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Abstract

Cisplatin and other platinum-based drugs are well established in the fight against cancer thanks
to their great cytotoxic activity. However, numerous shortcomings remain to be tackled, namely
their low stability, lack of selectivity and resistance of several cancer cell lines to platinum-based
treatment. Therefore, improved anticancer drugs are strongly awaited to substitute agents
currently used in clinics. N-Heterocyclic Carbene (NHC) appeared as a powerful class of ligands
for drug development and their coordination to platinum centre has recently demonstrated

very promising results as anticancer agents.

In the aim to access drugs displaying novel mode of action, both electronic and steric
environment of the platinum centre have been finely tuned by variation of either its
coordination sphere by simple ligand exchange, or the metal oxidation degree to access NHC-
Pt(IV) prodrug candidates. Their stability has been explored and their potential at promoting
cancer cell death prompted us to conduct a thorough mechanistical investigation on the most
promising derivatives. This highlighted the efficiency of NHC-Pt(IV) complexes toward cisplatin-

resistant cancer cell lines thanks to a mitochondria-mediated apoptosis pathway

Furthermore, NHC-Pt complex combination to nanodelivery devices has been investigated in
order to improve both their biocompatibility and selectivity toward cancer cells. While NHC-Pt
association to biocompatible protein proved convenient, drug encapsulation into liposomes
appeared as a more promising strategy to promote safe and efficient drug delivery. Moreover,
NHC-Pt grafting on polyethylenimine chains afforded polycationic macromolecules which
proved highly efficient at promoting cancer cell death both in vitro and in vivo. Functionalization
of the polymeric chain has been explored by combination to targeting peptide or conjugation of
chromophores to unravel drug biodistribution and mechanism of action. Finally, we developed
biocompatible gold nanoparticles for further conjugation of the cytotoxic NHC-Pt moieties with

the aim to ultimately access theranostic devices for combined therapy and tumour imaging.
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Résumé étendu

Résumé étendu

Au cours des derniéres décennies, la chimie inorganique médicinale a largement contribué au
développement des sciences médicales par le biais des agents de chimiothérapie a base de
métaux, des interactions métal-médicament ou encore de I'implication des ions métalliques
dans les maladies. La diversité de propriétés des métaux de transition offre de nombreuses
possibilités pour la découverte de nouveaux médicaments. Pourtant, bien que des dérivés tels
gue le NAMI-A, I'auranofin ou le budotitane aient montré des activités anticancéreuses in vitro
intéressantes, a ce jour seuls quelques dérivés de platine sont utilisés mondialement en
clinique. Le cisplatine reste donc encore aujourd’hui une référence pour le traitement du cancer
grace a sa forte cytotoxicité qui permet un taux de rémission allant jusqu’a 90% dans le cas du
cancer de la prostate. Néanmoins, la faible stabilité du cisplatine provoque souvent de
nombreux effets secondaires tels qu’une forte nephrotoxicité, ototoxicité ou encore une
myélosuppression. De plus, ces effets indésirables sont parfois observés des années apres le
traitement di a une mauvaise excrétion du platine. Finalement, les mécanismes de résistance
cellulaire -intrinséque ou acquis- au traitement basé sur le cisplatine restent des limitations de
taille pour le traitement des cancers résistants. C'est pourquoi la recherche de nouveaux dérivés
de platine anticancéreux a été un champ d’investigation particulierement actif aussi bien dans la
recherche académique qu’industrielle depuis plusieurs décennies. Etonnamment, parmi ces
milliers de composés testés, seulement deux nouveaux dérivés de platine sont utilisés
mondialement en clinique comme alternative au cisplatine. En conséquence, il est d’'une

importance capitale de trouver de nouveaux agents anticancéreux innovants.

Les ligands de type carbene N-hétérocycliques (NHC) sont maintenant bien établis dans le cadre
du développement de métallo-médicaments grace a leur facilité de fonctionnalisation. La
stabilité chimique et thermique de la liaison carbéne-platine donnent lieu a la formation de

complexes particulierement résistants. Considérant les conditions difficiles rencontrées par les
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Résumé étendu

médicaments in vivo, la stabilité de la liaison carbéne-platine est également essentielle afin
d’éviter les interférences dues aux protéines et |'inactivation prématurée de la molécule active.
Les premieres études autour de dérivés NHC-Pt(Il) anticancéreux ont confirmé le potentiel de
cette famille de métallo-médicaments dont les cytotoxicités sont de I'ordre du micro-molaire
sur de nombreuses lignées cellulaires cancéreuses. De plus, les récentes études mécanistiques
sur les dérivés de NHC-platine ont suggéré un mécanisme d’action anticancéreux différent du
cisplatine. Finalement, au vu des propriétés anticancéreuses prometteuses de ces complexes
innovants, le développement d’une bibliotheque de dérivés NHC-platine et I'étude de la
variation de leurs parameétres physico-chimiques est essentiel dans la recherche de la nouvelle

génération d’agents anticancéreux.

La these présentée dans ce document se concentre sur les développements effectués autour de
la fonctionnalisation de la brique moléculaire NHC-platine pour développer des médicaments
innovants agissants selon un mode d’action différent des agents anticancéreux utilisés a ce jour.
Le premier chapitre présente les propriétés et effets secondaires des complexes de platine
anticancéreux ainsi que les développements proposés pour résoudre ces problémes. Par la
suite, plusieurs chapitres sont dédiés aux nombreuses fonctionnalisations étudiées, notamment
la variation des ligands portés par le platine ou encore la modification du degré d’oxydation du
centre métallique. Finalement, la combinaison des entités NHC-Pt a divers dispositifs
permettant une libération contrélée de dérivés cytotoxiques de platine a été |'objet de plusieurs
développements dans le but de limiter les effets secondaires et augmenter leur sélectivité

envers les cellules cancéreuses.

Le second chapitre de ce manuscrit détaille la synthése sélective des complexes trans ou cis de
formule générale [(NHC)PtX;(pnictogene)] en fonction de la nature du fragment introduit par
échange de ligand ainsi que I’évaluation de leurs propriétés anticancéreuses. Ainsi, plusieurs
précurseurs de type trans [(NHC)PtXy(pyridine)] ont été synthétisés par déprotonation d’un sel
d’imidazolium en présence d’une base, d’un sel d’halogene et de la pyridine. Cette procédure a

permis le développement d’une large gamme de dérivés NHC-Pt-pyridine ou la variation des

16



Résumé étendu

ligands halogénés portés par le platine (chlore, brome ou iode) ou bien des motifs présents sur
le NHC est effectuée avec de bons rendements. Les complexes ont été obtenus avec de bons
rendements et caractérisés par RMN et spectroscopie de masse. La librairie de molécules a été
étendue par une méthode d’échange de ligand sur ces précurseurs. En effet, le fort effet trans
du NHC affaiblit la liaison platine-pyridine en trans et favorise I'échange de la pyridine par
d’autres ligands. Une large gamme d’amines a ainsi été introduite avec succes et les dérivés
trans [(NHC)PtX;L] ont ainsi été obtenus avec de bons rendements. Ces post-fonctionnalisations
ont permis la variation des propriétés physico-chimiques des dérivés correspondants. En
particulier, I'influence de ces fonctionnalisations sur la lipophilicité a été étudiée par la méthode
du flacon sous agitation. L’ensemble des dérivés étudiés s’est montrée bien plus lipophile que le
cisplatine, suggérant une meilleure absorption de ces dérivés par les cellules cancéreuses.

La procédure basée sur I'échange de ligands a également été étendue au reste de la famille des
pnictogénes avec succes. Alors que les ligands dérivés de phosphine sont bien établis dans le
domaine de la catalyse, leur utilisation en combinaison avec les complexes NHC-platine reste
mineure dans le cadre des applications biologiques. Il en va de méme pour les ligands a base
d’arsenic ou d’antimoine en raison de leur mauvaise réputation. Pourtant, 'utilisation en
clinique de I'oxyde d’arsenic dans le traitement des leucémies a démontré le potentiel de ces
dérivés dans la lutte antitumorale. Ainsi, plusieurs ligands dérivés de phosphine, arsine ou
stibine ont été introduits par échange de ligand sur les complexes de NHC-platine dans le but
d’accéder a de nouveaux dérivés a double action. La caractérisation de ces composés par RMN
et diffraction aux rayons X sur monocristaux a révélé une configuration cis vis-a-vis du NHC des
ligands a base de phosphore, arsenic et d’antimoine. Cette configuration est remarquable
puisqu’elle a systématiquement été observée contrairement aux dérivés de type

[(NHC)PtX2(amine)] qui adoptent systématiquement une configuration trans.
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Figure 1: Structure moléculaire d’un complexe neutre d’arsenic 52b (gauche) et d’'un complexe

d’antimoine 51c (droite).

La librairie de complexes NHC-Pt-pnictogene a également pu étre adaptée pour accéder a de
nouveaux complexes cationiques de formule générale [(NHC)PtX(PnPhs);]l ol Pn représente P,
As ou Sb. La RMN du 3P ainsi que la structure moléculaire d’'un exemple représentatif
[(NHC)PtX(PPhs):]l ont confirmé I'orientation cis,cis du complexe ainsi formé malgré les
contraintes stériques induites par les deux ligands triphenylphosphine. Finalement, plusieurs
dérivés représentatifs ont été évalués in vitro pour leurs propriétés anticancéreuses sur trois
lignées cancéreuses et comparées a une lignée cellulaire saine pour étudier leur sélectivité.
Alors que I'ensemble des dérivés NHC-platine testés ont montré une cytotoxicité supérieure au
cisplatine sur les cellules cancéreuses, ils se sont également avérés étre modérément toxiques
envers la lignée cellulaire saine. Ainsi, bien que ces composés n’aient pas démontré d’activité
synergique entre le platine et les pnictogenes et malgré leur manque de sélectivité in vitro, ces
études ont confirmé le potentiel de la combinaison des briques moléculaires NHC-platine avec

les ligands dérivés de pnictogene pour des applications biomédicales.

Le troisieme chapitre se concentre sur la modification du degré d’oxydation du platine et son
influence aussi bien sur la stabilité que la cytotoxicité de ces dérivés. En effet, I'oxydation du

platine au degré d’oxydation +IV qui conduit a la formation de complexes de géométrie
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octaédrique a été proposée afin d’augmenter l'inertie du centre métallique vis-a-vis des
échanges de ligands. Cette stabilité accrue envers les protéines et autres biomolécules devrait
permettre |'absorption d’une plus grande quantité d’agent anticancéreux par les cellules
tumorales et limiter les interactions indésirables. De plus, les complexes de platine(lV) sont
considérés comme des « pro-médicaments » qui sont métabolisés a I'intérieur des cellules par
bioréduction sous leur forme active platine(ll). En conséquence, leur stabilité vis-a-vis du milieu
biologique ainsi que leur cinétique et potentiel de réduction sont des paramétres critiques a
controler pour permettre une libération optimale du principe actif sans inactivation préalable.
Ainsi, une famille de complexes NHC-platine(lV) a été synthétisée par oxydation directe de
précurseurs de platine(ll) fonctionnalisés avec un faible exces de dibrome pour donner des
complexes de formule [(NHC)PtBrsl] (L = ligand azoté). Cette réaction a permis I'oxydation
sélective d’une large gamme de précurseurs avec d’excellents rendements. Bien que |’oxydation
directe de précurseurs de platine(ll) soit hautement modulable, une seconde méthode de
synthése par post-fonctionnalisation de dérivés [(NHC)PtBra(pyridine)] a été développée afin
d’introduire davantage de diversité chimique dans la famille des NHC-platine(IV). Celle-ci repose
sur le fort effet trans du carbéne situé en position trans par rapport au ligand pyridine qui est
rendu labile et peut ainsi étre échangé par d’autres ligands d’intérét. Ainsi, plusieurs ligands
comme la cyclohexylamine ont pu étre introduits de facon quantitative sur les complexes de
platine(lV), augmentant ainsi la lipophilicité et la diversité des dérivés [(NHC)PtBral].
Finalement, la famille de complexes de type NHC-platine(lV) peut également étre étendue en
utilisant I'iode hypervalent PhICl, comme oxydant. En effet, cet oxydant a permis la synthese
d’une famille de composés de formule générale [(NHC)PtClsL] avec de bons rendements.
Finalement, d’autres oxydants ont été envisagés dans le but d’accéder a des dérivés de
platine(IV) fonctionnalisés par des ligands hydroxo, néanmoins tous les essais effectués se sont
conclus par des échecs.

La caractérisation par RMN 'H des dérivés de platine(lV) a confirmé I'oxydation sélective du
centre métallique puisqu’un déplacement général des signaux vers les champs bas a été observé
pour I'ensemble des complexes isolés et s’est montré typique des dérivés [(NHC)PtX4L] avec X =

chlore ou brome et L = amine. De méme, le déblindage des signaux correspondants a la
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résonnance des carbones en RMN 3C est caractéristique de I'oxydation du platine au degré
d’oxydation +IV. A noter, contrairement aux autre carbones, le carbone carbénique est
systématiquement observé blindé a & 109—120 ppm dans le cas des complexes NHC-Pt(IV). En
outre, plusieurs cristaux uniques ont été obtenus par diffusion de vapeur et ont confirmé la
structure octaédrique des complexes de type [(NHC)PtX4L] ou le NHC est situé en trans du ligand L
alors que les quatre bromes font partie du méme plan perpendiculaire. De plus, aucune

différence significative de longueur de liaison n’est observée en fonction de la nature de

I’halogéne coordiné.

B)

Figure 2: Structures moléculaires de deux complexes de type [(NHC)PtBra(pyridine)] 77 (A) et 81
(B).

Finalement, plusieurs exemples représentatifs des dérivés de type NHC-platine(lV) ont été
analysés par RMN %Pt qui est apparu comme un outil de choix dans la chimie du platine
puisqu’il a récemment été suggéré que ce déplacement soit dépendant de la densité
électronique du centre métallique. Il est a noter qu’'une grande différence de déplacement
chimique du platine a été observé en fonction du degré d’oxydation du centre métallique entre
les complexes NHC-Pt(IV) et NHC-Pt(ll). En effet, les signaux correspondants aux complexes des

familles [(NHC)PtBrslL] et [(NHC)PtClsL] se trouvent a un déplacement chimique de & 2000-2200
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ppm et & 800-900 ppm respectivement, alors que le platine résonne en dessous de 6 3000 ppm
pour les complexes de type NHC-platine(ll).

La stabilité d’'une molécule est un parametre important dans le développement de nouveaux
médicaments puisqu’elle influence non seulement sa biodistribution dans le corps, mais
également les effets secondaires liés a une mauvaise excrétion comme c’est le cas du cisplatine.
Ainsi, une étude de stabilité a été conduite sur plusieurs exemples représentatifs de complexes
NHC-platine(lV) vis-a-vis du DMSO qui est couramment utilisé pour solubiliser des dérivés
lipophiles pour des applications in vitro. La réaction de I'ensemble des dérivés NHC-platine(IV)
en présence de DMSO/H-0 a été observée par spectroscopie UV-vis et RMN H, confirmant ainsi
la formation d’une nouvelle espéce ol le centre métallique est réduit au degré d’oxydation +lI
et la pyridine a été substituée par une molécule de DMSO. Pourtant, il est apparu que la
cinétique de cette réaction est dépendante du potentiel redox des complexes puisque les
dérivés [(NHC)PtBrsL] réagissent en moins de 24h alors que la famille [(NHC)PtClsL] a montré
une bonne stabilité sur plusieurs mois, montrant clairement leur plus grand intérét pour des
études biologiques. Ceci a pu étre confirmé par voltamétrie cyclique et a souligné I'importance

de la quantité d’eau présente dans la solution de DMSO sur la cinétique de cette réaction.
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Figure 3: Tendances générales observées pour la conversion des complexes NHC-Pt(IV)-amine

en une nouvelle espéce NHC-Pt(11)-DMSO en fonction du temps dans un mélange DMSO/H,0
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Résumé étendu

Afin de simuler au mieux le milieu biologique, une seconde étude de stabilit¢é des NHC-
platine(IV) a été menée dans du sérum de souris. Par spectroscopie UV-visible, il est apparu que
le complexe était consommé en 30 minutes, ce qui semble raisonnable au vu de la demi-vie du

cisplatine (21,6 min) et du satraplatin (6,3 min) dans le sang.

Il est bien établi que les complexes de type platine(IV) agissent comme des pro-médicaments et
donc que leur bioréduction est une étape nécessaire pour permettre la délivrance du principe
actif et une activité anticancéreuse efficace. De nombreuses protéines et molécules soufrées
présentes dans le sérum et les tumeurs hypoxiques peuvent promouvoir le processus de
réduction Pt(IV)/Pt(ll). La glutathione est un bioréducteur largement présent dans le sang et a
donc été utilisé comme un modeéle pour étudier la réduction d’'un complexe NHC-platine(lV) par
voltammeétrie cyclique. Une étude complémentaire par RMN H a confirmé que I'espéce issue
de cette bioréduction est effectivement le complexe NHC-platine(ll) cytotoxique correspondant

ce qui soutient la possibilité de réduction des NHC-platine(IV) in vitro et in vivo.
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Figure 4: Evolution par voltammétrie cyclique a 100 mV.s* d’un complexe [(NHC)PtCls(pyridine)]

dans une solution de DMSO et 0,1 M de TBAPFs en présence d’un équivalent de GSH
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Résumé étendu

La cytotoxicité de plusieurs pro-médicaments NHC-platine(IV) a été analysée sur trois lignées
cellulaires cancéreuses et comparée aux complexes de platine(ll) correspondants ainsi qu’au
cisplatine servant de référence. La majorité des complexes étudiés ont démontré des activités
anticancéreuses prometteuses de |'ordre de la micromole. De plus, certains dérivés du type
[(NHC)PtClsL] ont montré une cytotoxicité plus importante que leur équivalents platine(ll),
suggérant un mécanisme d’action supplémentaire a la délivrance du NHC-platine(ll).

La résistance de certains types de cancer au traitement basé sur le cisplatine restant a ce jour
une limitation de taille a surmonter, la modification du mécanisme d’action anticancéreuse des
complexes NHC-platine(IV) par rapport au cisplatine a été envisagé comme une alternative
prometteuse dans le traitement des cancers résistants. Ainsi, la cytotoxicité d'un pro-
médicament NHC-platine(IV) a été évaluée in vitro sur une lignée cancéreuse standard et son
équivalent mutée et résistante a I'action anticancéreuse du cisplatine. Il est apparu que le
complexe NHC-platine(lV) est capable de contourner ce mécanisme de résistance et de
promouvoir une cytotoxicité similaire sur les deux lignées cellulaires. Ces résultats ont été
confirmés sur une autre lignée cellulaire cancéreuse ou le géne p53 est inactivé. Afin de
comprendre plus en détail les mécanismes mis en jeu par cette nouvelle classe d’agents
anticancéreux et d’identifier la voie métabolique impliquée, plusieurs études mécanistiques ont
été menées. Alors que les études préliminaires ne semblent pas indiquer d’interaction entre le
platine et les nucléobases, les mitochondries sont apparues comme des cibles plus probables
pour les pro-médicaments NHC-platine(lV). En effet, ces complexes favorisent I'apparition de
fort stress oxydant dans les mitochondries et promeuvent la perte de viabilité de la respiration
mitochondriale des cellules cancéreuses traitées de facon dose-dépendante.

Finalement, ces multiples études confirment le potentiel des pro-médicaments de type NHC-
platine(IV) dans la lutte contre le cancer, particulierement dans le cas des cancers réfractaires,
grace a leur activité anticancéreuse impliquant un mécanisme de mort mitochondriale par

génération de stress oxydant.
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Résumé étendu

Le quatrieme chapitre de cette thése introduit la délivrance controlée de médicaments par
combinaison de motifs NHC-platine anticancéreux a différents systémes nano-transporteurs. En
effet, une partie des effets secondaires associés au traitement a base de cisplatine sont dus a la
formation d’adduits entre le platine et les protéines qui interrompt certains processus
biologiques. En conséquence, les systemes transporteurs ont récemment connu un intérét
croissant dans l'espoir de limiter les réactions secondaires et accéder a de nouveaux
médicaments sélectifs des cellules cancéreuses pour le traitement personnalisé.

Dans un premier temps, plusieurs dérivés NHC-platine(Il)/(IV) ont été emprisonnés dans une
protéine biocompatible, I'albumine bovine, qui est I'une des principales protéines dans le sang
et qui est bien établie comme agent délivrant pour de nombreux médicaments. Ceci a pu étre
effectué avec succés selon une procédure simple et a permis une variation de la charge de
platine attachée au transporteur par adaptation des quantités de précurseurs mises a réagir.
L'analyse par spectroscopie UV-vis de la bande a A = 280 nm correspondant aux transitions
n>n* des résidus aromatiques de lI'albumine, a confirmé l'interaction avec I'albumine de
I'ensemble des complexes NHC-platine utilisés. A noter, I'interaction semble plus forte dans le
cas des complexes portant des ligands bromés que pour les complexes fonctionnalisés par des
ligands chlorés. Finalement, le bon relargage des médicaments a pu étre observé par RMN 'H,
et leurs activités anticancéreuses ont été étudiées in vitro, confirmant ainsi la différence de

cytotoxicité marquée en fonction de la nature de I’'halogéne porté par le métal.
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Résumé étendu
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Figure 5: Evaluation de l'interaction des complexes NHC-Pt(ll) 2, 4 ainsi que des complexes NHC-

Pt(IV) 59, 95 avec I'albumine par spectroscopie UV-vis (ratio de 1Pt/1BSA)

Parallelement, nous avons étudié I'encapsulation d’un dérivé NHC-platine(ll) dans un liposome
anionique formé d’une bicouche de phospholipides qui a été possible grace a la
fonctionnalisation du complexe de platine par deux longues chaines alkyles. Une étude
préliminaire a suggéré des propriétés antiprolifératives in vitro modérées dans le cas de cellules

cancéreuses traitées avec les liposomes chargés en NHC-platine.

Dans un autre développement, la combinaison des motifs NHC-platine cytotoxiques a un
polymeére biocompatible et hydrophile, le polyéthylénimine aussi appelé PEI, a été étudiée dans
le but d’améliorer leurs propriétés physiologiques et permettre a terme une translation vers les
études cliniques. En effet, les études préliminaires conduites dans notre groupe sur cette famille
avaient souligné le fort potentiel de cette classe de médicaments et la nécessité d’augmenter la
diversité chimique disponible pour améliorer les propriétés de ces métallo-polymeres.
L'adaptation de la synthese précédemment développée dans notre groupe a permis la variation
de la charge en platine le long du polymeére. Les meilleures activités antiprolifératives ayant été

observées in vitro pour un ratio d’un platine pour trente monomeéres. Autrement, plusieurs
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Résumé étendu

méthodes de synthése ont été développées pour permettre la pré- ou post-fonctionnalisation
de ces macromolécules par des fragments d’intérét tels qu’un sucre, des chaines PEG
hydrophiles, des chromophores permettant des études mécanistiques in vitro, ou encore un
agent de ciblage. L'ensemble des méthodes développées sont simples et ont permis I'acces a
une large gamme de macromolécules de facon quantitative comme confirmé par RMN H sur
I'ensemble des dérivés. Plusieurs de ces macromolécules fonctionnalisées par des

chromophores ont permis des études de biodistribution in vitro par épifluorescence et

suggerent une bonne absorption du métallo-polymere.

Figure 6: Vue de cellules cancéreuses traitées avec le complexe 133 par épifluorescence sous A)

lumiére blanche, B) lumiére UV a A =365 nm

La fin de ce chapitre se concentre sur le développement de deux tailles de nanoparticules d’or
stabilisées par du PEIl dans le but d’attacher des fragments cytotoxiques de NHC-platine a leur
surface et permettre une délivrance sélective vers les cellules cancéreuses par voie passive. Une
méthode simple a permis I'obtention de deux tailles de nanoparticules de facon reproductible
comme confirmé par la présence d’un signal intense et fin en UV-vis a A = 520 nm
correspondant a la résonnance plasmonique de surface des nanoparticules, ainsi que par
microscopie électronique en transmission. Il est intéressant de noter que ces nanoparticules ont
démontré une stabilité accrue aussi bien en solution aqueuse qu’en présence de sérum de
souris. |l est apparu que la toxicité de ces nanoparticules était hautement dépendante de leur

taille, les petites nanoparticules de 10 nm ne montrant pas d’activité cytotoxique in vitro, méme
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a haute concentration. Plusieurs méthodes ont ensuite été étudiées afin d’attacher les
complexes NHC-platine a la surface de ces nano-transporteurs biocompatibles. Finalement, les
propriétés en transfection de ces nanoparticules de PEI biocompatibles ont montré des résultats
préliminaires prometteurs et ouvrent I'accés a la délivrance de matériel génétique et autres

médicaments.

Figure 7: Images typiques obtenues par microscopie électronique en transmission sur un

échantillon de PEI-AuNPs avec un diameétre moyen de 10 nm
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Chapter 1 Introduction

Chapter 1: Introduction

For the past decades, large contribution to medicinal sciences originated from the field of
inorganic medicinal chemistry whether it deals with metal-based chemotherapeutic drugs,
metal-drug interactions, metal ions in disease and so forth.! The large range of properties
available for transition metals offers high opportunities for drug discovery.>3 However, in the
fight against cancer although NAMI-A* auranofin® or budotitane® depicted high in vitro
potencies, to date no non-platinum drug has been approved for worldwide commercialization

and cisplatin remains nowadays the reference for chemotherapy.’

|. Cisplatin

Breakthrough in the fight against cancer arises from the fortunate discovery of cisplatin’s
potency by Rosenberg® and subsequent FDA approval for its use in clinics. Its high potency
allows nowadays a cure rate of over 90% in testicular cancer® and appeared as a strong
alternative in the treatment of ovarian, testicular, lung and bladder cancers. However,
limitations due to major side effects and resistance to cisplatin-based treatment are common.
Therefore, research in academy or pharmaceutical industry on platinum-based chemotherapy

remains a very active field of investigation.!

1) Mechanism of cytotoxicity

a. Drug uptake

Cisplatin is usually intravenously injected as a saline solution'® and progressively enters cancer

cell following numerous pathways proceeding in parallel,!! predominantly either passive
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Chapter 1 Introduction

diffusion through gated channels or active protein-mediated transport.'>'3'4 |n particular,
various sulphur containing copper transporters>'®17 and other proteins such as organic cation
transporters (OCTs)*®1° have been suggested to favourably support platinum cellular
accumulation 20212223 The pathway for drug internalization in cancer cells impacts its
biodistribution and accordingly both electronic and steric parameters at the platinum centre

play a critical role in the efficient drug uptake.

Resistance
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Scheme 1: Mechanism for cisplatin passive diffusion

The complex biological environment promotes cisplatin hydrolysis and metabolites formation?*
though analytic techniques as HPLC analysis, Pt NMR?®> or radiolabelled platinum
derivatives?®?’ failed to determine their nature due to sublethal platinum concentrations thus
preventing in vivo mechanistic studies. Therefore, reactions in aqueous media mimicking the in
vivo environment provided most knowledge concerning platinum fate (Scheme 1). While
extracellular pH is 7.4 + 0.1,%2 intracellular pH drops to 6.8 and chloride concentration
dramatically decreases down to 4 mM in cells (vs. 100 mM in extracellular medium) thus
promoting the formation of the mono-aquated by-product cis-[(NH3).PtCI(H20)]*. Subsequent
metabolization proved to favour the formation of diaqua species, hydroxo derivatives, hydroxo-

bridged multimers and so forth?>3° which are capable to enter nucleus and further interact with

DNA.31
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b. DNA as the main target for platinum derivatives

DNA has been recognized as the main target for platinum derivatives due to the discovery of
filamentous growth in E. Coli which is characteristic of cell division disruption and DNA synthesis
inhibition though cell growth remained intact.® The accepted mechanism involves platinum
coordination through ligand exchange at the nitrogen atom of nucleobases, especially the N7
atom of guanine (G) and adenine (A).3%33 Several adducts have been evidenced and quantified,
including 1,2-intrastrand d(GpG) cross linking (Figure 1A) and eventually 1,3-intrastrand

d(GpTpG) cross linking (Figure 1B).34

Figure 8: Platinum-DNA adduct structures. Duplex DNA containing (A) cisplatin 1,2-d(GpG), (B) 1,3-
d(GpTpG) intrastrand, and (C) cross-links, generated by PyMol.?!

On the other hand, trans-diamminedichloroplatinum(ll) (trans-DDP) failed at promoting cancer
cell cytotoxicity. It has been attributed to the slow closure rate for the formation of bi-functional
Pt-DNA adducts (ti2 > 24h for trans-DDP while ti2 ~ 8h for cisplatin®*) and may explain the

formation of easily repaired 1,3-intrastrand and interstrand cross-links3¢:37:383% rather than 1,2-
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intrastrand cross-links.*® This observation highlights the great influence of the platinum

environment toward both involved its mechanism and subsequent cytotoxicity.

c. Cisplatin adducts with DNA: influence toward cell cycle, repair system and cell
resistance

A

G2 checkpoint
Check for cell size and
DNA replication

G1 checkpoint

growth factors
and DNA damages

b

=

Figure 9: General cell cycle graph

The cell cycle in mammalians is divided into 4 phases (Figure 2): a) cell size increase in G1 due to
gene transcription and proteins synthesis, b) DNA is replicated at S phase, ¢) G2 phase
corresponds to cell growing and synthesis of RNA and proteins, d) during mitosis cell division
and replication occur. Two checkpoints after G1 and G2 phases ensure the genome integrity by
controlling DNA lesions, excising damaged areas on DNA strands or proceeding to cell death. It
occurs following either a necrotic pathway, meaning loss of membrane cell integrity, or an
apoptotic pathway corresponding to a programmed cell death going through damage
recognition by proteins inducing further cycle arrest signal (Figure 3). Cisplatin is well known to
induce caspase dependent apoptosis in cancer cells.*! Indeed, while it appears to be inefficient
at inducing cell death at the G1 checkpoint, cell cycle arrest at the G2 checkpoint has been
evidenced and supports replication blocking during the S phase.*?*3 Moreover, the formation of

DNA-platinum adducts promotes the deregulation of polymerases which act as a damage
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recognition factor thus initiating a nucleotide excision repair** and subsequent inhibition of the
RNA transcription process.*> Finally, caspases 3 and 7 enzymes which are responsible for
polypeptidic chains cleavage have been largely accepted as being involved in the cisplatin

induced apoptosis thus supporting DNA fragmentation.4®

HsN<p,-Cl
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DNA damage

¥

Cell survival ‘1 QR [» Apoptosis
system

Figure 10: Pathways for cisplatin-induced apoptosis and necrosis

Although cisplatin induces high cytotoxicity toward cancer cells, either intrinsic or acquired
resistance are often associated with the treatment thus degenerated tissues, which initially
responded favourably to the treatment acquire drug resistance over exposure. Resistance
mechanisms can be related to four major events: 1) a decrease in drug uptake and/or increased
efflux; 2) a local increase in thiols concentration; 3) a failure in the cell death signalling pathway;
4) either an increase in the repair process efficiency or an improved tolerance to damages. DNA
repair processes, namely nucleotide excision repair process (NER), base excision repair process
(BER) and DNA mismatch repair process (MMS), are capable to identify and correct damages
during DNA replication. DNA-Pt adducts mainly 1,2-intrastrand cross-links have been suggested
to be primarily removed by the NER.#” DNA lesions recognition involves the binding of several
proteins (namely XPA, RPA and XPC)*® which promote the excision of damaged DNA and

replacement by a short complementary oligonucleotide sequence freshly synthesized by DNA

33



Chapter 1 Introduction

polymerase (Figure 4).*° This is evidenced by up to 10-fold increased sensitivity to cisplatin on

NER deficient cell line compared to regular cell line.>%>!

Vs 2.

X
] t
X-Pt-L 4
N L
Pt-L Pt-L
— — — —
L L
Platination Lesion recognition Lesion excision Repair and ligation

by NER proteins

Figure 11: Nucleotide excision repair after Pt-DNA adduct recognition by NER proteins

To note, several studies suggested a correlation between cancer cell lines resistance and their
inability to efficiently undergo mismatch repair process.>>°3 Yet, it is noteworthy to mention
that contradictory results were obtained in vitro and in vivo>* thus suggesting the occurrence of
a more complex mechanism of resistance.>>%>7>859 Furthermore, the cellular tumour antigen
p53 has a crucial influence in the recognition of DNA damages and can induce transitory stop in
the cell cycle before DNA replication® thus preventing mutation replication and ensuring
conservation of the genome integrity. Remarkably, numerous cancer cells depict a mutation
inactivating the p53 gene and resistance phenomena observed with cisplatin are often

associated to the disability of p53 mutated gene to promote cell cycle stop.®?

2) Stability and side effects

Despite the impressive results obtained with cisplatin for cancer treatment in clinics, its poor
stability causing severe side effects remains a major issue.®> Moreover, additional adverse
effects sometimes appear several years after cisplatin administration due to uncomplete

34



Chapter 1 Introduction

platinum excretion.®® Hepatotoxicity which corresponds to liver tissues necrosis due to
disruption of the redox homeostasis® and cardiotoxicity which is usually due to both necrosis
and degeneration of the cardiac muscle®>®® are among the most common side effects.
Moreover, nephrotoxicity is related to a large accumulation of platinum in the kidney during
excretion and irreversibly damages surrounding tissues.®’ Finally, ototoxicity is a common side
effect and not dose-limiting thus causing immediate and permanent deafness or tinnitus.
Remarkably, it is now widely accepted that only 1% of the initially injected platinum drug
reaches the nucleus,®®% the remaining platinum being bound to thiols such as cysteine,
glutathione (GSH), methionine and so forth.”%717273,74 While such interactions can improve the
sensitivity of several cancer cells to DNA damages,’> development of chemotherapy resistance
can also be promoted.’® Finally, cisplatin is not selective for cancerous cells thus proving highly
toxic toward the whole human body and inducing severe side effects. Accordingly, numerous
drug combinations with cisplatin are currently under clinical trial and better analogs are awaited

with great interest in order to limit or even suppress such unfortunate events.”’

3) Other platinum(ll) drugs

Over 4000 platinum derivatives with good leaving groups trans to aminated ligands have been
investigated to lower side effects, increase cytotoxicity and selectivity or even facilitate drug

administration, yet only a few reached clinical trials.”®7”°

World approval
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Scheme 2: Platinum(lIl) drugs approved in clinics

35



Chapter 1 Introduction

a. Carboplatin

Carboplatin was developed by Johnson Matthey and further approved in 1989 for worldwide
use. While its overall stability is increased thanks to chelate effect of novel oxygen ligand,
slower aquation decrease nucleus osmosis. Yet its binding modes proved identical as cisplatin.
Moreover, increased protein binding and drug deactivation appeared linked to the fact that
nephro- and neurotoxicity®® and cell resistance similar as cisplatin were observed, thus limiting

its use against several cancers.

b. Oxaliplatin

Second generation drug, oxaliplatin, was available on the market starting from 2002. It
appeared as a strong alternative to cisplatin thanks to its improved design promoting both
slower aquation rate and improved stability. Moreover, oxaliplatin depicted somewhat lower
affinity for deactivation through protein binding. Potency through DNA binding and NER
resistance account for its efficiency at overcoming resistance even in cisplatin-resistant cell
lines. Finally, clinical tests confirmed its high efficiency in the treatment of colon cancer where
no cross-resistance was observed.®! However, strong neurological symptoms are still deplored

after prolonged treatment.

c. Other Pt(ll) drugs with promising clinical responses

Nedaplatin is commercialized by Shionogi Pharmaceutical Company in Japan for the treatment
of head, neck and testicular cancers. While fewer side effects have been observed, its
mechanism of action proved similar and no overall toxicity improvement was perceived.®?
Heptaplatin is used in clinics in South Korea to cure gastrointestinal diseases. It depicted lower

side effects than cisplatin in addition to high activity toward cisplatin resistant cancer cells.?3
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Lobaplatin, which was developed by ASTA Pharma in Germany, has been approved in China for
the treatment of various cancers such as myelogenous leukemia, breast cancer and so forth 848>
Finally, the variety of Pt(ll) drugs tested for anticancer applications highlighted the importance
of the nature of ligands surrounding the platinum centre. Therefore, the coordination of a
stabilizing ligand is expected to overcome restrictions related to low stability and major side

effects observed with drugs following the structure-activity relationship (SAR).8¢

Il. N-Heterocyclic Carbenes

As previously underlined, the ligands electronic and steric parameters have a strong influence
toward complexes pharmacological properties, namely solubility, stability and so forth.
Moreover, platinum (ll) anticancer drugs translation to clinics remains confronted to cell
resistance mechanism. Consequently, the replacement of amine ligands by more strongly bound
ligands has been proposed to go beyond the well-established structure-activity and modify the
in vivo platinum fate. N-heterocyclic carbenes (NHCs) recently appeared as a powerful class of
ligand for metal coordination in numerous fields ranging from catalysis,?”888° photophysic®® and
bioinorganic drug.’® Indeed, in addition to being easily fine-tuned and available at low cost in
large quantity,®> NHCs unique properties allow them to perfectly adjust reactivity, oxidation

state and geometry of transition metals.

1) Electronic and steric properties of N-heterocyclic carbenes

In the late sixties, Wanzlick®® and Ofele®* independently reported the successful synthesis of
NHC-metal complexes by imidazolium deprotonation and in situ coordination to transition
metal. However, the development of NHC ligands remained restricted for years due to failed
attempts of free-carbene isolation. A major advance in the field was achieved by Bertrand who

isolated the first free phosphino-carbene in 1988.°>°® Subsequent isolation of the highly
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stabilized free bis-mesityl carbene by Arduengo in 1991°7 paved the way for the NHCs which are

nowadays well-established ligands in numerous fields of investigation.

+M effect

-| effect

Scheme 3: Mesomeric and inductive effects in N-heterocyclic carbenes

Two different electronic states exist for N-heterocyclic carbenes, namely triplet and singlet state
which is more common. Several factors affecting the singlet—triplet gap have been established,
namely the geometry at the carbene and the presence of neighbouring i systems. For singlet
NHCs, -l inductive effect of both nitrogens stabilizes the o orbital at the carbene. In parallel, the
empty carbon 2p orbital is stabilized by +M mesomeric electrons withdraw from the two
adjacent non-bonding nitrogen orbitals®® as shown in Scheme 3. Accordingly, the ligand’s
HOMONnkc is found higher in energy, thus enlarging the energy gap between the o occupied and
p empty orbitals. Accordingly, the high HOMOnnc accounts for the great o-donor character of
NHC ligands. Moreover, NHCs can act as m acceptors for electron-rich metals in a classical d-nt*
back-donation where electronic density is withdrawn from d orbitals to empty low-energy it
orbitals of the NHC. Thus NHC-metal bond is mostly a o covalent bond, it acceptance depending

on several aspects such as the nature of N-substituents, of the metal or the other ligands.

[\ [\ ;:; N=\ //\

RIUNAR RIETR RNATR RINAR TR
Imidazolinylidene Imidazolylidene Benzimidazolylidene Triazolylidene  Thiazolylidene

Scheme 4: Most common backbones of free NHCs

Both steric and electronic properties can be ascertained with the combined use of
characterization and calculation methods.?>'%° This has been highlighted using different

techniques ranging from measurements of the free carbene pKa, IR spectra of the
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corresponding Ir-carbonyl complex, calculated Tolman parameter and percentage of buried
volume, electrochemical determination of the LEP parameter, in addition to carbenic carbon 3C
NMR characterization as an indicator of the electronic density in the corresponding bis-NHC
moiety.101,102

Remarkably, the replacement of one N-R function by an electronegative sulphur atom in the
heterocycle usually gives rise to weaker donor ligand according to the HEP parameter. Likewise,
in the case of triazole derivatives, the third nitrogen atom within the aromatic ring appears to

decrease donor properties compared to classical NHCs.103

2) Metal complexes of NHCs

The biological properties of NHC-metal complexes were initially investigated by the group of
Cetinkaya in 1996 and highlighted the potential of NHC-Ru(l) and Ru(ll) complexes as
antibacterial agents.!?4105 This breakthrough paved the way for NHC-metal complexes
expansion in the field of bioinorganic drugs.06197.108 Accordingly, while NHC-gold complexes
have been widely investigated as novel anticancer drug candidates,'%%'1° combination of NHC
with silver,}11112  copper,'’® ruthenium,’** palladium,*>!1® platinum,!1711811% gnd other
transition metal depicted promising results either as anticancer drugs or in the treatment of
other diseases.’?° Both chemical and thermal stability of the carbene-metal bond toward air and
moisture are of great interest in the development of novel drugs to improve the overall stability
of metallodrugs. Considering the harsh conditions encountered in vivo, namely highly acidic or
reducing media and reactive agents, the C-M bond stability is essential to avoid any unwanted
event and prevent premature drug inactivation. The ease of derivatization and fast optimization
of NHCs precursors allow fine-tuning of both steric and electronic properties by simple
modification of either their backbone or N-substituents. This is of major importance to
efficiently adapt the versatility of metal complexes and improve both physicochemical

properties and reactivity in biological media. Finally, the bulky and strongly bound NHC ligand is
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expected to remain attached to the platinum and thus to induce a different mechanism of

antitumor action to access polyvalent drugs.

3) Anticancer NHC-Pt(ll) complexes

Coordination of NHC ligands to platinum centre displayed a shorter carbene-Pt bond'?!
compared with heteroatoms, therefore indicating a possible inertness of this lesion toward
inactivation by blood proteins. Thus, several novel NHC-Pt(ll) complexes synthesized by
oxidation of [(NHC)Pt°(dvtms)] precursors and subsequent ligand exchange 22123 have been
evaluated as anticancer agents by the group of Marinetti.!*® Trans NHC-platinum complexes
demonstrated promising activities standing up against the presumption that cis configuration is

mandatory for competent anticancer drugs.
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Scheme 5: Selected NHC-Pt(ll) complexes investigated for anticancer applications
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Preliminary trends could be drawn out of investigated complexes, namely the low amine
influence as well as the superiority of iodide complexes toward cancer cells compared to
bromide or even nitrate complexes.'® Moreover, trans configured homobimetallic NHC-Pt
complexes displayed potencies in the micromolar range and did not cross react with cisplatin on
resistant cancer cell line.'?* Detailed investigation of the mechanism highlighted different
behaviour from cisplatin since tested NHC-Pt(ll) complexes promoted apoptosis through a
caspase 3 and 7 independent pathway and was confirmed by the translocation of apoptosis
inducing factors and caspase 12.12* Remarkably, while selected NHC-Pt(ll) complexes proved to
accumulate up to 10 folds more than cisplatin in the nucleus, no cytotoxicity improvement was
reached.'?* This was suggested to be due to either low ability in chelating DNA or easy removal
of Pt-DNA adducts by the defence system. Finally, contrarily to cisplatin which induces
accumulation at the S/G2, NHC-Pt complexes failed at inducing cell cycle arrest though this
seems to be related to the overall drug nature rather than the NHC ligand as other NHC-metal

complexes successfully induce cell cycle arrest.1?*
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Scheme 6: Post-functionalization strategies developed by our group

A large range of functionalized NHC-Pt(ll)-amine complexes have been synthesized in our group
following a tuneable and high yielding pathways (Scheme 6).117125126 |ndeed, subsequently to
one-pot imidazolium deprotonation and coordination to platinum salt, pyridine-ligand exchange
allowed easy diversity enhancement. Efficient pyridine displacement was rendered possible by
the high trans influence of the carbene which weakens the Pt-N bond. Therefore, post-
functionalization by ligand exchange with various amino acids and peptides has been widely
explored.?” Very promising results were reached with peptide-functionalized complexes which
ICso reached the range of micromolar and in some cases nanomolar concentrations. Moreover, a
luminescent complex where emission may be switched on or off depending on the trans ligand
has been developed in our group to potentially gain deeper knowledge in the interactions of
NHC-Pt(ll) complexes with DNA.'” Post-functionalization on NHC’s backbone is also possible by
click reaction of an alkyne-NHC-Pt(Il) complex with external azide (i.e. Huisgen reaction).!® The
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most remarkable example is an oestradiol NHC-Pt(ll) conjugate designed to access active
targeting and which proved somewhat more cytotoxic than cisplatin in vitro (Scheme 7).128
Finally, pH sensitive hydrazine or oxime bonds have been introduced on the NHC’s backbone to
explore selective targeting and controlled release of bioactive ligands.??%130 Interestingly, while
the combination of NHC-Pt complex with metronidazole favourably compared with cisplatin,
neither pyrimidium nor urea conjugation promoted dual action in vitro. Until now, all targeted
NHC-Pt(Il) complexes (Scheme 7) have been tested in vitro and in vivo studies are needed to

evaluate their selectivity toward biological receptors.
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Scheme 7: Selected examples of potent drugs synthesized by post-functionalization strategies

Finally, while the field of NHC-Pt(ll) anticancer drugs is very recent, numerous complex
architectures have been reported with particularly impressive potencies toward selected
diseases such as antileshmanian properties,'3%132 luminescent cores for investigation of the

intracellular biodistribution!33134 or telomeric targeting by G-quadruplex conjugation.'3>
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lll. Platinum(IV) prodrugs

After decades of investigation on complex ligand architecture on Pt(ll) derivatives, recently the
attention was turned on the nature of the platinum centre and in particular Pt(IV)
derivatives.13¢137.138 \While it was often considered as a challenger for anticancer activities, it
showed very interesting clinical results. Its molecular structure differs from Pt(ll) as the d°
platinum(lV) adopts an octahedral geometry providing increased inertness toward ligand
exchange and offers more opportunities for pharmacological properties fine tuning. This
improved stability toward biomolecules allows for greater drug uptake and prevent off-target
interactions. Platinum(1V) complexes are considered as a prodrug thanks to their metabolization
into cells which involves their bioreduction into a pharmacologically active Pt(Il) drug.?4'3° This
mechanism has been investigated using several techniques such as elemental imaging of single
cell,}49 X-ray absorption near edge structure (XANES)*! and synchrotron radiation-induced X-ray

emission (SRIXE)**? to confirm drug internalization and release.**3

1) Pt(IV)in clinical study

) 0]
H2CI . H, OH )J\ )J\
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Ormaplatin Iproplatin Satraplatin LA-12
Scheme 8: Structure of platinum(lV) complexes which entered clinical trials

Several Pt(IV) prodrugs entered clinical trials though all of them were recently dismissed due to
either severe side effects or low overall survival benefit. Ormaplatin and Iproplatin proved fairly
cytotoxic and induced moderate side effects, though nephrotoxicity!** and myelosuppression4°
respectively remain major issues. Good antineoplastic activity, oral availability and weaker side
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effects were reported for LA-12, yet no overall benefit was observed.*® The highly lipophilic
satraplatin (also known as JM-216) based on a modified cisplatin scaffold depicted potencies
that compared favourably with cisplatin both in vitro and in vivo. Its bulky cyclohexylamine
ligand is believed to more efficiently overwhelm the DNA-Pt adducts repair process, though
some resistance features still appeared.!*” Oral administration allowed up to 10-folds increased
inhibition of cancer proliferation compared to intravenous administration.'*® In preclinical
phase, six different metabolites where identified, the Pt(ll) precursor being the most
abundant.* Up to 93% of the injected satraplatin was found irreversibly bound to plasma
proteins.’® In clinical trials no neurotoxicity, ototoxicity or nephrotoxicity were observed thus
emphasizing its clinical benefit. Nevertheless, FDA refused its market launching due to a too low

overall survival benefit.1°!

