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Titre : Aperçus mécanistiques de la décarboxylation et de l'insertion de CO₂ dans de nouveaux complexes de 
cuivre (I)  

Mots clés : catalyse, cuivre, phenanthroline, décarboxylation, insertion de CO₂, déshydrogénation, acide 
formique, mécanisme, calculs DFT. 
 
Résumé : La décarboxylation des acides 
carboxyliques en composés biarylés, catalysée par les 
complexes de cuivre, est depuis des décennies un 
sujet majeur dans le domaine du couplage croisé. 
Alors que de nombreuses études se concentrent sur 
l’optimisation des conditions de réaction et de 
l’étendue des substrats, les espèces actives de cuivre 
sont mal connues. Par ailleurs, la déshydrogénation 
de l'acide formique catalysée par des complexes de 
cuivre a été peu étudiée et les activités rapportées 
sont  faibles. Ainsi, des études offrant une meilleure 
compréhension des mécanismes et des espèces 
impliquées dans ces  transformations catalytiques 
sont capitales. Cela passe par l'isolement de 
complexes de cuivre, l’étude de leur réactivité et 
l'identification des intermédiaires réactionnels. Bien 
que les ligands azotés bidentes, telle que la 
phenthroline, soient connus pour favoriser les  

réactions de décarboxylation catalysées au cuivre, 
ceux-ci n’offrent pas toujours la solubilité et la 
stabilité requisent pour des études en solution 
organiques. 
Dans cette thèse, j’ai synthétisé de nouveaux 
composés carboxylates et aryles de cuivre(I), eg 
[(phen*)Cu(O₂CAr)] et [(phen*)Cu-Ar] (Ar= aryle), 
avec un ligand ancillaire azoté volumineux (phen*). 
Les structures cristallines de ces espèces sont 
présentées. Ce travail rapporte également mes 
essais de décarboxylation des complexes 
[(phen*)Cu(O₂CAr)]  ainsi que la réaction inverse 
d’insertion de CO₂ dans les dérivés aryles. La 
déshydrogénation de l'acide formique catalysée 
par le formiate de cuivre [(phen*)Cu(O₂CH)] est 
également décrite. Différents mécanismes sont 
proposés pour ces transformations. 

 

 

Title : Mechanistic insights in the decarboxylation and CO₂ insertion into novel copper (I) complexes 
 
Keywords : catalysis, copper, phenanthroline, decarboxylation, CO₂ insertion, dehydrogenation, formic acid, 
mechanism, DFT calculation. 
 
Abstract : Decarboxylation of carboxylic acids to 
biaryl compounds catalyzed by copper complexes is 
of tremendous interest in cross-coupling. While 
many studies focused on the optimising reaction 
conditions and the substrates range , little is known 
about the active Cu species. Furthermore, the 
dehydrogenation of formic acid catalysed by copper 
complexes has been poorly studied and the reported 
activities are low. Studies offering a better 
understanding of the mechanisms and of the species 
involved in these catalytic transformations are vital. 
This requires to isolate copper complexes, studying 
their reactivity and identifying the reaction 
intermediates. Although bidentate nitrogen ligands  

such as phenanthroline are known to favor copper-
catalysed decarboxylation reactions, they do not 
always offer the solubility and stability required for 
studies in solution. In this thesis, I synthesised novel 
carboxylate and aryl Cu(I) compounds, eg 
[(phen*)Cu(O₂CAr)] and [(phen*)Cu-Ar] (Ar=aryl), 
with a bulky nitrogen ancillary ligand. Their crystal 
structures are presented. This work reports on my 
experiments to decarboxylate the carboxylate 
complexes [(phen*)Cu(O₂CAr)] and to insert CO₂ 
into the aryl derivatives. Dehydrogenation of 
formic acid catalysed by copper formate 
[(phen*)Cu(O₂CH)] is also described. Different 
mechanisms are proposed for these 
transformations. 
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Résumé substantiel 

L'objectif principal des processus de décarboxylation et de carboxylation est de rompre et de former 

de nouvelles liaisons C-C fortes afin de fabriquer des composés utiles à des fins pharmaceutiques et 

industrielles. Le problème est que la plupart de ces processus nécessitent une activation à haute 

énergie avec une température opérationnelle supérieure à 150 oC dans la chimie des solutions. Une 

compréhension mécanique claire de ces transformations peut aider à rationaliser et à optimiser les 

conditions de réaction. Cependant, dans le cas présent, les conditions difficiles rendent difficile le 

contrôle des intermédiaires réactionnels. Par conséquent, l'objectif d'amélioration d'un processus 

donné est semé d'embûches, en particulier pour la conception de systèmes catalytiques complexes 

impliquant des ions métalliques, des ligands et un solvant. 

Depuis le premier rapport de Gooßen sur la réaction de couplage croisé décarboxylatif catalysée par 

Pd/Cu, le domaine de l'activation décarboxylative s'est considérablement développé. De nombreux 

chercheurs ont largement contribué au développement de plusieurs voies pour la construction de 

liaisons C-C décarboxylatives à partir d'une large gamme d'acides carboxyliques et de partenaires de 

couplage (hétéro)aromatiques. Grâce à leurs travaux, les acides benzoïques, qui sont des réactifs peu 

coûteux, stables et facilement accessibles ou naturels, ont été reconnus comme des alternatives 

économiques aux partenaires de couplage croisé traditionnels. Par exemple, en 2007, le groupe de 

Gooßen a présenté un système catalytique dimétallique PdII/CuI pour la réaction de couplage entre 

des acides benzoïques ortho-substitués et une série d'arènes halogénées. Ils ont souligné l'importance 

des substituants en position ortho des substrats d'acides benzoïques qui améliorent généralement 

l'efficacité de la réaction. Ce point crucial a été observé, à quelques exceptions près, dans de nombreux 

rapports traitant du couplage décarboxylatif avec des haloarènes ou des composés aromatiques non 

fonctionnalisés. Bien que plusieurs méthodes aient été proposées pour accommoder une large gamme 

de dérivés de l'acide benzoïque et de partenaires de couplage, beaucoup de ces développements 

partagent le même inconvénient de températures de réaction élevées (environ 150 oC), avec dans 

certains cas la nécessité d'une quantité stœchiométrique d'agent oxydant tel que les sels d'argent ou 

de cuivre(II). 

En raison de ses performances élevées dans les processus décarboxylatifs, le cuivre a été le métal de 

transition le plus étudié. Les réactions de couplage croisé décarboxylatif promues par le cuivre ont été 

adaptées avec succès à une large gamme d'acides carboxyliques fonctionnalisés, y compris des dérivés 

méta- et para-substitués, et utilisées à la fois en quantité stœchiométrique et catalytique. 

L'inconvénient le plus cité de ces réactions est la température opérationnelle élevée (environ 170 °C). 

Les études théoriques sur le mécanisme de décarboxylation catalysé par le cuivre ont suggéré que le 

carboxylate de cuivre(I) et les espèces aryl-cuivre sont des intermédiaires clés. L'étape de 

décarboxylation est thermodynamiquement défavorable et se produit généralement à des 

températures élevées. Le consensus sur le mécanisme est basé sur une décarboxylation en une étape 

d'un carboxylate de cuivre(I) en un dérivé arylique de cuivre(I). 
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En collaboration avec notre laboratoire, Destro et al. du CEA ont développé une réaction dynamique 

d'échange d'isotopes du carbone pour marquer une gamme d'acides carboxyliques avec du 14CO2. Un 

tel enrichissement a été possible avec un catalyseur cuivre(I) supporté par des ligands présentant un 

échafaudage bisoxazoline dans du DMSO à 150 °C. Cette méthode permet l'incorporation de 14CO2 

marqué dans une large série d'acides carboxyliques et fournit une voie de synthèse très efficace pour 

des produits marqués au carbone d'intérêt pour des applications pharmaceutiques. Ils ont proposé un 

mécanisme de réaction dans lequel l'extrusion du CO2 du carboxylate de cuivre(I) et l'incorporation du 
14CO2 dans l'intermédiaire aryle de cuivre(I) ont lieu de manière réversible. Cependant, leurs tentatives 

d'isoler les intermédiaires de cuivre ont échoué et aucune conclusion définitive n'a été tirée 

concernant les espèces de cuivre actives et leurs états d'oxydation. 

Le but de cette thèse était donc d'étudier et de comprendre le mécanisme du processus de 

décarboxylation catalysé par le cuivre avec un ligand simple dérivé de la 1,10-phénanthroline. 

 

Chapitre 1 - Introduction générale : Réactions de couplage croisé décarboxylatif catalysées par des 

métaux de transition 

Ces dernières années, les réactions de couplage croisé décarboxylatif catalysées par des métaux de 

transition sont apparues comme une nouvelle catégorie importante de transformation organique qui 

trouve une grande variété d'applications dans l'établissement de liaisons carbone-carbone et carbone-

hétéroatome. Dans ces réactions, les acides carboxyliques sont utilisés comme matériau de départ 

pour former de nouvelles liaisons C-C avec les partenaires de couplage et libérer du CO2 comme 

produits secondaires. Les partenaires de couplage peuvent être des alcynes, des hétéroarènes ou des 

haloarènes, tandis que les acides carboxyliques (hétéro)aromatiques, les acides alcaniques et les 

acides carboxyliques insaturés peuvent être utilisés. Le couplage croisé de la décarboxylation avec des 

produits biaryliques a fait l'objet d'une grande attention, car il s'agit de motifs structurels importants 

dans de nombreux composés biologiquement actifs. 

Dans ce chapitre, différents types de réactions de couplage croisé décarboxylatif pour la synthèse de 

composés biaryliques catalysés par différents complexes de métaux de transition seront passés en 

revue. La portée et les applications de ces réactions seront discutées, ainsi que les défis et les limites 

dans ce domaine. Le processus de décarboxylation catalysé par le cuivre sera au centre de l'attention, 

car il se prête à des conditions de réaction plus générales. Des aperçus mécanistiques concernant les 

intermédiaires actifs du cuivre feront l'objet d'une discussion, au cours de laquelle des études 

expérimentales et computationnelles seront présentées. 

Depuis les travaux pionniers de Shepard en 1930, d'énormes progrès ont été réalisés dans la chimie 

décarboxylative de construction de liaisons C-C médiée par le cuivre en utilisant des acides 

carboxyliques et des partenaires de couplage aryles. L'intérêt de cette transformation décarboxylative 

provient de son avantage par rapport aux réactions de couplage croisé traditionnelles, car les acides 

benzoïques sont peu coûteux, stables et faciles à préparer par rapport à certains partenaires de 

couplage organométalliques pré-fonctionnalisés. L'un des principaux inconvénients du processus de 

décarboxylation qui n'a pas été résolu est la température élevée requise pour l'extrusion du CO2, car 

ce clivage de la liaison C-C nécessite une énergie d'activation élevée. 



 

 
8 

 

De nombreux esprits brillants ont rassemblé des éléments importants pour créer diverses voies de 

synthèse de biaryles par décarboxylation d'acides carboxyliques aromatiques, soit par un processus 

redox-neutre, soit par un processus oxydatif. Le groupe de Gooßen a grandement contribué à la 

réalisation d'un couplage croisé direct entre les acides benzoïques et les halogénures d'aryle, en 

particulier dans des conditions catalytiques. Une limitation commune observée est la nécessité de 

substituants coordinatifs en position ortho du groupe carboxylique. L'état de transition pour les CAr-

CCOO est généralement élevé, mais leur présence diminue l'énergie nécessaire pour atteindre l'état de 

transition, ce qui favorise le processus de décarboxylation. Des études approfondies ont permis de 

concevoir de nouvelles conditions catalytiques afin d'élargir la gamme de substrats des acides 

carboxyliques aromatiques, y compris les groupes supports non ortho-substitués. 

En quelques années, leurs observations et études fructueuses ont finalement permis d'élargir le champ 

des substrats aux acides carboxyliques aromatiques para- et méta-substitués. 

Dans le domaine du couplage oxydatif décarboxylatif d'un acide benzoïque avec un arène, il s'agit 

d'une approche plus économique que les couplages décarboxylatifs avec des haloarènes, où aucun sel 

d'halogénure n'est produit comme sous-produit. Cependant, ce domaine est encore pauvre en 

transformations efficaces, dans lesquelles des quantités stœchiométriques de métaux de transition 

sont nécessaires, et manque d'aperçus mécanistiques. À ce jour, seuls deux exemples rapportés par 

les groupes de Maiti et Su nécessitent une quantité catalytique d'un métal de transition, bien qu'avec 

des limitations en termes de gamme de substrats ou de régiosélectivité sur le partenaire de couplage 

de l'arène. En outre, les deux domaines de l'homocouplage décarboxylatif et du couplage croisé entre 

les acides arylcarboxyliques sont sous-développés. L'homocouplage d'acides carboxyliques via une 

double décarboxylation est possible avec une charge catalytique élevée en cuivre, mais il nécessite un 

groupe fonctionnel en position orthogonale sur les acides benzoïques. Alors que des molécules biaryles 

asymétriques peuvent être obtenues à partir d'une large gamme d'acides carboxyliques 

(hétéro)aromatiques, le protocole rapporté souffre d'une faible chimiosélectivité et nécessite une 

quantité stœchiométrique d'oxydant. 

Initialement considérée comme une réaction indésirable au cours du couplage décarboxylatif redox-

neutre et oxydatif, la réaction de protodécarboxylation a été incluse ultérieurement dans une stratégie 

synthétique élégante afin d'éliminer les fonctions d'acide carboxylique utilisées comme groupes 

directeurs. Parmi les métaux à transition d, le cuivre et l'argent sont les plus efficaces pour promouvoir 

cette réaction. Alors que la protodécarboxylation médiée par le cuivre est indépendante de l'acide 

benzoïque ortho-substitué, la protodécarboxylation catalysée par l'argent fonctionne à des 

températures plus basses mais nécessite un groupe ortho. 

En raison de leur rôle essentiel dans le processus de décarboxylation, les espèces métalliques de cuivre 

ont fait l'objet d'une attention particulière. Les premières études mécanistiques réalisées par Nilsson, 

Cohen et Sheppard se sont principalement concentrées sur le mécanisme de décarboxylation et la 

génération d'intermédiaires organocuivrés. Quelques décennies plus tard, l'observation d'espèces 

aryles de cuivre a été confirmée par des calculs modernes effectués par le groupe de Gooßen et Su. Ils 

ont proposé un mécanisme général dans lequel la décarboxylation se produit via la libération de CO2 

du complexe carboxylate de cuivre (I) et génère ensuite une espèce aryle de cuivre. En outre, 

l'importance positive des substituants ortho dans les acides carboxyliques a été expliquée par deux 
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aspects différents et l'influence du ligand sur l'activité du cuivre a été soigneusement calculée. Le 

cuivre (II), crucial dans certaines décarboxylations médiées, manque cependant d'une étude 

mécanistique pour déchiffrer son rôle. 

Des études expérimentales et théoriques ont mis en lumière l'ensemble du processus de 

décarboxylation, particulièrement centré sur le système médié par le cuivre. La recherche a montré 

que non seulement le cuivre métallique peut favoriser la rupture d'une liaison C-C forte par 

décarboxylation, mais qu'il peut également favoriser la création de liaisons C-C par l'insertion de CO2 

dans une liaison Cu-C. Depuis le premier rapport de DePasquale et al. sur l'insertion de CO2 dans [Cu-

(C6F5)] dans du DMA à 70 oC, la fixation du gaz CO2 et son utilisation comme source de C1 dans les 

composés aromatiques pour générer des dérivés de l'acide benzoïque catalysés par des métaux de 

transition ont attiré une attention considérable. Les années 2000 et 2010 ont vu l'évolution des 

méthodologies de synthèse vers la carboxylation, ajoutant ainsi de nouvelles dimensions aux réactions 

d'addition de nucléophiles carbonés au CO2 catalysées par le cuivre. Inspirés par les travaux de Takaya 

et al., Hou et ses collaborateurs ont introduit une méthode d'addition du CO2 catalysée par le cuivre. 

Hou et ses collaborateurs ont introduit un système catalytique à base de cuivre avec des ligands N-

hétérocycles (NHC) pour préparer des composés d'acide carboxylique via la fixation du CO2 dans des 

réactifs organoboroniques. Les chercheurs ont proposé un cycle catalytique soutenu par des réactions 

de contrôle stœchiométriques. Les chercheurs ont proposé un cycle catalytique soutenu par des 

réactions de contrôle stœchiométriques. Ils ont montré que l'aryle de cuivre et le carboxylate de cuivre 

sont des intermédiaires. Une autre stratégie a été développée par Daugulis et al. en 2013, où le 

système catalytique CuI/TMEDA combiné à Et2Zn comme agent réducteur est utilisé pour une 

carboxylation réductrice des iodures d'aryle. Sans aller plus loin dans la chimie de la fixation du CO2, 

nous laisserons ce sujet aux origines et aux développements, et nous renverrons le lecteur aux études 

dans le domaine en évolution de l'insertion du CO2. 

Comme nous l'avons vu plus haut, le cuivre métal s'est avéré efficace pour les réactions de 

décarboxylation et de carboxylation. Les similitudes notables entre les processus de décarboxylation 

et de carboxylation catalysés par le cuivre sont les ligands contenant de l'azote et les intermédiaires 

de cuivre. Dans ce contexte, certains groupes ont conçu des conditions permettant de procéder 

simultanément à la décarboxylation et à la carboxylation. Ces conditions créent un échange dynamique 

favorable à l'incorporation en une seule étape de dioxyde de carbone marqué au 11C, 13C ou 14C dans 

des molécules d'acide carboxylique natif au 12C. Cet échange d'isotopes de carbone (CIE) a été optimisé 

pour réaliser le marquage au carbone de nombreux arènes, hétéroarènes avec un pourcentage 

d'enrichissement isotopique relativement élevé. Une telle réactivité est fortement demandée pour les 

applications pharmaceutiques. Néanmoins, aucune information mécanistique n'est rapportée en 

dehors d'un cycle catalytique général proposé. 

Nous nous sommes donc fixé pour objectif de clarifier le mécanisme et les espèces impliquées dans le 

processus CIE, en commençant par étudier le comportement des complexes de cuivre(I) carboxylate 

et de cuivre(I) aryle dans l'activation réversible de la liaison C-C. L'état actuel de l'art est basé sur un 

ligand bisoxazoline coûteux et peu courant. Nous avons donc prévu d'isoler et de caractériser divers 

complexes de cuivre(I) en utilisant un ligand azoté phénanthroline (phen) plus conventionnel et bien 
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développé dans la chimie du cuivre. En cas de succès, il s'agira du premier aperçu direct du processus 

réversible de décarboxylation/carboxylation par l'intermédiaire de complexes isolés de cuivre(I). 

 

Chapitre 2 - Synthèses, structures et réactivité des complexes [(2,9-(tBu)2-phen)Cu(O2CAryl)] et 

[(2,9-(tBu)2-phen)Cu(Aryl)] : Étude expérimentale et théorique de l'extrusion ou de l'insertion du 

CO2 

Le développement du couplage décarboxylatif catalysé par le cuivre a été entièrement décrit, dans 

lequel il est proposé que le mécanisme de perte de CO2 passe par des espèces de carboxylate de 

cuivre(I) et des intermédiaires aryliques de cuivre(I). Entre-temps, quelques exemples de ces 

complexes de cuivre(I) ont été décrits, avec un nombre limité d'acides carboxyliques.  

En 2019, Destro et al. ont démontré une réaction dynamique d'échange isotopique de carbone (CIE) 

catalysée par un système cuivre-bisoxazoline, où une variété d'acides carboxyliques ont été enrichis 

avec succès en fragment 13CO2 ou 14CO2. On suggère que cette réaction se déroule via un événement 

initial de décarboxylation des espèces carboxylates de cuivre(I) transformées en intermédiaires aryles 

de cuivre(I), qui réagissent ensuite avec le CO2 marqué pour donner les complexes carboxylates de 

cuivre(I) enrichis en 13C ou en 14C. Néanmoins, le mécanisme n'est pas clairement établi et les efforts 

pour isoler une espèce de cuivre(I) bisoxazoline se sont avérés infructueux. 

Ce défi nous a conduits à essayer de clarifier le mécanisme de la réaction CIE, en isolant des 

carboxylates de cuivre(I) et leurs dérivés aryliques de cuivre(I). Pour éviter l'utilisation de ligands 

bisoxazoline qui sont coûteux et difficiles à préparer, nous avons porté notre attention sur des espèces 

de phénanthrolines de cuivre(I) plus accessibles, qui sont beaucoup plus courantes et bien décrites 

dans la chimie du cuivre. 

Nous avons choisi le ligand 2,9-di-tertbutyl-1,10-phénanthroline et [Cu(OtBu)] comme précurseur pour 

synthétiser des carboxylates de cuivre(I) et des espèces aryliques. 

La préparation des complexes [(phen*)Cu(O2CR)] (2−7) a été réalisée par réaction de [Cu(OtBu)] et de 

phen* avec les acides correspondants. Les complexes [(phen*)Cu(O2CR)] (R = o-F-C6H4 (2), p-F-C6H4 (3), 

C6F5 (4), o-NO2-C6H4 (5), p-NO2-C6H4 (6), CF3 (7)) ont été facilement obtenus en traitant une solution de 

THF jaune pâle de [Cu(OtBu)] avec 1 équiv. de 2,9-di-tertbutyl-1,10-phénanthroline (phen*) puis 1 

équiv. de l'acide correspondant (Figure 1). 

 

Figure 1. Synthèse des complexes [(phen*)Cu(O2CR)] 2-7 
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Le complexe [(phen*)Cu‒C6F5] (8) a été synthétisé à partir du précurseur [Cu(C6F5)]4, qui a été préparé 

selon une procédure de la littérature par la réaction métathétique de Grignard C6F5MgBr avec un 

halogénure de CuCl dans l'éther (Figure 2). En suivant cette procédure, l'ajout de 1 équivalent de phen* 

à 0,25 équivalent de [Cu(C6F5)]4 a conduit à une suspension orange immédiate. Une simple filtration 

du solide a donné du 8 pur avec un rendement non optimisé de 72 % et de gros cristaux orange de 8 

ont pu être obtenus en refroidissant lentement une solution de toluène chaude. 

 

Figure 2. Synthèse des complexes [(phen*)Cu‒C6F5] (8) and [(phen)Cu‒C6F5] (8’). 

L'espèce cuivre (I) [(phen*)Cu(C6H4-o-NO2)] (9) a été synthétisée de manière différente car le 

précurseur aryle [Cu(C6H4-o-NO2)]n n'est pas signalé. Nous avons utilisé la méthode publiée par le 

groupe Hoover pour la préparation de l'espèce cuivre(I) [(phen)Cu(C6H4-o-NO2)]. Après purification 

habituelle, le composé 9 a été obtenu pur avec un rendement de 57 % à partir du ajout du 5,5-

diméthyl-2-(2-nitrophényl)-[1,3,2]-dioxaborinane à un mélange de phen* et du [Cu(OtBu)] fraîchement 

sublimé dans le THF (Figure 3). 

 

Figure 3. Synthèse du complexe [(phen*)Cu(C6H4-o-NO2)] (9). 

Le complexe [(phen*)Cu(CF3)] (11) a été synthétisé de manière légèrement différente de la procédure 

rapportée par le groupe de Hartwig en 2011. Le traitement du complexe 10 généré in situ à 

température ambiante pendant 1 h avec un excès de TMSCF3 (3 équiv.) a donné le composé 11 pur 

sous la forme d'un solide jaune (60,3 mg, 60 %) après le traitement habituel (Figure 4). 
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Figure 4. Synthèse du complexe [(phen)Cu(CF3)] (11) à partir de la préparation « in situ » de [(phen*)CuF](HF)] (10). 

En résumé, la structure cristalline de la phénanthroline volumineuse 2,9-tBu2phen (phen*) a été 

déterminée et une série de complexes de cuivre(I) impliquant ce ligand ont été synthétisés, isolés et 

caractérisés structurellement. Les espèces [(phen*)Cu(O2CR)] (R = o-F-C6H4 (2), p-F-C6H4 (3), C6F5 (4), o-

NO2-C6H4 (5), p-NO2-C6H4 (6), CF3 (7)) (Figure 5 et Figure 6) et les contreparties aryl/alkyl [(phen*)CuR] 

(R =C6F5 (8), o-NO2-C6H4 (9),CF3 (11)) (Figure 7) font partie des rares complexes isolés de cuivre(I) 

présentant une stabilité thermique et une solubilité supérieures à celles des complexes de cuivre 

existants. Ces améliorations nous permettent de réaliser des études mécanistiques dans des solvants 

courants tels que le THF ou dans des conditions thermiques. 

 

Figure 5. De gauche à droite : vue du complexe 2, 3, 4  avec la molécule de solvant et les atomes d'hydrogène omis. Une seule 
position du groupe désordonné est représentée. Les ellipsoïdes de déplacement sont dessinés à un niveau de probabilité de 50 
%. 
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Figure 6. De gauche à droite : vue du complexe 5, 6, 7  avec la molécule de solvant et les atomes d'hydrogène omis. Une seule 
position du groupe désordonné est représentée. Les ellipsoïdes de déplacement sont dessinés à un niveau de probabilité de 50 
%. 

 

Figure 7. De gauche à droite : vue du complexe 8, 9, 11  avec la molécule de solvant et les atomes d'hydrogène omis. Une seule 
position du groupe désordonné est représentée. Les ellipsoïdes de déplacement sont dessinés à un niveau de probabilité de 50 
%. 

En utilisant ces composés, nous avons étudié la réaction de décarboxylation des complexes 

[(phen*)Cu(O2CR)] et le processus de carboxylation inverse avec les dérivés organométalliques. La 

perte de CO2 dans les complexes [(phen*)Cu(O2CR)] ((R = o-F-C6H4 (2), C6F5 (4), o-NO2-C6H4 (5), CF3 (7))  

a été réussie, sauf pour le complexe 7, en particulier dans la quinoléine. Cependant, la carboxylation 

des complexes [(phen*)CuR] d'alkyle et d'aryle n'a pas eu lieu comme prévu. Ceci peut être expliqué 

par différents facteurs, tels que la stabilité des complexes et la réaction compétitive de 

protodécarboxylation. La rationalisation de ces données à l'aide de la DFT corrobore les résultats 

expérimentaux. 

Nous pouvons proposer pour [(phen*)Cu(O2CC6F5)] (4) un processus de décarboxylation via 

l'intermédiaire [(phen*)Cu(C6F5)] (8) en utilisant la quinoléine comme solvant. Cependant, la perte de 

CO2 des complexes [(phen*)Cu(O2CC6H4-o-F)] (2) et [(phen*)Cu(O2CC6H4-o-NO2)] (5) dans la quinoléine 

n'a pas permis d'obtenir les espèces décarboxylées souhaitées [(phen*)Cu(C6H4-o-F)] et 

[(phen*)Cu(C6H4-o-NO2)] (9), mais seulement les produits de protodécarboxylation fluorobenzène et 
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nitrobenzène, respectivement. Néanmoins, dans le THF, seul [(phen*)Cu(O2CC6F5)] (4) a subi une 

protodécarboxylation. 

Les calculs DFT incluant les effets de solvant ont donné des résultats similaires concernant la 

thermodynamique des réactions avec la quinoléine et le THF. D'autre part, les résultats expérimentaux 

ont montré que les complexes de carboxylate de cuivre se décarboxylent plus facilement dans la 

quinoléine que dans le THF. Par exemple, la protodécarboxylation n'a été observée que pour le 

complexe 4 à 100 oC (1 h) dans le THF, alors que le processus s'est produit à 35 oC (1 h) dans la 

quinoléine. En outre, les complexes 2 et 5 ont subi une protodécarboxylation dans la quinoléine (120 
oC après 72 h et 150 oC après 17 h, respectivement), alors que les réactions n'ont pas été observées 

dans le THF. La quinoléine n'a pas déplacé le phen* mais s'est avérée être un meilleur solvant que le 

THF pour la décarboxylation des complexes carboxyliques [(phen*)Cu(O2CAr)]. Ceci pourrait favoriser, 

par une coordination supplémentaire au niveau du centre métallique, la formation d'intermédiaires 

plus stabilisés contre la dégradation et donc plus enclins à la décarboxylation. On pense également 

que la protodécarboxylation prédomine sur la décarboxylation parce que la quinoléine agit comme 

une source de protons. Ainsi, le solvant quinoléine est essentiel pour l'extrusion du CO2, tandis que le 

ligand phen* a la capacité de stabiliser les intermédiaires qui capturent la partie aryle. Ces deux 

éléments sont essentiels à la décarboxylation. 

En ce qui concerne le mécanisme, trois voies différentes ont été proposées, consacrées aux processus 

de décarboxylation et de protodécarboxylation des complexes 4 et 5, en particulier dans les solvants 

de quinoléine (Figure 8) et de THF (Figure 9). Nous avons considéré le mécanisme de décarboxylation 

concertée proposé par les groupes de Gooßen et de Lin, où le CO2 est extrudé du complexe carboxylate 

de cuivre vers les aryles de cuivre en une seule étape. Cependant, ce mécanisme n'explique pas la 

formation du protodécarboxylate C6F5 avant la génération des espèces aryles de cuivre. Par 

conséquent, nous avons proposé une deuxième voie, dans laquelle le rôle de la quinoléine est mis en 

évidence : la quinoléine se coordonne d'abord au complexe carboxylate de cuivre, suivi par l'extrusion 

concertée de CO2 et l'abstraction de protons pour produire C6F5H et un ion [(phen*)Cu]+[Q]− species (Q 

= quinoléine). Alternativement, dans le THF, un mécanisme distinct est apparu dans lequel le phen* 

est d'abord déplacé par le solvant pour former [Cu(O2CR)(THF)n] (R = C6F5 (4), o-NO2-C6H4 (5)). Cette 

dernière espèce, non stabilisée par le ligand phen*, se disproportionne rapidement pour former le 

cuivre(0) et le carboxylate de cuivre(II) [Cu(O2CR)2(THF)n] (dans le cas du complexe 5). En revanche, la 

protodécarboxylation est principalement observée pour le complexe 4. 
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Figure 8. Mécanisme proposé pour la décarboxylation de [(phen*)Cu(O2CC6F5)] (4) dans la quinoléine. 

 

Figure 9. Proposition de décarboxylation de [(phen*)Cu(O2CC6F5)] (4) et [(phen*)Cu(O2CC6H4-o-NO2)] (5) dans le THF. 
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Chapitre 3 - L'isolement d'un complexe de formiate de cuivre (I) et sa réactivité dans l'échange 

isotopique dynamique et la déshydrogénation de l'acide formique 

L'acide formique (AF) est considéré comme un candidat prometteur pour le stockage de l'hydrogène 

liquide, qui a un grand potentiel dans les applications du carburant hydrogène. De nombreuses 

recherches ont été consacrées au développement de systèmes catalytiques efficaces pour la 

conversion sélective de l'AF en H2 et CO2, les catalyseurs à base de métaux précieux, tels que Ir, Ru, 

étant les plus performants. Contrairement à d'autres catalyseurs à base de métaux, les complexes de 

cuivre ont reçu peu d'attention et on ne connaît que trois exemples qui présentent une faible activité 

catalytique. Des études mécanistes sur les espèces de cuivre pour l'hydrogénation catalytique de 

l'alcool furfurylique ont suggéré la formation d'espèces transitoires d'hydrure de cuivre et de formiate 

de cuivre.  Néanmoins, seule une poignée de complexes cuivre-formate a été isolée avec succès. Si 

l'insertion de CO2 dans l'hydrure de cuivre est bien documentée, la réaction inverse de décarboxylation 

du formiate de cuivre n'est pas courante. 

Comme nous avons réussi à isoler des complexes de carboxylate de cuivre(I) monoligaturés en utilisant 

le ligand volumineux 2,9-di-tertbutyl-1,10-phénanthroline (phen*), nous avons ciblé le formate de 

cuivre(I) ligaturé par le phen*, par exemple [(phen*)CuI(O2CH)], pour voir son activité potentielle dans 

la déshydrogénation de l'acide formique. En tant que catalyseur, la formation de l'espèce transitoire 

cuivre-hydrure [(phen*)Cu-H] issue de la décarboxylation de [(phen*)CuI(O2CH)] a été suivie par 

différentes méthodes, y compris l'échange isotopique dynamique avec 13CO2. 

Nous avons synthétisé un complexe monomère de formiate de cuivre(I) impliquant une 

phénanthroline substituée volumineuse comme ligand auxiliaire (phen*) qui assure la solubilité et la 

stabilité. Le complexe [(phen*)CuI(O2CH)] (12) a été facilement obtenu par l'ajout de 1 équiv. de phen* 

à une solution THF du tétramère jaune [Cu(OtBu)]4 (1 équiv.) puis par traitement à l'acide formique (1 

équiv.) à température ambiante (Figure 10). Le changement de couleur (jaune à orange) a été 

immédiat. Après agitation pendant 1 heure à température ambiante puis évaporation des substances 

volatiles et lavage du résidu avec du pentane, le complexe 12 a été facilement isolé avec un bon 

rendement (89 %) sous la forme d'un solide orange foncé qui conservait encore des traces de FA malgré 

un séchage prolongé. Il a été caractérisé en solution par les spectres RMN 1H et RMN 13C{1H} et à l'état 

solide par son spectre infrarouge et par analyse élémentaire. 

 

Figure 10. Synthèse de [(phen*)CuI(O2CH)] (12). 
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De telles espèces CuI(O2CH) avec des ligands azotés simples sont rares. Le complexe [(phen*)Cu(O2CH)] 

(12) a montré une activité catalytique dans la décomposition de l'acide formique en H2 et CO2 sans 

nécessiter d'agents supplémentaires. L'intermédiaire hydrure [(phen*)Cu-H], qui devrait être généré 

lors de la décarboxylation de 12, n'a pas pu être détecté ou piégé par des piégeurs organiques. 

Cependant, l'augmentation régulière du signal RMN 13C{1H} NMR de l'anion formate lorsque 12 est 

placé sous 1 atm. La réaction d'échange isotopique du carbone avec 13CO2 apporte des preuves solides 

de la décarboxylation de 12 en hydrure de cuivre(I) supposé. En revanche, l'analogue du dioxyde de 

carbone CS2 ne s'est pas inséré dans le [Cu-H] pour produire le dithioformate de cuivre attendu 

[(phen*)Cu((S2CH)]. La réaction de CS2 avec l'hydrure est probablement inhibée pour des 

considérations thermodynamiques ou peut-être en raison de sa stabilité thermique inférieure à celle 

de 12. 

Des cristaux uniques de [(phen*)CuI(1-O2CH)0.8I0.2].(THF)0.5 (12ʹ) ont pu être cultivés dans un tube RMN 

par diffusion lente de pentane dans un mélange THF brut de 12 préparé in situ. La présence d'atomes 

d'iode dans le cristal résulte probablement d'une impureté résiduelle de KI contenue dans [Cu(OtBu)], 

ce dernier étant synthétisé par traitement de CuI avec du KOtBu. Des vues de la structure du 12ʹ 

déterminée par diffraction des rayons X sont présentées dans la Figure 11 avec des longueurs de liaison 

et des angles sélectionnés. 

 

Figure 11. Deux vues de la structure cristalline du complexe 12ʹ. Les ellipsoïdes de déplacement sont dessinés au niveau de 
probabilité de 50 % et les atomes d'hydrogène sont omis, à l'exception de celui du formiate. La composante mineure d'iodure 
n'est pas représentée. Distances (Å) et angles (deg) des liaisons sélectionnées : Cu1-O1 1.883(3), Cu1-N1 2.029(3), Cu1-N2 
2.080(3), O1-C21 1.248(5), O2-C21 1.242(4) ; N1-Cu1-N2 83.44(10), N1-Cu1-O1 140.69(13) ; N2-Cu1-O1 135.23(12). 

Le complexe 12 n'est pas très actif dans la décomposition de FA en H2 puisqu'il présente un TOF de 4 

h‒1 à 100 °C pour une charge de catalyseur de 10 % en moles. Cette activité est cependant supérieure 

à celle rapportée pour certains précurseurs simples Cu(0), Cu(I) et Cu(II) en présence de NEt3 et qui 

présentaient des TOF inférieurs à 1 h‒1 à 95°C. L'espèce [Cu(NCMe)4][PF6] avec la présence de divers 

ligands et additifs phosphine (tBuNC-NEt3) à 70°C dans l'acétonitrile, a montré de plus grandes activités 

dans la décomposition du HCO2H avec des TOF rapportés compris entre 10 et 240 h‒1, Cependant, tous 

ces catalyseurs au cuivre présentent des activités nettement inférieures aux valeurs TOF de 5 000 à 10 

000 h−1 requises pour un procédé économiquement viable. Les systèmes catalytiques au fer ont des 

TOF d'environ 10 000 h−1 et des TON de 105, et les complexes les plus efficaces sont actuellement basés 
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sur des métaux nobles (Ru et Ir), avec des valeurs TON supérieures à 106. Par exemple, Williams et ses 

collègues en 2016 et Li et al. en 2015, ont rapporté un catalyseur binucléaire iridium(III) et deux 

organométalliques mononucléaires (C5Me5)Ir(III) présentant, à 90 °C, un TOF de 2,28 × 105 h−1 (TON = 

2,16 106) et 4,88 × 105 h−1 (TON = 2,4 106 à 80°C), respectivement. 

Un cycle catalytique peut alors être proposé (Schéma 1) : Dans un premier temps, une molécule de FA 

se coordonne ou interagit avec le complexe 12 pour donner soit l'adduit I, soit l'espèce I'. Ces deux 

composés se décarboxylent sous chauffage pour former l'hydrure de cuivre (II) qui réagit 

immédiatement avec l'acide voisin pour libérer du dihydrogène avec régénération de 12. 

 

Schéma 1. Cycle catalytique proposé pour la déshydrogénation de l'acide formique par [(phen*)Cu(1-O2CH)] 12 comme pré-
catalyseur. 

Comme indiqué précédemment, le cuivre s'est avéré moins réactif que d'autres catalyseurs 

métalliques dans la déshydrogénation de l'alcool furfurylique pour produire de l'H2/CO2. Cependant, 

le cuivre étant bon marché et abondant, le développement de la chimie du cuivre, avec des 

applications en catalyse, se poursuivra et s'étendra fortement. 

En ce qui concerne notre système actuel, le rôle du ligand phen* est indéniablement important pour 

maintenir le centre de cuivre pendant le processus de transformation. Cependant, il y a des indications 

selon lesquelles l'encombrement et la labilité du phen* pourraient ne pas être efficaces pour fournir 

une stabilité adéquate au centre de cuivre sans compromettre sa réactivité. Par conséquent, une autre 

génération de dérivés phen peut être envisagée, comme la néocuproine ou un ligand 2,9-di-néopentyl-

1,10-phénanthroline. Avec une rigidité similaire mais moins d'encombrement stérique dans la sphère 

de coordination, ces ligands à base de phen pourraient améliorer l'activité catalytique du métal cuivre 

tout en évitant la décoordination du centre du cuivre qui conduit à la dégradation du complexe. Les 

ligands à pince NNO, NNN sont également une option, comme le (E)-N'-(phényl(pyridin-2-

yl)méthylène)isonicotinohydrazide (Figure 12, a) (type NNO), bis(imidazolin-2-imine) à pont 

pyridinique (type NNN) (Figure 12, b), et (2,6-bis(diisopropylaminométhyl)-pyridine (type NNN) (Figure 

12, c). Ce type de ligand possède trois sites de coordination via des atomes N et/ou O qui sont 
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hémilabiles. Ces ligands offrent une plus grande flexibilité dans la sphère de coordination, ce qui 

permet d'ajouter ou de supprimer des liaisons supplémentaires en fonction des besoins du centre de 

cuivre. Par conséquent, une nouvelle génération de catalyseurs à base de cuivre peut être développée 

sur la base des ligands à pince de type azote. 

 

Figure 12. Exemples de ligands de type pince proposés. 

Conclusion 

Dans le chapitre 2, j'ai rapporté la synthèse d'une variété de complexes de (phen*)cuivre(I) carboxylate 

et de cuivre(I) aryle, en particulier des paires de composés avec le même fragment aryle. La plupart 

d'entre eux ont été caractérisés par leur structure cristalline.  

Cette série de complexes a permis d'étudier le processus de décarboxylation des carboxylates de cuivre 

[(phen*)Cu(O2CAr)] ainsi que l'insertion de CO2 dans les dérivés aryliques de cuivre [(phen*)Cu-Ar]. J'ai 

démontré que certaines espèces de carboxylates de cuivre [(phen*)Cu(O2CAr)] (Ar = o-F-C5H4 (2), C6F5 

(4), o-NO2-C5H4 (5)) pouvaient se décarboxyler dans un solvant de quinoléine à différentes 

températures, et que la réaction secondaire de protodécarboxylation (formation de Ar-H) se produisait 

inévitablement. La décarboxylation des complexes ortho-substitués 2 et 5 a été mise en évidence par 

le dégagement de gaz CO2 par analyse GC et la formation des composés arènes correspondants, le 

fluorobenzène et le nitrobenzène, respectivement. Grâce à l'extrusion de CO2 dans le complexe 4, le 

complexe arylique de cuivre correspondant (8) a été détecté, ainsi que le produit secondaire de 

protodécarboxylation C6F5H. L'influence du solvant est cruciale et, par rapport au THF, la quinoléine 

favorise considérablement les processus de décarboxylation et de protodécarboxylation. Cependant, 

je n'ai jamais observé l'insertion de CO2 dans les autres aryles de cuivre(I), un point qui reflète 

probablement la plus faible stabilité de ces composés aryliques qui sont rapidement dégradés sous 

l'effet de la chaleur et/ou à cause d'une thermodynamique défavorable. 

Sur la base des expériences, deux voies plausibles sont proposées pour la décarboxylation de 4. La 

première est en accord avec la littérature et procéderait par une extrusion concertée de CO2 où le 

centre de cuivre interagit à la fois avec le carbone ipso de l'aryle et le fragment de CO2. La seconde 

possibilité implique la coordination de la quinoléine au centre de cuivre qui favorise la première 

réaction latérale de protodécarboxylation. L'anion quinoléine dans [(phen*)Cu(quin)] réagit alors avec 

C6F5-H pour générer [(phen*)Cu(C6F5)] et la quinoléine. 

Il reste donc des questions non résolues sur la réversibilité de la réaction et sur le fait de savoir si la 

voie de décarboxylation concertée passe par un intermédiaire de cuivre (III).  
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Je rapporte la synthèse du complexe de formate de cuivre [(phen*)Cu(O2CH)] (12) et sa structure à 

l'état solide obtenue par diffraction des rayons X sur un seul cristal. Il s'agit d'un complexe de formate 

monométallique très rare soutenu par un ligand azoté. Nous émettons l'hypothèse qu'une espèce de 

formate, comparée à un véritable dérivé de carboxylate, serait plus sensible et réactive à la 

décarboxylation. L'échange isotopique dynamique de 12 avec 13CO2 a produit un mélange de 12 et de 

son dérivé marqué [(phen*)Cu(O2
13CH)] (12*). Ce résultat a clairement mis en évidence la 

décarboxylation de 12 et, en raison de la réversibilité du processus sous CO2, la formation transitoire 

de l'hydrure de cuivre intermédiaire [(phen*)Cu-H]. Ce dernier hydrure réactif insère immédiatement 
13CO2 pour donner [(phen*)Cu(O2

13CH)] (12*). Susceptible d'être monomère, j'ai essayé d'isoler ou de 

détecter l'hydrure [(phen*)Cu-H] car les espèces [Cu]-H monométalliques réactives sont activement 

recherchées depuis des années. Cependant, cette espèce instable est restée inaccessible et n'a pas pu 

être obtenue même par d'autres voies synthétiques qui ont toutes donné du cuivre élémentaire. 

J'ai également montré que le complexe 12 est un catalyseur actif dans la déshydrogénation de l'acide 

formique. Il est intéressant de noter que la réaction ne nécessite aucun additif pour se dérouler. 

Cependant, ce catalyseur se dégrade à la fin de la réaction avec la libération du ligand phen*. A partir 

des rapports de la littérature et de nos résultats, nous avons proposé un cycle catalytique pour la 

déshydrogénation de l'AF catalysée par 12. Il implique soit la coordination de l'AF à l'ion cuivre, soit 

l'espèce solvate [(phen*)Cu(O2CH)]•n(HCO2H) où le ligand formate interagit avec le proton de l'acide 

par liaison hydrogène. Une telle interaction des espèces de cuivre et de métaux de transition d avec 

l'acide fluorhydrique est bien documentée. Après l'extrusion du CO2, l'hydrure de cuivre généré est 

immédiatement piégé par l'acide pour produire du H2 avec une régénération de 12. 
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Introduction 

The main goal of the decarboxylation and carboxylation processes, is to break and form new strong C–

C bonds to make useful compounds for pharmaceutical and industrial purposes. The problem is that 

most of these processes require high energy activation with operational temperature exceeding 150 
oC in solution chemistry. A clear mechanistic understanding of these transformations can help to 

rationalize and optimize the reaction conditions. However, in the current case, the harsh conditions 

make it difficult to monitor the reaction intermediates. As a result, the goal of improving a given 

process is fraught with pitfalls, particularly for the design of complex catalytic systems involving metal 

ions, ligands and solvent. 

Since Gooßen first report on the Pd/Cu catalyzed decarboxylative cross-coupling reaction, the field of 

decarboxylative activation has grown tremendously. Many researchers have greatly contributed to the 

development of several pathways for the decarboxylative C–C bond construction starting with a wide 

range of carboxylic acids and (hetero)aromatic coupling partners.1–4 Thanks to their work, benzoic 

acids, which are inexpensive, stable, and easily accessible or natural reagents, became recognized as 

atom-economic alternatives to traditional cross-coupling partners. For instance, in 2007, the group of 

Gooßen introduced a PdII/CuI dimetallic catalyst system for the coupling reaction between ortho-

substituted benzoic acids and a series of halogenated arenes.5 They highlighted the significance of 

substituents in ortho-position of benzoic acid substrates which generally improve the efficiency of the 

reaction. This crucial point was observed, with few exceptions, in many reports dealing with 

decarboxylative coupling with haloarenes or non-functionalized aromatic compounds. Although 

several methods have been proposed to accommodate a wide range of benzoic acid derivatives and 

coupling partners, many of these developments share the similar drawback of high reaction 

temperatures (ca. 150 oC), with in some cases the requirement of a stoichiometric amount of oxidizing 

agent such as silver or copper(II) salts.3,4 

Because of its high performance in decarboxylative processes, copper has been the most studied 

transition metal. Copper-promoted decarboxylative cross-coupling reactions have been successfully 

adapted to a wide range of functionalized carboxylic acids, including meta- and para-substituted 

derivatives, and employed in both stoichiometric and catalytic amount. The most cited drawback of 

these reactions is the elevated operational temperatures (ca. 170 °C). Theoretical investigations on the 

copper-catalyzed decarboxylation mechanism have suggested that copper(I) carboxylate and aryl-

copper species are key intermediates. The decarboxylation step is thermodynamically unfavorable and 

generally occurs at high temperatures. The consensus on the mechanism is based on a one-step 

decarboxylation of a copper(I) carboxylate to a copper(I) aryl derivative.  

