us to further optimize the experimental
conditions. With the purpose to limit hydroquinone formation,
we were inspired by the putative mechanism of action of
plasmodione in P. falciparum-parasitized red blood cells
(Figure 1), whereby reduced naphthoquinone is continuously re-
oxidized by methemoglobin (Felll) (metHb(Fe'"))) at the
expense of NADPH.'® 2 Consequently, we introduced an




iron(111) source to constantly catalyze the in situ re-oxidation of
the hydroquinone into the quinone species la. After
optimization, the target 3a plasmodione was successfully
obtained with 79% isolated yield (Table 1, Entry 2).

CF;
O‘ O plasmodione,,
o
! RedOx
) ! Cycling

NADPH, H* NADP*

plasmodlone
metabolite, .4

plasmodione
metabolite,,

HbFe'" MetHbFe'

decreased metHb digestion, inhibition
of heme-detoxification, and parasite
development arrest

MetHb digestion and
parasite development

Figure 1. Bioactivation of plasmodione upon internalization in the
parasite: plasmodione is proposed to enter into an oxidoreductase-
mediated redox-cycle in the course of which it is metabolized in its
key 3-benzoylmenadione metabolite (step 1). Under its oxidized
form, plasmodione metabolite is reduced (step 2), while under its
reduced form, it takes part in oxidoreductase-mediated redox-
cycling (step 3) leading to decreased methemoglobin (metHb)
digestion, inhibition of heme-detoxification, and ROS-induced
parasite death.

Table 1. Optimization the experimental conditions of the
benzylation reaction of menadione 1a?

(¢}
\/©/ Conditions® O‘ O CF3
Blue LEDs, MeCN
¢}

90°C, 24 h
3a

Entry Modificatio Catalysts Concentrz?\ltion Yield
n (10 mol%) (mol.L) 3a° (%)
1 60°C Catalyst 1° 0.5 <5d
- Fe(acac)s / 0.05 79
Catalyst 1°
3 - Fe(acac)s 0.05 73
4 - Fe(acac)s 0.1 84
5 - FeCl;.6H,0 0.1 70
6 - Fe(ClO,)3.H,0 0.1 65
7 - FeCl, 0.1 67
8 HE® vs. y- Fe(acac)s 0.1 72
terpinene
9 Argon atm. Fe(acac)s 0.1 <54
10 2a’ vs.2a Fe(acac)s 0.1 79
11 2a”%s. 2a Fe(acac)s 0.1 39

@Reaction conditions: 1a (1.0 equiv, 0.5 mmol), 2a (1.5 equiv), 2.6-
lutidine (1.2 equiv.), y-terpinene (1.2 equiv.), Cat. in CH3CN at
90°C under blue light irradiation during 24h. °lsolated vyield
CCatalyst 1 = potassium 5-bromo-1H-indole-1-carbodithioate.
dDetermined by 'H NMR. ®HE = Hantzsch ester = Diethyl 2,6-
dimethyl-1,4-dihydropyridine-3,5-dicarboxylate ~ 2a> =  4-
trifluoromethylbenzyl iodide. 92a” = A4-trifluoromethylbenzyl
chloride.

Several conditions were modified to study their effects and to
optimize the parameters of the reaction. We first demonstrated
that the nucleophilic organic catalyst (catalyst 1) was not
necessary for the reaction to proceed (Table 1, entry 3). In its
absence, the target compound 3a was still obtained with an
excellent vyield of 73% (versus 81%). Afterwards, the
concentration was increased up to 0.1 M to achieve a very
satisfactory yield of 84% (Table 1, Entry 4). The iron(l11) source
can be substituted by any other ferric source such as Fe(lll)
chloride or Fe(lll) perchlorate and even Fe(ll) chloride with,
however, slightly lower yields (Table 1, Entry 5-7). For chloride
Fe(ll), partial oxidation into iron(l11) species in solution likely
occurs during the reaction. On the other hand, Hantzsch ester
(HE) also appears to be a suitable hydrogen-atom transfer
(HAT) agent (Table 1, Entry 8). Finally, ambient oxygen was
found to play a critical role since nearly no targeted product 3a
was obtained under strict oxygen-free conditions (Table 1,
Entry 9). Absence of catalyst, light, y-terpinene or base led to
very low yields between 0 and 20% of conversion (See Sl for
experimental details). Finally, benzyl iodide 2a’ was also shown
to react with menadione 1a with a comparable yield of 79%, as
much as benzyl chloride 2a”, though with a lower yield, thus
widening the possibilities in many synthetic applications (Table
1, Entry 10-11).