2) Strategies developed to access efficient platinum release and high cytotoxicity

a. Oxidation of Pt(ll) precursors and further derivatization

So far mostly Pt(IV) complexes following the SAR,% namely derivatives functionalized with two
cis-amine ligands, and only scarce examples of phosphine derivatives have been reported for
chemotherapy.®>'>3 This is probably due to the old assumption that among all the
requirements to access highly cytotoxic Pt(lV) derivatives, the presence of at least one ligand
possessing a hydrogen bond donor function was necessary.'>*

Numerous architectures have been investigated for either biomedical application or
investigation of catalytic processes and fully reviewed recently.>>156:160 However, most
oxidation pathways rely on oxygen peroxide-mediated oxidation of the Pt(ll) centre (Scheme
9).15 The presence of L ligands with hydrogen bonding substituents has been suggested to be of
importance for efficient platinum oxidation.'*® Several examples of [L,PtCls] complexes were
also obtained by use of chlorine gas or hypervalent iodine, which is more easily handleable.
Theoretical investigation of Pt(IV) complexes following the SAR rule highlighted a trend for

chloride complexes to be more active than the hydroxide ones.'® Finally, only few examples
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deal with the oxidative addition of a C-X bond and its involvement in catalytic processes.
However, in the case of Pt(IV) prodrugs, hydroxo complexes were preferred as starting material
for further development warranting either increased lipophilicity or selective binding to cancer

cells (Scheme 10).

R= CI, OAc

R-X

X
Plti R= Me, CF3SO3
Scheme 9: Common oxidation pathways for the synthesis of Pt(IV) complexes'®®

A large chemistry has been developed around the functionalization of both equatorial -OH
ligands by outer-sphere ligand-based reactivity with electrophiles, namely esters or succinic
anhydride (Scheme 10), thus opening access to bis-carboxylate or bis-succinate-Pt(IV)
complexes.’® Interestingly, the stereochemistry is retained during reaction with equatorial
hydroxo ligands. Post-functionalization of equatorial ligands is the key step for multiple

derivatizations with targeting moiety, chromophores or even organic drug binding.1>>1>¢

46



Chapter 1 Introduction
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Scheme 10: Main outer-sphere ligand based reactivity

b. Strategies developed for efficient Pt(IV) prodrug activity

Equatorial ligands post-functionalization allowed large variation of physicochemical properties
such as lipophilicity which was suggested to promote high cytotoxicity.*®%162 Fluorescein (FITC)
conjugation confirmed Pt(IV) intracellular uptake and subsequent reduction probably due to
increased GSH concentration prior excretion through a lysosomal pathway.®® Similarly,
equatorial grafting of bioactive ligands'6416>166.167 s of interest to promote improved anticancer

activity through synergistic effect by Pt(IV) reduction and equatorial ligands release in cellulo.

In the family of dual-action prodrugs, the functionalization of a cisplatin scaffold with two
additional dichloroacetate (DCA) equatorial ligands proved conclusive as high potency where
observed toward cisplatin resistant cancer cells.'®” A Pt(1V)-chalcone bioconjugate expected to
sensitise cancer cells to platinum based chemotherapy effectively induced p53 activation, yet

168

moderate potencies where detected.'®® Ibuprofen was conjugated to cisplatin scaffold and

effectively overcame cell resistance though moderate dual-action was observed.'%%170
Remarkably, Gibson highlighted the difference of efficient concentration between organic drugs
and platinum based chemotherapy which explains some failure encountered in the use of dual-

action prodrugs.'’? Pt(IV) functionalization with targeting moieties?’?>¥’3 and peptides'’3
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effectively induced HMGB1 overexpression expected to increase cell sensitization, yet only

moderate potency improvement was observed.'”?
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Scheme 11: Examples of Pt(IV) complexes developed for anticancer application
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155 allowing physico-chemical

Furthermore, Pt(IV) based nanodelivery is a blossoming strategy
properties fine tuning, high tumour accumulation and possibility to combine radiosensitization
or medical imaging.747> Passive targeting through Pt(IV) grafting on silica nanoparticles proved
successful as 80-fold higher potencies where obtained compared to the free complex.1’® Pt(IV)
combination to carbon nanotubes induced moderate cytotoxicities,’’” though platinum
accumulation in liver and kidneys proved drastically decreased thus lowering kidney toxicity.'’®
Liposomal formulation of Pt(IV) prodrugs highlighted improved cytotoxic and selective

anticancer activity!’® and reduced overall toxicity.8°

IV. Toward the next generation of NHC-Pt drugs

The high potential of NHC-platinum derivatives as cytotoxic agents has already been widely
assessed though, the influence of the metal oxidation degree remains underexplored. Only few
examples of stable NHC-Pt(IV) are reported in the literature and none of them has been
investigated for biological applications (Scheme 12).181-188 yet, the upgrade of successful Pt(ll)
derivatives following the SAR rules into Pt(IV) prodrugs appeared as a breakthrough in the field
of platinum-based chemotherapy as less toxic and sometimes more active anticancer agents
where developed this way. Accordingly, the improvement of NHC ligands combination to high

valent Pt(IV) centre will be discussed in the present manuscript.
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Scheme 12: Isolated stable mono- and bis-NHC-Pt(IV) complexes!81182:183,184,185,186,187,188

Based on this literature overview and in order to enhance the chemical diversity available for
NHC-Pt anticancer agents, we aimed at designing NHC-platinum complexes displaying novel
metabolization pathways to efficiently circumvent resistance mechanisms. Therefore, modular
synthetic pathways based on easy and reproducible reactions have been developed for the
improvement of cytotoxic NHC-platinum complexes. The potential of these novel NHC-Pt
derivatives at inducing high cytotoxic activity while overcoming mechanisms of resistance
associated with cisplatin treatment will be discussed in the two following chapters (2 & 3).
Finally, the combination to nanodelivery devices has been envisioned to improve NHC-platinum

uptake while limiting side effects will be emphasized in the chapter 4.
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Chapter 2 Exploration of the functionalization of NHC-platinum(ll) complexes

Chapter 2: Exploration of the functionalization of NHC-
platinum(ll) complexes

The development of modular and versatile approaches to introduce chemical diversity is of
great importance in the field of drug development. This chapter details the one-step synthesis
of simple platinum derivatives of the general formula [(NHC)PtXx(pyridine)] with X = Cl, Br or |,
while varying the electronic and steric properties of the N-heterocyclic carbene. Further ligand
exchange strategy has been developed to introduce novel features such as lipophilic amines or
pnictogen-based cytotoxic ligands by taking advantage of the labile pyridine in trans position to
the NHC. Finally, their anticancer efficiency has been evaluated toward a range of cancer cell

lines.

|. Synthesis and characterization of Pt(ll)-NHC
complexes with nitrogen-based ligands

1) From imidazolium salts to pyridine-Pt(Il)-NHC complexes

All imidazolium salt presented herein were synthesized by N-alkylation with halogenoalkanes
and purified by recrystallization according to a reported procedure.'® Subsequent coordination
to the platinum centre was achieved according to a straightforward synthesis developed in our
laboratory.''” The reaction of platinum with 1.2 equivalents of imidazolium salt deprotonated in
situ by addition of an excess of base with halogen salt in pyridine led to complexes of the
general formula [(NHC)PtXz(pyridine)] with X = ClI, Br, or | after one night under reflux.
Subsequent purification by chromatography on silica gel afforded the expected complexes as
yellow powders in good yields. This synthetic pathway could be applied to a broad range of

derivatives and as detailed below numerous variations could be achieved to enhance diversity.
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Scheme 13: General synthesis of NHC-Pt(ll) precursors (X = Cl, Br, 1)

The whole family of [(NHC)PtXx(pyridine)] complexes could be easily characterized by H and 3C
NMR. Successful NHC coordination was ensured by the disappearance of the characteristic
resonance peak associated with the imidazolium salt proton on the 'H NMR spectra. The
apparition of a signal around 130 to 140 ppm in '3C NMR is a signature for the carbene

resonance in trans [(NHC)Pt"Xx(pyridine)] complexes.
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Scheme 14: Yield dependence on halogen ligand

Variation of the halogen coordinated to the platinum centre can be easily achieved according to
the procedure detailed in scheme 13 by using sodium iodide, bromide or chloride. The
corresponding bis chloride-, bromide- or iodide-platinum complexes 1-2, 3-4 or 5-6 could be
isolated in moderate to good yield depending on the nature of the halogen ligand (Scheme 14).
Higher yields obtained for the iodide-complexes can be attributed to the soft characters of both
platinum and iodine atoms compared to harder bromine and chlorine. To note, the purification

of the chloride complexes appeared somewhat difficult due to the presence of the
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[CloPt(pyridine);] impurity which polarity on silica gel was similar to our complex. We next

focused on iodide derivatives mostly because they showed better biological activities.'®
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Scheme 15: Variation of N-substituents on [(NHC)Ptl2(pyridine)] precursors and isolated yields

N-substituents have been varied to increase the diversity of precursors available for further
oxidation studies. Special emphasis has been placed on lipophilic substituents, namely linear or
cyclic alkyl chains in addition to fluorinated alkyl chain in 7-11. To note, the coordination yield
drops when increasing the chain length on N-substituents. Moreover, intercalating moieties,
namely anthracene in 15 and pyrene in 16, have also been used in order to increase the overall
cytotoxicity and allow near UV luminescence for in vitro tracking. For diversity enhancement,
the aldehyde complex 13 is of interest as it could be further conjugated to either
complementary drug or targeting moieties and allow synthesis of bioconjugated NHC-Pt(IV)

complexes.
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Scheme 16: Variation of the NHC backbone and isolated yields

Modification of the NHC backbone has also been investigated with the aim to fine-tune both the
hindrance and electronic density available at the carbene when coordinated to the platinum
centre (Scheme 16). Various NHC-Pt(ll) complexes that could allow further oxidation of the
metal center have been successfully synthesized in good yields as detailed in scheme 16 (17-22).
Neither aldehyde nor ester reactive functions proved sensible to reaction conditions, thus
complexes 19, 20 and 22 could be further used for functionalization by oxime ligation or
peptidic coupling. Surprisingly, while the complex 19 proved highly stable both in solid state and
in solution, similar complexes bearing either benzyl of alkyl chain substituent proved somewhat

less stable and led to complex degradation byproducts in solution.
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23 (52%) 24 (41%)

Scheme 17: Platinum complexes bearing porphyrin-modified NHC backbone

The straightforward procedure developed in our laboratory!'® allowed use of more complex
ligand precursors since two porphyrin-modified imidazolium salts synthesized by Dr S. Richeter
(Institut Charles Gerhardt, Montpellier) efficiently afforded the NHC-Pt(ll) complexes 23 and 24
as red powders (Scheme 17). Signal shifts observed in *H NMR proved similar to other
derivatives of the [(NHC)Ptly(pyridine)] family. To note, the characteristic broad singlet observed
at -2.84 ppm in the H NMR spectrum of 23 corresponding to both pyrrolic amine protons
confirmed that the porphyrin ring remained metal-free. In 3C NMR, the carbenic carbon signal
was found around 149 ppm in both cases, which suggests a lower electronic density at the
carbene compared to complexes of the same family as 5 which were found at around 135 ppm.
Interestingly, the strong electronic delocalization in the porphyrin ring favours a strong
absorption up to 550 nm in UV and should therefore be of interest in the aim to unravel

mechanistical aspects in biology by time dependent biodistribution and so forth.
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Scheme 18: Complex architectures based on a) homo-bimetallic NHC-Pt(ll) precursors, b) non-N-

heterocyclic carbenes-Pt(Il) complexes

The formation of homo-bimetallic complexes proved possible starting from bis-imidazolium
salts though both complexes 25 and 26 where obtained in moderate yields (Scheme 18). In 'H
NMR, the integration of coordinated pyridine signals confirmed the homo-bimetallic structure

rather than chelating coordination on one platinum centre.

Finally, the influence of both thioimidazole and triazole toward the electronic stabilization of
NHC-Pt complexes has been explored by coordination of two non-N-heterocyclic carbenes
according to the same procedure as described in Scheme 13. Both trans thioimidazol- and
triazole- platinum complexes 27 and 28 respectively, have successfully been obtained as yellow
powders and proved stable in both solid state and solution. While the replacement or addition
of heteroatom in the carbene backbone is expected to provide a difference in electron donation
to the platinum centre in 27 and 28 respectively, only moderate signal shift is observed in 'H

NMR compared to the family of [(NHC)Ptlx(pyridine)] precursors.
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Therefore, the procedure for platinum(ll) synthesis proved to easily adapt to a large range of
complex architectures and functional groups introduced on the NHC ligand. This allows easy
diversity enhancement in the synthesis of NHC-Pt(ll) precursors which will be further used for

oxidation in NHC-Pt(IV) derivatives.

The molecular structure of several [(NHC)Ptly(pyridine)] complexes could be determined by X-
ray diffraction; some selected examples are presented in Figure 5. All NHC-Pt(Il)-pyridine
complexes display specific features as a trans configuration of the coordinated pyridine to the
NHC ligand with the expected square planar geometry at the platinum centre. Both iodide
ligands are facing each other in a trans configuration and point perpendicularly toward the NHC
ligand plane. This possibly indicates interactions between the lone pairs of electrons on the
iodide ligands and the formally antibonding p orbital of the NHC carbon atom. This is supported
by the interatomic distances Cync-+1 with both iodides of ~ 3.25 A compared to the sum of the

van der Waals raddi for both carbon iodide (~ 3.68 A).
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Figure 12: Structure of selected trans [(NHC)Ptly(pyr)] complex 5, 13 and 15.1%° Selected bond distances
[A] and angles [°]: 5 Pt(1)—C(1), 1.974(7); Pt(1)-N(3), 2.094(6); Pt(1)-I(1), 2.5934(5); Pt(1)-I(2), 2.6025(5);
C(1)-Pt(1)-1(1), 89.4(2); N(3)-Pt(1)-1(2), 90.4(2); 1(1)-Pt(1)-1(2), 178.40(2); 13 Pt(1)—C(1), 1.981(6); Pt(1)—
N(3), 2.091(4); Pt(1)-1(1), 2.5918(4); Pt(1)-1(2), 2.6031(4); C(1)-Pt(1)-1(1), 88.58(15); N(3)-Pt(1)-1(2),
90.50(12); 1(1)-Pt(1)-1(2), 176.944(16); 15 Pt(1)-C(1), 1.961(4); Pt(1)-N(3), 2.088(3); Pt(1)-I(1), 2.5732(3);
Pt(1)-1(2), 2.6013(3); C(1)-Pt(1)-1(1), 87.72(10); N(3)-Pt(1)-1(2), 91.76(9); I(1)-Pt(1)-1(2), 172.401(14).
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2) Post-functionalization by ligand exchange with nitrogen-based ligands
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Scheme 19: Lipophilic NHC-Pt(ll) precursors obtained by ligand exchange

Next post-functionalization of the NHC-Pt-pyridine complex was achieved to increase the

lipophilicity of the complexes by simple pyridine displacement using various amines (i.e. ligand

exchange), as shown on Scheme 19.'Y7 Both steric hindrance and electron density at the

nitrogen proved to affect yields for this ligand exchange step. To note, no tested tertiary amine

derivative allowed successful displacement of the pyridine ligand. Both simple cyclohexylamine

and morpholine could successfully replace the pyridine in a large variety of derivatives 29-39
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and 50. Two different lengths of alkyl chains were also used to fine-tune de lipophilic properties
of formed complexes 40-45. In the aim to access water-solubility an aminopolyethlyleneglycol of
750 Da was also used to selectively displace the pyridine and form complexes 46 and 47. Finally,
the clinically tested methylaminolevulinate (MAL) has been combined to the NHC-Pt(ll) moiety
and led to the derivative 49 which could be of interest as a dual therapeutic agent promoting

DNA chelation and concomitant photodynamic therapy (PDT).

3) Evaluation of the lipophilicity of NHC-Pt(ll) complexes

Lipophilicity is a major parameter which has been suggested to favourably impact both drug
uptake and cytotoxicity. It can be evaluated by determination of (logP) which corresponds to
the concentration ratio of the compound in octanol over water: (logP) = log
[complex]oct/[complex]water P representing the partition coefficient of a molecule between water
and the organic solvent). A (logP) of 1.8 is considered as sufficient to allow efficient oral uptake.
Therefore, lipophilicity measurements were conducted for some selected NHC-Pt(ll) complexes
using the shake-flask method in a mixture of water-PBS with octanol shaken for 72 h at 37 °C.
After additional 24 h for solution equilibration, concentration of the complexes in both phases
could be determined by UV absorbance spectroscopy. The calculated (logP) values for selected

compounds are reported in Figure 6.

All tested complexes proved far more lipophilic than the cisplatin and thus improved drug
uptake is expected to arise. The most lipophilic complex was compound 8 containing a Cis alkyl
chain on the NHC backbone with a (logP) value of 0.56. The overall order of lipophilicity follows
the sequence 8 > 48 > 46 > 43 > 40 > 6 > cisplatin thus confirming that more lipophilic ligands
efficiently improve the lipophilicity of [(NHC)Ptl.L] complexes. This trend highlighted a greater

lipophilicity when increasing the alkyl chain length.
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Figure 13: LogP values for selected compounds

Il. Exploration of pnictogen synergy with NHC-Pt(ll)

complexes

1) Synthesis of neutral and cationic pnictogen functionalized Pt(ll)-NHC complexes

While the easily available [(NHC)PtX2] moiety has been established as a useful molecular

building-block to generate libraries of anticancer analogues, so far exploration of the periodic

table has been limited to nitrogen-based moieties. Indeed, while phosphine proved highly

attractive for catalysis,’®**°2 only few derivatives of NHC-Pt combined with phosphorous have

been reported'®® and investigated in vitro.'®* Even less reports can be found when going down

in group 15 with only one report of arsenic based carbene-platinum complexes by Lappert'®

and to the best of our knowledge, no report of NHC-Pt-As. Considering antimony, only scarce

examples by O’Halloran widely explored the anticancer properties of Pt-Sb complexes and

reported encouraging synergistic effects. While both arsenic and antimony have been dismissed
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for biological application for dozen years due to their bad repute, this chemistry has for long
been used in antique medicine to treat various diseases. Moreover, recent promising results
obtained with organic arsenic based drugs renewed interest in theses derivatives,'%® especially

with FDA approval of Trisenox (As;0s) to treat leukaemia.

Therefore, we highlighted the combination of pnictogens with NHC-Pt building block to access
dual anticancer drugs.'®” The reaction of one equivalent of triphenylphosphine, triphenylarsine
or triphenylstibine with the pyridine Pt precursor afforded the corresponding neutral
[(NHC)Ptlz(PnPhs)] complexes with Pn = phosphorous, arsine or antimony in high yields (up to
92% for 51c, Scheme 20). Excess of pnictogen ligand did not improved yields and rather
favoured the formation of homoleptic cationic species. Reaction of bismuth according to the
same procedure failed at displacing the labile pyridine and only starting materials could be
recovered. Finally, lower yields obtained for complexes 52a-c bearing an anthracene moiety

arise from lower precursor reactivity in addition to poor stability over silica gel.
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Scheme 20: Pyridine substitution on NHC-Pt(ll) precursors with PPhs, AsPhs, or SbPh;

All formed complexes adopted a cis configuration contrasting with the trans selectivity observed

in the case of NHC-Pt complexes bearing nitrogen-based ligands. Easy characterization using *H
64



Chapter 2 Exploration of the functionalization of NHC-platinum(ll) complexes

NMR confirmed a full conversion by total disappearance of proton resonance signals
corresponding to coordinated pyridine. All N-CH3z and N-CH, protons are found deshielded
compared to their NHC-Pt pyridine counterparts. Moreover, the presence of bulky ligands in cis
position seems to restrict the NHC-Pt rotation as evidenced by the desymmetrization of N-CH;
protons, underlying their different environment. 3P NMR also confirmed the cis configuration
of the phosphorous atom at the platinum centre by resonance as a triplet signal with YJpep ~
3664-3688 Hz. Carbenic carbon signal resonated around ~ 150 ppm in *C NMR which accounts

as a fingerprint signal for cis-imidazolylidene platinum complexes.

Molecular structures obtained by X-ray diffraction confirmed a square planar geometry at the
platinum centre, and the NHC ligand was always found pointing perpendicularly to the square
plane, likely to minimise repulsive interactions. All neutral and cationic complexes bearing
monodentate ligands adopted a cis conformation with respect to the NHC, as confirmed by

crystal structure analysis in Figure 7.

Figure 14: Molecular structure of selected arsine and antimony neutral complexes 52b (/eft) and 51c
(right). Selected bond lengths [A] and angles [°]: 52b Pt(1)—C(1), 1.991(6); Pt(1)-1(1), 2.6263(5); Pt(1)-I(2),
2.6488(4); Pt(1)-As, 2.3551(6); C(1)-Pt(1)-1(2), 175.46(16); As(1)-Pt(1)-I(1), 179.75(2); 51c Pt(1)-C(1),
1.983(9); Pt(1)-1(1), 2.6490(7); Pt(1)-1(2), 2.6374(6); Pt(1)-Sb(1), 2.5066(6); C(1)-Pt(1)-1(2), 176.8(2);
Sb(1)-Pt(1)-1(1), 169.56(2).
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The strong trans effect of the carbene is clearly seen on cis NHC-Pt-As complex 52b for example
as the Pt-I bond for the iodide ligand in trans position to the NHC [2.6553(5) A] is significantly
longer than to the arsine atom [2.6295(5) A]. However, in the case of the complex 51c with
antimony, the trans effect of the Sb seems to be slightly higher than that of NHC since trans to
the NHC, the Pt-l is 2.6374(6) A while trans to the antimony, the Pt-I is 2.6490(7) A. Moreover,
no significant carbene-platinum bond length change is observed when varying the NHC
backbone ca. 1.99 A, thus underlying a minor influence toward the electron density at the metal
centre. Interestingly, in the solid state, both arsine and stibine complexes bearing the
anthracene moiety are stabilized by a CH-1t intramolecular bond (3.055 A) with a phenyl ring on
the pnictogen. Similar behaviour appeared in the case of the benzimidazolin-2-ylidene Pt series
where a CH-1t intramolecular bond of 3.69 A was found between the two ligands, namely the

pnictogen phenyl ring and the NHC backbone.

—\ —\ _|+’ I
/N\C/N\R 1 equiv [H-P(nBu)3][BF4] /N\C/N\Bn
T 1 equiv DIPEA T
I—Pt—I » (nBu);P-Pt-P(nBu);
N CH,Cl, 40 °C, 15h i
|
AN 54 R=Bn (31%)

55 CHs-anthracene (24%)

Scheme 21: Phosphonium pathway to access NHC-Pt-phosphine complexes 54 and 55

Despite all our attempts, no suitable crystal of NHC-Pt complex bearing a triphenylphosphine
ligand could be afforded; we thus focused on the use of tributyl phosphine ligand. The
phosphonium salt [HP(nBu)s][BF4] was used for the in situ generation of tributylphosphine
ligand to further easily access to NHC-Pt-phosphine complexes with oxygen sensitive

phosphorous ligands (Scheme 21).
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Figure 15: Molecular structure of the cis intermediate of 55. Selected bond lengths [A] and angles [°]:
Pt(1)-C(1), 1.965(9); Pt(1)-I(1), 2.668(7); Pt(1)-1(2), 2.6589(8); Pt(1)-P(1), 2.253(2); H(24A)-N(2), 2.651;
H(24B)-N(1), 3.004; C(1)—Pt(1)-1(2), 176.8(3); P(1)-Pt(1)-I1(1), 175.39(6).

Interestingly, using one equivalent of phosphonium salt, only the thermodynamically favoured
bis-phosphine complex 54 or 55 could be obtained. This was confirmed by 3!P NMR where the
coupling constant Jp-pt were of the same order as previously described cis,cis cationic complexes
(2196 Hz for 54). Further attempts to synthesize the mono-phosphine complex under milder
conditions led to drastic conversion decrease. However, we could isolate few crystals of the
expected neutral complex which is the intermediate to generate complex 55 (Figure 8). Both C-
Pt bond and Pt-P bond proved in the same range as previously crystallized NHC-Pt-P complexes
(dc-pt = 1.965 A, dpe.p = 2.253 A for 55). Remarkably, the Pt-1 bond proved longer in trans position
to the phosphine than to the NHC and reveals a greater trans effect of the phosphine (dptitrans =

2.6683 A, dpip = 2.6589 A).
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Scheme 22: Synthesis of both cis-cis and cis-trans cationic complexes 56 and 57

Reaction of an excess of pnictogen ligands (up to 10 equivalents) successfully afforded cationic
[(NHC)PtI(PnPhs),]*[I'] complexes 57a-c in quantitative yield (Scheme 22). 3P NMR of complex
57a displayed a single signal at 13.06 ppm confirming the equivalence of both coordinated
phosphorous. Moreover, the coupling constant of around 2500 Hz was consistent with two
trans phosphorous atoms facing each other. The crystallization of cationic NHC-Pt-pnictogen
derivatives proved difficult as obtained crystals were of insufficient quality to allow full
refinement of the structure by X-ray diffraction. However, basic connectivities could be
ascertained when considering the structure in Figure 9 of the complex 57a. Preliminary results
suggested a slightly longer carbene-platinum bond in the cationic complex when compared to
its neutral counterpart. This could be attributed to the greater steric hindrance around the

metal centre due to both triphenylphosphine groups compared to iodide.

Figure 16: Molecular structure of cationic complex 57a
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Bidentate ligand such as DPPE also promoted the formation of cationic Pt complex 56 and
neither k! monometallic species nor bridged bimetallic complex were observed. The 3P NMR
spectrum displayed a typical AB system thus suggesting the non-equivalence of both
coordinated phosphorous atoms and confirmed by both coupling constants Ypt-ptrans = 2221 Hz

and Yp.pcis = 3306 Hz.198199

2) Anticancer properties of pnictogen-functionalized Pt(Il)-NHC complexes

Finally, cytotoxicity measurements were performed to investigate the possible synergistic effect
of platinum centre with pnictogen (Figure 10). In this goal, MTS assay was used to measure cell
metabolism and determine the half-inhibitory concentration expressed in UM in comparison to
cisplatin. Three representative cancer cell lines (HCT116, colon cancer cell; MCF7, breast
carcinoma; PC3, for prostate adenocarcinoma) were used to determine the biological profile in
distinct environments, especially prostate cancer which is nowadays treated with cisplatin and
MCF7 which is poorly sensitive to cisplatin. One healthy cell line (MRC5, human foetus cell lung)
served to investigate possible specific targeting for cancer cells of selected drug candidates. To
note, cisplatin activity toward healthy cells was not determined in vitro since this drug is known

to target cellular DNA without distinction.
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Figure 17: Half inhibitory concentrations (ICso in uM) of the selected compounds against a range of

human cell lines?®°

Interesting activities were obtained for most complexes that exerted similar or higher potencies
than cisplatin for selected cancer cell lines. Remarkably, all tested NHC-Pt-pnictogen complexes
depicted greater activity toward PC3, and even more significantly toward MCF7 where
complexes 51b and 56 were up to 20-fold more active than the cisplatin reference. Results for
healthy cells MRC5 treated with our novel complexes proved more mixed since mainly the
lipophilic cationic complexes (54, 56 and 57a-c) proved more potent toward cancer. This result
might underline the importance of a greater lipophilicity to improve drug uptake. The improved
drug uptake of lipophilic drug candidates might explain their greater cytotoxicity toward cancer
cells compared to their neutral counterparts. However, while all complexes appeared as
efficient alternative to cisplatin in vitro, neither selectivity toward cancer cells nor synergistic

effect could be observed.
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1. Conclusion

A library of pnictogen-functionalized NHC-Pt(ll) complexes have been successfully synthesized
and characterized. We encompassed here the versatility of our method for post-
functionalization of NHC-Pt precursors by easy and high vyielding pyridine substitution.
Coordination proved highly selective as only trans NHC-Pt-amine complexes were afforded.
Moreover, the cytotoxicity of these derivatives was already ascertained in our group.
Therefore, encouraged by these results, we extended the scope of this modular method to
other pnictogens, namely phosphine, antimony and stibine ligands. Remarkably, only cis NHC-
Pt-pnictogen complexes were obtained which contrasts with the trans selectivity observed for
NHC-Pt-amine derivatives. Cationic complexes could also be obtained by adjusting the number
of pnictogen equivalents, thus affording selectively the cis-cis complexes except when using
DPPE ligand. Accordingly, cytotoxicity of several selected compounds was established toward a
range of cancer cell lines and compared to cisplatine. While no synergistic effect could be
observed, all tested NHC-Pt(Il) complexes compared favourably with cisplatin. Altogether, these
examples highlighted the post-functionalization of NHC-Pt derivatives as a method of choice to
generate a library of cytotoxic complexes whose biological features could be easily tuned
according to the introduced pnictogen ligands. Although cytotoxic drug candidates were
successfully developed, possible in vivo platinum poisoning and deactivation remains a major
issue to solve. Therefore, investigation of more inert NHC-Pt(IV) prodrugs has been suggested as

a powerful strategy to tackle this problem.
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Chapter 3: Novel NHC-Pt(IV) prodrugs: Synthesis and
anticancer application

NHCs proved to be valuable ligands in the development of anticancer metallodrugs by
improving the overall stability particularly when combined to platinum as highlighted by several
groups including us.'*”11% Moreover, considering the promising results obtained with Pt(IV)
derivatives as evidenced by the number of prodrugs that entered clinical trials, we decided to
investigate the potential of platinum(lV) compounds stabilized by NHC ligands. Indeed, while
scarce examples were reported for catalysis purpose, positive anticancer effect is expected to
arise from this new class of compounds. Therefore, this chapter emphasizes the synthesis of
NHC-Pt(IV) complexes and their evaluation as potential anticancer agent. Complexes of the
general formula [(NHC)PtXsL] will be considered, X being either chloride or bromide ligand.
Moreover, since many reports suggest lipophilicity to positively affect cytotoxicity, the synthesis
has been adapted to include lipophilic moieties. Full characterization will be detailed herein and
195pt NMR will be specially emphasized as a highly specific method of characterization.
Accordingly, their potencies will be discussed and compared to cisplatin while considering their
respective solution stability. Finally, preliminary biological mechanistic studies will be presented

to emphasize the peculiar action mode of these NHC-Pt(IV) prodrugs.

|.  Synthesis and characterization of NHC-Pt(IV)
complexes

1) Synthesis and characterization of [([NHC)PtBr4(pyridine)] complexes

Complete conversion of [(NHC)Ptly(pyridine)] precursors into the corresponding bromide Pt(IV)
species was achieved after 5 minutes exposure with a slight excess of bromine Br; at 0°C in

dichloromethane (Scheme 23).2°! The desired trans [(NHC)PtBra(pyridine)] complexes could
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further be isolated in quantitative yield by simple precipitation using pentane. Remarkably,
excess of bromine promoted radical bromation as evidenced by the molecular structure
presented in the experimental part. Selective bromation at the 4-position of the imidazole ring
was observed under these conditions. Therefore, further syntheses were conducted using
strictly two equivalents of bromine and a large range of complexes could be synthesized
(Scheme 24). All Pt(IV) NHC complexes were stable under air in the solid state or in chlorine
solvents. However, the pyridine functionalized Pt(IV)-NHC complexes displayed poor solubility in
all organic solvents. Characterization by *H NMR showed that all formed complexes displayed a
general signal shift to lower field which proved typical for such [(NHC)PtBrsL] complexes. To
note, the resonance signals were found shifted of up to 0.9 ppm for protons in ortho position of
the pyridine compared to their NHC-Pt(ll) precursors. Moreover, typical features were also
noticed leading to more complex signal splitting patterns due to coupling with the %Pt isotope.
As expected, chemical shifts to lower field were also observed by *C NMR spectroscopy while

carbenic signals were observed at ca. 6 109-120 ppm.

1 N/:\N 2 1 N/:\N 2
R X—\I(jt/-x R 2 eq Br, RBr\\(ij/,BrR
lil CH,CI, 0°C, 5 min Br/l\ll Br
’ ’ o’
g g
X =1, Br, CI

Scheme 23: Selective synthesis of trans [(NHC)PtBra(pyridine)] complexes

Remarkably, this procedure has been successfully applied to the variation of N-substituents as
both linear and cyclic lipophilic chains proved inert toward bromation and selective oxidation of
the platinum(ll) centre into platinum(IV) complexes 58-67 was achieved in high yield. Neither
fluorinated chain 61, nor pyridyl moiety 58-67 or even the ester functional group 63 were
affected by unwanted reaction which is encouraging for further post-functionalization. Similarly,
neither inductive nor mesomeric attractive moieties on the NHC proved to disturb the platinum
oxidation and complexes 66-67 were obtained in excellent yield. Nevertheless, the oxidation
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with bromine of NHC-Pt(ll) precursors bearing NHC functionalized with extended aromatic
cycles as anthracene and pyrene failed at affording pure material due to the bromation on the

aromatic positions which proved to occur concomitantly to platinum oxidation.
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Scheme 24: Synthesis of [(NHC)PtBr4(pyridine)] complexes
with various N-substituents in NHC ligand (yield: 96-99%)

The selective oxidation of trans carbene-Pt-pyridine precursors proved successful thus affording
Pt(IV) complexes 68-72 bearing various inductive or mesomeric attractive moieties in the
position 4 or 5 of the NHC (Scheme 25). No significant chemical shift was observed by 'H NMR
for N-substituents protons in NHC-Pt(IV) derivatives 68-72 (6 = 4.45 ppm in 70 and 4.46 ppm in
71), suggesting a weak electronic communication through nitrogen atoms with substituents in
position 4 and 5 of the NHC backbone. To note, the signal shift in 23C NMR corresponding to the
carbenic carbon proved higher in the benzimidazole derivative 68 with &cpt = 133.9 ppm
compared to other NHC-Pt(IV) complexes which range around 110-120 ppm. Due to the low
solubility of 72, 'H-3C HMBC were recorded instead or regular *3C NMR and no information

could be obtained for the carbon resonance peak corresponding to the carbene.
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Scheme 25: Structural modification on the carbene backbone on platinum(IV) derivatives

(isolated in 99% vyield in all cases)

Finally, the oxidation with bromine of both thiazolylidene and triazolylidene-Pt(ll) precursors
successfully afforded the corresponding complexes 73 and 74 in good vyields though
characterization proved difficult for 73 due to very low solubility in most organic solvents.
Common signal shift to lower field was also observed for non-NHC functionalized Pt(IV)
complexes as shown with the complex 74 where the N-CH; signal is of 6 = 6.35 (6 = 5.85 ppm for
the NHC-Pt(ll) derivative 28). Moreover, the presence of an electronegative nitrogen atom in
the 4-position of the NHC’s backbone induced overall moderate shift of 0.2 ppm in *H NMR
compared to the NHC-Pt(IV) complex 64 bearing methyl- and benzyl- groups (for N-CH; protons,
864 = 6.09 ppm). The carbenic carbon signal was found deshielded at 674 = 119.5 ppm compared
to 64 which is 664 = 109 ppm, confirming a change in the electronic density compared to NHC-

Pt(IV) complexes.
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Scheme 26: Homobimetallic platinum(IV) complexes

The oxidation of two homo-bimetallic NHC-Pt(Il) complexes has been attempted by adapting the
amount of bromine and successfully afforded 75 and 76 in excellent yields (Scheme 26). As for
the monometallic Pt(IV) complexes, all proton resonance signals were found shifted to lower
field in both 'H and *3C NMR. To note, both platinum centers proved to oxidize simultaneously

and no trace of mixed Pt(l1)/Pt(IV) complex could be observed by H NMR.

To unambiguously establish the atom connectivities, single crystals of several NHC-Pt(IV)
complexes were grown by slow diffusion in pentane/dichloromethane. The molecular structures
of some examples are depicted in Figure 11. The complete selectivity of halogen-mediated
oxidation was confirmed as only trans [(NHC)PtBra(pyridine)] were observed in all cases.
Analysis of the molecular structure of the two complexes 64 and 72 confirmed the slightly
distorted octahedral geometry at the Pt(IV) center with angles Br(1)-Pt-Br(2) of 85° and Br(1)-Pt-
Br(4) angle of 95°. Both NHC and pyridine are within the same plane in the molecular structure
of 64, and the four bromines occupy axial positions. As expected to minimize the steric
repulsions both N-substituents are part of the median plan and pointing in the middle of two
bromines. Moreover, proton atoms in alpha position to the nitrogen atoms in the NHC are
engaged in H-bonding with neighboring bromines in a similar fashion to the ones in a of the
N(3) (2.562 A to 2.806 A). Interestingly, the Pt-Br(2) is slightly elongated and bent toward the
formally empty p orbital at the carbene as suggested by the corresponding C-Br(2) bond
through space which is 3.244 A [distance to the Br(1), Br(3) and Br(4) being respectively 3.278 A,
3.266 A and 3.316 A]. To note, oxidation with the bromine reagent systematically led to iodide
replacement.
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A) B)

Figure 18: Molecular structures of trans [(NHC)PtBr4(pyridine)] complexes 64 (A) and 67 (B). Selected
bond distances [A] and angles [?]: 64 C(1)-Pt(1), 2.065(11); Br(1)-Pt(1), 2.4728(14); Br(2)-Pt(1),
2.4806(12); Br(3)-Pt(1), 2.4767(14); Br(4)-Pt, 2.4746(12); N(3)-Pt(1), 2.135(9); C(1)-Pt(1)-N(3), 178.3(4);
C(1)-Pt(1)- Br(1), 91.6(3); N(3)-Pt(1)-Br(4), 88.3(3); Br(1)-Pt(1)-Br(3), 176.07(4); Br(1)-Pt(1)— Br(4),
92.34(5). 67 C(1)-Pt(1), 2.057(8); Br(1)-Pt(1), 2.4882(8); Br(2)—Pt(1), 2.4657(8); Br(3)-Pt(1), 2.4615(8);
Br(4)—Pt, 2.4839(8); N(3)—Pt(1), 2.128(6); C(1)-Pt(1)-N(3), 179.2(3); C(1)-Pt(1)-Br(3), 92.9(2); N(3)-Pt(1)-
Br(4), 88.76(17); Br(1)-Pt(1)-Br(3), 175.29(3); Br(1)—Pt(1)- Br(4), 85.80(3).

Remarkably, when comparing the NHC-Pt(lV) complexes with their Pt(ll) counterparts, it
appeared that both C-Pt and Pt-N bonds were longer in the octahedral NHC-Pt(IV) form than in
the square planar NHC-Pt(Il) complexes (typical value was dcpt = 1.97 A in Pt(ll) and raised in
Pt(IV) to dc.pt ™ 2.05 A). Similarly, the N-Pt bonds which elongate from dn.pt= 2.09 A in Pt(ll) to dc.
pt=2.12 A in Pt(IV) which is consistent when considering the bulk increase around the metal due

to two additional ligands.
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2) Synthesis and characterization of lipophilic [[NHC)PtBrsL] complexes

As for NHC-Pt(Il) complexes, it appeared that the labile character of the pyridine trans to the
NHC could be exploited to perform ligand exchange and allowed easy diversity generation in
NHC-Pt(IV) metallodrug candidates (Scheme 27). Therefore, the use of selected amines as
solvent efficiently afforded quantitatively the corresponding [(NHC)PtBrsL] complexes as red
oils. The disappearance of signals corresponding to the coordinated pyridine in 'H NMR
accounted for the complete ligand exchange while the proton resonance peak of N-CHs at ~ 3.8

ppm confirmed that the Pt(IV) centre was not reduced.
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Scheme 27: Post-functionalization with lipophilic amine as ligands (97-99% yield)

Although more lipophilic NHC-Pt(IV) complexes could successfully be obtained using neat
conditions, only a few range of amines are available as liquid at room temperature, thus limiting
the functional diversity available. Therefore, the synthetic pathway involving oxidation of NHC-
Pt(ll) precursors functionalized with butylamine, dodecylamine and so forth (29-50) has been
used to access highly lipophilic NHC-Pt(IV) complexes 84-92 (Scheme 28). All complexes could be
easily characterized by both *H and '3C NMR and displayed the characteristic global signal shift
to lower field for NHC-Pt(IV) complexes. Only the carbenic carbon which is found around about
112-115 ppm depending on the amine ligand akin to the pyridine functionalized Pt(IV)-NHC

complexes.
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Scheme 28: Lipophilic NHC-Pt(IV) complexes obtained by direct oxidation of [[NHC)Ptl.L] complexes with

L = primary or secondary amine ligand (99% yield in all cases)

As expected, selected lipophilic amines proved inert toward bromation under reported
conditions, thus allowing large variations at the platinum centre. Most protons signals in 'H
NMR were found slightly shielded of around 0.1 ppm in the case of primary and secondary
amines 77-92 compared to their [(NHC)PtBra(pyridine)] counterpart 64. To note, oxidation of
the cis NHC-Pt(Il)-pnictogen derivatives promoted the concomitant formation of numerous
species and neither increased dilution nor longer reaction times favoured the formation of a
single isomer. Furthermore, (logP) measurements have been carried in order to evaluate the
lipophilicity of selected NHC-Pt(IV) complexes and compare with their Pt(ll) counterparts.
However, due to Pt(lV) reduction occurring concomitantly to the 72 h stirring in octanol/water

solution, no clear results could be obtained.

Two NHC-Pt(IV) complexes bearing lipophilic amines 77 and 81 respectively were grown as
single crystals suitable for X-ray diffraction studies by slow diffusion in

pentane/dichloromethane (Figure 12). Akin to their counterparts bearing a pyridine moiety,
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both complexes selectively adopted a distorted octahedral geometry with the amine ligand in
trans position to the NHC. Remarkably both Pt(IV) complexes displayed significant bonds
elongation compared to their Pt(ll) precursors, evidence of the steric prevalence toward
electronic parameters.?%2 However, the N-Pt bond distance did not vary much depending on the
o-donation of the amine ligand. The interaction between the shortened bromine and the empty
p orbital at the carbene was even more pronounced for 77 where the distance is 3.182 A. On

the contrary, in 81 no Pt-Br bond length elongation was noticed, yet slight interaction with the

carbene was still noticed with a distance through space of 3.238 A.

Figure 19: Molecular structures of moderately lipophilic [(NHC)PtBr4(pyridine)] complexes 77 (A) and 81
(B). Selected bond distances [A] and angles [°]: 77 C(1)-Pt(1), 2.036(7); Br(1)-Pt(1), 2.4793(9); Br(2)-
Pt(1), 2.4693(9); Br(3)-Pt(1), 2.4716(9); Br(4)-Pt, 2.4743(9); N(3)-Pt(1), 2.138(6); C(1)-Pt(1)-N(3),
175.7(3); C(1)-Pt(1)-Br(3), 95.0(2); N(3)-Pt(1)-Br(3), 88.3(2); Br(1)-Pt(1)-Br(3), 172.55(3); Br(1)-Pt(1)-
Br(4), 93.99(3). 81 C(1)-Pt(1), 2.074(13); Br(1)-Pt(1), 2.4754(18); Br(2)-Pt(1), 2.4748(15); Br(3)-Pt(1),
2.4770(18); Br(4)-Pt, 2.4748(17); N(3)-Pt(1), 2.167(12); C(1)-Pt(1)-N(3), 175.1(5); C(1)-Pt(1)-Br(2),
92.0(4); N(3)-Pt(1)-Br(3), 85.9(4); Br(1)-Pt(1)-Br(3), 176.46(6); Br(1)-Pt(1)-Br(2), 93.47(6).

In conclusion, a wide range of [(NHC)PtBriL] complexes could be successfully synthesized in high
yield by direct oxidation of NHC-Pt(ll) precursors bearing diverse functional groups and fully
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characterized. The molecular structure of several representative complexes functionalized with
lipophilic amines confirmed their octahedral geometry and the oxidation with bromine proved

regioselective as only trans complexes were observed by X-ray diffraction.

3) Synthesis and characterization of [(NHC)PtCl4L]

Remarkably, a majority of platinum complexes that entered clinical trials are decorated with
chloride ligands*® rather than bromide. Access to the chloride family [(NHC)PtClsL] proved
successful by oxidation using the freshly prepared hypervalent iodine reagent PhICI>?% again in
excellent yield (Scheme 29). The mechanism is supposed to involve light activated dissociation
of a chlorine radical and subsequent oxidation at the platinum centre.?®* The expected
[(NHC)PtCls(pyridine)] complexes were isolated as light yellow powders by precipitation with
pentane. All [(NHC)PtClsL] complexes displayed overall signals deshielding in both 'H NMR and
13C NMR, similarly to their bromide counterparts, though the observed shift is less significant
since ortho protons on the pyridine moiety and N-methyl protons are found deshielded up to
0.6 and 0.4 ppm respectively compared to their Pt(ll) precursors. To note, these pyridine
functionalized Pt(IV)-NHC complexes proved poorly soluble in all organic solvents and thus
characterization by 3C NMR proved difficult. Still, interesting trends could be observed as
carbon signals deshielding except for the carbenic carbon which was found around 110 to 115

ppm as previously underlined in section 3.1.1 for bromide complexes.