In collaboration with our laboratory, Destro et al. at the CEA have developed a dynamic carbon isotope 

exchange reaction for labelling a range of carboxylic acids with 14CO2. Such enrichment was possible 

with a copper(I) catalyst supported by ligands featuring a bisoxazoline scaffold in DMSO at 150 °C.6 

This method allows the incorporation of labeled 14CO2 into a wide series of carboxylic acids and 

provides a highly efficient synthetic pathway for carbon labeled products of interest for 

pharmaceutical applications. They proposed a reaction mechanism in which the extrusion of CO2 from 
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copper(I) carboxylate and the incorporation of 14CO2 into the copper(I) aryl intermediate take place 

reversibly. However, their attempts to isolate the copper intermediates were unsuccessful and no 

definitive conclusions were reached regarding the active copper species and their oxidation states. 

The aim of this thesis was therefore to study and understand the mechanism of the decarboxylation 

process catalyzed by copper with simple ligand derived from 1,10-phenanthroline.  

 

I propose in the first chapter of this manuscript a state of the art concerning the decarboxylative 

coupling reactions. Assessment of the advantages and drawbacks of the different metal complexes 

catalysts that promote these transformations will be presented. While copper catalysts are the most 

powerful, a part of the discussion will focus on the mechanistic studies carried out to explain the 

reactivity, and on the challenging tasks to isolate key intermediates.  

In the second chapter, I present my synthetic work and the full characterization of a variety of copper(I) 

substituted benzoate complexes and their aryl derivatives with the goal to study their behavior in 

decarboxylation or carboxylation. We have first chosen 1,10-phenanthroline as a classical and common 

ancillary ligand. Due to problems of solubility and ligand redistribution, we then switched toward a 

bulkier derivative, e.g.  2,9-di-tert-butyl-1,10-phenantroline (phen*), which offered solubility and 

greater stability of the complexes. With these novel complexes in hands, I studied by NMR the 

decarboxylation of copper(I) benzoate complexes as well as insertion of carbon dioxide into the aryl-

copper(I) species. DFT calculations were carried out to rationalize the results.  

Along my work on copper carboxylates, I also synthesis the copper (I) formate [(phen*)Cu(1-O2CH)] 

that was expected to be more reactive than the above [(phen*)Cu(O2CR)] complexes. Monometallic 

copper formates are barely reported and those involving nitrogenated ancillary ligands are 

uncommon.  In this third chapter, I present the synthesis and characterization of [(phen*)Cu(1-O2CH)]. 

Attempts at decarboxylation have been carried out to access or detect a monomeric hydride, e.g. 

[(phen*)CuH], which are generally instable species and attract interest for years. Even though the 

monohydride complex could not been observed or detected, its transient formation was indirectly 

evidenced by the dynamic carbon isotope exchange reaction which enabled the 13C enrichment of 

[(phen*)Cu(1-O2CH)] when placed under 1 bar of 13CO2. This behavior suggested that [(phen*)Cu(1-

O2CH)] could be a catalyst in the formic acid dehydrogenation and I detailed the results.  

I will finish by a general conclusion and some possible perspectives for this work. In particular, inspired 

by a recent work in our group regarding the copper(I)-catalyzed sulfonylative Hiyama cross-coupling, I 

have considered the SO2 insertion into aryl-copper species and the reverse reaction (desulfonylation) 

from the isolated copper(I) sulfinate intermediate ([Cu(O2S-R]). Some results will be discussed.  
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Abbreviation 

 
acac acetylacetonate 

BINAP 

(2,2′-
bis(diphenylphosphino)-
1,1′-binaphthyl) 

bipy 2,2’-bipyridine  

CIE 
carbon isotopic 
exchange 

cod 1,5-Cyclooctadiene 

Cp Cyclopentadienyl 

Cp* 
pentamethylcyclopenta
dienide 

Cy cyclohexyl 

DBU 

1,8-
diazabicyclo[5.4.0]unde
c-7-ene 

dcpe 

1,2-
Bis(dicyclohexylphosphi
no)ethane 

DFT 
Density-functional 
theory 

DMA Dimethylacetamide 

DME Dimethoxyethane 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

dppp 

1,3-
Bis(diphenylphosphino)
propane 

equiv. equivalent 

ESI-MS Electrospray ionization 

ESR 
Electron paramagnetic 
resonance 

Et ethyl 

FA formic acid  

FLP Frustrated Lewis Pair  

GC gas chromatography  

GC-MS 
gas chromatography-
mass spectrometry 

iPr isopropyl 

LOHC 
liquid organic hydrogen 
carriers  

Me methyl 

Mes 1,3,5-trimethylbenzene 

MOF 
metal organic 
framework 

MS molecular sieve 

napy 1,8-naphthyridine  

NHC 
N-heterocyclic 
carbene ligands 

NMP N-methyl-2-pyrrolidone 

OTf triflate (CF3SO3-) 

OTs Tosylate 

P(o-Tol)3 Tri(o-tolyl)phosphine 

Ph  phenyl 

phen 1,10-phenanthroline 

phen* 
2,9-di-tertbutyl-1,10-
phenanthroline 

tBu terbutyl 

tBu-Li tertbutyl lithium 

TEMPO 

(2,2,6,6-
Tetramethylpiperidin-1-
yl)oxyl  

TFA Trifluoroacetic acid 

TFE tetrafluoroethylene 

THF tetrahydrofuran 
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TMEDA 
Tetramethylethylenedia
mine 

TOF turnover frequency 

TON turnover number 

TS transition state 

XRD 
X-Ray diffraction 
analysis  
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Chapter 1 – General introduction: Transition metal-
catalyzed decarboxylative cross-coupling reactions 

 

Abstract: 

In recent years, transition metal-catalyzed decarboxylative cross-coupling reactions have emerged 

as a new and important category of organic transformation that find a wide variety of applications 

in building carbon-carbon and carbon-heteroatom bonds. In these reactions, carboxylic acids are 

used as starting material to form new C-C bonds with the coupling partners and releases CO2 as side 

products. The coupling partners can be varied from alkynes, heteroarenes to haloarenes, while 

(hetero)aromatic carboxylic acids, alkanoic acids  and unsaturated carboxylic acids can be used. 

Decarboxylation cross-coupling to biaryl products has received much attention as these are 

important structural motifs in many biologically active compounds. 

In this chapter, various types of decarboxylative cross-coupling reactions for the synthesis of biaryl 

compounds catalyzed by different transition metal complexes will be reviewed. The scope and 

applications of these reactions will be discussed together with the challenges and limitations in this 

field. The copper-catalyzed decarboxylation process will be the focus of attention, as it is amenable 

to more general reaction conditions. Mechanistic insights with respect to the active copper 

intermediates will be the subject of discussion, where both experimental and computational 

investigations will be presented. 
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I. Introduction 

The creation of carbon-carbon (C-C) bonds is at the heart of organic synthesis, to build organic 

molecules with increasing complexity. Among these man-made chemicals, biaryl units are relevant 

molecules in organic chemistry. They are convenient building blocks in many biologically active and 

functional molecules, from pharmaceuticals and functional materials to agrochemicals (Figure 13).1–6 

While traditional syntheses of biaryl derivatives developed by Scholl,7 Gomberg-Bachmann8 and 

Ullmann9,10 in the XIXth century are limited by harsh reaction conditions and low efficiency, the 

developments of catalytic synthetic procedures in milder conditions have favored their use and their 

rise. Numerous catalytic synthetic strategies have been designed and explored, with transition metal-

catalyzed cross-coupling reaction being especially prominent and superbly applicable (Scheme 2).  

 

Figure 13. Some examples of functional biaryls in medicinally, functional material, and agriculturally important 
compounds.11,12 
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Scheme 2. Selected traditional biaryl syntheses.11–13 

I. 1. Transition metal-catalyzed cross-coupling reactions 

The fundamental premise of the cross-coupling catalysis was first demonstrated by Meerwein14 for the 

coupling of aryldiazonium salts with substituted alkenes by copper(II) salt in 1939 and later in 1941 by 

Kharasch15 in the cross-coupling of phenyl bromide with Grignard reagents using cobalt chloride 

(Scheme 3). In subsequent study in 1943, Kharasch extended this reaction to vinyl bromide as coupling 

partner with higher loading of cobalt chloride salt. Although these two types of coupling are limited in 

substrates scope and chemical selectivity, these discoveries serve as the foundation of the formation 

of carbon‒carbon bonds catalyzed by transition metals.  

 

 

 

Scheme 3. The first catalytic cross coupling syntheses of aryl towards biaryls and bicycles: Meerwein and Kharasch reactions. 
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The main developments in the coupling process have taken an innovative turn in the 1970’s. In 1972, 

Kumada and Corriu independently reported the nickel- and palladium-catalyzed coupling reaction of 

aryl and alkenyl halides with Grignard reagents.16,17 Their discoveries was a major breakthrough to 

solve the selectivity problem of Kharasch coupling reaction, in which homodimerization byproducts 

prevailed, and to introduce the beneficial role of phosphine ligand. Alongside the discoveries of 

Kumada and Corriu, several innovative cross-coupling protocols employing aryl or vinyl halides with 

much less nucleophilic coupling partners have been designed, namely Mizoroki-Heck, Sonogashira-

Hagihara, Negishi, Stille and Suzuki-Miyaura cross-coupling reactions. These reactions provide a 

synthetic method for the formation of a C-C bond between a sp2-hybridized aryl halide electrophile 

and a nucleophilic partner, which can be an organometallic reagent or an activated alkene, allylic, or 

acetyl.  In these classical cross-coupling reactions, it is well known that the key roles are played by the 

palladium catalyst and the ligands, especially those of the phosphine type (Scheme 4).18,19 These highly 

convenient methodologies for building C‒C bonds between an electrophic substrate and a nucleophic 

coupling partner have become powerful in organic synthesis with applications in industry.20–23  

 

Scheme 4. General transition metal-catalyzed cross-coupling reaction. 

The interest of these discoveries was highlighted by the attribution of the Chemistry Nobel Prize (2010) 

to the groups of Heck, Negishi and Suzuki.24 Despite the significance of these transition-metal-

catalyzed C‒C bond formations, there are still some drawbacks. One of them is the requirement of 

specific organo-coupling reagent. Since the functionalization of both coupling partners are essential 

for a successful C‒C formation, readily available coupling partners would be of high interest. Among 

the most common functionalities, carboxylic acids are strong candidates to serve as building blocks in 

the construction of biaryl frameworks without the need of additional activation. 

II. Transition metal-catalyzed decarboxylative process 

II. 1. Carboxylic acid  

Carboxylic acids are naturally abundant, with a structural diversity, they are thus highly important in 

chemical feedstocks for the industrial production of polymers (polyester and polyamides),25 

pharmaceuticals,26–28 food additives,29 etc. They can be easily and largely accessible from industrial or 

laboratory via various synthetic methods.30 In general, industrial routes to carboxylic acids includes 
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petroleum-based production,31 fermentation,32,33 oxidation of aldehydes34 and natural sources 

extraction and/or synthesis.35,36 Small-scale preparative methods for carboxylic acids on the other 

hand often employ oxidants or reagents. For instance, aromatic carboxylic acids can be obtained by 

oxidizing the alkyl chains on the aromatic rings with a strong oxidizing reagent such as potassium 

permanganate or chromic acid.30 This method can applied for any side chains notwithstanding its 

length; however, it is most convenient for methyl group. Another possible approach is the employment 

of aryl Grignard reagents that add to one C=O bond of CO2 to give magnesium carboxylate salts.30 

Subsequent treatment of this salt by a strong aqueous acid afford the carboxylic acid product.  

With two oxygen active sites, carboxylic acids can react distinctly depending on the reaction conditions 

and the reagents (Scheme 5). For instance, under basic condition, carboxylic acid can undergo 

substitution of the hydroxyl hydrogen by an electrophilic substrate (Scheme 5, 1). On the other hand, 

the hydroxyl group of a carboxylic acid can be replaced by another nucleophilic group for the 

production of functional derivatives of carboxylic acids. For example, acyl chloride can be prepared by 

hydroxyl substitution reaction of carboxylic acid with thionyl chloride (SOCl2) (Scheme 5, 2). Moreover, 

carboxylic acids undergo Fisher esterification with alcohol, in the presence of an acid as catalyst. In 

addition, due to the high oxidation state of the carbon atom of a carboxyl group, the powerful metal 

hydride reagent such as lithium aluminum hydride (LiAlH4) can reduce carboxylic acids to alcohol 

rapidly (Scheme 5, 3). In the contrary, further oxidation of carboxylic acids results the generation of 

carbon dioxide, so called decarboxylation, by oxidizing agent such as Br2 or Pb(OCOCH3)4 (Scheme 5, 

4).37  

 

Scheme 5. Examples of reactions of carboxylic acids. 

In homogeneous catalysis, carboxylic acid can be used as convenient substrates towards carboxylate 

and acyl entities for the preparation of different product classes, using metal catalysts. The activation 

of carboxylic acid by metal catalyst follow two main pathway, either to generate a metal carboxylates, 

(RCO2)[M], via a direct reaction (Scheme 6a) or the formation of metal acyl species, (RCO)[M],  through 

activating reagents (Scheme 6b).  
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Scheme 6. Carboxylic acids in catalytic transformations.38  

For the first pathway, after the direct deprotonation of the hydroxyl group O-H bond, the resulted 

metal carboxylates can undergo addition with alkene, alkyne or allene to produce ester derivatives, 

namely hydroacyloxylation reaction or oxidative acyloxylation reaction in the presence of oxidant 

(Scheme 6, I).39,40 Here, a wide range of carboxylic acids, from saturated carboxylic acids to 

(hetero)aromatic, can be used. In hydroacyloxylation process, predominant transition metal catalysts 

are Ru,41–44 Rh,45 Au,46–48 Pd.49,50 The reaction conditions varies from room temperature to 110 oC, 

depending on the catalyst systems, with the presence of common bases such as DMAP, NEt3 or 

Na2CO3.49–52 Alternatively, under oxidative conditions, an addition of carboxylic acids with alkenes to 

form enol esters takes place. Such oxidative acyloxylation reactions are mostly promote by Pd or Pd/Cu 

catalysts with oxygen or other oxidizing agents such as MnO2 or PhI(OAc)2.53  

At higher temperatures (110 oC–170 oC), these metal carboxylates can further undergo CO2 extrusion 

to generate a nucleophilic [R-M] complexes (Scheme 6, II). [R-M] intermediates are reported with 

aromatic derivatives (for R) and various transition metals such as Pd, Cu, Ag, etc. (for M). The reaction 

temperature varies depending on the metals, and the generation of metal aryl complexes are not often 

observed but rather react with electrophilic substrates. For example, copper or silver metals can 

mediate catalytically the decarboxylation of aromatic carboxylic acids to produce arene compounds in 

the presence of proton sources at high temperature (ca. 170 oC).54–56 This reaction is known as 

protodecarboxylation. As an alternative, the use of a palladium catalyst reduces the reaction 

temperature to 70 oC, but the system only works with electron-rich 2,6-disubstituted benzoic acids.57 

[R-M] intermediates are also known to enable coupling reaction with haloarene to afford biaryl 

products. This C-C bond formation between aromatic carboxylic acids and the aryl coupling partners 

can be catalyzed by Pd/Cu, Pd/Ag bimetallic systems; Pd, Cu single catalysts are also used but require 

higher  temperatures (ca. 170 oC).58–61 This transformation becomes well-known and widely used under 

different variations which are generally known as decarboxylative coupling reaction. A Heck-type 

reaction is also introduced, in which the aromatic or heteroaryl carboxylic acids are treated with 

alkenes in the presence of oxidizing agents to form vinyl arene via the metal aryl [R-M] species upon 

release of CO2. The reaction carried out at around 100 oC with most often employed mediators are 

palladium metal in catalytic amount and oxidant such as Ag2CO3 or Me3NO.62,63  

The second pathway involves a cleavage of C(O)-O bond by a oxidative addition of the metal assisted 

by the activating reagent such as anhydrides ((tBuCO)2O, (MeCO)2O), or acid chloride to generate a 
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metal acyl species RC(O)[M] (Scheme 6, b). These metal acyl species can be employed for the 

preparation of aldehydes via direct hydrogenation (Scheme 6, III). The reaction proceeds under 

relatively mild condition (ca. 80 oC) using Pd catalyst to transform a wide range of carboxylic acids into 

aldehydes in moderate to good yields (30% - 99%).64  

The acyl metal species can also be transferred to carbon nucleophiles, such as organozinc, organotin, 

organoboron, and nitriles (Scheme 6, III),65 for the synthesis of aryl ketones. The classic methods often 

promote by Pd-catalyst with anhydride activate agent at low temperature (ca. 60 oC). 66–68  

Alternatively, another type of reactivity has been observed, the RC(O)M may undergo a 

decarbonylative process and loose a CO molecule to afford a R-M intermediate (Scheme 6, IV). Most 

reactions takes place at high temperature (ca. 120 oC) in the presence of Pd catalysts and anhydride as 

activating agent for the carboxylic acids.69,70 This R-M species can react in different ways with alkenes 

to produce vinyl arene via Heck-type reaction or with oragnoboron reagent to from Suzuki-coupling 

product. This Heck-type reaction is generally catalyzed by Rh or Pd catalysts and proceeds under 

elevated reaction temperature (ca. 140 oC).71–73 This Suzuki-coupling reaction is achieved by the use of 

Rh catalyst with a catalytic amount of KF as a base for the formation of biaryl products.74 Hetero 

aromatic carboxylic acids can also react with boronic acids to afford heteobiaryls compounds.75 The 

reaction employs Pd as catalyst, in presence of a base (NEt3) and pivalic anhydride to activate the 

carboxylic acids. Alternatively, when R contains -hydrogen atoms, -hydride elimination can occur, 

producing the corresponding 1-alkene derivatives.  

From the 2000’s and the pioneer works of different research groups, decarboxylative coupling for 

biaryl synthesis has been the source of a renewed interest. Depending on the substrate as well as the 

reaction condition, metal-catalyzed decarboxylation of carboxylic acid have been sorted into three 

categories:  

• Redox-neutral decarboxylative cross-coupling 

• Decarboxylative oxidative coupling 

• Protodecarboxylation 

The challenging step of these three reactions is the extrusion of CO2 to generate an organometallic 

species that reacts with the coupling partner or undergoes fast protonation. One main drawback of 

these reaction is the requirement of high temperature to extrude CO2.  

The aliphatic or aromatic carboxylic acids (RCO2H) is activated by anhydride ((R’CO)2O to form a 

mixture of new carboxylic acid (R’CO2H) and homo- and heteroanhydrides ((RCO)2O, RCO2CO). 

Although this reaction is in equilibrium, the formation of sterically less demanding new anhydride is 

preferred. Recently, another strategy for ketones synthesis via direct coupling between aromatic 

carboxylic acids and organohalides were developed.28,76 This method is enabled by visible-light Ir 

photoredox catalysis with or without Ni catalysts, and triphenylphosphine as an activating agent for 

carboxylic acids and a base (e.g. K3PO4).  
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II. 2. The origins of the decarboxylative processes 

Historically, the discovery of transition metal-promoted decarboxylation dates from 1930 when 

Shepard et al. reported a synthesis of halogenated furans from the corresponding furoic acids (Scheme 

7).77 In their study, they observed that copper bronze (metal alloys consisting copper as principal 

component) promoted the protodecarboxylation of halogenated furancarboxylic acids at high 

temperatures (ca. 250 oC) in good yields (75−97 %).  

 

Scheme 7. First example of copper-promoted decarboxylation of halogenated furoic acids. 

Forty years after this pioneering work, the copper-mediated protodecarboxylation protocol was 

extended to larger scope of activated aromatic and vinylic acids by the groups of Nilsson,78,79 

Sheppard,80 and Cohen81 during the 1970’s. Studies on the ability of cuprous salts to promote carbon 

dioxide extrusion by Nilsson revealed the intermediacy of aryl-copper complexes, which are able to 

couple with iodobenzene to give a biaryl derivative (Scheme 8).78,79  

 

 

Scheme 8. Copper-meditated decarboxylation processes by Nilsson. 

Meanwhile, Sheppard et al. described the direct decarboxylation of cuprous carboxylates into 

copper(I) aryl complex.80 They demonstrated a synthetic method for carboxylate cuprous complexes 

by the reaction of m-(trifluoromethyl)phenyl copper octamer and carboxylic acids with nearly 

quantitative yields (ca. 99 % for benzoic acids derivatives). Most significantly, the discovery that 

pentafluorophenylcopper complex [Cu(C6F5)] can be produced and isolated by decarboxylation of 

cuprous pentafluorobenzoate [Cu(O2CC6F5)] (Scheme 9). This is the first example of the production of 

a copper aryl compound by the decarboxylation of a copper carboxylate. They also observed that basic 

solvents promote the decarboxylation event, in which quinoline gave the fastest reaction rate 

compared to other solvents, such as tetraglyme, nitrobenzene, and tri-n-butylamine.80    
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Scheme 9. Decarboxylation of copper carboxylate to copper aryl complex by Sheppard. 

In his kinetic study for the decarboxylation promoted by cupric or cuprous salts,82 Cohen et al. disclosed 

several important observations:  

• The loss of CO2 is first order in both cuprous and cupric carboxylates;  

• Copper(I) and copper(II) salts react in identical fashion and nearly at the same rate;  

• Chelating ligands such as 1,10-phenanthroline enhance the rate of decarboxylation of both 

types of salt;  

• The reduction of cupric benzoate by quinoline is prior to the loss of CO2.  

Overall, they proposed a mechanism via the transient formation of a π–bonded copper(I) complex that 

would stabilize the negative charge on the aromatic ring thus favoring the loss of carbon dioxide 

(Scheme 10). Subsequent formation of σ–bond between the Cu+ ion and a carbon atom of the aromatic 

ring was proposed from Nilsson’s investigation.78  

 

Scheme 10. Proposed decarboxylation mechanism by Cohen et al.81 

Although the early decarboxylation protocols by Shepard, Nilsson, Sheppard, and Cohen were 

extremely limited in substrate scope and required copper reagents in stoichiometric amount, their 

insightful works were of paramount significance to the current understanding of the transition metal-

mediated decarboxylation reaction.  

The 2000’s and 2010’s saw a wealth of innovations in the field of transition metal catalysis with major 

contributions from the groups of Myers, Gooßen, Crabtree, Larrosa, Greaney, Cahiez and Su. These 

contributions demonstrated that not only copper but other transition metal ions such as Ag+, Pd2+, Au+ 

and Rh3+ can promote C(sp2)‒C(sp2) bond formation via decarboxylation process of aromatic carboxylic 

acids. Myers et al. arose again the interest in decarboxylative functionalization, after 3 decades of 

silence, when they reported in 2002 the first palladium-catalyzed decarboxylative coupling reaction  of 

arene carboxylates with olefinic substrates (Scheme 11).62 However, a stoichiometric amount of silver 

additives is mandatory for the reaction to occur.  
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Scheme 11. First example of palladium catalyzed Heck-type decarboxylative cross-coupling reaction.  

A few years later, the group of Gooßen reported a novel strategy for the direct decarboxylative 

arylation of benzoic acid derivatives and their coupling with bromoarenes to form biaryls (Scheme 

12).83 This study highlighted the unusual employment of two different metals (palladium and copper) 

in catalytic amounts used in tandem to perform the catalysis. This remarkable achievement ushered 

in a new era of carboxylic acid transformation as alternative aryl sources in cross-coupling procedures, 

which stimulated efforts to broaden the scope of such type of reaction. Consequently, a number of 

research groups have focused their efforts on the development of more efficient and more general 

catalytic systems. Their goal was the design of new complexes with various metals and ligands with 

different steric and electronic properties. Furthermore, the influence of solvents and the technique for 

applying to various activated or deactivated carboxylic acids were also investigated. Cross-coupling of 

benzoic acid derivatives with a variety of arenes or with other benzoic acid derivatives subsequently 

derived.  

 

Scheme 12. First truly catalytic decarboxylative cross-coupling reaction 

In 2008, the group of Crabtree reported the first arylation of iodo-anisole and arenes with the 

disubstituted benzoic acid 2,6(MeO)2PhCO2H in the presence of a palladium catalyst with a tBu-XPhos 

ligand and excess of silver salts under microwaves irradiation (Scheme 13).84 Microwave heating greatly 

enhances yields and shortens reaction time in these decarboxylative coupling reactions. Moreover, 

decarboxylative homo-coupling of (hetero)aromatic compounds was first revealed by Larrosa and co-

workers using Pd/Ag catalytic system (Scheme 14).85 Although these new concepts for preparing useful 

biaryl from arene carboxylate precursors display elegant procedures, they however still remain limited 

regarding the functionalities and also require stoichiometric amounts of metallic additives such as 

Ag2CO3.  
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Scheme 13. First C-CO2H/C-H decarboxylative cross-coupling. 

 

 

Scheme 14. First C-CO2H/C-CO2H decarboxylative homo-coupling reaction. 

Notwithstanding the practical issues, these pioneering works represented a significant advancement 

in the direct utilization of carboxylic acid for the C‒C bond construction. For the first time, a low cost, 

less halogenated alternative of nucleophilic coupling partner to the traditional cross-coupling reactions 

has been found.  

At this stage of discovery, a set of requirements is necessary for successful decarboxylation of aromatic 

acids:  

• The presence of electron attracting groups in ortho-position of the carboxylic moiety (cf. C6F5
−);  

• The use of forcing conditions (ca. 170 oC);  

• The fitting transition-metal catalysts (Pd, Cu, Ag, Rh, Au) to facilitate the loss of CO2.  

In a broad sense, the advances in the chemistry of C–C coupling via a decarboxylation process using 

transition metals lie on three strategies: redox-neutral decarboxylative coupling, decarboxylative 

oxidative coupling, and protodecarboxylation. In the next parts, we will detail these areas, with 

mentions of the different transition metals used for each of them.  

II. 3. Redox-neutral decarboxylative coupling reaction 

II. 3. 1. Bimetallic system (Pd/Cu) 

Decarboxylative cross-coupling is a pathway involving an organometallic species formed via the 

extrusion of CO2 from a metal carboxylate RCO2[M] species. This metal-aryl intermediate then reacts 

with an aryl substrate Ar-X to give a coupling product R-Ar (Scheme 15).  
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Scheme 15. A biaryl synthesis via a metal-catalyzed decarboxylative cross-coupling reaction of carboxylic acid and aryl 
halide.  

This modern strategy towards biaryls through catalytic decarboxylative coupling, was first evidenced 

by Gooßen et al. in 2006.83 They used bimetallic Pd(II)/Cu(II) or Pd(II)/Cu(I) systems to catalyze the 

reaction between substituted aryls bromide and substituted aryl carboxylic salts, mainly ortho-nitro 

benzoic acid (Scheme 16). Highly effective for the biaryl synthesis at relatively low temperature 

(120 oC), this Pd(II)/Cu(II) process was catalytic in Pd(acac)2 (acac = acetylacetonate) supported by the 

phosphine ligand P(iPr)Ph2 but not in CuII(CO3). Moreover, it required the presence of stoichiometric 

amount of KF additives (Scheme 16a). The second Pd(II)/Cu(I) system presented in their article used  

both Pd(II) and copper(I) salt in catalytic quantities (Scheme 16b).83  

 

 

Scheme 16. Synthesis of biaryls via catalytic decarboxylative cross-coupling. 

It was a major improvement and, in that case, the Pd and the Cu(I) catalysts were coordinated by 

phenanthroline ligand. This nitrogen ligand favored the reactivity of the copper(I) center, and this 

result initiated a powerful trend in redox-neutral decarboxylative cross-coupling reaction.83  

The proposed mechanism to this co-catalytic Pd(II)/Cu(I) system is consisting of two catalytic cycles 

where the palladium catalyst cycle shares similarities with traditional cross-coupling one (Scheme 17). 

The decarboxylation step was assumed to occur at the carboxylate Cu(I) complex generated after 

reaction of the acid with K2CO3/CuI. The subsequent arylcopper species undergoes a transmetallation 

with arylpalladium(II) complex generated by oxidative addition of an aryl halide to a palladium catalyst. 



Chapter 1 – General introduction 

 
44 

 

The following reductive elimination of resulted biarylpalladium species affords biaryl product and 

regenerating the initial palladium(0) precursor, thus closes the catalytic cycle.  

 

Scheme 17. Proposed catalytic cycles for the copper decarboxylation and palladium cross-coupling catalysis. 

Based on the proposed mechanism, the cupric salt should be as well regenerated after the 

transmetallation step and a catalytic amount should be sufficient. However, CuCO3 is not able to 

promote the reaction catalytically.  The authors discussed about the probable reduction of CuCO3 into 

Cu(I) species in the NMP solvent, whereas Cu(I) is inactive under the given reaction conditions (i.e. 120 
oC with phosphine ligand, Scheme 17). In addition, the generation of copper halide salt after the 

transmetallation step could retard the decarboxylation. This is due to the strong affinity between 

copper and halides, causing a less favorable binding of carboxylates to the copper center in the anion 

exchange step. Therefore, the choice of copper salt precursor and a ligand environment that enhance 

the copper reactivity and promote the anion exchange are desired. 

One year later in 2007, Gooßen et al. revisited and carefully investigated the conditions for the 

decarboxylative cross-coupling reactions with the Pd(II)/Cu(I) system.86 The catalyst system consists of 

a copper phenanthroline complex that mediated the extrusion of CO2 from aromatic carboxylates to  

generate  aryl copper species,  and  a  Pd(II) precursor supported by phenanthroline ligand that  

catalyzed the  cross-coupling  of  these intermediates with aryl halides. This Pd/Cu system allowed the 

direct coupling of various aryl, heteroaryl, or vinyl carboxylic acids with aryl or heteroaryl iodides, 

bromides, or chlorides at 170 °C in the presence of a mild base such as K2CO3 (Scheme 18).  
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Scheme 18. Gooßen's decarboxlative cross-coupling of ortho-substituted benzoic acids. 

The authors revealed the importance of the reagents for an optimized Pd/Cu catalytic system and 

provided new elements to rationalize the different activities between cuprous and cupric salts. They 

observed that CuCO3 was readily reduced by NMP solvent into Cu(I) at 160 oC in less than 1 h. While a 

more stable copper (I) salt is less effective and gave only very low conversion even at forcing condition 

and at stoichiometric loading. However, by using a nitrogen chelating ligand (bipyridine or 

phenanthroline), the decarboxylation activity of the cuprous salt improved dramatically, with 

phenanthroline proved to be the best ligand: 98% yield for the biaryl (0.5 mol% Pd(acac)2, 1 mol% CuI, 

3 mol% phenanthroline). In the meantime, reaction with stoichiometric amount of CuCO3 and catalytic 

amount of Pd(acac)2 supporting by bipyridine ligand leads to low yield of coupling product (e.g. 35 %).   

At this stage, a pattern for a catalytic decarboxylation process became apparent. It would require two 

crucial components to achieve the catalytic decarboxylative coupling event:  

• cuprous salt precursor  

• a fitted chelating ligand for the Cu+ ion 

These components would appear to be the guiding principle behind the redox-neutral decarboxylation 

coupling throughout the years. A common limitation for these decarboxylation methods was the 

inherent dependence to the ortho-substituted heterocyclic carboxylic acids.  

Taking advantage of their previous studies, Gooßen and co-workers unlocked the substrates 

constraints with a novel catalyst system efficient with meta- and para-substituted benzoic acids.87,88 

By replacing aryl halides with aryl triflates87 or aryl tosylates88 as coupling partners, and with a halide-

free Cu(I) source (Cu2O), the decarboxylation step was then favored (Scheme 19 and Scheme 20).  



Chapter 1 – General introduction 

 
46 

 

 

Scheme 19. Pd/Cu catalyzed decarboxylative cross-coupling of aryl triflates and aromatic carboxylic acids. 

 

Scheme 20. Pd/Cu catalyzed decarboxylative cross-coupling of aryl tosylates and aromatic carboxylic acids. 

Simplified versions of these catalytic procedures for industrial applications have been designed using 

a microwave reactor.88–90 This carboxylative cross-couplings of carboxylic acid salts with aryl bromide, 

using the Pd(acac)2/CuI catalysts and phenanthroline ligands, allowed fast (ca. 5 min.) and convenient 

synthesis of biaryls and aryl ketones in high yields from a broad range of aromatic carboxylic acids. The 

decarboxylative coupling with less reactive chloro-arenes was also explored with focus on the 

efficiency of palladium catalyst. It was found that phosphine ligands bearing bulky and electron-rich 

substituents such as (bis(tbutyl)biphenylphosphine),91 Tol-BINAP,87 or Beller’s ImiPrAd88 helped to 

improve the coupling activity of palladium metal while maintaining the highest level of performance 

of copper in the decarboxylation process (Figure 14). 
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Figure 14. Examples of electron-rich phosphine ligands that applied in the Pd/Cu catalyst system for decarboxylative cross-
coupling.  

Thus, in just four years, Gooßen’s insightful work has led to major advances to these reactions and to 

the development of a more versatile methodology for a wider range of applications.   

Mechanistic investigations dedicated to the decarboxylation step have been carried out in order to 

identify why ortho-substitution is so important. In the earliest work by Gooßen et al., the use of non- 

ortho-substituted benzoic acid derivatives in copper-catalyzed protodecarboxylation highlighted the 

influence of the substitution position.57  Of importance was the role of the halide anion released in the 

cross-coupling step. Having a strong affinity for the copper ions, coordinated halide can stall or impede 

the decarboxylation event. The presence of ortho-substituents on the aromatic benzoate, by favoring 

displacement of the halide ligand, would prevent the deactivation process.  

II. 3. 2. Bimetallic system (Pd/Ag) 

Besides copper, the role of silver in decarboxylation process was also considered in Pd(II)/Ag(I) 

catalyzed decarboxylative cross-coupling. Several reports showed that the transformation of ortho-

benzoic acid with iodoarene, thiazole and oxazole into biaryl compound is accessible in the presence 

of stoichiometric amount of Ag2CO3.60,83,86,92–94 The first proof of concept was evidenced by Gooßen et 

al. from their Pd(II)/Cu(II) catalyst system, where they replaced CuCO3 with Ag2CO3.83,86 They obtained 

moderate yield in the formation of 4-chloro-2’–nitrobiphenyl (47 %), which is lower than that obtained 

with CuCO3 in the same conditions. The yields were optimized by Becht et al. when they introduced a 

Pd/Ag bimetallic system for a coupling reaction between ortho-substituted benzoic acid and 

iodoarenes or diaryliodonium salts.60,92 However, if the yields are improved, a high loading in Pd and 

stoichiometric amount of Ag are required (Scheme 21). 
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Scheme 21. Becht’s Pd/Ag catalyzed decarboxylative cross-coupling of ortho-substituted benzoic acids and iodoarenes 

In 2009, Wu et al. introduced another protocol for the cross-coupling of ortho-substituted benzoic acid 

with aryl iodide catalyzed with the system combining PdCl2 and BINAP in the presence of Ag2CO3 

(Scheme 22).93 Although their catalytic system required a lower charge in Pd(II) and is faster, the yields 

are in general lower when compared to the results obtained by Becht’s group.60,92 Later on 2010, 

Greaney and Zhang expanded the scope to thiazole and oxazole carboxylic acids for a decarboxylative 

coupling reaction with a wide range of aryl bromide and iodide with the PdCl2/Ag2CO3 catalytic system 

(Scheme 23).94  

 

Scheme 22. Wu's Pd/Ag catalyzed decarboxylative cross-coupling of ortho-substituted benzoic acids and iodoarenes. 
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Scheme 23. Synthesis of biaryl via Pd/Ag catalyzed decarboxylative cross-coupling of thiazole and oxazole carboxylic acids. 

The stoichiometric requirement of silver-based has been an obstacle which was solved by Gooßen and 

coworkers in their mechanistic investigation of the decarboxylation step.54 Here again, the high loading 

in silver salt was explained by the formation of the stable and inactive AgX (X = halide) species by the 

release of halide anion during the coupling. As previously mentioned with copper, a solution to address 

this problem was the use of arene sulfonates to prevent the formation of inactive silver halide entity, 

and in that case, catalytic amount of silver salt were sufficient (Scheme 24).95 In contrast to copper 

catalysts, silver catalyzed decarboxylative coupling of arene carboxylates with aryl triflates proceeded 

at 120 °C in the presence of Pd(II), but the scope was limited to ortho-substituted or heterogenated 

carboxylic acids.95 

 

 

Scheme 24. Pd/Ag catalyzed decarboxylative coupling of arenecarboxylates and aryl triflates. 

From Gooßen and co-workers, formation of C–C bond via decarboxylation of carboxylic acids (as 

sources of aryl nucleophiles) instead of organometallic compounds has evolved into a well-constructed 

catalytic reaction with a diverse range of substrates. By highlighting the efficiency of the bimetallic 

Pd/Cu catalytic system, Gooßen and co-workers have significantly broadened the concept of the redox-

neutral decarboxylative cross-coupling approach and paved the way for the discovery of milder 
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reaction conditions and wider application. The use of the decarboxylative cross-coupling reaction has 

been recognized as offering a versatile route for the synthesis of biaryl compounds from an available 

and inexpensive carboxylic acids. However, most often cited drawback of this method is the demand 

of elevated temperature. 

II. 3. 3. Monometallic system 

A number of palladium complexes are capable of promoting decarboxylative cross-coupling reaction 

between activated carboxylate substrates and iodo- or bromo-arenes without the need for co-catalyst. 

For example, Steglich et al., in a pioneering work, reported that Pd(OAc)2 (in stoichiometric amount) 

mediated intramolecular reaction of pyrrole carboxylic acid and phenyl moiety to form indolizine 

motif.96 Later on, different strategies have been developed to prepare a variety of heterocylic 

compounds useful for the synthesis of natural products or drugs.59,97–100 In 2006, Bilodeau and Forgione 

reported an intermolecular decarboxylative cross-coupling of 5-membered heteroaromatic carboxylic 

acids and aryl bromide, in the presence of Pd[P(tBu)3]2 as catalyst and excess of Cs2CO3 additive.97 Miura 

et al. developed the synthesis of 2,3-diarylbenzo[b]thiophenes by combining Suzuki-Miyaura cross-

coupling with a Pd catalyzed decarboxylative arylation of 3-chloro-2-

methoxycarbonylbenzo[b]thiophenes.101 Recently, a more general procedure was demonstrated by Liu 

and co-workers where activated polyfluorobenzoates could undergo coupling with aryl halides (X = Br, 

Cl) or aryl triflate (Scheme 25).59  

 

 

Scheme 25. Pd catalyzed cross-coupling between polyfluorobenzoates and aryl halides or aryl triflates. 

Unlike palladium catalyst, only one example of copper catalyzed cross-coupling reaction was reported 

for monometallic system by Liu and co-workers (Scheme 26).58 The coupling of polyfluorobenzoic acids 

and aryl iodides or aryl bromides was successful. The oxidative addition appeared to be the rate-

determining step from DFT calculations, while for palladium, it is the decarboxylation step.59  
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Scheme 26. Cu-catalyzed cross-coupling between polyfluorinated benzoic acids and aryl halides. 

From the above results, Pd or Cu complexes were found to be alone capable of catalyzing C–C bond 

formation via the decarboxylation process. Even though they needed lower operational temperatures 

in comparison to the bimetallic Pd/Cu systems, the scope is limited to activated carboxylic acids 

involving electron-attracting ortho-substituents. To date, this type of reaction has remained 

underdeveloped. 

Overall, the decarboxylative cross-coupling reaction offers an inexpensive method for a C-C bond 

construction a readily available carboxylic acid and a haloarene. This process can be promoted by 

bimetallic or monometallic catalyst systems. Unfortunately, the forcing conditions to remove CO2 

decrease the chemoselectivity and favor side reactions such as the protodecarboxylation. This latter 

reaction will be a subject of discussion later in this chapter.  

II. 4. Decarboxylative oxidative coupling 

II. 4. 1. Decarboxylative C–H functionalization 

The decarboxylative oxidative coupling reaction concerns the formation of biaryl compounds by 

decarboxylation of a carboxylic acid and its reaction with a C–H bond of an aromatic molecule (Scheme 

27).  

 

Scheme 27. A biaryl synthesis via a metal-catalyzed decarboxylative C-H functionalization of carboxylic acid and aryl 
compound. 

Such coupling between benzoic acid derivatives and simple arenes is appealing, due to the availability 

of each type of substrates. Generally, these systems use Pd(II) catalysts and stoichiometric silver or 

Cu(II) salts as oxidants for the oxidation of Pd(0). These Ag and Cu species are also involved in the 

decarboxylation step and transfer of the aryl fragment to palladium(II). 



Chapter 1 – General introduction 

 
52 

 

An initial strategy for the decarboxylative coupling of aromatic acids with non-activated arenes was 

established by Crabtree in 2008 with Pd(OAc)2 as catalyst supported by tBu-Xphos ligand and where an 

excess of Ag2CO3 was required for the arylation of anisole with 2,6-dimethoxybenzoic acid (Scheme 

28).84 Limited by the severe reaction conditions (ca. 200 oC, microwave oven) and the poor 

regioselectivity related to the multiple active sites of anisole, Crabtree’s method was subsequently 

improved by several groups using similar reaction conditions.  

 

Scheme 28. Pd(II)/Ag(I) catalyzed decarboxylative C-H functionalization between anisole and 2,6-dimethoxybenzoic acid. 

For instance, a wide range of benzoic acids involving electron-rich or electron-poor substituents can 

be used and coupled with various 5-membered heterocycles (indole,102 thiophenes,103 furans, 

benzofurans, pyrroles,104 thiazoles, benzoxazoles.105 It is possible to direct the coupling position by 

tuning the nature of the benzoic acid: electron-rich benzoic acid favor C-2 arylated product (C-2: carbon 

atom adjacent to the nitrogen one) and electron-poor derivatives lead to arylation at C-3 position of 

the 5-membered heterocyclic species (Scheme 29).102  

 

Scheme 29. Pd/Ag catalyzed regioselective arylation of electron-rich and -poor benzoic acids. 
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C–H arylation by decarboxylative coupling of acids with simple arenes such as benzene, toluene, xylene 

is also possible with polyfluorinated benzoic acids, but large amounts of arene partners are necessary 

and the yields are poor due to the low reactivity of these latter.106 More reactive fluorobenzene could 

also be arylated with heteroaromatic carboxylic acid, provides a promising synthetic pathway to 

fluorobiaryl species.107  

Inspired by the work of Greaney under radical conditions,108 Su et al. developed another approach for 

the transformation of simple arenes to biaryl compounds by using silver catalyst and K2S2O8 as one-

electron oxidant.109 With this work, Su had achieved something beautiful, which is the ability to 

decarboxylate non-ortho-substituted benzoic acids that tolerate various functional groups. 

Nonetheless, this Minisci type reaction afforded poor regioselectivity likely due to the radical nature 

of the reaction. Intramolecular decarboxylative arylation was also described for non-ortho substituted 

benzolbenzoic acids using similar radical pathway mediated by Ag/K2S2O8 catalyst system108 and for 2-

phenoxybenzoic acid catalyzed by palladium complex and silver oxidant.110 

There is one example of palladium catalyzed arylation of oxazoles with azole-5-carboxylic acids where 

CuCO3 is employed as an oxidant and a base to mediate the decarboxylation process (Scheme 30).111 

Silver salts are also efficient for this reaction, however, they exhibit a lower reactivity compared to 

copper oxidizing agent.  

 

Scheme 30. Pd/Cu catalyzed decarboxylative C-C bond formation of oxazole and azole-5-carboxylic acid. 

On the basis of the known ability of copper to promote decarboxylation and its reactivity for C-H 

functionalization presented in several studies,112–116 Hoover et al. began study on the potential of the 

direct decarboxylative arylation of indoles catalyzed by copper species.117 Moderate to good yields of 

a variety of arylated benzoxazoles have been obtained by combining Cu (I and II) catalysts and Ag(I) 

oxidants in presence of bases (Scheme 31). Notwithstanding the availability of the copper catalyst, the 

reaction was limited to ortho-nitro benzoic acids and stoichiometric amounts of silver salts are 

required.117 Maiti et al. elegantly overcame this issue by the employment of oxygen as the oxidant 

while expanded the substrate scope to 5-membered heteroarenes with highly activated benzoic acid 

derivatives involving a number of electron-attracting substituents (Scheme 32).118 
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Scheme 31. Copper catalyzed decarboxylative arylation of 2-NO2-benzoic acid and indole. 

 

 

Scheme 32. Copper-catalyzed C-C bond formation via decarboxylative C-H activation of heteroarene and benzoic acids. 

Besides copper and palladium salts, Rh(III)119 and Ni(II)120,121 catalyzed arylation of thiophene or azole 

derivatives, respectively,  with 2,4-(MeO)2C5H3CO2H or activated  fluoro-benzoic acids, respectively, 

have also been reported. In the two cases, the utilization of Ag2CO3 is indispensable as oxidant but also 

as decarboxylating agent. With [Cp*RhCl2]2/Ag2CO3, the reaction required 1 day at 100 °C in DMF to 

give the products in a yield up to 82 % with K2HPO4 as a base in excess.119 The Ni(II)/Ag(I) system also 

required additional bases; if the scope of azole derivatives is broad, the efficiency of the arylation with 

perfluorobenzoates is highly dependent on both the degree and position of fluorine atoms in the 

benzoate and high temperatures (120°C−160°C ) are needed.120,121 

II. 4. 2. Decarboxylative C–CO2H functionalization (homo-coupling and cross-coupling)  

The decarboxylative C−CO2H homo-coupling and cross-coupling involving two carboxylic acids 

substrates to undergo decarboxylation followed by a generation of a new C-C bond between them. In 

cross-coupling process, the chemoselectivity of the reaction is of importance since homocoupling is in 

competition (Scheme 33). 
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Scheme 33. A biaryl synthesis via a metal-catalyzed decarboxylative C-CO2H coupling between carboxylic acids. 

As for the C–C bond formation with arene compounds and under similar reaction conditions, the homo 

coupling of aryl fragments issued from decarboxylated benzoic acids has also been reported. In 2011, 

Larrosa et al. developed the first decarboxylative homocoupling of aromatic and heteroaromatic acids 

using Pd(II)/Ag(I) system.85 This reaction required quantitative amount of Ag+ salt which acts as an 

oxidizing agent and promotes decarboxylation process. In view of the high loading of silver salts, Cai 

and co-workers explored another approach for the decarboxylative homocoupling of ortho-nitro 

benzoic acid derivatives with a copper catalyst (Scheme 34).122 This method is constrained by the need 

for a nitro group in ortho-position of the carboxylic moiety. Although there is a tolerance for both 

electron-donating and electron-withdrawing substituents on the aromatic ring, sterically congested 

benzoic acids were found unreactive.  

 

Scheme 34. Copper-catalyzed decarboxylative homocoupling of 2-NO2-benzoic acids. 

The strategy to obtain asymmetric biaryl compounds from the decarboxylative cross-coupling of 

aromatic acids was separately established by the groups of Tan123 and Su.124 In 2011, Tan et al. carried 

out the first cross-coupling between electron-rich or polyfluorinated benzoic acids with ortho-nitro 

benzoic acids in the presence of palladium catalyst and stoichiometric amount of silver base.123 The 

chemoselectivity of this reaction remained however modest due to homocoupling reaction producing 

symmetrical biaryls. A year later, Su and co-workers reported the cross-coupling reaction between 

ArCO2H species with substituents having similar and distinct electronic properties.124 In their 

optimization study, the authors demonstrated that the combination of Pd(TFA)2, PCy3, and a mixture 

of solvents in a correct ratio afforded the unsymmetrical biaryl in the highest yield (Scheme 35). 

Although the yields are generally high, the author did not disclose the homocoupling levels in each 

case, hence, such conclusion regarding the chemoselectivity could not be unveiled.  
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Scheme 35. Unsymmetrical biaryl synthesis via Pd/Ag catalyzed decarboxylative cross-coupling of aromatic carboxylic acids. 