Scheme 2. Scope of benzyl bromides with optimized conditions
(Table 1, entry 3)

o Fe(acac); (10 mol%)
v-terpinene (1.2 equiv.) o
2,6 lutidine (1.2 equiv.)

A 6 lutidi ) iv.
* Br. XN R
Blue LEDs, MeCN (0.1M)

o 90°C, 24h 5
1a (0.5 mmol) 2 (1.5 equiv) 3

3a,R= CF3, 84% (4 mmol scale, 71%)

29 examples 3b, R =H, 69%
3¢,R=F, 66%
50-84% yield 3dy o é| 73:/0

3e, R = Br, 80%
3f,R=1,81%

3g, R=NO, 77%
3h, R =CN, 75%

3i, R = CO,Me, 50%
3j, R = OCF5 80%
3k, R = Me, 51%
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3|, 76% Q
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R, 3r Ry=3"-Br, Ry=5-Br, 64% R E
Z /ﬂ 3s, Ry = 31, R, = 51, 74%
) 3t Ry =2-CLR,=6-Cl, 76%
R, 3u,Ry=2-OMe,R;=5-OMe, 78% F
o} 3v, Ry = 3-F, R, = 4-NO,, 56% o] F
3w, R; = 2-Cl, R, = 5-NO, 70% 3aa, 71%
3x, Ry = 2-Br, R, = 5'Br, 74%
3y, Ry = 2-F, R, = 4"Br, 72%
o 32, Ry = 3-F, Ry = 4-CF; 74% o

QOO
[¢] o
3ab, 69% 3ac, 63%

Following this optimization stage, we then investigated the
scope of this reaction (Scheme 2). First, we demonstrated that
the trifluoromethyl substitution was well tolerated both in the
meta, ortho or para positions (76-84%, 3a, 3l, 3m).
Plasmodione 3a was also produced in 1 gram scale with good
yield demonstrating that this reaction can be scaled up to larger
quantities. Various and numerous substitutions have been
shown to be compatible with this reaction leading to moderate
to good yields in para position (3a-3k). Mono (3m-o, 3u, 3w,



3%, 3y) or di-substitution (3t) in the ortho-position (steric
interactions) does not seem to be a major drawback. On the
other hand, a wide variety of poly-substituted benzyl radicals
have been also successfully incorporated into menadione (3p-
3ab). Finally, we observed that allyl bromide could also be a
suitable substrate of this reaction, affording the allylated
menadione 3ac with satisfying yield (63%) under the same
experimental conditions. Then, we evaluated its compatibility
with the varied substitution pattern of the quinone unit 4
(Scheme 3). 2-Substitution in 1,4-naphthoquinone was found to
be well tolerated with moderate to good vyields (5a-g).
Substitution on the aromatic naphthoquinone ring was also
found to be compatible with this reaction, as demonstrated by
the successful preparation of the benzyl derivatives with
moderate to good yields when starting from plumbagin (5h), its
methyl derivative (5i) or the 6-fluoro-menadione (5j).

Scheme 3. Scope of 1,4-quinones with optimized conditions (Table
1, entry 3)

Fe(acac); (10 mol%) (0]
y-terpinene (1.2 equiv.)

8
¢/ v©/ 2,6 lutidine (1.2 equlv) Tt
63y~

Blue LEDs, MeCN (0.1M) 5
90°C, 24h o
2a (1.5 equiv.) 5

(1 equiv.)