N. N 2 eq Phl NN
1-N_ _N<p2 e 1-N_ _N<p2
R c R q R c R
CI=Rt=Cl  ch,cl, 0°C, 30min PRt

N N

o ]

NS NS

Scheme 29: Hypervalent iodine-mediated oxidation of Pt(ll) precursors

in [(NHC)PtCls(pyridine)] complexes
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To note, the oxidation step proved somewhat more sensitive to the platinum environment and
surrounding ligands when using hypervalent iodine compared to bromine. Difficulties in the
oxidation of NHC-Pt complexes using iodobenzene dichloride have already been reported by
Strassner who failed in oxidizing a cationic tetra-NHC platinum complex with bromine as the
counter-ion.?% The formation of Br-Pt(IV) derivatives is very likely to be preferred to CI-Pt(IV) for
thermodynamic reasons based on the low affinity of soft Pt"V toward hard chlorine. Therefore,
NHC-Pt(ll) precursors bearing chloride ligands were preferred to iodide for direct oxidation with
PhICl; oxidant. Moreover, chloride Pt(IV) complexes are known to favour chlorination of alkenes
which might also explain side reactions observed during the synthesis.?%® Scheme 30 displays all

synthesized [(NHC)PtCls(pyridine)] complexes.
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Scheme 30: Successfully synthesized [(NHC)PtCla(pyridine)] complexes (92-99% yield)

Both complexes 94 and 98 bearing aromatic rings and moderately lipophilic complexes 95, 96
and 97 were afforded in good yield and similarly to their bromine counterparts 64 and 73,

benzylic protons for both complexes 94 and 98 appeared as singlet in *H NMR. Moreover, while
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99 proved easily oxidized and stable for over a week in chlorine solvents, 94 was somewhat less
stable and quickly decomposed in solution within days. Finally, the homobimetallic complex 101
could be obtained similarly also in high yield. Unfortunately, the range of functional groups
stable under oxidative addition remained limited since neither precursors bearing ester 8 and
aldehydes 11 and 18 nor NHC-Pt(Il) complexes bearing anthracene 13 and pyrene 14 could be
oxidized without the formation of numerous by-products. Finally, the oxidation using PhICl, of
both thioimidazol- and triazol- complexes 23 and 24 respectively proved difficult and only
complex mixtures were observed. Moreover, the rapid reduction of NHC-Pt(IV) complexes into
their Pt(ll) counterparts on silica gel, emphasized above prevented purification through column

chromatography and recrystallization attempts were unsuccessful.

The direct oxidation of Pt(ll) precursors bearing lipophilic amines using PhICl; following the
same procedure as their pyridine counterparts successfully afforded the highly soluble
[(NHC)PtClsL] complexes 102-106 (Scheme 31). Although complete conversion of Pt(ll) precursor
was observed by H NMR, the lipophilic complexes 104-106 were isolated in moderate yield
probably due to their low solubility in pentane, thus preventing full complex recovery even by

centrifugation.
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Cl< 1 _ClI n n
Cl< 1 _ClI _Pt. Cl_T_ClI Cl_T_Cl Br<1_.Br
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Scheme 31: Lipophilic and highly soluble [(NHC)PtClsL] complexes

Comparison between 'H and '3C NMR spectra of both NHC-Pt(IV) complexes and their

precursors highlighted similar trends as their pyridine counterparts with an overall signal
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deshielding of up to 0.6 ppm. Again, carbenic carbons were found shifted of over 30 ppm to

higher field suggesting an increased electronic density at the carbene.

Figure 20: Molecular structure of [(NHC)PtCls(pyridine)] complex 94. Selected bond distances [A] and
angles [°]: C(1)-Pt(1), 2.034(11); CI(1)-Pt(1), 2.329(3); CI(2)-Pt(1), 2.327(3); CI(3)-Pt(1), 2.336(3); CI(4)-
Pt, 2.330(3); N(3)-Pt(1), 2.127(9); C(1)-Pt(1)-N(3), 178.4(4); C(1)-Pt(1)-Cl(2), 91.6(4); N(3)-Pt(1)- CI(2),
89.2(3); CI(2)-Pt(1)—Cl(4), 177.34(12); Cl(1)-Pt(1)-Cl(4), 91.85(12).

Moreover, single crystal of the [(NHC)PtCls(pyridine)] complex 94 could be grown by slow
diffusion in pentane/dichloromethane. Its molecular structure confirmed the octahedral
geometry around the Pt(IV) centre surrounded by the four chloride ligands in a slightly distorted
square plan. No major modification of the overall structure is observed compared to the
bromide complex 64 (Figure 11), suggesting chloride ligands to have little impact on the whole
structure. Only C-Pt bond is smaller than in bromide counterpart according to chlorine’s smaller
Van der Waals radii with dcpiBr = 2.066 A and dcpiCl = 2.034 A.28 H-bonding network was
observed between N-substituents protons or ortho-pyridine protons and the four chlorine

atoms.

In conclusion, several complexes of the general formula [(NHC)PtClsL] could be obtained and
characterized; their physico-chemical and antiproliferative properties will be emphasized below

in Section 3.11.1.
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4) Toward oxidation of NHC-Pt(IV) complexes with oxygen-based oxidants

The majority of reports dealing with Pt(IV) drugs are based on the oxidation of cisplatin scaffold
using hydrogen peroxide, yet neither diluted nor freshly concentrated H,O; solution succeeded
in oxidizing our selected NHC-Pt(ll) precursors.?%’ No positive influence could be observed when
exposing the reaction mixture to light, higher reaction time or temperature. Similar behavior
was already reported on bis-phosphine complexes?®® and the suggestion that proximate ligands

promoting hydrogen bonding are necessary for successful oxidation with H,0; might explain this

failure.29?

/N\ ,N\Bn XS H202 /N\ /N\Bn
¢ X >  HO.I.OH
X—Fl’t-X DZQ, 20 to 100°C HO’PIt‘OH
L light or dark L
X=1,Br, Cl

Scheme 32: Unsuccessful attempted oxidation of NHC-Pt(ll) precursors using hydrogen peroxide

Many other one- or two-electron oxidants have been tested namely Phl(OAc);,%° TEMPO,
OXONE, tBuOOH, KMnOQg4, HCIO4 and so forth, though oxidation met with failure in all cases.
Several strategies were envisioned to favor halogen replacement by oxygen-based ligands,
namely in situ deprotonation of chelating ligands like acac, halogen abstraction by silver triflate
or freshly synthesized silver malonate salt. However, all attempts met with failure as the redox

reaction prevailed and only Pt(ll) product could be isolated concomitantly with degradation.
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Scheme 33: Unsuccessful ligand exchange with silver malonate salt on NHC-Pt(IV) complex
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Reasons explaining the failure of oxygen-based ligands coordination to NHC-Pt complexes
remain unknown at the moment and could be due to either steric or electronic parameter.
Hence, post-functionalization with free carbene as reported by Steinborn could be a fair

solution, otherwise electrochemical synthesis could be envisioned in the future.®*

5) C-X activation on NHC-Pt(ll) precursors

As presented in the introduction, literature reports on NHC based Pt(IV) complexes mainly deal
with spontaneous oxidative addition of a C-X bond. However using similar procedures, none of
the trans [(NHC)Ptly(pyridine)] precursors investigated successfully promoted activation of
trimethylsilyl  bromide, methyl iodide, methyl magnesium bromide or 5-

(trifluoromethyl)dibenzo-thiophenium tetrafluoroborate even after up to 96 h reaction.

~N. N _N__N

1 eqRX Nod
Pt - e
| CDCl; 40°C, ON R
| |
X X

RX = TMSBr or Mel or MeMgBr
or 5-(trifluoromethyl)dibenzo-thiophenium tetrafluoroborate

Scheme 34: Unsuccessful attempted oxidative addition at the platinum centre
These results together highlighted the electronic specificity of the redox couple NHC-Pt(l1)/Pt(IV)

compared to the multitude of other platinum compounds reported up to now and endorsed us

in further investigating this family of complexes.
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6) 19°Pt NMR spectroscopy

The 9Pt isotope which nuclear spin is | = 1/2 and natural abundance about 34% has become a
highly versatile probe to study platinum chemistry by NMR. Typical for heavy atoms, the
chemical shift range of %Pt is large (about 13 000 ppm) thus exploration for a signal shift can
rapidly become tedious without the assistance of DFT calculations. 211212 Yet, Huynh recently
suggested °>Pt NMR chemical shifts to be indicative of the electron density at the metal centre
based on systematic comparative analysis of the *>Pt NMR resonances for complexes which
only differed in the NHC ligands.?'®* Therefore, to get further insights in the electronic
parameters of [[NHC)PtXs(amine)] complexes, both direct *>Pt and indirect 'H-1*>Pt HMQC NMR
measurements have been undertaken in CDCl; at 20°C considering the solvent and temperature
effects on °°Pt shift (a 107 ppm signal deshielding was observed for 95 in de-DMSO compared
to CDCl3).
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Figure 21: Selected examples of H-1>Pt NMR spectra of 95 (above) and 6 (below) highlighting the proton

coupling in long range with the platinum centre. Observed signals in ppm (CDCls): 95 4.35 (N-CH3), 4.70

(N-CH,), 4.75 (N-CH), 7.0 (CHim), 7.10 (CHim), 7.50 (CHpyr), 7,55 (CHpyr); 5 3.9 (N-CHs).

IH-1%5pt HMQC NMR have been acquired for most complexes and highlighted the coupling of

protons in 3Ju.pt and *Ju.pt with the Pt(IV) centre thus emphasizing a stronger communication

through the nitrogen atom compared to the Pt(ll) centre where only N-CH3 protons are coupling

in 4Ju-pt (Figure 14).
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Remarkably, specific trends were deduced from chemical shift measurements on NHC-Pt
complexes, the most obvious was the large shift from below -3300 ppm to either -2000 or -800
ppm when oxidizing NHC-Pt(ll) precursors into [(NHC)PtBrsL] complexes or their chloride
counterparts respectively. These values seem to act as finger print for this family of complexes
considering the range of complexes investigated. Moreover, for both Pt(IV)/Pt(Il) complexes a
significant platinum shift dependence was observed depending on the halogen ligand and
correlated with the different stabilities of both chloride and bromide families. To note, the shifts
of both cis NHC-Pt"-DMSO complexes displayed negligible shift from bromide 107 to chloride
108 compared to trans NHC-Pt-L complexes (A6 = 5 ppm). Furthermore, Figure 15 displayed the
195pt NMR signal shift dependence on either the NHC ligand backbone or its trans ligand in
[(NHC)PtBrsL] complexes and highlighted a moderate influence of the trans amine modification
from the [(NHC)PtBra(pyridine)] derivative 64 to its cyclohexylamine and morpholine
counterparts 84 and 85 respectively. This suggest a minor contribution to the platinum shift of
trans ligand compared to the cis ligand. Finally, the variation of the NHC backbone seemed to
moderately influence the platinum signal shift and was coherent with the low signal shift for

carbenic carbon in 13C NMR, suggesting a low influence on the metal centre.
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Figure 22: Platinum shift of various NHC-Pt complexes in 1*>Pt NMR (in CDCls)
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Il. NHC-Pt(IV) prodrugs: stability and drug release

1) Stability of NHC-Pt(IV) complexes in organic solvent and mice serum

As previously mentioned, the novel family of NHC-Pt(IV) complexes developed herein have been
designed to provide enhanced cytotoxicity toward cancer cells and stability toward deactivation
processes in serum media. However, drug stability should be investigated prior in vivo
investigation to confirm its inertness until it reaches its target. Best-selling cisplatin is an
interesting illustration of the issue encountered with platinum drug due to its interaction with
the solvent and poor stability in the blood stream.?'#215 Indeed, numerous side effects noticed
after the injection of cisplatin are partly due to its poor stability in biological environment.
Moreover, in drug screening, stock solutions are often prepared using DMSO as solvent at high
concentration. Yet, the highly nucleophilic sulfur atom from DMSO is able to coordinate
numerous metals by ligand displacement. Such unfortunate event is not only damageable due
to structure modification so as electronic and steric change, but more importantly can affect
drug’s cytotoxicity and biodistribution. Indeed, DMSO has been shown to lower the potency of
cisplatin toward cultured thyrocytes?'® and several reports recently stressed the importance to
evaluate the possible interaction between investigated drug candidates and DMS0.?15217.218
Therefore, prior to investigation of anticancer properties, the stability of selected NHC-Pt(IV)

complexes have been evaluated toward a DMSO/H,0 solution.

X =Br
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Scheme 35: Stability of (NHC)PtXs(amine) complexes in DMSO/H,0 (C = 10M, 20°C)
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It appeared that both families of NHC-Pt(IV) complexes reacted in the presence of DMSO to
form new NHC-Pt(ll)-DMSO species which were isolated and compared to synthetically obtained
[(NHC)PtX2(DMSO)] complexes 107 and 108 (X = Br, Cl). This evolution could preliminary be
studied by UV and 'H NMR measurement on a 8 mmol solution of the selected complex in a 4/1
solution of de-DMSO/D0 until full NHC-Pt(IV) consumption. Conversions were calculated based
on the signal integration corresponding to pyridine protons in ortho position (Figure 16). The
reduction of NHC-Pt(lV) complexes could be precisely followed by either decrease in UV of the
band A = 359 nm or by *H NMR analysis in which disappearance of the resonance peak for ortho
protons of coordinated pyridine and apparition of free pyridinium signal attested for the

formation of Pt(II)-DMSO compound 108 (Figure 16).
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Figure 23: Reaction progress with platinum complex 95 at 20°C in d-sDMSO over 70 days
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A series of reaction progress with various NHC-Pt(IV) complexes in DMSO has been conducted
by 'H NMR. Remarkably, all [[NHC)PtBrsL] complexes were fully converted to NHC-Pt(Il)-DMSO
within hours even for 77 bearing the more o-donating cyclohexylamine ligand despite the
stability of its Pt(ll) counterpart 30 in DMSO. Contrastingly, the family of [(NHC)PtClasl]
complexes proved far more stable as full reduction required several weeks. Such a huge
difference in inertness has already been investigated for other Pt(IV) complexes and inertness
has been suggested to be highly dependent on the nature of the axial ligands.?*° In the end, the
great stability of the [(NHC)PtClsL] family is an excellent opportunity for further analysis in
biological media as unwanted reaction should not have strong incidence toward obtained
results. Unfortunately, no intermediate of the reaction between NHC-Pt(IV) complexes and
DMSO could be observed at the NMR time scale. A follow-up of this reaction has been
conducted in the presence of spin-traps (TEMPO or ascorbic acid), yet no significant change
could be noticed in both cases which might suggest that no radical was involved in this process.
Although the formation of pyridinium was noticed, a possible mechanism might involve
spontaneous eliminative reduction of bromine, subsequent hydrolysis in hydrogen bromide and
finally protonation of the free pyridine. However, up to now no evidence of such mechanism
has been observed. Other reduction processes have already been reported for Pt(IV) prodrug

candidates, as thermal or photoinduced reduction.??°
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Figure 24: General trends observed in the conversion percentages of NHC-Pt(IV)-amine complexes into

NHC-Pt(l1)-DMSO as a function of time in a DMSO/H,0 mixture
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To note, the less coordinating solvent DMF is usually a great alternative to DMSO in the
preparation of stock solutions, however as already discussed the low solubility of our NHC-Pt(IV)

prodrug candidates in DMF prevented its use as alternative solvent.

The stability of NHC-Pt(IV) complexes in biological media has been evaluated by solubilizing the
selected complex 59 in mouse serum at 37 °C for 72 h. However, 'H NMR on the extract proved
inconclusive due to the multiple proteins overlapping characteristic NHC-Pt(IV) signals. A
secondary followed-up experiment has been performed using UV-vis spectroscopy in a mixture
of 9/1 of DMSO/mice serum containing the complex 59. The band intensity decrease at 380 nm
suggested a full consumption of the NHC-Pt(IV) prodrug candidate within 30 minutes, which is
reasonable for further use in biological application since the half-life stability in blood of
cisplatin is ti/2 = 21.6 min??! while satraplatin is t1/2 = 6.3 min.?22 MALDI mass analysis failed at
giving additional insight on the formed metabolites as only heavy protein fragments were
observed which might suggest complex trapping into the hydrophobic cavities of proteins as
already evidenced for cisplatin??® and other platinum compounds.??422>226 Similarly, in 1%°Pt
NMR no signal corresponding to the NHC-Pt(IV) complex 59 or its reduction product 107 could
be observed, which might suggest the formation of other metabolites or trapping of the

complex into protein thus disturbing signal acquisition.

2) Investigation of the NHC-Pt(IV) reduction process by biological reducing agent

It is nowadays widely accepted that a two-electron bioreduction of Pt(IV) prodrugs in vivo is
necessary to release the active drug and promote anticancer activity toward cancer cells (Figure
18).227228 Ag previously reviewed in the introduction, numerous sulphur containing molecules
and proteins encountered within the serum and hypoxic tumors can be responsible for the
Pt(IV)/Pt(ll) redox process.??® Reduced glutathione (GSH) is a common reducing biomolecule
largely present in the blood with a concentration in healthy patients is ranging around 680-2500

UM in the blood and 2-11 uM in the plasma.?3%?31 |t has been widely used as a representative
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model for preliminary investigation of NHC-Pt(IV) bioreduction in the literature (i.e. 1:2-25

Pt/reducing agent ratio, r.t. to 37 °C).232233.234
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Figure 25: Proposed mechanism of action for Pt(IV) prodrugs

Therefore, we decided to conduct a *H NMR follow-up of the highly stable complex 95 with two
different GSH/Pt ratio, i.e. 1/1 and 10/1. Bioreduction of 95 by glutathione proved to be
complete within 48 h which matches the requirements for efficient Pt(ll) drug release.
Moreover, only the reduction product [(NHC)PtXa(pyridine)] was observed by 'H NMR, thus
suggesting that no GSH-Pt adduct formation occured in parallel to the bioreduction which
contrasts with platinum poisoning reported for cisplatin.?3>23%237 To note, while GSH failed at
displacing the pyridine ligand, smaller thiols as the ethylthiol proved to bind NHC-Pt complexes,

suggesting great influence of the steric parameter toward coordination.

Other biological reducing agents have been evaluated for the bioreduction of NHC-Pt(IV)
prodrug candidates, namely ascorbate which concentration in blood plasma is 50-150 uM?3%23%
and methionine, under similar conditions and in a 1/1 ratio of Pt/reducing agent. Again, only the
expected NHC-Pt(ll)-pyridine compound was formed and no side reaction occured contrarily to

the group of Natile which noticed a dependence of the reduction product upon the nature of
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reducing bio-molecule.?*® Moreover, slower reduction was observed for both methionine and

ascorbate compared to the GSH which is coherent with literature.?*!
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Figure 26: Reduction of 95 by methionine in DMSO solution (103M, 20°C)

Complex Reducing agent  Pt/red ratio tia(h)  tinal(j)
GSH 1/10 5.5 1.5
N/_\N GSH 1/1 10.5 3
~ g TCsHyy
CI\PIt’\CI Sodium ascorbate 1/1 1.2 1
ClI7 1 ~Cl
N
'’
| Methionine 1/1 5.7 4
N

Scheme 36: Kinetic of reduction of 95 depending on the nature of biological reducing agent

Observed reduction kinetics of NHC-Pt(IV) complexes compare favorably with other Pt(IV)

prodrugs reported which reduction kinetic is rather of the order of minutes than hours,24%243.244
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Therefore, these investigations validated the possibility of drug release in great time scale of
[(NHC)PtCla(pyridine)] compounds in a solution mimicking biological media. Moreover, NHC-
Pt(IV) prodrug candidates appeared to be sufficiently kinetically inert to prevent early hydrolysis

and other unwanted side reactions with biological material.

3) Electrochemical investigations

Potency of Pt(IV) complexes is highly dependent on the redox properties of the Pt(IV)/Pt(ll)
couple. Indeed, when the Pt(IV) reduction potential is shifted toward negative values, the active
Pt(ll) species release is slow, resulting in lower cytotoxicity. On the other hand, an increase of
the Pt(IV) reduction potential will promote early drug release, thus allowing metalloprotein-
mediated deactivation. Reduction potentials Eptv)et) of both NHC-Pt(IV) complexes and the
oxidation of their Pt(ll) precursor were investigated by cyclic voltammetry (CV). The experiments
were performed in a regular three-electrode cell using a glassy carbon working electrode and Pt
electrodes as counter electrode and pseudo-reference electrode in acetonitrile solution
containing 0.1 M TBAPF; as supporting electrolyte (Figure 20). All experiments were performed
at room temperature. In the following, the potential axes are referred to the
ferrocenium/ferrocene redox potential as recommended by IUPAC when working in organic

solvents.

Figure 20 presents voltammograms obtained at a scan rate of 100 mV.s! for
[(NHC)PtXa(pyridine)] complexes with X = Br or Cl as well as [(NHC)PtXz(pyridine)] complexes
with X =1, Br or Cl. To note, the synthesis of [(NHC)Ptls(pyridine)] complex met with failure and
thus investigation remained restricted to NHC-Pt(IV) complexes 59 and 95. NHC-Pt(IV)
complexes undergo a two-electron metal-centered reduction during the cathodic potential scan
as exemplified by 59 where the reduction potential is Ereq = -0.55 V. It should be mentioned that
the halide ligands released during NHC-Pt(IV) reduction are oxidized at lower potential than the

one of the NHC-Pt(ll) reoxidation (Figure 20B), making the NHC-Pt(ll) reoxidation wave difficult
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to observe in the CV. Reduction potentials are very similar for both [(NHC)PtBra(pyridine)] and
[(NHC)PtCla(pyridine)] complexes, though the 0.1 V negative shift for 95 correlates with its
improved stability in solution (Figure 20A). Since the halide oxidation occurs at a lower potential
than the one of the Pt(ll) species, the oxidation of [(NHC)PtX,(pyridine)] complexes was also
investigated (Figure 20B). The oxidation of NHC-Pt(Il) into NHC-Pt(IV) occurs at ~ 1.2 V for both
[(NHC)PtBra(pyridine)] and [(NHC)PtCls(pyridine)] complexes. To note, the wave displayed at
0.25 V for [(NHC)Ptlx(pyridine)] complex 6 is attributed to the oxidation of I into I, followed by
the oxidation of the iodide ligands into most probably 104 species which might be one of the
reason for the low stability of the iodide-Pt(IV) species. During the cathodic potential scan the
NHC-Pt(IV) species formed from the oxidation of NHC-Pt(IV) precursors bearing either chlorine
or bromine are reduced around -0.5 V, their iodine counterpart 6 exhibiting a reduction

potential lower (Ered= -1V for 6 and Ereq=-0.5 V for [(NHC)PtCly(pyridine)] 2).
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Figure 27: Cyclic voltammetry in 0.1 M TBAPF¢ and acetonitrile solution at a scan rate of 100 mV.s on A)

NHC-Pt(IV) complexes 59 and 95, B) NHC-Pt(ll) complexes 2, 4 and 6
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Figure 28: Peak potential of Pt(Il)/Pt(IV) complexes in acetonitrile or DMSO at room temperature
* Potential corresponding to the reduction peak attributed to the Pt(IV) species generated during the
anodic scan
** potential corresponding to the oxidation peak attributed to the Pt(ll) species generated during the

anodic scan
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In order to gain more insights on the reactivity of NHC-Pt(IV) complexes in DMSO, cyclic
voltammetry has been performed in DMSO using the same parameters as previously mentioned
above (Figure 22). While no reduction potential modification was observed for 95 when
solubilized in either acetonitrile or DMSO, drastic reduction potential shift was observed for 59
as Ered = -0.55 V in acetonitrile and goes up to Ereq = -0.4 V in DMSO (Figure 21). This suggests
that 59 is more easily reduced in DMSO compared to other solvents and confirms the observed

rapid reduction in DMSO/H20 solution observed by *H NMR and UV-vis.

— [(NHC)PtCI,(pyn)]
—— [(NHC)PtBr (pyr)]

30

-1,0 -0,5 | 0:0 I 0,5 I 1,0
E(V)vs Fc

Figure 29: Cyclic voltammetry on both bromine and chlorine NHC-Pt(IV) complexes 59 and 95

respectively in DMSO at a scan rate of mV.s™

In order to investigate the role of water in the formation of the NHC-Pt(ll)-DMSO species,
voltammograms have been acquired on both bromine and chlorine NHC-Pt(IV) complexes 59
and 95 respectively in a mixture of DMSO while progressively adding small amounts of water
(Figure 23). Upon water addition, the intensity of the reduction peaks decreases while the
reduction potential shifts toward higher values. The rapid solution bleaching observed for the
[(NHC)PtBra(pyridine)] complex 59 correlates with full conversion to the NHC-Pt(ll)-DMSO

species 107 within minutes. However, while only slow solvation of 95 is observed in DMSO
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solution, sudden solution bleach is observed subsequently to the water addition which seems to
promote full conversion to the NHC-Pt(Il)-DMSO complex 108 (reduction potentials of both
species are found at Ereq=-0.65 V for 95 and Ereq=-0.45 V for 108). Interestingly, the presence of
water seems to have a major influence on the reaction kinetic since months were necessary to
promote Pt(IV) reduction for 95 in dry de-DMSO while minutes allowed full reduction in the

presence of water; which is in line with reported observation for oxaliplatin.?*®
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Figure 30: Cyclic voltammetry on bromine NHC-Pt(IV) complex 59 at a scan rate of 100 mV.s*ina 0.1 M
TBAPFs solution of a) DMSO, b) 95%DMSO/5%H-0, c) 85%DMS0/15%H,0, d) 76%DMS0/24%H,0

Finally, the reduction process of NHC-Pt(IV) complexes 59 and 95 in the presence of glutathione
as a model for reducing biomolecule has been investigated by cyclic voltammetry in DMSO. No

reduction potential shift is observed for both 59 and 95 as in the presence of water but
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decrease of the intensity of the reduction wave suggests the progressive conversion of the NHC-
Pt(IV) starting materials into their Pt(ll) counterparts. Moreover, within the time scale used for
this experiment, no formation of the solvation product 107 is observed, thus confirming the full
NHC-Pt(IV) reduction to its Pt(ll) counterpart. Altogether, these results confirm trends
previously observed by 'H NMR suggesting reduction of NHC-Pt(IV) complexes to be preferred
to solvation in the presence of GSH. This additional experiment thus reinforces the possibility

for Pt(IV) reduction in vitro and in vivo and Pt(ll) drug release to further exert cytotoxicity.
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Figure 31: Evolution complex 59 in a DMSO solution with 0.1 M TBAPF; in the presence of one equivalent

of GSH by cyclic voltammetry at 100 mV.s*
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lll.  Anticancer activity and mechanism of action of NHC-
Pt(IV) prodrugs

The family of NHC-Pt(IV) complexes appeared to be very promising within the frame of drug
development according to their high yielding synthesis and modulation possibilities. While both
bromide and chloride families depicted somewhat moderate to extremely low solvation rate in
DMSO, their high inertness toward thiol-mediated deactivation and slow reduction kinetic in in
vivo like media are promising properties in the development of Pt(IV) prodrugs. Altogether,
previous investigations highlighted the potential of NHC-Pt(IV) complexes in the fight against

cancer.

1) Cytotoxicity of selected NHC-Pt(IV) prodrug candidates

The anticancer activities of some selected NHC-Pt(IV) compounds (Scheme 37) have been
evaluated in vitro toward three human cancer cell lines, namely HCT116, MCF7 and PC3 treated
at several platinum concentrations for 72h and compared to cisplatin (Figure 37). The
percentage of viable cells was determined by MTS assay and allowed measurement of half
inhibitory concentration (ICso) defined as the maximal concentration of a drug needed to inhibit
a given biological process by half. All experiments were performed in triplicate at Imagif, Gif sur

Yvette (Chapter 5).
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Scheme 37: Selected NHC-Pt complexes for in vitro anticancer studies

Among the tested NHC-Pt(ll) derivatives, the three [(NHC)PtXx(pyridine)] complexes 1, 3 and 5
displayed greater cytotoxic activity than cisplatin as anticipated considering the effectiveness of
NHC-Pt(ll) combination already widely explored by our group, though the iodine complex is the
most potent. The novel methyl-aminolevulinate functionalized precursor 49 has also been
tested and shows ICso values that favorably compare with the clinically used cisplatin. This
compound is of interest for further application in photodynamic therapy, expecting to access a
synergistic effect with the platinum centre. The four NHC-Pt(ll) complexes were used as a
reference to evaluate the possible benefit gained by oxidizing these well-established anticancer

drugs into NHC-Pt(IV) prodrugs.
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Figure 32: Half inhibitory concentrations ICsq (in M) of selected compounds toward colon cancer cell

1,01' .]“

HCT116, breast carcinoma MCF7 and prostate adenocarcinoma PC3

Interestingly, most NHC-Pt(IV) complexes displayed anticancer activities within the same range
as cisplatin, though the chloride family 95-101 seemed to promote more efficient cancer cell
death than [(NHC)PtBrasl] complexes 66-91. Indeed, 95 complex depicted I1Cso of almost 1.5 uM
on the three cancer cell lines and 102 was even found one order of magnitude more active than
the cisplatin. Only the complex 106 bearing a polyethyleneglycol chain in trans position to the
NHC appeared to be less active than other tested chloride NHC-Pt(IV) complexes. Remarkably,
results presented in Figure 25 did not suggest improved potencies along with the greater
lipophilicity. However, this has already been reported for other Pt(IV) complexes and a more
comprehensive drug screening would be necessary to disregard the lipophilicity as a valuable
parameter to tune for efficient NHC-Pt(IV) drug development.?*> The family of [(NHC)PtBral]
complexes depicted mixed activities and were typically found ranging around ~ 5-15 uM. The
MAL-functionalized complex 91 which was tested under regular conditions for biological

analysis promoted moderate cytotoxicity as ICso = 35-39 uM toward the three cancer cell lines.
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However, no complementary experiment exposing the cancer cell lines to a source of light has
been undergone, which might result in higher potencies thanks to photodynamic therapy on the
MAL moiety and its metabolites. The complex bearing an aldehyde-functionalized NHC
backbone 66 appeared even less cytotoxic depicting only moderated anticancer activities.
However, such results were not unexpected considering the somewhat modest stability of the
bromide NHC-Pt(IV) family discussed above. Indeed, both 107 and 108 complexes bearing a

DMSO moiety are not toxic under tested conditions up to 100 uM.
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Figure 33: Influence of stock solution preparation toward half inhibitory concentrations on 5

Moreover, the influence of experimental conditions has been assessed by determining the ICso
of both freshly prepared and one-month old stock solutions of 5 toward both HCT116 and MCF7
cancer cell lines (Figure 26). Remarkably, the ICso values proved up to three times higher on
HCT116 cancer cells treated with old stock solution, thus emphasizing the influence of
experimental conditions used toward the reliability of cytotoxicity results. Therefore, taking into
consideration both the low stability of [(NHC)PtBrsL] complexes and inefficiency of their Pt(ll)-
DMSO byproduct 107, moderated potencies observed in Figure 25 should no longer be an issue

if stabilized with a liposomal formulation for example.

Finally, when considering the range of tested NHC-Pt(IV) complexes, overall encouraging results

have been obtained even toward breast cancer (MCF7 cell line) which is known to be less
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sensitive to platinum based chemotherapy. Several [[NHC)PtClsL] complexes proved significantly
cytotoxic, some of them appearing even more potent than their Pt(ll) precursors, thus
suggesting the occurrence of complementary anticancer pathways to a simple reduction into
Pt(ll). Accordingly, more work is necessary in order to stabilize the bromide family and

envisioned strategies to achieve it will be further exposed in chapter 4.

2) Efficiency of NHC-Pt(IV) complexes toward cisplatin resistant cell lines

Altogether, previous results highlighted the potential of NHC-Pt(IV) complexes as effective
anticancer agents toward several human cancer cell lines, yet the major issue in the field of
platinum-based chemotherapy remains the acquired and intrinsic resistance of cancer.
Therefore, to determine whether NHC-Pt(IV) could substitute cisplatin in the treatment of
resistant cancers, the cytotoxicity of prodrug candidate 95 has been evaluated toward both
regular and mutated cancer cells which developed acquired resistance to cisplatin based
chemotherapy by inactivation of caspase-3 dependent apoptosis pathways (A2780 and A2780R
respectively). To note, the capsase-3 has been proposed to be responsible for cleavage of the

DNA fragmentation factor (DFF), thus activating apoptosis factors.
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Figure 34: ICso measurement for 95 compared to cisplatin?*® toward A2780 and A2780R cell lines
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As expected, the cytotoxicity of cisplatin toward the resistant cell line A2780R is reduced by
almost a factor two compared to A2780, thus confirming the drug inefficiency at providing
complete anticancer activity when the caspase-3 dependent apoptosis pathway is inactivated.
On the contrary, the treatment of A2780 cell line with our complex 95 seemed of the same
order toward the resistant cell line A2780R as A2780 (ICs0A2780 = 6.17 uM and 1C50A2780R =
3.36 uM). Moreover, the resistance factor calculated as R = 1C5042780R/ |C50A2780 proved to be
below 1 (Res = 0.54) thus confirming that compound 95 efficiently overcomes this mechanism of
acquired resistance. Therefore, altogether these results pointed out the efficiency of 95 toward
cisplatin resistant cancer cell line A2780R and would need to be confirmed toward a larger
range of cisplatin resistant cancers. Moreover, more solid investigations would be necessary to
confirm a caspase-3 independent pathway for the cytotoxicity of 95.
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Figure 35: Evaluation of apoptosis on HCT116 p53 KO cell lines after treatment with 95, 59 or oxaliplatin
at indicated concentrations (24 h of incubation). After treatment, cells were labelled Annexin V-APC and
Propidium lodide and analysed by flow cytometry. Significant flow cytometry dot plots showing
apoptosis induction are represented. The percentage of early apoptotic cells (Annexin V*/PI') and late

apoptotic cells (Annexin V*/PI*) are indicated.
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The caspase-3 apoptosis pathway is supposed to be activated through a p53-mediated cell
death,?47:248.249 53 peing a tumour antigen supposed to preserve genome integrity by inducing
cell cycle stop at the G1/S phase and subsequent apoptosis. 2°%2°! Therefore, a complementary
mechanistic investigation has been performed in collaboration with Pr S. Fournel (Faculté de
Pharmacie de Strasbourg) to determine whether NHC-Pt(IV) complexes promote their
anticancer activity through a p53 dependent pathway. The cancer cell line HCT116p53KO where
the p53 gene is rendered inactive has been treated alternatively with our complexes 59 and 95
or oxaliplatin serving as a reference for clinically used chemotherapy. The inhibition percentage
appeared to be within the same range between blanc sample and platinum chemotherapy
reference oxaliplatin which suggests that oxaliplatin failed at inducing cancer cell death when
the p53 pathway is inactivated thus confirming its inefficiency at overcoming resistance
phenomenon. On the other hand, both NHC-Pt(IV) complexes seemed to promote cell inhibition
of the same order toward p53 deficient cancer cells (Figure 28), though ICso values previously
reported on HCT116 suggested the chloride complex 95 to promote greater anticancer activity
than 59 (ICso = 1.48 uM for 95 and ICso = 5 uM for 59). Finally, these results supported that NHC-
Pt(IV) complexes behave following a different pathway from cisplatin-like drugs and thus might

be promising anticancer drugs to overcome resistance associated with cisplatin.

3) Binding experiments

Numerous reports highlighted DNA as the primary target for cisplatin and the formation of
platinum-DNA adducts has for long been admitted as the major event responsible for its high in
vivo cytotoxicity. Interestingly, several groups already suggested Pt(lV) to be capable to bind
nucleobases.?>22°3254 Therefore binding experiments have been undertaken with two selected
NHC-Pt(IV) complexes 59 and 95 which have been reacted in either ethanol or DMSO or DMF
solutions with one equivalent of either guanine or adenine at 37 °C for 96h and compared to
their Pt(ll) precursor 6. 'H NMR analysis of the extract revealed that no nucleobase coordination

occurs at the platinum centre for 59 and 95 and instead a mixture of reduction products and
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starting material are obtained in all cases, so as the low valent platinum complex 6. Others have
already reported similar trends in the chemistry of platinum-based complexes?>>2°® though
several reports of Pt(IV)-mediated nucleobase oxidation are found in literature.?>7258259
Accordingly, these preliminary results should be considered cautiously according to the
difference between free nucleobase and DNA chain in vivo. To gain more knowledge into the
binding affinity of NHC-Pt complexes, complementary investigation on their reactivity toward
DNS should be considered. Moreover, at the moment selected [(NHC)Ptly(pyridine)] drugs are
under investigation in collaboration with Dr S. Harlepp (Institut de Physique et Chimie des
Matériaux de Strasbourg) to evidence the formation of Pt-DNA adducts using optical tweezers.
Finally, though the cytotoxic NHC-Pt compounds failed at binding nucelobases, other cellular

compartments might be preferred targets for NHC-Pt(IV) complexes than DNA.

4) Mitochondria as an alternative target: from ROS generation to mitochondria dependent
cytotoxic pathway

Mitochondria is the cellular compartment in charge of cells respiration and furnishes energy to
cells through glucose oxidation. Oxidative stress in cellular tissue is a common process that lead
to oxidative damage?®® by redox homeostasis disruption in the mitochondria and has been
widely exploited in the field of metal-based anticancer drug.?®® Transition metals and
particularly platinum drugs like cisplatin?®? or Pt(IV) derivatives?63264265266,267 contribute to the
death of mitochondria by in situ generation of radical oxygen species (ROS), namely superoxide
(02*°), hydrogen peroxide (H,0), hydroxyl radical (OH®) and so forth.2%® Platinum derivatives
also disturb the redox balance by interacting with the glutathione thus promoting cell cycle
disruption and apoptosis.?®® Therefore, oxidative stress investigations have been undertaken on
two selected NHC-Pt(IV) compounds 59 and 95 in addition to the NHC-Pt(ll) complex 6, and
compared to oxaliplatin and staurosporine as a reference for ROS active drugs.?’® HCT116
cancer cells were treated with selected drug candidates at various concentrations for 13 h at 37
°C and subsequent incubation with MitoSox a mitochondrial superoxide indicator allowed

guantification of cells whom mitochondria express ROS.
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Figure 36: ROS production after cells treatment with selected compounds

Results confirmed the efficiency of NHC-Pt complexes at generating ROS in mitochondria and
compared favorably with staurosporine at low concentration (~ 30% at 0.1 uM, 1 uM and 10

uM).

sensitized cells was observed at 100 uM (up to two-fold more positive cells than staurosporine),

Moreover, they appeared to be dose-dependent since important increase in ROS

though no significant increase in ROS production was detected for NHC-Pt(IV) derivatives 59 and
95 compared to the NHC-Pt(Il) complex 6. In addition, only negligible effect is observed in cells
treated with oxaliplatin, thus confirming a cancer cell death pathway that did not involve
mitochondria. These results confirmed the mitochondria as a target for platinum-NHC based

cytotoxicity since high stress levels were observed.
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However, several enzymes act as guardian for the redox homeostasis and usually restore the
intracellular redox balance, therefore a secondary experiment has been performed using the
same compounds to ensure their efficiency at overwhelming the antioxidant system and induce
cell death. Similarly to the previous experiments, cells have been treated with the selected
compounds and exposed to MitoTracker which is a dye that labels mitochondria within living
cells based on the mitochondrial membrane potential, thus allowing differentiation between

the populations of live and dead mitochondria.?’!
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Figure 37: Mitochondria respiration activity after cells treatment with selected compounds (C = 100 uM)

Results depicted in Figure 30 confirmed the potential of both NHC-Pt(IV) and NHC-Pt(ll)
anticancer agents at stopping the respiratory activity in mitochondria. Interestingly, high
percentage of mitochondria death was observed for all NHC-Pt(IV) tested complexes 59, 95 and
their precursor 6 up to two-fold higher than staurosporine while oxaliplatin failed at inducing
mitochondrial death. This observation is in line with previous MitoSOX experiment since
identical percentage of cells expressing ROS were found dead in the MitoTracker assay. The
comparison between Figure 29 and Figure 30 therefore confirmed the efficiency of the

combination of NHC to platinum for exerting potency via a mitochondria dependent pathway.

In conclusion, both tested NHC-Pt(IV) prodrug candidates 59 and 95 as well as the

[(NHC)Ptlx(pyridine)] complex 5 equally promoteed the generation of radical oxygen species and
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efficiently induced mitochondrial death. Remarkably, neither the nature of the halogen at the
platinum centre nor the different stabilities between 59 and 95 seemed to impact their activity
toward mitochondria contrarily to ICso measurements previously reported in Section 3.I1I.1.
Finally, the family of NHC-platinum complexes proved to successfully induce anticancer activity
according to a different pathway from the clinically used oxaliplatin, therefore highlighting their

potential in the treatment of cisplatin-resistant cancers.

V. Conclusion

This chapter emphasized the synthesis of a library of high valent NHC-platinum prodrug
candidates. Several straightforward synthetic pathways have been described herein to allow
easy and modular access to a range of [(NHC)PtX4L] derivatives with X corresponding to either
bromide or chloride ligand. We also extended the scope to highly lipophilic NHC-Pt(IV)
complexes by taking advantage of the trans pyridine lability. Characterizations are reported with
special highlight on the use of *>Pt NMR which proved to be a powerful tool in the evaluation of
the platinum environment in both NHC-Pt(IV) and NHC-Pt(ll) complexes. A full investigation of
their stability properties toward DMSO and toward selected reducing bio-molecules validated
the concept of prodrugs. The potency of this innovative family of complexes was evaluated
toward several cancer cell lines and proved generally more active than the clinically used
cisplatin. Encouraged by these results, a comprehensive investigation of mechanisms involved in
their cytotoxic activity has been performed. Selected derivatives revealed promising efficiency
at promoting cancer cell death in several cisplatin-resistant cell lines and a mechanism involving
stress generation in mitochondria has been uncovered. Thus, we generated a chemical library of
cytotoxic NHC-Pt(IV) prodrug candidates with promising potencies toward both regular and

cisplatin resistant cancer cells.
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Chapter 4: Nanodelivery of NHC-platinum complexes

Side effects associated to cisplatin-based cancer treatment have been suggested to arise from
the formation of protein-platinum adducts which disrupt biological processes.?’2?73 Therefore,
nanodelivery devices have raised a huge interest to limit side reactions and access highly
cytotoxic and biocompatible drugs for selective cancer targeting and individualized
treatment.?’* However, numerous parameters are highly dependent on the nanoparticle choice,
namely the route of administration, the mechanism for drug release and so forth. Therefore, we
describe here four strategies to combine the cytotoxic NHC-Pt moieties to nanodelivery devices
with the aim to improve selective drug uptake and lower side effects. The first part deals with
NHC-platinum complexes covered by a biocompatible protein. The synthesis, characterization
and drug release were then explored to ascertain the efficient drug delivery to cancer cells.
Finally, their biological activities have been investigated and compared to free drugs. The
second part of this chapter emphasizes preliminary developments of a liposomal formulation
for NHC-platinum drugs and their anticancer activities. The next part is dedicated to the
synthesis and comprehensive biological evaluation of biocompatible polymers functionalized
with cytotoxic NHC-Pt moieties. Several synthetic pathways were used to enhance diversity by
combination with chromophore or targeting moieties and their anticancer activity will be
discussed. Finally, the synthesis of gold nanoparticles and preliminary investigation of their

biocompatibility are detailed along attempts of drug conjugation.

|. Proteins as biocompatible carrier

Among dozens of proteins known to bind cisplatin and other platinum based complexes, human
serum albumin (HSA) is of importance. Indeed, albumin is the main blood protein and regulates

osmotic blood pressure.?’”> HSA usually binds a large amount of injected platinum,?’® and this
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strong affinity has been exploited for numerous applications ranging from surface
functionalization, biosensors, deactivation of selected proteins relevant for defined pathologies
and so forth.?”” However, large proteins can also be used as drug carrier to improve its
circulation time in blood and tumour accumulation thanks to the enhanced permeability and
retention effect (EPR).2’%27° Therefore, taking advantage of the high affinity of platinum
complexes for albumin, its use as a biocompatible cargo for hydrophobic NHC-Pt complexes has

been investigated herein to access selective drug delivery.?80.281

1) State of the art: albumin in drug delivery

Figure 38: Structure of the human serum albumin complexed with cisplatin??

Human serum albumin (HSA) is the most abundant protein in blood?®3 and serum (up to 40-45
g.L'Y) and composed of a single chain of 585 amino acids.?* This protein is in charge of osmotic
blood pressure regulation as well as lipids transport. The Sudlow’s site | in HSA is known as a

common locus for interaction with hydrophobic drugs such as cisplatin.?8>28 Yet contrarily to
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other proteins, while HSA usually binds a large amount of injected platinum, such phenomenon
is not irreversible and slow platinum release has been reported.?®” Moreover, FDA approved the
use of the biocompatible HSA for pharmaceutical applications as illustrated by Levemir, Victoza
and Ozoralizumab drugs.?®® Therefore, taking advantage of the high affinity of platinum
complexes for albumin,?®® its use as a biocompatible carrier has been suggested.?8%2%° This
strategy allowed improvement of drug stability and proved promising to treat brain tumours as

an alternative to clinically used drugs which usually fail at crossing the blood-brain barrier.?°?
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Scheme 38: Structure of Pt(IV) complexes designed to selectively bind to albumin?7.292:293,294

Several Pt(IV) derivatives have been reported to bind to albumin by either covalent bonding of a
maleimide moiety to the free thiol of Cys342°22%3 or non-covalent binding.?**?%” Such
combination prevented side reactions at the metal centre?’® in addition to improve blood
stability and cytotoxicity compared to free Pt(IV) complexes.?> The authors therefore suggested
that administration of the performed macromolecular drug is preferred.?®” Remarkably, the
combination of a mono-functionalized maleimide containing platinum(lV) complex to HSA
allowed successful mice recover thanks to both long time frames of disease stabilization and
tumour inhibition by apoptosis.?®®> However, all described Pt(IV) complexes covered with
albumin follow the SAR rule, thus combination of NHC-Pt(IV) derivatives to albumin would be of

interest for anticancer applications.
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2) NHC-Pt(IV) uptake by bovine serum albumin

For our investigations, bovine serum albumin (BSA) was used instead of HSA since only a
negligible difference of two amino acids exists between them. The combination of NHC-Pt motif
to albumin protein was achieved by slow addition of a freshly prepared solution of NHC-Pt
complex in DMSO to a BSA mixture in PBS/DMSO in a 18/1 ratio. The solution was allowed to
settle for two complementary hours at 37 °C to ensure complete platinum uptake. The BSA
concentration was maintained constant at 2.5x10°® M for all experiments. This procedure could
be extended from the [(NHC)PtX:(pyridine)] compounds 2 and 4 to both [(NHC)PtXa(pyridine)]
complexes 59 and 95. Various Pt/BSA ratio from 5/1 to 1/5 where investigated thus easily

affording a range of macromolecules 109-112 (Scheme 39).

/N‘c’N\C5H11 /N‘c’N\C5H11 /C'I‘Lc,"é;csHﬂ /BN\CJ;\C5H11
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Scheme 39: General structure of NHC-Pt-BSA macromolecules 109-112 synthesized in various Pt/BSA
ratio (5/1, 2/1, 1/1, 1/2, 1/5)

Unfortunately, *H NMR of the macromolecule proved inconclusive as no NHC-Pt characteristic
peak could be observed due to overlapping with broad signals from the BSA. Nevertheless,
complete adsorption of complexes 2, 4, 59 and 95 could be confirmed by disappearance of the
characteristic MLCT band at 380 nm of NHC-Pt on UV spectra. Moreover, UV spectra confirmed

the good stability in solution of these albumin-based nanodevices over a week.