Overall, decarboxylative oxidative coupling is a high atom-efficient transformation, in which the C–H 

functionalization of arenes is well developed with high regioselectivity. In particular, improvement of 

the chemoselectivity in the decarboxylative cross-coupling of two distinct benzoic acids is challenging. 

Even though the two C–H and C–CO2H activation methodologies are straightforward and simple routes 

to biaryls or analogues, these processes suffer from the need for stoichiometric (or excess) amounts 

of oxidant and high temperatures.  

II. 5. Protodecarboxylation 

 

 

Scheme 36. General scheme of metal-catalyzed protodecarboxylation of carboxylic acid. 

In the presence of proton sources, instead of the decarboxylative coupling process, a 

protodecarboxylation process, viewed as an unwanted pathway, can occur (Scheme 36). Nevertheless, 

when controlled, the protodecarboxylation reaction can be a convenient access to aromatics from 

benzoic acids. Therefore, this reaction attracted attention to gain deeper understanding and to use it 

as a means of detailing reactivity trends and limitations of transition metal-catalyzed decarboxylation.  

A long time after Sheppard80 pioneering contribution, Gooßen et al. evidenced that Cu2O and 

bathophenanthroline ligand (4,7-diphenyl-1,10-phenanthroline) catalyzed protodecarboxylation of a 

range of substituted benzoic acids at elevated temperatures (ca. 170 oC) for around 12 to 24 h (Scheme 

37a).54 Microwave irradiation expedited the reaction, and with 5 mol% of an inexpensive Cu(I) catalyst, 

the smooth protodecarboxylation of diversely functionalized aromatic carboxylic acids occurred in a 

few minutes (5−15 min) instead of several hours. This efficient protocol can be suited in medicinal 

chemistry.125 In 2009, Gooßen et al. disclosed the production of arenes from carboxylic acids via a 

decarboxylation step catalyzed by Ag(I) species in the presence of a base in NMP.55 The Ag-system is 

much more effective than the Cu2O/phen system since protodecarboxylation proceeded at lower 

temperatures (ca. 120 oC, 16 h), in high selectivity with at most, traces of side products arising from 
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homocoupling and afforded better yields. However, it was only efficient with benzoic acids mainly 

substituted in ortho-positions by attracting groups (Scheme 37b). In the meantime, the copper catalyst 

system can be applied for a number of benzoic acid derivatives without the constraint of the functional 

group position (Scheme 37a). Similarly, Larrosa et al. developed a silver catalyst that works without 

additives. In DMSO at 120 °C, Ag2O proved highly efficient for the protodecarboxylation of a variety of 

heteroaromatic carboxylic acids and the isolated yield of compounds are excellent; however, the 

number of benzoic acids reported is limited and most are ortho-substituted (Scheme 37c).56 

Interestingly, this reaction can also realized selective mono-protodecarboxylation of dicarboxylic 

acids.126 Like copper and silver, gold salts in stoichiometric loading can also mediate the 

decarboxylation of aromatic and heteroaromatic carboxylic acids and at low temperatures (ca. 60 oC) 

much lower than those with Cu and Ag catalysts.127,128 However, the organometallic (Aryl)Au species 

thus obtained proved stable against protodemetallation.  

 

 

 

Scheme 37.  Copper catalyzed protodecarboxylation of various aromatic carboxylic acid via a) copper catalyst system; b) 
silver catalyst with additves; and c) silver catalyst system without additves. 

Besides group 11 transition metals, Pd(II) and Ru(II) catalysts operate at particularly mild conditions 

(ca. 70−110 oC), but are limited to a narrow scope of electron-rich 2,6-methoxy-disubstituted aromatic 

acids for the palladium system57 as well as multi-substituted arene-carboxylic acids for the ruthenium 



Chapter 1 – General introduction 

 
58 

 

catalyst (Scheme 38).129 This methodology has been applied in synthetic route for the meta 

functionalization of aryl scaffold in a tandem C-H activation and protodecarboxylation reactions 

(Scheme 39).130–133 The carboxylic acid group acts as a directing group in a first ortho C-H activation 

step with haloarenes as coupling partner. It is followed by a protodecarboxylation reaction to remove 

the carboxylic group. Thus, challenging selectivity can be reach with a unique catalytic system and the 

support of the carboxylic function as traceless directing group. Regardless of its convenience as a one-

pot strategy that provides a selective methodology for meta-functionalization, stoichiometric amount 

of oxidizing agent is required.  

 

 

Scheme 38. a) Pd(II) catalyzed protodecarboxylation of 2,6-dimethoxy-aromatic carboxylic acids; b) Ru(II) catalyzed 
protodecarboxylation of multi-substitued arenecarboxylic acids.  

 

Scheme 39. Tandem ortho-selective arylation/protodecarboxylation process leading to formal meta-selective C-H arylation.130  

In summary, general decarboxylative transformation for the synthesis of biaryl scaffolds has achieved 

remarkable results and versatility over the past decades. All studies are devoted to developing a large 

number of transformations that give access to a wide range of substrate classes starting from 

carboxylic acids. A number of challenges have been overcome, but the process still needs to be 

optimized to obtain more efficient and less costly catalytic systems. For instance, the elevated 
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temperatures for the reaction, functional group tolerance, and the availability of benzoic acid 

derivatives. Of all the transition metal catalysts, copper stands out as a promising catalyst for such a 

transformation under noble metal-free conditions, which is so far much more generally applicable. In 

recognition of copper's potential, much effort has gone into elucidating the mechanism of the copper-

catalyzed decarboxylation step, in the hope of developing more practical generations of copper-based 

catalysts.  

III. Mechanistic study of copper catalyzed decarboxylation step in 

catalysis 

III. 1. Experimental study 

The first mechanistic insight was reported by Nilsson et al. in 1966 when they discovered that 2-

nitrobiphenyl can be formed by decarboxylation of o-nitrobenzoic acid in the presence of iodoarenes.78 

This combination of classic Ullmann reaction and copper-promoted decarboxylation of aromatic acids 

led to consider several points related to these two types of reaction. Firstly, the beneficial effect of 

ortho- group in the aromatic substrates, and secondly the nature of the intermediate, presumably a 

copper-aryl species, from the decarboxylation step. In 1970, Sheppard confirmed the hypothesis of an 

organocopper intermediate by isolating the [(quinoline)Cu-C6F5] complex (76%) resulting from the loss 

of CO2 from the carboxylate [Cu(CO2C6F5)] in the solvent quinoline at 60 °C.134 This Cu-aryl complex was 

separately prepared by immersing (pentafluorophenyl)copper135 in quinoline resulting a brown solid 

which has identical melting point with the decarboxylated product (mp 161−164 oC). It was the first 

evidence that the decarboxylation step took place via a copper-aryl intermediate. However, this 

[(quinoline)Cu-C6F5] is only characterized by melting point analysis. 

Additionally, the important impact of the electronic properties of the aryl substituents on the stability 

of the copper-aryl species has been highlighted. Beside the tetramers [Cu(C6F5)]4 and the mesitylene 

analogue [Cu(Mes)]6 examples of  well-defined and stable  Aryl-Cu(I) copper species are very  limited 

and generally involve additional ligands.136–140 In most of the case, the organocopper derivative 

degrades. The extrusion of CO2 from copper carboxylate via homolytic C–C bond cleavage was initially 

ruled out to explain the distinct behavior of the aromatic and aliphatic carboxylic acid in the 

decarboxylative process. A similar observation was done by Cohen et al. through a kinetic study and 

stereochemical results that went against a radical process.81,82 Given that the reaction kinetic was 

measured to be first-order in cuprous benzoates, it was unlikely that radicals were involved. Moreover, 

the retention of configuration observed in the decarboxylation of pure isomeric diphenylpropenoic 

acids, that afforded separately the cis- or the trans- decarboxylated products in high yields, also 

supported a non-radical process.81 Recently, a work from Gooßen et al. involving the addition of the 

radical scavenger TEMPO showed no influence on the yield of the decarboxylation process.54 

Consequently, it is highly plausible that the cleavage of the C–C bond leading to the loss of CO2 followed 

a heterolytic pathway via a copper-aryl intermediate. 

The oxidation state of the copper center of the active species is also somewhat controversial. Kinetic 

studies and ESR measurements by Cohen and co-workers suggested a copper (I) active species. This is 

evidenced first by a reduction of cupric carboxylates to copper(I) supposedly by quinoline solvent prior 
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to the decarboxylation step.81 Secondly, the kinetic is found to be first order in copper (I) carboxylate, 

whereas the decarboxylation proceeds 100 times slower when copper(II) is applied.82 Later, the same 

group proposed the passage to a transient copper(III) intermediate during the extrusion of CO2 

involving the oxidative addition of aryl carboxylate to copper(I) precursor.82,141 In fact, the shred of 

evidence to support this oxidative addition mechanism is mainly on the beneficial role of σ-donor 

ligand. Although the decarboxylative mechanism is not clear, Cahiez et al. considered as reasonable 

the proposal of Cohen82 concerning the oxidative addition of the copper atom to the C‒COO bond of 

the carboxylate, via a π-complexation to the aromatic ring or not (Scheme 40).142 The instable copper 

(III) intermediate would indeed rapidly reductively eliminate carbon dioxide with formation of an aryl-

copper(I) species. The loss of CO2 would be induced by the π-back-donation of the metal center to the 

σ*-orbitals of the C‒C bond and this process favored by increasing the electronic density of the copper 

atom which is the role of strong -donor ligands such as the amines quinoline, bypyridine or 1,10-

phenanthroline which gave the best results. 

 

Scheme 40. Proposed mechanism for the copper-catalyzed decarboxylation via copper(III) intermediate.142 

Concerning the decarboxylation process involving the oxidant (vide supra, Chapter 1 − II. 4.), a recent 

investigation into the reactivity of copper(I) and copper(II) complexes by Hoover and co-workers gave 

more solid proofs for a pathway based on copper(II) reactive species.143 In their study, they successfully 

isolated a series of 1,10-phenanthroline ligated copper(I) and copper(II) benzoates species 

[(phen)Cu(O2CC6H4-o-NO2)x] (x = 1, 2) and the aryl derivative [(phen)Cu(C6H4-o-NO2)]. They engaged 

the copper benzoate complexes in stoichiometric C-H functionalization reactions with benzoxazole in 

DMF in presence of Cs2CO3 at 110°C (Scheme 41). The higher yields observed while using Cu(II) species 

than Cu(I) suggests the cupric benzoate are important intermediates in reaction under oxidizing 

conditions. Nevertheless, the potential involvement of copper(III) benzoate generated via 

disproportionation144 in the extrusion of CO2 is not excluded. 

 

Scheme 41. Stoichiometric reaction of copper(II) carboxylic acid and benzoxazole.143  
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In short, experimental studies by Sheppard and Cohen in the 1970s have emphasized the intermediacy 

of copper(I) aryl species in the decarboxylation process by losing CO2 of copper(I) carboxylate complex. 

So far only one example of copper(I) carboxylate undergoes CO2 extrusion to produce a copper(I) aryl 

species was demonstrated, however without sufficient characterization analysis. Alternative, Cu(III) 

intermediate is proposed as well by Cohen and later agreed by Cahiez. This species is form via the 

oxidative addition of carboxylate into a copper center to form a copper(III) aryl intermediate. However, 

due to the instability of copper(III) species, this complex is neither isolated nor observed. Regarding 

the oxidative decarboxylative process, copper(II) species is suggested to be the key intermediate as 

demonstrated by the group of Hoover. By observing a better reactivity of copper(II) benzoate in the C-

H activation with benzoxazole substrate compared to copper(I) benzoate, they proposed that the loss 

of CO2 is likely to occurs at the copper (II) center. Nonetheless, the possible involvement of copper(III) 

intermediate is not excluded.  

III. 2. DFT studies carried out for determining the mechanism of the copper catalyzed 

decarboxylation step in catalysis 

Within the past decades, atomic- and molecular-level understanding of chemical processes by 

computational calculations led to meaningful predictions and calculations of chemical structures and 

were convenient for a clear understanding of the reactivity processes. Among the important types of 

modern calculations methods such as Hartree-Fock (HF), Moller-Plesset perturbation theory (MP), etc., 

density functional theory (DFT) calculations is considered to have sufficient accuracy and by far the 

most widely used method. DFT is a quantum-mechanical (QM) method used in chemistry and physics 

to compute some parts of the energy and the electron density of atoms and molecules. The huge 

impact of DFT in physics and chemistry had led to the Nobel Prize granted to Walter Kohn in 1998 for 

his development of the density-functional theory.  

Understanding a chemical reaction mechanism has always been key to improve reaction conditions 

and to achieve a great scope in substrates. By employing the state-of-the-art computational tool, 

several studies dedicated to the redox-neutral decarboxylative process by looking at various energy 

profiles of different copper-catalyst systems were carried out. Consequently, the mystery behind the 

decarboxylation event and useful insight into experimental results are revealed.  

In 2009, Liu et al. proposed a possible mechanism for the decarboxylative cross-coupling of potassium 

polyfluorobenzoates with haloarenes catalyzed by [(phen)Cu-I] (Figure 15).58 The first step involves the 

salt exchange between potassium benzoate and the [(phen)Cu-X] (I) (X = Br, I) to form a copper 

benzoate [(phen)Cu-O2C-Ar] (II) complex (Ar = polyfluoroarene) and KI salt. This copper benzoate 

species subsequently decarboxylates to release CO2 and generating [(phen)Cu-Ar] (III) intermediate. 

The following oxidative addition of Ph-Br substrate into the copper aryl species leads to a 

pentacoordinated copper (III) intermediate (IV). Finally, reductive elimination of this copper species 

affords a coupling product and regenerate [(phen)Cu-X] (I) complex and closed the catalytic cycle.  
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Figure 15. First proposed mechanisms for the copper-catalyzed decarboxylation of C6F5CO2K with haloarenes by [(phen)Cu-
I].58  

Alternatively, they considered a second pathway where oxidative addition of aryl halide compound 

occurs before the decarboxylation event (Figure 16). The catalytic cycle starts with the oxidative 

addition, resulting a pentacoordinated copper (III) complex V. Subsequently, the salt exchange takes 

place at the copper (III) center, forming a copper benzoate species (VI). The loss of CO2 form this 

intermediate resulted complex IV as a pentacoordinated species. After the decarboxylation, 

intermediate IV undergoes reductive elimination to produce the final coupling compound and give 

back the copper(I) species.  

 

Figure 16. Second proposed mechanisms for the copper-catalyzed decarboxylation of C6F5CO2K with haloarenes by [(phen)Cu-
I].58  

DFT calculations were performed according on these pathways.58 It was found that the first mechanism 

where decarboxylation occurs on copper(I) before oxidative addition of aryl halide compound is more 
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favorable with lower energy barriers for most of the steps, + 20.3  kcal.mol−1  for decarboxylation and 

+ 30.0 kcal.mol−1 for oxidative addition, the latter being the limiting step. In the second pathway, where 

decarboxylation takes place after the oxidative addition via a copper(III) intermediate, the energy 

profile is much higher. The pentacoordinated copper(III) complex undergoes the extrusion of CO2 via 

an extremely high activation barrier  of + 51.1 kcal.mol−1 and the energy gap of + 35.0 kcal.mol−1 of this 

step is too high to be overcome. Therefore, in that case, decarboxylation at a copper(III) species is 

excluded.  

In 2010, Gooßen and co-workers focused their attention on the decarboxylation event by computing 

the electronic structures and energy profiles of the starting materials, transition states and the 

products for the decarboxylation of the cuprous Cu(O2CC6H4-o-F) complexes coordinated by 4,7-

disubstituted 1,10-phenanthroline ligands (Figure 17).145 A model system of these complexes with 

increasingly electron-donating substituents has been devised. The group focused on the computation 

of relevant parameters: the total energies of reaction (∆𝐸𝑡𝑜𝑡
𝑅 ) and activation (∆𝐸𝑡𝑜𝑡

‡ ), the free 

enthalpies of reaction (∆𝐺𝑅) and activation (∆𝐺‡), and the relative reaction rates (𝑘) at room 

temperature (298 K) or higher temperature (443 K). These parameters were chosen in order to better 

understand the effect of ligand, particularly the electronic properties, on the thermodynamics and the 

kinetic of the decarboxylation event. The effect of ligand will be discussed later on. The analysis of 

these computed results also allowed rationalizing the reactivity pathway. Thus, an insightful conclusion 

was drawn and a general map of reactivity appeared.  

 

Figure 17. DFT calculations on the decarboxylation of 4,7-disubstituted-1,10-phenanthroline copper(I) 2-fluorobenzoats.145  

Generally, the loss of CO2 is endergonic at room temperature and would proceed via a single transition 

state (TS).  The structures of the TS are almost identical for all the substituted phenanthroline ligands. 

It is a distorted tetrahedral geometry where copper, coordinated by the two nitrogen atoms of the 

phenanthroline, the carbon atom of the CO2 moiety and the Cipso of the aryl group (Figure 18). It is 

noteworthy to mention that when they computed with unsubstituted phenanthroline, they obtained 

the same structure for TS and bond lengths. The CAr-CCOO bond lengths are around 1.90 Å and the Cu-

CAr bond length is 2.03 Å for all cases. This, as indicated by the authors, are evidenced for an early 

transition state. Meanwhile, the Cu-CCOO and the Cu-OCOO distance are relatively long, which are 2.22 

Å and 2.63 Å, respectively.  



Chapter 1 – General introduction 

 
64 

 

 

Figure 18. Calculated transition state structure of Cu(O2C6H4-o-F) supported by phenanthroline in decarboxylation step 
calculated by Gooßen et al.145  
Orange sphere represent copper atom, red spherse: oxygen atoms, blue spheres: nitrogen atoms, grey spheres: carbon atoms, 
green sphere: fluorine atom, and white spheres: hydrogen atoms. Numbers in green are the distances between atoms in Å.  

The optimized structure of the transition state (TS) proposed by Su et al. displays a similar coordination 

mode of the phenanthroline ligand, and the aryl carbon, however the carboxyl moiety is coordinated 

by the oxygen atom instead of the carbon atom.146 All the computed TS for selected substituents at 

ortho, para, and meta position in the carboxylic acids have the similar structures. This TS adopts as 

well a distorted tetrahedron geometry, with CAr-CCOO and Cu-CAr (Ar = C6H5) bond lengths are 2.06 Å and 

1.96 Å, respectively, whereas the Cu-OCOO is relatively long with 2.66 Å (Figure 19). This transition state 

structure is in agreement with calculated model by Liu et al. with phenanthroline and C6F5COO− as 

ligands.58 Despite having the same geometry and coordination sites, this TS has a shorter Cu-OCOO bond 

(2.09 Å) than that obtained by the Su group. The distances from CAr to the carboxyl moiety (CAr-CCOO) 

and to the copper center (Cu-CAr) have closed values of 2.01 Å and 2.00 Å respectively (Figure 19).  

As seen above, two main transition states have been proposed, in which the key difference is the 

binding modes either via the oxygen atom or the carbon atom of the carboxyl group. Such different 

structures of between the two transition states can be due to different applied computational levels. 

So far, there is no definite conclusion on which TS could be considered.  

 

Figure 19. Calculated four-membered ring transition state structure of copper complex in decarboxylation step. Left: TS 
calculated by Su et al.146 Right: TS calculated by Liu et al.58  
Orange sphere represent copper atom, red spheres: oxygen atoms, blue spheres: nitrogen atoms, grey spheres: carbon atoms, 
green spheres: fluorine atoms, and white spheres: hydrogen atoms. Numbers in green are the distances between atoms in Å.  
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The next question then turned to the electronic and steric effects of the substrates and the ligands, 

and more precisely to unveil the particular role of the substituents in ortho-position to the carboxylic 

fragment on the aromatic cycle, and the influence of the bidentate nitrogen ligands.  

III. 2. 1. Ortho effect 

During the early years in the development of copper-promoted decarboxylative reactions, ortho-

substituted aromatic carboxylic acid was the best choice of substrate. As the improvements of reaction 

conditions and substrate scope progressed, the nature of the functional group and their position within 

the aromatic ring was recognized as one of the most significant point in the decarboxylation event. 

Computational studies have then been carried out by different research groups to gain insights on the 

influence of the ortho-substituents. 

In 2010, Gooßen et al. calculated and compared by DFT the activation energies for the extrusion of CO2 

in Cu(O2CC6H4-o-F) and Cu(O2CC6H4-m-F) fluorobenzoate complexes coordinated with various 1,10-

phenanthroline derivatives.145 The choice of meta-substituted benzoate complex is to clarify the ortho-

effect if it truly existed.  Indeed, the activation energies for the (phen)Cu(O2CC6H4-m-F) species were 

found higher than those calculated for the ortho derivatives, indicating of a decrease in the reaction 

rate.145 These calculations matched their experimental results reported in 2007.54 Shortly after this 

report, Su et al. took a giant step forward in exploring the electronic effects of a large range of 

substituents at different positions (ortho, meta, and para).146 They first calculated the overall activation 

barriers for the transformation of the modeled copper-carboxylated complexes to the transition state 

of decarboxylation step. In general, copper-carboxylate complexes are calculated to adopt a T-shape 

structure with a 3-coordination mode by the bidentate phenanthroline ligand and the oxygen atom of 

a 1-carboxylate ligand (Figure 20, left). This copper carboxylate have relatively long Cu-OCOO bond of 

1.88 Å and a short CAr-CCOO bond (1.50 Å). Similarly, when they calculated the structure of [(phen)Cu-

C6H5] species, they obtained as well a 3-coordinated complex with a long Cu-CAr bond of 1.90 Å (Figure 

20, right). For such a complex, the authors considered only a simple phenyl substrate, while other 

copper complexes with substituted aryls were not calculated. Meanwhile, as mentioned above, the 

calculated transition states (TS) feature a four-membered-ring structure (Figure 19, left).  
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Figure 20.  Left: Calculated T-shape structure of copper(I) benzoate complex; Right: Calculated structure of copper(I) phenyl 
complex.146  
Orange sphere represent copper atom, red spherse: oxygen atoms, blue spheres: nitrogen atoms, grey spheres: carbon atoms, 
and white spheres: hydrogen atoms. Numbers in green are the distances between atoms in Å.  

To evaluate the substituent effect on the carboxylic acid, they considered various ortho substituents 

(e.g. NO2, C(O)H, C(O)Me, C(O)NMe2, OMe, Cl, Br, CN, Me, NH2, and OH) on the aromatic ring of the 

aryl carboxylate and deduced their overall activation energies in the decarboxylation step by 

calculating their transition states. The calculated results showed that strongly electron donating 

groups, such as NH2, and OH at have the highest activation energies (31.7 and 34.8 kcal.mol−1, 

respectively), whereas OMe substituent gives similar barriers (25.7−26.9 kcal.mol−1) with halogens. 

The C(O)R substituents (R = H, Me, NMe2) have relatively low barriers (ca. 23.6 kcal.mol−1) and the 

lowest among all the calculated substituents is NO2, with the activation energy of 21.6 kcal.mol−1. As 

result, there is no clear correlation between the electronic properties of the substituents and the 

calculated barriers to be detected. This observations are in agreement with the results published by 

the group of Gooßen.54  

Besides the substituent effect, the author also exploited the ortho effect by comparing the activation 

barriers from phenanthroline ligated copper carboxylate species [(phen)Cu-O2CC6H4-R] to their 

decarboxylation transition states of a given substituents at ortho, para, and meta positions.146 The 

calculations were performed for R = OMe, Me, NO2, and CN substituents. The authors noticed that 

some substituents would help stabilize intermediates (or TS), namely stabilizing effect, while other 

would destabilize them, so-called destabilizing effect.   

For instance, copper benzoate species with substituents at para and meta positions have similar free 

energy values (ca. 0.2 kcal.mol−1) and activation barrier (ca. 31.4 kcal.mol−1), regardless the electronic 

properties. Meanwhile, copper complex coordinated by ortho-substituted benzoates have higher free 

energies, about 2.2 to 5.9 kcal.mol−1 depending on the substituents. The increment in energies of these 

complexes is caused by the steric hindrance imparted by an ortho substituent, which brings a primary 

destabilizing effect. A secondary stabilizing effect can take place for some substituents, by coordinating 

to the metal atom in the TS. Such destabilizing and stabilizing effects help lower the barrier of 
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decarboxylation by ca. 2.2 to 8.5 kcal.mol−1, compared to the corresponding barriers for para and meta 

derivatives (ca. 33 kcal.mol−1) (Figure 21).  

 

Figure 21. Destabilization effect by ortho substituent (1o effect) and stabilization effect by coordination of the ortho substituent 
to the copper center (2o effect).147  

Indeed, substituents such as –NO2 and –C(O)R (R = H, Me, NMe2) can provide an extra coordination 

site to the Cu metal center via the oxygen forming a stable five-membered-ring TS (Figure 22), hence 

decreasing its Gibbs free energy. One relevant example is NO2 substituted benzoate copper complex. 

Para and meta isomers have similar level of energies, with respectively 0 and −0.3 kcal.mol−1, and  30.1 

and 30.5 kcal.mol−1 for the corresponding TSs (Figure 23). Activation barriers of 30.1 and 30.8 

kcal.mol−1 are reported for them. In the case of ortho isomer, due to the additional coordination of the 

oxygen atom from the NO2 group to the copper center, the transition state is stabilized and has a lower 

energy of 27.5 kcal.mol−1. Furthermore, steric hindrance caused by the NO2 moiety at the ortho 

position destabilized the copper benzoate derivatives, resulting in high energy level of 5.9 kcal.mol−1 

of this species. This overall brings a pronounced ortho effect, where the activation barrier is decreased 

to 21.6 kcal.mol−1 (Figure 23). 

 

Figure 22. Calculated TS of copper complex with o-nitro-benzoate and phenanthroline as ligand.146  
Orange sphere represent copper atom, red spheres: oxygen atoms, blue spheres: nitrogen atoms, grey spheres: carbon atoms, 
and white spheres: hydrogen atoms. Numbers in green are the distances between atoms in Å. 
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Figure 23. The relative energies (kcal.mol−1) calculated for copper-catalyzed decarboxylation of some nitro-benzoic acids.146 

Overall, coordinating substituents in ortho position exert a primary destabilization effect of the 

carboxylate complex (favoring loss of CO2) and a secondary stabilizing effect of the TS, thus, reducing 

the decarboxylation barriers. This emphasizes that the ortho effect exists and it is assumed to be an 

essential activating factor. 

III. 2. 2. Effect of the nitrogen ligand: 

All the works of the pioneering decarboxylation process had highlighted the key influence of the 

nitrogen ligand on the efficiency of the reaction. Gradually, with the help of innovating technologies, 

researchers started to investigate in more details the effects of the ligand upon the decarboxylation 

steps in the catalytic cycle.  

Cohen noted, as early as 1978, the beneficial effect of chelating ligand such as 1,10-phenanthroline 

that enhanced the rate of decarboxylation .82 Since then, the employment of N-type bidentate ligand 

proved to be significant throughout years of developments of experimental catalysis. Taking the 

advantage of modern theoretical chemistry, Gooßen et al. carried out a computational investigations 

on the energy profile of the decarboxylation event to map the effect of the substituents on 4,7-

positions of phenanthroline ligand.54,145 The calculated results showed in Table 1 revealed no  trend of 

electron-donating substituents on the aromatic rings of the ligand in the decarboxylation of copper(I) 

o- and p-fluorobenzoates.145 The (∆𝐺‡) values calculated for the transition states of ortho and para-

fluorobenzoates (TSAo-p and TSAp-F in Table 1) show only ca. 1 kcal.mol−1 differences between 

substituents on the phenanthroline rings. On the other hand, the obtained experimental results 

showed little beneficial effect of electron-donanting substituents (Table 1). For instance, in the copper 

catalyzed protodecarboxylation of o-nitrobenzoic acid, using 4,7-bis(dimethoxy)-phenanthroline as 

ligand gave 81 % yields and unsubstituted phenathroline ligand  afforded 65 % yield.145  
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Table 1. Experimental results and DFT calculations of copper-catalyzed decarboxylation of carboxylic acids with 4,7-
disubstituted 1,10-phenanthroline ligands.145 

  

R  
Experimental results DFT calculations results (∆𝐺‡)a 

1a → 2 (%) 1b → 2 (%) TSAo-F TSAp-F 

H 65 43 31.4 34.2 

CN 64 10 32.0 35.1 

Ph 55 57 31.1 34.3 

Me 75 0 31.2 34.1 

SPh 57 34 31.6 34.7 

OPh 57 0 31.9 34.4 

OMe 81 6 31.1 34.0 

NMe2 -- -- 30.6 33.7 
a∆𝐺‡ are expressed in kcal.mol−1 and calculated at reaction temperature of 443 K. 

However, this trend is less evidence in the case of para-substituted benzoic acids as substrates, in 

which the use of electron-rich ligands gave very low conversions with 0 to 6 % yield compared to that 

obtained with phenanthroline ligand (43 %) (Table 1).145 Such difference results can be explained by 

the ortho-effect which has been mentioned previously. 

In contrast, the steric congestion afforded by substituents at 2,9-position on phenanthroline ring 

disabled the reactivity of copper complex due to the steric repulsion, whereas substituents on 4,7–

positions proved generally beneficial.54,145 Only two reports by Cahiez142 and Cai148, have described the 

advantages of non-aromatic and electronic rich nitrogen ligands such as TMEDA142 and NEt3
148 in 

protodecarboxylation. These ligands, with stronger σ-donor characters, lower the reaction 

temperature however, with limited scope in benzoic substrates with NEt3. So far, no computational 

study was carried out with these ligands.  

Over decades, a consensus have been reached by the community on the general mechanisms for the 

copper-catalyzed decarboxylation reaction via one-step CO2 extrusion, however through different 

possible transition states. Some main mechanistic key factors have been carefully considered and 

computed. For instance the involvement of copper(III) intermediates have been excluded due to the 

extremely high activation energy barrier via a hexacoordinated copper(III) transition state. The 

electronic properties of substituents on the benzoic acids rings proved to have little effect on the 

barrier energy levels, although ortho positions to the aromatic ring bring beneficial effects to the 

decarboxylation event. This was explained by the destabilizing effect and the stabilizing effect that 

lower the activation barrier in the decarboxylation process. Similarly, the choice of electron-rich ligand 

that favor the decarboxylative transformation is also exploited. However, the trend of electronic effect 

is less obvious and depends strongly on the carboxylic substrates. In term of substituted positions, 
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phenanthroline ligand with substituents at 2,9-position tends to hamper the copper reactivity by steric 

repulsion, which is not the case for 4,7-substituted isomers. Overall, these observations have brought 

insightful aspects to modulate the reactivity of the copper center, a result that would initiate a 

continuing and powerful trend in copper-promoted decarboxylation reaction.  

Besides mononuclear copper(I) complexes, there are few research dedicated to the decarboxylation 

of dinuclear copper(I) carboxylates species. For instance, O’Hair et al. studied the decarboxylation in 

gas-phase of copper benzoate supported by 1,8-naphthyridine (napy) ligand [(napy)Cu2(O2CC6H4X)]+ (X 

= H, F, Br, CN, NO2, etc.) with X at ortho, para, or meta position combining mass spectrometry 

experiments and DFT calculations.149 With mass spectrometry, the authors observed the 

corresponding [(napy)Cu2(C6H4X)]+ and CO2 as main products from the decarboxylation of 

[(napy)Cu2(O2CC6H4X)]+ at 250 oC. This is supported by DFT calculations where they found that the 

activation barriers for the decarboxylation step of [(napy)Cu2(O2CC6H4X)]+ (2oF) to [(napy)Cu2(C6H4X)]+ 

(3oF) via transition state TS2-3oF are relatively low (ca. 25 kcal.mol−1) (Figure 24), compared to what 

have been reported by the groups of Gooßen, Su and Liu.58,145,146 However, the rate determining step 

is the breaking of one Cu-O bond of [(napy)Cu2(O2CC6H4X)]+ 1oF, in which the carboxylate ligands 

coordinate to two Cu centers via the two O atoms in a bridging mode, to generate the reactive 

conformer 2oF via TS1-2oF for the decarboxylation step (Figure 24).  

 

 
  

 

1oF TS1-2oF 2oF TS2-3oF 3oF 

Figure 24. DFT calculated copper intermediates in the decarboxyaltion of [(napy)Cu2(O2CC6H4X)]+.149 
Orange sphere represent copper atom, red spherse: oxygen atoms, blue spheres: nitrogen atoms, grey spheres: carbon atoms, 
and green spheres: fluorine atoms.  

There is only one example where the dinuclear copper carboxylate complexes [Cu(-O2CC6H4X)(quin)]2 

(quin = quinoline, X = H, Me) were isolated and their structures were determined by X-ray 

diffractometer by van Koten in 1989.150 In solid state, these binuclear complexes exist as dimers and 

bridged by two O-bonded carboxylate ligands. Each copper is coordinated by one quinoline compound, 

where the two N-coordinating ligand are almost parallel. In solution, these species are anticipated to 

be either in monomeric or dimeric structure. The reactivity of these complexes toward decarboxylation 

at elevated temperature has also been investigated in non-coordinating solvents, such as toluene, 

decalin or naphthalene. Although these copper carboxylate species did not decarboxylate in toluene 

and decalin, the authors observed successful extrusion of CO2 (ca. 60 %) in naphthalene of these 

complexes in the presence of more than 1 equivalent of quinoline at 218 oC. Nevertheless, several 

quinoline containing products were obtained (e.g. biquinoline, 8-naphthylquinoline, 2-acylquinoline). 

A mechanism was proposed starting from the dimeric [Cu(-O2CC6H4X)(quin)]2 species. Similar with 
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O’Hair proposal, the breaking of one Cu-O bond to afford an intermediate where two coppers are 

bridged by only one carboxylate ligand. The next steps are the rotation around the C-O and the C-Ar 

bonds of the non-bridging carboxylate group and its binding to the second copper center. This event 

brings the aromatic ring of the benzoate unit closer to the copper atom, thus enables the 

decarboxylation step. Nevertheless, there are several mechanistic pathways that can take place, 

neither via oxidative addition of the carboxylate group nor through single-electron transfer from the 

copper (I) ion to the * system.  

Few studies have been published on the decarboxylation of dinuclear copper carboxylate complexes, 

and several plausible mechanisms have been proposed. Such mechanistic pathways have been 

reported for 1,8-naphthyridine and quinoline ligands, whereas more common copper-catalyzed 

decarboxylation process employs phenanthroline-based ligands. These ligands can brings distinct 

coordination modes to copper center, in which dimeric or monomeric copper species can formed. This 

involvement of dinuclear copper species is outside the scope of our study, as our focus is on the 

generally accepted mechanism involving mononuclear copper species. 

IV. Conclusion 

Since the pioneering work of Shepard in 1930,77 tremendous progress has been achieved within the 

decarboxylative copper-mediated C–C bond construction chemistry using carboxylic acids and aryl 

coupling partners. The interest of this decarboxylative transformation is originated from its benefit 

over traditional cross-coupling reactions as inexpensive, stable and easy to prepare benzoic acids in 

comparison to some pre-functionalized organometallic coupling partners. One main drawback of the 

decarboxylation process that have not been fixed are the elevated temperature required for the 

extrusion of CO2, because such C–C bond cleavage needs high activation energy.  

Many brilliant minds have put together important elements to create various pathways for the biaryl 

synthesis via decarboxylation of aromatic carboxylic acids, either via redox-neutral or oxidative 

process. Gooßen group has greatly contributed to achieve a direct cross-coupling between benzoic 

acids and aryl halides in particular under catalytic conditions. A common limitation observes is the 

need of coordinative substituents in ortho position of the carboxylic group. The transition state for the 

CAr-CCOO is usually high, however their presence decreases the energy require to reach the TS, and so 

supports the decarboxylative process. Dedicated studies enabled to design new catalytic conditions to 

broaden the substrate scope of aromatic carboxylic acids, including none ortho-substitued supporting 

groups 

Within few years, their fruitful observation and studies eventually have finally made it possible to 

broaden the field of substrates to include para- and meta-substituted aromatic carboxylic acids. 

In the field of decarboxylative oxidative coupling of a benzoic acid with an arene, it represents a more 

atom-economic approach than decarboxylative couplings with haloarenes, where no halide salts are 

produced as by-products. However, this field is still poor in efficient transformations, in which 

stoichiometric amount of transition metal are required, and lacks of mechanistic insights. To date, only 

two examples reported by the groups of Maiti and Su required catalytic amount of a transition metal, 

albeit with limitations in terms of substrate range or regioselectivity on the arene coupling partner. 
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Moreover, both fields of decarboxylative homocoupling and cross-coupling between aryl carboxylic 

acids are underdeveloped. The homocoupling of carboxylic acids via a double decarboxylation is 

possible with high copper catalyst loading, but it requires functional group in ortho-position on benzoic 

acids. While asymmetric biaryl molecules can be afforded from a wide range of (hetero)aromatic 

carboxylic acids, the reported protocol suffers from poor chemoselectivity and require stoichiometric 

amount of oxidant. 

Initially seen as an undesired reaction during redox-neutral and oxidative decarboxylative coupling, 

the protodecarboxylation reaction has been include later in elegant synthetic strategy to remove 

carboxylic acid functions used as directing groups. Among the d-transition metals, copper and silver 

are the most efficient to promote this reaction. While copper-mediated protodecarboxylation is 

independent of ortho-substituted benzoic acid, silver-catalysed protodecarboxylation operates at 

lower temperatures but requires ortho-group. 

Being essential in the decarboxylation process, copper metal species have received particular 

attention. Early mechanistic studies by Nilsson, Cohen and Sheppard focused mainly on the 

decarboxylation mechanism and the generation of organocopper intermediates. A few decades later, 

the observation of copper aryl species was confirmed by modern calculations carried out by the group 

of Gooßen and Su. They proposed a general mechanism in which decarboxylation occurs via the release 

of CO2 from the copper (I) carboxylate complex and then generates a copper aryl species. In addition, 

the positive significance of ortho substituents in carboxylic acids has been explained by two different 

aspects and the influence of the ligand on copper activity was carefully calculated. The copper (II), 

crucial in some mediated decarboxylation, though is lacking of mechanistic study to decipher his role. 
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V. Objectives 

Experimental and theoretical studies brought to light the big picture of decarboxylation process, 

particularly centralized in copper-mediated system. Research has shown that not only copper metal 

can promote the breaking of strong C–C bond through decarboxylation but can also favor the  making 

of C–C bonds by the insertion of CO2 into a Cu–C bond. Since the first report by DePasquale et al. in 

the CO2 insertion into [Cu–(C6F5)] in DMA at 70 oC,151 the fixation of CO2 gas and its use as a C1 source 

in aromatic compound to generate transition metal-catalyzed benzoic acid derivatives, attracted 

considerable attention.152–155 The 2000’s and 2010’s have witnessed the evolution of synthetic 

methodologies towards carboxylation, thus adding new dimensions to copper-catalyzed addition 

reactions of carbon-nucleophiles to CO2.156–158 Inspired by the work of Takaya et al.,159 Hou and co-

worker introduced a copper-catalyst system with N-heterocycle ligands (NHC) to prepare carboxylic 

acid compounds via CO2 fixation into organoboron reagents.156 Researchers proposed a catalytic cycle 

supported by stoichiometric control reactions. They displayed that both copper aryl and copper 

carboxylate are intermediates. Another strategy was developed by Daugulis et al. in 2013, where 

CuI/TMEDA catalyst system combined with Et2Zn as reducing agent is employed for a reductive 

carboxylation of aryl iodides.158 Without going further in the chemistry of CO2 fixation, we will leave 

this topic here at the origins and developments, and refer the reader to Reviews in the evolving CO2 

insertion area.157 

As seen above, copper metal has been proved to be efficient for both decarboxylation and 

carboxylation reactions. The noteworthy similarities between the copper-catalyzed decarboxylation 

and carboxylation processes are nitrogen-containing ligands and copper intermediates. In this context, 

some groups have designed conditions allowing both decarboxylation and carboxylation do proceed 

simultaneously. Such conditions create a dynamic exchange favorable for the one-pot incorporation 

of labeled 11C, 13C or 14C carbon dioxide into native 12C carboxylic acid molecules.160 This carbon isotope 

exchange (CIE) was optimized to achieve carbon labeling of numerous arenes, heteroarenes with 

relatively high isotopic enrichment percentage. Such reactivity is strongly demanded for 

pharmaceutical application. Nevertheless, no mechanistic information is reported besides one general 

proposed catalytic cycle (Scheme 42).160 

 

Scheme 42. Copper-catalyzed 13CO2 dynamic isotope exchange of benzoic acid. 
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We therefore set ourselves the goal of clarifying the mechanism and the species involved in the CIE 

process, starting by studying the behavior of copper(I) carboxylate and copper(I) aryl complexes in the 

reversible activation of the C–C bond. The current state of the art is based on an expensive and 

uncommon bisoxazoline ligand (L1). We therefore planned to isolate and characterize various copper(I) 

complexes using a more conventional nitrogen phenanthroline (phen) ligand that is well developed in 

copper chemistry. If successful, this will be the first direct insight into the reversible 

decarboxylation/carboxylation process via isolated copper(I) complexes. 
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Chapter 2 – Syntheses, structures and reactivity of 
complexes [(2,9-(tBu)2-phen)Cu(O2CAryl)] and [(2,9-
(tBu)2-phen)Cu(Aryl)]: Experimental and theoretical 

investigation of the CO2 extrusion or insertion  

 

Abstract:  

The development of copper-catalyzed decarboxylative coupling has been fully described, in which 

the mechanism for the loss of CO2 is proposed to proceed via copper(I) carboxylate species and 

copper(I) aryl intermediates. Meanwhile, few examples of these copper(I) complexes have been 

described, with a limited numbers of carboxylic acids.  

In 2019, Destro et al. demonstrated a dynamic carbon isotopic exchange (CIE) reaction catalyzed by 

a copper-bisoxazoline system, where a variety of carboxylic acids were successfully enriched in 13CO2 

or 14CO2 fragment.1 This reaction is suggested to proceed via an initial decarboxylation event of the 

copper(I) carboxylates species transformed into copper(I) aryl intermediates, that further react with 

labelled CO2 to give the 13C or 14C enriched copper(I) carboxylate complexes. Nevertheless, the 

mechanism is not clearly established and efforts to isolate a bisoxazoline copper(I) species were 

proven to be fruitless.  

This challenge led us to try to clarify the CIE reaction mechanism, with the isolation of copper(I) 

carboxylate and their copper(I) aryl derivatives. To avoid the use of bisoxazoline ligands that are 

costly and difficult to prepare, we turned our attention on more accessible copper(I) 

phenanthrolines species, that are much more common and well-described in copper chemistry. 
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I. State-of-the-art of the synthesis of copper(I) complexes supported by 

phenanthroline ligand. 

Copper(I) carboxylates can be synthesized by many different routes.2  One way is the halide 

substitution of Cu–X species with carboxylate (generated in situ or not),3,4 another way is the treatment 

of Cu2O with the carboxylic acid. A more facile and general synthesis of copper carboxylates, has also 

been described via the reaction of RCO2H with the extremely oxygen- and water-sensitive Cu(I)(aryl) 

(aryl = C6F5, Mesityl), which prevents formation of water or salts that can make the purification step 

difficult).5 Indeed, this procedure only generates Cu(I) carboxylates and volatiles that can be easily 

removed by evaporation. However, this method requires the formation of starting Cu(I)(aryl), which 

can be delicate and time consuming, releases toxic aromatics and shows a low atom economy. Since 

its first report in 1972, the copper(I) tert-butoxide aggregate [Cu(OtBu)]4, inexpensive and readily 

synthesized, has proven a useful synthon in synthetic chemistry.6 Indeed, the alkoxide group, as a 

strong base, can react readily with carboxylic acids with release of a volatile alcohol. Although 

[Cu(OtBu)]4 is not very stable and must be stored at low temperature (ca. –30 oC) under inert gas, it 

proved to be a convenient precursor towards copper complexes.7–9 

The preparation of (phen)Cu‒aryl (phen = 1,10-phenanthroline) complexes is well known and may 

employ [Cu(OtBu)] as precursor. In 2014, Ogoshi and co-workers observed the generation of 

[(phen)Cu(C6H4-p-X)] (X = H, F) by 1H, 11B, and 19F NMR analyses when mixing [Cu(OtBu)], phen and 

arylboronates as aryl transfer reagents in THF (Scheme 43).10 However, these species were not isolated 

since their objective was to form fluoroalkyl copper(I) complexes by subsequently exposure of 

[(phen)Cu(C6H4-p-X)] to a tetrafluoroethylene (TFE) atmosphere. Nonetheless, Hoover et al. succeeded 

to synthesize [(phen)Cu(C6H4-o-NO2)] in a good yield (73 %) using a protocol similar to that reported 

by Ogoshi (Scheme 43).11 Notwithstanding the efficiency of the procedure, this thermally unstable 

complex must be stored at –30 oC, and no crystal structure has been described. Daugulis et al. 

developed another approach for the formation of phen-ligated copper aryl complexes bearing highly 

fluorinated aryl ligands (Scheme 43).12 By adding [Cu(OtBu)], generated in situ from the reaction of CuCl 

and tBuOLi in a THF solution of ArH and phenanthroline, they obtained [(phen)Cu(C6F5)] and 

[(phen)Cu(C6F4-p-OMe)] in moderate yields of 52% and 38%, respectively. Similar to what has been 

observed by Hoover et al., these complexes exist as moisture- and temperature-sensitive solids with 

very poor solubility in common organic solvents (i.e. THF, CH2Cl2). Interestingly, the crystal structure of 

[(phen)Cu(C6F4-p-OMe)] has been shown to be dimeric (Figure 25). However, the structure of the 

[(phen)Cu(C6F5)] derivative has not been elucidated due to twinning of the crystals.12 
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Scheme 43. Synthesis of different phenanthroline ligated copper complexes. 

 

Figure 25. ORTEP view of [(phen)Cu(C6F4-p-OMe)]. Selected interatomic distances (Å) and angles (deg): Cu1−C(13) = 1.932(2), 
Cu1−N(2) = 2.0720(18), Cu1−N(1) = 2.0949(19), Cu1−Cu1i = 2.5770(6), C(13)−Cu−N(2) = 135.68(9), C(13)−Cu−N(1) = 
132.69(8).12 

In 2017, Hoover et al. reported the high yield (93%) synthesis of [(phen)Cu(O2CC6H4-o-NO2)], isolated 

as a dark purple solid, starting from [Cu(OtBu)], phen, and 2-nitrobenzoic acid in THF at room 

temperature (Scheme 44).11 However, in solution, an equilibrium between [(phen)Cu-(O2CC6H4-o-NO2)] 

and its isomer [(phen)2Cu]+[Cu(O2CC6H4-o-NO2)2]– is observed at room temperature, as evidenced by 

the broadened 1H NMR signals (Scheme 44). Only at –30 oC, the sharp 1H NMR signals of the ligand and 

the benzoate moiety are recorded, which corresponds to a neutral form of the copper(I)-benzoate 

complex.  
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Scheme 44. Synthesis of [(phen)Cu(O2CC6H4-o-NO2)] and the equilibrium between the neutral and the ion pair species in 
solution.11  

In conclusion, all these results showed that [Cu(OtBu)] is a convenient precursor to obtain carboxylate 

or aryl-copper species, without the formation of toxic by-products. As seen above, [Cu(OtBu)] can react 

rapidly with aryl boronic esters or benzoic acids at room temperature in the presence of 

phenanthroline ligand to form phenanthroline copper(I) complexes. Nevertheless, in most cases, these 

complexes are difficult to isolate due to low thermal stability and air-sensitivity. Whereas copper(I) 

benzoate complexes can be isolated in the solid state, they tend to exist in an anionic form in solution 

at 25 oC, as observed with [(phen)2Cu]+[Cu(O2CC6H4-o-NO2)2]–. Furthermore, only the crystal structure 

of the phenanthroline copper(I) polyfluorinated phenyl complex has been described so far. Therefore, 

it can be surmised that phenanthroline is not a suitable ligand to support a tri-coordinated copper(I) 

center. In addition, another cited drawback is the low solubility of the phenanthroline copper(I) 

complexes. A strategy to overcome those limitations consists in using substituted phenanthroline 

ligands. 