5a, R = Cl, 54%
0 5b, R = Br, 43%

R CF3  5¢,R=Ph, 89%
O‘ O 5d, R = Et, 63%
5e, R = Bn, 56%

5f, R = OPh, 42%
o]
Z CF3 5h,R=5-OH,37%
R— \ O 5i, R = 5-OMe, 50%
X 5j, R = 6-F, 67%
o

5g, R = OAc, 49%
[e]
CF3
[e]

To get a deeper insight into the understanding of the
mechanism of the reaction, absorption spectrophotometry and
several control experiments were carried out with the model
reaction involving 1a and 2a. The radical nature of the reaction
was assessed by trapping the corresponding radical
intermediates, using several radical scavengers. The reaction
was completely inhibited with TEMPO since no trace of the
desired 3-benzylmenadione was detected. In addition, complete
degradation of the starting menadione was observed. More
interestingly, reaction with 1,1-diphenylethylene as radical
scavenger afforded the targeted 3-benzylmenadione with a
much lower yield together with the trapped benzyl radical
adduct. These data support the fact that benzyl radicals are most
likely the key intermediates involved in the reaction mechanism
(Scheme 4A). In the process described by Melchiorre and his
coworkers®, the reactive radical species was generated by a
homolytic cleavage of the C-S bond, which was formed after the
initial nucleophilic substitution between catalyst 1 and the
benzyl bromide. In the absence of this catalyst, the successful
conversion to the targeted product suggests that a completely
different pathway takes place during the photoreaction. During
the optimization (Table SI-2, entry 2, Table SI-6, entry 2, Table
SI-7, entry 9 in the SI), we noticed that both light and iron(lIT)
were essential for the reaction to occur. Alternatively, the
absence of a base, HAT agent or oxygen-free atmosphere
significantly alters the reaction but quantifiable amounts of the
targeted benzylated compounds were still observed. The role of
y-terpinene as HAT agent was thus investigated. The reaction
was thus run in parallel with different concentrations of y-
terpinene. This demonstrates that the isolated yields do not
linearly vary with the y-terpinene concentration. A sub-
stoichiometric amount of this reactant (0.5 equiv) can still
efficiently lead to a satisfactory yield of 71%, while its absence

11 examples
37-89% yield

only afforded traces of the targeted compound (~5%). Even a
catalytic amount (5%) is quite efficient, affording 35% of yield.
This demonstrates that y-terpinene is essential and enhances the
reactivity of the reaction (Scheme 4B).

Scheme 4. Selected mechanistic studies.

A. Radical trap experiments

Fe(acac); (10%)
y-terpinene (1.2 equiv.)

2.6-lutidine (1.2 equiv.) O‘ O CF3
Blue LEDs, MeCN (0.1M)
o 24h, 90°C o

. . radical scavenger
1a (1 equiv.) 2a (1.5 equiv.) 3a

3a,nd
and 1 was not recovered

F;C
JL . 3a, 49% + Ph
Ph Ph, 2 equiv 1, 41% recovered \©\/\r
—_— Ph

59%

TEMPO, 2 equiv

B. y-terpinene influence on the reaction yieldl.

Isolated yield {%)

0 02 04 0,6 02 1 12 14
y-terpinene equiv.

C. Photocatalytic reaction using iPrOH both as solvent and HAT agent.

3a 38%

% e(acac); (10%)
O‘ v©/CF3 26ﬁut(|d|ne)1(;(Jegu|v)
T Blue LEDs iPrOH (0.1M)
o) 24h,90°C
1a (1 equiv.)
@Reaction conditions: 1a (1.0 equiv, 0.5 mmol), 2a (1.5 equiv), 2.6-
lutidine (1.2 equiv.), y-terpinene, Fe(acac)s (10 mol%), in CH3CN
at 90°C under blue light irradiation during 24h.

2a (1.5 equiv.)

Previous reports® have established that quinones, including
menadione, can be photo-reduced under light irradiation in the
presence of a HAT agent, usually a protic solvent such as
isopropanol (iPrOH). Under blue LED irradiation (420-470
nm), a triplet state species is generated and can be quenched by
H-donor molecules to afford the semiquinone radical species.
Absorption spectrophotometric demonstrated that menadione
can be photoactivated by blue LED irradiation thus confirming
our hypothesis. In contrary, the final 3-benzylmenadione 3a
seems not to be involved in such photo-reducing process, as we
showed that it did not react under the same conditions (See
Figures S1-S7 in Sl for details). As already reported by our
group with the NADPH/glutathione reductase/MetHb system,
semiquinone radicals can reduce Fe(l11) species into Fe(Il) ones
to reinstate the quinone molecule. In aerated media, these
semiquinone radicals can alternatively generate superoxide O,"
radicals.®! To support this hypothesis, we set up a model
reaction, where iPrOH plays the role of both the solvent and
HAT agent in the absence of y-terpinene (Scheme 4C). Very
interestingly, in addition to the expected nucleophilic
substitution of iPrOH on benzyl bromide, the benzylated
menadione was isolated with a yield of 38%. It is important to
mention that the same reaction conducted in the absence of y-
terpinene in CH;CN afforded only traces of 3a (Table SI-5,
entry 2) thus confirming the key role of iPrOH as a HAT agent.
To account for these observations, we propose a putative