UV spectroscopy is a common analysis technique to investigate protein structural changes and

discover the formation of a protein-drug adduct.?°®?°7 Indeed, the UV spectrum of BSA displays
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overlapping bands with a maximum intensity at A = 280 nm corresponding to the m—>m*
transitions of aromatic residues, namely tryptophan, tyrosine and phenylalanine.?®® Therefore,
UV analysis of the macromolecules 109-112 with a 1Pt/1BSA ratio at a BSA concentration of
2.5x10® M were carried in a 9/1 mixture of H,O/DMSO (Figure 32).

All macromolecules loaded with NHC-Pt drugs displayed an increase in their maximum of
absorption, thus confirming an interaction between platinum complexes and the protein.
Moreover, both macromolecules 109 and 111 loaded with chlorine-platinum derivatives
promote the most important absorbance increase in addition to blue shift (Assa = 277 nm while
A111 = 269 nm). This seem to suggest a strong static interaction between the NHC-Pt derivative
and aromatic moieties in the BSA.2%%3% Finally, no protein unfolding was observed by UV-vis
measurement, thus suggesting that no BSA unfolding occur in the presence of NHC-Pt

complexes.30!
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Figure 39: Evaluation of the interaction of NHC-Pt(Il) complexes 2, 4 and NHC-Pt(Il) complexes 59, 95
with BSA by UV (1Pt/1BSA ratio)
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To ensure efficient drug release, the mixture of BSA-Pt 110 was dialyzed over one litre of water
for three days and dialysate was lyophilized and analysed by *H NMR. The spectra displayed
identical resonance signals to the NHC-Pt(ll) complex 2, thus confirming efficient release from

the protein of the intact drug.

Finally, the efficiency of NHC-Pt combination to the albumin carrier at promoting anticancer
activity has been explored by mean of ICsp measurements on both HCT116 and PC3 cancer cells

and compared to cisplatin and free NHC-Pt complexes (Figure 33).
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Figure 40: ICso values of NHC-Pt-albumin macromolecules 109-112 toward HCT116 and PC3 human

cancer (ICso expressed in pM)

Remarkably, the cytotoxicities displayed in Figure 33 proved to be highly dependent the nature
of the halogen ligand at the platinum centre rather than the oxidation state of the metal.

Indeed, while both macromolecules 109 and 111 bearing bromine ligands displayed moderate
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activities toward both cancer lines (ICso of ~ 16 uM), the macromolecules 110 and 112 proved
inefficient at promoting cancer cell death. The encapsulation of NHC-Pt compounds into the
albumin did not improve cytotoxicity compared to free drugs. Finally, no variation was observed
in the potencies displayed by the Pt(IV) macromolecule 111 and its Pt(ll) analogue 109 which
tends to suggest that prodrug 59 reduction occurs when wrapped into the protein within the

time scale of in vitro experiment.

3) Conclusion

In conclusion, the use of albumin as a carrier for NHC-Pt complexes has been investigated by
varying both the nature of the halogen ligands at the metal and the platinum oxidation degree
which proved to greatly influence drug stability. Moreover, the ratio of platinum complex per
protein can be easily tuned and affords a large range of nanodelivery devices which proved
stable in solution over a week. The efficient drug uptake was easily confirmed by UV-vis
measurements which suggest NHC-Pt complexes to be located in the albumin hydrophobic
pockets near tryptophan moieties. Finally, in vitro cytotoxicity investigation highlighted
contrasting results between the nanodevices bearing chlorine derivatives of NHC-Pt complexes
which failed at inducing cell death and both bromine macromolecules 109 and 111 which
exerted moderate potencies. Accordingly, in vivo potency measurements would be necessary to
investigate the gain of covering NHC-Pt complexes with albumin toward both the side effects

decrease and cancer cell targeting.

Il. Liposomal formulation

Liposomes are synthetic spherical vesicles composed of amphiphilic molecules which self-

aggregate and form a phospholipid bilayer envelope. They are biocompatible and
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biodegradable, and offer the possibility to encapsulate either hydrophobic or sensitive drugs
and deliver them to targeted cancer cells without promoting side effects. The easy variation of
their physiological properties by modification of the lipid nature, size or particle charge raised
considerable interest in the last decades, several liposomal formulations being already used in
clinics.392 Therefore, we synthesized NHC-Pt complex 48 functionalized with a lipophilic
didecylamine to favour its incorporation into the anionic liposomes concomitantly to a mixture
of phospholipids, namely phosphatidylcholine, phosphatiydylglycerol and cholesterol. The
liposomal formulation using 5% of the [(NHC)Ptly(didecylamine)] complex 48 has been
investigated in collaboration with Pr S. Fournel (Faculté de Pharmacie de Strasbourg). Self-
aggregation into spherical liposomes of ~ 60-70 nm using the technique of lipid film hydration
proved successful as confirmed by DLS measurements. Moreover, preliminary cytotoxicity
experiments seem to suggest that NHC-platinum loaded liposomes promoted viability inhibition

of HCT116 cancer cells over a complex concentration of 30 uM.

@ Drug-free liposome @— NHC-Pt(ll) loaded liposome
100 @88 @ @
w
90
£ 80
& 70 [\
S N_ _N<
€ 60 ~Nse”VTBn
g I
:g_ 50 I—Plt—l
40 NH
£ P
= 30
s 48
'S 20
10
o
0
0 20 40 60 80 100

Concentration (uM)

Figure 41: Viability percentage of HCT116 cancer cell lines treated with drug free liposome (blue),

liposome loaded with 5% of NHC-Pt complex 48 (green)
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Complementary investigation of the influence of drug loading ratio and comparison to the free
drug are currently underway in order determine the optimal NHC-platinum loading and evaluate
the possible gain in both stability and anticancer activity. In the end, the liposome loading with
the [(NHC)PtBrsL] complex 90 would be evaluated in order to overcome stability issue and

ultimately afford highly cytotoxic drug.

lll. Biocompatible and water-soluble polycationic Pt(ll)-
NHC macromolecules

As emphasized in the introduction, numerous strategies have been developed in order to
circumvent side effects associated with cisplatin-based chemotherapy. Among them, drug
delivery based on polymeric assemblies has raised massive interest to protect the platinum
centre from side reactions and to promote selective platinum accumulation to cancer cells
through EPR effect.3°®> Among them, polyethylenimine (PEIl) is a well-established biocompatible
polymer used as an efficient transfecting agent.3%* It can be obtained by straightforward
synthesis based on either aziridine polymerization or acidic hydrolysis of functionalized
oxazoline moieties. The potential of PEIl to transfect DNA has first been highlighted by the group
of Behr3% and further extended to a wide number of biological material for gene delivery.3%
The peculiar proton-sponge ability of PEI resides in its network of protonable nitrogen atoms
depending on the surrounding pH. Indeed, these amino groups have a pKa of 5.5 which easily
allow formation of a polycationic system capable to condensate with DNA or other biological
material by electrostatic interactions. /In vivo, this polycationic macromolecule is expected to
target cells thanks to electrostatic interaction with the negatively charged phospholipid cellular
membrane. Drug delivery is believed to occur through cell endocytosis of the drug-PEl
nanoparticle. Endosomal escape is favoured by the action of enzymes (ATPase) which acidify the
media within the nanoparticle thus promoting PEIl protonation and elongation.3?” Subsequent
osmotic swelling provoke a rupture of the endosomal membrane and drug release into the

cytoplasm (Figure 35).308
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Figure 42: Gene delivery principle using polyethylenimine as transfecting agent

Therefore, we envisioned the functionalization of PEI chains with NHC-Pt cytotoxic moieties to
access biocompatible and water-soluble macromolecular drugs for efficient and selective

intracellular platinum delivery.

1) Background in the development of PEl-platinum conjugates within our group
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Scheme 40: Synthesis of the NHC-Pt-PEI conjugate 113 through ligand exchange (Pt/NH ratio of 1/30)

A straightforward functionalization of either linear or branched polyethylenimine with various

ratio of NHC-Pt moieties based on ligand exchange of a [(NHC)Ptlx(pyridine)] precursor has been
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developed by our group to generate quantitatively a library of NHC-Pt-PEI macromolecules
(Scheme 40).3% The self-assembly of the polycationic complex 113 (1Pt/30NH ratio) into soft

nanoparticles of ~ 100 nm has been evidenced by cryo-EM analysis.

= - N
o w (=}

number of particules

o

O A® AP AP P O
RS Sl LA SO g7

diameter (nm)

Figure 43: Cryo-EM observation of free PEl and 1133%

The in vitro anticancer investigations of NHC-Pt-PEI macromolecules confirmed their potential
as great cancer cell inhibition toward several cancer cell lines were observed for all tested
features. Among the tested molecules varying PEl weight and the platinum loading, the
derivative 113 where a 25k Da PEI chain was functionalized with NHC-Pt moieties bearing benzyl

and methyl N-substituents in a 1Pt/30NH ratio displayed the highest anticancer activity.
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Figure 44: Cell viability on HCT116 treated alternatively with oxaliplatin, cisplatin and 1133%°
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A complementary in vitro analysis confirmed the potential of the 113 macromolecule which
displayed higher potencies than the two clinically used cisplatin and oxaliplatin (Figure 37).
Similar trends were observed in vivo on nude mice which were administered the 113 cytotoxic
complex. Indeed, greater tumour volume control and lower side effects have been observed
compared to mice treated with oxaliplatin which suffered haemorrhagic events (Figure 38).
Complementary in vivo work on immunocompetent mice confirmed the efficiency of NHC-Pt-PEl

complexes at promoting high anticancer activity despite the possible immune response.
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Figure 45: Antitumor effect on nude mice bearing HCT116 xenografts of 113 and oxaliplatin

injected in vehicle at 5 pumol/kg3®®

A drug biodistribution study has been performed by ICP-MS measurement of platinum into
several cellular compartments of cancer cells treated with the NHC-Pt-PEI complex 113 and
compared to oxaliplatin (Figure 39). This confirmed the successful drug internalization in
addition to suggest greater platinum uptake in the mitochondria for 113 rather than the nucleus
which is the main target for oxaliplatin. Therefore, NHC-Pt-PEIl derivatives do not seem to
promote cancer cell death according to a cisplatin-like mechanism. Finally, the formation of ROS
in the mitochondria of cancer cell death due to treatment with NHC-Pt-PElI complexes has been
evidenced, thus confirming the occurrence of a parallel mechanism of cytotoxicity induced by

these novel macromolecules.
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Figure 46: Cellular uptake of 113 and oxaliplatin in HCT116 cells3®

In conclusion, the novel combination of NHC-platinum to the water-soluble and biocompatible
PEI has proved to be an asset to efficiently inhibit cancer cell proliferation both in vitro and in
vivo without inducing visible side effects. The self-organization in spherical soft particles has
been evidenced by cryo-EM and might account for their high cytotoxicities, though the large size
polydispersity remains to be tackled. Biodistribution investigation by ICP-MS highlighted a
different localization compared to the clinically used oxaliplatin and motivated the examination

of a mitochondrial pathway for cytotoxicity.3%

2) Diversity enhancement by functionalization of NHC-Pt-PEI conjugates

Several structural modifications on the NHC-Pt-PEIl conjugates have already been investigated in
our group. Variation of the NHC backbone, the polymer molecular weight or the platinum
loading provided interesting results for further anticancer drug development. The modification
of both terminal amino-groups has been envisioned to fine tune physico-chemical properties

without disturbing the self-arrangement previously observed. This section will detail their
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synthesis, characterization and evaluation of their luminescence for further in vitro time

followed biodistribution. To note, only PEI of 25k Da has been used in this series of experiment.

Previous investigations on the variation of platinum loading highlighted 113 bearing a 1Pt/30NH
ratio as the more potent combination thanks to its higher chemical similarity with free PEI
compared to macromolecules bearing a 1Pt/10 or 20 NH ratio.3°® However, we theorized that
the ideal balance between the cytotoxic platinum centres and the chain polarization might
involve a lower Pt/NH ratio. Accordingly, two NHC-Pt-PEI complexes 114 and 115 have been
synthesized according to the synthesis described in Scheme 40 by decreasing the platinum
loading to 1Pt/40NH and 1Pt/50NH (Scheme 41). An additional NHC-Pt-PEI conjugate 116 with
very low platinum loading down to 1Pt/100NH has also been obtained. Such low platinum
loading should only induce minor polarization and hindrance on the polymeric chain thus
behaving similarly to free PEIl in solution while promoting cytotoxic activity thanks to attached

NHC-Pt moieties. All complexes were quantitatively obtained as sticky white solids.

- “3 - “3
/\ ~_NH; /\ ~_NH;

H,N N H,N N
113 \ 114 .
1Pt/30NH 1Pt/40NH
Bn Bn
N/> N/>
I~ I~
/ \ NH / \ NH
H,N H/\/ 2 H,N H/\/ 2
115 116

n n

1Pt/50NH 1Pt/100NH

Scheme 41: Three NHC-Pt-PEI conjugates with low platinum loading (quantitative yield)
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In complement of 'H and 3C NMR characterizations, the three complexes have been formulated
in an EtOH/H,0 solution in a 1/9 ratio at 10> M concentration and DLS measurement have been
performed. While the 113 serving as a reference effectively provided spherical vesicles of ~ 100
nm as previously reported, none of the newly formed conjugate formed large particles. Instead,
only amorphous objects were observed, which suggests the cationic charge decrease along the
polymeric chain to prevent their self-assembly in solution. The potency of the three complexes
have been examined in vitro and compared to NHC-Pt-PEl conjugates with higher platinum
loading in collaboration with Pr S. Fournel (Faculté de Pharmacie de Strasbourg). The
percentages of cancer cell inhibition are shown in Figure 40 and confirm the most potent
complex to be 113. Indeed, the inhibition efficiency appeared to drop proportionally to the
platinum loading as 114 was less efficient than its counterpart bearing a 1Pt/30NH ratio. To
note, results obtained for 115 with a 1Pt/50NH ratio seem inconsistent with the observed trend

when moving from 113 to 116 and thus should not be considered.
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Figure 47: Percentage of cell inhibition of a HCT116 cancer cell line depending on the platinum loading
on the polymeric chain
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Biological investigations detailed above confirmed the Pt/NH ratio of 1/30 to be the ideal
balance between the number of platinum centres to exert efficient anticancer activity and the
cationic charge amount and distribution along the PEI. The correlation between the vesicular
self-arrangement failure and lower cancer cell inhibition of 114-116 complexes seems to
confirm the importance of the formation of nanometric spherical soft nanoparticles for
improved potency. However, whether this phenomenon protects platinum moieties from

deactivation or favour drug uptake remains to be investigated.

A strategy based on peptidic coupling between the amino group at the end of PEl chain and
carboxylic acid derivatives has been developed to allow easy diversity enhancement at the
polymer extremities (Scheme 42). After 30 min reaction between excess of both N-
hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDCI) with two
equivalents of selected carboxylic acid in ethanol, one equivalent of PElI was added and required
additional stirring for up to three days at room temperature to be complete as confirmed by the
carboxylic acid moiety consumption followed by TLC. Subsequent removal of coupling reagents
was achieved by multiple centrifugation of the concentrated mixture dropped into diethyl ether.
This strategy proved efficient for various moieties and allowed easy and quantitative generation
of diverse functionalized polymers.
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Scheme 42: General synthesis for amide formation on polyethylenimine

As previously highlighted, the formation of spherical vesicles most probably accounts for the

high cytotoxicity of NHC-Pt-PEI macromolecules. The addition of highly hydrophilic polyethylene
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glycol (PEG) has been anticipated to help in the shape and size control of NHC-Pt-PEI self-
arrangement and favour the formation of a well-defined vesicle. Accordingly, taking into
consideration the molecular weight of selected PEI (25k Da), two heavy PEG chains have been
selected, namely a 750 Da and 3000 Da, and attached according to synthesis presented in
scheme 42. Both PEG-PEI-PEG copolymers 117 and 118 were obtained quantitatively as sticky
colourless oils (Scheme 43). The combination of long alkyl chain at both extremities of the PEI
also quantitatively afforded the conjugate 119 and is expected to further allow the micellar
formulation of well-defined nano-sized soft particles. Finally, adamantyl moieties have been
attached onto the PEl chain in quantitative yields and obtained as a colourless oil 120.
Adamantyl group is known to promote host-guest interaction with cyclodextrin rings and is thus
of great interest for further post-functionalization,3!%3! in particular in the field of material

dedicated to biological use.312313
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Scheme 43: PEl based copolymers functionalized with hydrophilic and lipophilic polymers 117-121

(quantitative yields)
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Another strategy is based on m-extended moieties which could interact through m-stacking and
are expected to form monodisperse particles. The small m-extended anthracene is of interest for
biological investigations owing to its fluorescence properties under UV light. Moreover, several
moieties bearing n-extended networks have been highlighted as good DNA chelating agents and
might therefore appear as complementary anticancer moieties. Hence, peptidic coupling of the
9-carboxylic anthracene allowed quantitative isolation of 122 as a yellow sticky solid which
proved fluorescent under UV light both in solid state and in solution (Scheme 43). Similarly, both
fluorene and the highly green fluorescent coumarin have been chemically linked to the linear
PEI chain for subsequent coordination to platinum. While the sticky oil 123 obtained after
fluorene coupling proved poorly luminescent under UV light, the well-established fluorescent
agent coumarin yielded a highly fluorescent bright yellow oil 124 under 365 nm UV exposure.
The successful coupling of carboxylic acid in all newly synthesized PEI derivatives could be
ascertained by 'H NMR despite the large molecular weight difference between both amides
groups and the long polymeric chain. Proton integration supported the efficient grafting of two
moieties per PEl chain and proved particularly easy for polymers 122, 123 and 124 which
aromatic proton signals could be found in the PEl-protons free area of around 7.5 ppm. The
presence of carbon resonance peak around 176 ppm in 3C NMR which is characteristic of amide
carbons also accounted for the successful PEI functionalization. Finally, the fluorescence of 124

has been confirmed at a concentration of 107 M in ethanol.
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Scheme 44: Luminescent functionalized PEI derivatives (quantitative yields)

All functionalized polymers 117-124 were reacted in ethanol with 20 equivalents of the
[(NHC)Ptly(pyridine)] precursor 5 bearing both methyl- and benzyl- N-substituents,
corresponding to a final 1Pt/30NH ratio, for two days at 55°C (Scheme 45). Subsequent polymer
isolation could be achieved by precipitation in diethyl ether and centrifugation. Similarly to 113,
in 'H NMR characteristic signals corresponding to the imidazolium protons resonance were
observed in the PEl-protons free area within 6.5-7 ppm, the aromatics proton signals being

around 7.5 ppm while N-substituents are found at 8n-ch2 = 6.5 and 8n-ciz3 =4 ppm.
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Scheme 45: General synthesis of NHC-Pt-PEI conjugates, prepared from trans [(NHC)PtXz(pyridine)] (NHC

= 3-benzyl-1-imidazolilydene) 5

The PEG-PEI-PEG copolymers 117 and 118 both underwent successful coordination of the NHC-
Pt moieties affording 125 and 126 quantitatively, thus suggesting that no polymer folding occurs
in solution due to both 750 Da and 3000 Da hydrophilic PEGs (Scheme 46). To note, the
solubility in ethanol solution decreased as the PEG molecular weight increased. On the contrary,
PEI derivatives 127-129 which platinum coordination occurred smoothly in quantitative yield,

proved highly soluble in ethanol.
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Scheme 46: Successfully synthesized NHC-Pt-functionalized PEI conjugates (quantitative yield)
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The three anthracene-, fluorene- and coumarin- functionalized PEl 122-124 could be
successfully reacted with the NHC-Pt precursor 5 and clean metallopolymers 130, 131 and 132
respectively were obtained in quantitative yields after multiple centrifugations in diethyl ether
(Scheme 47). While overlapping of most NHC characteristic protons with fluorescent aromatic
moieties was observed in 'H NMR, ligand exchange at the platinum centres could be ascertained
thanks to the N-methyl protons found as a singlet at around 4 ppm. This characteristic signal
was also used for quantification of the platinum amount actually grafted. To note, no
luminescence decrease has been observed in solution after polymer functionalization with
multiple platinum centres, and the coumarin functionalized complex 132 proved once more the

most luminescent derivative and promising for further in vitro biodistribution investigation.
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Scheme 47: Luminescent NHC-Pt-PEI conjugates obtained in quantitative yields

The possible spontaneous formation of soft-nanoparticles similar to 113 in an ethanol/water
solution has been investigated by DLS at a pH of 7 for all the novel metallopolymers 125-132
and compared to the platinum-free polymers 113-124. Under investigated conditions no
vesicles formation is noticed for the functionalized polymers 125-132. This suggests that
combination of the polycationic NHC-Pt-PEl macromolecules with hydrophilic/lipophilic moieties

or functional groups known to favour m-stacking failed at forcing a self-arrangement into
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vesicular system. However, this could be explained by the high polymer molecular weight
compared to the weak H-bonding and n-stacking forces that would be involved in the formation

of soft-nanoparticles in these neutral species.

Nevertheless, only few is known about the in vitro and in vivo behaviour and fate of the NHC-Pt-
PEI conjugates family. Accordingly, the linkage of the highly yellow luminescent fluorescein
(FITC) which is well known in the study of biological systems and is suitable for in vitro
microscopy imaging has been investigated. The reaction of one primary amine at the extremity
of the PEI chain with the isothiocyanate fluorescein spontaneously occurred within three hours
in a 1/2 mixture of DMSO/PBS at room temperature in the dark to prevent photobleaching
(Scheme 48). Subsequent dialysis over large volume of PBS for one day followed by a
lyophilization quantitatively yielded an intense yellow sticky solid 133. To note, a parallel
synthetic route involving PEI label with fluorescein prior to platinum coordination has been
developed and allowed successful isolation of the same conjugate 133 and is expected to allow

further development in milder conditions using more sensitive NHC-Pt motifs.
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Scheme 48: NHC-Pt-PEI functionalization with luminescent fluorescein moiety

The fluorescein based conjugate 133 proved highly luminescent under UV light both in solution
and solid state. Preliminary investigation of its fluorescence properties confirmed the excitation

wavelength to be Aexc = 495 nm and fluorescence emission Aem = 520 nm (Figure 41). While no
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excitation or emission shift is observed after fluorescein grafting onto the NHC-Pt-PEI conjugate,
the fluorescence intensity is significantly decreased compared to free FITC. Though the emission

intensity proved sufficient to allow observation of the conjugate by fluorescence microscopy.
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Figure 48: Spectra comparison between free fluorescein and NHC-Pt-PEl conjugate 133 by A) UV-vis

spectra, B) fluorescence analysis at Aexc= 495 nm (C = 5x10° M in ethanol)

The importance of drug biodistribution for improved drug efficiency has already been
highlighted in the introduction. The fate of this fluorescein based NHC-Pt-PEI conjugate 133
when exposed to cancer cells in vitro has been investigated by epifluorescence in collaboration
with Pr S. Fournel (Faculté de Pharmacie de Strasbourg). The Figure 42A shows the analyzed
cells observed by epifluorescence under white light while B) displays the same area under UV
light. This comparison suggests successful internalization of the fluorescein conjugated complex
133 as fluorescence spectrum B) perfectly matches the cells observed in A). Moreover, no
disseminated fluorescence can be observed thus confirming that drug do not randomly bind
biological material. A comprehensive investigation of the drug uptake depending on the cellular
comparment and time-followed is currently underway and should provide more knowledge in

the fate of NHC-Pt-PElI compounds during and after completing cytotoxic activity.
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Figure 49: View of cancer cells treated with 133 by epifluorescence microscopy under A) white light, B)

UV light at A =365 nm

However, drug functionalization with bulky chromophore might slightly modify its physico-
chemical properties and consequently both its biodistribution and fate. Therefore, these
observations should be considered carefully and supported by complementary analysis such as

colocalization study or ICP-MS measurement.

In order to determine whether the functionalization with chromophores modify the drug
uptake, the combination of 113 with a different chromophore has been investigated and its in
vitro distribution has been compared to the previously synthesized NHC-Pt-PEI-FITC derivative
133. We selected the epicocconone motif which is a natural compound intrinsically non-
fluorescent. However, its intense red fluorescence after intermolecular ring-opening with amine
groups (Scheme 49), and especially with proteins, raised it as a powerful staining agent in
biological investigations under the brand name of Lavapurple.3'* The major asset of the
epicocconone family is its huge stokes shift as exemplified by Lavapurple which Aem = 610 nm is

found almost a hundred nanometers above with Aexc= 520 nm.
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R-NH,

Non-fluorescent Fluorescent

Scheme 49: Mechanism for the reaction of epicocconone derivatives with amines

We investigated here the combination of PEl with an epicocconone derivative presented in

Scheme 49 which has been synthesized by the group of Dr X. Franck (IRCOF, Université de

Rouen).
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Scheme 50: Synthetic pathway for 134 by intermolecular ring opening for epicocconone grafting on the

113 conjugate

Ring opening of the epicocconone moiety in the presence primary amines of the
prefunctionalized 113 successfully promoted chromophore conjugation, thus affording 131 as a
red oil in quantitative yields (Scheme 50). 'H NMR confirmed the successful epicocconone

conjugation since aromatic protons resonance signals could be observed in the area from 7 to 8
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ppm and UV-vis spectrum displayed two absorption bands at 269 nm and 420 nm, characteristic
of the epicocconone moiety. One intrinsic limitation in the use of epicocconone derivatives is
their rapid photobleaching which has been previously reported to reach 83% fluorescence lost

within 19 minutes3® in addition to its pH dependent stability which maximum is pH 2.5.31¢
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Figure 50: Viability percentages determined on HCT116 cancer cell line after treatment with 113 (green),

133 (orange) or 134 (red)

Finally, preliminary cytotoxicity experiments have been conducted in collaboration with Pr S.
Fournel (Faculté de Pharmacie de Strasbourg) on HCT116 cancer cells treated alternatively with
113 as a reference, the conjugate 133 bearing fluorescein and 134 functionalized with
epicocconone. Remarkably, despite the pH dependent stability of 134 the cytotoxicities
presented in Figure 43 suggested comparable anticancer properties with the 113 while the
fluorescein conjugate 133 is found slightly less cytotoxic. These results confirmed the potency of
both metallopolymers functionalized with either fluorescein or epicocconone moieties, and thus

encouraged us to investigate their in vitro biodistribution.
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The introduction of a chromophore on the NHC-platinum motif by strong covalent bond has
been envisioned to follow NHC-Pt release from the PEl in vitro, and explore its biodistribution
and compare with the fluorescent polymer 133. Moreover, the carbene-platinum bond is
believed to be exceptionally stable toward biological media, thus marking the NHC ligand
appeared as a straightforward method to follow the platinum fate in vitro without inducing

major electronic and steric modifications at the metal centre.

Fluorescein binding through condensation of the 6-aminofluorescein on the aldehyde derivative
13 has been investigated according to previously reported procedure.3!” However, the complex
13 proved inert toward condensation even in presence of an excess of fluorescein (Scheme 51).
This lack of reactivity has previously been observed in our lab in the case of large and rigid

molecules and might explain the failure of fluorescein condensation under mild conditions.
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Scheme 51: Attempted synthesis of fluorescein condensation with the aldehyde derivative 13

Similar attempts by condensation of fluorescein-6-isothiocyanate on a [(NHC)Ptly(pyridine)]
precursor bearing an ethanol N-substituant developed in our group also failed and only starting

materials could be recovered.318

Therefore, chromophore conjugation onto the NHC ligand through click reaction has been

investigated according to previously reported procedure (Scheme 52).1'8 First reaction step
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involved the catalytic reaction of [Cp*RuCI(PPhs),] complex with the alkyne [(NHC)Ptly(pyridine)]
derivative 135 in dry THF. Subsequent addition of a 3.5 excess of 7-azido-4-methylcoumarin and
2 h reflux yielded the desired intense yellow complex 133 which has been reacted with PEI
without intermediary purification. Complexation of the coumarin-functionalized NHC-Pt moiety
has next been achieved using a 1Pt/30NH ratio and three days under dark conditions proved
necessary for full platinum precursor consumption and quantitative recovery of NHC-Pt-PEl

conjugate 137 by centrifugation.
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Scheme 52: Functionalization of the NHC-platinum complex 135 with fluorescent coumarin derivative by

click reaction and subsequent quantitative ligand exchange of 136 with PEIl to afford 137

This strategy successfully allowed the synthesis of a NHC-Pt-PEIl conjugate with chromophore
binding through the highly stable triazol- moiety which should allow successful in vitro
monitoring of the platinum biodistribution and colocalization study with complexes 133 and

134.

In addition, the coordination of a non-metallated porphyrin-modified NHC-Pt moiety has been
attempted by reacting in ethanol the precursor 23 using a 1Pt/30NH ratio similarly to the
procedure described in scheme 40. However, despite a one week long reflux conversion
remained uncomplete and only moderate amount of porphyrin-NHC-Pt-PEl conjugate 138 was

isolated as confirmed by *H NMR and UV analysis (Scheme 53 and Figure 44).
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H
H2N</\/N)5\79/\NH2

EtOH, 55°C, 7d

138
Scheme 53: Coordination of a NHC-Pt precursor 23 bearing a porphyrin modified NHC backbone to PEI

Similarly, the coordination of 24 proved uncomplete though successful coordination of a
moderate amount of porphyrin moiety affording 139 as a deep red oil was ascertained by 'H
NMR and UV-vis analysis (Scheme 54 and Figure 44). Accordingly, in vitro cytotoxicity
experiments should be carried on both porphyrin-functionalized macromolecules 138 and 139
to confirm their efficiency at promoting cancer cell death prior to colocalization study with the

complex 137.
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Scheme 54: NHC-Pt-PEI conjugate 139 functionalized with a nickel metallated porphyrin-NHC backbone

3,04

2,54

2,0

Abs

1,5

1,0 +

0,5+

0,0

—— (Ni-porph-NHC)Pt12(pyr)

—— (Free-porph-NHC)PtI2(pyr)
(Ni-porph-NHC)PtI2(PEI)

—— (Free-porph-NHC)PtI2(PEI)

200

I T I T T T I T | T |
300 400 500 600 700 800
A (nm)

Figure 51: UV-vis spectra of porphyrin-NHC-Pt precursors 23 and 24 compared to their

conjugate with PEI 138 and 139
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In the development of new NHC-Pt-PEIl analogues, the incorporation of moieties targeting the
cancer cells surface proteins would be a major step to access efficient and selective drug
delivery. Indeed, vectorised drugs are expected to exclusively bind proteins expressed at the
surface of a defined type of cancer cells and therefore promote selective drug uptake. A very
promising targeting peptide called HB-19 has been developed in the groups of J. -P. Briand and
A. Hovanessian.?'? It is known to specifically target the nucleoline in charge of vasculature
development required for cancer cell growth.32%321 Moreover, the HB-19 peptide itself exerts
cancer cell inhibition which might act synergistically in combination with platinum centre.3??2 A
thiol derivative of HB-19 has been synthesized and provided by Dr G. Guichard (IECB, CNRS-
Université de Bordeaux) and we therefore developed a novel strategy to allow simple thiol

grafting on NHC-Pt-PEI conjugates.
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Scheme 55: PEIl activation with SPDP fragment

PEI functionalization using two equivalent of the activated succinimidyl 3-[2-
pyridildithio)propionate] (SPDP) has been achieved within 3 h at 25 °C by adaptation of a
reported procedure.3?3 The nucleophilic substitution on the N-succinimide moiety was ensured
by 'H NMR as pyridyl protons of 140 were observed over 7 ppm in the PEI protons free area.
Similarly, 3C NMR displayed carbon resonance signals characteristic of pyridyl and carbonyl

carbons visible around 120 ppm and 165 ppm respectively.
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Scheme 56: Thiol exchange with GSH on the activated SPDP-PEI macromolecule 140

Further conjugation of thiol derivatives on the polymer 140 has first been investigated with the
small glutathione as a thiol model prior to HB-19 binding. The thiol exchange has been
successfully achieved within a night at 25 °C in ethanol by reaction with slight excess of
glutathione (Scheme 56). Precipitation by centrifugation in diethyl ether allowed successful
recovery of the colourless oil 141 in quantitative yields. Full thiol exchange was supported by *H
and 3C NMR where pyridyl characteristic signals disappeared. Moreover, apparition of

additional protons signals over 5 ppm attested for the conjugation of glutathione moieties.
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Scheme 57: Thiol exchange with HB19-SH on the activated SPDP-PEI macromolecule 140
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Encouraged by the successful functionalization of PElI chain with the glutathione, similar
synthetic pathway has been applied to the targeting moiety HB-19 (Scheme 57). The novel
conjugate 142 bearing the HB-19 peptide has been synthesized in a straightforward manner and
guantitatively afforded as a colourless oil. The presence of new proton resonance signals over 5

ppm in 'H NMR confirmed the thiol exchange with HB-19.
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Scheme 58: Thiol functionalized NHC-Pt-PEI conjugates 143 and 144

Finally, efficient platinum coordination in a 1Pt/30NH ratio on PEI derivatives 141 and 142 has
been achieved according to the synthetic pathway reported in Scheme 40. Quantitative reaction
afforded the NHC-Pt-PEIl conjugate 143 bearing glutathione moieties or 144 bearing HB-19 as a
sticky solid (Scheme 58). Successful platinum coordination for both 143 and 144 polymers has
been confirmed by appearance of NHC characteristic signals around 4 ppm for N-methyl moiety
and 7 ppm for the imidazole ring in addition to the disappearance of proton resonance signals
corresponding to the coordinated pyridine in *H NMR. Finally, the novel NHC-Pt-PEI conjugate
functionalized with a targeting moiety HB-19 remains to be evaluated in vitro as anticancer
agent and its efficiency at targeting surface overexpressed nucleoline will be the matter of

future studies.
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3) Conclusion

Various strategies have been developed to allow alternatively pre- or post-functionalization of
the cytotoxic NHC-Pt-PEl conjugate in excellent yields. Successful chromophore grafting and
platinum coordination have been confirmed by *H NMR for all derivatives presented herein and
UV techniques supported the polymer functionalization with all chromophores envisioned. A
convenient two steps synthesis has been developed to allow tuneable conjugation of sulphur
containing targeting moieties such as HB-19 which is expected to improve drug uptake.
Moreover, while the PEI functionalization at both extremities appeared to prevent self-
organization into vesicular systems, some selected examples proved to undergo comparable
potencies as the highly cytotoxic complex 113 with a 1Pt/30NH ratio. Finally, preliminary in vitro
investigations of the biodistribution of fluorescent metallopolymers supported the successful
complex internalization which is of importance to promote efficient anticancer activity.
Complementary experiments are currently underway to determine whether the expected
platinum release from the PEIl indeed occurs and allows platinum entry into the nucleus to

promote cell apoptosis via a DNA platination.

IV. Gold nanoparticles for the delivery of NHC-Pt

1) Gold nanoparticles for biomedical application

Encouraged by the great anticancer activities and negligible side effects observed both in vitro
and in vivo for the NHC-Pt-PEl conjugates detailed above, their association with well-defined
metal nanoparticles (NPs) appeared as a powerful strategy to upgrade these anticancer agents.
Gold nanoparticles (AuNPs) are of particular interest for biomedical applications thanks to their
high stability and biocompatibility.3?* Moreover, two preparations based on PEG coated gold

nanoparticles, namely Aurlmmune™ and AurolLase™ have already been through clinical trials
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and approved by the FDA.32>326 The use of either branched or linear polyethylenimine with
various molecular weights have already been investigated for purposes as transfecting
agents,3?7:328 chemiluminescence agents,3?° sensors and even contrast agents.330:331 Several PEI
coated gold nanoparticles successfully entered cell nucleus and proved promising as
transfecting agent.332 Therefore, the synthesis of PEI coated gold nanoparticles (PEI-AuNPs) as
cargo and subsequent grafting of NHC-Pt moieties have been investigated to improve both drug
uptake by passive diffusion and biocompatibility. Moreover, the combination of NHC-Pt-PEI to

gold nanoparticles is expected to prevent side effects and allow further biodistribution study.

2) Synthesis and characterization of PEl coated gold nanoparticles

In the literature, numerous synthetic pathways have been reported to access gold nanoparticles
stabilized by PEI, particularly direct synthesis by thermal reduction33? using an additional
reducing agent or by ligand exchange on gold nanoparticles previously synthesized according to
Turkevich’s method.333 Under the guidance of Dr J.-L. Gallani (IPCMS, Université de Strasbourg),
we developed two convenient procedures involving the spontaneous assembly of gold atoms by
chloroauric reduction with tetrabutylammonium borane (TBAB) to form PEI-AuNPs with an
average size diameter of 10.7 nm or 30.9 nm under mild conditions. To note, other reducing
agents as sodium borohydride or ammonium citrate have been envisioned but further dismissed
due to the large size polydispersity observed. Several parameters proved essential in the
synthesis of well-defined spherical particles rather than amorphous objects, namely solvents,
concentration and the amount of reducing agent. After optimization process, the formation of
an intermediate specie by reaction of 0.02 equivalent of PEl with one equivalent of HAuCls in
water (Caw = 6.4 mM) at 20 °C proved essential. Subsequent slow reduction with 0.001
equivalent of TBAB for one hour at 50 °C promoted the successful formation of monodisperse
PEI-AuNPs. The visual evolution from brown to deep red is characteristic for the arrangement of

dispersed gold aggregates into spherical NPs (Figure 45). Dialysis purification over 500 mL of

151



Chapter 4 Nanodelivery of NHC-platinum drugs

water with a 10k Da cut-off membrane allowed isolation of pure PEI-AuNPs after 24 h. To note,
storage was restricted to water solution at 20 °C due to irreversible aggregation when
lyophilized or stored at lower temperature. This procedure allowed the synthesis of PEI-AUNPs
with an average size of ~ 10 nm in a reproducible manner and which proved stable for weeks. A
second procedure has been developed to access larger PEI-AUNPs of ~ 30 nm diameter. Chloric
acid reaction in water with 0.02 equivalent of PEI for 15 minutes prior to rapid addition of larger
amount of TBAB up to 0.1 equivalent promoted the formation of spherical nanoparticles after
15 additional minutes at 20 °C. Subsequent dialysis over water proved necessary to remove

unreacted reducing agent and prevent the formation of amorphous or discoidal particles.
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Figure 52: Follow-up of the ~10 nm PEI-AuNPs synthesis by UV

The intense band which maximum is Aaps = 522 nm in UV spectra attested for the presence of a
strong resonance plasmon characteristic of gold nanoparticles and thus confirmed the
formation of spherical PEI-AuNPs. To note, a sharper peak suggested a more monodisperse size
distribution of AuNPs. Dynamic light scattering (DLS) measurements have been performed to
gain primary insight into the size distribution of synthesized PEI-AuNPs. It suggested the

formation of either 10 nm or 30 nm average diameter size gold nanoparticles depending on the
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procedure used. Complementary transmission electronic microscopy (TEM) has been performed
to confirm the shape and diameter size distribution of gold nanoparticles afforded with the two

previously detailed synthesis (Figure 46).
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Figure 53: Typical TEM images of synthesized PEI-AuNPs with an average diameter of ~ 10 nm

The stability of metal nanoparticles over time and in biological environment is critical in the
development of non-toxic nanodelivery devices to promote efficient passive cancer cell
targeting. Both 10 nm and 30 nm PEI-AuNPs proved highly stable in water as confirmed by the
strong plasmon resonance peak observed in UV-vis spectroscopy on solution stored at room
temperature for one month. Their stability has also been regularly monitored by UV-vis
spectroscopy when diluted alternatively in PBS solution and in the presence of mice serum.
Remarkably, while 10 nm PEI-AuNPs proved moderately stable in PBS as slow aggregation could
be seen over three days, no signal broadening or shift of the maximum absorption peak was
observed in mice serum. This suggests a great colloidal stability in biological media. Moreover,
30 nm PEI-AuNPs also proved stable for days in both PBS solution and mice serum as suggested

by UV-vis measurements. These results support the great stabilization of these AuNPs with the
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PEI coating which contrasts with precedent reports suggesting linear PEI to form poorly stable

conjugates with gold nanoparticles.Erreur ! Signet non défini.

While gold nanoparticles usually improve the pharmacokinetics and biodistribution of
therapeutic molecules, their size and shape determine their in vitro and in vivo fate. Therefore,
the cytotoxicity of both sizes of drug-free PEI-AuNPs developed in our laboratory has been
evaluated toward three cancer cell lines by mean of ICsp measurements (Figure 47).
Interestingly, the potency profiles proved to be dependent on the nanoparticle size since
smaller nanoparticles (~ 10 nm) were non-toxic even at doses up to 400 uM. Distinctively, larger
nanoparticles of ~ 30 nm exhibited low cytotoxicity toward all cancer cell lines. This is coherent
with previous reports highlighting the biocompatibility of small gold nanoparticles stabilized by
PEI.33233% Moreover, PEI-AuNPs are known to localize preferentially to the cell nucleus and
faster exocytosis of smaller NPs might also account for their improved biocompatibility.33° These
results confirmed the potential of PEI-AuNPs developed herein for use as a biocompatible cargo

for further nanodelivery of the cytotoxic NHC-Pt complexes.
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Figure 54: ICso measurements on PEl coated gold nanoparticles of average size of 10 nm or 30 nm

(ICso based on gold mononuclear concentration)
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Finally, the grafting of cytotoxic NHC-Pt moieties at the surface of the biocompatible PEI-AuNPs
by ligand exchange has been attempted under numerous reaction conditions (temperature,
solvent and reaction time). Unfortunately, all tested conditions either promoted an irreversible
nanoparticles aggregation or failed at coordinating the platinum centre as confirmed by X-ray
photoelectron spectroscopy (XPS). Accordingly, more development is needed to allow efficient
grafting of NHC-Pt complexes at the surface of gold nanoparticles and the binding through a

modified NHC backbone functionalized with thiol moiety might be a solution.

3) Conclusion

We successfully developed a reproducible synthetic strategy to access hydrophilic small gold
nanoparticles stabilized by the biocompatible polyethylenimine. Interestingly, the PEI-AuNPs
depicted great stability in saline solution and in vitro tests confirmed the biocompatibility of the
smallest nanoparticles (~ 10 nm) which therefore appeared as promising cargo for further drug
delivery. Comforted by previous achievement of the PEI functionalized with cytotoxic NHC-Pt
moieties, and exploiting the high affinity of NHC-Pt for polyamines, coordination of well-
established NHC-Pt complexes to gold nanoparticles has been investigated. While none of the
strategies investigated to non-covalently bind NHC-Pt moieties to the nanoparticle proved
successful, other paths are currently envisioned such as covalent binding of the NHC moiety to
the nanoparticle through Au-S bond. Moreover, taking advantage of the positively charged

synthesized nanoparticles, transfection with SiIRNA will be envisioned to access gene therapy.33®
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General Conclusion

In this work, we reported on the synthesis of various platinum drug candidates functionalized
with easily tuneable N-heterocyclic ligands to improve their stability and overcome resistance
mechanism associated to platinum(ll) based chemotherapy. We first envisioned the
modification of platinum coordination sphere by simple ligand exchange for the development of
a library of metallodrugs displaying promising anticancer activities.

Additionally, the upgrade of a large range of NHC-Pt(ll) precursors also by simple oxidation using
either bromine or PhICl; oxidants has been investigated to access NHC-Pt(IV) prodrug
candidates. Comprehensive examination of the stability, drug release efficiency and anticancer
activity of novel NHC-Pt(IV) complexes highlighted them as tremendous alternatives to cisplatin
like drugs. Moreover, the occurrence of a parallel mechanism of action involving mitochondrial
death by generation of oxidative stress successfully provided great cytotoxicity toward resistant
cancers.

Furthermore, with the aim to access water-soluble and selective anticancer agents with
improved cellular uptake, the combination of cytotoxic NHC-platinum moieties to various
nanodelivery devices has been investigated. The use of natural albumin as a cargo appeared as a
straightforward approach to allow biocompatible formulation of NHC-platinum complexes
though preliminary in vitro tests were varied and further comprehensive drug screening is
needed. Furthermore, liposomal formulation of an amphiphilic NHC-platinum complex
successfully allowed drug release to promote cancer cell death. We also reported on the
development of a family of polycationic NHC-Pt-PEIl conjugates easily functionalized in high
yields by modular approaches which offered the possibility to conjugate chromophores or
targeting peptide to further improve their selectivity and potency. These macromolecules
proved highly efficient at promoting cancer cell death either in vitro or in vivo and their
mechanism of action and biodistribution are currently being unravelled by support of

fluorescence microscopy.
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Finally, we developed an easy and reproducible synthesis of two sizes of PEl coated gold
nanoparticles though their functionalization with NHC-platinum derivatives requires additional
investigation.

Encouraging results were obtained in the development of high valent NHC-Pt(IV) complexes and
the synthesis of [(NHC)PtClsL] complexes based on oxidation using PhICl, could be extended to
more complex structures. Moreover, the access to dual action derivatives combining selected
organic drugs could be of interest for synergistic cytotoxicity. Furthermore, preliminary
combination of cytotoxic NHC-Pt moieties to nanodelivery devices introduced new
opportunities in the development of next generation of platinum anticancer agents. Next
research efforts should be directed toward the development of safer nanoscale delivery devices
in order to ultimately allow their clinical translation and use in personalized therapy. Indeed,
combination of the promising NHC-Pt-PEI conjugate to synthetic peptides and proteins would
allow improved potency by active targeting. Moreover, galenic formulation of the highly
cytotoxic NHC-Pt-PEI conjugates could be investigated in combination with glucose to improve
its bioavailability. Finally, NHC-Pt grafting onto AuNPs remains to be achieved and further
decoration with biologically active moieties would give access to theranostic nanodevices for

combined cancer therapy and treatment response follow up.
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Chapter 5: Experimental part

1) General remarks

All manipulations of air and moisture sensitive compounds were carried out using standard
Schlenk techniques under an argon atmosphere and solvents were purified and degassed
following standard procedures. All reagents were purchased from commercial chemical
suppliers (Acros, Alfa Aesar, TCl Europe and Rapp Polymer) and used without further
purification. 'H and '3C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker
Avance 300 or a Bruker Avance 500 spectrometer using the residual solvent peak as a reference
(CDCl3: 8H = 7.26 ppm; 6C = 77.16 ppm) at 295 K. HMQC H-'%>Pt spectra were recorded on a
Bruker Avance 600 spectrometer using the residual solvent peak as a reference (H2PtCls in D2O:
6Pt = 0 ppm) at the Institut de Chimie NMR Facility of the University of Strasbourg. The
following abbreviations are used to classify the multiplicity of the observed signals: s = singlet, d
= doublet, t = triplet, m = complex multiplet and bs = broad signal. UV-visible absorption spectra
were recorded on a HITACHI U-3000 spectrophotometer, fluorescence spectra on a Photon
Technology International MD-5020. Positive mode electrospray ionization mass spectra (ESI-
HRMS) analyses have been carried out using microTOF (Bruker Daltonics). X-Ray diffraction
studies were carried out at the Institut de Chimie X-ray Facility of the University of Strasbourg.
Crystal data were collected at 173 K using MoKa graphite monochromated (A = 0.71073 A)
radiation on a Nonius KappaCCD diffractometer. The structures were solved using direct
methods with SHELXS97552 and refined against F2 using the SHELXL97 software. Non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were generated according to
stereochemistry and refined using a riding model in SHELXL97. Dynamic light scattering (DLS)

were performed on a VASCO y from Cordouan Technologies.
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2) Protocols of cell culture and proliferation assay

Cancer cell lines were obtained from the American Type Culture Collection (Rockville, MD, USA)
and cultured according to the supplier’s instructions. Human HCT116 colorectal carcinoma,
MCF7 breast adenocarcinoma and PC3 prostate adenocarcinoma cells were grown in RPMI 1640
supplemented with 10% fetal calf serum (FCS) and 1% glutamine. Cell lines were maintained at
37 °C under a humidified atmosphere containing 5% CO;. Cell growth inhibition was determined
by an MTS assay according to the manufacturer’s instructions (Promega, Madison, WI, USA).
Briefly, the cells were seeded into 96-well plates (2.5 x 103 cells per well) containing 200 uL of
growth medium. After 24 h of culture, the cells were treated with the tested compounds at
different final concentrations. After 72 h of incubation, 40 ul of resazurin was added for 2 h
before recording the absorbance at 490 nm with a spectrophotometric plate reader. The ICso
corresponds to the concentration of the compound that induces a decrease of 50% in the
absorbance of drug-treated cells compared with untreated cells. Experiments were performed

in triplicate.
3) Synthesis of functionalized imidazolium salts

= Procedure A: Synthesis of [(NHC)PtX>(pyridine)] complexes
All imidazolium salts are obtained using standard synthesis procedures in 250 mg to 1 g scale by
alkylation of azole derivatives with excess halogenoalkane in CH3CN overnight at 75 °C. After
evaporation of the volatiles, the crude product is dissolved in a minimum amount of methanol,

washed with diethyl ether and dried under reduced pressure to yield the imidazolium salt.