II. Choice for the nitrogened ligand  

Early in 1995, Pallenberd et al. reported the synthesis and characterization of some copper(I) 

phenanthroline complexes.13 In their study, they revealed that different copper complexes can be 

formed depending on the amount of ligand and the size of its alkyl-substituent groups at the 2,9-

positions. In most cases, in the presence of two phenanthrolines per copper atom, in chloroform or 

ethanol solvent, the formation of complex [(2,9-dialkyl-1,10-phenanthroline)2Cu]+Cl- is favorable (with 

CuCl as precursor) (Scheme 45, a).13 With the 1:1 ligand:copper stoichiometry, two possible structures 

of copper complexes can be observed, in which the isomer b is favored by bulky phenanthroline 

systems (Scheme 45, b and c).  
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Scheme 45. Copper(I) phenanthroline complexes formed by reaction of phenanthroline with CuCl. The 2:1 ligand:copper 
stoichiometry gives a and the 1:1 stoichiometry gives b or c. 

Among the tested substituents, they observed the formation of mono-ligated [(2,9-dialkyl-1,10-

phenanthroline)CuCl] complex analogue to structure of b only with tert-butyl and neopentyl groups. 

Interestingly, the use of tert-butyl groups led to complete transformation to [(phen*)CuCl] (phen* = 

2,9-di-tertbutyl-1,10-phenanthroline), notwithstanding the 2:1 (ligand:copper) ratio. Meanwhile, the 

di-neopentyl-substituted phenanthroline ligand afforded a mixture of structures of type a and b 

depending on the stoichiometry of the reaction (2:1 and 1:1, respectively). The bulkier tert-butyl 

groups thus led only to the formation of the isomer b as a pseudotrigonal complex, even with a ratio 

ligand/copper superior to 1.   
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Figure 26. ORTEP view of [(2,9-di-tertbutyl-1,10-phenanthroline)CuCl]. Selected interatomic distances (Å) and angles (deg): 
Cu1−Cl1 = 2.147(4), Cu1−N(1) = 2.077(10), Cu1−N(2) = 2.093(10), N(1)−Cu−N(2) = 82.2(4).13  

Later in 2007, Gandhi et al. proved that [(phen*)CuCl] complex was unable to give [(phen*)CuY] by 

treatment with a silver salt AgY (Y = BF4, SbF6, CF3SO3) and their explanation relied on the strong affinity 

of Cu+ for the chloride anion.14 They developed a new method for the preparation of [(phen*)CuY] (Y 

= BF4, SbF6, CF3SO3, B(C6F5)4) by a controlled oxidation of metallic copper powder using a stoichiometric 

amount of silver(I) salt in the presence of different equivalents of phen* ligand (Scheme 46). 

Interestingly, this protocol also offered access to the extremely bulky cation [(phen*)2Cu]+ species, 

which was previously considered unattainable by the method of Pallenberg.13 However, the reaction 

proceeded smoothly within 30 min to give [(phen*)2Cu][B(C6F5)4]·CH2Cl2 in 81% yield (crystal structure 

shown in Figure 25). 

 

Scheme 46. Synthesis of [(phen*)CuY] (Y = BF4, SbF6, CF3SO3, B(C6F5)4). 
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Figure 27. View  of  the complex [Cu(phen*)2][B(C6F5)4 in the crystal [Cu(phen*)2][B(C6F5)4]·CH2Cl2(4·CH2Cl2) with 50% 
probability thermal ellipsoids. The two phen* ligands are arranged in a pseudotetrahedral fashion. H atoms have been omitted 
for clarity. Selected interatomic distances (Å) and angles (deg): Cu1−N(1) = 2.096(3), Cu1−N(2) = 2.115(3), Cu1−N(3) = 2.076(3), 
Cu1−N(4) = 2.139(3), N(1)−Cu−N(2) = 82.2(4).14  

Overall, these results have shown that the structures of phenanthroline-based copper(I) complexes 

can be controlled through the amount of added ligand. Generally, with two equivalents of ligand, the 

formation of the bis-phenanthroline [(2,9-dialkyl-1,10-phenanthroline)2Cu]+ is favorable, whereas the 

neutral tri-coordinated copper(I) or its isomer are generated when one equivalent of ligand is 

employed. Importantly, the formation of tri-coordinated copper(I) complex is more favored when the 

bulky tert-butyl groups are introduced, regardless of the amount of added ligand. Alternatively, Gandhi 

et al. proposed a new pathway where it is possible to obtain [(phen*)2Cu]+ via an oxidation-based 

synthetic route. In conclusion, among the tested alkyls, tert-butyl groups exhibit the steric 

characteristics best suited to promote a pseudotrigonal geometry (similar to b, Scheme 43) in which 

only one ligand is coordinated to the copper(I) center.  

Finally, all the gathered evidence incited us to choose the 2,9-di-tertbutyl-1,10-phenanthroline ligand 

which also bring increased solubility for our study. Moreover, due to the great stability of [(phen*)CuCl] 

against substitution reaction, we decided to use [Cu(OtBu)] as a precursor to synthesize both copper(I) 

carboxylate and aryl species.  

III. Results and discussion 

III. 1. Syntheses and crystal structures of the phen* (1) ligand 

The 2,9-di-tertbutyl-1,10-phenanthroline (phen*) ligand was prepared by a modified method from the 

literature (Scheme 47).13,15,16 Instead of an excess of tBuLi, we used only 2 equivalents  to substitute 

phen and thus produce phen* as a pale-yellow solid with an improved yield (38%, compared to the 

28% reported in the literature).13,15,16 It is important to highlight that its 1H NMR spectrum in THF-d8
  

evidences two signals for the aromatic hydrogen, a doublet at 8.23 ppm and a singlet that overlaps 

with a doublet at 7.76 ppm and which account for 2H and 4H, respectively, while the tBu group is a 

singlet at  1.60 ppm. Because the signal of the ligand will be shifted downfield upon coordination to 

copper(I), this will be one proof for the coordination of phen* (vide infra, Chapter 2 – III. 2.). Compound 

1 is soluble in a number of organic solvents such as pentane, diethylether, THF, toluene or 
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dichloromethane. It crystallized readily as thin pale yellow needles by slow evaporation of an 

isopropanol, ethanol or CH2Cl2 solution. Single crystals suitable for X-ray diffraction were obtained by 

slow evaporation of a dichloromethane solution of 1. 

 

Scheme 47. Synthesis of 2,9-di-tertbutyl-1,10-phenanthroline (phen*) (1) ligand. 

The structure of 1 is shown in Figure 28, and selected bond lengths and angles are listed in Table 2. 

The phenanthroline fragment is quasi-planar (rms deviation, 0.022 Å). The molecules are arranged in 

layers parallel to (001) and no -stacking interaction is present, as can be seen in Figure 28 (right), all 

centroid···centroid distances being larger than 4.8 Å, in contrast to the presence of -stacking 

interactions with 2,9-bis(hydroxymethyl)-1,10-phenanthroline (2,9-(CH2OH)2phen).17 The C‒N 

distances, which average 1.34(2) Å, are quite classical and the C‒C bond lengths inside the aromatic 

cycles are also similar to those found in other free phenanthroline molecules.17 

 

Figure 28. (Left) Crystal structure of 1 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% probability 
level. (Right) View of one layer in the crystal packing (N, purple; C, blue). 

III. 2. Synthesis of the carboxylic complexes [(phen*)Cu(O2CR)] (R = o-F-C6H4 (2), p-F-

C6H4 (3), C6F5 (4), o-NO2-C6H4 (5), p-NO2-C6H4 (6), CF3 (7)) and characterization.  

The preparation of [(phen*)Cu(O2CR)] (2−7) complexes was performed by reaction of [Cu(OtBu)], and 

phen* with the corresponding acids. The complexes [(phen*)Cu(O2CR)] (R = o-F-C6H4 (2), p-F-C6H4 (3), 

C6F5 (4), o-NO2-C6H4 (5), p-NO2-C6H4 (6), CF3 (7)) have been obtained readily by treating a pale yellow 

THF solution of [Cu(OtBu)] with 1 equiv. of 2,9-di-tertbutyl-1,10-phenanthroline (phen*) and then 1 

equiv. of the corresponding acid (Scheme 48). The resulting light brown solution obtained by addition 
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of phen* to [Cu(OtBu)] is not the stable coordination compound [(phen*)Cu(OtBu)], as indicated by the 
1H NMR, which actually suggests an equilibrium between free and coordinated ligand to the Cu(I) 

alkoxide (see SI). In addition, all attempts at crystallization of the complex in THF or benzene were 

unsuccessful, affording only crystals of free phen*. Stoichiometric addition of the corresponding 

benzoic acid derivative to the previous mixture resulted in an immediate change of color which varied 

from orange to red. After 1 h stirring at room temperature and evaporation of the solvent, the residual 

colored solid was washed with pentane and dried under vacuum overnight to afford the desired pure 

product [(phen*)Cu(O2CR)] (R = o-F-C6H4 (2), p-F-C6H4 (3), C6F5 (4), o-NO2-C6H4 (5), p-NO2-C6H4 (6), CF3 

(7)).  

 

Scheme 48. Synthesis of the [(phen*)Cu(O2CR)] complexes 2-7 

All the carboxylate complexes 2‒7 have been characterized by 1H, 13C{1H} and 19F{1H} NMR, by infra-

red spectroscopy, and by elemental analysis as well as by their crystal structure. The 1H NMR spectra 

of the complexes show that all the phen* signals are shifted downfield relatively to those of the free 

ligand, as evidenced by a clear separation of the doublet and singlet that overlap in 1 (Figure 29). 

 

Figure 29. 1H NMR stacked spectra of compound 1 to 7 in THF-d8 which show the aromatic regions of the free ligand and the 
coordinated ligands within the copper complexes.  
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Dark orange crystals of compounds 3, 4, 5THF and 6THF were grown by slowly cooling a heated THF 

solution of the corresponding complex or by slow diffusion of pentane into a toluene solution for 

20.5(toluene) and 7. The structures of 2‒7 are shown in Figure 30 to Figure 35. 

All the complexes 2‒7 are mononuclear and tri-coordinated with the Cu(I) ion bound to the N1, N2 and 

O1 atoms in a distorted trigonal geometry. All structures display -stacking interactions between 

phen* molecules or between phen* and C6F5 cycles (as in 4) and even with the co-crystallized toluene 

molecule (in 20.5(toluene)) that lead to distinct packings. In 2, 5, 6 and 7, pairs of molecules related 

by inversion are held by -interactions between the phenanthroline ligands, with intermolecular 

distances between phenanthroline mean planes of 3.48 Å in 2, 3.36 Å in 5, 3.59 Å in 6 and 3.46 Å 7, 

comparable to the range of values found in other [(phen*)CuX] (X = Cl, Br, I) complexes [3.42‒3.63 Å].18 

The distance between the centroid of the C6F5 ring and the phenanthroline mean plane of a close 

neighboring molecule in 4 is 3.40 Å. The packing in 7, which displays columns of molecules related by 

inversion parallel to [100], is shown as an example in Figure 35. 

 

Figure 30. Two views of complex 2 with solvent molecule and hydrogen atoms omitted. Only one position of the disordered 
group is represented. Displacement ellipsoids are drawn at the 50% probability level. 
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Figure 31. Two views of complex 3 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% probability 
level. 

 

Figure 32. Two views of complex 4 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% probability 
level. 
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Figure 33. Two views of complex 5 with solvent molecule and hydrogen atoms omitted. Displacement ellipsoids are drawn at 
the 50% probability level. 

 

Figure 34. Two views of complex 6 with solvent molecule and hydrogen atoms omitted. Displacement ellipsoids are drawn at 
the 50% probability level. 
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Figure 35. (Top) Two views of complex 7 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% 
probability level. (Bottom) View of the packing (Cu, light blue; F, green; O, red; N, purple; C, blue). 

It was previously assessed that the steric congestion of the tBu groups in the 2,9-position of the 

phenanthroline ligand was responsible for the displacement of the halide anion (Cl, Br, I) out of the 

ligand plane. Here again, the 1-carboxylate ligand stands outside the plane of the aromatic ligand. 

While in the tricoordinate [{(Medpq)Cu}2{1,3(O2C)2C6H4}] (Medpq= 2-methyldipyrido[3,2-f:2′3′-

h]quinoxaline), where the Medpq ligand (derivative of phenanthroline) is less congested than phen*, 

the Cu center is displaced out of the phenanthroline plane by 0.079 Å only,19 in the bulky derivatives 

2‒7, this displacement is much more pronounced and reaches values in the range of 0.3462(7) Å (for 

5) to 0.6769(11) Å (for 6), the extreme values being found for the two NO2-substituted complexes 5 

and 6. In 5, the aromatic fragment of the carboxylate ligand makes a dihedral angle of 62.44(10)° with 

respect to the COO plane, while this ligand is nearly planar in 6 (Figure 33 and Figure 34). 

The Cu‒N distances are asymmetric in complexes 2‒7 and vary in the range 2.0164(15)‒2.0958(14) Å. 

The distances from the Cu(I) center to the O1-coordinating atom of the carboxylate are quite similar 

in these 1-tricoordinate complexes with values in the range of 1.9031(15)‒1.9417(11) Å. Meanwhile, 

the Cu···O2 distances are larger than 2.77 Å, i.e. larger than the sum of the ionic radii of copper and 

oxygen (1.95 Å), indicating at best a weak interaction. These values can be compared to the longer Cu‒

O bond lengths (1.967 Å and 2.686 Å) in the bidentate carboxylate ligand of the dimeric complex 

[{(phen)Cu(2-O2CC6HF4)(1-O2CC6HF4)}{−MeOH)}].20 As expected, the copper atom and the 
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carboxylate ligand in 2‒7 are located on the same side of the phenanthroline moiety. The N1 and N2 

atoms as well as the C13 and C17 atoms of the tBu groups are also more or less displaced from this 

mean plane. While the N1 and N2 atoms are found in or above the phen mean plane, the tBu groups 

are above or below this plane (Table 2). Of interest, to minimize steric interaction with the carboxylate 

ligand, the tBu groups are oriented in such a way that two methyl groups point away from the 

carboxylate ligand. This remark will be valid for all the phen* complexes in this study. Distortion in the 

coordinating environment of the metal center can be characterized by the sum of the angles formed 

with O1, N1 and N2, which indicates near-planarity in all cases, the lowest value of 352° being found 

in the ortho-fluoro derivative 2.  

Table 2. Selected distances (Å) and angles (°) in the carboxylate complexes 2·0.5(toluene), 3, 4, 5·THF, 6·THF, 7 and in the 
fluoride complex 10·C6H6. 

Complex 2·0.5(toluene) 3 4 5·THF 6·THF 7 10·C6H6 

Cu−O1/F1 1.9031(15) 1.9417(11) 1.9128(14) 1.9403(8) 1.9265(12) 1.9297(10) 1.8970(16) 

Cu−N1 

Cu−N2 

2.0395(18) 

2.0622(15) 

2.0356(13) 

2.0823(13) 

2.0530(16) 

2.0300(16) 

2.0863(9) 

2.0409(9) 

2.0164(15) 

2.0958(14) 

2.0432(11) 

2.0560(11) 

2.040(2) 

2.0613(19) 

<Cu−N> 2.053(8) 2.06(2) 2.042(11) 2.06(2) 2.06(4) 2.050(6) 2.051(11) 

d(Cu)a +0.6146(12) +0.6593(10) +0.4958(13) +0.3462(7) +0.6769(11) +0.5148(8) +0.1466(16) 

d(N1)a 

d(N2)a  

+0.0667(13) 

+0.0681(13) 

+0.1228(11) 

+0.0620(11) 

+0.1154(15) 

−0.0286(15) 

−0.0459(8) 

+0.1022(8) 

+0.1508(13) 

+0.0320(13) 

+0.0483(10) 

+0.0558(10) 

+0.0317(18) 

+0.0149(18) 

d(C13)a 

d(C17)a 

−0.068(3) 

−0.083(2) 

+0.074(19) 

−0.125(2) 

+0.110(3) 

−0.454(3) 

−0.2324(14) 

+0.2464(14) 

+0.062(2) 

−0.225(2) 

−0.1475(17) 

−0.0370(16) 

+0.089(3) 

+0.001(3) 

O1/F1−Cu−N1 

O1/F1−Cu−N2 

136.63(7) 

132.25(6) 

141.02(5) 

135.63(5) 

137.38(6) 

137.72(6) 

133.79(4) 

142.88(4) 

142.96(6) 

133.45(6) 

139.19(5) 

136.46(4) 

139.13(7) 

136.39(7) 

N1−Cu−N2 83.38(6) 82.68(5) 83.70(6) 83.33(4) 82.87(6) 83.65(4) 84.38(8) 

b 352.26 359.33 358.80 360.00 359.28 359.30 359.90 
a d is the displacement from the phen mean plane. b Sum of the three angles around the Cu centre. 

We can note that, if hundreds of structurally characterized copper(II) carboxylate complexes involving 

bidentate nitrogen aromatic cycles (bipy, phen…) can be found in the Cambridge Structural Database,21 

carboxylate complexes of copper(I) are very rare. To our knowledge, only the above mentioned 

bimetallic compound [{(Medpq)Cu}2{1,3(O2C)2C6H4}] and the monomeric complex [(bipy)Cu(1-O2C-

C6H4-2,5(CO2H)2)] have been crystallographically characterized.19,22 In the latter compound, the 

geometrical parameters are quite different from those in 2‒7 and the carboxylate ligand tends to lie 

in the plane of the bipy ligand. Moreover, the Cu‒N distances (2.274 Å and 2.348 Å) as well as Cu‒O1 

(2.20 Å) and Cu···O2 (2.782 Å) are much larger than expected while the sum of the angles around the 

metal center reaches 357.7°.22 In the Cu(II) complexes [(2,9-Me2-phen)Cu(1-O2CC6H4-o-OH)2] and 

[(2,9-Me2-phen)Cu(1-O2CC6H4-m-OH)2], the Cu2+ ion is in a tetragonal coordination environment.23,24 

Their Cu‒O distances of 1.931(2)‒1.9509(18) Å are slightly larger than those found in the Cu(I) 

complexes 2‒7, despite distinct ionic radii and coordination number of the metal ions.25 

III. 3. Synthesis and structure of the aryl and alkyl [(phen*)Cu-R] complexes, R = C6F5 (8), 

o-NO2-C6H4 (9),CF3 (11) & structure of the fluoride solvate [(phen*)CuF(HF)]·C6H6 (10). 

The complex [(phen*)Cu‒C6F5] (8) was synthesized starting from [Cu(C6F5)]4 precursor, which was 

prepared following a literature procedure by the metathetical reaction of Grignard C6F5MgBr with CuCl 

halide in ether (Scheme 49).26,27 Indeed, coordination of the neutral nitrogen ligand L (L = substituted 

pyridines or 2,2′-bipy) to [Cu(C6F5)]4 was previously reported to proceed readily and to form the 

corresponding [pyridine]2[Cu(C6F5]4 and [(2,2’-bipy)Cu(C6F5)] complexes which have been isolated in 

good yields and structurally characterized.28 By following this procedure, addition of 1 equivalent of 
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phen* to 0.25 equivalent of [Cu(C6F5)]4 led to an immediate orange suspension. Simple filtration of the 

solid afforded pure 8 in a non-optimized yield of 75% and large orange crystals of 8 could be obtained 

by slow cooling down a hot toluene solution. 

 

Scheme 49. Synthesis of complex [(phen*)Cu‒C6F5] (8) and [(phen)Cu‒C6F5] (8’). 

Following a similar protocol with 1,10-phenanthroline, the poorly soluble analogue [(phen)Cu(C6F5)] 

(8’) could be obtained almost quantitatively and crystallized as red crystalline needles (Scheme 49). 

This species was previously synthesized by treatment of CuI with a mixture of K3PO4, C6F5H and phen 

in refluxing DMF.12 

The copper(I) species [(phen*)Cu(C6H4-o-NO2)] (9) was synthesized in a different way because the aryl 

precursor [Cu(C6H4-o-NO2)]n is not reported. We used the method published by the group of Hoover 

for the preparation of the copper(I) species [(phen)Cu(C6H4-o-NO2)].11 After usual purification, 

compound 9 was obtained pure in 57% yield from the addition of 5,5-dimethyl-2-(2-nitrophenyl)-

[1,3,2]-dioxaborinane to a mixture of phen* and of the freshly sublimed [Cu(OtBu)] in THF (Scheme 50). 

It crystallized as orange blocks by cooling down a refluxed THF solution of the complex. 

 

Scheme 50. Synthesis of complex [(phen*)Cu(C6H4-o-NO2)] (9). 

Complex [(phen*)Cu(CF3)] (11) was synthesized in a slightly distinct manner from the procedure 

reported by the group of Hartwig in 2011.29 If [(phen)Cu(CF3)] is obtained almost quantitatively by 

treatment of the in situ generated [(phen)Cu(OtBu)] with 1 equiv. of Me3SiCF3 in benzene, this protocol 

proved unsuccessful for giving the analogous phen* derivative 11. As we saw above, the non-

coordination of phen* to [Cu(OtBu)] is likely the key for this difference. To drive the reaction toward 

11, we thus substituted the congested OtBu group with the smaller fluorine anion whose affinity for 

silicon ion is well known. Copper(I) fluoride complexes ligated by substituted phenanthrolines have 

been synthesized and structurally characterized previously.30 In particular, the orange compound 
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[(phen*)Cu‒F] has been isolated in 38% yield from the reaction of [Cu(OtBu)] with the phen* ligand in 

THF, followed by the addition of 1 equiv. NEt3·3HF.30,31 This air- and moisture-sensitive complex 

crystallized with one molecule of NEt3·3HF in the cell. During one synthesis in benzene, we also 

crystallized the fluorine solvate complex with the formula [(phen*)CuF](HF)·C6H6 (10·C6H6). Treatment 

of the in-situ generated complex 10 at room temperature for 1 h with excess TMSCF3 (3 equiv.) 

afforded the pure compound 11 as a yellow solid (60.3 mg, 60 %) after usual work up. Yellow crystals 

of 11 were obtained by cooling down a hot THF solution of the complex. 

 

Scheme 51. Synthesis of complex [(phen)Cu(CF3)] (11) from the “in situ” preparation of [(phen*)CuF](HF)] (10). 

All the copper(I) complexes 8‒11 are sensitive to air and moisture and degrade after prolonged 

heating, as evidenced by a rapid color change of the solutions with formation of a black deposit. They 

are soluble in THF and in less polar solvents, such as benzene and Et2O. They were fully characterized 

by 1H, 13C, and 19F NMR spectroscopies and/or elemental analysis, and X-ray diffraction. Views of the 

structures of the alkyl/aryl complexes 8, 8’, 9, 10 and 11 are shown in Figure 36−Figure 40 and 

distances and angles are reported in Table 3 (Table 2 for 10). All the alkyl/aryl complexes 8, 8’, 9 and 

11 are mononuclear and tricoordinated. 

The structures of the two analogous complexes [(L)Cu(1-C6F5)] (L = phen*(8), phen (8’)) are different, 

the Cu(I) ion being found in an environment either perfectly trigonal in 8’ or slightly distorted in 8. In 

8’, columns parallel to [100] are formed by molecules stacked in top to tail fashion (Figure 37 right), 

with -interactions between the facing phen* and C6F5 ligands. A nearly linear chain of Cu atoms is 

thus formed, with alternating Cu···Cu distances of 3.2886(4) and 3.3431(4) Å. 

In contrast, in complex 8, the two aromatic ligands are not coplanar (Figure 36). Their mean planes 

form a dihedral angle of 71.36(4)°. The Cu atom and the C6F5 ligand are located on the same side of 

the mean plane of the phen fragment, with a displacement of 0.8033(12) Å for Cu(I). The N1 and N2 

atoms are displaced on the same side by 0.1497(14) and 0.0170(14) Å while the two tBu groups are on 

either side of the plane (Table 3). The -stacking interactions in 8 are different from those in 8’, with 

formation of columns, directed along [100], of inversion-related molecules with only partial overlap of 

phen* moieties involved in -stacking (Figure 36). 
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Figure 36. (Top) Two views of complex 8 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% 
probability level. (Bottom) View of the packing (Cu, light blue; F, green; N, purple; C, blue). 
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Figure 37. Views of one of the two independent molecules (left) and of the arrangement of the two molecules (right) in 
complex 8’, with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% probability level. 

Here also, there is an asymmetry in the Cu‒N bond lengths, with differences of 0.097 Å (mean value) 

in 8’ and 0.063 Å in 8. They are however in the range of values reported in phen and bipy derivatives 

(see Table 3). As expected, the Cu‒C distance is slightly longer in the more congested complex 8, by 

⁓0.015 Å, the value for both compounds being similar to those found in the complexes [(bipy)Cu(C6F5)] 

(1.907(2) Å) and [(phen)Cu(C6F4-p-OMe)] (1.932 (2) Å).12,28 The sum of the angles around the tri-

coordinate metal ion are 360 and 356° for 8’ and 8, respectively. 

Table 3. Selected distances (Å) and angles (°) in the aryl and alkyl complexes 8, 8’, 9, 11 and in [(bipy)Cu(C6F5)] and 
[(phen)Cu(C6F4-p-OMe)].12,28  

Complex [(bipy)Cu(C6F5)] [(phen)Cu(C6F4-p-OMe)] 8’ 8 9 11 

Cu−C(C6F5) 1.907(2) 1.932(2) 1.9076(19)/1.9092(19) 1.9230(19) 1.9080(17) 1.9296(13) 

Cu−N1/N3 

Cu−N2/N4 

2.017(2) 

2.082(2) 

2.072(2) 

2.094 (2) 

2.0118(17)/2.0258(15) 

2.1262(16)/2.1056(17) 

2.1105(15) 

2.0473(15) 

2.0131(14) 

2.1633(14) 

2.0503(11) 

2.1106(11) 

<Cu−N> 2.05(3) 2.08(1) 2.07(5) 2.08(3) 2.09(8) 2.08(3) 

d(Cu)a   −0.0016(14)/+0.0401(13) +0.8033(12) +1.0031(10) +0.8368(8) 

d(N1/N3)a 

d(N2/N4)a 
  

+0.0127(15)/+0.0259(14) 

−0.0079(15)/−0.0148(15) 

+0.1497(14) 

+0.0170(14) 

+0.1470(12) 

−0.0634(12) 

+0.1157(9) 

+0.0229(10) 

d(C13)a 

d(C17)a 
   

+0.143(2) 

−0.450(2) 

+0.177(2) 

−0.283(2) 

+0.0164(16) 

−0.3552(17) 

C−Cu−N1/N3 

C−Cu−N2/N4 

131.35(7) 

148.30(7) 

135.68(9) 

132.69(8) 

147.95(7)/144.84(7) 

131.49(7)/134.54(7) 

134.32(7) 

140.12(7) 

149.51(6) 

123.95(6) 

143.02(5) 

132.52(5) 

N1/N3−Cu−N2/N4 79.69(6) 80.02  80.55(6)/80.61(6) 81.60(6) 80.87(5) 81.25(4) 

b 359.34 348.39 360.00 356.04 354.33 356.79 
a d is the displacement from the phen mean plane. b Sum of the angles around the Cu centre. For complex 8’, values are given 

for the two independent molecules. 

The important role of the bidentate nitrogen ligand as well as that of the fluorinated-aryl in the 

geometry of the complexes must be emphasized. Indeed, the geometry of the non-planar [(2-

bipy)Cu(C6F5)] is notably different to that of 8’.28 Likewise, replacing C6F5 with C6F4-p-OMe in the [(2-

phen)Cu(Aryl)] species also considerably modifies the geometry of the complex, [(phen)Cu(C6F4-p-

OMe)] being a dimer with a Cu‒Cu bond length of 1.932(2) Å.12 

The Cu(I) coordination mode in [(phen*)Cu(1-C6H4-o-NO2)] (9) (Figure 38) is similar to that in 8 (Figure 

37). The molecules are loosely held by -stacking interactions between the phen moieties, so as to 

form centrosymmetric dimers. These dimers are further stacked into columns parallel to [010]. The 
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Cu‒N1 and Cu‒N2 distances are strongly asymmetric and differ by 0.15 Å which is, by far, the largest 

gap found in all the phen* complexes reported here. The Cu‒C distance of 1.9080(17) Å is close to that 

in 8’ and shorter than in 8 and even 11, while the large Cu···O1(NO2) distance of 2.6593(13) Å suggests 

the absence of any interaction. Indeed, this distance is extremely long when compared to the Cu‒O 

distances of 1.927(2) Å or 1.929(3) Å found respectively in the triflate complex [(phen*)Cu(1-O3SCF3)] 

or in the acetone adduct [(phen*)Cu(O=CMe2)][SbF6].14 As in all the above mentioned complexes 

(except 8’), both the metal ion and the aryl ligand are located on the same side of the phen* ligand, 

with an out-of-plane displacement of 1.0031(10) Å for Cu(I), the largest found in the present series. 

The displacements are 0.1470(12), ‒0.0634(12), 0.177(2) and ‒0.283(2) Å for N1, N2, C13 and C17 (the 

tert-butyl attachments), respectively, and two pairs of methyl groups point away from the anionic 

ligand. The NO2 substituent is twisted from the aryl plane while the mean planes of phen* and the aryl 

ligand form a dihedral angle of 62.38(4)°. The N‒Cu‒N angle of 80.87(5)° is in the range of those found 

in 8’, 8, and 11. Strong distortion in this complex can be visualized by the sum of the angles around the 

Cu atom of 354°, one of the lowest values with that measured in the carboxylate complex 2. 

 

Figure 38. Two views of complex 9 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% probability 
level. 

The mononuclear complex [(phen*)Cu(CF3)] (11) is shown in Figure 39. Here again, -stacking leads to 

formation of centrosymmetric dimers, with a distance of 3.56 Å between the mean planes of the phen* 

ligands. The Cu atom and the CF3 ligand are on the same side of the mean plane of phen*, with a 

displacement of 0.8368(8) Å for Cu(I), a value similar to that found in 8, these two complexes showing 

close structural analogies. The displacements for N1, N2, C13 and C17 (the tert-butyl attachments) are 

0.1157(9), 0.0229(10), 0.0164(16) and ‒0.3552(17) Å, respectively. The Cu‒N1 and Cu‒N2 distances in 

11 and 8 are very close, as well as the Cu‒C distances which differ by 0.007 Å. They also have similar 

N‒Cu‒N angles and sum of the angles around the Cu atom (357° in 11). 
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Figure 39. Two views of complex 11 with hydrogen atoms omitted. Displacement ellipsoids are drawn at the 50% probability 
level. 

The structure of the Cu–F(HF) complex 10 in the solvate [(phen*)CuF](HF)·C6H6 (Figure 40) is quite 

similar to that of [(phen*)CuF] which co-crystallizes with one molecule of (HF)3·NEt3.30 Complex 10 is a 

very rare example of a phenanthroline copper fluoride compound with a true Cu‒F bond.32 The solid-

state structure reveals a neutral species where the Cu(I) ion, coordinated to a bidentate phen* and a 

fluoride ion, is found in an almost planar trigonal geometry (sum of the three angles, 360°). A hydrogen 

atom is located between the two fluorine atoms, with F1–H1 and F2–H1 bond lengths of 1.21(4) and 

1.14(4) Å, respectively. Here again, the Cu and N atoms are displaced on the same side of the mean 

plane of the phen moiety, by 0.1466(16), 0.0317(18) and 0.0149(18) Å, respectively, while the anionic 

fluoride ligand is at 0.376(3) Å on the same side and the C13 and C17 atoms of the tBu groups are 

almost in the plane. The Cu−F bond length of 1.8970(16) Å is quite similar to the distance of 1.891 Å 

reported in the Cu(II) species (phen)CuF2(H2O)32 or in the analogous [(phen*)CuF] complex (1.870(8) 

Å).30 The difference is more pronounced when compared to other Cu−F bonds of complexes involving 

different ligands such as in the biscoordinate carbene (NHC)CuF complexes (1.7865(10)‒1.872 Å)31,33,34 

or (PPh3)3CuF (2.062(6) Å).35 The two Cu−N bonds are not symmetrical, differing by 0.02 Å. The N−Cu−N 

angle of 84.38(8)° is similar to the angle reported in [(phen*)CuF] (84.1°) and slightly larger than the 

angles found in the carboxylate complexes 2‒7 (Table 2). 

 

Figure 40. Two views of complex 10 with solvent molecule and carbon-bound hydrogen atoms omitted. Displacement 
ellipsoids are drawn at the 50% probability level. 

Overall, a simple and general method for the preparation of several copper(I) carboxylate species has 

been described, leading to good or even excellent yields. Thanks to the steric demand of tert-butyl 



Syntheses, structures and reactivity of complexes [(2,9-(tBu)2-phen)Cu(O2CAryl)] and [(2,9-(tBu)2-phen)Cu(Aryl)] 
Experimental and theoretical investigation of the CO2 extrusion or insertion 

 

 
107 

 

groups at 2,9-positions of phen, the copper(I) center is stabilized with an appropriate hindrance 

inhibiting coordination of a second phen* ligand. However, the synthetic routes for the generation of 

complexes involving copper-carbon bonds are not straightforward. Although being isolated in 

moderate yields, these [(phen*)CuR] (R = C6F5, o-NO2-C6H4, CF3) are representative examples of 

potential key intermediates for our mechanistic study of decarboxylation in the next step.  

III. 4. Study of the decarboxylation of the [(phen*)Cu(O2CR)] complexes (R = C6H4-o-F 

(2), C6H4-o-NO2 (5), C6F5 (4), CF3 (7)). 

III. 4. 1. Decarboxylation in THF 

Since carboxylate ligands with ortho-substituents are favorable to the loss of CO2 (vide supra, Chapter 

1 – III. 2. 1.),36 the decarboxylation behavior of complexes 2, 4, 5 and 7 were first tested in the range 

of temperatures 25 oC to 175 oC in THF-d8 in order to track their evolution by 19F NMR analysis (Table 

4). However, as mentioned by Petrukhina et al.,2 we must be aware that copper(I) carboxylates may 

readily disproportionate to produce copper(II) salts and metallic copper, as the process is facilitated 

by high temperatures and long reaction times in coordinating solvents.  

 

Entry Complex T (°C) Time (h) Results and Observations 

1 2 75 2 Free ligand, disproportionation 

2 
4 

50 5 Free ligand and complex 4  in the ratio ~ 1/1 

3 100 3 Presence of C6F5H and free phen* with Cu0  

4 

5 
5 

50 

100 

2 

72 

Stable complex 

Free ligand, disproportionation 

6 
7 

50 

175 

2 

2 

Slight degradation 

Partial degradation 7 

Table 4. Decarboxylation tests in THF-d8 for the complexes 2, 4, 5 and 7. 

Due to the distinct 19F NMR signals in THF-d8 of the carboxylate complexes 4 (‒143.49 ppm, ‒161.20 

ppm, ‒165.37 ppm) and 7 (‒75.14) in comparison with those of the organometallic derivatives 

[(phen*)Cu(C6F5)] (‒111.59, ‒164.70, ‒168.83), [(phen*)Cu(CF3)] (‒26.79) and of pentafluorobenzene 

(C6F5H) (‒140.61, ‒156.70, ‒164.65), the thermal behavior of the carboxylate complexes was 

monitored by 19F NMR and 1H NMR spectroscopy.  

Complexes 2, 4, 5 and 7 have distinct thermal stabilities (see Table 4) and did not afford, by heating, 

the corresponding [(phen*)CuR] (R = Aryl, CF3) derivatives since they could not be detected in THF-d8 

or in other deuterated organic solvents. These latter having poor thermal stability, they rapidly 
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degraded upon warming, affording a black copper(0) deposit, and in some cases, forming green 

solutions of Cu(II) and free ligands (phen* and aryl compounds). 

Complexes 2 and 4 are less stable than 5 and 7 and are rapidly decomposed upon low heating (T = 50-

75°C), affording a black deposit and free phen* (Figure 41c−f for 4) and with the clear release of C6F5H 

(for 4) as observed by 19F{1H} NMR (Table 4, entries 1-3, and Figure 42e−d for 4) (See SI for 2). Because 

free phen* is readily formed in mild conditions (5 h at 50 oC) prior to the generation of 

pentafluorobenzene (3 h at 100 oC), it might suggest possible loss of CO2 from the uncoordinated and 

possibly less stable species [Cu(O2CC6F5)] (Figure 41 and Figure 42). The green solution obtained from 

2 likely suggests formation of copper(II) carboxylate species via disproportionation, which could not 

be characterized and crystallized. Formation of C6F5H genuinely indicated initial extrusion of CO2 from 

4 with a subsequent hydrolytic cleavage of the Cu‒C bond. On the other hand, after 2 h at 50 oC, 

decomposition of 7 in THF-d8 can be detected with formation of free phen* but was not completely 

transformed even after further 2 h at 175 oC (57 % of 7 vs 43 % free phen*) (Table 4, entry 6) (See SI). 

In contrast, the o-nitro complex 5, appeared much more stable and was fully destroyed after 3 days at 

100 oC to form copper(0) and copper(II) carboxylate via disproportionation (Table 4, entries 4 and 5) 

(See SI).  

 

Figure 41. Zoom on 1H NMR stacked spectra of the thermal evolution of complex [(phen*)Cu(O2CC6F5)] 4 in THF-d8 and the 
release of free phen*.  
Orange circle: [(phen*)Cu(C6F5)], blue circle: free phen*, gray circle: THF-d8.  
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Figure 42. 19F{1H} NMR stacked spectra of the thermal evolution of complex [(phen*)Cu(O2CC6F5)] (4) in quinoline and evidence 
for the generation of C6F5H.  
Red circle: [(phen*)Cu(O2CC6F5)], green circle: C6F5H, gray square: unidentified byproducts. 

III. 4. 2. Decarboxylation in other solvents 

Strongly coordinating solvents with higher boiling point than THF, such as DMF-d7, quinoline and NMP 

(N-methyl-2-pyrrolidone) were reported to be more favorable for the decarboxylation process37 and 

have thus been considered (Table 5). Here again, complex 7 showed the greatest stability and stayed 

remarkably robust in NMP or quinoline even after ~ 6 h at temperatures exceeding 150 °C (Table 5, 

entries 8 and 9).  
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Table 5. Decarboxylation tests in quinoline, NMP or DMF for the complexes 2, 4, 5 and 7. 

In these solvents, complex 4 proved to be the least stable (Table 5, entries 2−4). To understand its 

stability, we particularly focused on studying its thermal behavior in quinoline by 19F NMR spectroscopy 

(Figure 43a). In quinoline, complex 4 began to decarboxylate at the low temperature of 35 °C and after 

hardly ~ 1 h, the presence of C6F5H species was clearly evidenced (Figure 43b).  The solution was then 

kept at 50 °C for another hour and then 2 h at 75 °C, respectively (Figure 43c and d). These spectra 

show the disappearance of 4 into a new species and C6F5H. This new species has 19F signals seemingly 

identical to those of [(phen*)Cu(C6F5)] (8) in quinoline.  

To verify if this new species is actually the desired decarboxylated product 8, a 19F NMR study of 

[Cu(C6F5)]4 in quinoline with subsequent addition of phen* was monitored. When [Cu(C6F5)] was 

solubilized in quinoline, the [Cu(C6F5)(quinoline)n] species was expected to form (19F NMR signals in 

Figure 43e). By addition of 1 equivalent phen*, resonances of the three distinct fluorine atoms were 

slightly shifted low-field, indicating the coordination of phen* to [Cu(C6F5)(quinoline)n] (Figure 43f). As 

expected, these signals are identical to those of [(phen*)Cu(C6F5)] (8) (Figure 44), indicating successful 

decarboxylation of [(phen*)Cu(O2CC6F5)] (4) to 8. It is noted that the 19F signals of 8 are slightly 

deshielded by ca. 0.3 ppm compared to the [(phen*)Cu(C6F5)] samples obtained by thermal 

decarboxylation of 4 or by coordination of phen* to [Cu(C6F5)(quinoline)n]. These results suggest that 

the CO2 extrusion reaction proceeds preferably in quinoline compared to THF, and phen* is not fully 

displaced by quinoline solvent. Moreover, a possible coordination of quinoline to [(phen*)Cu(O2CC6F5)] 

(4) and [(phen*)Cu(C6F5)] (8) is not completely excluded. Interestingly, C6F5H is formed spontaneously 

already at room temperature when phen* is added into the quinoline solution of [Cu(C6F5)(quinoline)n] 

(Figure 43f). This evidences a facile protodecarboxylation process which is concommitant with the 

decarboxylation of 4.  

Entry Compound Solvent T (°C) Time (h) Result 

1 2 quinoline 120 72 Protodecarboxylation 

2 
 

4 

quinoline 

NMP 

DMF-d7  

 

35 

 

1 

4 

1 

Protodecarboxylation 

and formation of 

[(phen*)Cu(C6F5)] 

3 

4 

5 
5 

quinoline 120 10 No reaction 

6  150 17 Protodecarboxylation 

7 
 

7 

DMF-d7  50 2 Stable complex 

8 NMP 150 6 Stable complex 

9 quinoline 170 7 Stable complex 
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Figure 43. In black (a to d spectra): 19F{1H} NMR stacked spectra of the thermal evolution of complex [(phen*)Cu(O2CC6F5)] (4) 
in quinoline and evidence for the generation of [(phen*)Cu(C6F5)].  
In red: spectrum of [Cu(C6F5)(quinoline)n] (e) and of the 1:1 mixture [Cu(C6F5)(quinoline)n] + phen* (f).  
Red circle: [(phen*)Cu(O2CC6F5)], green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)], blue circle:  [Cu(C6F5)(quinoline)n]. 

 

 

Figure 44. Zoom on 19F{1H} NMR stacked spectra of Figure 31 (d) and (f) and complex 8 in quinoline (g) evidence for the 
generation of [(phen*)Cu(C6F5)]. Orange circle: [(phen*)Cu(C6F5)], green circle: 1 signal of C6F5H. 

It is important to mention that, continuous heating of a quinoline solution of complex 4 to 150 oC led 

to the complete consumption of the generated species [(phen*)Cu(C6F5)], while the resonances of the 

C6F5H compound remained after 9 h (Figure 45). This observation suggests that [(phen*)Cu(C6F5)] may 

decompose upon heating with release of C6F5H. This point further emphasizes the role of 
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[(phen*)Cu(C6F5)] as a key intermediate in both decarboxylation and protodecarboxylation processes. 

The slightly shifted signals in these spectra can again be explained by the evolution of the mixture, as 

underlined by the change in color of the solution from orange (after 2 h at 75 oC) to brown (after 9 h 

at 150 oC). 

 

Figure 45. 19F{1H} NMR stacked spectra of the thermal evolution of complex 4 in quinoline: after 2 h at 75 oC 4 has been totally 
transformed into [(phen*)Cu(C6F5)] (8) and C6F5H. Spectra b to f evidence complete degradation of 8 with release of C6F5H.  

Similar formation of [(phen*)Cu(C6F5)] (8) and C6F5H from thermal degradation of [(phen*)Cu(O2CC6F5)] 

(4) in NMP (4 h at 35 oC) or in DMF-d7 (1 h at 35 oC) were also observed (Table 5, entries 3 and 4). 

Interestingly, DMF-d7 favored over quinoline and NMP, the rapid and simultaneously formation of a 

[Cu(C6F5)] species and C6F5H (Figure 46b) while the precursor 4 was almost completely consumed after 

1 h at 35 oC (Figure 46b compared to Figure 43b). With new set of 19F signals at −110.95, and two 

signals at around −164 ppm that superimposed with that of C6F5H resonances, 

[(phen*)Cu(C6F5)(DMF)n] species is supposed to form (Figure 47). Because its 19F signals are closed to 

that of [(phen*)Cu(C6F5)] (8) in quinoline (−109.84, −161.96, −162.26). Additionally, 1H NMR analysis 

in DMF-d7 showed shifted signals of the phen* ligand in 4 during the reaction which are different from 

the resonances of free phen*, suggesting formation of a new phen* ligated copper species (See SI).  

This led us to believe that the [(phen*)Cu(C6F5)(DMF)n] may exist as seen in quinoline. One important 

drawback of DMF solvent is that more unidentified byproducts are formed than in quinoline (Figure 

46c). 
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Figure 46. 19F{1H} NMR stacked spectra of the thermal evolution of 4 in DMF-d7 and evidence for the generation of 
[(phen*)Cu(C6F5)] and C6F5H. Red circle: [(phen*)Cu(O2CC6F5)] (4), green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)(DMF)n], 
gray square: unidentified byproducts. 

 

Figure 47. Zoom on Figure 34. 

In the case of the solvent NMP, the decarboxylation process is less efficient, as evidenced by the longer 

reaction time (10 h at 35 oC) required to reach full conversion (Figure 48b−c).  
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Figure 48. 19F{1H} NMR stacked spectra of the thermal evolution of complex 4 in NMP and evidence for the generation of 
[(phen*)Cu(C6F5)]. Red circle: [(phen*)Cu(O2CC6F5)], green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)], gray square: 
unidentified byproducts. 

In order to highlight the beneficial effect of copper on the decarboxylation process of carboxylic acids, 

a control experiment was performed. The pentafluorobenzoic acid C6F5CO2H was added in quinoline 

in the absence of copper source. The substrate evolution was followed by 19F NMR and recorded at 

specific time points. Interestingly, after 1 h at 35 oC, pentafluorobenzene could be detected thus 

indicating a strong influence of copper on the process. However, formation of the 

protodecarboxylation product C6F5H was observed after 2 h at 80 oC and fully consumed after 3,5 h at 

100 oC (see SI). 

For the first time, we bring in this work an NMR proof for the decarboxylation event. Sheppard 

reported in 1969 the decarboxylation of [Cu(CO2C6F5)] in quinoline at 60 °C and he isolated the 

[Cu(C6F5)] product (72% yield) which was characterized by a melting point analysis.37 Moreover, the 

use of phen* is of significance for the stabilization of the copper(I) species, that coordinates to 

copper(I) center without being displaced by quinoline solvent. 

The source of proton for the generation of C6F5H has been already discussed in the literature. It was 

first pointed out by Cohen and Wood et al.38 that basic solvents (quinoline, pyridine, etc.) could act as 

protons reservoir for the hydrolytic cleavage step, and that they promoted the reaction with their 

coordinating ability. Meanwhile, study on the decarboxylation of C6F5CO2X salts (X = NHEt3, Na) in DMF 

by Bower et al. showed the significant role of proton sources for the protodecarboxylation process.39 

They found that only 25 % of C6F5CO2Na converted into C6F5H after 1 h at 80 oC, whereas 

protodecarboxylation of C6F5CO2(NHEt3) was over than 95 % complete after 100 s in the same 

conditions. Moreover, addition of water (1 equiv.) into the former case enhanced the reaction rate 

and led to full conversion after ca. 200 s, suggesting a protodcarboxylation promoted by water.39 At 
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last, the source of protons may originate from adventitious traces of water in the reagents or 

solvents.38 In this study, the solvents have been thoroughly dried. 