reaction mechanism based on successive redox cycles (Scheme
5).
Scheme 5. Putative mechanism of the reaction.
H
blueLED
XY e
¥ RedOx )

a8

OH
I (1)
menadione,

red menadione,, enagione,,

gBr /©/.
FsC FaC

Under blue light irradiation, menadione is excited into its
triplet state and quenched by y-terpinene (HAT) to afford
semiquinone radical in solution (step 1). This radical can thus
react in a redox cycle with oxygen (i.e., under anaerobic
conditions, the reaction did not take place, Table 1, entry 8) to
afford menadione and superoxide radical. O™ is well known to
reduce metallic complexes®**?, even in natural medium*?® (step
2), which can in turn reduce the C-Br bond of the benzyl
bromide to afford the corresponding benzyl radical (step 3).
Once this radical generated, addition to menadione takes place
to lead to a benzylated semi-quinone radical (step 4). This new
radical species can thus react with menadione (or with O,) to
lead to the targeted benzylated menadione (step 5). The
semiquinone or O, radicals generated during this latter step can
be involved in new catalytic cycles (step 2 or 3). Semi-quinone
intermediate could also be quenched by y-terpinene radical in a
SET reaction to generate after proton transfer the targeted
benzylated quinone (step 6). This was supported by the fact that
p-cymene was always recovered in the reaction mixtures of
benzylated quinones as observed by NMR (Scheme SI-3 in the
SI). Direct photoreduction of Fe(acac)s under light irradiation
could not be totally excluded, and this process has already been
reported in the literature.*® However, control reactions clearly
showed that benzyl bromide was not consumed (e.g., by-
products of benzyl radical formation by Fe(acac)s
photoreduction) in the absence of quinone or with a different
radical acceptor. Such direct photoreduction process usually
occurs via a ligand-to-metal-charge transfer (LMCT) absorption
and does not require oxygen contribution.?® ** In our system,
the absence of oxygen inhibits the menadione benzylation
reaction, and different iron sources such as FeCls, displaying
markedly different LMCT absorptions, have been shown to be
suitable catalysts for the benzylation reaction.

In conclusion we have developed a convenient, robust and
straightforward iron(ll1) catalyzed photo-redox benzylation of
naphthoquinones under blue LED irradiation. A wide variety of
polysubstituted benzyl radicals generated from various halides
can be efficiently introduced to diversely substituted 1,4-
(naphtho)quinones with good yields, thanks to a redox cycle
involving the photoreduced (naphtho)quinone, oxygen and
ferric complexes. To the best of our knowledge, this is the first
time that the photoreactivity of quinone is exploited for its
intermolecular functionalization!* in a catalytic process.
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Optimization tables (extract from the supporting information)

General procedure for optimization and control reactions.

In a 10 mL sealable tube, 1a, 2a, reactants and catalyst(s) were dissolved in acetonitrile (5 mL). The tube was sealed, placed
under blue light irradiation, and heated up at the given temperature during 24h under air atmosphere unless otherwise
stated. After completion, the mixture was allowed to cool down at room temperature and was partitioned between ethyl
acetate (10 mL) and aqueous 1M HCI (10 mL). The aqueous layer was extracted once with 10 mL ethyl acetate and the reunited
organic layers were washed with brine and dried with MgS0a. The solvent was removed and if NMR analysis showed more
than 20% conversion the crude was purified by silica gel chromatography to obtain pure benzylated quinone.