Br
/T \ ¢
/N\7N

Synthesized according to procedure A. Yellow oil, yield 92%. *H NMR (CDCls, 300 MHz, 20 °C): &
4.08 (s, 3H, N-CHs), 5.58 (s, 2H, N-CH2), 7.17 (s, 1H, CHim), 7.23 (s, 1H, CHim), 7.38-7.50 (m, 5H,
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CHar), 10.79 (s, 1H, NCHN); 13C NMR (CDCls, 75 MHz, 20 °C): 6 36.6 (N-CHs), 52.8 (N-CH2), 122.1
(CH), 123.8 (CH), 128.8 (CHar), 129.1 (CHar), 129.2 (CHar), 133.2 (CHar), 136.6 (NCHN).

Br

+
/N\7N\05H11

Synthesized according to procedure A. Colourless oil, yield 92%. *H NMR (CDCls, 300 MHz, 20 °C):
6 0.48 (t, J=6.9 Hz, 3H, CHs), 0.94 (m, 4H, 2CH,), 1.54 (quint, J=7.4 Hz, 2H, CH2), 3.75 (s, 3H, N-
CHs), 3.96 (t, J/=7.4 Hz, 2H, N-CH2), 7.30 (t, J/=1.8 Hz, 1H, CHim), 7.43 (t, J=1.8 Hz, 1H, CHim), 9.86
(s, 1H, NCHN); 3C NMR (CDCls, 75 MHz, 20 °C): 6 13.5 (CH3), 21.7, 27.8, 29.6 (CH>), 26.3 (N-CH3),
49.6 (N-CH3), 122.1 (CHim), 123.6 (CHim), 136.5 (NCHN).

~N N~
Synthesized according to procedure A. Yellow oil, quant. *H NMR (DMSO, 300 MHz, 20 °C): 6
3.83 (s, 6H, N-CH3), 7.69 (d, J=1.6 Hz, 2H, CHim), 9.08 (s, 1H, NCHN); 3C NMR (DMSO, 75 MHz, 20

°C): 6 35.8 (N-CH3), 123.3 (CHim), 136.9 (NCHN).

/:\+_Br

—N N~ gHy
Synthesized according to procedure A. Colourless oil, yield 44%, *H NMR (CDCls, 300 MHz, 20 °C):
6 0.85 (t, J=6.6 Hz, 3H, CH3), 1.22 (m, 30H, CH), 2.11 (m, 2H, CH2), 4.11 (s, 3H, N-CHs), 4.29 (t,
J=7.5 Hz, 2H, N-CH2), 7.36 (t, /=1.8 Hz, 1H, CHim), 7.52 (t, J=1.8 Hz, 1H, CHim), 10.44 (s, 1H,
NCHN); 13C NMR (CDCI3, 75 MHz, 20 °C): § 14.1 (CHs), 22.6, 26.2, 29.0, 29.3, 29.5, 29.7, 30.3,
31.9 (CH2), 36.7 (N-CHs), 50.2 (N-CH), 121.7 (CHim), 123.5 (CHim), 137.6 (NCHN).

Br 0
[\
/NVN\)\OtBu
Synthesized according to procedure A. Colourless oil, quant. *H NMR (CDCls, 300 MHz, 20 °C): 6

1.52 (s, 9H, CHs), 3.95 (s, 3H, N-CHs), 5.19 (s, 2H, N-CHz), 7.54 (s, 1H, CHim), 7.64 (s, 1H, CHim),
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9.37 (s, 1H, NCHN); 3C NMR (CDCls, 75 MHz, 20 °C): & 28.0 (CHs), 36.8 (N-CHs), 50.8 (N-CHa),
84.8 (0-C), 123.0, 123.8 (CHim), 138.3 (NCHN), 164.9 (C=0).

Synthesized according to procedure A. White solid, quant. *H NMR (de-DMSO, 300 MHz, 20 °C): 6
1.60-1.85 (m, 6H, CH,), 2.15-2.17 (m, 2H, CH.), 3.87 (s, 3H, N-CHz), 4.78 (m, 1H, N-CH), 7.80 (s,
1H, CHim), 7.92 (s, 1H, CHim), 9.48 (s, 1H, NCHN); 3C NMR (CDCls, 75 MHz, 20 °C): & 23.0 (CH,),
32.5 (CH2), 35.7 (N-CH3), 60.45 (N-CH), 121.1 (CHim), 123.6 (CHim), 135.7 (NCHN).

Br
=V

O/NVN
Synthesized according to procedure A. Yellow oil, quant. *H NMR (CDCls, 300 MHz, 20 °C): § 5.55
(s, 2H, N-CH>), 6.98-7.21 (m, 6H, 6Ha/), 7.40-7.53 (m, 4H, 4Ha;), 7.00 (t, J=1.8 Hz, 1H, CHin), 7.82
(t, J=1.8 Hz, 1H, CHim), 77.15 (t, J=1.8 Hz, 1H, NCHN); 13C NMR (CDCls, 75 MHz, 20 °C): § 52.9 (N-
CHa), 120.9 (CHim), 121.2(CHar), 123.1 (CHim), 129.0, 129.1, 129.7, 130.2 (CHar), 133.4 (Car), 134.2
(Car), 135.3 (NCHN).

Br 0
[T\ +
/N\7N
Synthesized according to procedure A. White solid, quant. 'H NMR (CDCls, 300 MHz, 20 °C): &
4.09 (s, 3H, N-CHs), 5.80 (s, 2H, N-CH3), 7.26 (CHim), 7.30 (s, 1H, CHim), 7.72 (d, J=8.1 Hz, 2H,
CHar), 7.92 (d, J=8.1 Hz, 2H, CHa), 10.03 (s, 1H, CHim), 10.87 (s, 1H, NCHN). MS (positive ESI): [M-
Br]: calculated for C12H13N201: 201.10, found 201.10.

NO

Br 2
/7 \+

/N\7N
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Synthesized according to procedure A. Light yellow solid, quant. *H NMR (DMSO, 300 MHz, 20
°C): 6 3.88 (s, 3H, N-CH3s), 5.65 (s, 2H, N-CH), 7.69 (d, J=8.6 Hz, 2H, 2CHa), 7.79 (t, J/=1.7 Hz, 1H,
CHim), 7.86 (t, J=1.7 Hz, 1H, CHim), 8.28 (d, J=8.6 Hz, 2H, 2CHa), 9.34 (s, 1H, NCHN); 3C NMR
(DMSO, 75 MHz, 20 °C): 6 36.0 (N-CH3), 50.8 (N-CH2), 122.5 (CHim), 124.0 (CHar), 124.2 (CHim),
129.5 (CHar), 137.1 (NCHN), 142.2 (C4r), 147.5 (Car-NO2).

Synthesized according to procedure A. Yellow solid, quant. *H NMR (DMSO, 300 MHz, 20 °C): &
3.72 (s, 3H, N-CHs), 6.47 (s, 2H, N-CH,), 7.61-7.70 (m, 6H, CHar+CHim+NCHN), 8.21 (d, J=7.8 Hz,
2H, CHar), 8.44 (d, J=7.8 Hz, 2H, CHa4/), 8.82 (d, J=7.8 Hz, 2H, CHa,).

Br 6
7\ &
_N__N Q
Synthesized according to procedure A. Light yellow solid, quant. *H NMR (DMSO, 300 MHz, 20
°C): 6 3.83 (s, 3H, N-CH3), 6.24 (s, 2H, N-CHy), 7.76 (t, J/=1.7 Hz, 1H, CHin), 7.90 (t, J/=1.7 Hz, 1H,
CHim), 8.09-8.59 (m, 9H, Har), 9.23 (s, 1H, NCHN); 3C NMR (de-DMSO, 75 MHz, 20 °C): 6 37.8 (N-
CHs), 51.8 (N-CH), 124.3, 124.5, 125.6, 125.8, 126.0, 127.1, 127.7, 127.9, 128.6, 129.2, 129.3,
129.9, 130.1, 130.5, 130.7, 132.0, 132.6, 133.4 (C4r CHim), 138.6 (NCHN).

Cl Cl

Y=

+

Synthesized according to procedure A. Yellow solid, quant. 'H NMR (ds-DMSO): & 9.39 (s, 1H),
3.82 (s, 6H); 13C NMR (CDCls, 75 MHz, 20 °C): & 35.9 (N-CH3), 116.8 (Cim), 137.4 (NCHN).
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QO
Qe

_Br
Synthesized according to procedure A. Dark brown solid, quant. *H NMR (de-DMSO): § 5.41 (s,
4H, N-CH3), 7.07-7.53 (m, 25H, CHar), 9.65 (s, 1H, NCHN).

\
0

O:S_\ |

— +_

Synthesized according to procedure A. Yellow oil, yield 80%. *H NMR (CDCls, 300 MHz, 20 °C): &
3.92 (s, 3H, OCHs), 4.17 (s, 3H, NCHs), 4.19 (s, 3H, NCHs), 8,05 (bs, 1H, CHim), 10.25 (s, 1H,
NCHN); 3C NMR (CDCls, 75 MHz, 20 °C): 6 37.1 (CH3), 38.1 (CHs), 53.3 (OCH3), 124.3 (Cim), 128.9
(CHim), 141.0 (NCHN), 157.7 (C=0).

O
Q1 S~ O
— +
NN
Br
Synthesized according to procedure A. Oil, quant. *H NMR (DMSO, 300 MHz, 20 °C): & 2.56 (s,
3H, CHs), 5.55 (s, 2H, N-CH,), 5.72 (s, 2H, N-CH2), 7.35-7.49 (m, 10H, Har), 9.68 (s, 1H), 9.93 (s,

1H); 3C NMR (DMSO, 75 MHz, 20 °C): & 8.7 (CHs), 49.9 (N-CH,), 51.3 (N-CH,), 125.8, 127.8,
128.1, 128.6, 128.8, 129.1, 133.3, 134.3, 139.8, 142.2 (Car + Cim + NCHN), 180.8 (CHO).

0O,

NN
Synthesized according to procedure A. White solid, yield 73%. *H NMR (CDCls, 300 MHz, 20 °C): &
4.17 (s, 6H, 2N-CHs), 7.21-7.36 (m, 6H, 2Hpyr, 4Har), 7.7 (t, J=7 Hz, 1H, 1Hpy), 9.07 (m, 2H, 2Hpy);
13C NMR (CDCl3, 75 MHz, 20 °C): & 34.9 (N-CHs), 109.9 (CHar), 122.9 (CHar), 125.1 (CHpyr), 134.7
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(Car), 137.7 (CHpyr), 149.9 (C-Pt), 153.6 (CHpyr); HRMS (positive ESI): m/z calcd for C14H1sIN3Pt [M-
1] 546.9958; found 547.0036; m/z calcd for C34H29IN3PtCHsCN [M-l + CH3CN] 842.1319; found
842.1340. C14H1s12N3Pt (674.19): caled. C 24.94, H 2.24, N 6.23; found C 24.59, H 2.47, N 6.53.

</ \> =0
Br
-

—N N
Synthesized according to procedure A. White solid, quant. *H NMR (DMSO, 300 MHz, 20 °C): 6
2.56 (s, 3H, CHs), 5.55 (s, 2H, N-CH), 5.72 (s, 2H, N-CH), 7.35-7.49 (m, 10H, 10Ha/), 9.68 (s, 1H),
9.93 (s, 1H); 3C NMR (DMSO, 75 MHz, 20 °C): & 8.7 (CH3), 49.9 (N-CH,), 51.3 (N-CH,), 125.8,
127.8,128.1,128.6, 128.8, 129.1, 133.3, 134.3, 139.8, 142.2 (Car + Cim + NCHN), 180.8 (CHimO).

Synthesized according to reported procedure.' Red solid, *H NMR (CDCls, 300 MHz, 20 °C): 6 -
2.96 (bs, 2H, NHpyrrole), 1.60 (s, 18H, Hisu), 1.62 (s, 18H, Hisu), 3.16 (s, 6H, N-CHs), 7.80 (d, J=8.0
Hz, 4H, CHar), 7.91 (d, J=8.0 Hz, 4H, CH4), 8.17 (d, J=8.0 Hz, 4H, CHa), 8.36 (d, J=8.0 Hz, 4H, CHa),
8.75 (s, 2H, Hpyrrole), 8.94 (s, 4H, Hpyrrole), 9.20 (s, 1H, NCHN).

1 J).-F. Lefebvre, M. Lo, D. Leclercq, S. Richeter Chem. Commun. 2011, 47, 2976-2978
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Synthesized according to reported procedure.* Red solid, *H NMR (CDCls, 300 MHz, 20 °C): 6 1.54
(s, 18H, Hisu), 1.56 (s, 18H, Hisu), 3.16 (s, 6H, N-CHs), 7.71 (d, J=8.0 Hz, 4H, CHa), 7.79 (d, J=8.0
Hz, 4H, CHar), 7.94 (d, J=8.0 Hz, 4H, CHar), 8.05 (d, J=8.0 Hz, 4H, CHar), 8.68-8.74 (M, 6H, Hpyrole),
9.24 (s, 1H, NCHN).

2r
N ™ \—
=N N

Synthesized according to procedure A. Oil, quant. *H NMR (DMSO, 300 MHz, 20 °C): & 3.90 (s,
6H, N-CHs), 5.53 (s, 4H, N-CH), 7.46 (m, 3H, CHa/), 7.69 (s, 1H, CHar), 7.81 (t, J=1.7 Hz, 2H, CHim),
7.94 (t, J=1.7 Hz, 2H, CHim), 9.54 (s, 2H, NCHN); 13C NMR (CDCls, 75 MHz, 20 °C): & 36.0 (N-CHs),
51.2 (N-CH2), 122.2 (CHim), 123.9 (CHim), 128.4, 128.6, 129.5 (CHar), 135.6 (Car), 136.7 (NCHN)

N/:/\N\ 21 N

N N~C ,H N N~

Synthesized according to procedure A. Oil, quant. *H NMR (MeOD, 300 MHz, 20 °C): 6 1.31-1.39
(m, 16H, CH2), 1.97 (m, 4H, CH,), 4.07 (s, 6H, N-CH3), 4.41 (m, 4H, N-CH,), 7.82 (s, 2H, CHim), 7.91
(s, 2H, CHim); 3C NMR (MeOD, 75 MHz, 20 °C): 6 27.0 (CH2), 29.9(CH,), 30.3(CH2), 30.4(CH,),

31.1(CH>), 37.0 (N-CHs), 50.7 (N-CHz), 123.6 (CHim), 124.8 (CHim), 137.7 (NCHN).
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S\7N\
Synthesized according to procedure A. Oil, quant., *H NMR (DMSO, 300 MHz, 20 °C): § 4.21 (s,
3H, N-CHs), 8.32 (m, 1H, CHim), 8.47 (m, 1H, CHim), 10.11 (s, 1H, SCHN).

13r
N=\,
N. N

o
Synthesized according to procedure A. White solid, quant. 'H NMR (CDCls, 300 MHz, 20 °C): &
5.63 (s, 2H, N-CHz), 5.76 (s, 2H, N-CH,), 7.28-7.38 (m, 6H, 6Har), 7.46-7.54 (m, 2H, 2Har), 7.56-
7.62 (m, 2H, 2Har), 8.93 (s, 1H, CHimN), 11.78 (s, 1H, NCHN); 3C NMR (CDCls, 75 MHz, 20 °C): &
52.0 (N-CH3), 56.3 (N-CH,), 129.2, 129.4, 129.5, 129.6, 129.9 (CHar), 131.7 (Car), 131.9 (Car), 142.6
(NCHN), 143.7 (NCHN).

2) Synthesis of NHC-Pt(ll) complexes

= Procedure B: Synthesis of [[NHC)PtXx(pyridine)] complexes
The ligand precursor (imidazolium halide, 1.1 equiv.), PtCl, (1 equiv.), Nal (10 equiv.) and K,COs
(10 equiv.) were suspended under argon in anhydrous pyridine (10 mL). The mixture was
sonicated for 20 min, heated overnight at 100 °C, then concentrated under reduced pressure,
dissolved in CH;Cl;, and filtered through a Celite plug. The residue was purified by silica gel

chromatography (pentane/CH,Cl,, 1:1 to CH>Cly) to afford the complex as a yellow powder.?

- O
/N\ /N
C

|
CI—FI’t-CI

2 E. Chardon, G. Dahm, G. Guichard, S. Bellemin-Laponnaz Chem. Asian J. 2013, 8, 1232-1242
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1. Synthesized according to procedure B. Yellow solid, 23.3 mg, yield 24%. *H NMR (CDCls, 300
MHz, 20 °C): 6 4.09 (s, 3H, N-CH3s), 5.82 (s, 2H, N-CHy), 6.63 (d, J=2.5 Hz, 1H, CHin), 6.82 (d, J=2.5
Hz, 1H, CHim), 7.31-7.39 (m, 5H, CHar), 7.46-7.50 (m, 2H, CHyyr), 7.75 (m, 1H, CHpyr), 9.03 (m, 2H,
CHpyr); HMQC *H-%°Pt NMR (CDCls, 64.2 MHz, 20 °C): 6 — 3304 (m).

[\
/N\C’N\CsHﬂ
Ci—Pt-Cl
N

-

SN
2. Synthesized according to procedure B. Yellow solid, 25.2 mg, yield 26%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.94 (t, J=6.5 Hz, 3H, CH3), 1.42 (m, 4H, CH>), 2.03 (m, 2H, CH,), 4.09 (s, 3H, N-
CHs), 4.51 (m, 2H, N-CH), 6.85 (s, 2H, CHim), 7.36 (M, 2H, CHyy), 7.76 (t, J=7.6 Hz, 1H, CHpy),

- \Q
—~N__N
c

I
Br—PIt-Br
N

9.03 (m, 2H, CHpyr).

g

NS

3. Synthesized according to procedure B. Yellow solid, 59.2 mg, yield 52%. 1H NMR (CDCls, 300
MHz, 20 °C): & 4.11 (s, 3H, N-CHs), 5.83 (s, 2H, N-CH2), 6.64 (d, J= 2.1Hz, 1H, CHim), 6.83 (d, J=2.1
Hz, 1H, CHim), 7.27-7.53 (m, 7H, SHar and 2Hpyr), 7.76 (tt, J1=7.6 Hz, J,=1.6 Hz, 1H, Hpy), 9.04 (dt,
11=5.0 Hz, J,=1.6 Hz, 2H, 2Hpy); 3C NMR (CDCl3, 75 MHz, 20 °C): & 37.9 (N-CHs), 54.2 (N-CHy),
120.0 (CHim), 122.4 (CHim), 124.9 (Cpyr), 128.2 (CHar), 128.8 (CHar), 128.8 (CHar), 135.7 (Car), 137.7
(Cpyr), 138.2 (C-Pt), 152.6 (Cpyr); 13C NMR (Acetone, 75 MHz, 20 °C): 6 37.1 (N-CHs), 53.5 (N-CH,),
120.3 (CHim), 123.0 (CHim), 125.1 (Cpyr), 127.9 (CHar), 128.5 (CHar), 128.8 (CHar), 136.8 (Car), 138.3
(Coyr), 152.5 (Cpyr); HMQC H-195Pt NMR (CDCl3, 64.2 MHz, 20 °C): 6 — 3814 (m).
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4. Synthesized according to procedure B. Yellow solid, 47.3 mg, yield 43%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.91 (t, J=6.7 Hz, 3H, CHs), 1.38 (m, 4H, CH3), 2.01 (m, 2H, CH), 4.02 (s, 3H, N-
CHs), 4.46 (m, 2H, N-CH>), 6.82 (s, 2H, CHim), 7.31 (t, J=7.0 Hz, 2H, CHpy), 7.73 (t, J=7.6 Hz, 1H,
CHoyr), 8.98 (m, 2H, CHpyr); 13C NMR (CDCls, 75 MHz, 20 °C): 14.0 (CHs), 22.3 (CH,), 28.7 (CH2),
29.9 (CHy), 37.8 (N-CHs), 50.6 (N-CH2), 120.4 (CHim), 121.8 (CHim), 124.9 (CHpyr), 136.9 (C-Pt),

137.7 (CHpyr), 152.5 (CHpyr).
- \Q
/N\ /N
C

I—P:t—l
N
]

NS

5. Synthesized according to procedure B. Yellow solid, 94.7 mg, yield 72%. *H NMR (CDCls, 300
MHz, 20 °C): & 3.97 (s, 3H, N-CHs), 5.72 (s, 2H, N-CHa), 6.60 (s, 1H, CHin), 6.82 (s, 1H, CHim), 7.27-
7.44 (m, 5H, Har), 7.52 (M, 2H, Hpyr), 7.74 (M, 1H, Hpyr), 9.09 (m, 2H, Heyr); 33C NMR (CDCls, 75
MHz, 20 °C): 6 38.3 (N-CHs), 54.4 (N-CH), 119.8 (CHim), 122.2 (CHim), 124.8 (Cpyr), 128.3 (Car),
128.8 (Car), 129.1 (s, CHar), 135.4 (Cpyr), 136.3 (C-Pt), 137.5 (s, Cpyr), 153.7 (Coyr); MS (positive ESI)
[M-1]: calculated for CigHi17INsPt: 573.011, found 572.969. Microanalysis: Calculated for
Ci6H1712N3Pt: C, 27.44; H, 2.45; N, 6.00. Found: C, 26.97; H, 2.47; N, 5.82.

[\
/N\C’N\CsHﬂ
|—F:’t—|

2
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6. Synthesized according to procedure B. Yellow solid, 65 mg, yield 51%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.95 (t, J=6.7 Hz, 3H, CHs), 1.41 (m, 4H, CH>), 2.03 (q, J=7.6 Hz, 2H, CH,), 3.94 (s,
3H, N-CHs), 4.41 (t, J=7.6 Hz, 2H, N-CH), 6.83 (s, 2H, CHim), 7.31 (t, J/=6.7 Hz, 2H, Hpy), 7.71 (tt,
J1=7.8 Hz, J,=1.6 Hz, 1H, Hpy), 9.02 (m, 2H, Hpyr); 13C NMR (CDCls, 75 MHz, 20 °C): 6 14.1 (CH3),
22.3 (CH2), 28.9 (CH2), 29.3 (CH2), 38.4 (N-CHs), 50.9 (N-CHz), 120.4 (CHim), 121.9 (CHim), 125.0
(Cpyr), 135.1 (C-Pt), 137.5 (Cpyr), 153.7 (Cpyr). MS (positive ESI) [M-I]: calculated for C1aH2111N3Pt1:
553.04, found 553.04, [M-| + CH3CN]: calculated for C14H2111N3Pt1CH3CN: 594.07, found 594.07.

7. Synthesized according to procedure B. Yellow solid, 109.1 mg, yield 93%. *H NMR (CDCls, 300
MHz, 20 °C): & 3.93 (d, J=0.7 Hz, 6H, N-CHs), 6.82 (d, J=0.7 Hz, 2H, CHim), 7.31 (t, J/=6.8 Hz, 2H,
Hpyr), 7.71 (td, J1=7.6 Hz, J,=0.7 Hz, 1H, Hpyr), 9.02 (M, 2H, 2H,yr); 33C NMR (CDCl3, 75 MHz, 20 °C):
6 38.2 (N-CH3s), 121.9 (CHim), 125.0 (Cpyr), 135.9 (C-Pt), 137.5 (Cpyr), 153.7 (Cpyr).

8. Synthesized according to procedure B. Yellow solid, 56.8 mg, yield 35%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.87 (t, J=6.7 Hz, 3H, CHs), 1.25 (m, 30H, CHz), 2.03 (m, 2H, CH,), 3.95 (s, 3H, N-
CHs), 4.42 t, J=7.7 Hz, 2H, N-CH3), 6.83 (s, 2H, CHim), 7.31 (m, 2H, Hpy), 7.71 (tt, J1=7.7 Hz, J,=1.6
Hz, 1H, Hpy), 9.04 (m, 2H, Hpy); 3C NMR (CDCls, 75 MHz, 20 °C): & 14.1 (CHs), 22.7, 26.7, 29.2,
29.3, 29.5, 29.6, 29.7, 31.9 (CHa), 38.3 (N-CHs), 50.9 (N-CH,), 120.8 (CHim), 121.8 (CHim), 124.9
(Coyr), 135.1 (C-Pt), 137.3 (Cpyr), 153.7 (Coyr).
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9. Synthesized according to procedure B. Yellow solid, 119.0 mg, yield 73%. *H NMR (CDCls, 300
MHz, 20 °C): 6 3.06 (m, 2H, CH3), 3.95 (s, 3H, N-CHs), 4.79 (t, J/=7.7 Hz, 2H, N-CH,), 6.89 (m, 2H,
CHim), 7.32 (t, J=6.9 Hz, 2H, Hpy), 7.72 (t, J=7.7 Hz, 1H, Hpyr), 8.97 (m, 2H, Hpyr); P°F-NMR (CDCls,
300 MHz, 20 °C): 6 -126.3 (m, 2F), -123.3 (s, 2F), -122.9 (s, 2F), -121.9 (m, 10F), -113.5 (quint,
J=16.2 Hz, 2F), -81.0 (t, J=10.0 Hz, 3F); 13C NMR (CDCl3, 75 MHz, 20 °C): § 31.5 (t, J=21.3 Hz, CH,),
38.5 (N-CH3), 43.0 (N-CH3), 104.1-115.8 (m, CF), 117.7 (t, J=32.4 Hz, CF), 119.0 (t, J=33.0 Hz, CF),
120.9 (CHim), 122.6 (CHim), 125.1 (Cpyr), 137.7 (Cpyr), 153.7 (Cpyr).
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10. Synthesized according to procedure B. Yellow solid, 61.9 mg, yield 91%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 1.51 (s, 9H, C(CH3)3), 3.95 (s, 3H, N-CH3), 5.22 (s, 2H, N-CH>), 6.88 (d, J=2.1 Hz, 1H,
CHim), 7.00 (d, J=2.1 Hz, 1H, CHim), 7.32 (t, J=6.7 Hz, 2H, Hpy), 7.72 (tt, J1=6.7 Hz, J,=1.2 Hz, 1H,
Hpyr), 9.02 (M, 2H, Hpyr); 13C NMR (CDCls, 75 MHz, 20 °C): 6 28.2 (CH3), 38.3 (N-CHs), 52.1 (N-CH,),
83.0 (0-C), 121.8, 122.2 (CHim), 125.0 (Cpyr), 137.5 (Cpyr), 137.6 (C-Pt), 153.7 (Cpyr), 166.2 (C=0);
MS (positive ESI) [M + Na]: calculated for CisH2112N3Pt10;:Na 746.9264, found 746.9299, [M; +
Na]: calculated for CsoHs2laNgPt204Na 1470.8627, found 1470.8629, [M-I]: calculated for

Ci15H2111N3Pt102 597.0322, found 597.0371.
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11. Synthesized according to procedure B. Yellow solid, 42.6 mg, yield 67%. 'H NMR (CDCls, 300
MHz, 20 °C): 6§ 1.53-1.91 (m, 6H, CH2), 2.41 (m, 2H, CH,), 3.92 (s, 3H, N-CHs), 5.77 (q, J=7.9 Hz,
1H, N-CH), 6.85 (m, 2H, CHim), 7.30 (m, 2H, Hpyr), 7.71 (tt, J1=7.7 Hz, J,=1.6 Hz, 1H, Hpy), 9.04 (m,
2H, Hpyr); 3C NMR (CDCl3, 75 MHz, 20 °C): 6 24.3 (CH2), 33.1 (CH), 38.2 (N-CHs), 61.3 (CH), 116.8
(CHim), 122.5 (CHim), 124.9 (Cpyr), 134.8 (C-Pt), 137.4 (Cpyr), 153.8 (Cpyr); MS (positive ESI) [M-e-]:
calculated for CisH1sl2N3Pt: 677.93, found 677.92, [M-2I-H]: calculated for Ci4H1gNsPt: 423.11,
found 423.11, [M-]: calculated for C14H19IN3Pt: 551.03, found 551.02.
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12. Synthesized according to procedure B. Yellow solid, 43 mg, yield 63%. *H NMR (CDCls, 300
MHz, 20 °C): § 5.85 (s, 2H, N-CHy), 6.76 (d, J=2.0 Hz, 1H, CHim), 7.07 (d, J/=2.0 Hz, 1H, CHim), 7.22-
7.66 (m, 11H, CHar + CHpyr, overlap CDCls), 8.00 (m, 2H, Hpyr), 8.84 (m, 2H, Hpyr); 13C NMR (CDCl3,
75 MHz, 20 °C): 6 55.3 (N-CH3), 120.6 (CHim), 122.7 (CHim), 124.9 (Cpyr), 126.5 (Cpyr), 126.9 (CHar),
128.6-129.0 (CHar), 129.5 (CHar), 135.3 (Car), 137.4 (CHar), 140.2 (N-Car), 153.8 (Cpyr). The carbene

resonance peak could not be seen.
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13. Synthesized according to procedure B. Yellow solid, 54.6 mg, yield 80%. *H NMR (CDCls, 300
MHz, 20 °C): 6 4.02 (s, 3H, N-CH3s), 5.83 (s, 2H, N-CH), 6.63 (d, J=2.1 Hz, 1H, CHim), 6.88 (m, 1H,
CHim), 7.33 (m, 2H, Hpyr), 7.63 (m, 2H, Har), 7.73 (m, 1H, Hpyr), 7.90 (m, 2H, Har), 9.02 (m, 2H, Hpyr),
10.02 (s, 1H, CHO); 3C NMR (CDCls, 75 MHz, 20 °C): 6 38.5 (N-CH3), 54.2 (N-CH>), 119.9 (CHim),
122.8 (CHim), 125.0 (Cpyr), 129.4 (Car), 130.2 (Car), 136.3 (Car), 137.5 (Cpyr), 137.7 (C-Pt), 142.2 (Car),
153.7 (Cpyr), 191.7 (CHO).
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14. Synthesized according to procedure B. Yellow solid, 60.2 mg, yield 86%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.01 (s, 3H, N-CHs), 5.85 (s, 2H, N- CH»), 6.68 (d, J=2.1 Hz, 1H, CHim), 6.92 (d, J=2.1
Hz, 1H, CHim), 7.32 (t, J/=7.0 Hz, 2H, Hpy), 7.65 (d, J=8.7 Hz, 2H, Har), 7.72 (tt, J1=7.8 Hz, J=1.6 Hz,
1H, Hpyr), 8.22 (d, J=8.7 Hz, 2H, Har), 8.99 (m, 2H, Hpyr); 13C NMR (CDCl3, 75 MHz, 20 °C): & 38.6
(N-CHs), 53.7 (N-CHa), 120.2 (CHim), 123.2 (CHim), 124.1 (Car), 125.1 (Cpyr), 129.6 (Car), 137.7(Cpyr),

138.2 (C-Pt), 142.8 (Car), 147.9 (Car), 153.7 (Coyr).
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15. Synthesized according to procedure B. Yellow solid, 93.9 mg, yield 63%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.04 (s, 3H, N-CH3), 5.98 (d, J=2.1 Hz, 1H, CHimid), 6.58 (d, 2H, N-CH), 6.60 (d,
J=1.8 Hz, 1H, CHimig), 7.39 (m, 2H, 2CHpy), 7.55 (m, 4H, 4Hanth), 7.77 (m, 1H, CH,y), 8.09 (d, J=7.8

Hz, 2H, 2Hanth), 8.46 (d, J=5.7 Hz, 2H, 2Hanth), 8.59 (s, 1H, Hpyr), 9.18 (M, 2H, 2Hayr) ppm; 13C NMR
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(CDCls, 75 MHz, 20 °C): & 38.5 (N-CHs), 48.0 (N-CH3), 119.8 (CHimia), 121.4 (CHimid), 124.6 (Cpyr),
124.7 (Car), 125.6 (Car), 127.6 (Car), 129.2 (Car), 129.5 (Car), 131.5 (Car), 131.6 (Car), 131.7 (Car),
135.7 (Cpyr), 137.6 (Coyr), 153.9 (Cpyr); MS (positive ESI): m/z calcd for CasHa1INsPt [M — 1] 673.043;
found 673.045. UV-vis (CH2ClL): Amax (g, Mt cm™) = 276 (9480), 334 (3490), 351 (5930), 368
(8890), 389 (8230) nm; Luminescent properties: Aexc = 368 NM; Aem = 400-470 nm. CaaH2112N3Pt
(800.35): calcd. € 36.02, H 2.64, N 5.25; found C 35.61, H 2.77, N 5.63.
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16. Synthesized according to procedure B. Yellow solid, 46.5 mg, yield 60%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.04 (s, 3H, N-CH3s), 6.26 (d, J=2.0 Hz, 1H, CHin), 6.36 (s, 2H, N-CH2), 6.69 (d, J=2.0
Hz, 1H, CHim), 7.35 (ddd, J1= 7.6 Hz, J,=5.2 Hz, J3=1.3 Hz, 2H, 2H,y), 7.74 (tt, J1=7.6 Hz, J,=1.5 Hz,
1H, 1Hpyr), 7.99-8.26 (m, 8H, 8Har), 8.55 (d, J=9.2 Hz, 1H, 1Har), 9.12 (m, 2H, 2H,y); 13C NMR
(CDCl3, 75 MHz, 20 °C): & 38.6 (N-CH3), 53.6 (N-CH3), 120.1, 121.9 (CHimCH), 124.0, 124.7, 125.0,
125.1, 125.7, 125.8, 126.4, 127.5, 127.7, 128.2, 128.9, 129.1, 130.0, 131.0, 131.3, 132.1 (Car +
Cpyr), 136.1 (C-Pt), 137.6 (Cpyr), 153.9 (Coyr).

17. Synthesized according to procedure B. Yellow solid, 48.1 mg, yield 74%. *H NMR (CDCls, 300
MHz, 20 °C): 6 3.97 (s, 6H, N-CHzs), 7.34 (ddd, J1=7.6 Hz, J>=5.0 Hz, J3=1.3 Hz, 2H, Hpy), 7.74 (tt,
J1=7.7 Hz, J»=1.5 Hz, 1H, Hpyr), 9.01 (M, 2H, Hpyr); 13C NMR (CDCls, 75 MHz, 20 °C): & 36.5 (N-CHs),
116.1 (Cim), 125.0 (Cpyr), 137.7 (Cpyr), 153.7 (Coyr); MS (positive ESI) [M-1]: calculated for
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Ci0H11Cl21IN3Pt;:  565.9014, found 565.8937, [M-l + CHsCN]: calculated for
C10H11Cl211N3Pt1CH3CN: 606.9280, found 606.9159.

18. Synthesized according to procedure B. Yellow solid, 51.9 mg, yield 74%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 5.94 (s, 4H, N-CH), 6.93-7.02 (m, 4H, Har), 7.05-7.33 (m, 18H, Har + Hpyr), 7.68 (tt,
J1=7.7 Hz, J,=1.6 Hz, 1H, Hpyr), 8.94 (M, 2H, Hpyr); 23C NMR (CDCl3, 75 MHz, 20 °C): 6 53.8 (N-CH,),
124.9 (Cpyr), 127.3 (Cim), 128.1 (Cim), 128.2 (Car), 128.5 (Car), 128.6, 130.8 (Car), 132.5, 136.3 (Car),
137.4 (Cpyr), 138.2 (C-Pt), 153.8 (Coyr); MS (positive ESI) [M-I]: calculated for CasHagliN3Pts:
801.1051, found 801.1014, [M-I+CHsCN]: calculated for CssH29l1N3PtiCHsCN: 842.1317, found
842.1240.

19. Synthesized according to procedure B. Yellow solid, 99 mg, yield 64%. 'H NMR (CDCls, 300
MHz, 20 °C): & 3.83 (s, 3H, CHs), 3.99 (s, 3H, CHs), 4.27 (s, 3H, N-CH3), 7.32 (m, 1H, CHpyr), 7.53 (s,
1H, CHim), 7.73 (m, 1H, CHpyr), 8.99 (m, 1H, CHpy); 13C NMR (CDCls, 75 MHz, 20 °C): 6 37.9 (CH3),
38.9 (N-CHs), 52.1 (N-CH.), 124.3 (Cim), 125.1 (Cpyr), 128.7 (CHim), 137.8 (Cpyr), 143.8 (C-Pt), 153.7
(Cpyr), 158.9 (C=0).
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20. Synthesized according to procedure B. Yellow solid, 68.4 mg, yield 89%. *H NMR (CDCls, 300
MHz, 20 °C): 6 2.24 (s, 3H, CHzs), 6.07 (s, 2H, N-CH2), 6.27 (s, 2H, N-CH2), 7.21-7.63 (m, 12H, Ha
and Hpyr), 7.68 (tt, J1=7.6 Hz, J,=1.5 Hz, 1H, 1Hpy), 8.93 (M, 2H, 2 Hpy), 9.47 (s, 1H, CHO); 13C
NMR (CDCls, 75 MHz, 20 °C): 6 10.3 (CHs), 53.7 (N-CH3), 54.1 (N-CHy), 124.9 (Cpyr), 127.6, 127.7,
127.9, 128.2, 128.4 (Car), 128.5 (Cim), 128.9 (Car), 134.4 (Car), 135.8 (Car), 137.7 (Cpyr), 142.0 (Cim),
147.1 (C-Pt), 153.5 (Cuy), 176.7 (CHO); MS (positive ESI) [M, + Na]: calculated for
CasHaslaNsNaO2Pty: 1658.9054, found 1658.9061, [M + Na]: calculated for CasH2312N3NaOPt:
840,9473, found 840.9451, [M+H]: calculated for Cz4H»312N3OPtH: 818,9653, found 818.9620,
[M-1 + CH3CN]: calculated for CysH26IN4OPt: 732,07996, found 732.0810, [M-I]: calculated for
C24H23IN30OPt: 691,0530, found 691.0540, [M-I2-H]: calculated for C24H22N30Pt: 563,1407, found
563.1443.

21. Synthesized according to procedure B. Yellow solid, 46 mg, yield 73%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.17 (s, 6H, 2N-CHs), 7.21-7.36 (m, 6H, 2Hpyr, 4Har), 7.7 (t, J=7 Hz, 1H, 1Hy), 9.07
(m, 2H, 2Hpyr); 13C NMR (CDCl3, 75 MHz, 20 °C): 6 34.9 (N-CHs), 109.9 (CHar), 122.9 (CHar), 125.1
(CHpyr), 134.7 (Car), 137.7 (CHpyr), 149.9 (C-Pt), 153.6 (CHpyr); HRMS (positive ESI): m/z calcd for
Ci14H1sIN3Pt [M- 1] 546.9958; found 547.0036; m/z calcd for C3sHa9IN3PtCH3CN [M — | + CH3CN]
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842.1319; found 842.1340. C14H1sl:N3Pt (674.19): calcd. C 24.94, H 2.24, N 6.23; found C 24.59,
H2.47, N 6.53.

22. Synthesized according to procedure B. Yellow solid, 52.6 mg, yield 72%. *H NMR (CDCls, 300
MHz, 20 °C): & 4.38 (s, 3H, N-CH3s), 6.28 (s, 2H, N-CHy), 7.00-7.15 (m, 2H, CHar), 7.23-7.43 (m, 4H,
CHar), 7.66-7.88 (m, 5H, CHar), 9.02 (m, 2H, CHpyr), 9.98 (s, 1H, NCHN); 3C NMR (CDCls, 75 MHz,
20 °C): 6 34.8 (N-CH3), 52.2 (N-CH2), 110.4 (Cim), 111.1 (Cim), 123.4 (Car), 123.5 (Car), 125.1 (Cpyr),
128.4 (Car), 130.2 (Car), 133.7 (Cpyr), 135.3 (C-Pt), 136.2 (Car), 138.1 (Car), 142.2 (Car), 152.6 (Cpyr),
191.8 (CHO).

23. Synthesized according to procedure B. Dark red-green solid, 15 mg, yield 52%. 'H NMR
(CDCls, 500 MHz, 20 °C): & -2.84 (bs, 2H, NHpyrole), 1.62 (s, 18H, Higy), 1.64 (s, 18H, Hisu), 3.40 (s,
6H, Hnme), 7.30 (m, 2H, Hpyrmeta), 7.71 (tt, J1=7.6 Hz, J,=1.5 Hz, 1H, Hyypara), 7.80 (d, J=8.2 Hz,

4H, Har), 7.91 (d, J=8.2 Hz, 4H, Har), 8.20 (d, J=8.2 Hz, 4H, Har), 8.44 (d, J=8.2 Hz, 4H, Har), 8.73 (s,
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2H, Hpyrrole), 8.85 (d, J=5.1 Hz, 2H, Hpyrrole), 8.90 (d, J=5.1 Hz, 2H, Hpyrole), 9.04 (m, 2H, Hpyrortho);
13C NMR (CDCl3, 160 MHz, 20 °C): 6 1.2, 31.8, 35.1, 35.2, 37.6, 117.5, 121.1, 124.0, 125.0, 125.1,
128.3, 128.5, 134.2, 135.2, 136.8, 137.4, 138.8, 139.5, 142.9, 148.1 (C-Pt), 150.9, 152.4, 154.0;
ESI-HRMS CgoH7112N7Pt [M + H] *: calc 1435.351; found 1435,348; UV-vis (CH2Cl2) Amax (nm): 231,
433, 539.

24. Synthesized according to procedure B. Dark red-green solid, 12.2 mg, yield 41%. *H NMR
(CDCl3, 500 MHz, 20 °C): & 1.56 (s, 18H, Hisu), 1.57 (s, 18H, Hisu), 3.36 (s, 6H, Hume), 7.31 (m, 2H,
Hpyrmeta), 7.70 (d + m, J=8.2Hz, 5H, Har + Hpyrpara), 7.78 (d, J=8.2 Hz, 4H, Har), 7.95 (d, J=8.2 Hz,
4H, Ha), 8.08 (d, J=8.2 Hz, 4H, Har), 8.65 (q, J1=5.5 Hz, J,=5.3 Hz, 4H, ), 8.69 (s, 2H, Hpyrrole), 9.03
(m, 2H, Hpyrortho); 13C NMR (CDCls, 160 MHz, 20 °C): 6 1.81, 31.7, 35.0, 35.2, 37.9, 115.8, 120.3,
124.2, 125.0, 125.1, 126.8, 132.2, 132.4, 132.7, 134.1, 135.2, 137.3, 137.9, 141.2, 142.9, 143.5,
144.5, 149.9 (C-Pt), 151.0, 152.5, 154.1; ESI-HRMS CegH71loN7PtNi [M + H] *: calc 1491.265;
found 1491,264; UV-vis (CH2Cl2) Amax (nm): 229, 433, 525.
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25. Synthesized according to procedure B. Yellow solid, 64.6 mg, yield 52%. *H NMR (CDCls, 300
MHz, 20 °C): 6 3.98 (s, 6H, N-CHs), 5.74 (s, 4H, N-CHz), 6.77 (s, 2H, CHim), 6.86 (s, 2H, CHim), 7.33
(t, J/=6.7 Hz, 4H, Hpyr), 7.41 (t, J=7.7 Hz, 1H, Ha), 7.55 (d, J=7.7 Hz, 2H, Har), 7.64 (s, 1H, Har), 7.72
(td, J1=7.7 Hz, J,=1.5 Hz, 2H, Hpy), 9.03 (m, 4H, Hpy); 3C NMR (CDCls, 75 MHz, 20 °C): 6 38.4 (N-
CHs), 54.1 (N-CHy), 120.4, 122.5 (CHim), 124.9 (Cpyr), 128.8-129.3 (Car), 136.1 (Car), 136.3 (C-Pt),
137.5 (Coyr), 153.5 (Cpyr); MS (positive ESI) [M + H]: calculated for CasHaslaNsPtoH: 1322.7910,
found 1322.7953, [M-]: calculated for CosHasl3NePts: 1194.8787, found 1194.8878, [M-1-CsHsN]:
calculated for CiiHa3lsNsPty: 1115.8364, found 1115.8524, [M-1-2C5H5N]: calculated for
Ci6H1s8l3N4Pt2: 1036.7941, found 1036.8088, [M-I-H-2CsHsN]: calculated for CigHi712NaPty:
908.8819, found 908.8875.
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26. Synthesized according to procedure B. Yellow solid, 82.1 mg, yield 63%. *H NMR (CDCls, 300
MHz, 20 °C): 6 1.27-1.48 (m, 16H, CH;), 2.04 (m, 4H, CH>), 3.95 (s, 6H, N-CHz), 4.42 (t, J=7.5 Hz,
4H, N-CHa), 6.86 (s, 4H, CHin), 7.33 (ddd, J1=7.7 Hz, J»=5.0 Hz, J3=1.4 Hz, 4H, Hpy:), 7.73 (tt, J1=7.7
Hz, J,=1.6 Hz, 2H, Hpyr), 9.03 (m, 4H, Hpy); 13C NMR (CDCls, 75 MHz, 20 °C): & 26.7-29.5 (CHa),
38.3 (N-CH3), 50.8 (N- CH), 120.4 (CHim), 121.9 (CHim), 124.9 (Cpyr), 134.9 (C-Pt), 137.5 (Cpyr),
153.6 (Cpyr)-
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27. Synthesized according to procedure B. Yellow solid, 29.6 mg, yield 67 %. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.17 (s, 3H, N-CHs), 7.34 (ddd, J1=7.7 Hz, J,=5.0 Hz, J3=1.6 Hz, 2H, Hpy), 7.43 (d,
J=3.9 Hz, 1H, CHin), 7.50 (d, J=3.9 Hz, 1H, CHim), 7.74 (tt, J1=7.7 Hz, J=1.6 Hz, 1H, Hpy), 9.00 (m,
2H, Hpyr); 3C NMR (CDCls, 75 MHz, 20 °C): 6 44.5 (N-CH3), 124.7 (Cpyr), 125.2, 135.9 (CHim), 137.9
(Coyr), 153.9 (Cpyr), 167.1 (C-Pt); MS (positive ESI) [M + Na]: calculated for CoHioloN2PtSNa:
649.8195, found 649.8199, [M-I]: calculated for CoHioliN2Pts: 499.9252, found 499.9234, [M-
I+CH3CN]: calculated for CoH1ol1N2Pts CH3CN: 540.9518, found 540.9480.