In quinoline, the o-fluoro (2) and o-nitro (5) derivatives were also protodecarboxylated affording the 

corresponding C6H5X (X = F, NO2) arene (Table 5, entries 1, 5−6). The formation of fluorobenzene in 

quinoline was confirmed by 19F NMR spectroscopy and the presence of a signal (F = ‒112.73) identical 

to that of a commercial sample. In addition, CO2 gas was also detected by gas chromatography analysis 

at the end of the reaction. The thermal behavior of the o-NO2 derivative 5 was difficult to follow by 1H 

NMR since its signals were weak compared to those of the solvent quinoline. The CO2 gas was not 

detected neither by 13C NMR nor by gas chromatography (GC) upon heating a solution of 5 in quinoline 

for several hours at 120 oC (Table 5, entry 5) but was found by GC after 17 h at 150 oC (Table 5, entry 

6). Nitrobenzene was also detected in the GC-MS spectra (gas chromatography-mass spectrometry) 

after hydrolysis of the reaction mixture.  

In summary, the use of quinoline as solvent facilitated the loss of CO2 in complexes 2, 4 and 5. While 

complex 2 and 5 only underwent protodecarboxylation under harsh conditions, complex 4 

decarboxylated at remarkably low temperature to form [(phen*)Cu(C6F5)] (8)  together with C6F5H. It 

is clear that the essential role of quinoline is undeniable in these reactions in which several copper-

catalysed homogeneous decarboxylative cross-coupling reactions have been widely used.36,40–44  

III. 5. Study of the carboxylation of the [(phen*)Cu-R] complexes 8, 9, and 11 

Reverse to the decarboxylation process, the carboxylation of copper(I) aryl complexes 8, 9 and 11 was 

considered and the possible insertion of CO2 into the Cu‒C bond was monitored by NMR. 

A few reports45,46 have highlighted the beneficial effect of the solvent DMA (Dimethylamide = 

HCONMe2) versus common solvents such as THF for the insertion of CO2 (1 atm) into the copper-carbon 

bond at room temperature. In our study, all attempts to insert CO2 in the Cu‒C bond of the 

organometallic species 8, 9 and 11 to afford the corresponding carboxylate derivatives 4, 5 or 7 were 

unsuccessful regardless of the solvent (THF, quinoline, DMA or toluene), the pressure of CO2, and the 

reaction temperature (Table 6). In most cases, decomposition of the complexes was detected, as 

indicated by the generation of black copper deposits and/or the change in color of the solution to 

green or brown. The thermal sensitivity of the organometallic complexes led to their decomposition 

when heated and prior to CO2 insertion if this latter reaction is thermodynamically favored. 
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* 13CO2: apply to better track the insertion in the Cu-C bond by 13C NMR 

Table 6. Attempts at carboxylation of copper(I) aryl/alkyl complexes 8, 9 and 11 with 12CO2 and 13CO2. 

For instance, complex 9 decomposed readily at 25 oC in benzene and at 75 oC in DMA to form copper(0) 

(Table 6, entries 4 and 6). However, this complex displays higher stability in toluene, as evidenced by 

its robust signals in 1H NMR that are seen even after 10 h of heating at 75 oC (Table 6, entry 5 and see 

SI). Despite small formation of black solid (copper(0)), no signal for the free ligand was detected by 1H 

NMR (see SI). Unlike 9, complex 11 species exhibited a higher robustness toward thermal degradation. 

It showed however a weak stability when heated up to 75 oC in benzene and THF, evidenced by its 

degradation into Cu(0) and the release of free phen* (Table 6, entries 7 and 8, see SI). To avoid 

decomposition of 11, the carboxylation of [(phen*)Cu(CF3)] (11) was then attempted in DMA at room 

temperature for several days. Under 10 bar of CO2, it was found inert and CO2 insertion was not 

observed after 10 days of reaction in DMA (Table 6, entry 9).   

Complex [(phen*)Cu(C6F5)] (8) showed the lowest stability among all. This can be observed by the 

generation of pentafluorobenzene at room temperature from a quinoline or DMA solution of 8 (Table 

6, entry 2 and 3). For instance, when diluted in quinoline, complex 8 spontaneously released C6F5H 

(Figure 49a) but these two compounds remained visible by 1H NMR after three days with continuous 

mixing at 25 °C (Figure 49b). Disappointingly, when CO2 (10 bar) was added to the solution, no reaction 

was observed except the formation of C6F5H (Figure 49c).  

Entry Compound CO2 

(bar) 

Solvent T (°C) t(h) Result 

1 
 

 

8 

10 THF-d8 
rt. - 50 oC 

100  oC 

2 

2 

Formation of C6F5H (50 °C) 

Partial decomposition to Cu0 

2 10 Quinoline rt. 1 
Formation of C6F5H 

No insertion 

3 10 DMA rt. 
8 

9 days 

Formation of C6F5H 

No insertion 

4  

9 

10 Benzene-d6 rt. 8 Decomposition to Cu0 

5 4* Tol-d8 rt. - 75 oC 10 Partial decomposition to Cu0 

6 4* DMA rt. - 75 oC 10 Decomposition to Cu0 

7  

11 

1.5 Benzene-d6 rt. - 75 oC 7 Decomposition to Cu0 

8 10 THF-d8 rt. - 150 oC 2 Decomposition  to Cu0 (75 oC) 

9 10 DMA rt. 6 days No insertion 
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Figure 49. 19F{1H} NMR stacked spectra of the thermal evolution of complex 8 in quinoline and evidence for the generation of 
C6F5H. Green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)]. 

In contrast, 8 seems to be more stable in THF (Figure 50), proved by the fact that it is smoothly 

converted into C6F5H at 50 oC (Figure 50b) and partially decomposed when heated up to 100 oC for 2 h 

(Table 6, entry 1 and Figure 50d). Degradation evidenced the release of free phen*, indicated by 1H 

NMR, and formation of a black solid deposit (Figure 51d).  

 

Figure 50. 19F{1H} NMR stacked spectra of the thermal evolution of complex 8 in THF-d8 and the release of C6F5H.  
Green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)]. 
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Figure 51. Zoom on 1H NMR stacked spectra of the thermal evolution of complex 8 in THF-d8 and the release of free phen*. 
Orange circle: [(phen*)Cu(C6F5)], blue circle: free phen*, gray square: THF-d8.  

The carboxylation of copper(I) aryl complexes 8, 9 and 11 proved unsuccessful regardless the applied 

pressure of CO2 gas (1 to 10 bar). These complexes degraded with or without heating and their thermal 

sensitivity is related to the nature of the aryl group and the coordinating solvent. Next, we turned to 

computational studies of the decarboxylation and carboxylation processes to rationalize and further 

understand the reactivity of these copper complexes. 

III. 6. DFT calculation 

Generally, the calculated energy activation barriers for the decarboxylation of aromatic acids are high 

(ca. + 30 kcal.mol−1),47 which explained the need for high temperatures in copper catalyzed 

processes36,42,47 or non-catalyzed reactions.48,49 Numerous computational investigations have been 

made to uncover the transitions states structures of the decarboxylation event.36,42 We therefore 

turned our attention to the thermodynamics of the reaction in order to rationalize our experimental 

results.  

In order to obtain thermodynamic information on the CO2 extrusion/insertion process in the above 

(phen*)Cu(I) compounds, we therefore investigated, by density functional theory (DFT) calculations, 

the decarboxylation step in complexes [(phen*)Cu(O2CR)] (R = C6H5, C6F5, o/p-F-C6H4, CF3, o/p-NO2-

C6H4). Our first step was to optimize and obtain the Gibbs free energies of all copper complexes and of 

[(phen*)Cu(O2CC6H5)] for comparison as a non-substituted benzoate substrate at the DFT 

M06L/Def2TZVP/W0650–52 level. To understand the electronic influences of the ortho and para-

substituents R on the phenyl ring, we next calculated the enthalpy and Gibbs free energy of the 

reaction, e.g. ΔHr and ΔGr.  

In the case of [(phen*)Cu(C6F5)] (8), [(phen*)Cu(C6H4-o-NO2)] (9), and [(phen*)Cu(CF3)] (11), the DFT 

optimized geometries are in good agreement with the X-ray structures (Figure 52). The structures of 

these complexes have copper centers out of the phenanthroline ligand plane. In addition, the 

calculated phenanthroline moieties of 8 and 9 show a slight deviation of planarity, which is effectively 

observed in the corresponding crystal structures. The differences in distances from copper atom to the 

phen mean plane between the calculated structures and the crystal structures are likely due to crystal 
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packing effects in the solid state, which is not accounted in our level of calculations. In fact, all the 

calculated geometries of [(phen*)Cu(R)] complexes show the copper ion out of the phen mean plane 

and a longer Cu1‒C21 bond (Table 7, see more details in SI). This suggests an important role of steric 

factors in the interactions of the copper ion with the R ligand caused by the tert-butyl groups rather 

than electronic effects of substituents. For the carboxylate complexes (0−7), the optimized geometries 

showed a completely planar phenanthroline moiety and very small (R = C6H5, C6F5, o-F-C6H4, o-NO2- 

C6H4, CF3) or no copper displacement (R = p-F-C6H4, p-NO2-C6H4). It is noteworthy that the p-NO2 and p-

F substituents gave the optimized structures with the aromatic rings of benzoic acid in the same plane 

with the phen moiety. Again, these results can be attributed to the steric bulk around the copper ion, 

which is minimized with p-NO2 and p-F substituents. Nonetheless, additional insights into the impact 

of electronic properties of the substituents on the R group by DFT calculations are required to support 

our hypothesis.  

 

           

Figure 52. Top: Calculated structures of complexes (from left to right) [(phen*)Cu(C6F5)] (8), [(phen*)Cu(C6H4-o-NO2)] (9), and 
[(phen*)Cu(CF3)] (11) by DFT calculations. Bottom: Single crystal structures by XRD of (from left to right) [(phen*)Cu(C6F5)] (8), 
[(phen*)Cu(C6H4-o-NO2)] (9), and [(phen*)Cu(CF3)] (11).  

a Numbers in blue color were computed at the M06L/Def2TZVP/W06 level of theory 

Complex Cu1‒C (Å) Cu1‒N1(Å) Cu1···O1(Å) Cu1-phen*(plane) (Å) 

[(phen*)Cu(C6F5)] (8) 
1.9230(19) 2.1105(15) -- 0.8033(12) 

1.956 2.146 -- 0.314 

[(phen*)Cu(C6H4-o-NO2)] (9) 
1.9080(17) 2.0131(14) 2.6593(13) 1.0031(10) 

1.982 2.060 2.677 0.578 

[(phen*)Cu(CF3)] (11) 
1.9296(13) 2.0503(11) -- 0.8368(8) 

1.986 2.167 -- 0.291 

Table 7. Selected bond lengths and copper displacement from the phen mean plane for [(phen*)Cu(C6F5)] (8) and 
[(phen*)Cu(C6H4-o-NO2)] (9) from single crystal X-ray diffraction experiments and DFT calculation.a 



Chapter 2 

 
120 

 

In term of reactivity, the Gibbs free energy (ΔG) and free enthalpies (ΔH) of the reaction in the two 

solvents quinoline and THF, at room temperature (T = 298 K) are computed and the results are 

displayed in Table 8.  

A view from Table 8 shows that the decarboxylation reaction is thermodynamically favored only with 

the polyfluoro-complexes 4 and 7 and the ortho- and para-nitro benzoate species 5 and 6 while for the 

other compounds the thermodynamics is not favorable. The overall reaction of complex 4 is an 

exergonic process with the reaction free energy of ‒11.62 kcal.mol−1, whereas the well-known o-NO2 

substituent is second to favor the decarboxylation process (ΔGr = ‒ 1.72 kcal.mol−1). The ortho effect 

was detected, where o-NO2 (ΔGr = ‒ 1.72 kcal.mol−1) and o-F (ΔGr = 0.52 kcal.mol−1) give lower reaction 

free energy than the para-substituents (p-NO2 and p-F, ΔGr = ‒ 0.49 and 6.58 kcal.mol−1, respectively). 

Interestingly, electronic effects seem to dominate over ortho effects since the p-NO2 of complex 6 gives 

a lower ΔGr (‒ 0.49 kcal.mol−1) than o-F, which is an endergonic process of ΔGr = 0.52 kcal.mol−1. In fact, 

a clear correlation between the thermodynamics of the reaction and the electronic properties of the 

substituent is observed, that follows the trend: H < F < NO2 < F5, where withdrawing substituents 

significantly reduce ΔGr. The alkyl carboxylate complex 7 (CF3) lies between the aryl derivatives with F5 

and o-NO2 substituents with ΔGr = ‒ 3.44 kcal.mol−1. It is noteworthy that studies by the groups of 

Gooßen and Xue on the ortho effect of substituents on the decarboxylation reactions gave similar 

results.36,53 Moreover, these values of ΔGr (‒11.62, ‒ 3.44, ‒ 1.72, and ‒ 0.49 kcal.mol−1) underline that 

decarboxylation would be more favorable for the [(phen*)Cu(O2CR)] complexes than for their 

[(phen)Cu(O2CR)] counterparts. For instance, the decarboxylation step of [(phen)Cu(O2CR)] when R = 

C6H5, C6H4-o/p-NO2, C6H4-o/p-F, C6H4-o/p-OMe, or C6H4-p-Me is endergonic at room temperature.36 

 

 

Complex 

 

R 

ΔHr 

in quinoline 

ΔGr 

in quinoline 

ΔHr 

in THF 

ΔGr 

in THF 

0 R = C6H5 21.45 8.80 21.02 10.41 

2 R = o-F-C6H4 11.52 0.52 11.04 1.75 

3 R = p-F-C6H4 16.86 6.58 17.09 6.89 

4 R = C6F5 0.48 ‒11.62 0.73 ‒11.39 

5 R = o-NO2-C6H4 8.92 ‒1.72 9.21 ‒1.37 

6 R = p-NO2-C6H4 12.16 ‒0.49 -- -- 

7 R = CF3 7.77 ‒3.44 7.98 ‒3.37 

Computational parameters: Gaussian 16 suite of software, Rev. C01;54 M06L-D3,55 Def2TZVP/W06,50–52 

Solvation effects were accounted for with the SMD model;56  ΔHr and ΔGr are expressed in kcal.mol−1 

Table 8. Selected results from the DFT calculations on the decarboxylation of [(phen*)Cu(O2CC6H4R)]. 
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The ΔGr values in THF are close to those found in quinoline and follow the same pattern. However, as 

observed experimentally, the solvent is crucial: none of the isolated copper carboxylate underwent 

CO2 extrusion in THF while the complexes [(phen*)Cu(O2CC6F5)] (4), [(phen*)Cu(O2CC6H4-o-NO2)] (5) 

and [(phen*)Cu(O2CC6H4-o-F)] (2) decarboxylated readily in quinoline at different applied 

temperatures. 

In agreement with our experimental results, we found that the decarboxylation of 

[(phen*)Cu(O2CC6F5)] is exergonic (ΔGr = ‒11.62 kcal.mol−1), and complex 4 is the most prone to CO2 

loss in the series we studied. This is in agreement with the previous reports by Liu who demonstrated 

experimentally and theoretically that copper-mediated decarboxylation process is energetically 

favored with the electron deficient C6F5 fragment.42 The energy barrier for the decarboxylation of 

[(phen)Cu(O2CC6F5)] was +20.3 kcal.mol‒1,42 which is a gap easily overcome by heating. In addition, the 

strongly favorable thermodynamics for the formation of [(phen*)Cu(C6F5)] (8) from its carboxylate 

(ΔGr = ‒11.39 kcal.mol‒1) explained why this complex could not give back 4 under CO2 (vide supra, III. 

5. – Table 6, entries 1−3).  

Decarboxylation of 5 bearing an ortho nitro group is only slightly exergonic (ΔGr = ‒ 1.72 kcal.mol–1), 

which is matched with our experimental observation where [(phen*)Cu(O2CC6H4-o-NO2)] 

decarboxylate in quinoline at higher temperature (170 oC)(vide supra, III. 4. 2. – Table 5, entries 5 and 

6). Calculated ΔGr for the decarboxylation of compound 2 suggests a slightly endothermic process of 

ΔG = 0.52 kcal.mol–1 at 298 K in quinoline. This is plausible as decarboxylated product from 2 is 

accessible energetically and can react further experimentally (vide supra, III. 4. 2. – Table 5, entry 1). 

Moreover, it has been reported that the decarboxylation process using copper-phenanthroline 

catalyst, while endergonic at room temperature, became exergonic at high temperature (170 oC, 

443 K), as calculated on 2-fluoro-substituted benzoic acid.47 Additionally, the same report also gave 

some insight into the ligand effect: electron-rich substituents on the 4,7-positions of phenanthroline 

favor decarboxylation, while neocuproine can decrease the reactivity due to its steric hindrance.36 

Overall, DFT calculations for a general thermodynamic overview of the stoichiometric decarboxylation 

of [(phen*)Cu(O2CR)] to [(phen*)Cu(R)], with R = H, o/p-NO2, o/p-F, C6F5 and CF3 has been computed. 

The reaction is exergonic for complexes bearing  electron-withdrawing substituents in the benzoic rings 

with ΔGr is in a range of ‒11.62 to ‒0.49 kcal.mol–1 (complex 4‒7). Meanwhile, decarboxylation of non-

substituted and ortho- and para-fluoro benozate species 0, 2 and 3 is thermodynamically unfavorable. 

It is evident that the reactivity of these complexes have a strong correlation with electronic properties 

of the substituents on the aromatic rings. The famous ortho effect is evidenced, but is less important 

than the electronic effect. Importantly, the calculated reaction energies are in agreement with our 

experimental results, supporting a plausible decarboxylation event occur via [(phen*)Cu(O2CR)] (R = 

C6F5, o-NO2, o-F).  

III. 7. Proposed mechanism  

Here, based on the results obtained from the two complexes 4 and 5, we focus on rationalizing the 

decarboxylation and protodecarboxylation processes. It is important to reiterate that there are 

differences in term of reactivity related to the choice of solvent, namely THF and quinoline. 

Furthermore, it is evident that the protodecarboxylation process preceds the formation of the copper-
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aryl complex (Table 5, entries 2−4), we thus assumed there are several possible mechanisms via 

different potential intermediates.  

On the basis of our observations, and the conclusion of previous studies,38,47,53 the mechanism could 

be described as follows (Scheme 52).  

Based on the reactivity of complex 4 [(phen*)Cu(O2CC6F5)] in quinoline, we proposed a general 

decarboxylation and protodecarboxylation mechanism with two pathways connected by a copper(I) 

aryl intermediate (Scheme 52). We first considered that CO2 extrusion of copper carboxylate complex 

I occurs via a concerted mechanism, as proposed by Gooßen and Lin,47,53 to form an organocopper 

species (V) via a transition state III. This TS is drawn closely based on the computed structure done by 

Gooßen.47 However, this mechanistic approach cannot explain why the formation of C6F5H is observed 

before the formation of the complex [(phen*)Cu(C6F5)] (8) if traces of water present in the reaction 

medium are excluded (vide supra, III. 4. 2.).  

 

Scheme 52. Proposed mechanism for the decarboxylation of [(phen*)Cu(O2CC6F5)] (4) in quinoline. 
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Alternatively, a second path emerged (Scheme 52). It started with the coordination of quinoline (Q) 

into copper carboxylate I to generate intermediate II [(phen*)Cu(O2CC6F5)(Q)]. The coordination of 

quinoline, would completely displace the phen* ligand, as evidenced by the broadened fluorine signals 

C6F5
− moiety (Figure 43a). We assumed that a fourth coordination into the copper (I) center is possible, 

although there is no solid evidence for this species. This is because the tetracoordinated copper 

complexes are well described in the literature, where numerous structures of copper at oxidation state 

+2 have been published.57–60 The next step in the second pathway is the protodecarboxylation of 

species II to give CO2 and arene in a single step. The abstracted hydrogen of quinoline can be at the 2-

position (ortho to the pyridine ring) or in the 8-position, since these are acidic protons. This hypothesis 

is supported by Cohen's investigation of the proton source, in which they obtained a monodeuterated 

product using 2-deuterioquinoline as a solvent.38 After the deprotonation, anionic quinoline (Q−) 

binded to copper and made an ionic complex IV [(phen*)Cu]+[Q]−. This complex would be stabilized as 

[(phen*)Cu(Q)n]+[Q]− by additional coordination of quinoline. A proton abstraction by anionic quinoline 

(Q−) from the generated arene finally yields the copper(I) aryl species (V). Experimental evidence has 

shown that the copper aryl complex 8 can indeed be easily converted into C6F5H in quinoline at room 

temperature (vide supra, III. 4. 2.), suggesting that the reverse transformation of intermediate V into 

IV is possible. In this pathway, the order of formation of the protodecarboxylation product and the 

copper aryl species would be in accordance with the experimental results. 

Nonetheless, the concerted pathway is not excluded since the calculated mechanisms involved various 

benzoic acid derivatives47,53 rather than pentafluoro-substituted carboxylate. In the meantime, the 

results obtained from the complex [(phen*)Cu(O2CC6F5)] (4) are the sole basis of our hypothesis. In 

addition, CO2 extrusion of other copper carboxylate complexes [(phen*)Cu(O2CC6H4-o-F)] (2) and  

[(phen*)Cu(O2CC6H4-o-NO2)] (5) only afforded arene compounds without the formation of 

corresponding decarboxylated copper aryl species [(phen*)Cu(C6H4-o-F)], and [(phen*)Cu(C6H4-o-

NO2)] (9), respectively.  

Experimental results showed that the decoordination of the phen* ligand precedes the 

protodecarboxylation event in particular in THF (vide supra, III. 4. 1., Figure 41 and Figure 42). We 

therefore hypothesized that in THF, the CO2 extrusion might occurs via intermediate [Cu(O2C-Ar)], 

followed by degradation of the copper complex at higher temperatures (ca. 100 oC). This may be due 

to the poor stability of the copper intermediate provided by the THF ligand. The proposed mechanism 

starts with the displacement of phen* from the copper species (I) to form the ionic species VI (Scheme 

53). At elevated temperatures, this species either goes through protodecarboxylation and degradation 

(in the case of complex 4) or disproportionation (in the case of complex 5) to ultimately produced Cu0.  
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Scheme 53. Proposal for the decarboxylation of [(phen*)Cu(O2CC6F5)] (4) and [(phen*)Cu(O2CC6H4-o-NO2)] (5) in THF. 

 

IV. Conclusion 

In summary, the crystal structure of the bulky phenanthroline 2,9-tBu2phen (phen*) has been 

determined and a series of copper(I) complexes involving this ligand have been synthesized, isolated 

and structurally characterized. The species [(phen*)Cu(O2CR)] (R = o-F-C6H4 (2), p-F-C6H4 (3), C6F5 (4), 

o-NO2-C6H4 (5), p-NO2-C6H4 (6), CF3 (7)) and aryl/alkyl counterparts [(phen*)CuR] (R =C6F5 (8), o-NO2-

C6H4 (9),CF3 (11)) are among the rare isolated copper(I) complexes with higher thermal stability and 

solubility than existing copper complexes. These improvements allow us to carry out mechanistic 

studies in common solvents such as THF or in thermal condition.  

Using these compounds, we studied decarboxylation reaction of [(phen*)Cu(O2CR)] complexes and the 

reverse carboxylation process with the organometallic derivatives. The loss of CO2 in the 

[(phen*)Cu(O2CR)] complexes (R = o-F-C6H4 (2), C6F5 (4), o-NO2-C6H4 (5), CF3 (7)) was successful, except 

for complex 7, especially in quinoline. However, the carboxylation of the alkyl and aryl [(phen*)CuR] 

complexes did not take place as expected. This can be explained by different factors, such as the 

stability of the complexes and the competitive protodecarboxylation reaction. Rationalization of these 

data using DFT corroborates the experimental results.  

We can propose for [(phen*)Cu(O2CC6F5)] (4) a decarboxylation process via the intermediate 

[(phen*)Cu(C6F5)] (8) when using quinoline as solvent. However, the loss of CO2 from the complexes 

[(phen*)Cu(O2CC6H4-o-F)] (2) and [(phen*)Cu(O2CC6H4-o-NO2)] (5) in quinoline did not afford the 

desired decarboxylated species [(phen*)Cu(C6H4-o-F)] and [(phen*)Cu(C6H4-o-NO2)] (9) but only the 

protodecarboxylation products fluorobenzene and nitrobenzene, respectively. Nonetheless, in THF, 

only [(phen*)Cu(O2CC6F5)] (4) underwent protodecarboxylation.  

DFT calculations with including solvent effects gave similar results regarding the thermodynamic of the 

reactions with both quinoline and THF. On the other hand, experimental results showed that copper 

carboxylate complexes decarboxylate more readily in quinoline than in THF. For example, 



Syntheses, structures and reactivity of complexes [(2,9-(tBu)2-phen)Cu(O2CAryl)] and [(2,9-(tBu)2-phen)Cu(Aryl)] 
Experimental and theoretical investigation of the CO2 extrusion or insertion 

 

 
125 

 

protodecarboxylation was observed only for complex 4 at 100 oC (1 h) in THF, whereas the process 

occurred at 35 oC (1 h) in quinoline. In addition, complexes 2 and 5 underwent protodecarboxylation 

in quinoline (120 oC after 72 h, and 150 oC after 17 h, respectively), while the reactions were not 

observed in THF. Quinoline did not displaced phen* but proved a better solvent than THF for the 

decarboxylation of the carboxylic complexes [(phen*)Cu(O2CAr)]. This might support, through 

additional coordination at the metal center, the formation of intermediate more stabilized against 

degradation and which are thus more prone to decarboxylation. It is also thought that 

protodecarboxylation predominates over decarboxylation because quinoline acts as a proton source. 

Thus, quinoline solvent is critical for CO2 extrusion, while phen* ligand has the ability to stabilize 

intermediates that capture aryl moiety. Both elements are critical to decarboxylation. 

Regarding the mechanism, three different pathways have been proposed, devoted to the 

decarboxylation and protodecarboxylation process of complexes 4 and 5, particularly in quinoline and 

THF solvents. We considered the concerted decarboxylation mechanism proposed by the Gooßen and 

Lin groups,47,53 where CO2 is extruded from the copper carboxylate complex to the copper aryls in one 

single step. However, this mechanism does not explain the formation of the protodecarboxylate C6F5 

before the generation of the copper aryl species. Therefore, we proposed a second pathway, in which 

the role of quinoline is highlighted: quinoline first coordinates to the copper carboxylate complex, 

followed by concerted CO2 extrusion and proton abstraction to produce C6F5H and an ionic 

[(phen*)Cu]+[Q]− species (Q = quinoline). Alternatively, in THF, a distinct mechanism has emerged in 

which phen* is first displaced by the solvent to form [Cu(O2CR)(THF)n] (R = C6F5 (4), o-NO2-C6H4 (5)). 

This latter species, not stabilized by the phen* ligand, rapidly disproportionates to form copper(0) and 

the copper(II) carboxylate [Cu(O2CR)2(THF)n] (in the case of complex 5). In contrast, 

protodecarboxylation is mainly observed for complex 4. 
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Chapter 3 − The isolation of a copper (I) formate 
complex and its reactivity in dynamic isotopic exchange 

and formic acid dehydrogenation 

Abstract:  

Formic acid (FA) is considered as a promising candidate for liquid hydrogen storage, which has a 

great potential in hydrogen fuel applications. Many researches have been devoted to the 

development of efficient catalytic systems for the selective conversion of FA to H2 and CO2, with 

precious metal catalysts, such as Ir, Ru, being the most successful. Unlike other metal-based 

catalysts, copper complexes have received little attention and only three examples are known that 

exhibit low catalytic activity. Mechanistic studies on copper species for the catalytic hydrogenation 

of FA have suggested the formation of transient copper hydride and copper formate species.  

Nonetheless, only a handful of copper-formate complexes have been successfully isolated. While 

the insertion of CO2 into copper hydride is well documented, the reverse decarboxylation reaction 

of copper formate is uncommon.1 

Since we have successfully isolated mono-ligated copper(I) carboxylate complexes using the bulky 

2,9-di-tertbutyl-1,10-phenanthroline (phen*) ligand, we targeted the phen* ligated copper(I) 

formate, e.g. [(phen*)CuI(O2CH)], to see its potential activity in the  dehydrogenation of formic acid. 

Being a catalyst, formation of the transient copper-hydride species [(phen*)Cu‒H] issued from the 

decarboxylation of [(phen*)CuI(O2CH)], has been tracked by different methods including dynamic 

isotopic exchange with 13CO2.  
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I. Introduction 

I. 1. Physical and chemical methods to store dihydrogen  

In the urge to develop a sustainable energy system to replace fossil resources (coal, oil, gas, etc.) that 

directly contribute to increasing global warming, hydrogen (H2) stood out as a suitable and renewable 

carbon-free energy vector. Since Jones published the first report on using hydrogen as an energy 

carrier in 1976,2 several studies have been released looking at different aspects of using hydrogen as 

an energy carrier. A review carried out by Bockris in 2013 has summarized the developments in the 

direction of a future hydrogen economy.3 The efficient conversion of H2 to electricity, with only water 

as a by-product, makes it an attractive fuel candidate as an energy vector for mobile and power 

generation applications.4 Indeed, H2 is a fuel of choice since its combustion in air is capable of 

generating 120−142 MJ.kg−1 (i.e. 33.33 kWh.m−3) against 42-47 MJ.kg−1 for standard gasoline (Figure 

53). It can also be a source of electricity through direct use in fuel cells for power, mobility, and home 

applications. 

However, H2 is the lightest gas in the universe, which has an extremely low energy density by volume 

around 0.011-0.013 MJ.L−1 (i.e. 3.05 kWh.m−3) compare to standard gasoline (ca. 34.2 MJ.L−1). This low 

volumetric density has been measured to be 0.0898 g.L−1 (at 25 oC, 1 bar) under atmospheric pressure. 

In other words, hydrogen requires about 3,000 times more space than petrol for the same amount of 

energy and a concentrated volumetric density of H2 is required to exploit its fuel potential efficiently. 

Large-scale hydrogen transportation and storage are technically challenging processes and energy 

consuming.5 

 

Figure 53. Comparison of specific energy (per mass or per gravimetric density) and energy density (energy per volume or 
volumetric density) for several fuels based on lower heating values. (original image taken from energy.gov)6 

For this reason, hydrogen energy storage should not only increase the volumetric energy content while 

maintaining the same gravimetric energy density, but it should also be safe and secure for transport 
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and handling. Numerous hydrogen storage technologies have been developed, including compressed 

gas, cryogenic hydrogen, solid-state storage or liquid hydrogen method.7,8 

Although compressed gas is a well-established technology for storing hydrogen in its natural form (200 

to 700 bar), there are still a few unresolved problems. For instance, it has a volumetric energy density 

of 5.6 MJ.L−1 (ρV(H2) = 40 g H2.L−1), which is far less than 32.0 MJ.L−1 for gasoline.9 Furthermore, high-

pressure delivery with potential leakage, and required low temperature or high pressure to store have 

to be complied.8 On the other hand, hydrogen can be stored as a liquid at −253 oC (20 K), which has 

an energy density by volume (9 MJ.L−1) 4 times smaller than hydrocarbon fuels such as gasoline (ca. 

34.2 MJ.L−1). Nevertheless, the liquefaction process costs about 30-40 % of the energy content of the 

hydrogen.10 Alternatively, the solid-state method offers storage with a hydrogen density greater than 

that of cryogenic hydrogen at moderate temperature and pressure. This allows a large amount of 

hydrogen to be stored in a small volume. The solid-state storage method consist in trapping the 

hydrogen atoms into chemical compounds (metal hydrides, hydride complexes) or by adsorption in 

the cavity of porous materials (MOFs, zeolites, etc.).11 In the latter case, the H2 adsorption capacity is 

strongly affected by ligand functionalization, catenation, open metal sites, and pore size of the 

material, and generally requires low temperatures and high pressures to work.12 Hydrogen can also be 

stored in inorganic hydrides (e.g. MgH2, LiAlH4, NaBH4) or chemical hydrides (e.g. NH3•BH3), which have 

relatively high energy volume density. They are also relatively safer and more easily handled than 

compressed gas or liquid hydrogen. For example, NH3•BH3 has a H2 storage capacity of 19.6 wt% (100 
oC), which translates into a volumetric energy density of about 35.6 MJ.L−1, a value close to that of 

gasoline.13 The most significant shortcoming of these systems is the irreversible nature of the storage, 

which makes it difficult to regenerate the hydride carriers once they have released their hydrogen 

content.14,15 Consequently, off-board regeneration of the H2 carrier is required.  

Among the H2 chemical traps, liquid organic hydrogen carriers (LOHC) are promising storage sources 

that are predicted to be more efficient than gaseous compressed hydrogen.8,16 For instance, the 

advantages of LOHC systems are long storage time and no hydrogen loss in long-distance 

transportation.17 This method is based on a two-step cycle involving the hydrogenation, in which 

hydrogen is covalently bound to the liquid carrier (typically C–H), and dehydrogenation. The use of 

catalysts is essential to facilitate these reactions that are generally performed at elevated 

temperatures (ca. 200 °C). Several examples of LOHC compounds have been developed,17 such as 

methylcyclohexane-toluene, cycloalkanes, N-ethylcarbazole (NEC), dibenzyltoluene (DBT), methanol 

etc., in which methanol has more hydrogen storage capacity than others (i.e.10 wt%). N-ethylcarbazole 

which has a hydrogen storage capacity of 5.8 wt% corresponding to a low 2.5 kWh.L−1  energy density 

is however the best understood LOHC and can be stored, transported and handled as a liquid diesel-

like substance.17 Numerous catalytic systems have been developed where the reversible 

hydrogenation and dehydrogenation of N-ethylcarbazole and its dehydrogenated pair (perhydro-N-

ethylcarbazole, H12-NEC) can be achieved with full conversion using Ru/Al2O3 and Pd/Al2O3 

respectively, but with degradation after 10 cycles (Figure 54).18 In comparison with other LOHC 

systems, DBT has a superior hydrogen storage capacity (6.2 wt%), an energy density of 1.9 kWh.L−1 

with excellent thermal stability, high boiling point (390 °C) and low toxicity.19 Due to the elevated 

temperature in the reactor of the LOHC dehydrogenation process (ca. 200 °C), the hydrogenation and 

dehydrogenation of DBT can proceed in its liquid form without undergoing the vaporization such as in 
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the case of toluene as LOHC.17 For the hydrogenation of DBT, precious metals based heterogenous 

catalysts such as Pt or Ru supported by Al2O3 are employed. For instance, Brückner et al. reported a 

hydrogenation of DBT to afford perhydro-dibenzyltoluene (H18-DBT) with full conversion at 150 °C for 

4 h (Ru/Al2O3 catalyst).20 Dehydrogenation of H18-DBT can be done by Ru or Pd catalysts supported by 

carbon.20 A catalyst system was developed by the group of Brückner using Pd/C, where the 

dehydrogenation process can be achieved with excellent yield of 97% after 2 h at 310 °C.20  

Alternatively, Milstein et al. proposed an interesting approach where 2-aminoethanol is used as a 

hydrogen carrier with hydrogen capacity of 6.6 wt%.21 Under mild reaction conditions (ca. 135 oC, 10-

70 bar H2), this LOHC system is catalytically converted to the cyclic peptide glycine anhydride and 

release H2 gas by a single Ru-based complex. Using the same catalyst, the peptide hydrogenation 

regenerates 2-aminoethanol as hydrogen carrier.21–23 Nevertheless, the system cannot reach high 

selectivity and conversion rates.  

 

Figure 54. Storage process of the N-ethylcarbazole: perhydro-N-ethylcarbazole system.17  

Formic acid (FA) is considered as a promising liquid organic hydrogen carrier. Its notable volumetric 

hydrogen content (4.4 wt%) is in line with the targets set for 2020 by the US Department of Energy 

(4.5% hydrogen by weight). Moreover, since FA is relatively dense (ρ = 1.22 g.cm−3) and has an 

usable/net capacity of 53 g hydrogen per liter, it surpasses most standard storage materials.24 If fully 

converted, FA can potentially generate 6.48 MJ.L−1 of energy, which exceeds that of a compressed 

cylinder (5.6 MJ.L−1).17 Its stability, its low toxicity and the ease to store it under ambient conditions 

offer also interest. Moreover, this liquid, which is chemically similar to vinegar (acetic acid), has a flash 

point of +69 °C. This characteristic of formic acid evidences the gain in terms of safety compared with 

other fuels, since the flash points are much lower: +12 °C for methanol and −40 °C for gasoline.25 

I. 2. State-of-the-art on the dehydrogenation of formic acid (FA) 

I. 2. 1. Formic acid as liquid hydrogen carrier  

Formic acid HCOOH, is a colorless liquid completely miscible with water and many polar solvents but 

partially miscible with hydrocarbons. Formic acid derived its name from the ant in which it was 
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discovered in the XVIIth century and has further been detected in the poison or defense systems of 

bees and insects. Formic acid was first synthesized from hydrocyanic acid by Gay Lussac and at the end 

of the XIXth century by Marcellin Berthelot who developed a synthesis from carbon dioxide similar to 

the process used today. Formic acid is produced by hydrolysis of methyl formate (BASF, Kemira – 

Leonard Process) or formamide (BASF) or from its salts.26 It is also a byproduct of acetic acid production 

by liquid-phase oxidation of hydrocarbons.26 HCO2H is used as intermediate in the chemical and 

pharmaceutical industries, as dyeing in the textile and leather industries, in agriculture etc. The 

worldwide production of formic acid was about 621,000 t/a in 2012.26  

FA can also be produced by the hydrogenation of CO2,26 an abundant and inexpensive gas massively 

released by some industries and human activities. The use of CO2 as a C1 building block however offers 

huge potential for reducing the carbon footprint of chemical industry in the biosphere. CO2 being 

strongly oxidized and chemically poorly reactive, its hydrogenation into formic acid is strongly 

endergonic in the gas phase (ΔG298
𝑜  = +32.8 kJ.mol−1) but the reaction becomes thermodynamically 

favorable in basic solution (ΔG298
𝑜  = −35.4 kJ.mol−1).24,27 As hydrogenation is efficiency limited by the 

solubility of the gas H2 and CO2, homogeneous catalysts have been introduced to improve FA 

production. Generally, most of these catalysts are based on noble metals (Rh, Ru, and Ir) under a 

pressure range from 1 to 100 bar and operate at temperatures from 50 to 100 oC.28,29 Besides 

homogenous catalysts, heterogeneous catalysts have been well investigated.30–32  

The decomposition of FA can take place through two distinct pathways, producing H2 and CO2 

(dehydrogenation) or dehydration to release water and carbon monoxide (Scheme 54).33,34 For an 

efficient hydrogen storage system, the second route must be avoided because the CO byproduct is 

harmful to fuel cells. A fuel cell is a clean and efficient device, which uses the chemical energy of 

hydrogen to generate electricity by electrochemical conversion. Both dehydrogenation and 

dehydration processes are thermodynamically favorable (ΔG298
𝑜  = −7.86 kcal.mol−1

 for 

dehydrogenation and ΔG298
𝑜  = −2.96 kcal.mol−1

 for dehydration) and interchangeable at high 

temperatures via water-gas shift reaction (WGS) (Scheme 54).  

 

Scheme 54. Two pathways for the decomposition of formic acid: (1) dehydrogenation and (2) dehydration.  

The selective decomposition of FA into H2 and CO2 is an essential part of a LOHC system. Beller and co-

workers35 as well as Laurenczy and co-workers36 independently proposed a catalytic system that can 

selectively catalyze the dehydrogenation of FA and the re-generation of formic acid from carbon 

dioxide. This opens up a new concept for hydrogen storage system: FA/CO2 (Figure 55).  
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Figure 55. Hydrogen storage based on carbon dioxide/formic acid. 

I. 2. 2. Transition metal-catalyzed dehydrogenation of formic acid 

It was in 1967 when Coffey reported the pioneering work on the homogeneous catalysis of the 

dehydrogenation of FA by iridium-phosphine complex with the TOF of 1187 h−1.37 Since then, the 

development of noble metal complexes catalyzing the selective decomposition of FA has been 

successful. They exhibited excellent activity with impressive TON and TOF.38 For instance, Huang and 

Zheng et al. developed a Ru complex with PNP-pincer ligand (Ru-1) that catalyzed FA dehydrogenation 

in the presence of NEt3 as a base, for a production of H2 with a TOF of 7333 h−1 and TON of 1,100,000 

in 150 h at 90 oC (Figure 56).39 Alternatively, Huang et al. demonstrated that a Ru(II) species bearing a 

bisimidazole ligand (Ru-2) was effective for FA dehydrogenation with a TOF of 12,000 h−1 and TON of 

350,000 (35 h) at 90 oC in H2O.40 Recently, another example was reported by Milstein et al. with a Ru-

ligated 9H-acridine pincer ligand (Ru-3).41 This catalytic system achieved the selective dehydrogenation 

of FA with a high TON > 1.7 million and TOF of 3067 h−1 at 95 oC.41  

 

Figure 56. Examples of Ru complexes catalyzing dehydrogenation of formic acid  

In parallel, several generations of iridium catalyst systems have been investigated (Figure 57). Fujita et 

al. developed an Ir complex bearing a bipyrimidine ligand (Ir-1) that catalytically decomposes FA with 

a TOF of 158,000 h−1 and TON of 308,000 at 80 oC in acidic conditions after 12 h.42 Interestingly, by 

increasing the pH of the reaction to basic conditions, the same catalyst system promotes the reverse 

reaction, e.g. the hydrogenation of CO2 to formate.42 It was previously shown that the introduction of 

an electron-donating substituent on 2,2’-bipyridine is an  effective  method  to  improve  the  catalytic 

activity favoring the dehydrogenation of FA. The highly electron-donating hydroxyl (OH) substituent 
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favors much better the FA decomposition than other substituents such as methyl or methoxy under 

basic conditions. Thus, in a buffered basic medium (above pH 5), the hydroxyl cation substituents of 

complex in Figure 58 (left) evolves towards its neutral form by deprotonation of the OH (Figure 58, 

right). This latter mediates the hydrogenation of CO2 with a TOF of 53,800 h−1 and TON of 153,000 at 

80 oC and 5 MPa pressure of CO2.42 In 2019, Himeda et al. demonstrated that the hydroxyl-pyridyl 

complex Ir-2 could serve as catalyst for both carbon dioxide hydrogenation to formate and formic acid 

dehydrogenation in water (Figure 57, center).43 In a basic medium, the hydrogenation of CO2 can be 

achieved with a low final concentration of FA (ca. 0.037 M) after 1 h at 80 oC (TON of 1350). Meanwhile, 

this catalyst showed a high catalytic activity in FA dehydrogenation that is maintained during a long 

period (i.e. 35 days) at pH 3.5. In fact, after 35 days of continuous FA addition, the Ir catalyst was 

capable of producing 2.5 m3 of gas with a total TON of 10 millions, the highest values ever reported.43 

 

Figure 57. Examples of Ir catalysts for formic acid dehydrogenation. 

 

 

Figure 58. Reversible formation of protonated and deprotonated bimetallic Ir catalysts under acidic and basic conditions.   

Another Ir complex involving the 4,7-(HO)2-1,10-phenanthroline ligand (Ir-3), described by Kawanami 

et al., can be used for the generation of high-pressure H2 from FA.44  The complex is active in water for 

2600 h (≈ 3.5 months) and gives the highest TON value of 5,000,000 (Figure 57) and a high TOF of 

62,900 h−1 at 80 oC. Interestingly, the catalytic activity was maintained under high pressure (i.e. 22 

MPa), over a reaction time of 200 h. The iridium complex precipitated due to the change in pH at the 
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end of the reaction when all the formic acid was consumed. The precipitated complex can be easily 

separated and the catalyst regenerated and recycled more than 10 times without losing any activity.44 

While precious metal catalysts have been widely reported with excellent TON and TOF, the choice of 

non-precious metals attract interest in terms of resource depletion. The 2010’s have seen a great 

development of a variety of non-noble transition metal catalysts of iron, nickel, cobalt, aluminum, and 

copper.45  

In 2011, Beller et al. demonstrated that Fe(BF4)2.6H2O with a tetradentate phosphine (Fe-1) catalyzed 

the dehydrogenation of FA (80 oC, 16 h) in propylene carbonate as solvent with a TOF of 5390 h−1 and 

a total TON of 92,000 (Figure 59).46 Similarly, Laurenczy et al. reported a water soluble iron catalyst 

bearing a tetradentated phosphine derivatives (Fe-2), in which the total TONs of 13,000 is reached 

after 8 weeks (30 dehydrogenation cycles at 80 oC) (Figure 59).47 When the ligand : metal ratio was 

increased from 1:1 to 2:1, the TOF increased from 66 h−1 to 240 h−1, a values lower than the one 

obtained by Beller and coworkers with their iron species.46 In 2013, Milstein et al. introduced a new 

iron catalyst with a pincer ligand (Fe-3) for the dehydrogenation of FA.48 They obtained a TOF of 653 

h−1 and a TON of 100,000 after 10 days of reaction at 40°C in 1,4-dioxane in presence of the base NEt3 

for deprotonating the FA. A slight decrease in TOF (ca. 500 h−1) is observed when tested in a closed 

system with pressure build-up (range 0 to 10 bar) compared to the open system (Figure 59). Later in 

2014, Hazari et al. developed another PNP-pincer ligated Fe catalyst (Fe-4) efficient in dioxane in 

presence of the Lewis acid LiBF4 (10 mol%) as a co-catalyst for FA decomposition. They achieved an 

impressive TOF and TON of 196,700 h−1 and 1 million respectively within 9.5 h at 80 oC (Figure 59).49,50  

 

Figure 59. Examples of Fe catalysts for formic acid dehydrogenation. 

Enthaler and co-workers developed a Ni(II) complex coordinated with a pincer-type ligand (Ni-1) that 

promotes the production of H2 from FA with a TON of 626 and TOF of 209 h−1 after 3 h in propylene 

carbonate in the presence of NEt3 as a base (Figure 60).51 In addition, they proposed nickel-hydride 

and nickel-formate species as active intermediates of the catalytic cycle. Furthermore, this nickel-

hydride is capable of hydrogenating sodium bicarbonate with a TON of 3,000 after 20 h under high 

pressure of H2 (55 bar) at 150 oC. Parkin and co-workers reported a simple zerovalent Ni(PMe3)4 catalyst 

system that can facilitate the decomposition of FA selectively in the absence of a base.52 However, the 

catalytic activity of this nickel complex is much less than that reported by Enthaler.51  

In addition to iron and nickel, the catalytic activity of manganese(II) in the dehydrogenation of FA has 

also been studied. (Figure 60). For instance, in 2019, Tondreau et al. described a Mn bearing a pincer-
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type ligand (Mn-1) that can efficiently convert FA into H2 and CO2 with a high TOF of 8,500 h−1 and TON 

of 20,000, in the presence of a base (NEt3) in chlorobenzene as solvent at 80 oC for 24 h.53 Alternatively, 

Beller et al. proposed another approach with the Mn(II) imidazoline species Mn-2 which 

dehydrogenates FA with a TON of 5,736 and TOF of 188 h−1.54   

 

 

Figure 60. Examples of Ni and Mn catalysts for formic acid dehydrogenation. 