Table SI-1: Initial screening

Br.
on;

N
)5k

S
Catalyst 1 (10 mol%)
0 y-terpinene (1.2 equiv.) OH [}
CF3 2,6 lutidine (1.2 equiv.) CF,4
SOEN Q- QL A
Blue LEDs
(o) MeCN OH o)
1 equiv. 1.5 equiv. 24h
1a 2a 1b 3a
Entry  Concentration (mol.l?) Temperature Additive Atmosphere Ratio® 1a:1b:3a
(°C)

1 0.5 60 - Argon 55 : 45 : traces
2 0.5 60 - Air 55:41:5
3 0.1 60 - Air 29:54:17
4 0.05 70 - Air 18:64:18
5 0.05 70 Fe(acac)3 10 mol% Air 78:0:22
6 0.05 90 Fe(acac)3 10 mol% Air 19:0: 81

[a] Reactions Conditions: 1a (1.0 equiv., 0.25 mmol), 2a (1.5 equiv.), y-terpinene (1.2 equiv.), 2,6-lutidine (1.2 equiv.), Catalyst 1 (10 mol%) in acetonitrile
under blue light irradiation during 24?519 [b] Ratio between 1a, 1b and 3a were determined by *H NMR on the crude of the reaction [c] Original conditions
described by Schweitzer-Chaput et al.”~ [d] Isolated yield: 79%.

Table SI-2: Second screening



Br
T
N
SK
S
Catalyst 1 (10 mol%)

(
Fe(acac); (10 mol%)
y-terpinene (1.2 equiv.)
(

o
O‘ . CFs 2.6 lutidine (1.2 equiv.) CF3
o 99¢9
Blue LEDs, MeCN
o

o 90 °C, 24 h
1 equiv. 1.5 equiv.
1a 2a 3a
Entry Variation from standard procedurel?! 3a Isolated yield (%)
1 none 79
2 No light n.d
3 Menadiol 1b versus menadione 1a 55
4 FeCl,.6H,0 versus Fe(acac)s 63
5 No catalyst 1 73
6 No catalyst 1, Concentration 0.1M 84

[a] Reactions Conditions: 1a (1.0 equiv., 0.5 mmol), 2a (1.5 equiv.), y-terpinene (1.2 equiv.), 2,6-lutidine (1.2 equiv.), Catalyst 1 (10 mol%) in acetonitrile
(0.05M) under blue light irradiation during 24h. n.d : not detected.

Table SI-3: Solvent screening

o Fe(acac); (10 mol%)
y-terpinene (1.2 equiv.)

(6]
O‘ . CFs 2.6 lutidine (1.2 equiv.) CF3
o 99499
(6]

Blue LEDs, solvent

1 eqi)iv. 1.5 equiv. 90°C, 24h
1a 2a 3a
Entry Solvent 3a Isolated yield (%)
1 Acetonitrile 84
2 Dichloroethane 59
3 Toluene 36
4 Hexafluoroisopropanol (HFIP) 54
5 Dimethylformamide (DMF) 35
6 Acetonitrile : Water (10: 1) n.d

Reactions Conditions: 1a (1.0 equiv, 0.5 mmol), 2a (1.5 equiv), y-terpinene (1.2 equiv.), 2,6-lutidine (1.2 equiv.), Fe(acac)s (10 mol%) in a solvent (0.1M) under
blue light irradiation during 24h. n.d: not detected.



Table SI-4: Base screening

o Fe(acac); (10 mol%)
y-terpinene (1.2 equiv.)

(0]
O‘ . CFs Base (1.2 equiv.) CFs3
(0]

Blue LEDs, MeCN

1 eqi)iv. 1.5 equiv. 90°C, 24h
1a 2a 3a
Entry Base 3a Isolated yield (%)
1 2,6-lutidine 84
2 none 23
3 2,4,6-collidine 73
4 N,N-Diisopropylethylamine (DIPEA) 31
5 K2COs3 n.d

Reactions Conditions: 1a (1.0 equiv., 0.5 mmol), 2a (1.5 equiv.), y-terpinene (1.2 equiv.), base (1.2 equiv.), Fe(acac)s (10 mol%) in acetonitrile (0.1M) under
blue light irradiation during 24h. n.d: not detected.

Table SI-5: Additive screening

o Fe(acac); (10 mol%)
additive (1.2 equiv.)