N. _N

28. Synthesized according to procedure B. Yellow solid, 81.1 mg, yield 46%. *H NMR (CDCls, 300
MHz, 20 °C): & 5.72 (s, 2H, N-CH), 5.85 (s, 2H, N-CH), 7.20-7.80 (m, 14H, Har + CHim + Hpyr), 9.03
(m, 2H, Hpyr); 13C NMR (CDCl3, 75 MHz, 20 °C): & 53.0 (N- CHy), 56.5 (N- CH,), 125.1 (CHar), 128.4
(CHar), 128.6 (CHar), 129.0 (CHar), 129.2 (CHar), 129.3 (CHar), 129.4 (CHar), 133.6 (Car), 134.5 (Car),
137.8 (Cpyr), 142.2 (Car + CHim + Cpyr), 143.7 (C-Pt), 153.7 (Cpyr).

= Procedure C: Ligand exchange on NHC-Pt(ll)-pyridine complexes
The [(NHC)Ptly(pyridine)] complex (10 mg, 1 equiv.) was reacted with the amine ligand (5 equiv.)
in EtOH (2 mL) at 50 °C overnight. The resulting mixture was concentrated under reduced
pressure, then dissolved in dichloromethane and subsequently precipitated by addition of

pentane to afford the complex as light yellow powders in quantitative yield.
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29. Synthesized according to procedure C. Yellow solid, 25.6 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): § 1.13-1.30 (m, 5H, CHy), 1.73-1.78 (m, 3H, CH,), 2.25 (m, 2H, CH,), 2.88 (m, 2H,
NH,), 3.21 (m, 1H, CH), 3.83 (s, 6H, N-CH3), 6.78 (s, 2H, CHim); 13C NMR (CDCl3, 75 MHz, 20 °C): &
24.9 (CH.), 25.4 (CHa>), 35.9 (CH2), 38.0 (N-CH3), 54.8 (N-CH,), 121.7 (CH), 139.5 (C-Pt).
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30. Synthesized according to procedure C. Yellow solid, 15.4 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.96-1.32 (m, 5H, CH,), 1.39-1.77 (m, 5H, CHy), 2.71-3.00 (m, 2H, NH), 3.08-3.29
(m, 1H, CH), 3.81 (s, 3H, N-CHs), 5.51 (s, 2H, N-CH), 6.47 (d, J=1.8 Hz, 1H, CHim), 6.69 (d, J=1.9
Hz, 1H, CHim), 7.29-7.50 (m, 5H, Har); 13C NMR (CDCls, 75 MHz, 20 °C): 6 24.9 (CH,), 25.3 (CHa),
35.9 (CH>), 38.1 (N-CHs), 54.4 (N-CH,), 54.9 (CH), 119.9 (CH), 122.2 (CH), 128.3 (Car), 128.8 (Car),
129.1 (Ca), 135.5 (Car), 139.9 (C-Pt). HRMS (positive ESI) [M-I]: Calculated for Ci7H25IN3Pt
593.074, found 593.071. Microanalysis: Calculated for Ci7Hasl2N3Pt: C, 28.35; H, 3.50; N, 5.83.
Found: C, 27.98; H, 3.42; N, 5.56.
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31. Synthesized according to procedure C. Yellow solid, 15.4 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.92 (t, J=6.7 Hz, 3H, CH3), 1.15-1.39 (m, 9H, CHy), 1.61 (m, 1H, CH3), 1.75 (m, 2H,
CHy), 1.97 (m, 2H, CHy), 2.26 (m, 2H, CH>), 2.89 (bs, 2H, NHy), 3.24 (m, 1H, H,N-CH), 3.84 (s, 3H,
N-CHs), 4.31 (m, 2H, N-CH3), 6.79 (s, 2H, CHim); 3C NMR (CDCls, 75 MHz, 20 °C): 6 14.1 (CH,),
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22.4 (CHy), 24.9 (CH3), 25.4 (CH2), 28.9 (CH.), 29.5 (CH3), 36.0 (N-CH3s), 38.2 (CH3), 50.8 (H2N-CH),
54.9 (N-CH,), 120.4 (CHim), 121.8 (CHim), 138.7 (C-Pt).

/N\C’N\C18H37
|
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32. Synthesized according to procedure C. Yellow solid, 15.3 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): § 0.87 (t, 3H, J=6.5 Hz, CHs), 1.25 (m, 30H, CH,), 1.61 (m, 1H, CH,), 1.75 (m, 2H,
CH3), 1.96 (m, 2H , CH3), 2.28 (m, 2H, CH3), 2.90 (bs, 2H, NH>), 3.25 (m, 1H, N-CH), 3.84 (s, 3H, N-
CHs), 4.30 (m, 2H, N-CH>), 6.78 (s, 2H, CHim); 3C NMR (CDCls, 75 MHz, 20 °C): § 14.2 (CHs), 22.8
(CH2), 26.8 (CH2), 29.3 (CH2), 29.4 (CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 (CH), 29.8 (CH>),
31.0 (CHa), 32.0 (CH3), 38.3 (CH2), 49.9 (CH>), 50.6 (CHz), 50.9 (CHa), 53.5 (N-CHs), 68.6 HaN-CH),
68.9 (N-CH3), 120.4 (CHim), 121.9 (CHim), C-Pt could not be seen.
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33. Synthesized according to procedure C. Yellow solid, 15.1 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): 6 1.10-1.40 (m, 8H, CH»), 1.62-1.79 (m, 4H, CH,), 2.25-2.29 (m, 2H, CH), 2.95 (m,
2H, NH2), 3.24 (m, 1H, CH), 3.86 (s, 3H, N-CHs), 4.86 (m, 2H, N-CH,), 6.85 (m, 2H, CHin); *°F NMR
(CDCl3, 75 MHz, 20 °C): 6 -126.1 (m, 2F), -123.3 (m, 2F), -122.7 (m, 2F), -121.5 (m, 11F), -113.4
(m, 2F), -80.7 (m, 2F).

=0
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34. Synthesized according to procedure C. Yellow solid, 15.4 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): 6 § 1.05-1.35 (m, 5H, CH3), 1.55-1.87 (m, 3H, CH3), 2.25 (d, J=11.7 Hz, 2H, CH,), 2.95
(m, 2H, NH3), 3.27 (m, 1H, CH), 3.90 (s, 3H, N-CH3), 5.70 (s, 2H, N-CHz), 6.63 (s, 1H, CHim), 6.85 (s,
1H, CHim), 7.59 (d, J=8.1 Hz, 2H, Har), 7.87 (d, J=8.1Hz, 2H, Ha4), 10.01 (s, 1H, CHO); 3C NMR
(CDCl3, 75 MHz, 20 °C): 6 24.8 (CH2), 25.3 (CH2), 35.9 (CH2), 38.3 (N-CH3), 53.9 (CH), 54.9 (N-
CH2), 120.0 (CHim), 122.6 (CHim), 129.3 (Car), 130.1 (Car), 136.2 (Car), 141.1 (C-Pt), 142.2 (C4(),191.7
(CHO); MS (positive ESI) [M-I]: calculated for CigH2s11N3O1Pt1 621.069 found 621.072, [M-
I+CH3CN]: calculated for C1gH2511N30O1Pt1CH3CN 662.095, found 662.096.
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35. Synthesized according to procedure C. Yellow solid, 15.3 mg, 84%. *H NMR (CDCls, 300 MHz,

NAZ

20 °C): 6 1.11-1.80 (m, 8H, CH>), 2.27 (m, 2H, CH>), 2.96 (m, 2H, NH,), 3.24 (m, 1H, CH), 3.86 (s,
6H, N-CHs); 3C NMR (CDCls, 75 Mz, 20 °C): & 25.0 (CH.), 25.4 (CH2), 36.0 (CH.), 36.4 (N-CH2),
55.2 (CH3), 116.1 (Cim), 141.3 (C-Pt).

36. Synthesized according to procedure C. Yellow solid, 25.4 mg, quant. *H NMR (CDCls, 300
MHz, 20 °C): 6 2.88 (d, J=11 Hz, 2H, CH), 3.25 (bs, 1H, NH), 3.52-3.57 (m, 4H, CH), 3.81 (s, 6H, N-
CHs), 6.78 (s, 2H, CHim); 3C NMR (CDCls, 75 MHz, 20 °C): 6 38.1 (N-CHs), 50.6 (CH>), 68.8 (CH.),
121.8 (CHim), 135.8 (C-Pt).
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37. Synthesized according to procedure C. Yellow solid, 17.6 mg, yield 58%. *H NMR (CDCls, 300
MHz, 20 °C): 6 2.92 (d, J=11.4 Hz, 2H, CH>), 3.15-3.45 (m, 1H, NH), 3.46-3.71 (m, 4H, CH), 3.82 (d,
J=12.3 Hz, 2H, CH>), 3.86 (s, 3H, N-CH3s), 5.56 (s, 2H, N-CH,), 6.56 (s, 1H, CHim), 6.77 (s, 1H, CHim),
7.28-7.48 (m, 5H, Har); 3C NMR (CDCls, 75 MHz, 20 °C): 6 38.2 (N-CHs), 50.6 (CH2), 54.5 (CH>),
68.7 (CH2), 120.0 (CH), 122.3 (CH), 128.3 (CHaromatic), 128.8 (CHaromatic), 129.1 (CHaromatic), 135.3
(Caromatic), 136.3 (C-Pt). HRMS (positive ESI) [M+Na]: calcd for CisHz112N30Pt.Na 730.932, found
730.929.

/N\C’N\CsHﬂ
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38. Synthesized according to procedure C. Yellow solid, 15.1 mg, yield 58%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.92 (t, J=6.7 Hz, 3H, CHs), 1.38 (m, 4H, CHz), 1.95 (m, 2H, CH), 2.87 (d, /=12.9 Hz,
2H, CH2), 3.27 (bs, 1H, NH), 3.49-3.66 (m, 4H, CH), 3.80 (s+m, 5H, N-CHs3+CH3), 4.27 (m, 2H, N-
CH,), 6.79 (s, 2H, CHim); 3C NMR (CDCl3, 75 MHz, 20 °C): 6 14.1 (CHs), 22.3 (CH,), 28.9 (CH,), 29.3
(CH2), 38.3 (N-CHs3), 50.6 (CH2), 50.9 (H2N-CH), 68.9 (N-CH 2), 120.4 (CHim), 121.9 (CHim), 135.0 (C-
Pt).

/N\C’N\C18H37
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39. Synthesized according to procedure C. Yellow solid, 10 mg, yield 58%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.87 (t, J=6.6 Hz, 3H, CHs), 1.25 (m, 30H, CH;), 1.95 (m, 2H, CH), 2.88 (m, 2H,
CH3), 3.30 (bs, 1H, NH), 3.50-3.63 (m, 4H, CH;), 3.82-4.03 (s+m, 5H, N-CH3 overlap CH,), 4.27 (m,
2H, N-CH,), 6.78 (s, 2H, CHim); 3C NMR (CDCl3, 75 MHz, 20 °C): 6 13.1 (CHs), 21.7 (CH2), 23.8
(CH2), 24.3 (CH), 25.7 (CH), 28.1 (CH2), 28.2 (CH2), 28.3 (CH.), 28.4 (CH), 28.5 (CH2), 28.6 (CH2),
28.7 (CHy), 29.9 (CH2), 30.9 (CH2), 34.8 (N-CHs), 37.0 (CH2), 49.7 (CH,), 52.4 (HN-CH), 53.8 (N-
CH3), 119.2 (CHim), 120.6 (CHim), C-Pt could not be seen.
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40. Synthesized according to procedure C. Yellow solid, 19 mg, yield 65%. 'H NMR (CDCls, 300
MHz, 20 °C): & 0.94 (t, 3H, CHs), 1.25-1.40 (m, 2H, CH), 1.60 (m, 2H, CH,), 2.99 (bs, 4H,
CH2+NH3), 3.89 (s, 3H, N-CH3), 5.59 (s, 2H, N-CH3), 6.56 (d, J=2.1 Hz, 1H, CHin), 6.77 (d, J=2.1 Hz,
1H, CHim), 7.34-7.46 (m, 5H, Har); 13C NMR (CDCl3, 75 MHz, 20 °C): & 13.8 (CH3), 19.8 (CHa), 31.1
(CHa), 34.4 (CH.), 38.3 (CHs), 45.3 (CH2), 54.6 (N-CH3), 120.0 (CHim), 122.4 (CHim), 128.4 (Car),

128.9 (Car), 129.2 (Car), 135.6 (Car), 139.7 (C-Pt).

/N\CI;’N\CsHﬂ
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41. Synthesized according to procedure C. Yellow solid, 18,1 mg, yield 61%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0,90-0,97 (q, 6H, CHs), 1,36-1,43 (m, 6H, CH), 1,56-1,62 (m, 2H, CH), 1,96 (m,
2H, CH2), 2,89-3,04 (m+bs, 4H, H2N-CHz), 3,84 (s, 3H, N-CHs), 4,30 (m, 2H, N-CH), 6,79 (s, 2H,
CHim); 3C NMR (CDCl3, 75 MHz, 20 °C): § 14.9 (CHs), 14.1 (CHs), 19.8 (CH.), 22.4 (CH>), 28.9
(CH2), 29.5 (CH2), 34.3 (CH2), 38.3 (CHs), 45.3(CH.), 50.9 (CH), 120.4 (s+d, J/=30.6 Hz, CHim), 121.8

(s+d, J=30.6 Hz, CHim), 138.4 (C-Pt).
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42. Synthesized according to procedure C. Yellow solid, 8.5 mg, yield 57%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0,88-0,94 (m, 6H, CH3), 1,30-1,42 (m, 32H, CH), 1,64-1,66 (m, 2H, CHy), 1, 99 (m,

2H, CHa), 2,91-3,02 (m+bs, 4H, HaN-CHa), 3,87 (s, 3H, N-CHs), 4,33 (m, 2H, N-CH,), 6,80 (s, 2H,
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43. Synthesized according to procedure C. Yellow solid, 18 mg, yield 52%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 0.88 (t, 3H, CHs), 1.25 (m, 20H, CHz), 2.99 (m, 2H, NH2), 3.89 (s, 3H, N-CH3s), 5.59
(s, 2H, N-CH,), 6.56 (d, J=2.1 Hz, 1H, CHin), 6.77 (d, J=2.1 Hz, 1H, CHim), 7.34-7.46 (m, 5H, Ha); 13C
NMR (CDCls, 75 MHz, 20 °C): & 14.3 (CHs), 22.8 (CH2), 26.6 (CHz), 29.3-30.2 (CH2), 31.1 (CHs),
32.1 (CH), 32.3 (CH), 38.3 (CH3), 45.7 (CH3), 54.6 (N-CH2), 120.0 (CHim), 122.4 (CHim), 128.4 (Car),
128.9 (Car), 129.2 (Car), 135.6 (Car), 139.7 (C-P1).

/N\(F’N\C5H11
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C12H25/NH2
44. Synthesized according to procedure C. Yellow solid, 18,7 mg, yield 54%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.85-0.95 (g+q, 6H, CHs), 1.26-1.39 (m, 22H, CH,), 1.60-1.65 (m, 2H, CH,), 1.96
(m, 2H, CH), 2.89-3.00 (m+bs, 4H, H2N-CH>), 3.85 (s, 3H, N-CHz), 4.30 (m, 2H, N-CH), 6.79 (s,
2H, CHim); 13C NMR (CDCls, 75 MHz, 20 °C): & 14.1 (CHs), 14.3 (CH3), 22.4 (CH.), 22.8 (CH.), 26.6
(CH,), 28.9 (CH2), 29.3 (CH2), 29.5 (CH2), 29.6 (CHa), 29.7 (CHa), 29.8 (CH3), 32.0 (CH2), 32.3 (CH2),

38.3 (CH,), 45.6 (N-CH2), 50.9 (N-CH,), 120.3 (CHim), 121.8 (CHim), 139.3 (C-Pt).
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45. Synthesized according to procedure C. Yellow solid, 8.7 mg, yield 52%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.88 (t, J=6.7 Hz, 6H, CHs), 1.26-1.37 (m, 48H, CHy), 1.60-1.67 (m, 2H, CH>), 1,.96
(m, 2H, CHa), 2.92-2.99 (m+bs, 4H, HaN-CH,), 3.84 (s, 3H, N-CHs), 4.30 (m, 2H, N-CH3), 6.79 (s,
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46. Synthesized according to procedure C. Yellow oil, 28 mg, yield 47%. *H NMR (CDCls, 300 MHz,

2H, CHim).

20 °C): & 3.37 (s, 3H, OCHs), 3.63-3.66 (m, 68H, CH, + NH,), 3.87 (s, 3H, N-CHs), 5.58 (s, 2H, N-
CHa), 6.55 (d, J=2.1 Hz, 1H, CHim), 6.77 (d, J=2.1 Hz, 1H, CHim), 7.33-7.42 (m, 5H, CHar); 3C NMR
(CDCl3, 75 MHz, 20 °C): & 38.3 (CHa), 45.2 (CHa), 54.5 (N-CHs), 59.1 (CH,), 70.3 (N-CH,), 70.7
(CHa), 72.1 (CHs), 119.9 (CHim), 122.3 (CHim), 128.4 (CHar), 128.9 (CHar), 129.1 (CHar), 135.6 (Car),
139.7 (C-Pt).
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47. Synthesized according to procedure C. Yellow oil, 4,9 mg, yield 36%. *H NMR (CDCls, 300
MHz, 20 °C): & 0.89 (t, J=6,8Hz, 3H, CHs), 1.28 (m, 28H, CH2z), 1.95 (m, 2H, CH2), 3.20 (bs, 2H,
NH2), 3.35 (s, 3H, O-CH3), 3.62 (m, 70H, CH>), 3.84 (s, 3H, N-CHs), 4.31 (m, 2H, N-CH,), 6.86 (s,
2H, CHim); 3C NMR (CDCl3, 75 MHz, 20 °C): § 14.3 (CHs), 23.0 (CH.), 27.1 (CH3), 29.6 (CH2), 29.7
(CH2), 29.8 (CH2), 29.9 (CHy), 30.1 (CH,), 30.9 (CH2), 32.3 (CHy), 38.3 (CH), 45.5 (CH), 51.0 (N-
CHs), 70.6 (N-CH), 72.3 (O-CHs), 120.6 (CHim), 120.0 (CHim), 138.9 (C-Pt).
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48. Synthesized according to procedure C. Yellow oil, 11.3 mg, yield 32%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.87 (t, J=6.6 Hz, 6H, CH3), 1.23-1.43 (m, 28H, CH;), 1.80 (m, 2H, CH), 2.15 (m,
2H, CHy), 2.81 (m, 2H, CH2), 3.28 (m, 3H, NH+CH2), 3.88 (s, 3H, N-CHs), 5.85 (s, 2H, N-CH2), 6.55
(d, J=2.1 Hz, 1H, CHim), 6.77 (d, J=2.1 Hz, 1H, CHim), 7.33-7.49 (m, 5H, CHa); 13C NMR (CDCls, 75
MHz, 20 °C): 6 14.1 (CH3s), 22.6 (CH.), 26.9 (CH.), 28.9 (CH2), 29.3 (CH2), 29.3 (CH), 29.4 (CH,),
29.5 (CH), 31.9 (CH2), 37.9 (N-CH3), 54.1 (N-CH), 55.1 (N-CH3), 119.7 (CHim), 122.1 (CHim), 128.2
(CHar), 128.8 (CHar), 129.1 (CHar), 135.4 (Car), 138.7 (C-Pt).

/N\CI;/N\Bn
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49. Synthesized according to procedure C. Yellow oil, 6.8 mg, yield 27%. *H NMR (CDCls, 300
MHz, 20 °C): & 2.68 (m, 4H, CH.), 3.35 (bs, 2H, NH2), 3.68 (s, 3H, N-CHs), 3.88-3.96 (s+m), 5H,
CH3+CH2), 5.58 (s, 2H, N-CH2), 6.57 (d, J=2.1 Hz, 1H, CHim), 6.78 (d, J=2.1 Hz, 1H, CHin), 7.34-7.42
(m, 5H, CHar); 3C NMR (CDCls, 75 MHz, 20°C): 6 27.6, 29.8, 34.4, 38.4, 52.2, 53.9, 54.6, 120.1
(CHim), 122.4 (CHim), 128.5 (CHar), 128.9 (CHar), 129.1 (CHar), 135.4 (Car), 138.1 (C-Pt), 127.7 (CO).
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50. Synthesized according to procedure C. Yellow oil, 7.8 mg, yield 52%. *H NMR (CDCls, 300
MHz, 20°C): 6 3.99 (s, 6H, N-CHa), 5.72 (s, 4H, N-CH), 6.74 (d, J=2.1 Hz, 2H, CHim), 6.81 (d, J=2.1
Hz, 2H, CHim), 7.32 (m, 4H, Hpyr), 7.39 (m, 1H, Har), 7.50-7.58 (m, 3H, Har), 7.71 (m, 2H, Hpyr), 9.04
(m, 4H, Hpyr).

= Procedure D: Synthesis of Neutral NHC-Platinum-Pnictogen Complexes
A solution of the corresponding trans [(NHC)Ptl2(pyr)] complex (1 equiv.) and the Pnictogen
ligand (1.2 equiv.) in ethanol (1-5 mL) was stirred overnight at 55 °C, under argon atmosphere.?
The crude mixture was then concentrated under reduced pressure and purified by silica gel

chromatography (pentane/CHCl,, 1:1 to CHxCl,) to afford the desired complex as a yellow solid.

B
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|
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|

51a. Synthesized according to procedure D. Yellow solid, 32.1 mg, yield 51%. *H NMR (CDCls, 300
MHz, 20°C): 6 3.53 (s, 3 H, N-CH3), 4.32 (d, J=14.0 Hz, 1 H, N-CHy), 5.84 (d, J/=14.0 Hz, 1 H, N-CH,),
6.25 (d, J=2.1 Hz, 1 H, CHim), 6.54 (d, J=2.1 Hz, 2 H, 2 Ha/), 7.15-7.64 (m, 20 H, 20 Har) ppm; 3P
NMR (CDCls, 121 MHz, 20°C): 6 8.46 (s + d, Jp,pt=3684 Hz) ppm; 3C NMR (CDCls, 75 MHz, 20°C): &
37.7 (N-CHs), 53.8 (N-CHz), 119.8 (CHim), 122.7 (CHim), 128.2, 128.7, 129.6, 130.2, 131.0 (CHar),
133.8 (Car), 134.0 (CHar), 134.5 (Car), 154.0 (C-Pt) ppm. CagH2712N2PPt (883.42): calcd. C 39.43, H
3.08, N 3.17; found C 38.92, H3.17, N 3.43.

3 M. Bouché, G. Dahm, A. Maisse-Francois, T. Achard, S. Bellemin-Laponnaz Eur. J. Inorg. Chem.
2016, 2828-2836
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51b. Synthesized according to procedure D. Yellow solid, 54.2 mg, yield 82%. *H NMR (CDCls, 300
MHz, 20°C): & 3.56 (s, 3 H, N-CH3), 4.57 (d, J=14.1 Hz, 1 H, N-CH,), 5.77 (d, J=14 Hz, 1 H, N-CH5,),
6.32 (d, J=2.1 Hz, 1 H, CHim), 6.51 (d, J=2.1 Hz, 1 H, CHim), 7.12—7.55 (m, 20 H, Har) ppm; 3C NMR
(CDCl3, 75 MHz, 20°C): 6 37.6 (N-CH3), 54.0 (N-CH), 120.1 (CHim), 122.2 (CHim), 128.6, 128.9,
129.5, 130.6 and 131.8 (CHar), 133.2 (Car), 133.4 (CHar), 133.9 (Ca), 151.5 (C-Pt) ppm; MS
(positive ESI): m/z calcd for Ca9H27IN2AsPt [M — 1] 800.01; found 800.00. MS (positive ESI): m/z
calcd for C9H27IN2AsPtCH3CN [M — | + CH3CN] 841.03; found 841.03. Cy9H27Asl;N2Pt (927.37):
caled. C37.56, H 2.93, N 3.02; found C 36.89, H 2.98, N 3.24.
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51c. Synthesized according to procedure D. Yellow solid, 64.0 mg, yield 92%. *H NMR (CDCls, 300
MHz, 20°C): 6 3.58 (s, 3 H, N-CH3), 5.11 (d, J/=14.2 Hz, 1 H, N-CHy), 5.50 (d, J/=14.2 Hz, 1 H, N-CH,),
6.52 (d, J=2.1 Hz, 1 H, CHim), 6.55 (d, J=2.1 Hz, 1 H, CHim), 7.00-7.71 (m, 20 H, Har) ppm; 3C NMR
(CDCls, 75 MHz, 20°C): & 37.8 (N-CHs), 54.4 (N-CH), 120.9 (CHim), 122.8 (CHim), 128.7, 128.8,
129.1, 129.5, 130.8 (CHar), 134.3 (Car), 135.7 (CHar), 136.9 (Car), 150.1 (C-Pt) ppm; MS (positive
ESI): m/z calcd for CagH27SbIN2Pt [M — 1] 846.99; found 846.98; m/z calcd for Ca9H27SbIN2PtCH3CN
[M — I + CH3CN] 888.02; found 888.00; m/z calcd for Ca9H27SbI>N2PtNa [M + Na] 996.88; found
996.9. C29H2712N2PtSb (974.19): calcd. C 35.75, H 2.79, N 2.88; found C 35.24, H 2.88, N 2.78.
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52a. Synthesized according to procedure with a slight modification. At the end of the reaction a
pale-yellow precipitate was observed in solution. Ethanol was carefully removed with a syringe,
and the yellowish precipitate was washed once with cold ethanol (0.5 mL) and dried under
vacuum. Pure compound was obtained after silica gel chromatography (pentane/CHCl,, 20:80).
Yellow solid, 32.1 mg, yield 58%. *H NMR (300 MHz, CD,Cl,, 20°C): 6 3.60 (s, 3 H, N-CH3), 5.39 (d,
J=14 Hz, 1 H, N-CH), 5.68 (d, /=2 Hz, 1 H, CHim), 6.44 (d, /=2 Hz, 1 H, CHim), 6.67 (d, J=15 Hz, 1 H,
N-CH), 7.91-7.33 (m, 21 H, CHanth, CHar), 8.07 (d, J/=7.9 Hz, 2 H, CHantn), 8.59 (s, 1 H, CHanth) ppm;
31p NMR (CD2Clz, 121 MHz, 20°C): & 8.18 (Jp,p:=3704 Hz) ppm; 3C NMR (CDCl3, 75 MHz, 20°C): &
30.3 (N-CHs), overlap by CDCl, peak (NCHy), 120.6 (CHim), 121.92 (CHim), 121.9 (Car), 124.0 (Car),
124.8 (Car), 125.9 (CHar), 127.8 (CHar), 128.9 (CHar), 129.0 (CHar), 129.7 (CHar), 130.4 (Car), 131.6
(Car), 131.7 (Car), 131.9 (Car), 134.6-135.4 (bs) ppm.
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52b. Synthesized according to procedure D. Yellow solid, 22.4 mg, yield 35%. *H NMR (CDCls, 300
MHz, 20°C): 6 3.64 (s, 3 H, N-CH3s), 5.44 (d, J/=14.5 Hz, 1 H, N-CHy), 5.72 (s, 1 H, CHim), 6.39 (s, 1 H,
CHim), 6.73 (d, J/=14.5 Hz, 1 H, N-CH), 7.34-7.62 (m, 18 H, Har, Hantn), 8.01 (d, 2 H, Har), 8.54 (s, 1
H, Har) ppm; 3C NMR (CDCls, 75 MHz, 20°C): 6 38.2 (NCHs), 47.0 (N-CH,), 124.3 (CHim), 125.5
(CHim), 127.5 (Car), 129.2 (Car), 129.3 (Car), 130.8 (Car), 131.3 (Car), 131.5 (Car), 132.4 (Car), 133.7
(Car) ppm. The signal for the (C-Pt) carbon was not observed. MS (positive ESI): compound

decomposed under both low and high resolution.

193



Chapter 5 Experimental part

_ O
/N\ /N
Cc Q

|
I—Pt-SbPhg
|

52c. Synthesized according to procedure D. Yellow solid, 9.4 mg, yield 28%. *H NMR (CDCls, 300
MHz, 20°C): 6 3.63 (s, 3 H, N-CH3s), 5.49 (d, J=14.5 Hz, 1 H, N-CHy), 5.72 (s, 1 H, CHim), 6.39 (s, 1 H,
CHim), 6.73 (d, J=14.5 Hz, 1 H, N-CH), 7.32-7.61 (m, 21 H, HAr, Hantn), 8.01 (d, 2 H, Hantn), 8.54 (s,
1 H, Hanth) ppm; 13C NMR (CDCls, 75 MHz, 20°C): 6 38.2 (N-CH3), 53.9 (N-CH>), 120.8 (CHim), 121.8
(CHim), 123.5 (Car), 124.2 (Car), 125.5 (Car), 125.7 (Car), 127.6 (Car), 128.7 (Car), 129.0 (Car), 129.3
(Car), 129.7 (Car), 130.9 (Car), 131.2 (Car), 131.4 (Car), 135.8 (Car), 136.4 (Car), 138.5 (Car) ppm. The
signal for the (C-Pt) carbon was not observed. HRMS (positive ESI): m/z calcd for Cs7H31IN2SbPt

&

/N\ /N\

[M —1] 947.0218; found 947.0215.

|
I—Pt-PPhy
|

53a. Synthesized according to procedure D. Yellow solid, 21.8 mg, yield 69%. *H NMR (CDCls, 300
MHz, 20°C): & 3.75 (s, 6 H, N-CH3), 7.07-7.32 (m, 13 H, Ha/), 7.57-7.64 (m, 6 H, Har) ppm; 13C
NMR (CDCls, 75 MHz, 20°C): 6 34.1 (N-CHs), 109.8 (CHar), 123.1, 127.9, 128.1 (CHar), 129.7 (Car),
130.5 (Car), 130.9, 130.9, 134.0, 134.2, 134.3 (CHar), 166.3 (C-Pt) ppm; 3P NMR (CDCls, 121 MHz,
20°C): 6 8.36 (Jppt=3664 Hz) ppm. HRMS (positive ESI): m/z calcd for Ca7H2sPIN2Pt [M — 1]
730.0448; found 730.0388; m/z calcd for C27H24PN2Pt [M — | — H] 602.1325; found 602.1341.

|
I—Pt-AsPhg
|
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53b. Synthesized according to procedure D. Yellow solid, 16.6 mg, yield 50%. *H NMR (CDCls, 300
MHz, 20°C): 6 3.78 (s, 6 H, N-CH3), 7.06-7.29 (m, 13 H, Has), 7.53 (m, 6 H, Ha;) ppm; 3C NMR
(CDCl3, 75 MHz, 20°C): & 34.1 (NCHs), 109.8 (CHar), 123.2, 128.8, 130.8 (CHar), 131.5 (Car), 133.3
(CHar), 134.6 (Car), 163.9 (C-Pt) ppm. HRMS (positive ESI): m/z calcd for C7H2sAsl;N2PtNa [M +
Na] 923.8868; found 923.8794; m/z calcd for C27H25AsINPt [M — 1] 773.9926; found 773.9950.

&

—N_ N—

|
I—Pt-SbPhy
|

53c. Synthesized according to procedure D. Yellow solid, 24.2 mg, yield 69%. *H NMR (CDCls, 300
MHz,): 6 3.82 (s, 6 H, N-CH3), 7.04—7.32 (m, 13 H, Har), 7.52 (m, 6 H, Har) ppm3C NMR (CDCls, 75
MHz, 20°C): 6 34.2 (NCHs), 109.8, 123.2, 128.6, 129.4, 129.7, 130.9, 134.3, 134.9, 135.4 (Ca/),
163.2 (C-Pt) ppm; HRMS (positive ESI): m/z calcd for Ca7H25Sbl;N,PtNa [M + Na] 970.8691; found
970.8620; m/z calcd for C27H25SbIN2PtCH3CN [M — | + CH3CN] 862.0010; found 861.9932.

=  Procedure E: Synthesis of Neutral NHC-Platinum-Pnictogen Complexes
A solution of the corresponding trans [(NHC)Ptly(pyr)] complex (1 equiv.), [H-P(nBu)s]-BFs (1
equiv.) and DIPEA (1 equiv.) in ethanol (1-5 mL) was stirred overnight at 55 °C, under argon
atmosphere. The crude mixture was then concentrated under reduced pressure and purified by
silica gel chromatography (pentane/CHxCl;, 1:1 to CH2Cl,) to afford the desired complex as a

light yellow oil.

T
Fe Q
(nBu)3P— Pt P(nBu);
I

54. Synthesized according to procedure E. Yellow solid, 10.4 mg, yield 31%. *H NMR (CDCls, 300
MHz, 20°C): 6 1.30-1.87 (m, 54 H, nBu), 3.94 (s, 3 H, N-CH3), 5.39 (s, 2 H, N-CH), 7.12 (s, 1 H,
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CHim), 7.15-7.18 (m, 2 H, Har), 7.40-7.43 (m, 3 H, Har), 7.80 (s, 1 H, CHim) ppm; 3P NMR (CDCls,
121 MHz, 20°C): § 4.63 (1Jp,pt = 2196 Hz) ppm; 13C NMR (CDCls, 75 MHz, 20°C): 6 13.7, 14.2, 19.8,
22.8, 23.6, 23.8, 24.2 (t, J=7.1 Hz, P-CHa,), 26.5 (t, J=10 Hz, P-CH,), 29.5 (CH2), 29.8 (CH.), 30.1
(CH2), 32.0 (CH2), 37.2 (CHs), 38.2 (N-CH3), 53.8 (N-CH2), 122.1 (CHim), 125.7 (CHim), 126.9 (Car),
129.0 (Car), 129.6 (Car), 133.5 (Car) ppm; the signal for the (CPt) carbon was not observed; HRMS
(positive ESI): m/z calcd for CasHeslN2P2Pt [M — I-(CsH14)] 898.3494; found 898.3650.

_ O —|+ -
NN Q

|
(nBu)3P—FI>t—P(nBu)3
I

55. Synthesized according to procedure E. Yellow solid, 8.3 mg, yield 24%. *H NMR (CDCls, 300
MHz, 20°C): 6 1.20-1.54 (m, 27 H, nBu), 4.07 (s, 3 H, N-CHs), 5.91 (s, 2 H, N-CH), 6.05 (s, 1 H,
CHim), 7.52-7.61 (m, 4 H, Har), 7.66 (s, 1 H, CHim), 7.85 (d, 2 H, Har), 8.16 (d, 2 H, Har), 8.71 (s, 1 H,
Har) ppm; 3C NMR (CDCl3, 75 MHz, 20°C): 6 13.8, 14.3, 22.8, 24.3, 24.4, 24.5, 24.7, 27.0, 29.8,
30.5, 32.1, 39.1 (N-CHs), 46.4 (N-CH), 120.6 (CHim), 121.1 (CHim), 121.9 (Car), 125.6 (Car), 127.8
(Car), 130.3 (Car), 131.1 (Car), 131.2 (Car), 131.5 (Car) ppm; 3P NMR (CDCl3, 121 MHz): 6 4.60 (1Jp et
= 2197 Hz) ppm. HRMS (positive ESI): m/z calcd for CazH70IN2P2Pt [M — | — H] 998.3707; found
998.3703.

= Procedure F: Synthesis of Cationic NHC-Platinum-Pnictogen
A solution of the corresponding trans [(NHC)Ptlz(pyr)] (1 equiv.) and the Pnictogen ligand [2.0
equiv. in ethanol (1-5 mL)] was stirred overnight at 55 °C, under argon atmosphere. The crude
mixture was then concentrated under reduced pressure and purified by silica gel
chromatography (pentane/CH,Cl,, 1:1 to CH,Cl, and CH2Cl,/MeOH, 20:1) to afford the complex

as a white solid.
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56. General procedure F was adapted using the precursor 5 (57 mg, 0.082 mmol) and dppe (1
equiv.). White solid, 62.7 mg, yield 86%. 'H NMR (300 MHz, MeOD, 20°C): § 2.38-2.86 (m, 4 H,
CH2), 3.37 (s, 3 H, N-CH3), 4.18 (d, J=15 Hz, 1 H, N-CH3), 5.24 (d, J=15 Hz, 1 H, N-CH), 6.83 (s, 1 H,
CHim), 7.12 (m, 6 H, Har), 7.44-7.64 (m, 16 H, Ha/), 7.83-7.94 (m, 4 H, Ha) ppm; 3C NMR (75
MHz, MeOD, 20°C): 6 26.8 (dd, Jcp=37 and 9 Hz, CH2-P), 29.9 (dd, Jc,,=40 and 10 Hz, CH2-P), 38.4
(N-CH3s), 54.5 (N-CH;), 123.3 (CHim),125.8 (CHim), 127.6, 128.3, 128.3, 129.1, 129.2, 129.5, 129.6,
129.8, 130.0, 130.2, 130.3, 130.6, 130.7, 130.8, 133.1, 133.5, 133.7, 133.8, 134.0, 134.1, 134.9,
135.0, 135.1, 135.2, 135.4, 135.8, 165.5 (dd, Jc,p-cis=6.3 Hz, Jc,p-trans=137 Hz, C-Pt) ppm; 3P NMR
(MeOD, 121 MHz, 20°C): 6 40.0 (dd, Jp,p=12.9, Jpp=2221 Hz), 41.0 (dd, Jp,p=12.9 Hz, Jpp+=3306 Hz)
ppm. HRMS (positive ESI): m/z calcd for C37H36IN2P2Pt [M — 1] 892.1044; found 892.0957.

-
/N\ /N
C

|
PhgP-Pt-PPhg
|

57a. Synthesized according to procedure F. Yellow solid, 74.3 mg, yield 98%. *H NMR (CDCls, 300
MHz, 20 °C): 6 3.30 (s, 3 H, N-CHz), 4.70 (s, 2 H, N-CH3), 6.32 (d, J=2 Hz, 1 H, CHim), 6.65 (d, J=2
Hz, 2 H, Har), 7.08-7.59 (m, 36 H, Har, CHim) ppm; 3P NMR (CDCl3, 121 MHz, 20 °C): § 13.01 (t,
J=2448 Hz) ppm; 3C NMR (CDCl3, 75 MHz, 20 °C): 6 38.0 (N-CHs), 54.0 (N-CH,), 121.0 (CHim),
125.2 (CHim), 128.9, 129.0, 129.1, 129.3, 129.4, 129.6, 131.0, 134.3 (C4(), 150.1 (CPt) ppm. HRMS
(positive ESI): m/z calcd for Ca7Ha2IN2P2Pt [M — 1] 1018.1516; found 1018.1505.
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57b. Synthesized according to procedure F. Yellow solid, 82.1 mg, quant. *H NMR (CDCls, 300
MHz, 20°C): & 3.47 (s, 3 H, N-CHs), 4.50 (d, /=14 Hz, N-CH), 5.70 (d, /=14 Hz, N-CH2), 6.24 (s, 1 H,
CHim), 6.45 (s, 1 H, CHim), 7.12=7.43 (m, 35 H, Har) ppm; *C NMR (CDCls, 75 MHz, 20 °C): 6 37.7
(N-CHs), 54.1 (N-CH), 120.3 (CHim), 122.5 (CHim), 128.3, 128.6, 128.8, 128.8, 129.0, 129.7, 130.7,
132.0, 133.5, 133.8, 134.1, 134.8, 134.9, 139.7 (Car), 151.6 (C-Pt) ppm. HRMS (positive ESI): m/z
calcd for C47H42IN2PtAs; [M —1] 1106.0484; found 1106.0467.

1
B

—N_ N~
C

|
Ph3Sb—Pt-SbPhg
|

57c. Synthesized according to procedure F. Yellow solid, 88.8 mg, quant. *H NMR (CDCls, 300
MHz, 20°C): 6 3.58 (s, 3 H, N-CHs), 5.12 (d, /=14 Hz, 1 H, N-CH,), 5.50 (d, /=14 Hz, 1 H, N-CH,),
6.52 (d, J/=2.1 Hz, 1 H, CHim), 6.55 (d, J=2.1 Hz, 1 H, CHim), 7.04=7.72 (m, 35 H, Har) ppm; 13C NMR
(CDCl3, 75 MHz, 20 °C): & 37.8 (N-CH3s), 54.5 (N-CH2), 120.9 (CHim), 122.7 (CHim), 128.7, 129.0,
129.1, 129.5, 130.8 (CHar), 134.4 (Car), 135.7, 136.4 (CHar), 137.0 (Car), 138.5 (Car), 150.7 (C-Pt)
ppm. HRMS (positive ESI): m/z calcd for CazH42Sb2IN2Pt [M —1] 1198.0112; found 1198.0082.

3) Synthesis of NHC-Pt(IV) complexes
a. [(NHC)PtBral]
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= Procedure G: Direct oxidation with bromine
In @ 10 mL round bottom flask, the precursor [(NHC)Ptl>L]* (10 mg, 1 equiv.) was dissolved in
CH2Cl; (5 mL) and cooled at 0 °C and Brz (2 equiv.) was slowly added under nitrogen. After 30
min, pentane (10 mL) was added and the resulting red precipitate [(NHC)PtBr4L] was filtered off,

washed and dried.

~N_ N
Br<_ .Br
_Pt.
Br” 1 Br
N
]
N
58. Synthesized according to procedure G. Red solid, 13.1 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.46 (m, 6H, N—CHs), 7.02 (d, J=2.1 Hz, 2H, CHim), 7.45 (m, 2H, Hpy), 7.91 (m, 1H,
Hpyr), 9.70 (M, 2H, Hpyr); 23C NMR (CDCl3, 75 MHz, 20 °C): 6 44.3 (N-CHs), 53.6 (N-CH), 120.7 (C-
Pt), 124.9 (s + d, J=19.3 Hz, CHim), 125.7 (s + d, J=22.1 Hz, CHim), 139.6 (Cpyr), 154.6 (s + d, J=4.6

Hz, Coyr); HRMS (positive ESI) [2M+Na]: CaoH26BrsNePtaNa1: 1394.4822, found 1394.5160.

N_N
~ g CsHyy

Br< I _Br
Pt.

59. Synthesized according to procedure G. Red solid, 11.6 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 0.93 (t, J=7.0 Hz, 3H, CHs), 1.43 (m, 4H, CH), 1.92 (m, 2H, CH), 4.44 (s, 3H, N—
CHs), 4.78 (m, 2H, N-CH), 7.03 (d, J=2.1 Hz, 1H, CHim), 7.12 (d, J=2.1 Hz, 1H, CHim), 7.44 (m, 2H,
Hpyr), 7.89 (M, 1H, Hpyr), 9.71 (m, 2H, Hpyr); 23C NMR (CDCls, 75 MHz, 20 °C): 6 14.2 (CHs), 22.6
(CH2), 28.8 (CH2), 44.2 (N—CHs), 55.4 (N-CH2), 109.2 (C-Pt), 123.5 (s + d, J=11.1 Hz, CHim), 124.7
(s + d, J=9.9 Hz, Cyy), 125.8 (s + d,J=11.1 Hz, CHim), 139.5 (Cpyr), 154.6 (Cpyr); HMQC *H-1%Pt
NMR (CDCl;, 64.2 MHz, 20 °C):6 -2040 ppm (m); HRMS (positive ESI) [M + Na]:

4 M. Bouché, G. Dahm, M. Wantz, S. Fournel, T. Achard, S. Bellemin-Laponnaz Dalton Trans
2016, 45,11362-11368
199



Chapter 5 Experimental part

Ci14H21BraNsPt1Na; 764.8010, found 764.8009; elemental anal. calc. for C1aH21BraNsPti: C 23.54,
H 2.84, N 5.63, found: C 23.61, H 2.99, N 5.81.

60. Synthesized according to procedure G. Red solid, 10,6 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 0.88 (t, J=7.0 Hz, 3H, CHs), 1.25 (bs, 30H, CH2), 1.91 (m, 2H, CH2), 4.45 (s, 3H, N-
CHs), 4.77 (m, 2H, N-CH), 7.02 (d, J=2.1 Hz, 1H, CHim), 7.11 (d, J=2.1 Hz, 1H, CHim), 7.44 (m, 2H,
Hpyr), 7.90 (M, 1H, Hpyr), 9.70 (m, 2H, Hpyr); 23C NMR (CDCls, 75 MHz, 20 °C): 6 14.2 (CHs), 22.6
(CH.), 28.8 (CH;), 44.2 (N—CHs), 55.4 (N-CH2), 109.2 (C-Pt), 123.5 (s + d, J=11.1 Hz, CHm), 124.7
(s+d, J=9.9 Hz, Cpyr), 125.8 (s + d, J=11.1 Hz, CHim), 139.5 (Cpyr), 154.6 (Cpyr); elemental anal. calc.
for Ca7Ha7N3Pt1Bra: C 34.93, H 5.10, N 4.53, found: C34.73, H 5.11, N 4.44.