Of all the reported transition metals with high reactivity for FA dehydrogenation, only a few examples 

focused on mononuclear copper species,55 while copper aggregates catalysts are more exploited.56,57  

I. 2. 3. Copper-catalyzed dehydrogenation of formic acid and hydrogenation of CO2 

Examples of catalytic dehydrogenation of FA by copper complexes are unusual. In 2014, Scotti et al. 

reported a copper-based catalyzed (Cu-1) hydrogen production from FA/amine adducts (Figure 61).55 

In their study, they investigated the different effects of the amines on the catalytic performances. 

Interestingly, reactivity did not depend on the sole basicity of the amine as the activity was enhanced 

with a decreasing nucleophilicity and increasing steric hindrance (cone angle) of the NR3. For example, 

NEt3 has a nucleophilic constant58 of 4.09 and a cone angle59 of 150° affording a 17.2 % conversion of 

FA after 22 h.55 Meanwhile, piperidine (greater basicity than NEt3) possesses a higher nucleophilic 

constant and a smaller cone angle (5.59, and 121°, respectively) giving a lower conversion of 12 % 

under the same reaction conditions. This result therefore indicates that the role of the amine can be 

only related to the deprotonation of FA. Even though Cu-1 is selective for hydrogen production, with 

their best example of CuI as catalyst (1 mol%) and the 1/1 ratio in HCOOH/NEt3, only 36.2 % conversion 

was obtained after 22 h, corresponding to a TON value of 72. Furthermore, the calculated TOFs for all 

examples are considerably low and smaller than 1 h−1.55  

The same group proposed later a mechanistic study by DFT calculations for the FA dehydrogenation 

induced by a copper-amino based system.60 In their study, they calculated the thermodynamic of all 

the steps in the proposed catalytic cycle for three different amino compounds, namely NEt3, NBu3, and 

NHPh2 (Scheme 55). They showed that the FA conversion is multistep and generally exergonic, the rate-

determining step being the formation of the key intermediate [(NR3)2Cu(H)(CO2)] (with R =  NEt3, NBu3, 

NHPh2, and E = +8.3, +6.1, +14.1, respectively) via -hydride elimination of copper formate 

[(NR3)3Cu(O2CH)]. Interestingly, they also evaluated the oxidation state of the copper ion. The 
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calculated energies suggested a decrease in stability of the key intermediate [(NR3)2Cu(H)(CO2)] as the 

oxidation state of copper decreased from +2 to +1.60  

 

Scheme 55. Proposed catalytic cycle for Cu/NR3 catalyst system of FA dehydrogenation.60  

This result also emphasized and confirmed their experimental results where the amine not only was 

useful to deprotonate FA, but acted a stabilizing ligand for the transient copper hydride intermediate 

[L2Cu(H)(CO2)] (L = NBu3, NEt3, and diphenylamine).60 However, neither the copper-formate nor the 

copper-hydride have been isolated. 

 Tilley et al. successfully isolated a pentanuclear copper hydride supported by a bulky hexadentate 

naphthyridine-based ligand (Cu-2) (Figure 61) which proved efficient to catalytically dehydrogenate FA 

under mild conditions without the need for additives.56 However, no TON and TOF values were 

reported and this copper hydride species was unreactive with CO2. Tanase and colleagues reported 

another synthetic method starting from CuCl and RCN (R = tBu, Cy) for the isolation of a hexanuclear 

copper hydride (Cu-3) supported by a linear tetradentate phosphine ligand dpmppb in the presence of 

NaBH4 and NH4PF6 (Figure 61).57 By testing a variety of phosphine (dpmppm, dpmppe, dpmppp), they 

evidence that the copper-hydride Cu-3 displayed the highest catalytic activity in the dehydrogenation 

of FA (TON of 720 and a TOF of 240 h−1 after 3 h at 70 °C) (Figure 61). The stoichiometric reaction of 

Cu-3 and CO2 (1 bar, rt.) in MeCN generated the discrete copper formate species 

[Cu2(O2CH)(dpmppb)L2]+[(PF6)4]- (L = tBuNC, MeCN) after 30 h.  Interestingly, exposure of the latter 

species to N2 (30 h, 1 bar, rt.) in the same solvent regenerated the copper hydride Cu-3, indicating 

facile decarboxylation into the hexacopper-dihydride. Nevertheless, this copper formate cation 

[Cu2(O2CH)(dpmppb)L2]+ was only identified using ESI−MS and NMR analysis without crystal structure 

determination.57  

These rare examples show the interconversion between copper hydride and copper formate, which 

are likely key intermediates in the catalytic dehydrogenation of FA. The choice of ancillary ligands to 

further stabilize or increase the reactivity of the reactive copper intermediates in this catalysis is of 

importance. Mechanistic insights to deeply apprehend and clarified the nature of the true active 
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species and eventual (un)suspected redox intermediates required further developments and in 

particular of well-defined, stable and soluble monomolecular species. 

 

Figure 61. Examples of Cu catalysts for formic acid dehydrogenation. 

I. 2. 4. Synthesis of monomeric copper(I) formate complexes 

In recent years, formate complexes have aroused considerable interest and several molecular species 

have been synthesized and isolated in the d- and f-transition metal as well as in non-metal series (B, 

Si,…).61–69 Their particular chemical behavior and reactivity make them attractive for applications in 

coordination chemistry, catalysis, and in various fields ranging from energy storage25,28,33,38,45,70 to 

reduction chemistry.71–74 

For example, in stark contrast to the stable carboxylate complexes [M](O2CR) (R = alkyl), 

decarboxylation of the [M](O2CH) species (Eq.1 below) is much easier and is a classical reaction in the 

catalytic decomposition of formic acid (HCO2H) into H2 and CO2.45,70,75 

 

These complexes also proved crucial intermediates in reductive chemistry by promoting hydrogen 

transfer reactions with CO2 release particularly when using liquid hydrogen surrogates such as HCO2H, 

HCO2H−NEt3, or solid sources containing the formate ion HCO2
−.76–82 Redox transformations of CO2 and 

carbonyl molecules into methanol were thus performed but also the isomerization of methyl formate 

(HCO2Me) into acetic acid83–85 and recently recyclable silylformates (SiO2CH) were shown to favor 

disproportionation of acid formic into methanol derivatives in presence of a Ru(II) catalyst.69 Some 

metal formates have also gained interest as new synthons in the deposition of thin metal films by 

chemical vapor deposition (CVD), spin-coating processes,…as those of Cu(I) and Cu(II), Ag(I) and 

Au(I).86–88 

Easily obtained from different routes, mainly substitution reaction from halide derivatives with 

formate ion, reaction of HCO2H with compounds involving hydrogen-sensitive [M]–R bonds (R = H, NR2, 
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R) species, or insertion of CO2 into the [M]–H bond, formate complexes can be viewed as convenient 

synthons to generate transient or stable hydride complexes by decarboxylation, provided that the 

release of CO2 is thermodynamically favorable.1,85,89 

Although well documented for copper(II),90–94 only a fistful of copper(I) formate complexes have been 

reported. These latter Cu(I) complexes are coordinated with phosphine,95–98 carbene (NHC type),99–104 

[(5-C5H4SiMe3)2Ti](C≡CSiMe3)2,105,106 or nitrogenated molecules as ancillary ligands.1,89 In the latter 

case, only the mixed-N,P-phosphane complex [(P(C6H2CH2NMe2-2)3)Cu(O2CH)]89 and the dimer 

(BBNTACNtBu)Cu(-O2CH)]2 (BBNTACNtBu = substituted triazacyclononane)106 which has been structurally 

characterized.  

A few monometallic formate species of Cu(I) are known with phosphines,107–109 phosphanes89 and 

above all NHC ligands.99,101,102 For instance, the groups of Hou et al.102 and Bertrand et al.104 by using 

NHC carbene as ancillary ligands have isolated [(IPr)Cu(1-O2CH)] (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene)102 and [(CAAC1)Cu(1-O2CH)] (CAAC1= 

cyclic(alkyl)(amino)carbene))104 as described in Scheme 56 and Scheme 57, respectively.  

 

Scheme 56. Formation of [(IPr)Cu(1-O2CH)] from [(IPr)Cu(OtBu)] and triethoxysilane under CO2. 

 

Scheme 57. Formation of [(CAAC1)Cu(1-O2CH)] from [(CAAC1)Cu(OPh)] and pinacolborane under CO2. 

The isolated species [(IPr)Cu(1-O2CH)] showed high catalytic activity toward the hydrosilylation of CO2 

to afford the silyl formate (EtO)3SiO2CH in a yield of 82 % (Scheme 58).102 However, the yield can be 

increased to 94 % with [(IPr)Cu(OtBu)], under the same conditions. In their mechanistic study, the 

authors proposed that [(IPr)Cu(OtBu)] is a pre-catalyst affording the hydride [(IPr)Cu(H)] (Scheme 58) 

by reaction with the hydrosilane. Formation of this hydride was confirmed by NMR observation. The 
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latter species inserts readily CO2 to yield the formate derivative [(IPr)Cu(1-O2CH)] transformed back 

into the hydride with release of the SiO2CH species by reaction with the hydrosilane. 

 

 

Scheme 58. Reaction conditions and proposed mechanism for the hydrosilylation of CO2 catalyzed by [(IPr)Cu(OtBu)] as pre-
catalyst.102 

The complex [(CAAC1)Cu(1-O2CH)] isolated by Bertrand et al. also showed excellent catalytic activity 

in the hydrogenation of CO2 to the formate (TON of 387 after 24 h at 100°C) in the presence of a 

Frustrated Lewis Pair (FLP) composed of B(C6F5)3 (strong Lewis acid) and the base DBU (1,8-

diazabicyclo[5.4.0]undec-7-ene) (Scheme 59).104 In this reaction, hydrogen and carbon dioxide are 

activated by the FLP. The proposed mechanism involves conversion of copper formate to copper 

hydride by reaction with H2, which is activated by the Lewis adduct a (Scheme 59). A following reaction 

of copper hydride with activated CO2-Lewis adduct b by Lewis adduct a regenerated the copper 

formate.  
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Scheme 59. Reaction conditions and proposed mechanism for the hydrogenation of CO2 catalyzed by [(IPr)Cu(OtBu)] as pre-
catalyst.104 

There are two copper formate complexes of Cu(I) involving ancillary ligand with N-coordinating atoms, 

e.g. [(tBu2C6N3-CH2CH2CH2BC8H14)Cu(-O2CH)]2
106 and [(P(C6H2CH2NMe2-2)3)Cu(O2CH)]89. In the former 

case, the triazacyclononane has a pending boron Lewis acid fragment and the formate ligand is bridging 

between the Cu and B centers (Scheme 60).106 The second complex with a mixed-N,P-phosphane 

ligand, is the unique  monometallic formate species that has been reported and crystallographically 

characterized. It has been obtained, by Lang et al., in good yield by reacting [Cu(O2CH)]110 and the 

phosphane at a low temperature in THF  (Scheme 61).89 It is fairly stable and tends to react further with 

FA (in excess) to form the adduct [(P(C6H2CH2NMe2-2)3)-CuOC(O)H2HOC(O)H], characterized by X-ray 

diffraction on single crystal. It decomposes at 200 oC to release CO2 and H2 and elemental copper via 

two possible pathways, a) by loss of the ligand and the regenerated starting [Cu(O2CH)] degrades with 

release of hydrogen and carbon dioxide gases, b) or through the decarboxylation of [(P(C6H2CH2NMe2-

2)3)Cu(O2CH)] to form an unstable the copper-hydride species [(P(C6H2CH2NMe2-2)3)Cu(H)]. However, 

there is no proof to support these hypotheses.  
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Scheme 60. Formation of the triazacyclononane [(tBu2C6N3-CH2CH2CH2BC8H14)Cu(-O2CH)] by insertion of CO2. 

 

Scheme 61. Formation of the phosphane complex [P(C6H2CH2NMe2-2)3)Cu(O2CH)] from the [Cu(O2CH)] precursor. 

The use of copper catalysts in the field of hydrogen storage has been investigated. The ability of 

multinuclear copper hydride complexes to promote FA dehydrogenation, albeit with modest TONs and 

TOFs, have been presented in two examples by the groups of Tanase and Tilley.56,57 The formation of 

copper formates as key intermediates was suggested by their insightful observations. Only a few 

examples of copper formate active in hydrogenation and hydrosilylation of CO2 into  the corresponding 

formate and silylformate have been reported.102,104 Here, the loss of CO2 from the copper formate 

species leads to the formation of a transient copper hydride, isolated by addition of the strong Lewis 

acid B(C6F5)3 that stabilize the hydroborane copper species.104 These results suggest that copper-

catalytic dehydrogenation of FA and the CO2 hydrogenation likely proceed via the copper formate and 

copper hydride intermediates which are chemically related. Depending on the nature of the ligand, 

these complexes can be more or less stable. Transient copper hydrides are generally more stable in 

polynuclear entities, whereas monometallic or polymetallic copper formate complexes can be 

stabilized by a variety of ligands (carbene, phosphine…). To date, the reversible passage from a copper 

formate and its hydride counterpart has not been directly observed. Furthermore, there are no report 

on copper formate catalyzing the dehydrogenation of FA into CO2 and H2.  

Our present study focuses on the synthesis and full characterization of the complex [(phen*)Cu(1-

O2CH)] (12), with the ligand phen* = 2,9-di-tertbutyl-1,10-phenanthroline. Attempts to synthesize or 

trap the bulky monomeric hydride [(phen*)CuH], in particular through the reversible incorporation of 

labeled 13CO2, are also presented. Furthermore, the reactivity of this copper formate to selectively 

dehydrogenate FA without the need for additives is discussed. 
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II. Results and discussions 

II. 1. Synthesis and characterization of [(phen*)Cu(1-O2CH)] (12) 

We previously observed that the bulky phenanthroline ligand 2,9-di-tertbutyl-1,10-phenanthroline 

(phen*) could form highly soluble (phen*)CuX monomeric complexes that are stable toward ligand 

redistribution (vide supra, Chapter 2 − III. 2. and III. 3.). We thus aimed at the isolation of the copper 

formate [(phen*)CuI(O2CH)] (12) species, and study its thermal decarboxylation to determine if it 

would yield a stable or detectable copper monohydride derivative. Indeed, Meyer et al. recently 

reported a synthesis of a μ1,3-formate-bridged dicopper(II) complex [LCuII
2(μ-O2CH)](ClO4)2 , with ligand 

(L) is a tetradentate N-donor  with a central pyrazolate bridge and two appended 1,4,7-triazacyclonone 

(tacn) chelate arms.1 A reduction of this species by Cp2Co or Cp*2Co (Cp* = 

pentamethylcyclopentadienide) spontaneously form a stable hexanuclear hydride copper(I) derivative 

[L2CuI
6(H)2](ClO4)2 and releasing CO2.1 Such decarboxylation process could be a promising approach to 

unusual monocopper(I) hydride complexes. We hypothesized this latter could be monomeric due to 

the congestion of the tBu groups and because all the [(phen*)CuX] (X = Cl, F, OTf) or [(phen*)Cu(L)]+ (L 

= CO, Me2CO) derivatives reported so far are monomeric in the solid state.111–113 

 

Scheme 62. Synthesis of [(phen*)CuI(O2CH)] (12). 

Complex [(phen*)CuI(O2CH)] (12) was readily obtained by the addition of 1 equiv. of phen* to a THF 

solution of the yellow tetramer [Cu(OtBu)]4 (1 equiv.) and then by treatment with formic acid (1 equiv.) 

at room temperature (Scheme 62). The change of color (yellow to orange) was immediate. After stirring 

1 h at room temperature and then evaporation of the volatiles and washing of the residue with 

pentane, complex 12 was readily isolated in good yield (89 %) as a dark-orange solid which still retained 

traces of FA despite prolonged drying. It has been characterized in solution by 1H NMR and 13C{1H} 

NMR spectra and in the solid state by its infra-red spectrum and by elemental analysis. The 1H NMR 

signal of the formate anion appears as a broad singlet at  = 8.17, a value displaced upfield compared 

to those of other [CuI(O2CH)] species (range 9.01‒8.40  ppm)89,102,104,108 and the signals of phen* are 

shifted downfield in comparison with those of the free ligand. The 13C{1H} NMR spectrum only 

evidences signals of phen* and the carbon atom of the formate is undetectable. The strong band at 

1620 cm‒1 in the infra-red spectrum is assigned to the asym(CO2) stretching mode of the coordinated 

formate (see SI). This value is close to those reported for example in the complexes [(triphos)Cu2O2CH] 

(1620 cm‒1),108 [Cu(PPh3)2O2CH].EtOH (1607 cm‒1),96 the phosphane [(P(C6H2CH2NMe2-2)3)CuO2CH] 
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(1607 cm‒1),89 and [LCu2(μ-HCO2)](ClO4)2 (L = (N,N’-Me2-C6H12N3)CH2(C3HN2)(N,N’-Me2-C6H12N3)) (1570 

cm‒1).1 

Single crystals of [(phen*)CuI(1-O2CH)0.8I0.2].(THF)0.5 (12ʹ) could be grown in an NMR tube by slow 

diffusion of pentane into a crude THF mixture of 12 prepared in situ. The iodine atom presence in the 

crystal likely results from residual KI impurity contained in [Cu(OtBu)], the latter being synthesized from 

treatment of CuI with KOtBu. Views of the structure of 12ʹ determined by X-ray diffraction are in Figure 

62 with selected bond lengths and angles.  

 

Figure 62. Two views of the crystal structure of complex 12ʹ. Displacement ellipsoids are drawn at the 50% probability level 
and hydrogen atoms are omitted except for that of formate. The minor iodide component is not shown. Selected bond 
distances (Å) and angles (deg): Cu1−O1 1.883(3), Cu1−N1 2.029(3), Cu1−N2 2.080(3), O1−C21 1.248(5), O2−C21 1.242(4); 
N1−Cu1−N2 83.44(10), N1−Cu1−O1 140.69(13); N2−Cu1−O1 135.23(12). 

12ʹ is a monomeric, three-coordinate complex with the Cu+ ion ligated to the N1, N2 and O1 atoms in 

a distorted trigonal geometry, with the minor iodide component being close to the formate carbon 

atom. As in other reported carbene-copper complexes102,104 the formate unit bonds to the copper 

center in an 1-coordination mode through one of the oxygen atoms, with a Cu1–O1 bond length of 

1.883(3) Å, which is longer than in the 2-coordinate  carbene species [(IPr)Cu(1-O2CH)] (IPr = 1,3-

bis(2,6-diisopropylphenyl)imidazol-2-ylidene) (a) (1.848(2) Å)102 and [(CAAC1)Cu(1-O2CH)] (CAAC1= 

cyclic(alkyl)(amino)carbene)) (b) (1.863 Å),104 but smaller than that found in the tetracoordinate 

phosphane compound [(P(C6H2CH2NMe2-2)3)Cu(1-O2CH)] (c) (2.041(2) Å).89 Unlike in the IPr-ligated 

copper formate102 where the two C–O distances are distinct by 0.085 Å, there is no significant 

difference between the C21–O1 and C21–O2 distances (1.248(5) Å, 1.242(4) Å, respectively), indicating 

charge delocalization over the carboxylic moiety. However, the formate ligand is not coordinated in 

chelating 2-fashion as shown by the long Cu1···O2 distance of 3.112(4) Å. The Cu–N distances are in 

the range of values found in [(phen*)CuX] complexes. In addition, steric hindrance due to the bulky 

tert-butyl substituents caused the copper center to deviate from the mean plane of the phen* by 

0.520(2) Å. This typical coordination mode can also be observed in other [(phen*)CuX] (X = halide) 

copper complexes.106,112,114 In the packing, centrosymmetric dimers are formed through π-stacking 

interactions [centroidcentroid distances, 3.5660(19)–4.1058(19) Å; dihedral angles, 0–7.40(15)°] and 

the distance between the phenanthroline mean planes reaches 3.412 Å]. 
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II. 2. Attempts to the copper monohydride [(phen*)Cu–H] 

The use of bulky ancillary ligands or encapsulating ligands is  a helpful strategy to stabilize very reactive 

species. It has been considered in copper chemistry by the groups of Bertrand115 and Sollogoub116 to  

generate or isolate mono copper hydride species in organic solution. We thus expected that the steric 

bulk of the phen* ligand could be promising to afford such hydride species.  

All attempts to generate [(phen*)Cu–H]  by reacting [(phen*)Cu–I] with the super hydride KHBEt3 or 

KH (with or without the 18-crown-6 ether), proved unsuccessful in THF, leading to rapid degradation 

and formation of a Cu(0) black deposit. Addition of 1 equiv. phen* (per Cu+) to the Stryker’s reagent 

[{(C6H5)3P}CuH]6 in benzene also led to decomposition while hydrogenation (1 bar) of a 1:1 mixture of 

[Cu(OtBu)] and phen* under H2 (in THF) or its treatment with 1 equiv. pinBH (in benzene) led rapidly to 

black precipitates. 

We thus tried to detect the [(phen*)Cu–H] complex by heating a solution of 12 in THF at 50 °C for 

hours. Complex 12 decomposed slowly by releasing CO2 and H2. No other species could be detected by 
1H NMR and after further 7 h at 60 °C, only free phen* was present in solution with a dark deposit (see 

SI). The CO2 release suggested formation of a transient Cu-H species. We tried to capture it using 

reactive groups like the Lewis acids BEt3, B(C6F5)3 or the unsaturated molecules Et-NCO or 

phenylacetylene.117  Indeed, the transient [(P3N)CuH] hydride was trapped with B(C6F5)3 as the unusual 

but stable triethylborohydride copper complex [(P3N)Cu(-H-BEt3)] (P3N = N,N′-(2,4,6-

C6H2Me3)2C3H6N2C).117 In contrast, in the carbene series, [(IPr)Cu(OtBu)] underwent hydrosilylation to 

give the stable dimer [(IPr)CuH]2, which easily converts to the monoformate derivative under 1 atm 

CO2.102 Unfortunately, the expected hydride reaction products were not obtained in this case, but 

rather undetermined and intractable mixtures. For example, with EtNCO (4 h at 50 oC), no formation 

of the expected [Cu]-NEtCHO complex could be identified.118 In the presence of phenylacetylene, the 

immediate formation of greenish solution and phen* decoordination are observed. With BEt3, 12 

degraded instead of forming a copper borohydride product.  

It is only with B(C6F5)3 that a complex could be characterized: [{(phen*)Cu}2(-O2CH)][(HCO2-

1)B(C6F5)3] (13) was isolated as light orange crystals, indicating initial formate abstraction by the Lewis 

acidic boron center.  A view of the structure of 13 determined by X-ray diffraction is represented in 

Figure 63 with selected bond lengths and angles. The Cu–N distances are classical and similar to those 

found in 12’. The mean distance of 1.918 (7) Å for the Cu–O bond lengths is notably longer than the 

corresponding average values of 1.859 (2) Å measured in the bridged NHC dimer [(IDipp)Cu}2(-

O2CH)][BF4] (IDipp = {2,6-iPr2C6H3}2(C3N2H2)].119 Of interest are the C–O bond lengths in the bridging 

and monodentate formate ligands of 13. In the former entity, the two C–O distances are quite identical 

and similar to those found in the monodentate complex 12’ and suggest charge delocalization. In 

contrast, in the anionic moiety [(HCO2)B(C6F5)3]– the difference of 0.1 Å between the two C–O bonds 

likely reflects single and double bond character as in the species [(IPr)Cu(1-O2CH)].114 The 1H NMR 

spectrum of 13 in THF-d8 revealed two broad 1H NMR signals at 8.19 ppm and 8.43 ppm120–122 for the 

boron and copper formate, respectively, and the attribution was made possible with the synthesis of 

the ammonium salt [HNEt3][(HCO2)B(C6F5)3]. We also observed for 13 upfield shifted signals for the 

C6F5 moiety and B center in 19F NMR and 11B NMR (see SI).121–123 
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Figure 63. View of the crystal structure of complex 13. Displacement ellipsoids are drawn at the 50% probability level and 
hydrogen atoms are omitted except for that of formate. Selected bond distances (Å) and angles (deg): Cu1−O1 1.9116(13), 
Cu1−N1 2.0508(15), Cu1−N2 2.0458(15), Cu2−O2 1.9260(13), Cu2−N3 2.0584(15), Cu2−N4 2.0585(15), ⟨Cu−N⟩ 2.053(5), 
O1−C41 1.245(2), O2−C41 1.251(2), B1−O3 1.513(2), O3−C42 1.301(2), O4−C42 1.207(2); N1−Cu1−N2 83.20(6), O1−Cu1−N1 
135.82(6), O1−Cu1−N2 135.17(6), N3−Cu2−N4 82.85(6), O2−Cu2−N3 136.43(6); O2−Cu2−N4 137.44(6). 

II. 3. Stoichiometric reaction with 13CO2 

As our attempts to chemically trap a hydride were not successful, we thus considered the dynamic 

isotope exchange method124 with 13CO2 and its related CS2 as a means of revealing this transient 

species.  

In 2016, Guan et al. tracked the decarboxylation of the nickel formate [(POCOP)Ni(1-O2CH)] (POCOP 

= {2,6-(R2PO)2C6H3}; R = tBu, iPr) by using CS2 instead of the expensive labeled 13CO2.73 They observed 

the formation of the stable dithioformate [(POCOP)Ni(S2CH)] derivative, plausibly via the transient 

formation of a nickel hydride.73 Because of the higher reactivity of liquid CS2 versus CO2 gas for the 

insertion reaction,125,126 and because these authors claimed that the method is applicable to many d-

trans complexes, we performed similar reaction. Disappointingly, 12 proved inert to an excess of CS2 

in THF at room temperature (Scheme 63). The NMR spectra effectively showed no evolution, and 

further warming at 50 oC for 3 h only evidenced the slow decomposition into free ligand and black 

elemental copper. 
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Scheme 63. Insertion reactions of 12 with CS2 and 13CO2 at 50 and 60 °C, respectively. 

We thus changed our strategy to detect a potentially active copper hydride intermediate by 

considering a dynamic isotopic exchange procedure with labeled 13CO2 (Scheme 63). This method, 

recently developed with copper(I) catalysts, is based on the reversible carboxylation and 

decarboxylation processes for efficient one-step insertion of a carbon tag into carboxylate substrates 

without structural modification.124 If working, such a method would be useful to access the marked 

formate anion from the corresponding labeled CO2.  

A J-Young NMR tube containing a THF-d8 solution of 12 was pressurized with 1 atm 13CO2 and heated 

at 60 oC for ca 4 h. 1H and 13C NMR monitoring did not show degradation of the starting complex, but 

evidenced slow replacement of the unlabeled HCO2 with H13CO2. Enrichment of the formate ligand in 
13C supports the initial decarboxylation of 12 into the putative hydride [(phen*)Cu–H] that would 

immediately trap 13CO2 to give the 13C-labeled formate derivative 12*. The evolution of 12 into 12* is 

confirmed by 13C NMR. Indeed, while the formate carbon atom of 12 is not detected, the 13C{1H} NMR 

spectra showed a singlet at δ = 164.65 (in the expected range for a formate anion) that grew up 

continuously with time (Figure 64a). The signal appeared as a doublet with a coupling constant J = 198 

Hz in the non-decoupled 13C NMR spectrum (20 % isotopic enrichment, IE, by 1H NMR integration after 

4h30) (Figure 64c). The 1H NMR signal for the formate unit of 12 appears as a broad singlet at 8.27 ppm 

(Figure 64b) that splits by coupling with the 13C atom during the exchange process, and with a constant 

J = 198 Hz identical to that measured for the C atom of the coordinated H13CO2 ligand in the 13C 

spectrum (Figure 64c, top). Continuous heating of the reaction for 3 more hours enhanced the 13C 

enrichment (30 % IE) along with the degradation of 12 observed by the formation of free phen*. 
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Figure 64. a- 13C{1H} NMR spectrum showing the increase with time of the H13CO2 signal at 164 ppm (the signal increases from 
top to down). b- 1H NMR signal of the H12CO2 ligand of 12 which is split in the labelled analogue 12*. c- Singlet signal (bottom) 
in 13C NMR spectrum and doublet signal (top) in 13C{1H} NMR of H13CO2 in 12*.  

The 1H-13C HSQC (heteronuclear single quantum coherence) analysis evidenced the correlation 

between the labeled carbon atom of the formate ion (δ = 164.72) and its neighboring proton (δ = 8.28) 

(Figure 65). These observations provide solid proof for a successful 12CO2/13CO2 exchange in 

[(phen*)Cu(O2CH)], and clearly suggest the involvement of a copper hydride as transient intermediate. 

In their investigations into the copper-catalyzed hydrosilylation of CO2 to silyl formate,127 Motokura et 

al. also reported the capture of CO2 by a tricoordinated copper diphosphine hydride to give the 

corresponding formate. This hydride was regenerated from the fromate by treatment with a 

polymethylhydrosiloxane (PMHS).127 
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The above results show that the copper formate easily undergo CO2/13CO2 exchange producing 30 % 

of the labeled copper formate 12*, but does not react with CS2 in THF and even degrades at 50°C. 

These distinct reactivities of 12 toward CO2 and CS2 in the same solvent (THF) may be first surprising 

as CS2 is reported to be more reactive than CO2 toward nucleophilic attack. We can tentatively bring 

some hypotheses to explain this.  

CS2 is more electrophilic than CO2 and thus more favorable to hydride attack. The possibility that CS2 

insertion proceeds via a higher activation energy pathway than CO2 is unlikely. The CS2 insertion is 

therefore believed to be under thermodynamic control and to have an energy profile such as that 

proposed in Scheme 64. The reaction would start with the decarboxylation of 12 to generate the 

copper hydride. This reaction is known to be endergonic (G1 > 0)128 and requires a relatively high 

activation energy barrier (vide supra, Chapter 1 – III. 2. and Chapter 2 – III. 6.).  

The insertion of CS2 into the [Cu]–H should be a favor exergonic process (G2 < 0) because the H ligand 

has a strong hydride character and the instable copper hydride is certainly at a higher energy level than 

[(phen*)Cu(S2CH)]. The latter species would be on the energy profile at the level: G = G1 + G2. In 

the thermal reaction of 12 and CS2, the transient hydride can add CS2 reversibly, but the 

thermodynamic is pushed to the left, towards the regeneration of formate 12. Due to the release of 

CO2 into the gas when 12 is heated (the solubility of CO2 decreases with increasing temperature), 

regeneration of the latter is impossible and, ultimately, the hydride and dithioformate complexes are 

the only ones in solution that can interconvert each other rapidly. Under heating (50°C), the unstable 

hydride and the likely thermally sensitive dithioformate progressively degrade, with release of H2, as 

observed experimentally. 

Figure 65. Zoom of the 1H-13C HSQC spectrum of the crude mixture of 12 under 13CO2  (after 60 oC at 4.5 h) in THF-d8 evidences 

a correlation between the {1H}13C NMR  signal of the formate (at δ = 164) and its H signal in the 1H NMR spectrum (centered 

at δ = 8.2). 
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Scheme 64. Schematic energy profile for the reaction of [(phen*)Cu(O2CH)] (12) with CS2. 

The lower stability of copper dithioformate vs 12 could also be explained by the weak Cu–S bond (285 

kcal.mol‒1) in comparison to the Cu–O bond (343 kcal.mol‒1).129 However, a few dithioformate 

complexes of Cu(I) are existing.108,130–132 All of them involve bulky phosphine ligands and have been 

synthesized by metathesis of the precursor [Cu]X and dithiocarbamate salts or by insertion of CS2 in 

copper(I) borohydride species.108,132 The latter case adds fuel to our fire concerning the formation of 

[(phen*)Cu(S2CH)]. Bianchini et al. reported the formation of [(triphos)Cu((1-S2CH)] by treating 

[(triphos)Cu(BH4)] with CS2  (Scheme 65).108 Its molecular structure has not been elucidated but, from 

NMR and IR data, it is thought to be similar to that of the formate derivative [(triphos)Cu((1-O2CH)] 

(Scheme 65).108 A research in the Cambridge Data Base revealed a unique structure for a [Cu](S2CH) 

complex that is the trimetallic [(R2PNHPR2)3Cu3(3-H)(-2-S2CH)], where the HCS2
– ligand is bridging.132  

 

Scheme 65. The insertion of CO2 and CS2 into a [(triphos)Cu(BH4)] complex. 

We carried out reaction in THF. We might hypothesized that coordination of CS2 vs CO2 onto the Cu+ 

center could be more hindered by the coordinating solvent and also because the sulfur atom has a 

larger size than the oxygen atom. But the hydride opens up space in the coordination sphere, and the 

values of ionization potential and electron affinity show that CS2 is a relatively better −donor and a 

better -acceptor than CO2.126 
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With regard to the mechanism of the CX2 (X = O, S) insertion in Cu–H bond, there are numerous reports 

dealing with the insertion of CO2 into copper hydrides. Most are dimeric copper hydride bearing 

carbene-NHC ligand (i.e. IPr, 6Dipp, 7Dipp)102,104,133 or copper hydride cluster supported by 

phenanthroline97 or tetraphosphine ligand.98 Monomeric copper hydride species has never been 

isolated except one trapped in the cavity of a NHC-capped cyclodextrin.116  

Based on the literature, we can propose two possible routes (Scheme 66)  for the decarboxylation of 

the formate 12 and further insertion of CO2/CS2 molecules into the putative hydride [(phen*)CuH]. The 

two pathways rely on a first step where the formate ligand of 12 would undergo a classical -H 

elimination (Scheme 66, 1) or would proceed via intramolecular rearrangement and displacement of 

the H-bound formate (Scheme 66, 2), as proposed by Milstein and Schneider groups with iron 

complexes, to generate the copper hydride.48,49    

The CO2 and CS2 molecules can coordinate in a “end on” or “side on” fashion to the copper ion and 

transfer of the hydride leads to the corresponding complexes [(phen*)Cu(O2CH)] or [(phen*)Cu(S2CH)], 

respectively. Their formation is reversible as discussed above. 

This pathway can support formation of the adducts [(phen*)Cu(H)(X2C)] (X = O, S). The insertion of CO2 

is rapid so that under thermal condition and under 13CO2, we did not observed degradation but instead 
13C/12C exchange on the formate. In presence of CS2, yet expected to be more reactive than CO2, the 

rapid interconversion between [(phen*)Cu(S2C)] and [(phen*)CuH which are less stable than the 

formate precursor, would bring decomposition into elemental copper, free ligand and H2 as observed 

experimentally. If the hydride proves inert toward CS2, then decomposition is self-evident. 
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Scheme 66. Proposed pathways for the decarboxylation/insertion of 13CO2/CS2 from [(phen*)Cu(1-O2CH)] (12). 

Previously, Bullock et al. in their studies on carbene hydride copper species, have shown that in 

solution the dimer [(NHC)CuH]2 complexes are in equilibrium with their monomeric forms which are 

however  less stable.100 Further mechanistic study by the same group on the reaction of CO2 with the 

dimeric carbene hydrides complexes [(NHC)CuH]2 (NHC = IPr*OMe, 6Dipp) evidenced in the crystalline 

state, a stepwise insertion of CO2, with formation of a dicopper formate hydride intermediate 

[{(NHC)Cu}2(1,3--O2CH)(-H)] and then [{(NHC)Cu}2(1,3--O2CH)(-O2CH)].101 In the latter species, the 

two formate ligands adopt different bridging modes as viewed by X-ray diffraction studies. The 

structure of these two dimers [{(NHC)Cu}2(1,3--O2CH)(-H)] and [{(NHC)Cu}2(1,3--O2CH)(-O2CH)] is 

fragile, and in benzene solution they are rapidly dissociated into the corresponding monomeric hydride 

and/or formate derivatives.100,101  

Considering the studies of Bullock et al. for a potential dimeric copper hydride [(phen*)Cu(H)]2,101 

another mechanism can emerge for the reaction with CO2 or CS2 (Scheme 67). Insertion reaction of 

these molecules in [(phen*)Cu(H)]2 would yield first the  corresponding formate (or dithioformate) 

hydride dimer. Dissociation of the complex [(phen*)Cu(H)(X2CH)]2 (X = O, S) would generate the 

corresponding monomeric derivatives [(phen*)Cu(X2CH)] and [(phen*)Cu(H)]. Finally, the Cu-H 
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monomer would either dimerize again into the dimer, repeating the process, or would insert directly 
13CO2 or CS2 to form the related products. 

 

Scheme 67. Proposed insertion mechanism of 13CO2/CS2 from  [(phen*)Cu(1-O2CH)] (12) via dimeric copper hydride species. 

Formation of [(phen*)CuH]2 from the formate complex 12, may proceed by decarboxylation of 12 into 

[(phen*)Cu(H)] which might be trapped, reversibly, with 1 equivalent of 12 to form the intermediate 

[{(phen*)Cu}2(1,3--O2CH)(-H)] (A) (Scheme 68). Decarboxylation of the latter would afford 

[(phen*)CuH]2. Considering the energy profile proposed by Bullock's group (Scheme 69, in black),101 

since the decarboxylation of A would require a higher activation pathway, formation of [(phen*)CuH]2 

by this way is unlikely. Conversely, decomposition of A into monomeric copper hydride and copper 

formate requires less energy. Although the copper hydride may tend to dimerize rapidly to gain kinetic 

stability, the high energy barrier to overcome is an impediment (Scheme 69, in blue). In contrast, 

insertion of CX2 (X = O, S) into the Cu–H bond of the monomer is energetically favorable and would 

bring the copper formate (or dithioformate) product. Consequently, the insertion of CX2 into the Cu-H 

bond probably takes place from the monomeric species [(phen*)Cu(H)] and dimerisation of the latter 

must be disregarded.  

 

Scheme 68. Proposed mechanism for the formation of dimeric copper hydride [(phen*)Cu(H)]2 via [(phen*)Cu(O2CH)] 12.  
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Scheme 69. Energy profile implication of CO2 insertion into [(NHC)CuH]2. (in black) and the dissociation of [(NHC)CuH]2 into 
monomer [(NHC)CuH] (in blue). (modified scheme from the original image taken from Bullock et al.101) 

One way to clarify this hypothesize would be to prepare [(phen*)CuH]2 and test its reactivity towards 

CO2 insertion. However, all our attempts to generate [(phen*)Cu–H] were unsuccessful, as mentioned 

above (vide supra, Chapter 3 – II. 2.)  

In summary, formation of the intermediate [(phen*)CuH] from the decarboxylation of [(phen*)Cu(1-

O2CH)] (12) was not detected directly but indirectly by the 13C enrichment of the formate ligand in 12 

when placed under 13CO2. The labelled copper formate [(phen*)Cu(O2
13CH)] was identified by NMR 

analysis and the equilibrium between the two complexes 12 and 12* was indicated by an isotopic 

enrichment of 30 %. In contrast, complex 12 was not reactive with CS2 and the reaction did not deliver 

the insertion product [(phen*)Cu(S2CH)]. The lower stability of [(phen*)Cu(S2CH)] compared to that of 

the starting material 12 may be the key factor. Different mechanisms have been proposed for the 

behavior of 12 and 13CO2 and involve a transient hydride [(phen*)CuH]. The pathway considering 

dimerization of the copper hydride monomer to [(phen*)Cu(H)]2 would be unlikely, as energy profile 

proposed by Bullock proved a decarboxylation via a dimeric [{(NHC)Cu}2(1,3--O2CH)(-H)] species is 

less favorable. The other mechanistic views are plausible but remain inconclusive. 

The dynamic exchange process of 12 under CO2 suggested that it could be a rare copper catalyst for 

the dehydrogenation of formic acid. We reasoned that if the hydride intermediate could trap gaseous 

CO2, it should also react quickly with the liquid acid HCO2H, which was more abundant in the reaction 

medium. 

II. 4. Catalytic dehydrogenation of formic acid (FA) 

Most homogeneous catalysts for FA dehydrogenation are based on noble metals such as Ru, Rh and Ir. 

However, less expensive and more abundant metals have been less explored, especially copper. The 

first Cu-catalyzed homogeneous systems for HCO2H decomposition were reported only in 2014.55 The 
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Cu(I) and Cu(II) precursors (Cu(OAc)2, Cu(acac)2, Cu(O2CH)2, Cu(NO3)2, CuCl2, CuO, CuCl, CuI, 

{CuH(PPh3)}6) in solution in HCO2H/Et3N displayed a low catalytic activity55 which was found dependent 

on the nature of the amine as confirmed later by a DFT study (vide supra, Chapter 3 – I. 2. 3.).60 In  

2019, the hexanuclear cationic copper hydride [Cu6(μ3-H)2(L)3(tBNC)4][PF6]4, involving a linear 

tetradentate phosphine (L= meso-Ph2PCH2P(Ph)(CH2)4P(Ph)-CH2PPh2), showed low catalytic activity for 

H2 release from HCO2H at 70°C in acetonitrile solution with tBuNC and NEt3 additives.57 At last, in 2023, 

O’Hair et al. revealed that the mononuclear cuprate hydride anions [(X)CuH]− (X = H−, O2CH−, BH4
− and 

CN−) reacted in the gas-phase with formic acid to release H2 with formation of the formate 

[(X)Cu(O2CH)]− compound.134 The latter decarboxylates readily via collision-induced dissociation to 

regenerate the initial copper hydride. 

Our approach to selective composition of FA into CO2 and H2 promoted by copper formates complex 

(12) without the need of additives is shown in Scheme 70.    

 

Scheme 70. Proposed catalytic cycles for the dehydrogenation of formic acid catalyzed by 12. 

Table 1 summarizes the catalytic activity of 12 under different reaction conditions. Gas evolution was 

measured by 1H NMR spectra and GC analysis (gas chromatography analysis) and the consumption of 

HCO2H (FA) was followed by 1H NMR with mesitylene as internal standard. The appearance and 

evolution of H2 was detected at δ = 4.59 ppm in 1H NMR, along with the diminution of the signals of 

HCO2H (Figure 66 and Figure 67). 
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Entry x 

(mol%) 

Solvent 

 

T 

(oC) 

Time 

(h) 

Conversiona 

(%) 

1 0 THF-d8 100 16 0 

2 10 THF-d8 100 2,5 100 b,c 

3 5 THF-d8 100 3 

8 

27 

90 c 

4 1 THF-d8 100 15 40 c 

5 5 THF-d8 80 4 4 

6 5 THF-d8 60 15 0 

7 14 MeCN-d3
 60 15 0 

8 5 MeCN-d3 100 8 0 

a Conversions measured by 1H NMR against mesitylene (10 mol%) as 

internal standard.b TOF = 4 h−1; c 12 is degraded 

Table 1. Optimization of the reaction conditions for the dehydrogenation of formic acid with complex 12. 

When heated to 100°C, which is a temperature favoring decarboxylation of 12 (see above), the 1H NMR 

spectra of a THF-d8 solution of 12 (10 mol%) containing 18 L of HCO2H evidenced the selective release 

of H2 and no trace of CO was detected by GC analysis. In the absence of 12, HCO2H was not degraded 

(Table 1, entries 1−2). NMR monitoring of the dehydrogenation of formic acid and of the behavior of 

the catalyst 12 was recorded by following the aromatic signals of the phen* ligand concomitantly with 

the degradation of FA (Figure 66). At first (t = 0), the phen* signals of 12 in the HCO2H-THF-d8 solution 

are shifted downfield (by 0.08–0.1 ppm) by comparison to those of isolated 12 in THF-d8, suggesting a 

possible interaction between 12 and the acid via the formate ligand (Figure 66). Such interaction would 

explain why 12 is always contaminated with formic acid. In fact, [Cu](O2CH)HO2CH interactions have 

been clearly established in some structurally characterized copper(I) formate, such as 

[Cu(PPh3)3O2CH]•HCO2H and the phosphane [(P(C6H2CH2NMe2-2)3)CuO2CH]•2HO2CH,89,96 or recently in 

a Pd(II) complex.135 It can also be observed in the crystal structure of [(phen*)Cu–FHF] (10) (vide 

supra, Chapter 2 – III. 3.).136 During the course of the reaction, these signals slowly moved to lower 

frequencies (upfield shifted) and broadened. By the end of the reaction when almost all of the formic 

acid has been consumed, the signal of free phen* emerged, reflecting decomposition of the catalyst 

12. Catalyst degradation was confirmed by further addition of FA, which was not dehydrogenated (see 

SI).  

Decomposition of HCO2H with a 10 mol% charge in 12 was complete after 2.5 h at 100 °C (Figure 67). 

Decreasing the catalyst loading to 5 mol% increased the reaction time (total conversion after 8 h). In 

contrast, for a charge of 1 mol%, the catalyst is totally degraded after 15 h while only 40 % of the acid 

was dehydrogenated (Table 1, Entries 3−4). 
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The thermal input is of importance (Table 1, Entries 3, 5‒6). By reducing the temperature to 80 °C, a 

low conversion of FA (4 %) can be measured after 4 h, and no reaction occured below the boiling point 

of THF (66 °C). The influence of the solvent is also important as highlighted by the distinct reactivity in 

THF and acetonitrile. The latter seems to completely prevent the dehydrogenation process at 60 °C or 

100 °C (Table 1, Entries 7–8). 

 

Figure 66. 1H NMR spectrum showing the aromatic signals of the phen* moiety of 12 (10 mol%) in the formic acid 
dehydrogenation catalysis. Spectrum were recorded every 15 min (total reaction time, 2h30). 

 

Figure 67. 1H NMR spectrum showing disappearance of the acidic signal of formic acid and concomitant release of H2. 
Spectrum were recorded every 15 min (total reaction time, 2h30). 

These results underlined that complex 12 is reactive in the catalytic decomposition of HCO2H into CO2 

and H2. The catalysis does not require any additive or base to proceed, because 12 spontaneously 
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releases CO2 under heating with formation of a transient hydride [Cu]‒H that has sufficient hydride 

character to deprotonate formic acid and regenerate 12 with evolution of H2.  

The downfield shifted signals of the phen* ligand of 12 in the presence of excess of FA in comparison 

with complex 12 alone in THF-d8 (Figure 68) can suggest formation of a FA adduct [(phen*)Cu-(1-

O2CH)(HO2CH)] (I).  

 

Figure 68. 1H NMR stacked spectra of 12 (10 mol%) in THF-d8 (bottom) and the following addition of FA (18 L) (top) in the 
presence of mesitylene as internal standard.  

A catalytic cycle can then be proposed (Scheme 71): At  first, a molecule of FA coordinates or  interacts 

with complex 12 to give either the adduct I or the species I’. These two compounds decarboxylate 

under heating to form the copper hydride (II) which immediately reacts with the neighboring acid to 

release dihydrogen with regeneration of 12.  

The interaction of copper complex with an acid, as schematized in I’, has already been observed in 

copper(I) formate complexes and some of them have been structurally characterized such as 

[Cu(PPh3)3O2CH]•HCO2H89 and the phosphane [(P(C6H2CH2NMe2-2)3)CuO2CH]•2HO2CH.96 Such 

interaction was also noticed in the fluoride species [(phen*)Cu-F(HF)] (10) (vide supra, Chapter 2 – III. 

3.) which is also reported in the literature.136 The crystal structure of this adduct shows that the 

molecule of HF is not coordinated to the copper center but interacts with the fluorine ligand through 

its proton. Similar interaction was also reported in 2023 by Belkova et al. between formic acid and the 

formate ligand in the pincer complex Pd [(tBuPXCYP)-Pd(OCHO)] (X and Y = CH2, O) which is a catalyst 

for the dehydrogenation of FA.135 Based on NMR and IR analyses, they proposed a mechanistic 

pathway where the species [Pd]−OCH=O···HOOCH is formed and assists the hydride abstraction and 
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CO2 release. The hydrogen bonding of this intermediate was evidenced by 31P{1H} NMR analysis : the 

phosphorus resonance in [Pd]−OCH=O···HOOCH  is shifted downfield (higher values) compared to that 

of [Pd]−OCH=O. 