(0]
O‘ \/©/CF3 2,6-lutidine (1.2 equiv.) CF;
+
Br Blue LEDs, MeCN O‘ O
o

¢} 90 °C, 24 h
1 equiv. 1.5 equiv.
1a 2a 3a
Entry Additive 3a Isolated yield (%)
1 y-terpinene (1.2 equiv.) 84
2 none <5%!a)
3 y-terpinene (0.05 equiv.) 35
4 y-terpinene (0.1 equiv.) 43
5 y-terpinene (0.2 equiv.) 56
6 y-terpinene (0.5 equiv.) 71
7 y-terpinene (1 equiv.) 77
8 Hantzsch’s ester 65

[a] determined by *H NMR. Reactions Conditions: 1a (1.0 equiv., 0.5 mmol), 2a (1.5 equiv.), additive, 2,6-lutidine (1.2 equiv.), Fe(acac)s (10 mol%) in
acetonitrile (0.1M) under blue light irradiation during 24h.



Table SI-6: Iron catalyst screening

Fe cat. (x mol%)

O
y-terpinene (1.2 equiv.) o
O‘ . CFs 2 6-lutidine (1.2 equiv.) CF3
o 99499
Blue LEDs, MeCN
0 90 °C, 24 h o
1 equiv. 1.5 equiv.
1a 2a 3a
Entry Fe catalyst 3a Isolated yield (%)

1 Fe(acac)s (10 mol%) 84
2 none n.d
3 FeCl3.6H.0 70
4 Fe(Cl0a)3.H20 72
5 Fe(NO3)3.9H20 (10 mol%) 18
6 Ferrocene (10 mol%) Traces®
7 FeCl2 (10 mol%) 67
8 Fe(acac)s (5 mol%) 80
9 Fe(acac)s (2 mol%) 46
10 Fe(acac)s (20 mol%) 49

[a] determined by *H NMR. Reactions Conditions: 1a (1.0 equiv., 0.5 mmol), 2a (1.5 equiv., 0.75 mmol), y-terpinene (1.2 equiv.), 2,6-lutidine (1.2 equiv, 0.3

mmol), Fe cat. (10 mol%) in acetonitrile (0.1M) under blue light irradiation during 24h. n.d: not detected.

Table SI-7: Other parameters and controls

Fe(acac)3 (10 mol%)

o y-terpinene (1.2 equiv.) 0
CF3;  2,6-lutidine (1.2 equiv.) CF,4
+
AT W T 90de
Blue LEDs, MeCN
o 90 °C, 24 h 0
1 equiv. 1.5 equiv.
1a 2a 3a

Entry Deviations from standard conditions 3a Isolated yield (%)
1 none 84
2 2a’ versus 2al 79
3 2a” versus 2al 39
4 Argon atmosphere <100
5 Oxygen atmosphere 35
6 48h 85
7 70°C <20
8 100°C 82
9 No light n.d
10 4 mmol scale, 0.2M 71
11 Propan-2-ol versus acetonitrile, no y-terpinene 38

[a] 2a’ = 4-trifluoromethylbenzyl iodide. [b] 2a” = 4-trifluoromethylbenzyl chloride. [c] determined by *H NMR. Reactions Conditions: 1a (1.0 equiv, 0.5 mmol),
2a (1.5 equiv, 0.75 mmol), y-terpinene (1.2 equiv.), 2,6-lutidine (1.2 equiv), Fe(acac)s (10 mol%) in acetonitrile (0.1M) under blue light irradiation during 24h.
n.d: not detected.



Mechanistic studies.

Radical trap experiments

Fe(acac)3 (10 mol%)

0 y-terpinene (1.2 equiv.) 0
O‘ CF3;  2,6-lutidine (1.2 equiv.) CF,4
+
L 9099
Blue LEDs, MeCN
°© 0

90°C,24h
1 equiv. 1.5 equiv. TEMPO (2 equiv.)
1a 2a 3a,nd

According to the general procedure with 2 equiv. of 2,2,6,6-Tetramethylpiperidine 1-oxyl. Analysis of the crude mixture
showed complete destruction of starting materials.