/7 \ CF3
/N\C,N\/\CIC:)
Br. | _Br 29

61. Synthesized according to procedure G. Red solid, 7.8 mg, yield 99%. *H NMR (CDCls, 300
MHz, 20 °C): 6 3.07 (m, 2H, CH»-CF;), 3.98 (s, 3H, N-CHs), 4.81 (dd,2H, N-CH), 6.90 (d, 2H, CHim),
7.34 (dd, 2H, Hpyr), 7.75 (dd, 1H, Hpyr), 8.99 (g, 2H, Hpyr); 13C NMR (75 MHz, CDCl3): 6 29.9 (CF3),
31.1 (CH), 33.8 (t, /=20.4Hz, CF,), 44.5 (N-CH3), 47.4 (N-CH>), 112.0 (C-Pt), 123.6 (CHim), 125.0 (t,
CHo-pyr), 126.7 (CHpyr), 139.8 (CHpyr); 3C NMR (CD2Cly, 75 MHz, 20°C): & 30.0 (CF3), 31.0 (CH.),
33.6-33.9 (CF2), 44.6 (N-CHs), 47.5 (N-CH), 111.6 (C-Pt), 123.9 (CHim), 125.3 (CHim), 127.2 (t, CHo-
oyr), 140.3 (CHpyr), 154.7 (CHpyr); °F NMR (CDCl3, 75 MHz, 20 °C): § -126.09 (m, 2F), -123.28 (s,
2F), -122.68 (s,2F), -121.73- -121.49 (m, 10F), -112.95 (m, 2F), -80.73 (dd, 3F)
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62. Synthesized according to procedure G. Red solid, 11.2 mg, yield 96%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 1.85 (m, 6H, CH2), 2.57 (m, 2H, CH.), 4.41 (s, 3H, N-CHs), 6.17 (m, 1H, N-CH), 7.05
(d, J=2.1 Hz, 1H, CHim), 7.07 (d, J=2.1 Hz, 1H, CHim), 7.47 (M, 2H, Hpy), 7.92 (m, 1H, Hpyr), 9.64 (m,
2H, Hpyr); no 13C NMR spectrum could be recorded due to very low solubility; HMQC *H-1°°Pt
NMR (CDCls, 64.2 MHz, 20 °C):6 -2032 ppm (m); MS (positive ESI) [M - 2Br]:
C14H18BraNsPt; 580.95, found 582.95; elemental anal. calc. for Ci14H19BraNsPt + Bra: C 18.60, H
2.12, N 4.65, found: C 18.42, H 2.13, N 4.51.

0]
N__NAoteu
Br\gt,Br
Br” 1 "Br
N
g
N
63. Synthesized according to procedure G. Red solid, 16.7 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): & 3.97 (N—CHs), 5.23 (s, 2H, N—CH2), 6.87 (d, J=2.1 Hz, 1H, CHim), 7.01 (d, J=2.1 Hz,
1H, CHim), 7.32 (M, 2H, Hpyr), 7.73 (M, 1H, Hpy), 9.03 (M, 2H, Hpy); 3C NMR (CDCls, 75 MHz, 20
°C): & 28.0 (Cigu), 44.1 (N—CH3), 56.7(N—CH,), 124.7(s + d, J=20.2 Hz, CHim), 126.4 (Cpyr), 139.4
(Coyr), 154.4 (Cpyr), (C-Pt) and (C=0) not seen; HMQC H-195Pt NMR (CDCls, 64.2 MHz, 20 °C): 6 -

2070(m).
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64. Synthesized according to procedure G. Red solid, 10.7 mg, yield 98%. *H NMR (CD,Cl,, 500
MHz, 20 °C): 6 4.45 (s, 3H, N—CHs), 6.09 (s, 2H, N—CH), 6.78 (d, /= 2.1 Hz, 1H, CHim), 7.01
(d, J=2.1 Hz, 1H, CHim), 7.32-7.37 (m, 7H, Har), 7.46 (m, 2H, Hpyr), 7.94 (m, 1H, Hpy), 9.64 (m, 2H,
Hpyr); 3C NMR (CD2Cly, 125 MHz, 20 °C): 6 44.1 (N-CH3s), 59.1 (N-CH;), 109.3 (C-Pt), 124.4 (s +
d, J=10.8 Hz, CHim), 124.8 (CHar), 125.7 (s + d, J=10.8 Hz, CHim), 128.7 (CHar), 128.8 (CHar), 136.7
(Coyr), 139.8 (Cpyr), 154.3 (Cpyr); HMQC *H-1°Pt NMR (CDCls, 64.2 MHz, 20 °C): & -2048 (m); MS
(positive ESI) [M - 3Br]: CigH16BriNsPti: 523.01, found 524.01; elemental anal. calc. for
Ci6H17BraNsPt1: C 25.09, H 2.24, N 5.49, found: C 24.74, H 2.23, N 5.40.

65. Synthesized according to procedure G. Red solid, 12.2 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 6.23 (s, 2H, N-CH,), 6.84 (d, J=2.1 Hz, 1H, Him), 6.91 d, J=2.1 Hz, 1H, Him), 7.35-7.54
(m, 10H, Har), 7.75 (M, 2H, Hpy), 7.84 (m, 1H, Hpyr, 9.34 (M, 2H, Hpyr); *H NMR (CDCl,, 300 MHz,
20 °C): 6 (s, 2H, N-CHa), (d, J=2.0 Hz, 1H, CHim), (d, J=2.0 Hz, 1H, CHim), (m, 11H, CHar+CHpyr,
overlap CDCl3), (m, 2H, Hpyr), (M, 2H, Hpyr); 13C NMR (CD2Clz, 75 MHz, 20 °C): & 55.0 (N-CHa),
114.2 (CHim), 117.2 (CHim), 123.8 (Cpyr), 126.1 (Cpyr), 127.1 (CHar), 128.9 (CHar), 129.3 (CHar), 130.3
(CHar), 135.8 (Car), 140.3 (N-Car), 141.5 (CHar), 153.7 (Cpyr), (C-Pt) not seen; MS (positive ESI) [M -
2Br]: C21H19Br2NsPt1 667.963, found 667.952.

=0
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66. Synthesized according to procedure G. Red solid, 12.3 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.50 (s, 3H, N-CH3s), 6.23 (s, 2H, N-CH,), 6.74 (q, J1=4.8 Hz, J=2.5 Hz, 1H, CHim),
7.03 (q, J1=4.8 Hz, J,=2.5 Hz, 1H, CHim), 7.45 (dd, 2H, Ha), 7.52 (d, 2H, Har), 7.87-7.94 (m, 3H,
Hpyr), 9.63-9.72 (m, 2H, Hpyr), 10.02 (s, 1H, CHO); 3C NMR (CDCls, 75 MHz, 20°C): 6 44.3 (N-CHs),
58.9 (N-CH), 110.8 (C-Pt), 124.1 (t, J=10.8Hz, CHim), 124.8 (t, J=18.9Hz, Cpyr), 125.8 (t, J=10.8 Hz,
CHim), 129.1 (CHar), 130.1 (CHar), 136.2 (Car), 139.5 (Cpyr), 143.0 (Car), 154.4 (Cpyr), 191.6 (CHO);
13C NMR (CDCl3, 75 MHz, 20°C): 6 31.0, 44.6, 59.1, 110.6 (s+d, J=1034 Hz, C-Pt), 124.8 (CHim),
125.2 (Cpyr), 126.6 (CHim), 129.3 (CHar), 130.2 (CHar), 136.5 (CHar), 140.2 (Cpyr), 143.7 (Cpyr), 191.2
(CHO).

67. Synthesized according to procedure G. Red solid, 11.3 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): & 4.54 (s, 3H, N—CH3), 6.29 (s, 2H, N—CH,), 6.74 (d, J=2.1 Hz, 1H, CHim), 7.06 (d, J=2.1
Hz, 1H, CHim), 7.44-7.55 (m, 4H, Ha/), 7.93 (m, 1H, Hpyr), 8.22 (m, 2H, Hpyr), 9.67 (m, 2H, Hpyr); 3C
NMR (CDCls, 75 MHz, 20°C): & 44.3 (s, N-CHs), 58.4 (s, N—CH3), 123.9 (CHim), 124.1 (Cpy), 124.8
(CHim), 129.2 (Car), 139.6 (Car), 143.5 (Car), 147.8 (Car), 147.8 (Cpyr), 154.4 (Cpy); the carbene
resonance peak was not observed; HMQC *H-'°>Pt NMR (CDCls, 64.2 MHz, 20 °C): 6§ —-2067 ppm
(m); HRMS (positive ESI) [M + CH3CN + Na]: CisH19BrsNsO1Pt1Na1 870.7813, found 870.7812.

;ﬂo
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Br” 1 "Br
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68. Synthesized according to procedure G. Red solid, 12.1 mg, yield 99%. *H NMR (CDCls, 300
MHz, 20 °C): 6 4.73 (s, 3H, N-CHs), 6.63 (s, 2H, N-CH3), 6.94 (d, J=8.3 Hz, 1H, Ha/), 7.18 (t, J=7.8
Hz, 1H, Har), 7.34 (m, 3H, Har), 7.46 (t, J=7.1 Hz, 2H, Hyyr), 7.57 (d, J=8.3 Hz, 1H, Ha), 7.80 (d, J=8.3
Hz, 2H, Har), 7.89-7.94 (tt, J=7.6 Hz, 1H, Hyy), 9.66-9.75 (q, J=16.5 Hz et J=10.7 Hz, 2H, Hpyr), 9.97
(s, 1H, CHO); 3C NMR (CDCls, 75 MHz, 20°C): 6 41.3 (N-CH3), 57.2 (N-CH,), 111.9 (N-Cim), 113.2
(N-Cim), 124.7 (t, J=9.8 Hz),125.1, 125.3, 127.4, 129.8, 133.9 (C-Pt), 135.6, 139.5, 143.1, 154.5,
191.5 (CHO).

QO
Q/N;N\Q

Br< . _.B
rPt\r

69. Synthesized according to procedure G. Red solid, 10.8 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 6.25 (bs, 4H, N-CH), 6.73-6.75 (m, 4H, Har), 6.81 (m, 4H, Har), 6.99 (m, 4H, Har),
7.10-7.12 (m, 8H, Har), 7.46 (m, 2H, Hpyr), 7.91 (M, 1H, Hpyr), 9.75 (M, 2H, Hpyr); No 3C NMR could
be recorded due to low solubility. *H-33C HMBC NMR (CDCl3, 500 MHz, 20 °C).

Cl Cl

/N\ /N\
Br< 1 _.Br
Br/Plt‘Br
N
|
NS
70. Synthesized according to procedure G. Red solid, 11.5 mg, yield 99%. 'H NMR (CDCls, 300
MHZ, 20 OC): 6 4.45 (m, 6H, N_CH3)r 7.46 (m, 2H, prr), 7.93 (m, lH, prr), 9.65 (m, 2H, prr); 13C
NMR (CDClz, 75 MHz, 20°C): 6 29.8 (N—CHs), 43.1 (N-CHy), 110.7 (C—Pt), 120.7 (Cpyr), 124.9 (s +

d, J=10.4 Hz, 2Cim), 139.8 (Cpyr), 154.7 (s + d, J=4.6 Hz, Cpy); HMQC *H-125Pt NMR (CDCls, 64.2
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MHz, 20 °C): 6 -2058 ppm (m); MS (positive ESI) [M + Na]: C1oH11BraCloN3sPtiNa; 776.6609, found
776.6604.

71. Synthesized according to procedure G. Red solid, 12.5 mg, yield 99%. *H NMR (CD,Cl,, 300
MHz, 20 °C): 6 3.91 (s, 3H, O-CHs), 4.53 (s, 3H, N-CHs), 4.66 (s, 3H, N-CHs), 7.47 (t, J=7.3 Hz, 2H,
CHpyr), 7.72 (t, J=3.0 Hz, 1H, CHim), 7.93 (t, J=14.6 Hz, 1H, CHpy), 9.66 (m, 2H, CHpy); 3C NMR
(CDCl3, 75 MHz, 20°C): 6 43.1 (N-CHs), 44.3 (N-CH3z), 51.8 (O-CHs), 115.4 (t, /=1046.8 Hz, C-Pt),
124.2 (s+d, J=19.8 Hz, CHim), 125.8 (s+d, J=25.0 Hz, Cim), 131.3 (s+d, J=22.4 Hz, CHyy), 138.9
(CHpyr), 153.7 (CHpyr), 157.2 (C=0).

72. Synthesized according to procedure G. Red solid, 10.9 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 2.24 (s, 3H, CH3s), 6.37 (s, 2H, N-CH2), 6.64 (s, 2H, N-CHz), 7.11-7.18 (m, 4H, CHa),
7.28-7.46 (m, 8H, CHpyr+CHar), 7.90 (m, 1H, CHpyr), 9.57 (s, 1H, CHO), 9.66 (m, 2H, CHpyr); No 13C
NMR could be recorded due to low solubility; HMQC *H-1°>Pt NMR (CDCls, 64.2 MHz, 20 °C): &
-2081 ppm (m); H-13C HMBC NMR (CDCls, 500 MHz, 20 °C).
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73. Synthesized according to procedure G. Red solid, 12.7 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 4.69 (s, 3H, N-CHs), 7.60 (s, 2H, CHim); HMQC H-'%>Pt NMR (CDCls, 64.2 MHz, 20

°C): 6 - 2071(m). Insoluble.

74. Synthesized according to procedure G. Red solid, 12.1 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 6.24 (s, 2H, N—-CH), 6.35 (s, 2H, N—CH2), 7.34-7.44 (m, 14H, Har+Hpyr), 7.74 (s, 1H,
CHim), 7.96 (M, 1H, Hpyr), 9.73 (M, 2H, Hpyr); 3C NMR (75 MHz, CDCls, 20 °C): 6 57.5 (N—-CH,), 61.4
(N—CH2), 119.5 (C-Pt), 125.1 (s + d, J=21.1 Hz, CHim), 128.3 (Car), 128.6 (Cpyr), 129.1 (Car), 129.3
(Car), 129.5 (Car), 134.7 (Car), 135.6 (Car), 139.9 (Car), 145.0 (Cpyr), 154.7 (Coyr)-

Br \C/N N\C/ Br
N/ [
—pt-Br Br—pi.

Br—; " SN\"Br
N Br Br N

/ N 74 \
— Sy

75. Synthesized according to procedure G. Red solid, mg, yield 99%. *H NMR (CDCls, 300 MHz, 20
°C): 6 4.47 (s, 6H, N-CH3), 6.11 (s, 4H, N-CH>), 6.85 (s, 4H, CHim), 7.39-7.51 (m, 8H, CHar+CHyyr),
7.90 (m, 2H, CHpyr), 9.69 (m, 4H, CHpyr).
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76. Synthesized according to procedure G. Red solid, 9.5 mg, yield 76%. 'H NMR (CD,Cl,, 300
MHz, 20 °C): 6 1.30-1.89 (m, 22H, CH,), 4.32 (s, 6H, N-CH3z), 4.67 (m, 4H, N-CH), 7.06 (s, 2H,
CHim), 7.15 (s, 4H, CHim), 7.54 (m, 4H, Hpyr), 7.98 (M, 2H, Hpyr), 9.22 (M, 4H, Hpyr); 23C NMR (CDCls,
75 MHz, 20°C): 6 26.8 (CH), 29.6 (CH2), 29.8 (CH2), 31.0 (CH), 32.3 (N-CHs), 41.6 (N-CH), 111.3
(s+d, J=1021 Hz, C-Pt), 123.8 (CHim), 125.4 (Cpyr), 126.2 (CHim), 130.6 (Cpyr), 137.6 (Cpyr).

=  Procedure H: Ligand exchange on NHC-Pt(IV) complexes

=\ Q
—~N_ N

Br\(I:,Br
Br/FTt\Br
HzNﬁ

77. Synthesized according to procedure H. Red solid, 11.3 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 1.22-1.47 (m, 6H, CH3), 1.72-1.79 (m, 2H, CH), 2.33 (m, 2H, CH), 3.59 (m, 1H,
N-CH), 3.9-4.2 (bs, 2H, NH2), 4.36 (s, 3H, N—CH3), 5.97 (s, 2H, N—CH,), 6.73 (d, J=2.1 Hz, 1H,
CHim), 6.94 (d, J=2.1 Hz, 1H, CHim), 7.35 (m, 5H, Har); 3C NMR (CDCl3, 125 MHz, 20 °C): § 24.4
(CH2), 25.2 (CH2), 35.4 (CH2), 43.6 (CH), 54.6 (N—CHs), 58.9 (N—CH), 115.2 (C-Pt), 124.0 (s +
d, J=11.1 Hz, CHim), 125.2 (s + d, J=11.1 Hz, CHim), 128.3 (Car), 128.8 (Car), 136.1 (Car); HMQC *H-
195pt  NMR (CDCls, 64.2 MHz, 20 °C): 6 -2167 (m); MS (positive ESI) [M - 3Br]:
C17H25N3Pt1Bri 546.08, found 546.09; elemental anal. calc. for C17H2sBraNsPt1: C 25.97, H 3.21, N
5.35, found: C 26.00, H 3.28, N 5.27.
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78. Synthesized according to procedure H. Red solid, 11.2 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 1.19-1.46 (m, 5H, CH,), 1.65-1.78 (m, 3H, CH>), 2.30 (m, 2H, CH,), 3.55 (bs, 1H,
CH-NH3), 3.99 (bs, 2H, NHa), 4.32 (s, 6H, N-CH3), 6.99 (s, 2H, CHim); 13C NMR (CDCls, 125 MHz, 20
°C): & 23.6 (CH2), 24.4 (CH,), 34.6 (CH2), 42.9 (s+d, J=144.1 Hz, N-CHs), 53.8 (CH) , 113.4 (s+d,
J=1036.4 Hz, C-Pt), 124.6 (s+d, J=22.5 Hz, CHim).

[\
/N\C’N\CsHﬂ
~J .
e
RN

A

79. Synthesized according to procedure H. Red solid, 8.2 mg, yield 99%. *H NMR (CDCls, 300
MHz, 20 °C): 6 0.92 (m, 3H, CHz), 1.29-1.48 (m, 8H, CH), 1.71-1.86 (m, 6H, CHz), 2.33 (m, 2H,
CH2), 3.57 (m, 1H, H2N-CH), 4.01 (bs, 2H, NH), 4.31 (s, 3H, N-CHzs), 4.62 (m, 2H, N-CH), 6.99 (s,
1H, CHim), 7.08 (s, 1H, CHim); 3C NMR (CDCls, 75 MHz, 20 °C): § 14.1 (CHs), 22.6 (CH,), 24.5 (CH,),
25.3 (CH), 28.7 (CH), 31.8 (CH), 35.5 (CH.), 43.7 (N-CH3s), 54.5 (H2N-CH), 54.8 (N-CH), 114.9 (C-
Pt), 123.2 (t, J/=10.5 Hz, CHim), 125.6 (t, J/=10.5 Hz, CHim).

/N\C’N\C18H37
Br< | _.Br
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Br” 1 "Br

H,oN

2 ﬁ

80. Synthesized according to procedure H. Red solid, 8.8 mg, yield 99%. 'H NMR (CDCls, 300
MHz, 20 °C): & 0.87 (t, 3H, J=6.7 Hz, CH3), 1.35-1.45 (m, 34H, CH2), 1.62-1.87 (m, 6H, CH.), 2.32
(m, 2H, CH), 3.60 (m, 1H, H2N-CH), 4.03 (bs, 2H, NH3), 4.32 (s, 3H, N-CHs), 4.63 (m, 2H, N-CH>),
6.97 (d, J=2.1 Hz, 1H, CHim), 7.06 (d, J=2.1 Hz, 1H, CHim); 3C NMR (CDCls, 75 MHz, 20 °C): & 14.2
(CHs), 22.8 (CH.), 24.5 (CH), 25.3 (CH2), 26.5 (CH2), 29.3 (CH.), 29.4 (CH.), 29.5 (CH2), 29.6 (CH2),
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29.7 (CH,), 29.8 (CHa), 32.0 (CH3), 32.1 (CHy), 35.5 (CH2), 43.6 (N-CHs), 54.5 (H2N-CH), 54.9 (N-
CH,), 114.9 (C-Pt), 123.2 (CHim), 125.6 (CHim).

u \Q
/N\ /N
]

Br 1 _Br
Br” 1 "Br

NH
L/
81. Synthesized according to procedure H. Red solid, 11.2 mg, yield 97%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 3.46-3.52 (m, 2H, CH), 3.65-3.82 (m, 4H, CH;), 4.01-4.06 (m, 2H, CH>), 4.36 (s +
d, J=1.9 Hz, 3H, N-CH3), 5.98 (s + d, /= 2.1 Hz, 2H, N-CHy), 6.73 (d, J=2.1 Hz, 1H, CHin), 6.93
(d, J=2.1 Hz, 1H, CHim), 7.34-7.38 (m, 5H, Har); 13C NMR (CDCl3, 75 MHz, 20°C): & 44.2 (N—CHs),
52.0 (O—CH,), 59.4 (N-CH,), 69.2 (s + d, J=9.8 Hz, N—CH,), 112.7 (C-Pt), 124.4 (s + d, J=11.4 Hz,
CHim), 125.6 (s + d, J=11.4 Hz, CHim), 128.5 (Car), 128.9 (Car); HMQC *H-'%Pt NMR (CDCls, 64.2
MHz, 20 °C): 6 -2080 ppm (m); MS (positive ESI) [M - 3Br]: CisH21N301Pt1Br; 534.05, found
534.04; elemental anal. calc. for CisH20BraNsO1Pti: C 23.28, H 2.73, N 5.43, found: C 22.92, H
2.82,N 5.43.

/N\ /N\
Br\F;t,Br
Br” 1 "Br
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)
82. Synthesized according to procedure H. Red solid, 11.0 mg, yield 97%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 3.42-3.47 (m, 2H, CHy), 3.65-3.77 (m, 4H, CH), 3.87 (bs, 1H, NH), 4.01-4.06 (m,
2H, CHy), 4.32 (s, 6H, N-CH3), 7.01 (s, 2H, CHim); 3C NMR (CDCls, 75 MHz, 20°C): § 43.0 (N—CH3),
50.8 (N—CHy), 69.2 (t, J=19.3 Hz, HN—CH>), 111.0 (t, /=526.6 Hz, C-Pt), 124.6 (t, J=11.4 Hz, CHim);
HMQC H-19Pt NMR (CDCls, 64.2 MHz, 20 °C): § -2083 ppm.
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83. Synthesized according to procedure H. Red solid, 10.6 mg, yield 99%. 1H NMR (CDCls, 300
MHz, 20 °C): & 0.86 (t, J=6.8Hz, 3H, CHs), 1.25 (bs, 30H, CH2), 1.83 (m, 2H, CH3), 3.48 (m, 2H,
CH3), 3.64-4.00 (m, 5H, CH; + NH), 4.01 (d, J=13.0Hz, 2H, CH,), 4.31 (s, 3H, N-CH3), 4.62 (m, 2H,
N-CH3), 7.01 (s, 1H, CHim), 7.09 (s, 1H, CHim); 3C NMR (CDCls, 75 MHz, 20°C): 6 13.1 (CHs), 21.6

(CHa), 25.4 (CH2), 28.2 (CH2), 28.3 (CH,), 28.4 (CH,), 28.5 (CH,), 28.6 (CHa), 28.7 (CHa), 30.9 (CH.),
42.9 (N-CHs), 50.8 (CH2), 54.1 (N-CH,), 68.1 (HN-CH), 111.0 (C-Pt), 122.4 (CHim), 124.7 (CHim).

84. Synthesized according to procedure G. Red oil, 10.7 mg, yield 99%. *H NMR (CDCls, 300 MHz,
20 °C): 6 0.96 (t, J=7.1 Hz, 3H, CH3), 1.42 (q, J/=15.3 Hz, 7,9Hz, 2H, CHy), 1.62 (q, /1=15.3 Hz, J>=7.9
Hz, 2H, CHz), 3.22 (m, 2H, CHy), 4.09 (bs, 2H, NH), 4.31 (s, 3H, N-CH3s), 5.92 s, 2H, N-CH,), 6.71
(d, J=2.3Hz, 1H, CHim), 6.94 (d, J=2.3Hz, 1H, CHim), 7.32 (m, 5H, CHar); 3C NMR (CDCl3, 75 MHz,
20°C): 6 13.5 (CHs), 19.6 (CHy), 33.7 (s+d, J=11.1 Hz, N-CH3s), 43.4 (CH,), 44.9 (CHy), 58.6 (N-CH2),
124.1 (s+d, J=11.1 Hz, CHim), 125.4 (s+d, J=11.1 Hz, CHim), 128.2 (CHar), 128.6 (CHar), 128.7 (CHar),
136.2 (Car), C-Pt signal could not be seen; HRMS (positive ESI) [2M +Na+H]: C3oHa7NsPt2BrsNas
1542.6400, found 1542.6361.

/BN\C/E\CSHﬂ
1.
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Br” 1 "Br
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85. Synthesized according to procedure G. Red oil, 10.8 mg, yield 99%. *H NMR (CDCls, 300 MHz,
20 °C): 6 0.91-1.00 (m, 6H, CH3), 1.26-1.67 (m, 8H, CH;), 1.86 (m, 2H, CHy), 3.27 (m, 2H, CH,),
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4.07 (bs, 2H, NH3), 4.31 (s, 3H, N-CH3s), 4.63 (m, 2H, N-CH,), 6.99 (d, J=2.1 Hz, CHin), 7.07(d, J=2.1
Hz, CHim); 13C NMR (CDCls, 75 MHz, 20°C): 6 13.8 (CHs), 14.2 (CHs), 19.8 (CH,), 22.6 (CH,), 28.7
(CH,), 28.9 (CH>), 30.2 (CH2), 31.1 (CHa), 31.9 (CHa), 34.0 (s+d, J=11.2 Hz, N-CH3), 43.6 (CH.), 44.9
(CH2), 54.8, (s+d, J=5.3 Hz, N-CH3), 115.3 (C-Pt), 123.3 (s+d, J=10.6 Hz, CHin), 125.6 (s+d, J=10.6
Hz, CHim); HRMS (positive ESI) [2M+Na+2H]: C26Hs6NsPt2BrsNai 1503.7100, found 1503.2886.

/N\C/N\Bn
Br< ! _.Br
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86. Synthesized according to procedure G. Red oil, 12.4 mg, yield 99%. 'H NMR (CDCls, 300 MHz,
20 °C): 6 0.88 (m, 3H, CHzs), 1.27-1.48 (m, 18H, CH2), 1.69 (m, 2H, CH2), 3.25 (m, 2H, H2N-CH2),
4.09 (bm, 2H, NH2), 4.34 (s, 3H, N-CHs), 5.94 (s, 2H, N-CH,), 6.75 (d, J=2.2 Hz, 1H, CHin), 6.96 (d,
J=2.2 Hz, 1H, CHim), 7.36 m, 5H, CHar); 13C NMR (CDCls, 75 MHz, 20°C): & 14.3 (CH3), 22.8 (CHa),
26.6 (CH2), 29.3 (CHy), 29.5 (CH2), 29.6 (CHy), 29.7 (CH), 29.8 (CH2), 32.0 (CHy), 43.7 (N-CH3),
45.3 (H2N-CH), 58.9 (N-CHy), 124.2 (CHim), 125.4 (CHim), 128.5 (CHar), 128.9 (CHar), 129.0 (CHar),
136.3 (CHa), C-Pt signal could not be seen; HRMS (positive ESI) [2M+Na+H]:
Ca6H79N6Pt2BrsNa; 1766.89, found 1766.8905; elemental anal. calc. for Ca3HsgN3Pt1Bra: C 31.67,
H 4.51, N 4.82, found: C31.14, H4.53, N 4.57.
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87. Synthesized according to procedure G. Red oil, 10.8 mg, yield 99%. *H NMR (CDClsz, 300 MHz,
20 °C): 6 0.88-1.39 (m, 28H, CH,+CH3z), 1.63-1.87 (m, 4H, CHy), 3.26 (m, 2H, H2N-CH), 4.09 (m,
2H, NH2), 4.32 (s, 3H, N-CHs), 4.63 (m, 2H, N-CH), 6.99 (d, J=2.2Hz, 1H, CHin), 7.08 (d, J=2.2Hz,
1H, CHim); 3C NMR (75 MHz, CDCl3): 6 14.2 (CHs), 14.3 (CHs), 22.6 (CHa), 22.9 (CH2), 26.6 (CH>),
28.7 (CHy), 29.3 (CH), 29.5-29.8 (CH2), 31.1 (CH), 31.9 (CH2), 32.1 (CH.), 43.6 (N-CHas), 45.2
(H2N-CHy), 54.9 (N-CH), 104.8 (C-Pt), 123.3 (CHim), 125.6 (CHim).
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88. Synthesized according to procedure G. Red oil, 10.4 mg, yield 99%. *H NMR (CDCls, 500 MHz,

_\Q
/N\/N
t

20 °C): & 3.42 (s, 3H, CHs), 3.73 (m, 71H, CH,), 4.37 (s, 3H, N-CHs), 5.97 (s, 2H, N-CH,), 6.72 (d,
J=Hz, 1H, CHim), 6.96 (bs, 1H, CHim), 7.36 (s, 5H, CHar), 7.62 (bs, 2H, NH2); 3C NMR CDCls, 125
MHz, 20°C): & 43.7 (N-CHs), 44.7 (O-CHz), 58.9 (N-CHy), 59.2 (CH,), 69.9 (t, J=10.9 Hz, N-CH), 70.5
(CH2), 70.7 (CH,), 70.8 (CH,), 72.0 (CHz), 115.7 (t, J=520.3 Hz, C-Pt), 124.1 (t, J=10.7 Hz, CHin),
125.4 (t, J=10.7 Hz, CHim), 128.5 (CHar), 128.9 (CHar), 129.0 (CHar), 136.3 (Car); HRMS (positive ESI)
[M +Na+H]: CasHssN3Pt1BrsNa; 1490.22, found 1490.8083.
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89. Synthesized according to procedure G. Red oil, 11.0 mg, yield 99%. 'H NMR (CDCls, 300 MHz,
20 °C): 6 0.88 (t, J/=6.9Hz, 3H, CH3), 1.26 (bs, 30H, CH;), 1.86 (m, 2H, CH>), 3.39 (s, 3H, CH3), 3.66
(bs, 70H, CH,), 4.32 (s, 3H, N-CHs), 4.59 (m, 2H, N-CHy), 7.00 (d, J=2.2Hz, 1H, CHim), 7.08 (d,
J=2.2Hz, 1H, CHim).
N - N
—N<a-N>Bn
Br\(I;,Br
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Br” 1 "Br
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90. Synthesized according to procedure G. Red oil, 5.3 mg, yield 99%. 'H NMR (CDCls, 300 MHz,
20 °C): 6 0.87 (t, J=7.1 Hz, 6H, CH3), 1.27-1.35 (m, 28H, CHz), 1.66 (m, 2H, CH>), 1.83 (m, 2H, CH>),
3.09 (m, 2H, CH3), 3.73 (m, 2H, CH>), 3.96 (bs, 1H, NH), 4.38 (s, 3H, N-CHs), 6.00 (s, 2H, N-CH>),

6.72 (d, J=2.1Hz, 1H, CHim), 6.91 (d, J=2.1Hz, 1H, CHim), 7.33-7.36 (m, 5H, CHar); 3C NMR (CDCl;,
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75 MHz, 20°C): 6 14.2 (CHs), 22.8 (CH), 26.7 (CH2), 29.3 (CH>), 29.4 (CH), 29.5 (CH2), 29.7 (CH,),
29.8 (CHy), 32.0 (CH2), 44.2 (N-CHs), 53.5 (HN-CHy), 59.4 (N-CHz), 112.9 (C-Pt), 124.5 (CHim),
125.5 (CHim), 128.4 (CHar), 128.9 (CHar), 128.9 (CHar), 136.4 Car).
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91. Synthesized according to procedure G. Red oil, 5.3 mg, yield 99%. *H NMR (CDCls, 300 MHz,
20 °C): 6 2.72 (m, 2H, CH»-C(0)-0), 2.82 (m, 2H, CH>-C(0)-CH2-NH3), 3.70 (s, 3H, O-CHs), 4.28
(s+d, J= 6.9Hz, CH2-NH,), 4.35 (s, 3H, N-CHs), 4.72 (bs, 2H, NH), 5.96 (s, 2H, N-CH,), 6.73 (d,
J=2.2Hz, CHim), 6.93 (d, J=2.2Hz, CHim), 7.36 (s, 5H, CHar).
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92. Synthesized according to procedure G. Red oil, 7.6 mg, yield 99%. *H NMR (CDCls, 300 MHz,
20 °C): 6 1.29-1.46 (m, 10H, CH), 1.73-1.78 (m, 6H, CHz), 2.28 (m, 4H, CHz), 3.54 (m, 2H, CH),
3.99 (bs+d, 4H, NH2), 4.34 (s, 6H, N-CHs), 5.93 (s, 4H, N-CHy), 6.75 (m, 2H, CHa), 7.02 (s, 2H,
CHim), 7.30 (m, 2H, CHar); 3C NMR (CDCls, 75 MHz, 20°C): § 24.6, 25.3, 35.5, 43.4, 43.9, 54.9,
55.1, 58.4, 59.1, 110.0 (C-Pt), 114.8 (CHim), 115.2 (CHim), 117.0 (CHim), 117.2 (CHim), 124.6-124.8,
125.2, 126.2-126.4, 127.6, 127.9, 128.3-128.6, 129.2, 129.4, 129.6, 136.4, 136.7, 137.3, 137.4;
HMQC 'H-1>Pt NMR (CDCls, 64.2 MHz, 20 °C): 6 -2158 ppm (m).
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b. [(NHC)PtClsL]
= Procedure I: Direct oxidation with PhICl;
In a 10 mL round bottom flask, the precursor (10 mg, 1 equiv.) was dissolved in CH2Cl, (5 mL)
and cooled at 0 °C and PhICl; (10 equiv.) was slowly added. After 1 hour at 0 °C, the addition of
pentane (10 mL) caused the precipitation of [(NHC)PtClsL] as a light yellow powder, which was

filtered off, washed and dried.

—N c N—
Cl:Plt/\CI
Cl7 1 Cl
N
|
A
93. Synthesized according to procedure I. Light yellow solid, 9.5 mg, yield 99%. H NMR (CDCls,
300 MHz, 20 °C): 6 4.38 (t, 6H, N—CH3), 7,01 (d, J=2.1 Hz, 2H, CHim), 7.54 (m, 2H, Hpy), 7.93 (m,
1H, Hpyr), 9.28 (m, 2H, Hpyr); 3C NMR (CDCls, 75 MHz, 20°C): 6 41.6 (N-CH3), 125.1 (Cpyr), 125.5

(CHim), 1399 (prr), 1511 (prr).

94. Synthesized according to procedure I. Light yellow solid, 8.1 mg, yield 97%. H NMR (CDCls,
300 MHz, 20 °C): & 4.42 (t, 3H, N—CH3), 6.03 (s, 2H, N—CH3), 6.77 (d, J=2.1 Hz, 1H, CHin), 6.95 (d,
J=2.1 Hz, 1H, CHim), 7.35-7.41 (m, 5H, Har), 7.55 (M, 2H, Hpy), 7.96 (M, 1H, Hpy), 9.31 (m, 2H,
Hpyr); no 33C NMR could be recorded due to very low solubility. HMQC *H-'>Pt NMR (CDCls, 64.2
MHz, 20 °C): 6 -755 ppm (m); HRMS (positive ESI) [M + Na]: C16H17ClaN3Pt1Na;1 608.9718, found
608.9634; elemental anal. calc. for CigH17ClaN3Pti: C 32.67, H 2.91, N 7.14, found: C 32.52, H
2.87,N 7.02.
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95. Synthesized according to procedure I. Light yellow solid, 9.1 mg, yield 94%. *H NMR (CDCls,
300 MHz, 20 °C): 6 0.92 (t, J=7.0 Hz, 3H, CHs), 1.41 (m, 4H, CH), 1.91 (m, 2H, CH2), 4.37 (s, 3H,
N—-CHs), 4.71 (m, 2H, N—CHy), 7.01 (d, J=2.1 Hz, 1H, CHim), 7.11 (d, J=2.1 Hz, 1H, CHim), 7.53 (m,
2H, Hpyr), 7.94 (m, 1H, Hpyr), 9.30 (m, 2H, Hpyr); 13C NMR (CDCls, 75 MHz, 20°C): § 13.9 (CH3), 22.3
(CH), 28.7 (CH,), 41.4 (N—CHs), 52.9 (N-CH_), 111.5 (C-Pt), 123.1 (s + d, J=11.1 Hz, CHm), 124.8
(Coyr), 125.6 (s + d, J=11.1 Hz, CHim), 139.7 (Cpyr), 150.9 (Cpyr); HMQC *H-19°Pt NMR (CDCI3, 64.2
MHz, 20 °C): 6 -810 ppm (m); HRMS (positive ESI) [M + Na]: C14aH21ClsN3Pt1Na; 589.0031, found
589.0084; elemental anal. calc. for Ci4H21ClsN3sPt; + CH2Clo: C 29.59, H 3.73, N 7.40, found: C
29.09, H3.52, N 7.44.

/7 \ CF3
/N\C,N\/\<|(:3
Cl<J .Cl A

96. Synthesized according to procedure I. Light yellow solid, 9.7 mg, yield 99%. H NMR (CDCls,
300 MHz, 20 °C): 6 2.84-2.87 (m, 2H, CH3), 4.41 (s, 3H, N-CH3s), 5.16 (m, 2H, N- CHz), 7.11 (m, 2H,
CHim), 7.55 (m, 2H, Hpyr), 7.97 (m, 1H, Hpyr), 9.28 (M, 2H, Heyr); 13C NMR (CDCls, 75 MHz, 20 °C): &
33.9 (t, J=21.3Hz, CH2), 41.8 (N-CHs), 45.2 (N- CH2), 114.4 (C-Pt), 123.6 (CHim), 125.2 (Cpyr), 126.7
(CHim), 140.1 (Cpyr), 151.2 (Cpyr). CF2 and CF3 signals could not be seen.

[\
N

0
Cl< 1 _Cl
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97. Synthesized according to procedure I. Light yellow solid, 9.2 mg, yield 96%. *H NMR (CDCls,
300 MHz, 20 °C): 6 1.64-1.85 (m, 6H, CH3), 2.46-2.50 (m, 2H, CH,), 4.36 (s, 3H, N—CHs), 6.11 (m,
1H, N—CH), 7.02 (d, J=2.1 Hz, 1H, CHim), 7.12 (d, J=2.1 Hz, 1H, CHin), 7.53 (M, 2H, Hpy:), 7.92 (m,
1H, Hpyr), 9.30 (m, 2H, Hpyr); 13C NMR (CDCl3, 75 MHz, 20°C): & 24.6 (CH), 30.8 (CH2), 35.4 (N—
CH), 41.3 (N—CH3), 63.0 (N—CH3), 120.9 (CHim), 124.9 (Cpyr), 125.9 (CHim), 139.7 (Cpyr), 151.0 (Cpyr),
the carbene resonance peak was not observed; HMQC H-1>Pt NMR (CDCls, 64.2 MHz, 20 °C): 6
-1320 ppm (m); MS (positive ESI) [M + Na]: C1aH19ClaN3PtiNa; 586.99, found 586.98.

98. Synthesized according to procedure I. Light yellow solid, 9.2 mg, yield 96%. *H NMR (CDCls,
300 MHz, 20 °C): 6 4.45 (s, 3H, N—CH3), 6.16 (s, 2H, N—CH), 6.76 (d, J = 2.1 Hz, 1H, CHin), 7.06 (d,
J=2.1Hz, 1H, CHin), 7.51-7.61 (m, 4H, Har), 7.97 (m, 1H, Hpy), 8.21 (M, 2H, Hpyr), 9.26-9.29 (m,
2H, Hpyr); 13C NMR (CDCl3, 75 MHz, 20°C): & 41.8 (N-CH3), 56.2 (N—CH,), 123.9 (CHim), 124.2
(Cpyr), 125.2 (CHim), 129.4 (Car), 137.6 (Car), 140.1 (Car), 143.5 (Car), 148.0 (Cpyr), 151.1 (Cpyr), the
carbene resonance peak was not observed; HMQC 'H-'>Pt NMR (CDCls, 64.2 MHz, 20 °C): §
-834 ppm (m); MS (positive ESI) [2M + Na]: C32H32CIsNgPt;Nai 1284.92, found 1284.89.

Cl Cl
/N\C,N\
Cl<1_ClI

Cl7 1™
N Cl
]
N

99. Synthesized according to procedure I. Light yellow solid, 9.4 mg, yield 98%. *H NMR (CDCls,
300 MHz, 20 °C): 6 4.37 (s, 6H, N—CHs), 7.54 (m, 2H, Hpyr), 7.94 (m, 1H, Hpyr), 9.25 (m, 2H, Hpyr);
13C NMR (CDCl3, 75 MHz, 20°C): 6 31.0 (N—CH3s), 40.1 (N—CH,), 112.9 (C-Pt), 120.8 (Cpyr), 125.2 (s
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+d, J = 18.9 Hz, Cim), 140.2 (Cpyr), 151.2 (s + d, J = 4.6 Hz, Cpyr); HMQC H-195Pt NMR (CDCls, 64.2
MHz, 20 °C): 6 -825 ppm (m); HRMS (positive ESI) [M + Na]: Calculated for C1oH11ClsN3PtiNa1
600.8625, found 600.8624.

100. Synthesized according to procedure I. Light yellow solid, 8.9 mg, yield 93%. *H NMR (CDCls,
500 MHz, 20 °C): 6 3.91 (s, 3H, O-CHs), 4.46 (s, 3H, N-CHs), 4.61 (s, 3H, N-CH3), 7.54 (m, 2H,
CHpyr), 7.71 (s, 1H, CHim), 7.96 (m, 1H, CHpyr), 9.26 (m, 2H, CHpyr); 3C NMR (CDCls, 125 MHz,
20°C): 6 39.7 (N-CHs), 41.4 (N-CHs), 51.5 (O-CHs), 117.3 (t, J=1035.7 Hz, C-Pt), 124.0 (t, J=9.4 Hz,
CHim), 125.3 (t, /=12.8 Hz, CHyyr), 130.9 (t, J=9.4 Hz, Cim), 138.9 (C=0); HRMS (positive ESI) [M+Li]:
C12H15N30,Pt1Clalis 574.97, found 574.9717.

N_N y
e \C12H24—_N\C/N\
Cl_1 _Cl Cl\l-l’t,CI
Cl 1 °Cl cl"1Cl

N
© 9
= NS

101. Synthesized according to procedure I. Light yellow solid, 9.2 mg, yield 96%. *H NMR (CDCls,
300 MHz, 20 °C): 6 1.25-1.41 (m, 20H, CH), 1.88 (m, 2H, 4H), 4.32 (s, 6H, N-CH3s), 4.66 (m, 4H, N-
CH,), 7.06 (d, J= 2.1 Hz, 2H, CHim), 7.15 (d, J= 2.1 Hz, 2H, CHim), 7.55 (m, 4H, CHpy), 7.98 (m, 2H,
Hpyr), 9.23 (m, 4H, Hpyr); 3C NMR (CDCl3, 125 MHz, 20 °C): § 26.8 (CH2), 29.6 (CH.), 29.7 (CH>),
31.0 (CH), 32.3 (CH2), 41.6 (N-CHs), 111.3 (C-Pt), 123.7 (CHim), 125.4 (Cpyr), 126.2 (CHim), 140.4
(Coyr), 151.1 (Cpyr); HRMS (positive ESI) [M+Li]: CaoHaaNePt2ClsLi; 1165.0586, found 1165.0546.
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102. Synthesized according to procedure I. Light yellow solid, 9.2 mg, yield 96%. 'H NMR (CDCls,
300 MHz, 20 °C): 6 1.26-1.45 (m, 4H, CHy), 1.73-1.80 (m, 2H, CH,), 3.45 (m, 1H, CH), 4.00 (bs,
2H, N—CHa), 4.30 (s, 3H, N—CHs), 5.89 (s, 2H, N—CH2), 6.73 (d, J=2.1 Hz, 1H, CHim), 6.90 (d, J=2.1
Hz, 1H, CHim), 7.30-7.33 (m, 5H, Har); 33C NMR (CDCls, 125 MHz, 20 °C): § 24.7 (CHa), 25.3 (CH,),
35.1 (CHy), 41.1 (CH), 52.7 (N-CHs), 56.7 (N-CH3), 123.7 (CHim), 125.3 (CHim), 128.5 (Car), 129.0
(Car), 129.1 (Car), 136.1 (Car), the carbene resonance peak was not observed; HMQC H-1°>Pt
NMR (CDCls, 64.2 MHz, 20 °C): 6 -885 ppm (m); elemental anal. calc. for C17H2s5ClaNsPti: C 33.57,
H4.14, N 6.91, found: C 33.79, H4.33, N 6.59.
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103. Synthesized according to procedure I. Light yellow solid, 8.0 mg, yield 96%. *H NMR (CDCls,
300 MHz, 20 °C): 6 3.04-3.08 (m, 2H, CH), 3.49-3.59 (m, 4H, CH2), 3.83-3.90 (m, 2H, CH), 4.05
(s, 3H, N—CHs), 5.71 (m, 2H, N-CH,), 6.64 (d, J=2.1 Hz, 1H, CHim), 6.78 (d, J=2.1 Hz, 1H, CHim),
7.31-7.43 (m, Har); 3C NMR (CDCl3, 75 MHz, 20°C): 6 37.6 (N—CH3), 48.8 (O—CH,), 54.1 (N-CH,),
68.1 (HN—CH2), 120.2 (CHim), 122.4 (CHim), 128.7 (Car), 128.9 (Car), 136.0 (Car), the carbene
resonance peak was not observed; HMQC *H-1°>Pt NMR (CDCls, 64.2 MHz, 20 °C): § -850 ppm

(m); elemental anal. calc. for C1sH21ClaN3O1Pt1: C 30.22, H 3.55, N 7.05, found: C 30.03, H 3.37, N
7.08.
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104. Synthesized according to procedure I. Light yellow oil, 4.9 mg, yield 52% 'H NMR (CDCls,
300 MHz, 20 °C): & 0.99 (t, J=7.1 Hz, 3H, CHs), 1.46 (q, J1=15.3 Hz, J;=7.9 Hz, 2H, CH), 1.72 (q,
J=15.3 Hz, 7,9Hz, 2H, CHy), 3.21 (m, 2H, CH), 4.09 (bs, 2H, NH), 4.29 (s, 3H, N-CHs), 5.88 (s, 2H,
N-CH), 6.74 (d, J=2.3Hz, 1H, CHim), 6.92 (d, J=2.3Hz, 1H, CHin), 7.27-7.62 (m, 5H, CHa).