 

Scheme 71. Proposed catalytic cycle for the dehydrogenation of formic acid by [(phen*)Cu(1-O2CH)] 12 as pre-catalyst. 

Degradation of the catalyst can occur by different pathways, the dihydride II can be in equilibrium with 

the adduct [(phen*)Cu-(1-O2CH)(S)] (S = solvent) or [(phen*)Cu-H] which decomposes under the 

conditions of  the catalysis into Cu(0) and free phen*. We can also hypothesize that displacement of 

phen* may occur in THF and its decoordination from I would give [Cu(O2CH)(HO2CH)] species that 

would oxidize into Cu(II) derivatives under heating. We have indeed observed that treatment of a 

mixture of phen* and Cu(OtBu) with FA in toluene  led  to 12 containing green Cu(II) species. Moreover, 

these copper formate species are not thermally stable. Previous investigations on the solid state 

behavior of Cu(O2CH)2(H2O)n species under thermal treatment (445 K) have shown their decomposition 

into Cu(0) and the gas H2 and CO2.137,138  

Complex 12 is not very active in FA decomposition to H2 since it shows a TOF of 4 h‒1 at 100 °C for a 

catalyst loading of 10 mol%. This activity is however superior to that reported for some simple Cu(0), 

Cu(I) and Cu(II) precursors in presence of NEt3 and which displayed TOFs lower than 1 h‒1 at 95°C.45,55,60 

The species [Cu(NCMe)4][PF6] with the presence of various phosphine ligands and  additives (tBuNC-

NEt3) at 70°C in acetonitrile, showed greater activities in the decomposition of HCO2H with reported 

TOFs in the range 10‒240 h‒1.57 However, all these copper catalysts exhibit activities significantly lower 

than the TOF values of 5,000 – 10,000 h−1 required for an economically viable process.70 Iron catalytic 

systems have TOFs of ca 10,000 h−1 and TONs of 105,46 and the most efficient complexes are currently 

based on noble metals (Ru and Ir), with TON values exceeding 106.70,139 For example, Williams and 

coworkers in 2016 and Li et al. in 2015, reported a binuclear iridium(III) and two organometallic 

mononuclear (C5Me5)Ir(III) catalysts exhibiting, at 90 °C, TOF of  2.28 × 105 h−1 (TON = 2.16 106) and 

4.88 × 105 h−1 (TON = 2.4 106 at 80°C), respectively.140,141 
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III. Conclusion and perspectives 

III. 1. Conclusion 

In conclusion, we synthesized a monomeric copper(I) formate complex involving a bulky substituted 

phenanthroline as ancillary ligand (phen*) that provides solubility and stability. Such CuI(O2CH) species 

with simple nitrogen ligands are uncommon. Complex [(phen*)Cu(O2CH)] (12) displayed catalytic 

activity in the decomposition of formic acid into H2 and CO2 without the need for additional agents. 

Expected to be generated in the decarboxylation of 12, the hydride intermediate [(phen*)Cu–H] could 

not be detected or trapped with organic scavengers. However, the steady increase of the 13C{H} NMR 

signal of the formate anion when 12 is placed under 1 atm. Carbon isotopic exchange reaction with 
13CO2 brings strong evidence for the decarboxylation of 12 into the putative copper(I) hydride. In 

contrast, the carbon dioxide analog CS2 did not insert into the [Cu–H] to produce the expected copper 

dithioformate [(phen*)Cu((S2CH)]. The CS2 reaction with the hydride is presumably inhibited for 

thermodynamic considerations or possibly because of its lower thermal stability versus that of 12.  

III. 2. Perspectives 

As previously mentioned, copper was found to be less reactive than other metal catalysts in 

dehydrogenating FA to produce H2/CO2. However, being cheap and abundant, the development of 

copper chemistry, with applications in catalysis will continue and expand strongly.  

As far as our current system is concerned, the role of the phen* ligand is undeniably important in 

maintaining the copper center during the transformation process. However, there have been 

indications that the bulkiness and lability of phen* may not be efficient in providing adequate stability 

to the copper center without compromising its reactivity.142,143 Therefore, another generation of phen 

derivatives can be considered, such as neocuproine or a 2,9-di-neopentyl-1,10-phenanthroline ligand. 

With similar rigidity but less steric hindrance provided in the coordination sphere, these phen-based 

ligands might enhance the catalytic activity of copper metal while avoiding decoordination from the 

copper center that leads to complex degradation. Alternatively, NNO, NNN pincer ligands is also an 

option, such as (E)-N'-(phenyl(pyridin-2-yl)methylene)isonicotinohydrazide (Figure 69, a) (NNO 

type),144 pyridine bridged bis(imidazolin-2-imine) (NNN type) (Figure 69, b),145 and (2,6-

bis(diisopropylaminomethyl)-pyridine (NNN type) (Figure 69, c).146 This type of ligand has three 

coordination sites via N and/or O atoms that are hemilabile. These ligands offer more flexibility in the 

coordination sphere, allowing additional bonds to be added or removed depending on the copper 

center's requirements. Therefore, a new generation of copper catalysts can be developed based on 

the nitrogen-type pincer ligands. 

 

Figure 69. Examples of proposed pincer type ligands. 
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I. Conclusion 

Since the first report by Shepard in 1930,1 significant progresses have been achieved in the 21st century 

on the development of transition metals catalyzed decarboxylative cross-coupling and related 

protodecarboxylation reactions.2–4 Though they have provided efficient synthetic methods for the 

transformation of carboxylic acids into valuable biaryl compounds, some challenges remain related to 

the high reaction temperatures and substrates scope that requires ortho substituents on the aromatic 

ring. There have been efforts over the years to optimize the reaction conditions and widen the range 

of functionalized carboxylic acids to para- and meta-derivatives. Copper-based catalysts supported by 

nitrogenated ancillary ligands have been particularly successful and have offered new catalytic systems 

enabling the coupling reaction with non ortho-substituted carboxylic acids, however at elevated 

temperatures.  

Investigations on the mechanism of the decarboxylation process when a copper catalyst is employed 

were also pursued. All mechanistic studies have been carried out with phenanthroline-based ligand 

and activated benzoic acids, such as pentafluorobenzoic acid, o-nitro benzoic acid, etc. Such studies 

have allowed for the identification of potentially active copper intermediates, namely copper(I) 

carboxylate and copper(I) aryl species, and the beneficial influence of ortho-substituted benzoic acids. 

However, these studies did not bring conclusive proofs due to the instability of copper(I) complexes 

but a general consensus mechanism relying on a one-step CO2 extrusion via these copper 

intermediates.  

The development of copper-catalyzed dynamic carbon isotopic exchange by Destro et al., where the 

gas 14CO2 exchanges with the 12CO2 fragment in carboxylic acids in a single step, has brought insightful 

observation in the decarboxylation process since the two steps proceed simultaneously.5 It suggested 

that the loss of 12CO2 in copper carboxylate complexes, and its further reinsertion as 14CO2, proceeded 

via copper carboxylate and copper aryl intermediates, respectively. Since the detection or 

identification of the reaction intermediates using their bioxazoline-based ligand were not attempted 

or were unsuccessful, the view on the mechanism remained incomplete.  

With the goal to clearly identify the active species (their nature and oxidation state of the copper ions), 

we envisioned the synthesis of the carboxylate and aryl copper(I) pairs involving a bulky 

phenanthroline ligand, e.g. 2,9-tBu2phen (phen*) , which would bring greater stability of the complexes 

and be useful for NMR investigations.  

I. 1. The synthesis of copper(I) carboxylate and copper(I) aryl complex supported by 2,9-
tBu2phen (phen*) ligand and their reactivity toward decarboxylation and CO2 insertion 

(Chapter 2) 

In chapter 2, I reported the synthesis of a variety of (phen*)copper(I) carboxylate and copper(I) aryl 

complexes, in particular pairs of compounds with the same aryl fragment. Most of them have been 

characterized by their crystal structures.  

With this series of complexes, studies on the decarboxylation process from copper carboxylates 

[(phen*)Cu(O2CAr)] complexes as well as the insertion of CO2 in copper aryl [(phen*)Cu‒Ar] derivatives 
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was possible. I demonstrated that some copper carboxylate species [(phen*)Cu(O2CAr)] (Ar = o-F-C5H4 

(2), C6F5 (4), o-NO2-C5H4 (5)) could decarboxylate in quinoline solvent at different temperatures, and 

that the protodecarboxylation side reaction (formation of Ar‒H) inevitably occur. The decarboxylation 

of the ortho-substituted complexes 2 and 5 was evidenced by the release of CO2 gas by GC analysis and 

the formation of corresponding arene compounds, fluorobenzene and nitrobenzene, respectively. 

Through the CO2 extrusion in complex 4, the corresponding copper aryl complex (8) has been detected, 

along with the protodecarboxylation side product C6F5H. Influence of the solvent is crucial and 

compared to THF, quinoline considerably promotes both decarboxylation and protodecarboxylation 

processes. However, I have never observed the insertion of CO2 in the other copper(I) aryl,  a point 

that likely reflect the lower stability of these aryl compounds which are rapidly degraded under heating 

and/or because of a unfavorable thermodynamic.  

Based on the experiments, two plausible pathways are proposed for the decarboxylation of 4. The first 

is in agreement with the literature and would proceed via a concerted CO2 extrusion where the copper 

center interacts both with the ipso carbon of the aryl and the CO2 fragment. The second possibility 

involves coordination of quinoline to the copper center that favor first protodecarboxylation side 

reaction. The quinoline anion in [(phen*)Cu(quin)] then reacts with C6F5‒H to generate 

[(phen*)Cu(C6F5)] and quinoline. 

There are therefore still unresolved questions about the reversibility of the reaction and whether the 

concerted decarboxylation pathway is through a copper (III) intermediate.  

I. 2. The synthesis of phen* ligated copper formate complex (12) and its reactivity in 

dynamic isotopic exchange and formic acid dehydrogenation (Chapter 3) 

I report the synthesis of the copper formate complex [(phen*)Cu(O2CH)] (12) and its solid state 

structure obtained by X-ray diffraction one single crystal. It is a very rare monometallic formate 

complex supported by a nitrogen ligand. We hypothesize that a formate species, compared with a true 

carboxylate derivative, would be more sensitive and reactive toward decarboxylation. Dynamic 

isotopic exchange of 12 with 13CO2 resulted in a mixture of 12 and its labeled derivative 

[(phen*)Cu(O2
13CH)] (12*). This result clearly evidenced decarboxylation of 12 and, because of the 

reversibility of the process under CO2, the transient formation of the copper hydride intermediate 

[(phen*)Cu‒H] (Scheme CP1). This latter reactive hydride would immediately insert 13CO2 to afford 

[(phen*)Cu(O2
13CH)] (12*). Suspected to be monomeric, I tried to isolate or detect the hydride 

[(phen*)Cu‒H] because reactive monometallic [Cu]-H species are actively sought after for years. 

However, this instable species remained inaccessible and could not be obtained even by other 

synthetic pathways which all gave elemental copper.   

I have also shown that complex 12 is an active catalyst in the dehydrogenation of formic acid. Of 

interest, the reaction did not require any additives to proceed. However, this catalyst degrades at the 

end of the reaction with the liberation of phen* ligand. From the reports in the literature and our 

results, we have proposed a catalytic cycle for the FA dehydrogenation catalyzed by 12. It involves 

either the coordination of FA to the copper ion or the solvate species [(phen*)Cu(O2CH)]•n(HCO2H) 

where the formate ligand interacts with the proton of the acid through hydrogen bonding. Such 
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interaction of copper and d-transition metal species with FA is well documented. After the CO2 

extrusion, the generated copper hydride is immediately trapped by the acid to produce H2 with 

regeneration of 12.  

 

Scheme CP1. Combination of proposed mechanism for the dehydrogenation of FA by [(phen*)Cu(1-O2CH)] 12 and dynamic 
isotopic exchange of 12 with 13CO2 via copper hydride intermediate.  

II. Perspectives 

II. 1. Decarboxylation of copper carboxylate complexes supported by quinoline ligand.  

In 1989, van Koten et al. isolated the dinuclear copper carboxylate complexes [Cu(-O2CC6H4X)(quin)]2 

(quin = quinoline; X = H, Me) and study their reactivity in decarboxylation process.6 As mentioned in 

Chapter 1, they observed the decarboxylation only in naphthalene solvent with the addition of 1.1 

extra equivalent of quinoline at 218 oC. They obtained a mixture of quinoline and quinoline containing 

products (2-acylquinolines, 2,2'-diquinolyl ether and three different coupling products between 

naphthalene  and quinoline, naphthylquinoline being the major coupling product) along with CO2 gas 

and no arene or biaryl compound was detected. They proposed three plausible pathways from the 

dinuclear copper(I) species, that would lead to Cu(II)/Cu(II), Cu(I)/Cu(III) or Cu(II)/Cu(I) intermediates 

by oxidative addition event or single-electron transfer step. Nevertheless, their study lacks detailed 

NMR observations and although highly interesting, these works should be continued to access to a 

conclusive mechanism.  

In this study, I have shown that ortho-substituted complexes with electron-attracting groups such as 

[(phen*)Cu(O2C-C6H4{o-F})] (2), [(phen*)Cu(O2CC6F5)] (4), and [(phen*)Cu(O2C-C6H4{o-NO2})] (5) can 

readily decarboxylate into the corresponding arene (with release of CO2) in particular in quinoline 

solvent. With regard to the results of van Koten et al, we recognized that the mechanism of 

decarboxylation by copper species may be highly subject to the nature of solvent, and quinoline is 

particularly fitted. We thus envisioned that such copper carboxylates [(Cu(O2CR)] species, supported 

by quinoline ligands instead of phen*, might be more convenient precursors for studying the 

decarboxylation process and afford detailed examination on the mechanism. At the end of my PhD, I 
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have thus isolated the quinoline copper(I) carboxylates complexes [Cu(-O2C-C6H4{o-NO2})(quin)]2 (14) 

and [Cu(-O2C-C6H4{o-F})(quin)]2 (15) and obtained their crystal structures (see Figure CP1). The 

decarboxylation behavour of these complexes should be studied in non-coordinating solvents such as 

toluene or in quinoline and followed by NMR analysis. Additional mechanistic probes such as 13CO2 

could be introduced to track the CO2 extrusion along with computational studies to address the 

putative intermediates.  

 

Figure CP1. Views of [(quin)Cu-(O2C-o-NO2-C6H4)]2 (14) (left) and of [(quin)Cu-(O2C-o-F-C6H4)]2 (15) (right). Displacement 
ellipsoids are drawn at the 50% probability level. (Cu, light blue; F, green; O, red; N, purple; C, blue). 

II. 2. Insertion SO2 into copper complexes 

Our group has recently reported the copper(I)-catalyzed sulfonylative Hiyama cross-coupling for the 

production of sulfones by reacting  organosilanes, sulfur dioxide (SO2) and iodoarenes (Scheme CP2).7 

 
Scheme CP2. A Cu(I)-catalyzed sulfonylative Hiyama cross-coupling for the direct synthesis of diaryl sulfones from aryl 
silanes, SO2 surrogate, and aryl iodides. 

This methodology was efficient to form a variety of diaryl sulfones, using an inexpensive catalytic 

system involving [Cu(MeCN)4]BF4 and dmeda (1,2-dimethyl ethylenediamine). Based on experimental 

and computational mechanistic studies, they proposed a mechanism involving the insertion of SO2 into 

an aryl copper(I) species to generate a copper(I) sulfinate intermediate. Their effort to isolate a 

copper(I) sulfinate complex was successful with the use of 1,10-phenanthroline as ligand and 4-

toluenesulfinic acid. They isolated the dimeric species [(phen)Cu(SO2Tol)]2.  
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In this context, another perspective can be opened from my PhD study. It is the mechanistic 

investigation on the sulfonylation of copper(I) aryl and copper(I) alkyl species. My first attempts with 

the copper aryl and alkyl species [(phen*)Cu(C6F5)] (8) and [(phen*)Cu(CF3)] (11), respectively, have 

shown the insertion of SO2 into complex 11, in THF at 70 oC. I generated a new species [(phen*)Cu]2[(-

O2S-CF3)] +[HSO4]−  (17) that I have structurally characterized by X-ray diffraction study (Figure CP2, right 

and SI). I also prepared the monomeric [(phen*)Cu(1-O2SCF3)] complex (16) (Scheme CP3) and is 

presented in Figure CP2 (left) (see SI). These results may offer a starting basis for the mechanistic 

investigation of the desulfonylation/sulfonylation process by copper that could be complementary to 

the decarboxylation/carboxylation process. 

 

Scheme CP3. Synthesis of [(phen*)Cu(1-O2S-CF3)]. 

 

 

Figure CP2. Views of [(phen*)Cu-(O2S-CF3)] (16) (left) and of [(phen*)Cu]2(-O2SCF3)]+ (17) (right), with anion HSO4
− and 

hydrogen atoms are omitted. Displacement ellipsoids are drawn at the 50% probability level. (Cu, light blue; F, green; O, red; 
N, purple; C, blue). 
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I. General information 

The solvents (toluene, pentane, diethyl ether and tetrahydrofuran) were carefully dried over a mixture 

of sodium-benzophenone, and over KH for acetonitrile, and were distilled prior to use. Deuterated 

toluene, benzene and tetrahydrofuran (Eurisotop) were distilled over potassium. Deuterated 

acetonitrile was distillated over KH and then stored over 3 Å molecular sieves in a glove box. The 4 Å 

molecular sieve (Aldrich) was activated by drying under dynamic vacuum at 250 °C for 48 h prior to 

use. 

Mesitylene (Aldrich) was stored over activated 4 Å molecular sieves and used directly without further 

purification. All other reagents were purchased from commercial suppliers (Sigma Aldrich, Carlo Erba, 

Thermo Fischer Scientific, and Alfa Aesar), and used as received. 

[Cu(C6F5)]4, were prepared from literature methods.1–3 The organic acids RCO2H (R = o/p-F-phenyl, o/p-

NO2-phenyl, C6F5, CF3), and CF3SiMe3, NEt3•HF, 1,10-phenanthroline, tBu-Li (1.7 M solution in pentane), 

CuCl, CuI, C6F5MgBr (0.5 M in Et2O) were purchased from Sigma-Aldrich and generally used as received. 

Compound 5,5-dimethyl-2-(2-nitrophenyl)-1,3,2-dioxaborinane was synthesis according to the 

literature.4  

CO2 and 13CO2 gas were purchased from Messer and Eurisotop. 

The 1H, 31P and 13C{1H} NMR spectra were recorded on a Bruker AVANCE Neo 400 MHz spectrometer 

and referenced internally using the residual protio solvent resonances relative to tetramethylsilane 

( ). The spectra were recorded at 25 °C when not otherwise specified. The 1H NMR signals of THF-d8 

are referenced at values given in the literature. The 19F NMR signals were referenced from CCl3F ( = 

0). All the  values are in ppm. Elemental analyses were performed by Medac Ltd at Chobham (Surrey, 

UK). IR spectra were recorded on a Nicolet 6700 FT-IR with ATR diamond accessory. 

II. Experimental part of chapter 2 

II. 1.  Synthese of phen* (1) ligand and [Cu(OtBu)] 

II. 1. 1. Spectra of 2,9-di-tertbutyl-1,10-phenanthroline (1), (Formula: C20H24N2, M= 292.19 

g/mol)   

The following synthesis was inspired by Barnhart et al.,5 Quing-Hua Fan et al.,6  and Sauvage et al.7 with 

modification.  

To a clear colorless solution of 1,10-phenanthroline (5g, 27.75 mmol, 1 equiv.) in toluene (200 mL) 

cooled down at ‒40 oC for 2 h, 2 equiv. of tBu-Li in pentane (35.3 mL, 1.7 M solution in pentane, 55.5 

mmol, 2 equiv.) were added dropwise. The solution rapidly turned to a red suspension (2 min during 

the addition) which was stirred continuously at room temperature overnight (8 h). Distillated H2O (50 

mL) was then added, in a single addition, to the red suspension. The red solution turned yellow within 
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5 min and was further stirred for 10 min to obtain two separate layers of yellow organic phase (above) 

and clear colorless aqueous phase (below) which were separated. The aqueous phase was extracted 

with dichloromethane (10 mL x 3) and all the organic fractions (toluene and CH2Cl2 fractions) were 

combined together. Black powder of MnO2 (57.89 g, 0.66 mol, 24 equiv.) was then added to the yellow 

organic phase and the suspension stirred at room temperature for 7 h before MnO2 was filtrated off  

on a glass filter frit with a layer of Celite. The resulting yellow solution was then dried over MgSO4 (4.3 

g, 35.7 mmol, 1.3 equiv.) for 1 h. The solution was finally filtrated to remove MgSO4 and the solvent 

evaporated off. The yellow residue was mixed with silica gel and poured out on the top of the silica gel 

column. Chromatography purification was perform with the mixture of solvents (petroleum 

ether/ethyl acetate :  30/1 in volume) as eluent. Presence of the product was checked by 

chromatography by TLC (thin layer chromatography, petroleum ether/ethyl acetate :  30/1 in volume). 

All the fractions containing the pure product were combined. After evaporation of the solvent, a solid 

orange residue is obtained which was recrystallized in isopropanol and washed by cold pentane (‒4 oC) 

to afford 2,9-di-tertbutyl-1,10-phenanthroline as a pale yellow fluffy powder (2.7 g , 38 %). Colorless 

parallelepiped crystals suitable for an X-ray diffraction study were grown by slow evaporation of a 

dichloromethane solution of phen*. 

1H NMR (400 MHz, THF-d8, δ/ppm) 8.23 (d, J = 8.4 Hz, 2H), 7.82 – 7.72 (m, 4H), 1.60 (s, tBu, 18H).  

13C{1H} NMR (101 MHz, THF-d8, δ/ppm) 168.18, 145.31, 135.51, 126.57, 125.09, 118.51, 62.62, 38.29, 

29.76. 

 

Figure S1. 1H NMR spectra of 2,9-di-tertbutyl-1,10-phenanthroline (1) in THF-d8. 
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Figure S2. 13C{1H} NMR spectra of 2,9-di-tertbutyl-1,10-phenanthroline (1) in THF-d8. 

 

II. 1. 2. Synthesis of [Cu(OtBu)]4  

The following synthesis was inspired by literature.8  

To a suspension of CuI (1.0 g, 5.2 mmol) in THF (around 30 mL) was added tBuOK (0.6 g, 5.2 mmol) to 

obtain a pale brown solution. The mixture was then keep stirring at room temperature overnight. The 

resulted brown suspension was evaporated to remove all the solvent and obtain a mixture of solid 

CuOtBu and KI. The desired product was purified by sublimation under static vacuum at 170 oC for 8 

hours to yield the product as a pale white powder (0.56 g, 78 %).  

1H NMR (400 MHz, THF-d8, /ppm): δ 1.31 (s, 9H).  
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Figure S3. 1H NMR spectra of [Cu(OtBu)]4 in THF-d8. 

II. 1. 3. Data of complex [(phen*)Cu-OtBu]: 

The addition of phen* (10.7 mg, 1 equiv.) to Cu(OtBu) (5 mg, 1 equiv.) resulted a light brown solution 

which showed a weakly coordinated phen* ligand to Cu(OtBu) by 1H NMR.  

1H NMR (400 MHz, THF-d8, /ppm) 8.23 (d, J = 8.4 Hz, 2H), 7.81 – 7.73 (m, 4H), 1.61 (s, 18H), 1.32 (s, 

9H). 
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Figure S4. 1H NMR spectra of [(phen*)Cu-OtBu] in THF-d8. 

 

II. 2. General synthesis procedure for the formation of carboxylate complexes 

(phen*)CuI(O2CR) (R = C6H4-o-F (2), C6H4-p-F (3), C6F5 (4), C6H4-o-NO2 (5), C6H4-p-NO2 (6), 

CF3 (7)). 

To a light yellow solution of 1 (106.9 mg, 0.36 mmol) in THF (10 mL), 1 equiv. Cu(OtBu) (50 mg, 0.36 

mmol) was added. The resulted light brown solution was stirred at room temperature for 2 h. Addition 

of the substituted benzoic acid (0.36 mmol, 1 equiv.) resulted in an immediately change of color (color 

change from orange to red depending on the substituted benzoic acid) and the mixture was stirred at 

room temperature for another hour. The solvent was evaporated off under vacuum to give an orange-

red solid which was washed with pentane (10 mL x 2) and dried under vacuum overnight (ca. 15 h) to 

afford the desired pure product as an orange-red solid.  

II. 2. 1. Data for complex [(phen*)Cu-(O2CC6H4-o-F)] (2):  

Quantity of (o-F-Ph)CO2H added for the reaction (0.30 mmol, 42.5 mg, 1 equiv.) Complex 2 isolated as 

an orange solid (115 mg, 76 %). Orange crystals of 2•0.5(toluene) were obtained by slowly cooling 

down a hot THF solution of the complex.  

1H NMR (400 MHz, THF-d8, rt, /ppm) 8.39 (d, J = 8.5 Hz, 2H), 7.96 (d, J = 8.5 Hz, 2H), 7.89 (t, J = 7.5 Hz, 

1H), 7.68 (s, 2H), 7.35 (ddd, J = 8.1, 4.6, 2.2 Hz, 1H), 7.17 – 6.98 (m, 2H), 1.81 (s, 18H).  
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13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 168.79, 162.89, 160.36, 144.01, 134.72, 132.36, 130.42, 

130.34, 126.99, 125.35, 122.65, 115.82, 115.60, 38.30, 30.04.  
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  −111.80  

IR data ( cm‒1): 2945 (vs), 1604 (s, CO2), 1463 (vs, C-F), 1367 (s), 1136 (w), 858 (w), 771 (w), 615 (w).   

Elemental analysis for C27H28CuFN2O2, (M= 495.08 g/mol), found (theoretical) %: C, 61.72 (65.50); H, 

5.49 (5.70); N, 5.43 (5.66). 

 

 

Figure S5. 1H NMR spectra of [(phen*)Cu-(O2CC6H4-o-F)] (2) in THF-d8. 
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Figure S6. 13C{1H} NMR spectra of [(phen*)Cu-(O2CC6H4-o-F)] (2) in THF-d8. 

 

Figure S7. 19F{1H} NMR spectra of [(phen*)Cu-(O2CC6H4-o-F)] (2) in THF-d8. 
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Figure S8. IR data of [(phen*)Cu-(O2CC6H4-o-F)] (2) in heavy paraffin oil (nujol).  

II. 2. 2. Data for complex [(phen*)Cu-(O2CC6H4-p-F)] (3):  

Quantity of the acid (p-F-Ph)CO2H added for the reaction (0.36 mmol, 48.8 mg, 1 equiv.) Complex 3 

isolated as an orange solid (122 mg, 69 %). Orange parallelepiped crystals of 3 were obtained by slowly 

cooling down a hot THF solution of the complex.  

 
1H NMR (400 MHz, THF-d8, rt, /ppm):  8.39 (d, J = 8.5 Hz, 2H), 8.03 (t, J = 7.1 Hz, 2H), 7.96 (d, J = 8.5 

Hz, 2H), 7.76 (s, 2H), 7.03 (t, J = 8.5 Hz, 2H), 1.77 (s, tBu, 18H). 
13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 168.95, 165.37, 162.92, 144.30, 137.42, 132.01, 127.04, 

125.41, 120.69, 113.72, 113.51, 38.29, 29.97. 
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  ‒113.7  

IR data ( cm‒1): 2970 (w), 1614 (s, CO2) 1583 (m), 1558 (w), 1496 (m), 1365 (s), 1217 (m), 1151 (w), 

1138 (m), 1083 (w), 858 (s), 840 (m), 777 (s), 623 (m).   

Elemental analysis for C27H28CuFN2O2, (M= 495.08 g/mol) found (theoretical) %:  C, 62.70 (65.50); H, 

5.87 (5.70); N, 5.54 (5.66). 
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Figure S9. 1H NMR spectra of [(phen*)Cu-(O2CC6H4-p-F)] (3) in THF-d8. 

 

Figure S10. 13C{1H} NMR spectra of [(phen*)Cu-(O2CC6H4-p-F)] (3) in THF-d8. 



Experimental part – Chapter 2 

 

 
195 

 

 

Figure S11. 19F{1H} NMR spectra of [(phen*)Cu-(O2CC6H4-p-F)] (3) in THF-d8. 

 

Figure S12. IR spectra of [(phen*)Cu-(O2CC6H4-p-F)] (3). 

II. 2. 3. Data for complex [(phen*)Cu(O2CC6F5)] (4):  

Quantity of the acid (C6F5)CO2H added for the reaction (0.36 mmol, 76.3 mg, 1 equiv.) Complex 4 

isolated as a light orange powder (150 mg, 72 %). Orange crystalline platelets of 4 were obtained by 

heating at 100 oC (ca 5 min) a THF solution of 4 and slowly cooling down in a hot water bath overnight.  

1H NMR (400 MHz, THF-d8, rt, /ppm): 8.56 (d, J = 8.6 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H), 7.96 (s, 2H), 1.85 

(s, tBu, 18H).  
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13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.57, 143.98, 138.46, 127.45, 125.78, 121.87, 38.36, 

30.20. (only see signal of phen* ligand) 
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm): ‒143.79, ‒161.84, ‒165.54.  

IR data ( cm‒1): 2956 (m), 2927 (m), 1631 (s, CO2), 1490 (s, CF), 1361 (s), 1141 (w), 1099 (w), 985 (s), 

921 (w), 860 (s), 748 (s), 613 (s).  

Elemental analysis for C27H24CuF5N2O2, M= 567.04 g/mol, found (theoretical) %: C, 57.65 (57.19); H, 

4.33 (4.27); N, 4.97 (4.94). 

 

 

Figure S13. 1H NMR spectra of [(phen*)Cu-O2C-C6F5] (4) in THF-d8. 

 



Experimental part – Chapter 2 

 

 
197 

 

 

Figure S14. 13C{1H} NMR spectra of [(phen*)Cu-O2C-C6F5] (4) in THF-d8. 

 

Figure S15. 19F{1H} NMR spectra of [(phen*)Cu-O2C-C6F5] (4) in THF-d8. 
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Figure S16. IR spectra of [(phen*)Cu-O2C-C6F5] (4) in THF-d8. 

II. 2. 4. Data for complex [(phen*)Cu(O2CC6H4-o-NO2)] (5):  

1H NMR (400 MHz, THF-d8, rt, /ppm):  8.47 (d, J = 8.5 Hz, 2H), 8.06 (d, J = 8.5 Hz, 2H), 7.91 (s, 1H), 7.82 

(s, 2H), 7.74 – 7.37 (m, 3H), 1.83 (s, 18H).  
13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.25, 128.44, 127.15, 125.52, 122.23, 38.32, 34.08, 30.02, 

22.22, 13.38. (some carbon signals of phen* ligand and the aromatic of benzoic acid cannot be 

observed) 

IR data ( cm‒1): 2927 (m), 1627 (s, CO2), 1521 (s, NO2), 1361 (s, NO2), 1143 (m), 862 (s), 827 (m), 786 

(m), 744 (m), 698 (m), 615 (s).   

Elemental analysis for C27H28CuN3O2, (M= 522.08 g/mol) found (theoretical) %: C, 61.57 (62.12); H, 5.42 

(5.41); N, 8.05 (8.05). 
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Figure S17. 1H NMR spectra of [(phen*)Cu-(O2CC6H4-o-NO2-Ph)] (5) in THF-d8. 

 

Figure S18. 13C{1H} NMR spectra of [(phen*)Cu-(O2CC6H4-o-NO2-Ph)] (5) in THF-d8. 



Experimental part – Chapter 2 

 

 
200 

 

 

 

Figure S19. IR spectra of [(phen*)Cu-(O2CC6H4-o-NO2-Ph)] (5) in THF-d8. 

II. 2. 5 Data for complex [(phen*)Cu(O2CC6H4-p-NO2)] (6):  

Quantity of the acid (Ph-p-NO2)CO2H added for the reaction (0.39 mmol, 59.7 mg, 1 equiv.) Complex 6 

isolated as a light orange powder (160 mg, 78 %). Orange parallelepiped crystals of 6•THF were 

obtained by slowly cooling down a hot THF solution (60 oC) of the complex. 

1H NMR (400 MHz, THF-d8, rt, /ppm): 8.49 (d, J = 8.5 Hz, 2H), 8.24 (t, J = 7.9 Hz, 4H), 8.06 (d, J = 8.5 

Hz, 2H), 7.87 (s, 2H), 1.80 (s, tBu,18H).  
13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.21, 149.00, 143.99, 138.23, 130.55, 127.32, 125.65, 

122.34, 121.61, 38.29, 30.03.  

IR data ( cm‒1): 2966 (m), 1627 (m, CO2), 1591 (m), 1517 (s), 1498 (m), 1363 (m), 1340 (s), 1138 (s), 

873 (m), 856 (s), 821 (m), 790 (m), 729 (s).   

Elemental analysis for C27H28CuN3O2, (M= 522.08 g/mol), found (theoretical) %:  C, 60.42 (62.12); H, 

5.59 (5.41); N, 8.24 (8.05). 
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Figure S20. 1H NMR spectra of [(phen*)Cu-O2C(p-NO2-Ph)] (6) in THF-d8. 
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Figure S21. 13C{1H} NMR spectra of [(phen*)Cu-O2C(p-NO2-Ph)] (6) in THF-d8. 

 

Figure S22. IR spectra of [(phen*)Cu-O2C(p-NO2-Ph)] (6) in THF-d8. 

II. 2. 6. Data for complex [(phen*)Cu(O2CCF3)] (7):   

Complex 7 is prepared by following the general procedure, and trifluoroacetic acid (28.0 µL, 0.36 mmol, 

1 equiv.) diluted in toluene (10 mL) was added to the THF solution of phen* and Cu(OtBu). After 

evaporation of the solvent and washing of the residue with Et2O (10 mL x 3) instead of pentane, pure 

7 was isolated as an orange powder (100.2 mg, 60 %). Orange crystalline platelets were obtained after 

a few days by slow diffusion of pentane to a toluene solution of the complex. 

1H NMR (400 MHz, THF-d8, rt, /ppm): 8.52 (d, J = 8.6 Hz, 2H), 8.11 (d, J = 8.5 Hz, 2H), 7.88 (s, 2H), 1.79 

(s, tBu, 18H). 
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 13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.64, 143.90, 138.55, 127.48, 125.83, 121.92, 38.27, 

30.01. (carbon signals of CF3 and CO2 cannot be observed, only see the signals of phen* ligand).  

19F{1H} NMR (377 MHz, THF-d8, rt, /ppm): ‒75.33.  

IR data ( cm‒1): 2926 (m), 2856 (m), 1689 (s, CO2), 1587 (w), 1508 (w), 1498 (w), 1417 (w), 1193 (s), 

1138 (s), 860 (s), 721 (m), 613 (s).  

Elemental analysis for C22H24CuF3N2O2, (M= 468.99 g/mol), found (theoretical) %: C, 56.44 (56.34); H, 

5.52 (5.70); N, 5.98 (5.97).  

 

 

 

Figure S23. 1H NMR spectra of [(phen*)Cu-O2CCF3] (7) in THF-d8. 
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Figure S24. 13C{1H} NMR spectra of [(phen*)Cu-O2CCF3] (7) in THF-d8. 



Experimental part – Chapter 2 

 

 
205 

 

 

Figure S25. 19F{1H} NMR spectra of [(phen*)Cu-O2CCF3] (7) in THF-d8. 

 

Figure S26. IR spectra of [(phen*)Cu-O2CCF3] (7) in THF-d8. 

II. 3. Synthesis of the [(phen*)Cu-R] complexes 

II. 3. 1. Data for complex [(phen*)Cu–C6F5] (8):  

In a round balloon flask was charged with [Cu(C6F5)]4 (66 mg, 0.29 mmol) and 1 (85.2 mg, 0.29 mmol, 

1 equiv.) and benzene (2 mL) was condensed in it.  The orange suspension was stirred for 1h at room 

temperature. Pentane (5 mL) was then condensed in it, and the suspension stirred overnight at room 

temperature. The powder was then filtrated off, washed with pentane (3 mL) and dried for 1h under 

vacuum at room temperature. Complex 8 was isolated as an orange powder (110 mg, 72%).  
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1H NMR (400 MHz, THF-d8, rt, /ppm): 8.54 (d, J = 8.6 Hz, 2H), 8.09 (d, J = 8. 6 Hz, 2H), 7.97 (s, 2H), 7.30 

(trace of benzene), 1.70 (s, tBu, 18H).  
13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.68, 143.95, 138.23, 128.05, 127.44, 125.79, 121.98, 

38.49, 29.93.  
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  ‒111.59, ‒164.70, ‒168.83.  

Elemental analysis for C26H24CuF5N2 (M= 523.03), found (theoretical) %: C, 57.28 (59.71); H, 4.92 (4.63); 

N, 5.55 (5.36). 

 

 

Figure S27. 1H NMR spectra of [(phen*)Cu-C6F5] (8) in THF-d8. 
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Figure S28. 13C{1H} NMR spectra of [(phen*)Cu-C6F5] (8) in THF-d8. 

 

Figure S29. 19F{1H} NMR spectra of [(phen*)Cu-C6F5] (8) in THF-d8. 
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II. 3. 2. Data for complex [(phen)Cu–C6F5] (8’):  

This complex was previously synthesized by another protocol.9  

In a round balloon flask was charged with [Cu(C6F5)]4 (100 mg, 0.14 mmol) and 1,10-phenanthroline 

(24 mg, 0.13 mmol, <1 eq) and toluene (5 mL) was condensed in it.  A red-orange suspension formed 

immediately and was stirred for 90 min at room temperature. Et2O (5 mL) was then condensed in it to 

induce increased precipitation of the product. The powder was then filtrated off, washed by Soxhlet 

with the toluene-ether mixture followed by Et2O (3 mL) and then dried overnight (ca 10h) under 

vacuum at room temperature.  Complex 8’ was isolated as an orange powder (120 mg, 79%). 
1H NMR (400 MHz, THF-d8, rt, /ppm): 9.29 (d, J = 4.6 Hz, 2H), 8.71 (dd, J = 8.1, 1.6 Hz, 2H), 8.14 (s, 2H), 

8.04 (dd, J = 8.2, 4.6 Hz, 2H).  
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  ‒109.5, ‒164.8. 

These NMR are in agreement with those previously published. Elemental analysis for C18H8CuF5N2 (M= 

410.81): The complex was previously said to be sensitive to temperature and atmospheric moisture 

and satisfactory elemental analyses could not be obtained.9 

 

 

Figure S30. 1H NMR spectra of [(phen)Cu-C6F5] (8’) in THF-d8. 
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Figure S31. 19F{1H} NMR spectra of [(phen)Cu-C6F5] (8’) in THF-d8. 

II. 3. 3. Data for complex [(phen*)Cu(C6H4-o-NO2)] (9): 

a. Data for 5,5-dimethyl-2-(2-nitrophenyl)-1,3,2-dioxaborinane4  

 

 

  

1H NMR (400 MHz, chloroform-d3, rt, /ppm):  8.13 (dd, J = 8.3, 1.0 Hz, 1H), 7.66 (td, J = 7.3, 1.1 Hz, 

1H), 7.59 (dd, J = 7.4, 1.6 Hz, 1H), 7.52 (ddd, J = 8.3, 7.2, 1.6 Hz, 1H), 3.83 (s, 4H), 1.15 (s, 6H).  
13C{1H} NMR (101 MHz, chloroform-d3, rt, /ppm): 151.06, 133.69, 132.36, 129.51, 122.92, 72.76, 

31.97, 22.12. (missing one C in aromatic ring)  
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Figure S32. 1H NMR spectra of 5,5-dimethyl-2-(2-nitrophenyl)-1,3,2-dioxaborinane in chloroform-d3. 
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Figure S33. 13C{1H} NMR spectra of 5,5-dimethyl-2-(2-nitrophenyl)-1,3,2-dioxaborinane in chloroform-d3.3 

b. Synthesis of [(phen*)Cu(C6H4-o-NO2)] (9): 
1H NMR (400 MHz, THF-d8, rt, /ppm): 8.52 (d, J = 8.6 Hz, 2H), 8.23 (t, J = 7.1 Hz, 1H), 8.08 – 7.95 (m, 

4H), 7.92 (d, J = 8.3 Hz, 1H), 7.81 – 7.71 (m, 1H), 7.31 (t, J = 7.2 Hz, 1H), 6.93 (t, J = 7.8 Hz, 1H), 1.67 (s, 

18H), 1.60 (s, 8H, impurity, free phen* and remained of boronic substrate). 
13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.01, 156.71, 141.39, 137.56, 135.50, 134.39, 129.30, 

125.59, 123.11, 121.62, 121.50, 121.44, 118.51, 38.42, 34.08, 29.57, 22.22, 14.69, 13.37. (impurity 

included free phen* and boronic substrate signals are underlines).  

IR data ( cm‒1):  3018 (m), 2796 (m), 1506 (w), 1467 (w), 1446 (w), 1363 (w), 1182 (w), 1024 (m), 877 

(w), 871 (w).  
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Figure S34. 1H NMR spectra of [(phen*)Cu(C6H4-o-NO2)] (9) in THF-d8. 
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Figure S35. 13C{1H} NMR spectra of [(phen*)Cu(C6H4-o-NO2)] (9) in THF-d8. 

 

Figure S36. IR spectra of [(phen*)Cu(C6H4-o-NO2)] (9). 

II. 3. 4. Data for complex [(phen*)Cu–CF3] (11): 

To a solution of 2,9-di-tertbutyl-1,10-phenanthroline (68.8 mg, 0.23 mmol, 1 equiv.) in THF (10 mL) 

was added [Cu(OtBu)] (pale yellow sublimed solid, 32.2 mg, 0.23 mmol, 1 eq.). The resulted light brown 

solution mixture was stirred at room temperature for 2 h. To the mixture, a solution of NEt3.3HF (25.5 

µL, 0.16 mmol, 2/3 equiv.) was added and the solution turned immediately red-orange. This treatment 

generated the complex [(phen*)Cu-FHF] which has been previously reported and crystallographically  

characterized.10 We prepared it in-situ and used it immediately to form [(phen*)Cu-CF3]. Thus, the red-

orange solution of [(phen*)Cu-FHF] was stirred at room temperature for 1 h and TMSCF3 (104.3 µL, 
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0.69 mmol, 3 equiv.) was then syringed into it. The resulted red-orange mixture was kept stirring at 

room temperature for another hour to obtained a red-orange suspension. The solvent was then 

evaporated off and the solid residue dried under vacuum for 30 minute to give a crude yellow solid. 

This later was washed with pentane (10 mL x 3) and dried under primary vacuum for 2 h to afford pure 

complex 11 as a yellow solid (60.3 mg, 60 %). Yellow crystalline platelets of 11 were obtained by heating 

at 100 oC (less than 5 min) a THF solution of 11 and slowly cooling down in a hot water bath overnight. 

1H NMR (400 MHz, THF-d8, rt, /ppm): 8.52 (d, J = 8.6 Hz, 2H), 8.13 (d, J = 8.8 Hz, 2H), 7.94 (s, 2H), 1.83 

(s, tBu, 18H).  
13C{1H} NMR (101 MHz, THF-d8, rt, /ppm): 169.94, 143.69, 137.92, 127.13, 125.58, 122.15, 38.44, 

29.90.  
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm): ‒26.79.  

IR data ( cm‒1):  3022 (m), 2792 (m), 1595 (s), 1562 (m), 1467 (w), 1444 (w), 1107 (m), 947 (m), 860 

(m). 

Elemental analysis for C21H24CuF3N2, (M = 424.98 g/mol), found (theoretical) %:  C, 59.79 (59.35); H, 

6.80 (5.69); N, 7.50 (6.59). 

 

 

Figure S37. 1H NMR spectra of [(phen*)CuCF3] (11) in THF-d8. 
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Figure S38. 13C{1H} NMR spectra of [(phen*)CuCF3] (11) in THF-d8. 

 

Figure S39. 19F{1H} NMR spectra of [(phen*)CuCF3] (11) in THF-d8. 
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Figure S40. IR spectra of [(phen*)CuCF3] (11). 

II. 3. 5. Crystal structure of [(phen*)Cu-F(HF)]•C6H6 and NMR of [(phen*)Cu-F(HF)] (10) 

The formation of [(phen*)Cu-F(HF)] as described above. Crystal structure of [(phen*)Cu-F(HF)]•C6H6 

was crystallized by heating at 80 oC (less than 5 min) a solution of [(phen*)Cu-F(HF)] in benzene and 

cooling down slowly in hot water bath overnight.  

1H NMR (400 MHz, THF-d8, rt, /ppm):  11.87 (s, 1H, HF), 8.59 (d, J = 8.6 Hz, 2H), 8.24 (d, J = 8.4 Hz, 1H), 

8.15 (d, J = 8.6 Hz, 2H), 7.98 (s, 2H), 7.78 (d, J = 7.9 Hz, 2H), 1.86 (s, tBu, 18H), 1.61 (s, 9H). (the underlined 

signals are belongs to free phen* that cannot be eliminated definitively by washing with pentane)  
19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  –208.70  
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Figure S41. 1H NMR spectra of [(phen*)CuF(HF)] (10) in THF-d8. 
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Figure S42. 19F{1H} NMR spectra of [(phen*)CuF(HF)] (10) in THF-d8. 

II. 4. Decarboxylation of the [(phen*)Cu(O2CR)] complexes (R = C6H4-o-F, C6F5, C6H4-o-

NO2, CF3) 

II. 4. 1. Decarboxylation in THF:  

In different NMR Young tubes, all tested complexes (2, 4, 5, and 7) (~5 mg) were solubilized in THF-d8 

(~5 mL) and heated from 35 oC to 175 oC depending on the complex. The evolution of each complex 

was monitored by 1H NMR and 19F{1H} NMR at indicated time. 

a. Thermal decarboxylation of [(phen*)Cu(O2CC6H4-o-F)] (2)  

Thermal decarboxylation of 2 is recorded every 2.5h at different temperatures. After 2.5 h at 75 oC, 

started to observe the change of solution color from clear yellow to green and the formation of small 

amount of black solid. At the end of the reaction (2.5 h at 175 oC), solution turned to clear green and 

the larger amount of black solid with the formation of free phen*.  
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Figure S43. 1H NMR stacked spectrum of the thermal evolution of 2 in THF-d8. 

 

Figure S44. Zoom on Figure S43: a) aromatic region; b) aliphatic regions.  
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Figure S45. 19F{1H} NMR spectra of the thermal evolution of 2 in THF-d8. 

b. Thermal decarboxylation of [(phen*)Cu(O2CC6F5)] (4):  

A clear orange solution of 4 (5 mg, 8.8 µmol) in THF-d8 was heated at 35 oC for 1h and then continued 

at 50 to 125 oC at different times. There was no change of solution color upon heating and the resulted 

solution at the end of the reaction remained. The formation of free ligand is observed after heating at 

35 oC (1h) and then at 50 oC (5h). At the end of the reaction, the ratio between complex 4 and ligand 

is 1:1, respectively. The formation of C6F5H is detected by 19F NMR after 3h at 100 oC along with an 

unidentified fluorinated species. 
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Figure S46. 1H NMR spectra of the thermal evolution of 4 in THF-d8. 