Fe(acac)3 (10 mol%)

y-terpinene (1.2 equiv.)
2,6-lutidine (1.2 equiv.) CF3
(T T 0 ) e
Blue LEDs, MeCN
90°C, 24 h

1 equiv. 1.5 equiv. 1,1-Diphenylethylene (2 equiv.)
1a 2a 3a, 49% 6, 59%

According to the general procedure with 2 equiv. of 1,1-diphenylethylene. Purification by silica gel chromatography (toluene:
cyclohexane as eluant, gradient starting from 100% cyclohexane and up to 100% toluene) of the crude mixture afforded 81
mg of 3a (49% yield), 101 mg of 6 (59% yield) and 35 mg of remaining 1a. Yields were calculated regarding 1a.

6 is a translucid oil. '"H NMR (400 MHz, CDCls) & 7.43 (d, J = 8.0 Hz, 2H), 7.33 — 7.05 (m, 12H), 6.12 (t, J = 7.6 Hz, 1H), 3.41 (d, J
= 7.6 Hz, 2H). °F NMR (377 MHz, CDCls) & -62.31.

Control reactions.

In order to assess that quinone as reactant is mandatory for the reaction to occur, several controls reaction were run in its
absence or with a different radical acceptor.

Fe(acac)3 (10 mol%)
y-terpinene (1.2 equiv.)

CF3  2,6-lutidine (1.2 equiv.)
Br\/©/ no reaction
Blue LEDs, MeCN

90°C, 24 h

2a

Scheme SI-1. Reaction without menadione.

Fe(acac)3 (10 mol%)
y-terpinene (1.2 equiv.)

\/©/CF3 2,6-lutidine (1.2 equiv.)
P no reaction
Br * 7 COMe e LEDs, MeCN

1.5 ;guw. 1 equiv. 90°C,24 h

Scheme SI-2. Reaction with methyl acrylate as radical acceptor.



NMR Spectra of the crude reaction mixture.
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Scheme SI-3. NMR spectra of the crude of the reaction in optimized conditions.

Analysis of the NMR spectra of the crude reaction mixture showed the formation of p-cymene from the starting y-terpinene.

Absorption spectrophotometric data.
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Figure S1. Absorption spectrophotometric spectra of all the reactants
involved in the photoredox benzylation of menadione. [Menadione] =
[Lutidine] = [BnBr] = [y-Terpinene] = 0.5 mM; [Fe(acac)s] = 0.05 mM.
Solvent: CH3CN; T = 25 °C; Blue LED (420-470 nm). This measurement
evidenced that only menadione and Fe(acac)s absorb this blue
electromagnetic radiation.
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Figure S2. Absorption spectrophotometric variation recorded for
menadione (0.5 mM) upon blue-LED photoirradiation for t= 0 hour, 1 hour
and 3 hours. Solvent: CHsCN; T = 25 °C; Blue LED (420-470 nm). This
measurement revealed that menadione can be activated upon
photoirradiation by a blue LED.
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Figure S3. Absorption spectrophotometric variation recorded for
menadione (0.5 mM) in the presence of y-terpinene (0.5 mM) upon blue-
LED photoirradiation for t= 0 hour, 1 hour and 3 hours. Solvent: CHsCN; T =
25 °C; Blue LED (420-470 nm). This measurement revealed that menadione
can be activated upon photoirradiation by a blue LED and this process is
improved with a proton donor such as y-terpinene.
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Figure S4. Absorption spectrophotometric variation recorded for
menadione (0.5 mM) in isopropanol upon blue-LED photoirradiation for t=
0 hour, 1 hour and 3 hours. Solvent: iPrOH; T = 25 °C; Blue LED (420-470
nm). This measurement revealed that menadione can be activated upon
photoirradiation by a blue LED and this process is improved with a proton
donor such as iPrOH (used as solvent).
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Figure S5. Absorption spectrophotometric spectra recorded for
menadione (0.5 mM) in CHsCN (alone in blue or with y-terpinene in pink)
and in isopropanol (in red) upon blue-LED photoirradiation afterl hour of
photoirradiation. T = 25 °C; Blue LED (420-470 nm). This measurement
revealed that menadione is more efficiently activated upon
photoirradiation by a blue LED in isopropanol (used as solvent).
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Figure S6. Absorption s