—N.-N=Bn
Cl<I.Cl

Cl7 1 ~Cl
/NHZ
C12H2s

105. Synthesized according to procedure |I. Light yellow oil, 9.6 mg, yield 47%. *H NMR (CDCls,
300 MHz, 20 °C): § 0.90-0.92 (m, 3H, CHs), 1.28-1.87 (m, 23H, CH>), 3.23 (m, 2H, CH,), 4.08 (bs,
2H, NH2), 4.27 (m, 3H, N-CHs), 4.60 (m, 2H, N-CH3), 6.99 (bs, 1H, CHim), 7.07 (bs, 1H, CHim); 13C
NMR (CDCls, 75 MHz, 20 MHz): § 14.0 (CH2), 14.1 (CH,), 22.4 (CHa,), 22.7 (CH2), 26.5 (CH2), 28.6
(CHa), 29.2-29.6 (CH3), 31.6 (CHa), 31.9 (CHa), 43.1 (m, N-CHs), 53.0 (m, N-CH,), 123.0 (CHim),
125.5 (CHim).
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H2N<\/\O>1/7
106. Synthesized according to procedure I. Light yellow oil, 9.9 mg, yield 35%. *H NMR (CDCls,
300 MHz, 20 °C): 6 3.38 (s, 3H, CHs), 3.64 (bs, 71H, CH.), 4.30 (s, 3H, N-CHs), 5.88 (s, 2H, N-CH,),
6.72 (d, 1H, CHim), 6.91 (bs, 1H, CHim), 7.36 (m, 5H, CHar).
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= Procedure J: Synthesis of cis [ NHC)PtX2(DMSO)]
The [(NHC)PtX2(DMSO)] complexes were synthesized according to reported procedure:® A
solution of bis(benzyl)imidazol-2-ylidene silver(l) bromide (20 mg, 4.42x10> mol) in DMSO was
treated with KaPtCls (19.3 mg, 4.64x10™ mol) and the resulting mixture was stirred at 60 °C for
24 h. After adding CH,Cl; the reaction mixture was filtered and the filtrate was washed with
water and then dried over Na;SOs. The solvent was removed in vacuum and the remainder

recrystallized from CH,Cl,/pentane.

—N.-N~gn

|
Br—ﬁt—s\ﬁo
Br |

107. The procedure J was adapted adding excess of sodium bromide (10 equiv.) White solid,
12.5 mg, yield 47%. 1 H NMR (CDCls, 300 MHz, 20 °C): 6 3.05 (s+d, J=24.8 Hz, 3H, CHs), 3.47 (s,
3H, CHs), 3.98 (s, 3H, N-CHs), 5.33-5.79 (dd, J1=117.5 Hz, Jo=14.3 Hz, 2H, CHin), 6.85 (d, J=2.1 Hz,
1H, CHim), 6.91 (d, J=2.1 Hz, 1H, CHim), 7.21-7.36 (m, 5H, CHar).
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/N\C/N\Bn
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Cl—Pt-§=0
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108. Synthesized according to procedure J. White solid, 14.8 mg, yield 65%. 'H NMR (CDCls, 300
MHz, 20 °C): 6 3.03 (s+d, J=24.8 Hz, 3H, CH3s), 3.45 (s, 3H, CH3z), 4.01 (s, 3H, N-CH3z), 5.42-5.86 (dd,
J1=117.5 Hz, J,=14.3 Hz, 2H, CHim), 6.86 (d, J=2.1 Hz, 1H, CHin), 6.94 (d, J=2.1 Hz, 1H, CHim), 7.29-
7.38 (m, 5H, CHar).

> J. K. Muenzner, T. Rehm, B. Biersack, A. Casini, I. A. M. de Graaf, P. Worawutputtapong, A.
Noor, R. Kempe, V. Brabec, J. Kasparkova, R. Schobert J. Med. Chem. 2015, 58, 6283-6292
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4) X-Ray diffraction

= [(NHC)Ptl(pyr)] complexes

O/

13
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= [(NHC)Ptl2(PnPhs)] complexes

¢
I—Pt-AsPhs
52b [
N
—~N_ N~ :
¢
I—Pt-SbPh,
51c I
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= [(NHC)Ptl (PnPh3)2]*[I]" complex

/:\ _|+, I

/N\C/N\Bn

|
PhsP-Pt-PPhg
57a I

223



Chapter 5 Experimental part

[(NHC)PtBrsL] complexes
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5) General procedure for reduction of [(NHC)PtX4(pyridine)] complexes in DMSO

The stability of the complexes was monitored in de-DMSO by 'H NMR at 20 °C and at a
concentration of 103 M of platinum. The formation of cis [(NHC)PtX2(DMSO)] species was
confirmed by comparison with synthetic samples of 107 and 108. The kinetic of the reaction was
monitored via integration of the 'H NMR signals attributed to the ortho-positions in the pyridine
moiety in free pyridine (6=8.8 ppm) versus its platinum-coordinated derivative (6=9.1 ppm) (in

de-DMSO, see example Figure A).

N. N [
—N -N~c.H N, N~
aSa ®" deDMso T c CsH1q
c-hitel — g C'_F.’t'?\go

/N | Cl

x
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W

7 65 (] 55 5 4, 4 35 3 25 2 15 1 05

Figure 48: Reaction progress with platinum complex 95 (representative example) at 20 °C in de-

DMSO.
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6) General procedure for reduction of [([NHC)PtX4L] complexes by bioreductants

The reduction of the complexes was monitored in freshly opened DMSO by UV-vis
measurement at 25 °C and at a concentration of 103 M of platinum. The formation of cis
[(NHC)PtX,L] species was confirmed by comparison with synthetic samples described in chapter
2. The kinetic of the reaction was monitored thanks to the intensity decrease of the absorbance

band at A = 380 nm characteristic of the NHC-Pt(IV) complexes. (in DMSO, see example Figure

B).
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Figure 49: Reaction progress of platinum complex 95 with methionine (representative example)

at 20°Cin DMSO.
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7) Electrochemical investigation by cyclic voltammetry

All the electrochemical measurements were performed in a three-electrode cell using a 3 mm
diameter glassy carbon disk working electrode and Pt electrodes as counter electrode and
pseudo-reference electrode. To avoid the presence of dissolved oxygen, the solutions were
purged with argon before each current-potential curve measurement. The voltammograms
discussed in this work were acquired at a scan rate of 100 mV.s! at room temperature. The
current-potential curves displayed in this have been obtained in the presence of a small amount
of ferrocene, the origin of the potential axis being referred to the reversible redox waves of the

ferrocene.

=  Cyclic voltammetry of NHC-Pt(ll) and NHC-Pt(IV) complexes in CH3CN
In this case, the platinum complex was added to a 5 mL acetonitrile solution ([Pt]~0.1 mM)
containing 0.1 M TBAPFs as supporting electrolyte. The current-potential curves were first
measured in the absence and then in the presence of a small amount of ferrocene added for the

potential axis calibration.
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A) 20-
—— [(NHC)P1Br, (pyr)]
— [(NHC)PHCI,(pyr)]
10 H
2 .
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Figure 50: Cyclic voltammetry in 0.1M TBAPFs and acetonitrile solution at a scan rate of 100 mV.s on A)

NHC-Pt(IV) complexes 59 and 95, B) NHC-Pt(Il) complexes 2, 4 and 6
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= Cyclic voltammetry of NHC-Pt(IV) complexes in DMSO
In this case, the platinum complex was added to a 5 mL DMSO solution ([Pt]*0.1 mM)
containing 0.1 M TBAPFs as supporting electrolyte. Each voltammograms were acquired at a
scan rate of 100 mV.s! at room temperature after progressive addition of small amounts of

water. Small amount of ferrocene was added as a reference for potential calibration.

60
50 4 —— DMSO pur |
DMSO + 4% H20 |
——— DMSO + 12% H20
—— DMSO + 24% H20
40
230 -
=
20
10
0 T
-10 . . . . . Y . v .
-1,0 -0,5 0,0 0,5 1,0
E (V) vs Fc

Figure 51: Cyclic voltammetry on bromine NHC-Pt(IV) complex 59 at a scan rate of 100 mV.s*ina 0.1 M
TBAPFs solution of a) DMSO, b) 95%DMS0/5%H-0, c) 85%DMS0O/15%H,0, d) 76%DMS0O/24%H,0

=  Cyclic voltammetry of NHC-Pt(IV) complexes in DMSO with glutathione
In this experiment, the platinum complex was added simultaneously to glutathione to a 5 mL
DMSO solution ([Pt]~0.1 mM) containing 0.1 M TBAPFs as supporting electrolyte. Small amount

of ferrocene was added as a reference for potential calibration.
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I (nA)
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Figure 552: Evolution complex 59 in a DMSO solution with 0.1 M TBAPF; in the presence of one

equivalent of GSH by cyclic voltammetry at 100 mV.s™

8) Apoptosis analysis by Annexin V-Propidium lodide labelling

The human colon cancer cells HCT116 p53 KO were plated (5*104 cells/well) in 96-well plates.
The next day, they were treated either with 95 (0.1, 1, 10 and 100 uM) or with 59 (0.1, 1, 10 and
100 uM) or with oxaliplatin (0.1, 1, 10 and 100 uM), a platinum derivative used as anticancer
agent. After 24 h at 37 °C and 5 % CO, the cells were dissociated using trypsin-EDTA (Sigma-
Aldrich) and incubated with Annexin-V-APC (Becton Dickinson Pharmingen) at 25 °C in the dark
for 15 minutes. Cells were then stained with Propidium lodide (P1) (Sigma Aldrich, 0.01 mg/mL)
and analysed by a FacsCalibur (Becton Dickinson) flow cytometer and the CellQuest Pro
Software. Between 2000 and 5000 cells were acquired for each experimental condition and the
results were processed with FlowJo Data Analysis Software. Experiments were performed in

triplicate.
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95 10 uM 59 10 uM
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Figure 53: Evaluation of apoptosis on HCT116 p53 KO cell lines after treatment with 95, 59 or
oxaliplatin at indicated concentrations (24 h of incubation). After treatment, cells were labelled
Annexin V-APC and Propidium lodide and analysed by flow cytometry. Significant flow
cytometry dot plots showing apoptosis induction are represented. The percentage of early

apoptotic cells (Annexin V*/PI’) and late apoptotic cells (Annexin V*/PI*) are indicated.

9) ROS quantification and mitochondrial respiratory activity (MitoSx and MitoTracker

staining)

The human colon cancer cells HCT116 were plated (5*104 cells/well) in 96-well plates and after
they had adhered, they were treated either with 95 (0.1, 1, 10 and 100 uM) or 59 (0.1, 1.0, 10
and 100 uM) or with oxaliplatin (0.1, 1, 10 and 100 uM, Sigma-Aldrich), a platinum derivative
used as anticancer agent, or with staurosporine (0.1, 1, 10 and 100 uM, Sigma-Aldrich), a
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compound known to induce ROS production. After 12 h at 37 °C and 5 % CO,, the cells were
dissociated using trypsin-EDTA (Sigma-Aldrich) and incubated with either MitoSox Red
mitochondrial superoxide indicator (1.0 uM, Invitrogen) or with MitoTracker Green FM and
MitoTracker Deep Red 633 (0.2 uM, Invitrogen) followed by an incubation at 37 °C in the dark
for 30 minutes. Between 2000 and 5000 cells were acquired for each experimental condition
using a FacsCalibur (Becton Dickinson) flow cytometer and the CellQuest Pro Software. The
results were processed with FlowJo Data Analyis Software. Experiments were performed in

triplicate.
10) Synthesis of NHC-Pt-albumin macromolecules

=  Procedure K: NHC-Pt complex encapsulation into bovin serum albumin
To a BSA mixture in PBS/DMSO in a 18/1 ratio was slowly added a freshly prepared solution of
NHC-Pt complex in DMSO and stirred for 15 minutes at 37 °C. The BSA concentration was
maintained constant at 2.5x10® M for all experiments. The solution was allowed to settle for
two complementary hours at 37 °C to ensure complete platinum uptake. Dialyse over one litter
of water for 6 hours and subsequent lyophilization of the dialysate afforded the expected

macromolecule as a light yellow solid.

/N‘(;:’N‘CsHﬂ
CI-Pt-CI

N_ +BSA
J

109

109. Synthesized according to procedure K. UV-vis (9/1 of H,O/DMSO) Amax (nm): 239, 270.
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/N‘Q‘N\C5H11
Br—Plt—Br

N +BSA
J

110

110. Synthesized according to procedure K. UV-vis (9/1 of H20/DMSQO) Amax (nm): 239, 275.

/N‘c‘N‘C5H11

c1.$ cl
ci-Rtel

N +BSA
J

111

111. Synthesized according to procedure K. UV-vis (9/1 of H,0/DMSO) Amax (nm): 238, 269.

/N‘C'N\c5H11

Br._ . .Br
Br'l::t Br

/NI + BSA
J
112

112. Synthesized according to procedure K. UV-vis (9/1 of H,0/DMSO) Amax (nm): 238, 278.
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Figure 56: Evaluation of the interaction of NHC-Pt(Il) complexes with BSA by UV depending on
the Pt/BSA ratio for 109 (above) and 110 (below)
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11) Synthesis of NHC-Pt-PEI complexes

=  Procedure L: NHC-Pt coordination on PEI
Under argon, a solution of complex 5 (20 mg, 28.6 umol) and linear poly(ethyleneimine) of 25k
Da (36.9 mg, 1.47 umol) in ethanol (10 mL) was stirred for two days at 55°C.° The resulting
solution was then concentrated under reduced pressure, precipitated by addition of excess
diethyl ether and further centrifuged for 10 min at 10k rpm to afford the NHC-Pt-PEI conjugate

as a white muggy solid.

113. Synthesized according to procedure L. White muggy solid, quant. 1H NMR (MeOD/CDsCN,
300 MHz, 20°C): 6 2.2-3.1 (m, CHazpei), 3.1-3.6 (m, CHa,pei+NHpg overlap with MeOD), 4.0-4.5 (m,
NCHs3), 59 (m, NCH;), 7.1-8.0 (m, CHintHa). Elemental Analysis: Calculated for
C71H16212N32Pt.25H,0: C, 36.08; H, 9.04; N, 18.96; found C, 38.09; H, 7.60; N, 16.24.

Bn_
Y
\Pt/ \N
/ \
NH H NH
HzN /\HW % N/\/ 2

n

1Pt/40NH

6 N. Chekkat, G.Dahm, E.Chardon, M. Wantz, J.Sitz, M. Decossas, O.Lambert, B. Frisch,
R. Rubbiani, G. Gasser, G. Guichard, S. Fournel, S. Bellemin-Laponnaz Bioconjugate

Chem. 2016, 27, 1942-1948
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114. The procedure L was adapted using 10.1 mg of complex 5 and 25 mg of PEI to afford 114.
White muggy solid, quant. *H NMR (MeOD, 500 MHz, 20 °C): 6 0.80-2.11 (m, CHzpe1), 2.36-2.93
(m, CHz,per), 3.06-4.11 (bs + m, CHa,pei+NHpe overlap with MeOD), 4.79 (bs, CH2per), 5.69 (m, N-
CHa), 6.51 (M, CHim), 6.79 (M, CHim), 7.21-7.62 (m, 94H, CHim+Har); 23C NMR (MeOD, 125MHz, 20
°C): 6 10.1-10.7, 15.5, 18.4, 23.8, 24.5, 27.4, 29.9-30.8, 32.3, 33.2, 35.3, 38.4-43.0, 45.3-48.1,
50.9-53.3, 55.0-55.7, 56.6-58.1, 58.3, 59.8-60.9, 64.9, 67.0, 77.7, 79.1, 82.4, 119.1 (CHim), 124.2-
125.1 (CHim), 129.6-130.8 (CHar), 131.4 (CHar), 135.6 (Car), 138.0 (Car).

1Pt/50NH

115. The procedure L was adapted using 8.1 mg of complex 5 and 25 mg of PEIl to afford 115.
White muggy solid, quant. *H NMR (MeOD, 500 MHz, 20 °C): § 0.66-2.11 (m, CHzpel), 2.37-2.91
(m, CHzpel), 3.06-4.12 (bs + m, NH + NHpg overlap with MeOD), 4.79 (bs, CHzpel), 5.24-5.74 (m,
N-CH3), 6.51 (m, CHim), 6.80 (m, CHim), 7.11-8.45 (m, 94H, CHim+Har); 13C NMR (MeOD, 125 MHz,
20 °C): 6 10.0-10.5,14.5, 19.9, 23.7, 24.3, 27.2, 28.1, 29.9-30.8, 33.1, 35.3, 36.6, 46.3-48.0, 52.5-
57.0, 59.9, 79.0-79.6, 119.1 (CHim), 124.3-124.9 (CHim), 129.6-130.6 (CHar), 131.3 (CHar), 135.7
(Car), 138.3 (Car).

Bn_
R
“PtTTON
\
NH H NH
H,oN \/\N</\/ 98 N>
H H
n
1Pt/100NH

116. The procedure L was adapted using 4 mg of complex 5 and 25 mg of PEIl to afford 116.

White muggy solid, quant. *H NMR (MeOD, 500 MHz, 20 °C): 6 0.68-2.11 (m, CHazpgl), 2.34-2.85
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(m, CHz,pe1), 3.15-4.31 (bs + m, NH + NHpg overlap with MeOD), 4.80 (bs, CHz,pei), 5.24-5.67 (m,
N-CH,), 6.51 (m, CHim), 6.80 (M, CHim), 6.95-8.45 (m, 94H, CHim+Har);

= Procedure M: Condensation of carboxylic acids at the PEI extremities

Under argon, a solution of carboxylic acid derivative (2 equiv.) and N-hydroxysuccinimide (3
equiv.) was stirred at 20°C for 10 min. 1.55 mg of N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (3 equiv.) was added to the solution and stirred at 20°C for
another 30min. Poly(ethyleneimine) of 25k Da (1 equiv. 83 mg, 3.32 umol) was then added
to the solution which was stirred at 50°C for three days. The resulting solution was then
concentrated under reduced pressure, precipitated by addition of excess diethyl ether and

further centrifuged for 10min at 10k rpm to afford the functionalized PEI as colourless oil.

(@]
R
H H
10 0 578 ) 16

117. Synthesized according to procedure N. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 1.08-1.25 (m, CHape), 2.74 (m, CHazpe), 3.31-3.64 (m, CHope+ CHopec), 4.82 (bs,
CHa,per+CH2 pec+NHpe); 3C NMR (MeOD, 125MHz, 20 °C): & 10.0 (CHzpe), 10.4 (CHzpe), 14.4
(CHz,p1), 14.5 (CH2,p1), 15.8 (CH2,pei), 20.0 (CHz,pei), 23.6 (CH2,pe1), 27.0 (CH2,per), 28.8 (CHa,pei), 29.8-
31.1 (CHa,pei), 32.8 (CH2,per), 33.9 (CHa,pei), 34.6 (CH2,per), 35.1 (CHa,pei), 35.6 (CH2,per), 35.7 (CH2,pei),
39.1 (CHazpel), 40.0 (CHzpel), 40.1 (CHapel), 41.6 (CHzpel), 45.4 (CHapel), 45.8 (CHapel), 46.6-49.9
(CHa,pe1 + MeOD), 52.4 (CHapec), 54.9 (CH2pes), 57.5 (CH2pec), 57.9 (CHapes), 59.0 (CH2pes), 60.7
(CHz,pec), 61.4 (CH2,pec), 64.3 (CH2,pec), 70.4 (CH2,pec), 71.1 (CHapec), 71.3 (CHapec), 73.6 (CHzpeG),
79.1 (CHz,peg), C=0 could not be seen.

6 O 578 66

118. Synthesized according to procedure N. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C)Z 6 2.73 (m, CHZ,PH), 3.28-3.63 (m, CHz,pE|+ CHZ,PEG), 4.86 (bS, CHz,pE|+NHPE|); 13C NMR (MeOD,
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125 MHz, 20 °C): 6 9.0 (CHzpe), 13.3 (CHapm), 14.6 (CHape), 22.4 (CHzpe), 25.6 (CHape), 25.7
(CHzpe1), 25.9 (CHa,pe1), 26.8 (CH,pe1), 27.6 (CHape1), 28.9-29.9 (CHzpe1), 31.7 (CHapm1), 34.5 (CHzpe),
36.2 (CHa,pe1), 37.9 (CHa,pe), 38.4 (CHaper), 42.9-48.4 (CHa,pe+MeOD), 50.1 (CHa pea), 55.1 (CHa,pec),
56.7 (CHzpes), 60.9 (CHzpec), 68.5 (CHapec), 69.7-70.2 (CHzpec), 72.4 (CHapec), 159.6 (C=0).

b 29\[]/ ”)\/ \/\H Cq4H2g
0 578

119. Synthesized according to procedure N. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 0.87 (t, J=6.7 Hz, CH3aic), 1.09 (m, CHapei + CH2aic), 1.23 (q, J1=14.1 Hz, J,=6.7 Hz, overlap m,
CHapei + CHaalc), 1.56-1.88 (m, CHy,pei), 2.24-2.57 (m, CHypei), 2.75-2.87 (m, CHzpei), 3.28-3.72 (m,
CHa,p1), 4.11 (bs, CHa,pei+NHpe).

H H
N N
o)
120. Synthesized according to procedure N. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
OC): 6 1.11'1.28 (m, CHZIPE|+CHZIadamanty|), 1.72'1.75 (bS, CHZIPE|+CH2,adamanty|), 2.25 (m, CHZ,PE|),
2.38-2.54 (m, CHz,pE|), 2.73-2.81 (m, CHz,PE|), 3.32-3.75 (m, CHz,PE|), 4.11 (m, CHz,pE|+NHPE|).

HO H

OHO

OH

H H
N N~
(0]
OH OH
121. Synthesized according to procedure N. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 1.10-1.31 (m, CHa,pe+CH2.4ic), 1.77-2.74 (m, CHa,per+CH2 1), 3.21-3.71 (m, CHapel), 4.13-4.21

(bS, CHz,pE|+N HPE|).
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122. Synthesized according to procedure N. Light yellow oil, quant. *H NMR (MeOD, 500 MHz, 20

°C): & 1.10-1.31 (M, CHapr1), 1.61-1.87 (m, CHape), 2.23-2.25 (m, CHapel), 2.34-2.84 (m, CHapel),
3.19-3.70 (m, CHzper + NH2pe), 3.96-4.10 (bs, CHzpe+NHpr), 7.49 (m, CHanthracene), 8.05 (m,
CHanthracene), 8.21-8.23 (m, CHanthracene), 8.41 (M, CHanthracene); 3C NMR (MeOD, 125 MHz, 20 °C): §
9.9 (CHape), 10.1 (CHzpe), 14.4 (CHzpe), 14.6 (CHzpr), 15.8 (CHzpe), 18.1 (CHzpe), 26.7-27.0
(CH2.pe1), 31.2 (CHape1), 36.8 (CH2,p1), 37.3 (CH2pr1), 40.6 (CHap1), 44.1 (CHa,pg1), 44.8 (CH2pe1), 45.6
(CH2,pe1), 45.8 (CH2,pe1), 45.9 (CH2,pe1), 46.8 (CH2,per), 47.2 (CHy,per), 47.8 (CHz,pei), 48.8-49.1 (CHypei),
56.1-56.8 (CHape), 58.1 (CHzpe), 160.7 (CHanthracene), 163.2.6-163.1 (Canthracene), 163.3
(CHanthracene), 164.1 (CHanthracene), 176.1 (C=0); UV-vis (EtOH) Amax (nm): 256; Fluorescence:
Aex=390 nm, Aem=359 nm.

123. Synthesized according to procedure N. Light yellow oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 1.1-1.23 (m, CHz,pe1), 1.74 (m, CHa2pe1), 2.23 (s, CHa,pr1), 2.37-2.43 (m, CHzpei), 2.50-2.54 (m,
CHa,per), 3.20-3.38 (m, CH2,pe+MeOD), 4.10-4.22 (bs, CHz pei+NHpei), 6.93 (m, CHfiuorene), 7.35-7.52
(m, CHsiworene), 7.85 (M, CHfiuorene); 3C NMR (MeOD, 125MHz, 20 °C): & 14.6 (CH2pe), 18.5
(CH2,p1), 26.8 (CH2,pe1), 26.9 (CH2,pe1), 35.7 (CH2,pri1), 37.3 (CH2,per), 37.4-37.6 (CH2,per), 40.9 (CH2pei),
44.1 (CHzpe), 44.7-44.9 (CHapei), 47.8-49.8 (CH2,pe1 + MeOD), 56.2 (CHypei), 58.1 (CH2,pri), 61.2
(CH2,pe1), 61.3 (CHzper), 158.2 (CHfivorene), 157.0 (CHfiuorene), 159.9-160.7 (CHfiorene), 162.9-163.3
(CHfiorene), 164.4 (CHfivorene), 173.3 (Chiuorene), 173.4 (Chivorene), 176.1 (C=0); UV-vis (EtOH) Amax

(nm): 205; Fluorescence: Aex= 390nmM, Aem=357 nm.
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124. Synthesized according to procedure N. Yellow oil, quant. *H NMR (MeOD, 500 MHz, 20 °C):
6 1.90-3.04 (m, CHzpel), 3.43-4.14 (m, CH2,pei overlap MeOD), 4.89 (bs, CHz,pei+NHpg), 5.80-5.89
(m, N-CH), 7.40-7.78 (m, Har+Hcoumarin); 3C NMR (MeOD, 125 MHz, 20 °C): & 10.1 (CHs), 13.0
(CHs), 17.2 (CH2,pe1), 18.6 (CH2,pe1), 30.5 (CH2,pei), 30.7 (CHzper), 41.8 (CHa,per), 42.8 (CH2,pei), 45.4-
47.9 (CH2,pr1), 49.8 (CH2-N), 51.6-52.8 (CHz,pei), 55.6 (CH2,per), 76.1-76.4 (CH2,pe1), 112.1 (CHcoumarin),
118.9 (CHcoumarin), 125.6 (CHcoumarin), 125.9 (CHcoumarin), 128.7 (CHcoumarin), 144.1 (CHcoumarin),
1632.9-163.4 (Ccoumarin), 171.0-171.5 (C=0); UV-vis (EtOH) Amax (nm): 204, 250, 417 ;

Fluorescence: Aex=390 nm, Aem=361 nm.
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16 (0] 0) 16
1Pt/30NH n
125. Synthesized according to procedure L. Light yellow oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 0.98-2.16 (m, CHa,pei), 2.27-2.65 (m, CHz,per), 2.96-4.03 (bs + m, CHz,pei+N-CH3 overlap with
MeOD), 4.76 (bs, CHapei+NHpg), 5.50 (m, N-CH2), 6.72 (m, CHim), 7.02 (m, CHim), 7.22-7.41 (m,
94H, CHim+Har); DEPT NMR (MeOD, 125 MHz, 20 °C): § 18.3 (CHy), 18.5, 19.6, 20.1, 31.1, 31.3,
31.4, 32.9, 33.3, 34.6, 37.0, 38.0, 38.8, 39.7, 41.4, 41.5, 43.1, 43.2, 44.9, 48.9-53.4 (N-CH3s), 60.6
(N-CH), 62.0, 62.4, 66.6, 75.4 , 132.9-134.0 (CH), 176.2 (C=0), 183.7 (C=0).
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1Pt/30NH
126. Synthesized according to procedure L. Light yellow oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 1.79-2.20 (m, CHz,per), 2.31-2.95 (m, CHypei1), 3.07-4.04 (bs + m, CHy,pei+N-CHs overlap with
MeOD), 4.10-4.49, 4.55 (bs, CHz,pei+NHpel), 6.22-6.92 (m, N-CH2), 7.52-7.81 (m, CHim), 7.95-8.46
(m, CHim+Har).
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127. Synthesized according to procedure L. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): & 0.80 (t, J=6.7Hz, CH2,pr1), 1.00 (M, CHzper+ CHaaic), 1.07 (t, J=6.7Hz, CHapg)), 1.13-1.24 (m,
CHapei+ CH2,a1c), 1.49-1.92 (m, CHapei), 2.05 (bs, CHapei), 2.13-2.65 (m, CHzpei), 3.24 (bs, CHzpei),
3.32-4.03 (M, CHa,pei+N-CHs3), 4.75 (bs, CH2,pei+NHper), 5.22 5.89 (m, N-CH,), 6.66-7.15 (m, CHim),
7.17-7.49 (m, Ha).
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128. Synthesized according to procedure L. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 0.88-2.04 (m, CHa,pei+CH2,adamantyl), 2.13-2.99 (m, CH2,pei+CH2 adamantyt), 3.23-4.20 (bs + m,
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CHg,pei+N-CHs overlap with MeQOD), 4.90 (bs, CHz,pei+ NHpgi), 5.33-6.00 (m, N-CH3), 6.61 (m, CHim),
6.89 (M, CHim), 7.05-7.59 (m, 94H, CHim+Har); 3C NMR (MeOD, 125 MHz, 20 °C): & 14.4, 14.6,
19.9, 23.7, 26.9, 27.3, 28.1, 29.9-30.8 (CHy,pei+N-CH3), 33.1 (N-CH3), 35.2 (CH2,adamanty+CHa,pei),
35.7 (CH2,adamantyi+CHa,per), 37.4 (CH2adamanty+CHzpei), 42.7-47.0 (CH2,adamanty+CHazpe1), 53.5-55.3
(N-CH), 58.2, 61.4, 119.0-124.9 (CHim), 129.1-131.3 (CHar), 135.6 (CHar), 138.1-138.2 (CHar),
175.3 (C=0).

OH H HO
@ NN

HO
OH 1Pt/30NH n OH

129. Synthesized according to procedure L. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
DC): 6 1.05-1.30 (m, CHz,pE|+CH2,a|c), 2.24-2.72 (m, CHgy,pei+ CH2,a|c), 3.27-4.09 (m, CHz,pE|+N-CH3),
4.84 (bs, CHy,pei+ NHpgi), 5.25-5.58 (m, N-CH3), 6.78-6.80 (m, CHim), 7.01-7.55 (m, Har).

N N
H H H
O 1Pt/30NH " '

130. Synthesized according to procedure L. Light yellow oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 2.02-3.01 (m, CHzpe1), 3.31-4.14 (m, CHapel), 3.96 (bs, CHape+NHpei), 5.70-6.11 (m, N-CHa),
7.27-7.78 (m, HartHanthracene); 3C NMR (MeOD, 125MHz, 20 °C): & 10.1-61.2 (CHa,pei+N-CH2+N-
CHs), 124.2-130.6 (CHar), 161.4-164.5 (CHa+C-Pt), 173.6-177.3 (C=0).
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131. Synthesized according to procedure L. Light yellow oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 62.27-3.03 (m, CHaz,pei), 3.49-4.23 (m, CHa,pei+NHpgi), 5.80-5.92 (m, N-CH), 7.40-7.61 (m, CHim
+ Har); 13C NMR (MeOD, 125 MHz, 20 °C): 6 10.1-61.6 (CH2+N-CH2+N-CHs), 124.3-125.0 (CHim),
129.7-130.6 (CHar), 137.1-138.3 (CHar), 161.4-164.5 (CHar+C-Pt), 171.4-177.2 (C=0).
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132. Synthesized according to procedure L. Yellow oil, quant. *H NMR (MeOD, 500 MHz, 20 °C): &
1.13-1.31 (m, CHzpei), 2.14-3.07 (m, CHzpei), 3.33-3.66 (m, CHy,pei overlap MeOD), 4.02-4.24 (bs,
CHzpei+ CHape+NHpe+N-CHs), 5.82-5.90 (m, N-CHz), 7.29-7.77 (m, Har+Hcoumarin); 3C NMR
(MeOD, 125MHz, 20 °C): 6 10.1 (CH3s), 13.0 (CHs), 17.2 (CHz,pe1), 18.6 (CHa,pri1), 30.5 (CH2,pe1), 30.7
(CH2,pe1), 41.8 (CHape1), 42.8 (CHzpe1), 45.4-47.9 (CH2,per), 49.8 (CH2-N), 51.6-52.8 (CHz,pe1), 55.6
(CHzpe), 76.1-76.4 (CHzper), 112.1 (CHcoumarin), 118.9 (CHcoumarin), 125.6 (CHcoumarin), 125.9
(CHcoumarin), 128.7 (CHcoumarin), 144.1 (CHcoumarin), 1632.9-163.4 (Ccoumarin), 171.0-171.5 (C=0).

=  Procedure N: Fluorescein thioisocyanate condensation at the NHC-Pt-PEI conJugate 113
To a solution of 113 (20 mg, 0.54 umol) in DMSO (1 mL) and PBS 7.4 (2 mL) was added a solution
of fluorescein isothiocyanate (0.026 mg, 0.054 umol) in DMSO (100 uL) and stirred in the dark at

20°C, for 3 h. The solution was concentrated under reduced pressure, diluted in ethanol (0.3
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mL) and subsequently dialysed toward PBS 7.4 (500 mL) at 20°C for 24h. The 133 solution was

then recovered and lyophilized under reduced pressure to afford deep orange muggy solid.
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133. Synthesized according to procedure N. Orange oil, quant. *H NMR (MeOD, 500 MHz, 20 °C):
6 0.81-1.19 (m, CHzper), 2.87 (bs, CHzpei), 3.22 (bs, CHz,pr1), 3.25-3.55 (m, CH2,per), 3.87-4.12 (m,
CHa,pei+N-CHs), 4.75 (bs, CHapei+ NHpe), 5.41-5.90 (m, N-CH;), 6.41-6.42 (m, H), 7.01-8.46 (m,
Har); UV-vis (EtOH) Amax (nm): 508; Fluorescence: Aex=508 nm, Aem=525 nm.

=  Procedure O: Condensation by intermolecular ring opening
(2)-3-(1-hydroxy-3-(naphthalen-2-yl)-3-oxoprop-1-en-1-yl)-6,6,9a-trimethyl-5,6-dihydro-2H-
furo[3,2-glisochromene-2,9(9aH)-dione (0.12 mg, 0.27 umol) was solubilized in 4mL of H,0/HCI
(pH 2.5). A solution of 113 (10 mg, 0.27 umol) in ethanol (1 mL) was then added and further
stirred in the dark at 20°C for 24 h. The resulting solution was lyophilized under reduced

pressure to afford a deep red muggy solid.

1Pt/30NH
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134. Synthesized according to procedure O. Red muggy solid, quant. *H NMR (MeOD, 500 MHz,
20 °C): 6 1.12 (t, J=6.7 Hz, CHy,p1), 1.25 (M, CH2,pei+ Hepico), 1.30 (t, J=6.7 Hz, CHy,pei), 2.45-2.69 (m,
CHa,per), 2.77 (bs, CHapei), 3.34 (bs, CHapei), 3.44-3.51 (m, CHapei), 3.93-4.23 (m, CHapei+N-CH3),
4.85 (bs, CHz,pei+ NHpei), 5.34-5.91 (m, N-CH3), 7.30-7.73 (m, Har+CHim+Hepico); UV-vis (EtOH) Amax
(nm): 231, 418.

135. Synthesized according to procedure B starting from a TMS-protected imidazolium and

subsequent TMS deprotection by 6h stirring on a methanol suspension at room temperature.

= Procedure P: Click reaction
By adaptation of a reported synthesis,” a solution of alkyne derivative (3 mg, 0.042 mmol) in THF
(1.5 mL) and a solution of benzyl azide (3 mg, 0.014 mmol) in THF (1 mL) were added to a
solution of [RuCICp*(PPhs),] (0.6 mg, 7.45x107 mol) in THF (1 mL). The mixture was then heated
overnight at 75°C. The solvent was then removed under vacuum. The residue was purified by
means of silica gel chromatography using a mixture of CH,Cl>/pentane 3:1 followed by CH,Cl,

and then ethyl acetate to afford the compound as a yellow-brown oil.

7 E. Chardon, G. L. Puleo, G. Dahm, S. Fournel, G. Guichard, S. Bellemin-Laponnaz Chem. Plus

Chem. 2012, 77, 1028-1038
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136. Synthesized according to procedure P and further reacted without further purification.

1Pt/30NH
137. Synthesized according to procedure L. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 0.91 (t, J=6.7 Hz, CHapr), 1.12 (t, J=6.7 Hz, CH2per), 1.26-1.41 (m, CHzpe), 1.61-2.47 (m,
CHapei), 2.77 (m, CHzpe), 3.42-3.65 (m, CHzper), 5.08-5.37 (m, CHy,pei+N-CHs), 5.50 (bs, CHzpei+
NHpg), 5.95 (m, N-CHy), 6.51 (m, CHim), 6.62 (m, Har), 6.91 (m, Har), 6.93-7.47 (m, Ha), 8.07 (m,
Har), 8.56 (s, Har).
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138. Synthesized according to procedure L adapted to react for 7 d. Red oil, quant. 'H NMR
(MeOD, 500 MHz, 20 °C): & -0.34 (bs, NHpyrrole), 0.87 (t, J=6.6 Hz, CHypr), 1.07 (t, J=6.6 Hz,
CHa,per), 1.19-1.57 (m, CH2,pei), 2.05 (bs, CH2,pei), 2.58-3.90 (bs, CHa,pei+N-CH3 overlap MeOD), 4.75
(bs, CHz,pei+NHper), 6.51 (s, NHC), 6.80 (m, NHC), 7.24 (m, NHC), 7.78-8.07 (m, NHC), 8.44 (m,
NHC), 8.61 (m, NHC), 8.86 (m, NHC); UV-vis (EtOH) Amax (nm): 205, 421, 540.
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139. Synthesized according to procedure L adapted to react for 7 d. Red oil, quant. 'H NMR
(MeOD, 500 MHz, 20 °C): 6 1.01-1.56 (m, CHa,pe1), 2.05 (s, CHz,pei), 2.67 (bs, CH2,pei), 3.06-3.83 (bs
CH2,pei+N-CHs overlap MeOD), 4.75 (bs, CH2pei+NHpel), 7.22 (m, NHC), 7.39-7.43 (dd, J1=14.4 Hz,
J2=2.1Hz, NHC), 7.61-7.86 (m, NHC), 8.44 (s, NHC), 8.55-8.70 (m, NHC); UV-vis (EtOH) Amax (nm):
203, 426, 536.

=  Procedure Q: Condensation of SPDP moiety
Under argon, a succinimidyl 3-(2-pyridyldithio)propionate solution (1.3 mg, 4.4 umol) in DMSO
(1 mL) was added to a solution of linear poly(ethyleneimine) of 25kDa (50 mg, 2 nmol) in
ethanol (4 mL) and stirred for 3 h at 20°C. The solution was then concentrated under reduced
pressure, precipitated by addition of excess diethyl ether and further centrifuged for 10 min at

10k rpm to afford the compound as light yellow oil.

H
/N | S\S/\/U\”%\/N)S\N/\MJK/\S/S | N\
™ =

140. Synthesized according to procedure Q. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): & 2.43-2.74 (m, CHapr), 3.32-3.47 (m, CHype+C(O)CH2+CH»-S overlap MeQOD), 4.86 (bs,
CHy,pei+NHpei), 6.99 (s, CHspop), 7.44 (m, CHsppp), 7.82-7.84 (m, CHsppp), 8.05-8.07 (m, CHspop), 8.44
(m, CHspop); 3C NMR (MeOD, 125 MHz, 20 °C): 6§ 9.9-10.4 (CHypr1), 14.4 (CH2pei), 18.2 (CH2,pe1),
23.6 (CHzper), 26.8 (CH2-CH»-S), 27.0 (CHzper), 30.0-30.7 (CH2-CH2-S), 32.8 (CHzper), 35.3-36.3
(CH2,pe1), 39.7-39.8 (CH2,pi1), 41.5 (CHz,pei1), 42.8 (CH2,pei), 46.6-54.6 (CH2,pel + MeOD), 57.4 (CHzpei),
60.7 (CHa,pe1), 64.3 (CH2pe1), 120.8 (CHpyr), 122.3 (CHpyr), 126.3 (CHpyr), 138.9 (CHpyr), 150.5 (Coyr),
160.8 (CH), 165.1 (C=0), 176.3 (CH).

0O

o] o)
H H OH
HO\[(\N)J\(\S/S\/\[(N\/\NA/N%\?B/\NJJ\/\S/S/\HJ\”W
H H H ) NH O
O HN 0] O NH,
O

0]
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141. Synthesized according to procedure O. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 0.87-1.41 (m, CHzpe), 2.15-2.54 (m, CH2pe1), 2.73 (bs, CHzpel), 3.46-3.64 (m, CHzpel), 4.85
(bs, CHz,pei+NHpei), 5.33 (m, CHz,6sH), 6.61 (s, CHas), 6.90 (s, CHasn), 6.92 (s, CHash), 7.18-7.33 (m,
CHasn), 8.08 (m, CHash).
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)X\N/\/i
HoN
2 H Hoo O

142. Synthesized according to procedure O. Colourless oil, quant. *H NMR (MeOD, 500 MHz, 20
°C): 6 1.09-1.82 (m, CHzper), 1.89 (bs, CHzpel), 2.03-2.57 (m, CHz,pri), 2.76 (bs, CHapri), 3.44-4.43
(m, CH2,pe1), 4.86 (bs, CH2,pei+NHpg), 7.35 (m, HB19), 8.09 (m, HB19), 8.55 (m, HB19).

0] @)

Ho)m |\+ '?'T\l\> m‘\OH
ALl A {\HNw\ .
] o)

1Pt/30NH

143. Synthesized according to procedure L. Light yellow oil, quant. *H NMR (MeOD): & 1.12 (t,
J=7.2 Hz, CHape), 1.29 (M, CHapel), 1.69-2.15 (M, CHaper+CHa2,ash), 2.79 (bs, CHzper+CH2ast), 3.46-
3.62 (m, CHzper), 3.94-4.22 (m, CH2,pei), 4.85 (m, CHz,pei+NHpe+N-CHs), 5.82 (m, N-CH,), 7.42-7.74
(m, HartCHim), 8.10 (m, CHz,sH), 8.58 (s, CH2,GsH).
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144 Synthesized according to procedure L. Light yellow oil, quant. *H NMR (MeOD): § 0.92 (t,
J=7.3 Hz, CHape), 1.14 (m, CHzpe), 1.19 (t, J=7.3 Hz, CHa,pe1), 1.27-1.36 (m, CHa,per+CHa He10), 1.91
(s, CHapel), 2.18 (s, CHape), 2.21 (t, J=7.3 Hz, CHapel), 2.37 (t, J=3.7Hz, CHape), 2.77-2.98 (m,
CHy,pei+CHap HB19), 3.36 (bs, CH2pe), 3.50-3.67 (m, CHzpe), 3.97-4.25 (m, CHype+NHpe+N-CHs),
5.85-5.87 (m, N-CH3), 7.41-7.77 (m, Har+CHim), 8.58 (s, HB19).

12) Characterization of PEI-AuNPs

=  Synthesis of 10 nm PEI-AuNPs
To a solution of HAuCls.6H0 (25 mg, 0.73 mmol, Cay = 6.4 mM) in water is added 0.02
equivalents of PEIl and stirred for 30 minutes at 20°C. Then, a solution of TBAB (0.01 equivalents)
in water is slowly added to the mixture and vigorously stirred for one hour at 50°C until
appearance of the characteristic dark red colour. The reaction mixture is then purified by
dialysis over 500 mL of water using a 10 kDa cut-off membrane for 24 h and obtained as a stable

dark red solution in water.

= Synthesis of 30 nm PEI-AuNPs
To a solution of HAuCl4.6H20 (25 mg, 0.73 mmol, Cay = 6.4 mM) in water is added 0.02
equivalents of PEIl and stirred for 30 minutes at 20°C. Then, a solution of TBAB (0.1 equivalents)
in water is slowly added to the mixture and vigorously stirred for 20 minutes at 20°C until

appearance of the characteristic dark red colour. The reaction mixture is then purified by
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dialysis over 500 mL of water using a 10 kDa cut-off membrane for 24 h and obtained as a stable

dark red solution in water.

= UV-vis analysis of selected batch

1,0

—— 10 nm PEI-AuNPs
0,8

0.6 1

Abs

0.4 4

0,2

0.0 T T T T T T T T T T T 1
200 300 400 500 600 700 800
2 (nm)

Figure 54: UV-vis spectra of ~10 nm PEI-AuNPs
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DLS measurement of PEI-AuNPs

Pade Acquisition: Continuous (Number) 00:02:11 24.99 °C
Laplace

Humber

B g ' Contivous

I Ly I
1 T T 660

L
6000

Dispersion statistics

Dn 10%: 10.67 nm Dn 50%: 10.67 nm Dn 90%: 10.67 nm
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Figure 55: DLS measurement on ~10 nm PEI-AuNPs
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Figure 56: DLS measurement on ~30 nm PEI-AuNPs
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TEM images of PEI-AuNPs
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Size distribution of small PEI-AuNPs
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Figure 57: TEM images and size distribution of ~10 nm PEI-AuNPs
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Figure 58: TEM images of ~30 nm PEI-AuNPs

Stability studies
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Figure 57: Stability of 30nm PEI-AuNPs in PBS
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—— 10 nm PEI-AuNPs_1 month
—— 30 nm PEI-AuNPs_1 month
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Figure 58: Stability of PEI-AuNPs over 1 month
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Figure 59: Stability of 10nm PEI-AuNPs with serum

257



Abs

0,0

Chapter 5 Experimental part
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Figure 60: Stability of 30nm PEI-AuNPs with serum
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thérapeutiques dans la lutte antitumorale

Résumeé

Bien que les agents anticancéreux a base de platine soient bien établis en clinique, plusieurs
parametres restent a optimiser, notamment leur toxicité et les phénomeénes de résistances.

La combinaison platine-carbénes N-hétérocycliques (NHCs) a montré des résultats prometteurs
dans la lutte antitumorale. Ainsi, afin de développer des agents anticancéreux innovants, ce travalil
résume les modifications structurales étudiées dans le but d’augmenter la cytotoxicité tout en
réduisant les effets secondaires des complexes.

Une stratégie développée ici porte sur l'introduction de pnictogénes par échange de ligand pour
observer un effet synergétique. Autrement, les efforts se sont concentrés sur les complexes de
NHC-platine(lV) de leur synthése a I'étude de leur stabilité, activité anticancéreuse et mécanisme
d’action. Finalement, la combinaison des NHC-Pt a des nanotransporteurs a été étudiée afin
d’améliorer leur biocompatibilité et sélectivite.

Mots clés : Carbéne N-hétérocyclique, Platine, Anticancer, Médecine Inorganique, Nanotransport

Résumé en anglais

Although platinum-based anticancer drugs are well established, several shortcomings have raised
concerns, namely their toxicity and resistance mechanisms. Therefore, improved anticancer drugs
are strongly awaited to substitute drugs currently used in clinics.

Remarkably, the combination of N-Heterocyclic Carbenes (NHCs) to platinum has recently
demonstrated very promising results as anticancer agents. In the aim to access novel drugs, this
work emphasizes several structural modifications to improve the cytotoxicity and lower side effects.

One strategy developed herein focus on the introduction of pnictogens by ligand exchange to access
a synergistic effect. Otherwise, efforts mainly focused on NHC-platinum(lV) complexes from their
synthesis to stability investigation and anticancer activities and mechanism of action. Finally, the
combination of NHC-Pt drugs to nanodelivery devices has been investigated in order to improve both
their biocompatibility and selectivity toward cancer cells.

Keywords : N-Heterocyclic Carbene, Platinum, Anticancer, Inorganic Medicine, Nanodelivery