 

Figure S47. Zoom on Figure S46 (the intensity of some spectrum have been modified for clarification).  
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Figure S48. 19F{1H} NMR spectra of the thermal evolution of 4 in THF-d8. 

c. Thermal decarboxylation of [(phen*)Cu(O2CC6H4-o-NO2)] (5)  

A clear light yellow solution of 5 (5 mg, 9.6 µmol) was heated from 35 – 100 oC for different amount of 

time. No change of solution color was observed upon heating up to 50 oC for 2 h and the degradation 

of the complex only observed starting at 80 oC for (10 h). At the end of the reaction (100 oC for 72 h), 

the solution turned to clear green indicated the dead of complex 5.  
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Figure S49. 1H NMR spectra of the thermal evolution of 5 in THF-d8. 

 

Figure S50. Zoom on Figure S49. 

d. Thermal decarboxylation of [(phen*)Cu(O2CCF3)] (7)  

Thermal decarboxylation of 7 is recorded every 2.5 h at different temperatures. The orange solution 

of 7 was heated at 50 oC for 2 h where free ligand started to form. Upon heating the reaction solution 

at higher temperature (75−175 °C), the liberation of free ligand continued however, up to 175 oC after 

2 h, complex 7 remained the majority in clear yellow solution and only a small amount of black solid is 

generated. Nevertheless, the 19F NMR signal of 7 became undetectable after heating for 2 h at 50 oC.  
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Figure S51. 1H NMR spectra of the thermal evolution of 7 in THF-d8. 

 

Figure S52. Zoom on Figure S51. 
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Figure S53. 19F{1H} NMR spectra of the thermal evolution of 7 in THF-d8. 

II. 4. 2. Decarboxylation in quinoline:  

a. Control experiment:  

A clear colorless solution of C6F5CO2H (13 mg, 0.06 mol) in quinoline (5 mL) was heated from 35 oC to 

100 oC for several hours. The reaction was monitored by 19F NMR spectroscopy at certain time. At the 

end of the reaction (100 oC for 3.5 h), 19F NMR spectra indicated full conversion of carboxylic acids to 

form pentafluorobenzene.  
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Figure S54. 19F{1H} NMR spectra of the thermal evolution of C6F5CO2H in quinoline. 

 

Figure S55. Zoom on Figure S54. 

b. [Cu(C6F5)(quinoline)n]  

In an NMR tube, [Cu(C6F5)]4 (5 mg, 0.02 mmol) was solubilized in quinoline (5 mL, in excess) to obtained 

a clear yellow solution. 
 19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  ‒112.03, ‒164.15, ‒164.46. 
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Figure S56. 19F{1H} NMR spectra of [Cu(C6F5)] in quinoline. 

c. Reaction of [Cu(C6F5)(quinoline)n] and 1 equiv. phen*: 

In an NMR tube, [Cu(C6F5)]4 (M = 731.387 g/M for the tetramer, 5 mg, 5.7 µmol) was solubilized in 

quinoline (4 mL) to obtain a clear yellow solution. To this mixture was added phen* (1.7 mg, 5.7 µmol, 

1 equiv per Cu(C6F5) fragment) to result a clear yellow solution. Immediately after the addition, the 

solution mixture was analyzed by 19F NMR. Two set of 19F signals of [(phen*)Cu(C6F5)] and C6F5H is 

detected.  

 19F{1H} NMR (377 MHz, THF-d8, rt, /ppm):  ‒109.45, ‒138.95, ‒154.62, ‒161.63, ‒161.94, ‒162.38.  

Note: The addition of phen* is not fully replace quinoline to form [(phen*)Cu(C6F5)] as the set of signals 

(‒109.45, ‒161.63, ‒161.94) is different from what have been observed of complex 8 in THF-d8 (‒

111.59, ‒164.70, ‒168.83).  
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Figure S57. 19F{1H} NMR spectra of  [Cu(C6F5)] and 1 equiv. phen* in quinoline. 
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Figure S58. 19F{1H} NMR stacked spectra of: top: [Cu(C6F5)] and 1 equiv. phen* in quinoline; bottom: [Cu(C6F5)] in quinoline.  
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d. Thermal decarboxylation of [(phen*)Cu(O2CC6H4-o-F)] (2) in quinoline 

 

Figure S59. 19F{1H} NMR stacked spectra of the thermal evolution of complex 2 in quinoline. 

e. Thermal decarboxylation of [(phen*)Cu(O2CC6F5)] (4) in quinoline 
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Figure S60. 19F{1H} NMR stacked spectra of the thermal evolution of complex 4 in quinoline. 

 

Figure S61. Continue of Figure S60:  19F{1H} NMR stacked spectra of the thermal evolution of complex 4 in quinoline: after 2 h 
at 75 oC 4 has been totally transformed into [(phen*)Cu(C6F5)] (8) and C6F5H. 
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Figure S62. 19F{1H} NMR stacked spectra of the thermal evolution of 4 in DMF-d7 and evidence for the generation of 
[(phen*)Cu(C6F5)(DMF)n] and C6F5H. Red circle: [(phen*)Cu(O2CC6F5)] (4), green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)], 
gray square: unidentified byproducts. 

 

Figure S63. Zoom on 1H NMR stacked spectra of the thermal evolution of 4 in DMF-d7 and evidence for the generation of 
[(phen*)Cu(C6F5)(DMF)n] and C6F5H. Red circle: [(phen*)Cu(O2CC6F5)] (4), orange circle: [(phen*)Cu(C6F5)(DMF)n], gray circle: 
DMF-d7, black circle: unidentified species. 
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g. Thermal decarboxylation of [(phen*)Cu(O2CCF3)] (11) in quinoline 

 

Figure S64. 19F{1H} NMR stacked spectra of the thermal evolution of complex 11 in quinoline. 
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h. Thermal decarboxylation of [(phen*)Cu(O2CCF3)] (11) in DMF-d7 

 

Figure S65. 1H NMR stacked spectra of the thermal evolution of complex 11 in DMF-d7 

Note: Complex 11 remained stable in NMP solvent as observed in quinoline.  

II. 5. Carboxylation of the [(phen*)Cu-R] complexes 8, 9, and 11 

II. 5. 1. Carboxylation of [(phen*)Cu(C6F5)] (8) 

In a NMR tube (Young or New Era depending on the pressure of CO2), complex 8 was dissolved in the 

tested solvent (quinoline or THF-d8, or DMA) to result a clear yellow solution. The mixture then was 

added CO2 (10 bar). For all the experiment, no immediate change of solution color is noted after the 

addition of CO2 gas. The resulted mixture was then followed at certain reaction times by 1H NMR and/or 
19F{1H} NMR. 



Experimental part – Chapter 2 

 

 
235 

 

a. Carboxylation of [(phen*)Cu(C6F5)] (8) in DMA 

 

Figure S66. 19F{1H} NMR stacked spectra of thermal evolution of complex 8 in DMA with 10 bar of CO2. 

b. Carboxylation of [(phen*)Cu(C6F5)] (8) in quinoline 

 

Figure S67. 19F{1H} NMR stacked spectra of the thermal evolution of complex 8 in quinoline with 10 bar of CO2 and evidence 
for the generation of C6F5H. Green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)]. 
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c. Carboxylation of [(phen*)Cu(C6F5)] (8) in THF-d8 

 

Figure S68. 1H NMR stacked spectra of the thermal evolution of complex 8 in THF-d8 with 10 bar of CO2 and the release of 
C6F5H. Orange circle: [(phen*)Cu(C6F5)] (8), blue circle: free phen*, gray square: THF-d8, black square: impurities. 
 

 

Figure S69. Zoom on 1H NMR stacked spectra of the thermal evolution of complex 8 in THF-d8 and the release of free phen*. 
Orange circle: [(phen*)Cu(C6F5)], blue circle: free phen*, gray square: THF-d8. 
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Figure S70. 19F{1H} NMR stacked spectra of the thermal evolution of complex 8 in THF-d8 with 10 bar of CO2 and the release of 
C6F5H. Green circle: C6F5H, orange circle: [(phen*)Cu(C6F5)].  

 

II. 5. 2. Carboxylation of [(phen*)Cu(C6H4-o-NO2)] (9) 

In a NMR tube (Young or New Era depending on the pressure of CO2), complex 9 was dissolved in the 

tested solvent (C6D6 or Toluene-d8, or DMA) to result a clear dark-red solution and remained 

undissolved solid (complex 9 is partially soluble in those tested solvents). The mixture then was added 

CO2 (10 bar) or 13CO2 (4 bar). For all the experiment, no immediate change of solution color is noted 

after the addition of CO2 gas. The resulted mixture was then heated at indicated time and temperature. 

The reaction was followed by 1H NMR and 13C{1H} NMR. 
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a. Carboxylation of [(phen*)Cu(C6H4-o-NO2)] (9) in C6H6-d6  

 

Figure S71. 1H NMR stacked spectra of the thermal evolution of complex 9 in C6H6-d6 with 10 bar of CO2. 

 

Figure S72. Zoom of 1H NMR stacked spectra of the thermal evolution of complex 9 in C6H6-d6 with 10 bar of CO2. 
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b. Carboxylation of [(phen*)Cu(o-NO2-C6H4)] (9) in Tol-d8 

 

Figure S73. 1H NMR stacked spectra of the thermal evolution of complex 9 in Tol-d8 with 4 bar of 13CO2. 

 

Figure S74. Zoom on 1H NMR stacked spectra of the thermal evolution of complex 9 in Tol-d8 with 4 bar of 13CO2. 

Note: Carboxylation of complex 9 in 4 bar of 13CO2 in DMA cannot be followed by 1H NMR since the 

signal of DMA solvent are too high. 13C NMR gave as well only signals of DMA solvent and 13CO2. 
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Decomposition of complex 9 is observed by the change of solution color from clear dark-red to clear 

orange with black solid after heating at 50 oC for 4h and subsequent heating at 75 oC for 10 h.  

II. 5. 3. Carboxylation of [(phen*)Cu(CF3)] (11) in DMA 

 

Figure S75. 19F{1H} NMR stacked spectra of the thermal evolution of complex 11 in DMA with 10 bar of CO2. 
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II. 5. 4. Carboxylation of [(phen*)Cu(CF3)] (11) in THF-d8 

 

Figure S76. 1H NMR stacked spectra of the thermal evolution of complex 11 in THF-d8 with 10 bar of CO2. 
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Figure S77. 19F{1H} NMR stacked spectra of the thermal evolution of complex 11 in THF-d8 with 10 bar of CO2. 

Note: Similar in the case using THF as solvent, free ligand and formation of impurities are observed 

using C6H6-d6 as solvent.  
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III. Experimental part of Chapter 3 

III. 1. Synthesis of [(phen*)Cu(1-O2CH)] (12) (Formula : C21H25CuN2O2, M= 400.99 

g/mol)   

To a light yellow solution of 12 (180.7 mg, 0.62 mmol) in THF (20 mL) was added 1 equiv. Cu(OtBu) 

(84.5 mg, 0.62 mmol). The resulted clear light brown mixture was stirred at room temperature for ca 

1 h. Then, formic acid (27.6 µL, 0.62 mmol) was added to result an immediate change of solution color 

from light brown to clear red. The mixture was stirred for another hour at room temperature. The 

solvent was then evaporated off under vacuum to afford dark-orange solid, which was washed with 

pentane (10 mL x 3) and dried under vacuum overnight to yield pure 12 as a dark-orange solid (220.9 

mg, 89 %). Compound 12 always retained traces of acid that could not be eliminated by prolonged 

drying (15 h) under vacuum. 

Orange crystals of [(phen*)Cu(1-O2CH)0.8I0.2].(THF)0.5 (12’) were obtained by slow diffusion of pentane 

to a THF solution containing 10 mg Cu(OtBu), phen* (1 equiv.) and formic acid (1 equiv.). The iodine 

atom presence in the crystal likely results from residual KI impurity contained in starting [Cu(OtBu)], 

the latter being synthesized from treatment of CuI with KOtBu. Elemental analysis for the dried crystals 

C20H24CuN2(HCO2)0.8I0.2, (M = 417.37 g/mol), found (theoretical) %: C, 59.43 (59.86); H, 6.02 (5.99); N, 

6.92 (6.71). 

1H NMR 400 MHz, THF-d8, δ/ppm): 11.55 (s, HCO2H), 8.38 (d, J = 8.5 Hz, 2H), 8.17 (s, W1/2 = 16 Hz, 1H, 

CuO2CH + HCO2H)), 7.93 (d, J = = 8.5 Hz, 2H), 7.82 (s, 2H), 1.76 (s, tBu, 18H). 

13C{1H} NMR (101 MHz, THF-d8, δ/ppm): 168.86, 144.20, 137.58, 127.08, 125.45, 120.95, 120.91, 38.32, 

30.03. (carbon of CO2H cannot be seen) 

IR data ( cm‒1) : 2962 (w), 2783 (w), 2696 (w), 1620 (s, CO2), 1612 (m), 1583 (w), 1550 (m), 1496 (s), 

1477 (w), 1415 (w), 1392 (w), 1363 (m), 1327 (s), 1209 (w), 1136 (s), 923 (w), 860 (s), 754 (s), 650 (w), 

615 (m).   

Elemental analysis for C21H25CuN2O2, (M= 400.99 g/mol), found (theoretical) %:  C, 62.43 (62.90); H, 

6.02 (6.28); N, 6.92 (6.99). 
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Figure S78: 1H NMR spectrum of 12 in THF-d8. 
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Figure S79: 13C{1H} NMR spectrum of 12 in THF-d8. 

III. 2. [(phen*)Cu-(O2CH)] in THF-d8 at low temperatures. 

10 mg of the  orange solid of the complex [(phen*)Cu(O2CH)]•(HCO2H)0.3, prepared in-situ in an NMR 

tube, was solubilized in 0.5 mL THF-d8. At 298 K, traces of HCOOH (ca. 30 % compared to 12) can be 

detected with the acidic proton of FA at 12.28 ppm (Figure S80). The clear orange-red solution was 

then analyzed by 1H NMR at different temperatures from 25 oC (298 K) to −63 oC (210 K) (Figure S81 

and zoom in Figure S82).  
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Figure S80. 1H NMR spectrum of 12 in THF-d8 at 298 K. 

In the spectrum of Figure S81 and Figure S82, the 1H NMR signal of the formate groups (of 12 and the 

acid) appears as a broad singlet at  = 8.20 at 298 K. By decreasing the temperature, this singlet 

becomes finer and moves to higher  values. At –60°C only a singlet for the formats is visible so that 

we cannot distinguish the H related to the ligand and the acid. This shows that the two HCO2 moieties 

are in rapid equilibrium at –60°C. 
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Figure S81. 1H NMR spectrum in THF-d8  of the thermal evolution of 12 from 298 K to 210 K. 

 

Figure S82. Zoom on Figure S81. 

III. 2. 1. Solution of [(phen*)Cu(O2CH)] in THF-d8 at 210 K (−63 oC) 

1H NMR (400 MHz, THF-d8, δ/ppm): 14.26 (s, 0.39H, 39 % compared to 12), 8.44 (s, W1/2 = 4 Hz, 1H, 

O2CH), 8.20 (d, J = 8.3 Hz, 2H), 7.86 (d, J = 8.3 Hz, 2H), 7.33 (s, 2H), 1.77 (s, 18H, tBu). 
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Figure S83. 1H NMR spectrum of 12 in THF-d8 at 210 K. 

III. 3. Thermal decomposition of [(phen*)Cu(O2CH)] (12) 

An dark-orange solution of 12 (5 mg, 0.012 mmol) in THF-d8 (0,5 mL) was heated at 50 oC for 5 h. The 

evolution of 12 was monitored by 1H NMR after 3 and 5 h of reaction. The reaction mixture was then 

heated at 60 oC and the 1H NMR spectra recorded after 4 h and 7 h. After 7 h at 60 oC, complex 12 

completely degraded into free ligand with formation of a dark-red deposit (see Figure S84 below).  

 

Figure S84: 1H NMR spectra of the thermal evolution of 12 in THF-d8. 
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III. 4. Attempts to isolate/detect copper hydride 

III. 4. 1. Reaction of Cu(OtBu) + Phen* with dihydrogen: 

 In an NMR tube, Cu(OtBu) (5 mg, 3.7 10-2 mol) and phen* (10,7 mg, 1 equiv.) was solubilized in THF-d8 

(~ 0,5 mL). The clear light brown solution (and black solid resulting from partial decomposition of 

Cu(OtBu)) was pressurized with 1 bar H2 : no change of color can be observed. The tube was rotated 

for 1 h at r.t. without change. The reaction was heated at 60 oC for another hour giving a light yellow 

solution and black solid indicating degradation of the complex into Cu(0). 

Figure S85. 1H NMR spectra of the evolution of the mixture Cu(OtBu) + Phen* under dihydrogen in THF-d8. 

III. 4. 2. Reaction of Cu(OtBu) + Phen* with HBpin:  

In an NMR tube, Cu(OtBu) (5 mg, 3.7 10-2 moles) and phen* (10,7 mg, 1 equiv.) were solubilized in ~0,5 

mL C6D6. The clear light brown solution was separated from the black solid (partial decomposition of 

unstable Cu(OtBu) by pipetting. Pinacolborane (BpinH, 5.7 L, 1 equiv.) was added into this clear 

solution: the mixture turned immediately pale yellow (free phen*) with formation of abundant black 

solid while the release of gas (H2). At the end, the unreacted HBpin is detected by 1H NMR.  
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Figure S86. 1H NMR spectra of the evolution of the mixture Cu(OtBu) + Phen* with pinacolborane in THF-d8. 

III. 4. 3. Reaction of Phen* with Stryker reagent [Cu(PPh3)H]6: 

In a NMR tube, to the brown suspension of the Stryker reagent [Cu(PPh3)H]6 (5 mg, 2.8 mol) in C6D6 

(0,5 mL) was added phen* (5.0 mg, 17 mol, 1 equiv./Cu) giving a dark orange solution (containing 

solid deposit). The NMR showed no reaction between free phen* and the hexamer. After 10 min at 

100°C, the solution is pale yellow (free phen* and PPh3) with abundant dark deposit. 
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Figure S87. 1H NMR spectra of [Cu(PPh3)H]6 , phen* and the mixture  [Cu(PPh3)H]6  +  phen* in benzene-d6 

III. 4. 4. Reaction of [(phen*)CuI] with hydride reagents: 

In a NMR tube, to the yellow suspension of [(phen*)CuI] (5 mg, 10.4 mol) in THF (~0,5 mL) was added 

10.4 L (1 equiv.) of a THF solution of the superhydride KHBEt3 (C= 1M in THF) (≈ 1.5 mg, 62 mol). A 

black solid deposited immediately from the pale yellow solution.  

In a NMR tube, to the yellow suspension of [(phen*)CuI] (5 mg, 10.4 mol) in THF (~0,5 mL) was 

weighted NaH (≈ 1.5 mg, 62 mol) and the ether 18-crown-6 (2.7 mg, 10.4 mol). The pale yellow 

suspension was placed in a ultra-sonic bath for 1 h and we obtained a colorless solution containing a 

black deposit. 

III. 4. 5. Thermal reaction of 12 in presence of EtN=C=O:  

Into a dark-orange suspension of 12 (8 mg, 0.02 mmol) in THF-d8 (0.5 mL) was syringed EtNCO (3.1 µL, 

0.04 mmol). No change of the color solution and no shift of the 1H NMR signals of 12 could be detected. 

The mixture was then warmed at 50 oC for 4 h and resulted in a dark-yellow solution with deposit of a 

dark-red solid (Figure S88).  
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Figure S88: 1H NMR spectrum in THF-d8  of the thermal evolution of 12 in presence of EtN=C=O. 

III. 4. 6. Thermal behavior of 12 in presence of BEt3:  

To a dark-orange suspension of 12 (5 mg, 0.012 mmol) in ~0,5 mL THF-d8 was added BEt3 (1 M in 

hexane, 12.5 µL, 0.012 mmol, 1 equiv.). The solution immediately turned yellow-green and remained 

dark-orange solid. After heating at 60 oC for 2 h, the solution turned green along with the formation of 

dark solid.  

III. 4. 7. Synthesis of [{(phen*)Cu}2(-O2CH)][(HCO2-1)B(C6F5)3] (13)  by reaction of 12 with 

B(C6F5)3:  

In a NMR tube, to the dark-orange suspension of 12 (7 mg, 0.017 mmol, 1 equiv.) in THF-d8 (~0,5 mL) 

was added B(C6F5)3 (4.5 mg, 8.5.10-3 mmol, 0.5 equiv.). The solution slowly turned to yellow-green 

solution with some remain of dark-orange solid of 12. The mixture was left rotating overnight at room 

temperature (ca 15 h) affording a yellow solution containing and small amount of orange solid. Orange 

crystals of 13 were grown by slow diffusion of pentane to a green solution of 12 (6.5 mg, 0.016 mmol) 

and B(C6F5)3 (8.3 mg, 0.016 mmol, 1 equiv.) in THF.  
1H NMR (400 MHz, THF-d8, δ/ppm) 8.60 (d, J = 8.6 Hz, 4H, phen*), 8.43 (s, 1H, [{Cu}2(-O2CH)]), 8.19 (s, 

1H, [(HCO2-1)B(C6F5)3]), 8.10 (d, J = 8.6 Hz, 4H, phen*), 8.01 (s, 4H, phen*), 1.65 (s, 36H, tBu). The 

attribution of the formate signals is related to that of [HNEt3][(HCO2-1)B(C6F5)3] (see below) where the 

HCO2B singlet is found at 8.18 ppm  
19F{1H} NMR (377 MHz, THF-d8, δ/ppm) : ‒133.85 to ‒134.23 (m), ‒163.51 (s), ‒167.92 (d, J = 6.6 Hz). 
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11B{1H} NMR (128 MHz, THF-d8) : ‒4.41. 

 

 

Figure S89: 1H NMR spectrum of 13 in THF-d8. 
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Figure S90: 19F{1H} NMR spectrum of 13 in THF-d8. 

 

Figure S91: 11B{1H} NMR spectrum of 13 in THF-d8. 
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III. 4. 8. Synthesis of [HNEt3][(HCO2-1)B(C6F5)3]:  

In a NMR tube, B(C6F5)3 (10 mg, 19.5 moles) was dissolved in 0.5 mL C6D6 and HCO2H (ca 0.8 L, 21 

moles) was syringed in it. Addition of NEt3 (8 L, 57 moles) caused white fumes. The clear and 

colorless solution is sonicated in an ultrasonic bath for 30 min and the solution is evaporated off under 

vacuum for 15 h. The residue was dissolved in THF-d8. The NMR spectra evidenced the formation of 

the boron formate compound [HNEt3][(HCO2)B(C6F5)3]. 
1H NMR 400 MHz, benzene-d6, δ/ppm): 9.02 (s, NEt3H), 8.18 (s, 1H, HCO2B), 3.19 (q, J = 8 Hz, 6H), 1.29 

(t, J =  8 Hz, 9H);  
19F NMR (377 MHz, THF-d8, δ/ppm) :  ‒134. (dd), ‒162.2 (t), ‒167.3 (split t, J = 6.6 Hz). 
11B NMR (128 MHz, THF-d8) : ‒3.62. 

 

Figure S92. 1H NMR of [HNEt3][(HCO2)B(C6F5)3] in THF-d8. 
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Figure S93. 19F NMR of [HNEt3][(HCO2)B(C6F5)3] in THF-d8. 

 

Figure S94. 11B{1H} NMR of [HNEt3][(HCO2)B(C6F5)3] in THF-d8. 
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III. 4. 9. Thermal behavior of 12 in presence of with phenylacetylene:  

Phenylacetylene (3 µL, 0.025 mmol) was added into a dark-orange suspension of complex 12 (10 mg, 

0.025 mmol, 1 equiv.) in THF-d8 (~ 0,5 mL). The resulted mixture turned slowly within 5 min at room 

temperature to yellow-green and remained dark-orange solid (starting material). The reaction was 

then heated at 80 oC overnight (~ 18 h) and afforded a clear green solution containing a mixture of 

orange and green solids.  1H NMR spectra of the final solution showed only the presence of free ligand 

indicating decomposition of the copper(I) complex.  

III. 4. 10. Stoichiometric reaction of 12 with 13CO2 

In a New Era NMR tube, complex 12 (10 mg, 0.024 mmol) was solubilized in THF-d8 (~ 0,5 mL) to afford 

a dark-orange suspension. The solution was degassed three times by free-pump-thaw technique to 

eliminate the argon and the tube was pressurized with 1 bar of 13CO2. The color of the solution mixture 

did not change under CO2. The tube was then inserted into the heating plate at 60 oC for 1 h and a 

dark-orange suspension was obtained. The 13C{1H} NMR spectrum of the mixture showed a new signal 

at  = 165 indicating insertion of the labelled 13CO2 gas into 12. The mixture was continuing to heat at 

60 oC for another 4.5 h and an orange-brown solution with a dark-red precipitate was obtained.  

1H NMR (400 MHz, THF-d8, /ppm): 8.33 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H), 7.79 (s, 2H), 1.69 (s, 

18H). 
13C{1H} NMR (101 MHz, THF-d8, δ/ppm): 168.86, 164.65 (s, [(phen*)-Cu-O2

13CH], 12*), 144.20, 136.46, 

126.84, 125.29, 125.27 (13CO2), 119.80, 38.30, 39.87. (carbon of CO2H of 12 cannot be seen) 
13C NMR (no H decoupling) (101 MHz, THF-d8, δ/ppm): 164.24 (d, J = 198.9 Hz), 124.90 (13CO2). Other 

signals cannot be observed due to less scan.  
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Figure S95: 1H NMR spectrum of 12 under 13CO2 in THF-d8. The peak at  = 11.6 corresponds to a small amount of formic acid 

(acid signal) that remains after the synthesis of 12.   

 

 

Figure S96: 1H NMR spectrum of 12 under 13CO2 in THF-d8. Enlarged view of the formate CH signals and the triplet due to 

coupling with the 13C carbon atom. 
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Figure S97: 13C{1H} NMR of 12 under 13CO2 in THF-d8. 
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Figure S98: 13C NMR stacked spectra of crude mixture (after 60 oC at 4.5 h in THF-d8. a) In the 13C NMR spectrum, we observed 

a doublet signal for the 13CO2H signal of 12* at  = 164.24 has a coupling constant J = 198.94 Hz. b) In the 13C{1H} NMR 

spectrum, signal for the 13CO2H in 12* is a singlet at  = 164.24. (Signals of the ligand in 12 and 12* are too weak to be 

detected.) 

 

 

Figure S99: Zoom on the formate signals related to the above 13C NMR spectra in Figure S98 

 

a) 

b) 

a) 

b) 
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Figure S100 : The 1H-13C HSQC spectrum of the crude mixture of 12 under 13CO2  (after 60 oC at 4.5 h) in THF-d8 evidences a 

correlation between the 13C{1H} NMR  signal of the formate (at δ = 164) and its H signal in the 1H NMR spectrum (centered at 

δ = 8.2). 

 

 

Figure S101: Zoom of the Figure S100. 
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III. 4. 11. Stoichiometric reaction with CS2 

A dark-orange suspension of 12 (8 mg, 0.02 mmol) in THF-d8 was added CS2 (3.7 µL, 0.1 mmol, 5 equiv.). 

The resulted dark-orange mixture was then heated at 50 oC for 2 h to yield a dark-brown solution along 

with the formation of dark precipitate. 13C{1H} NMR signals of crude reaction mixture showed carbon 

signal of CS2 remained untouched.    

III. 5. Procedure for the catalytic dehydrogenation of formic acid 

III. 5. 1. General catalysis experiment 

In solution, the conversion of formic acid was determined by integration of the acid proton of formic 

acid (HCOOH) versus the internal standard (IS) (aromatic protons of mesitylene,  = 6.78 in THF-d8) by 
1H NMR. The evolution of H2 is followed by 1H NMR ( = 4.59 in THF-d8). Approximate volumes of H2 

and CO2 gases are measured by GC analysis.  

Turnover number at time t (TON) is: 𝑇𝑂𝑁 =  
𝑛𝐻𝐶𝑂𝑂𝐻

𝑖 −𝑛𝐻𝐶𝑂𝑂𝐻
𝑡

𝑛𝑐𝑎𝑡.
=  

𝜌

𝑥
 

Turnover frequency number (TOF) after t hours is: 𝑇𝑂𝐹(ℎ−1) =  
𝑇𝑂𝑁

𝑡
   

𝑛𝐻𝐶𝑂𝑂𝐻
𝑖  is the initial number of moles of formic acid 

𝑛𝐻𝐶𝑂𝑂𝐻
𝑡  is the number of moles of formic acid that remains at time t  

𝑛𝑐𝑎𝑡. Is the initial number of moles of catalyst 

𝜌 is the measured conversion (%) 

𝑥 is the moler percentage (mol%) of catalyst introduced for the reaction.  

Observation: The addition of formic acid into the suspension of 12 and mesitylene in THF resulted in a 

shifted to the low-field of the signals of phen* ligand. The formate proton of formic acid (HCOOH) is 

overlapped with the signals of the ligand and slowly separated during the course of the reaction. The 

formate proton of 12 ([(phen*)Cu(O2CH)]) cannot be detected. 

Control experiment: A solution of HCOOH (6 µL, 0.2 mmol) in ~ 5 mL of THF-d8 gave no detectable 

conversion after 18 h at 100 oC.   

III. 5. 2. Representative procedure for the catalytic dehydrogenation 

Caution: All the experiments were carried out in a high-pressure New-Era NMR tubes to avoid potential 

explosion. 

To an orange suspension of 12 (x mol%) in THF (0.5 mL) was added HCOOH (18 μL, 0.48 mmol) and 

mesitylene as an internal standard (6.7 μL, 10 mol%). A t=0, the 1H NMR spectrum was first analyzed 

before the tube was immersed in a heating tube-plate at 100 oC. The reaction was then monitored in 

time by 1H NMR to follow the evolvement of H2 (signal at 4.59 ppm in THF-d8) and the disappearance 

of the acid HCOOH. At the end of the reaction, presence of the free ligand is evidenced in the clear 
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light yellow solution along with dark-red solid. At the end, the gas phase of the reaction was analyzed 

by GC for detection of CO2 and H2. 

 

Figure S102: 1H NMR spectrum obtained in THF-d8 for the catalytic dehydrogenation of formic acid with 10 mol% of 12. a) 
Crude reaction mixture before heating at t = 0. b) Crude reaction mixture after 150 min at 100 oC (100 % conversion), H2 gas 
visible at δ = 4.59. 
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Figure S103: 1H NMR stacked spectra of a crude mixture containing 12 (10 mol%), mesitylene as internal standard and 1 equiv.  

formic acid in THF-d8 at 100 oC. Dehydrogenation of the acid was recorded as a function of time starting from t = 0 and the 

interval between each spectra was 15 min. (IS: internal standard = Mesitylene 10 mol%) 

HCOOH 

IS H2 THF-d8 IS 
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Figure S104:  Distinct view of the stacking of the 1H NMR spectra represented in Figure S103. 

 
Figure S105: Left: 1H NMR spectrum showing the aromatic signals of the phen* moiety of 12 (10 mol%) in the formic acid 
dehydrogenation catalysis. Right: 1H NMR spectrum showing disappearance of the acidic signal of formic acid and 
concomitant release of H2. Spectrum were recorded every 15 min (total reaction time, 2h30). 

 

 

HCOOH 

H2 

IS 

THF 

IS 
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III. 5. 3. GC analysis for catalytic dehydrogenation of formic acid 

Conditions 

Column: Carboxen 1010 Plot fused silica capillary (30 m x 0.53 mm x 30 µm); injection temperature: 

230 oC; column temperature: 100 oC; flow: 5 mL/min; purge; 2 mL/min; split ratio; 5.0; carrier gas: 

argon; detector: TCD 230 oC, 30 mA.  

Calibration 

 

Figure S106 : Calibration curve for H2 

 

 

Figure S107 : Calibration curve for CO2. 

Species  Retention time (min) Response factor (µV.min.µL−1) 

H2 2.046 144325x + 772825 

CO2 6.224 22933x - 209280 

Table S1. Retention times and response coefficient for analyzed species. 
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Figure S108 : GC trace after the catalytic dehydrogenation of formic acid (1 equiv.) with 10 mol% of 12, mesitylene as internal 

standard in THF-d8 at 100 oC, 2.5 h. 

Ratio of the volumes of H2 and CO2 gas was obtained by calculating the area of each gas based on the 

calibration curves.  

𝑉𝐶𝑂2 =
176506 + 209282

22933
= 51 µ𝐿 

𝑉𝐻2 =
6259994 − 772825

144325
= 43 µ𝐿 

 The ration between H2 and CO2 is ~ 1:1.  

III. 5. 4. Proof for the decomposition of complex 12 after catalysis 

In order to check the capacity of the copper complex at the end of the catalysis (10 mol% of 12 in 0.5 

mL of THF and 10 mol% of mesitylene as internal standard) when the free ligand and dark-red deposit 

were formed, an additional equivalent of formic acid was added into the resulted reaction mixture. 

The mixture was left reacted at 100 oC for 1.5h. The reaction solution was monitored by 1H NMR and 

showed no conversion of the acid.    
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Figure S109 : 1H NMR spectra for the second injection of formic acid on the catalytic mixture. 

100 oC for 90 min 

T0 (second injection) 

HCOOH 

HCOOH 

Free phen* 

THF-d8 

standard 
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VI. Experimental part of Perspectives 

VI. 1. Formation of [Cu(-O2C-C6H4{o-NO2})(quin)]2 (14) and [Cu(-O2C-C6H4{o-

F})(quin)]2 (15) 

General procedure: In an Young NMR tube, a light yellow solution of Cu(OtBu) (6.5 mg, 0.05 mmol) in 

THF (5 mL) was added 2 equiv. of quinoline (8.6 µL, 0.1 mmol). The resulted light yellow solution was 

stirred at room temperature for 10 min. Addition of the substituted benzoic acid (0.05 mmol, 1 equiv.) 

resulted in an immediately change of color (color change from orange to orange-yellow depending on 

the substituted benzoic acid) and the mixture was stirred at room temperature for another hour. The 

solvent was evaporated off under vacuum to give an orange-red solid. No yield was obtained. 

Orange crystals of 14 and 15 were obtained by solubilizing the solid in THF and added slowly pentane 

in 1: 10 ratio (THF : pentane).  

IV. 1. 1. Data for [Cu(-O2C-C6H4{o-NO2})(quin)]2 (14): 

1H NMR (400 MHz, THF-d8, /ppm): δ 9.07 (s, 2H), 8.38 (d, J = 8.5 Hz, 2H), 8.26 (d, J = 8.2 Hz, 2H), 7.95 

(d, J = 7.5 Hz, 1H), 7.84 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 7.9 Hz, 1H), 7.68 (t, J = 7.4 Hz, 2H), 7.60 (t, J = 7.1 

Hz, 1H), 7.56 – 7.48 (m, 3H), 7.48 – 7.26 (m, 2H), 3.29 (s, 1H), 1.25 (s, 18H). 

 

Figure S110. 1H NMR spectra of [Cu(-O2C-C6H4{o-NO2})(quin)]2 (14) in THF-d8. 
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IV. 1. 2. Data for [Cu(-O2C-C6H4{o-F})(quin)]2 (15): 

1H NMR (400 MHz, THF-d8, /ppm): δ 9.12 (s, 2H), 8.37 (dd, J = 46.7, 9.1 Hz, 3H), 8.21 – 7.82 (m, 3H), 

7.82 – 7.35 (m, 6H), 7.16 (t, J = 11.9 Hz, 1H), 3.32 (d, J = 6.4 Hz, 0H), 1.23 (s, 7H). 

19F{1H} NMR (377 MHz, THF-d8, rt, /ppm): ‒111.18.  

 

Figure S111. 1H NMR spectra of [Cu(-O2C-C6H4{o-F})(quin)]2 (15) in THF-d8. 
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Figure S112. 19F{1H} NMR spectrum of [Cu(-O2C-C6H4{o-F})(quin)]2 (15) in THF-d8. 

IV. 2. Synthesis of [(phen*)Cu(1-O2SCF3)] complex (16) 

The reaction was performed under the absence of light.  

In a solution of NaSO2CF3 (49.1 mg, 0.31 mmol) in MeCN (10mL) was added AgNO3 (52.9 mg, 0.31 

mmol) to result clear colorless solution and pale orange solid. The mixture was stirred for 3 h at room 

temperature. The pale orange solid was filtrated by celite to obtain a clear colorless solution. The next 

addition of CuI (60 mg, 0.31 mmol) into this solution afforded a very light yellow solution and yellow 

precipitate. A filtration was carried out to remove the yellow solid and obtained a clear light yellow 

solution. Into this solution, phen* (92 mg, 0.31 mmol) was added, resulting an immediate change of 

color into clear intense yellow solution. This mixture was kept stirring overnight (15 h) at room 

temperature to result a clear yellow solution and yellow solid. This suspension was evaporated to 

dryness to obtain an orange solid. No yield was obtained since the present of side-product [(phen*)Cu-

I] cannot be eliminated.  

Data of crystal of [(phen*)Cu-(1-O2SCF3)] (16): 

1H NMR (400 MHz, THF-d8) δ 8.59 (d, J = 8.6 Hz, 2H), 8.16 (d, J = 8.6 Hz, 2H), 8.00 (s, 2H), 1.83 (s, 19H). 

19F NMR (377 MHz, THF-d8) δ -87.24. 
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Figure S113. 1H NMR spectrum of crystal of [(phen*)Cu-(1-O2SCF3)] (16) in THF-d8. 

 

Figure S114. 19F{1H} NMR spectrum of crystal of [(phen*)Cu-(1-O2SCF3)] (16) in THF-d8. 
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IV. 3. SO2 insertion into [(phen*)Cu-CF3] (11) for the formation of [(phen*-Cu)2-O2S-CF3] 

(17). 

[(phen*)Cu-CF3] (5.3 mg, 0.012 mmol) was diluted in THF (5 mL) to result a clear yellow solution and 

yellow solid. This mixture was then added SO2 (1 bar) and the solution color remained with insoluble 

yellow solid. The reaction was then followed by 1H and 19F{1H} NMR at different temperatures (rt. to 

100 °C)(Figure S115 and Figure S116). After reacting at rt. and at 70 °C, the color of the mixture 

remained yellow. After 2.5 h at 100 °C, the mixture turned to light orange along with small amount of 

orange solid. At the end of the reaction, this solution was concentrated and recrystallized in 

THF:pentane (1:10) to obtained an orange crystal of [(phen*-Cu)2-O2S-CF3] (17). 

 

Figure S115. 1H NMR spectra for the thermal evolution of [(phen*)Cu-CF3] (11) in the presence of SO2 (1 bar) in THF-d8. 
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Figure S116. 19F{1H} NMR spectra for the thermal evolution of [(phen*)Cu-CF3] (11) in the presence of SO2 (1 bar) in THF-d8. 
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V. Computational details  

All the density functional theory calculations were carried out by using the Gaussian16 suite of codes.11 

The hybrid functional RM06112 was used with Grimme’s D3 empirical dispersion. The def2tzvp/W06 

sets were used for all atoms.13–15 All the geometries were fully optimized without any symmetry or 

geometry constrains. Harmonic vibrational analyses were performed to confirm and characterize the 

structures as minima. Free energies were calculated within the harmonic approximation for vibrational 

frequencies. Solvent effects were accounted by application of the implicit solvent model SMD (solvent 

= quinoline or tetrahydrofuran)16 through single point calculations on the gas-phase optimized 

geometry. 

All relative energies (corrected for ZPE contributions) and Gibbs free energies (T= 298 K, P = 1 atm) are 

reported below in Hartree. 

VI. Crystallography  

The data were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped with an Incoatec 

microfocus source (IS 3.0 Mo,  = 0.71073 Å) and a PHOTON III area detector, and operated through 

the APEX3 software.17 The crystals were mounted on Mitegen micromounts with a protective coating 

of Paratone-N oil (Hampton Research). The data were processed with SAINT18 and empirical absorption 

corrections (multi-scan) were made with SADABS.19,20 All structures were solved by intrinsic phasing 

with SHELXT,21 and refined by full-matrix least-squares on F2 with SHELXL,22 using the ShelXle 

interface.23 All non-hydrogen atoms were refined with anisotropic displacement parameters. The 

hydrogen atom bound to fluorine in 10·benzene was found on a residual electron density map and was 

fully refined with no restraint. All other hydrogen atoms were introduced at calculated positions and 

were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the 

parent atom (1.5 for CH3). In 2·0.5toluene, the aromatic ring of the carboxylate ligand is disordered 

over two positions which were refined with restraints and with occupancy parameters constrained to 

sum to unity; the toluene solvent molecule is also disordered over two positions related by symmetry 

and it was refined as an idealized hexagon, with restraints on displacement parameters. In 5·THF, one 

carbon atom of the THF molecule is disordered over two positions which have been refined with 

occupancy parameters constrained to sum to unity and restraints on bond lengths and displacement 

parameters. The molecular plots were drawn with ORTEP-3,24,25 and the packings with VESTA.26 Crystal 

data and refinement details are given in Table S2 to Table S4 below. 
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Table S2. Crystal Data and Structure Refinement Details (ligand 1 and complexes 2−6) 

 1 2·0.5toluene 3 4 5·THF 6·THF 

 

chemical formula 

 

C20H24N2 

 

C30.5H32CuFN2O2 

 

C27H28CuFN2O2 

 

C27H24CuF5N2O2 

 

C31H36CuN3O5 

 

C31H36CuN3O5 

M (g mol−1) 292.41 541.12 495.05 567.02 594.17 594.17 

cryst syst trigonal monoclinic monoclinic monoclinic monoclinic monoclinic 

space group P−3 P21/c P21/n P21/n P21/c P21/c 

a (Å) 18.7877(6) 11.1230(3) 14.8656(8) 12.8499(4) 14.2807(5) 14.1420(5) 

b (Å) 18.7877(6) 11.3976(3) 10.2308(6) 11.2397(3) 12.8242(4) 10.1855(3) 

c (Å) 8.5746(3) 20.7849(6) 15.6484(7) 17.4640(5) 15.2113(5) 20.4344(5) 

 (deg) 90 90 90 90 90 90 

 (deg) 90 102.6668(12) 95.288(2) 104.1912(14) 94.1310(15) 106.1627(12) 

 (deg) 120 90 90 90 90 90 

V (Å3) 2621.15(19) 2570.88(12) 2369.8(2) 2445.34(12) 2778.54(16) 2827.10(15) 

Z 6 4 4 4 4 4 

reflns collcd 62106 75584 69117 99261 97167 71365 

indep reflns 3316 4877 4486 4646 8480 5367 

obsd reflns [I > 2(I)] 3039 4438 4166 3986 7859 4746 

Rint 0.037 0.039 0.073 0.074 0.035 0.052 

params refined 205 419 304 340 377 367 

R1 0.039 0.033 0.026 0.030 0.030 0.029 

wR2 0.103 0.093 0.073 0.075 0.080 0.076 

min (e Å−3) −0.19 −0.52 −0.28 −0.35 −0.48 −0.30 

max (e Å−3) 0.26 0.89 0.35 0.28 0.97 0.34 
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Table S3. Crystal Data and Structure Refinement Details (complexes 7−11) 

 7 8 8ʹ 

 

9 10·benzene 11 

 

 

chemical formula 

 

C22H24CuF3N2O2 

 

C26H24CuF5N2 

 

C18H8CuF5N2 

 

C26H28CuN3O2 

 

C26H31CuF2N2 

 

C21H24CuF3N2 

M (g mol−1) 468.97 523.01 410.80 478.05 473.07 424.96 

cryst syst triclinic triclinic triclinic monoclinic monoclinic orthorhombic 

space group Pī Pī Pī P21/c P21 Pbca 

a (Å) 9.1224(3) 9.3813(3) 6.6077(2) 10.8845(4) 10.0888(4) 9.7948(2) 

b (Å) 11.1006(3) 11.1107(4) 13.4948(4) 10.5224(2) 11.0364(4) 19.6573(5) 

c (Å) 11.2129(3) 11.8463(4) 17.9310(5) 19.6864(6) 10.2508(5) 20.0545(5) 

 (deg) 105.5320(11) 78.2488(14) 109.2263(10) 90 90 90 

 (deg) 92.3043(12) 78.6035(14) 91.4095(11) 97.2182(13) 93.6179(18) 90 

 (deg) 104.6160(11) 68.4307(13) 97.6535(10) 90 90 90 

V (Å3) 1051.50(5) 1113.98(7) 1492.26(8) 2236.84(12) 1139.09(8) 3861.28(16) 

Z 2 2 4 4 2 8 

reflns collcd 26300 45617 21822 64452 88106 80367 

indep reflns 5409 4229 5647 4248 5871 4980 

obsd reflns [I > 2(I)] 4966 3996 4962 3873 5619 4578 

Rint 0.027 0.057 0.030 0.055 0.061 0.063 

params refined 277 313 469 295 291 250 

R1 0.027 0.028 0.027 0.027 0.026 0.027 

wR2 0.069 0.068 0.068 0.069 0.060 0.074 

min (e Å−3) −0.40 −0.31 −0.30 −0.32 −0.28 −0.39 

max (e Å−3) 0.43 0.79 0.38 0.40 0.31 0.48 
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Table S4. Crystal Data and Structure Refinement Details (complexes 12’−17) 

 12’ 

 

13 

 

14 

 

15 16 17 

 

chemical formula 

 

C20.8H24.8CuI0.2N2O1.6 

 

C60H50BCu2F15N4O4 

 

C32H22Cu2N4O8 

 

C32H22Cu2F2N2O4 

 

C21H24CuF3N2O2S 

 

C41H49Cu2F3N4O6S2 

M (g mol−1) 417.34 1313.93 717.61 663.59 489.02 942.06 

cryst syst orthorhombic triclinic monoclinic monoclinic monoclinic triclinic 

space group Pbca Pī C2/c C2/c P21/c Pī 

a (Å) 19.7759(10) 10.2198(3) 12.8387(3) 19.8807(7) 20.9358(6) 11.6637(5) 

b (Å) 9.6843(4) 16.5685(6) 10.0229(3) 9.9167(3) 10.1785(3) 12.7685(5) 

c (Å) 20.0969(10) 17.8348(5) 22.8680(8) 13.5208(5) 20.8529(6) 15.5631(7) 

 (deg) 90 90.3768(12) 90 90 90 74.7403(17) 

 (deg) 90 104.3897(11) 102.8895(13) 95.8245(16) 104.0988(13) 88.1366(18) 

 (deg) 90 107.8564(13) 90 90 90 75.8969(16) 

V (Å3) 3848.9(3) 2773.01(15) 2868.53(15) 2651.88(16) 4309.8(2) 2167.43(16) 

Z 8 2 4 4 8 2 

reflns collcd 57102 85638 28427 37722 140836 79654 

indep reflns 3640 10556 2540 2518 8192 8229 

obsd reflns [I > 2(I)] 3349 9325 2482 2371 7188 7116 

Rint 0.072 0.056 0.042 0.050 0.055 0.051 

params refined 250 787 208 190 554 636 

R1 0.048 0.030 0.056 0.023 0.043 0.034 

wR2 0.104 0.076 0.133 0.057 0.111 0.090 

min (e Å−3) −0.61 −0.37 −0.46 −0.24 −1.12 −0.49 

max (e Å−3) 0.45 0.61 1.57 0.41 1.77 0.85 
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